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Chapter 1

Introduction : On the importance of

gregarine genomics

1.1 Gregarines: well described yet forgotten at

molecular level

Apicomplexa are unicellular eukaryotes (protists) collectively corresponding to ~350
genera and ~6000 named species, the wide majority of which have adopted a strict par-
asitic lifestyle in a very wide diversity of metazoan hosts (Portman and Slapeta, 2014;
Adl et al., 2019). Apicomplexa, together with the two sister groups Dinoflagellata and
Ciliata, form Alveolata; which itself forms with Rhizaria, Stramenopiles and Telonemia
the recent TSAR supergroup (Adl et al., 2019; Burki et al., 2019) (Figure 1.1).

Apicomplexa are mostly known for comprising infamous intracellular parasites of ver-
tebrates responsible for important human diseases such as malaria due to Plasmodium
spp-, cryptosporidiosis due to Cryptosporidium spp. and toxoplasmosis due to Toxoplasma
gondii. Apicomplexa also comprise diverse other intracellular parasites of vertebrates,
with economical or veterinary importance such as Eimeria spp., Babesia spp. and Theile-
ria spp. These apicomplexan parasites have simple to very complex life cycles. Some are
restricted to single hosts (monoxenous parasites, e.g. Cryptosporidium, FEimeria). Other

alternate between two successive hosts (dixenous parasites such as Plasmodium, Babesia
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and Theileria, completing sexual reproduction in various insects or arthropods and asex-
ual phases in various tissues of vertebrates). Few have the capacity to infect multiple
hosts (polyxenous parasites such as Tozoplasma, completing its sexual reproduction in

cats and several asexual phases in various tissues of diverse warm blooded vertebrates).

Due to their medical, veterinary or economical importance, and because it has been
possible to cultivate most of them in laboratory conditions, their genomes have been
deciphered and ~125 of them are deposited into the VEupathDB database (Aurrecoechea
et al., 2017) (Figure 1.2, page 14). These genomes constitute major references for medical
investigations, comparative genomics studies and exploration of evolutionary history of
apicomplexan parasites (Janouskovec et al., 2015; Woo et al., 2015; Janouskovec et al.,

2019; Kwong et al., 2019; Mathur et al., 2019, 2021a; Salomaki et al., 2021).

But Apicomplexa also comprise another group of organisms collectively known as “gre-
garines”, that are principally monoxenous parasites of a wide diversity of non-vertebrate
metazoan hosts, ranging from Polychaeta annelids to tunicates, arthropods and mollusks.
They develop mostly extracellularly in the intestinal and coelomic cavities of their host -
although some gregarines, the neogregarines, can have an intracellular development phase
(Desportes and Schrével, 2013). These endoparasites are mostly considered as being non-
pathogenic, with a few reported cases of recognised pathogenicity. However, experimental

studies that can assess the actual pathogenicity of gregarines are still lacking (Rueckert
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et al., 2019a).

There are several consequences to the mostly extracellular lifestyle displayed by gre-
garines, a feature that indeed distinguishes them from their intracellular parasites relatives
(Desportes and Schrével, 2013; Schrével and Desportes, 2015). First, gregarines can reach
very large sizes even for unicellular eukaryotes, from less than a micrometer to more than
a millimeter for respectively the zoite and trophozoite forms of the marine eugregarine
Porospora gigantea, intestinal parasite of the lobster Homarus gammarus (Desportes and
Schrével, 2013; Schrével and Desportes, 2015). Insect eugregarines, such as Gregarina gar-
nhami, intestinal parasite of the desert locust Schistocerca gregaria, display trophozoite
forms reaching a dozen to several hundred micrometers (Desportes and Schrével, 2013;
Schrével and Desportes, 2015). Archigregarine trophozoites, such as Selenidium pen-
dula, intestinal parasite of the Polychaeta Scolelepis (Nerine) squamata also reach several
dozen micrometers (Schrével et al., 2016). In comparison, Tozoplasma’s tachyzoite (de-
velopmental phase equivalent to the trophozoite) mean length is about 7 micrometers
(Weiss and Kim, 2014). The large sizes of these developmental stages and their very
common occurrence in a large diversity of non-vertebrate metazoan hosts have facilitated
the discovery and biological studies on gregarines, resulting in an abundant literature
on their morphologies, ultrastructures and life cycles, that have been examined by pho-
tonic and electron microscopy (SEM Scanning Electron Microscopy, TEM Transmission
Electron Microscopy) imaging or by using cryoelectron microscopy or immunofluorescence
(see Desportes and Schrével (2013) for exhaustive bibliography). Dynamic recordings are
also available notably concerning their movements or behaviours (Desportes and Schrével,
2013). This rich literature offers a wide panorama of the adaptive capacities of these or-
ganisms to their hosts and environments, awaiting now exploration by -omic approaches to
decipher the molecular bases of their functioning and variations, as it has been developed

so far for their intracellular apicomplexan cousins (Rueckert et al., 2019b).

Indeed, the genomic knowledge on apicomplexan is currently highly biased in favour
of intracellular parasites of vertebrate hosts, belonging to Haematozoa, Coccidia and to a

lesser extent, the genus Cryptosporidium (Figure 1.2). Gregarines have been so far mostly

13
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Figure 1.2: The genomic panorama of Apicomplexa. On this schematic representa-
tion inspired by Portman and Slapeta (2014) and using the then most recent taxonomy
by Adl et al. (2019), we have compiled the genomic information currently available on
Apicomplexa and proto-Apicomplexa, mostly available from VEupathDB (Aurrecoechea
et al., 2017). We have indicated for each group of data: the number of available genomes,
specifying the concerned species, the number of protein-coding genes, the nuclear genome
size and the presence (or absence) of mitochondrial or plastid genomes. The question
mark symbolises the currently unresolved branching order of the various apicomplexan
groups. In Boisard and Florent (2020).

excluded from this -omic exploration, to the exception of (unpublished) genome of the
terrestrial insect eugregarine Gregarina niphandrodes, intestinal parasite of the mealworm
beetle Tenebrio molitor. Indeed, this genome has no associated scientific publication de-
scribing it to this day, while being accessible through the database VEupathDB, section
CryptoDB (Aurrecoechea et al., 2017). There is also very partial genomic data on in-
sect eugregarine Ascogregarina taiwanensis (Templeton et al., 2010) intestinal parasite of
the tiger mosquito Aedes albopictus, as well as partial and recently emerging transcrip-
tomic data for a selection of terrestrial and marine gregarine species (Omoto et al., 2004;
Janouskovec et al., 2019; Mathur et al., 2019; Salomaki et al., 2021; Mathur et al., 2021b)

(see Figure 1.2 for illustration on Apicomplexa genomic data knowledge).

14



There are several reasons why the acquisition of -omic knowledge on gregarines is

lagging behind that of their intracellular vertebrate parasite cousins:

1) as there are infecting “only” non-vertebrates hosts and are mostly considered non-

pathogenic (Rueckert et al., 2019a), they have been neglected;

2) the current lack of in wvitro culture methods for these parasites complicates the
isolation of biological material in adequate amounts and quality for accurate usage

in molecular investigations.

Indeed, gregarine biological studies must rely on field collections, mostly from infected
hosts (alternatively their feces), which expose the collected material to contaminations
by host cells and environmental microorganisms. The ability to maintain the hosts of a
diversity of gregarines in laboratory conditions, offers a good compromise as it allows reg-
ular access to different developmental stages amenable to a variety of cellular (microscopy,
test of inhibitors) and molecular (-omics) studies (see Desportes and Schrével (2013) for
exhaustive descriptions). For example, the ragworm Hediste (Nereis) divesicolor, host of
the marine eugregarine Lecudina tuzetae, can be maintained for several months in natural
or artificial sea water in the laboratory (Kuriyama et al., 2005; Desportes and Schrével,
2013). In the same line of thought, several insects raising facilities may be used to get
access to their infecting gregarines (Clopton, 2009; Desportes and Schrével, 2013; Flo-
rent et al., 2021). Finally, it can be expected that the concomitant progression of -omics
and microscopic methodologies, allowing using increasingly reduced amounts of biological
material, will also facilitate in a near future the bridging of this molecular knowledge
gap, between the currently very poorly documented non cultivable gregarines and the in-
creasingly well documented cultivable intracellular parasites of vertebrates (Gawad et al.,

2016).

1.2 Why should we study gregarines?

Studying gregarines at the molecular level would yield novel knowledge about apicom-

plexan parasites. Gregarines display unique characteristics, notably their essentially ex-
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Figure 1.3: Schematic representation of the zoite, the infective stage common
to all apicomplexans. The apical complex is circled. “imc” stands for inner membrane
complex, a three lamellar membrane made from flattened membrane sacs termed alveoli.
Adapted from Frénal et al. (2017).

tracellular life style and its biological consequences (Desportes and Schrével, 2013; Schrével
and Desportes, 2015; Adl et al., 2019; Rueckert et al., 2019a), which we propose to expose
in detail in this section (see detailed biological cycles of three different gregarines in Figure

1.4, page 18).

Like all Apicomplexa, gregarines present at least once during their life cycle a devel-
opmental form called zoite (Figure 1.3), a polarised cell comprising the so-called “apical
complex” composed of scaffolding cytoskeletal elements enclosing specialized apical or-
ganelles (rhoptries, micronemes and dense granules) that gave the name to this phylum
replacing the former Sporozoa (Morrissette and Sibley, 2002; Tardieux and Baum, 2016;
Adl et al., 2019). As displayed in Figure 1.2, Gregarines do have a conoid, composed of
spirally arranged array of microtubules as found in Coccidia and Cryptospodia (forming
Conoidasida), but secondarily lost in Haemosporidia (Portman and Slapeta, 2014; Adl
et al., 2019) - forming Aconoidasida, although recent studies have shown that a divergent
and greatly reduced form of the conoid is in fact conserved in Plasmodium species (Kotreny

et al., 2021; Bertiaux et al., 2021).

In Apicomplexa having intracellular developmental phase(s), this apical complex has
been clearly involved in the recognition and invasion of host cells, allowing parasites es-
tablishment and development in this novel ecological niche (Tardieux and Baum, 2016;
Hakimi et al., 2017). In Apicomplexa displaying extracellular lifestyle as most intestinal

gregarines do, the apical complex appears to have a different role. Yet involved in par-
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asite attachment to host cells at sporozoite stage, it subsequently appears mostly used
for parasite feeding, sustaining spectacular growth phases, rather than to achieve tissue
penetration or parasite internalisation within host cells (Valigurovd and Koudela, 2008;
Simdyanov and Kuvardina, 2007; Schrével et al., 2016; Valigurova and Florent, 2021).
This is with the notable exception of coelomic (eu)gregarines, which are capable of in-
testinal barrier crossing as well as neogregarines that can reach intracellular niches in
some of their hosts tissues (Desportes and Schrével, 2013; Schrével and Desportes, 2015).

There are several consequences to this extracellular growth of these trophozoite forms

in gregarines:

1) an extremely wide diversity of shapes and sizes, as mentioned above and largely used
for taxonomical purposes (Desportes and Schrével, 2013; Valigurova and Florent,

2021);

2) a sexual phase (gamogony followed by sporogony) that also occurs extracellularly,
producing developmental forms that are particular to gregarines, starting with the

syzygy (Desportes and Schrével, 2013; Schrével and Desportes, 2015).

Syzygy is the named given to the developmental stage that precludes the gregarine
sexual reproduction. It corresponds to the bi-association of two trophozoites after they
have detached from host cell and which are future gamonts (Figure 1.4, stages (a) and
(b/b”")). Although morphologically similar both in size and shape, the two partners of the
syzygy are committed to evolve into respectively male and female gamonts (Figure 1.4,
stages (c)).

Depending on the species, the bi-association may be caudo-caudal (Figure 1.4.A, stage
(c)), lateral (Figure 1.4.B, stage (c)), fronto-frontal (not shown, see Desportes and Schrével
(2013)) or caudo-frontal (Figure 1.4.C, stage (c)). In this latter case, found in Gregarina
garnhami, the anterior partner of the syzygy is called primite, the other being known as
the satellite (Figure 1.4.C, stage (c)). Occasionally, syzygy associations may involve more
than two partners but the evolution of such ménage a trois has not been yet examined at

molecular level (Desportes and Schrével, 2013).
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Figure 1.4: Representative development cycles for three gregarines. The develop-
mental cycles of: (A) the marine archigregarine Selenidium pendula, intestinal parasite of the Polychaeta
worm Scolelepis (Nerine) squamata, adapted from Schrével and Desportes (2015); (B) the marine eugre-
garine Lecudina tuzetae, intestinal parasite of the Polychaeta worm Hediste (Nereis) diversicolor, adapted
from Schrével and Desportes (2015); (C) the terrestrial eugregarine Gregarina garnhami, intestinal par-
asite of the desert locust Schistocerca gregaria, based on Canning (1956) and personal observations. The
drawings use identical legend letters to designate similar developmental stages across the three cycles.
(A) Selenidium pendula. (a) detached trophozoite; (b) caudal syzygy; (b’) particularity in syzygy for this
species (nuclear modifications before encystment); (c) gametocyst undergoing gamogony; (d) gametocyst
with fully differentiated gametes; (d’) details of male (flagellated) and female (ovoid) gamete; (f) zygote
ready to undergo sporogony yielding stages with two nuclei (g), then four nuclei (h); (i) spore contain-
ing four sporozoites; (j) released sporozoite (in host) starting vegetative phase. (B) Lecudina tuzetae.
(a) detached trophozoite; (b) lateral syzygy; (c) gametocyst undergoing gamogony; (d) gametocyst with
fully differentiated gametes; (d’) details of male (flagellated) and female (ovoid) gamete; (e) sporokyst
enclosing ~ 5000 zygotes ready to evolve into spores (f) eventually undergoing sporogony yielding stages
with two nuclei (g), four nuclei (h); (i) spore containing eight sporozoites; (j) released sporozoite (in
host) starting vegetative phase including attachment to host epithelial cell (not shown). (C) Gregarina
garnhami. (a) detached trophozoite; (b) caudo-frontal syzygy (primite ahead, satellite following); (c)
gametocyst undergoing gamogony; (d) gametocyst with fully differentiated gametes; (e) sporokyst en-
closing zygotes ready to evolve into spores undergoing sporogony (details not shown); (e’) these spores
are released in the environment as spore chains through sporoducts emerging from the sporokyst; (i)
spore containing eight sporozoites; (j) released sporozoite (in host) starting vegetative phase including
attachment to host epithelial cell (j’). Cyst or spore walls surround developmental stages from (c) to (i).
In Boisard and Florent (2020). 18



The evolution of the syzygy bi-association is a globular structure called gametocyst,
initially composed of two hemispheres of similar shape and volume around which a thick
wall is elaborated (Figure 1.4, stages (c)). Series of nuclear divisions with final cytoki-
nesis (gamogony) then occur within each hemisphere producing male gametes within one
hemisphere and female gametes within the other one (Figure 1.4, stages (d)). A clear
anisogamy is commonly observed between male gametes - more pyriform and usually
flagellated - and female gametes - more globular and non-flagellated (Figure 1.4.A and
B, stages (d’)). It is therefore only after complete gametes production that the “sex” of
gamonts may be deduced. Numerous imaging recordings have been performed to study
the cellular events occurring during this first phase of the gregarine sexual reproduction
called gamogony, with a remarkable confocal imaging analysis performed in the case of
the marine eugregarine Lecudina tuzetae, intestinal parasite of the Polychaeta Hediste
(Nereis) diversicolor, in which ~5000 male and as many female gametes are produced per

gametocyst (Kuriyama et al., 2005).

It is interesting to notice that, depending on the species, the length of the syzygy
phase might be particularly long; in the atypical case of Diplauxis hatti, coelomic parasite
of the Polychaeta Perinereis cultrifera, this bi-association remains stable for more than

two years, awaiting host’s sexual maturation to engage into gamogony (Prensier et al.,

2008).

Once the male and female gametes have been produced within their respective com-
partments, their mixing occurs within the gametocyst. Thousands of fertilisations then
take place simultaneously during a process called “gamete dance” in L. tuzetae, which
lasts ~4h and produces ~5000 zygotes per gametocyst (Kuriyama et al., 2005) (Figure
1.4.B, stage (e)). Sporogony then begins and the gametocyst takes the name of sporokyst

(Figures 1.4B. and .C, stages (e/e’)).

Each zygote secretes a cyst wall (stage called immature oocyst) and undergoes meiosis
and additional mitosis (in eugregarines and neogregarines) leading to sporozoites forma-
tion (Figure 1.4, stages (f) to (i)). Each spore, also called oocyst, therefore possesses

a thick wall and is the form of dissemination of the gregarine in the environments (De-
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sportes and Schrével, 2013; Schrével and Desportes, 2015). It contains four sporozoites in
the case of archigregarines and eight sporozoites in eugregarines and neogregarines (Figure

1.4, stages (i)) (Desportes and Schrével, 2013; Schrével and Desportes, 2015).

In marine eugregarines, spores are eventually released in the environment with the
breaking down of the sporokyst (Figure 1.4.B, stage (e) in the case of L. tuzetae). In
terrestrial gregarines, spores are released in the environments via sporoducts that are
formed at the surface of the sporokyst (see for example Gregarina garnhami, Figure 1.4.B,
stage (e’)). The progeny in terms of number of spores, resulting from the evolution of a
single syzygy, is considerable and can reach few thousands to several millions depending
on the gregarine species (Desportes and Schrével, 2013; Schrével and Desportes, 2015).
Sporokyst are therefore obviously a material of choice to isolate genomic DNA. Oocysts
on the other hand, are the developmental forms that are likely collected within soils and

sediments from environments.

Once ingested by hosts, the oocysts undergo dehiscence after passage through the
host’s digestive system and sporozoites are released (four in the case of archigregarines,
eight in the case of eugregarines and neogregarines, Figure 1.4, stages (j)). These will be
able to attach to their host’s intestinal cells (Figure 1.4.C, stage (j’)), using their apical
end displaying typical apical complex features, and these attached sporozoites will start
to grow dramatically, evolving into trophozoites. In the case of G. garnhami for example,
trophozoites grow from less than 10 pm to over 400 pm in length within a single host. The
size range of trophozoites may therefore cover two to three orders of magnitude depending
on the species (Desportes and Schrével, 2013; Schrével and Desportes, 2015). This gigan-
tism, achieved for a large number of gregarine species, offers a remarkable material for
cell biology explorations and immunofluorescence imaging for example (Kuriyama et al.,

2005; Valigurova et al., 2013; Valigurova and Florent, 2021).

This radical difference in lifestyle including gamogonic and sporogonic phases con-
trasts from those observed in Hematozoa and Coccidia and results also in very different
interactions between gregarines and their hosts. These particularities raise many ques-

tions about the adaptive pathways gregarines have developed to survive over the course
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of evolution. Which molecular solutions have they then developed to survive within the
host’s intestinal tracts or other cavities, maintain survival, acquire nutriments, complete
(a)sexual reproduction ? Furthermore, it must be noticed that they have done so with
a remarkable success if one considers their wide occurrence in such a high diversity of
endoparasitic non-vertebrate hosts contexts (Desportes and Schrével, 2013; Schrével and
Desportes, 2015; Valigurova and Florent, 2021).

The following sections introduce some possible topics of exploration, focused on gre-
garines, to broaden our view of host adaptation patterns in Apicomplexa. They are
obviously not exhaustive; however, they gather the questions that we are particularly
curious about, and that partly underlie the aims of this PhD, which will be outlined

thereafter.

1.2.1 The apical complex

Gregarines, as apicomplexan parasites, do possess a fully developed apical complex,
at least in sporozoites and trophozoites developmental stages (Desportes and Schrével,
2013). Biological and morphological studies have established that in gregarines, the api-
cal complex is used for host cell attachment to allow the parasite to feed from its host
cell by a process known as myzocytosis (Schrével et al., 2016; Simdyanov and Kuvardina,
2007; Valigurova and Florent, 2021). The host cell penetration by the parasite is not com-
plete as the gregarine remains extracellular with only its apical end intimately engaged
in a host—parasite interplay that has been studied at microscopic level but whose molec-
ular actors are poorly defined (Valigurova et al., 2007; Schrével et al., 2016; Simdyanov
et al., 2017; Valigurova and Florent, 2021); see also Desportes and Schrével (2013) for
exhaustive descriptions of several additional examples. Therefore, the biological function
of “gregarine apical complex” only partly overlaps the biological function currently at-
tributed to “apicomplexan parasite apical complex”, that is recognition and invasion of
their host cell (Tardieux and Baum, 2016).

Several questions therefore emerge: to which extent does the molecular architecture

of “gregarine apical complexes” compares to that of their best known cousins, that are
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Toxoplasma and Plasmodium (Boucher and Bosch, 2015; Tardieux and Baum, 2016)7 Are
the scaffolding of the apical complex, and its recognition, invasive and nutrition functions
fulfilled by the same molecular components or by other ones? What are the composition

and functional roles of micronemes, rhoptries and dense granules in gregarines?

In apicomplexan parasites of vertebrates with intracellular developmental phases
(Plasmodium and Tozoplasma), these secretory organelles are documented to intervene
sequentially in an orchestrated manner, with first micronemes secreting parasite proteins
involved in host cell recognition as well as AMA-1, which, when combined to a defined
cortege of RON proteins (secreted by the neck of rhoptries) will assemble into the so-called
mobile junction essential to the invasion process of host cells by Plasmodium merozoites
or Toxoplasma tachyzoites (reviewed in Tardieux and Baum (2016)). Subsequently, ROP
proteins (secreted by the bulb of rhoptries) and GRA proteins (secreted by the dense
granules) will allow establishing the intracellular niche for these parasites, either at the
parasitophorous vacuole level (facilitating metabolite exchanges) or beyond this border
to manipulate the host cell program to the benefit of the parasite (Hakimi et al., 2017).
The apical complex is also involved in the motility of apicomplexan parasites, through
adhesion proteins secreted by micronemes as part of an apicomplexan-specific form of
displacement, so-called gliding, to which we shall return later (Boucher and Bosch, 2015;
Tardieux and Baum, 2016).

It may be expected that gregarine micronemes, rhoptries and dense granules will
have their own protein repertoires; indeed, there are currently very limited overlaps of
these repertoires between currently described apicomplexan genera (Counihan et al., 2013;
Boucher and Bosch, 2015; Hakimi et al., 2017). Thus it will be interesting to decipher
their specific roles and how they contribute (or not) to the establishing of the host-
parasite interface (Valigurova and Florent, 2021). It is important here to indicate that
there are alternative invasive modes in apicomplexan parasites such as Theileria and
Cryptosporidium that differ from the better described Tozoplasma/Plasmodium mode
(Gubbels and Duraisingh, 2012). For instance, Theileria’s non-motile invasive stages

don’t possess secretory organelles such as micronemes. Therefore invasion doesn’t rely on
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the parasite’s cytosqueleton and apical complex but its contact with a host cell rather
happens by chance (Shaw, 2003; Woods et al., 2021; Jalovecka et al., 2018). For their
part, Cryptosporidium spp. are characterized by an epicellular localization (Barta and
Thompson, 2006; Bartosova-Sojkova et al., 2015). What are the molecular similarities
between the T. gondii and P. falciparum parasitophorous vacuole make up and the food
vacuole of gregarines, that forms at the gregarine-host cell interface (Valigurova et al.,
2007; Schrével et al., 2016; Simdyanov et al., 2017; Valigurova and Florent, 2021)? Or is
the similarity stronger to the feeder organelle of epicellular Cryptosporidium (Barta and

Thompson, 2006; Bartosova-Sojkova et al., 2015; Valigurova and Florent, 2021)?

1.2.2 Their extracellular development

A first morphological and biological consequence of this particular behaviour selected
over evolution is the fact mentioned above that gregarine trophozoites can reach very
large sizes (up to several millimeters) contrary to intracellular parasites of vertebrates
(1-10 micrometers at most).

A second is that their sexual phase is also extracellular, starting with the syzygy that
evolves into gametocysts producing oocysts (Figure 1.4, page 18). These developmental
forms are strikingly distinct from the developmental forms encountered in Toxoplasma,
Plasmodium and even Cryptosporidium (Aly et al., 2009; Robert-Gangneux and Dardé,
2012; Bouzid et al., 2013). Interestingly, the oocysts forms of Tozoplasma and Cryp-
tosporidium, which are also extracellular and disseminated with their hosts’ feces as re-
sistant forms in the environments, are however elaborated intracellularly, within their
hosts’ intestinal cells (Robert-Gangneux and Dardé, 2012; Bouzid et al., 2013). Indeed,
in Tozxoplasma and Cryptosporidium the gamogony remains intracellular, whereas it is
extracellular in gregarines.

An important consequence is that gregarines thus display totally different types of
host-parasite interactions, having other constraints to face such as surviving in host-gut
environment. Several studies have explored the permeability of the trophozoite membrane

in link with the question of their nutrition mode (Desportes and Schrével, 2013; Schrével
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and Desportes, 2015; Valigurova and Florent, 2021). This questions the molecular nature
and the biological role of their inner membrane complex (see imc in Figure 1.3), which,
interestingly, may be acting as a continuous “shield” all around the trophozoite as it is
only interrupted at the conoidal opening through which nutrition occurs; see Schrével
et al. (2016) for the case of S. pendula or Kuriyama et al. (2005) for the case of L. tuzetae;

for a review on nutrition in apicomplexan, see Valigurova and Florent (2021).

Interestingly, as the syzygy evolves towards the gametocyst form, this imc appears to
be disassembled concomitantly with the gametocyst secretion of the protective cyst wall
(see Kuriyama et al. (2005) for details on L. tuzetae). This suggests that in gregarines,
one form of shielding (imc) in trophozoites and syzygies gives place to another form of
shielding (cyst wall) during gamogony then sporogony, both of which being intended to

isolate the gregarine from its hostile (gut) environment.

Obviously, the molecular exploration of such a parasite—environment (host) interplay
will reveal novel adaptive features developed by Apicomplexa over evolution. To which
extent the host-gut environment is less hostile in an invertebrate host rather than in a
vertebrate one, notably regarding immune system response and microbiota regulation,
should certainly be taken into account. First, invertebrate hosts rely mainly on innate
immunity to fight intruders while vertebrates also have adaptive defence mechanisms
(Buchmann, 2014). In addition, the co-existing microbiome is notoriously less complex

and diverse in invertebrates than vertebrates (Bahrndorff et al., 2016).

These differences could explain the capacity of gregarines to self-maintain in such
host-gut environment for extended life cycle times while parasites of vertebrates have
been constrained to invade host cells to achieve their maintenance in hosts. Further
studying not only gregarines but also their host’s immune and microbiota responses will
certainly clarify the contribution of these host-specific features to the diversity of gre-

garines behaviours and life traits over evolution.
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1.2.3 A greater diversity of motility modes

Gregarines have developed a wider diversity of motility modes than what is mostly
described (and deeply studied at molecular level) for intracellular parasites of vertebrates:
the gliding motility (Frénal et al., 2017).

This movement, governed by an acto-myosin motor, involves at least ~35 proteins that
appear (so far) well conserved between apicomplexan species (Boucher and Bosch, 2015;
Frénal et al., 2017; Mueller et al., 2017). Whether the gliding components are conserved

also in gregarines that move by gliding (i.e., most eugregarines) remains to be established.

However, gregarines display other modes of motility such as rolling or bending, the
molecular bases of which are currently totally unknown (Desportes and Schrével, 2013).
Do these alternative modes involve molecular components shared with those of the glideo-
some? Do they involve other components, inherited from the putative ancestor and pos-
sibly lost secondarily in intracellular parasites of vertebrates (Janouskovec et al., 2015;
Woo et al., 2015; Fiissy and Obornik, 2017)7? Or do they involve novel components, re-
functionalized from the ancestor heritage or acquired by horizontal gene transfer? All this

remains to be established for the diversity of known and to-be-discovered gregarines.

Answers to these questions will be precious to understand how such a diversity of
motility modes may have emerged for apicomplexan from a common ancestral genetic
heritage, as apicomplexan are thought to derive from ancestral biflagellated organisms
with repositioning of some of the former flagellar components into the apical complex
structure and functioning (Janouskovec et al., 2015; Woo et al., 2015; Fiissy and Obornik,
2017). This knowledge will also be precious to widen our current knowledge of the adaptive
capacities to hosts developed by these remarkable apicomplexan parasites.

Indeed, evolutionary molecular studies on this point have established that gliding com-
ponents partially existed in the common ancestor of Apicomplexa (Janouskovec et al.,
2015; Woo et al., 2015; Fussy and Obornik, 2017) but have been repositioned to be func-
tionally operational in intracellular parasites of vertebrates. What paths of specialisation
did they follow to generate such a diversity of movements in gregarines? And, corollary

to these observations, we can formulate the hypothesis that the lack of host-cell fully
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invasive capacities of gregarines may be due either to:

 absence of gliding capacities despite a developed/expected to be functional apical

complex (in the case of archigregarines)

e or, conversely, to an under-developed apical complex despite operational gliding

capacities (in the case of eugregarines)

It is therefore time to focus on gregarines to explore these adaptive traits at the
molecular level. However, which ones to select and from which extent of diversity? Indeed,
a recent convergence of novel data clearly indicates that the current inventory of the
true gregarine diversity is dramatically underestimated - and therefore, corollary, all the

relevant biological models may have not yet been discovered.

1.3 The true gregarine biodiversity

Our current understanding of gregarine biodiversity comes uniquely from three sources

of information that only partly overlap:

1) the number of formally inventoried species (Portman and Slapeta, 2014);

2) the number of species theoretically computable based on the inventory and diversity

of their hosts (Desportes and Schrével, 2013);

3) environmental or host-associated metagenomic or metabarcoding approaches, that
have revealed novel molecular signatures, sufficiently related to gregarines to allow
taxonomic affiliation to this group but sufficiently divergent to strongly suggest
novel taxonomic species (de Vargas et al., 2015; Mahé et al., 2017; del Campo et al.,
2019).

The regular cross-referencing of these three sources of data leads to a permanent
readjustment of both the taxonomy and phylogeny of these species, so that it is safe to
say that the current biodiversity of gregarines is a field of investigation whose physiognomy

is likely to evolve considerably in the coming years.
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1.3.1 Formally described species

Regarding the first point, there are currently ~1770 formally described gregarine
species, unequally distributed between archigregarines (~20), eugregarines (~1700) and
neogregarines (~50) (Portman and Slapeta, 2014). In parallel, taxonomic and phyloge-
netic revisions concerning gregarines are a currently very active field with a diversity of
successive proposals regarding their phylogenetic inter-relations (Cavalier-Smith, 2014;
Schrével et al., 2016; Rueckert and Horak, 2017; Simdyanov et al., 2017, 2018) as well as

with other apicomplexan parasites (Janouskovec et al., 2019; Mathur et al., 2019, 2021a).

Molecular phylogenies are nowadays mostly based on usage of SSU rDNA marker,
more rarely complete ribosomal loci (Diakin et al., 2016, 2017; Simdyanov et al., 2018).
Studies based on the SSU rDNA marker alone are fairly effective in defining monophyletic
groups at the genus or family levels, but fail to robustly resolve the respective branches’
relationships at higher taxonomic level. Attempts to improve phylogenies using the full
ribosomal marker (185 SSU + 28S LSU rDNA) have provided some progress, but have
the important disadvantage to be currently available for only very few gregarine species

(~20) (Diakin et al., 2016, 2017; Simdyanov et al., 2018).

Phylogenies relying on multiple genes (or more accurately proteins) sequences derived
from available apicomplexan genomes as well as recent gregarine transcriptome investiga-
tions are now emerging but remain restrained to a few gregarine species, namely Selenid-
um pygospionis, Pterospora schizosoma, Lankesteria abbottii, Lecudina tuzetae, Polyrhab-
dina sp. WS-2016, Ancora sagittata, Monocystis agilis, Cephaloidophora cf. communis,
Heliospora caprellae, Blabericola migrator, Protomagalhaensia sp. Gyna, Protomagalhaen-
sta wolfi, Gregarina sp. Poly, Gregarina sp. Pseudo (Janouskovec et al., 2019; Mathur
et al., 2019, 2021b; Salomaki et al., 2021). Although they are indeed expected to be more
resolving, the number of concerned species is even smaller and ambiguities remain in the
interrelationships between groups, since the position of the genus Cryptosporidium is for
example unstable between Janouskovec et al. (2019) and Mathur et al. (2019). Hovewer,
a recent study used advanced alignment comparison methods to confront the different

topologies currently proposed for apicomplexan phylogeny (Salomaki et al., 2021). The
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team seems to achieve a congruent phylogeny of the two phylogenomic datasets; never-
theless, as the authors specify, many lineages exhibit long branches that the lack of taxa
fails to resolve. We plainly concur with the authors, who conclude that a more accurate
and stable picture of the evolutionary history of gregarines requires a drastic increase in
sampling effort.

These genome/transcriptome studies have however also shown another interest: some
species historically described as gregarines ( Platyproteum spp., Filipodium phascolosomae,
Piridium sociabile and Digyalum oweni) do not actually appear to be part of Apicomplexa
anymore (Janouskovec et al., 2019; Mathur et al., 2019, 2021a). This suggests many
taxonomic revisions to come concerning the multitude of species described as gregarines on
the basis of similar morphological characters (extracellularity, gigantism), but which might
in fact encompass polyphyletic lineages. Indeed, these studies have already established
the multiple and independent origins of apicomplexan-like parasites (Janouskovec et al.,

2019; Mathur et al., 2019).

1.3.2 Extrapolation based on host diversity and host-parasite

behaviours

Concerning the second point, it is clearly documented that gregarines parasite virtually
all non-vertebrate metazoan groups, from Polychaeta annelids to tunicates, arthropods
and mollusks (Desportes and Schrével, 2013; Schrével and Desportes, 2015). For a long
time, experts in the gregarine field have argued that, given the currently documented
diversity of gregarines, their lifestyle principally monoxenous and their apparently narrow
host-range specificity, the real biodiversity of gregarines is probably several orders of
magnitude underestimated in particular for those infecting insects, that represent ~half
of metazoan diversity according to Mayhew (2007) (Desportes and Schrével, 2013; Schrével
and Desportes, 2015).

In addition, most known hosts are infected by several gregarine species, as for example
the mealworm Tenebrio molitor that is infected by at least three gregarine species ( Grega-

rina cuneata, Gregarina polymorpha and Gregarina steini) (Clopton et al., 1992) in addi-
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tion to G. niphandrodes. In consequences, some experts have even proposed that the real
gregarine diversity should exceed that of their hosts, making it one of the most widespread
groups of organisms in the environment (Desportes and Schrével, 2013; Schrével and De-

sportes, 2015).

1.3.3 Environmental metadata uncovering a wide and mostly

undescribed diversity

Thirdly, several environmental and host-associated metagenomics/metabarcoding sur-
veys have recently started to document this tremendous diversity at molecular level
(de Vargas et al., 2015; Mahé et al., 2017; del Campo et al., 2019). A very wide diversity
of apicomplexan-related sequences is present in terrestrial soils and marine sediments, and
~80% of which appears more closely related to gregarines (Clopton et al., 1992; Mahé
et al., 2017; del Campo et al., 2019).

This diversity may be paralleled to the biological cycles of gregarines for which cyst
forms, enclosing each thousand to millions of oocyst progenies, are frequently released with
the feces of their infected hosts, easily contaminating therefore such soils. In addition,
the high resistance of these oocyst forms to environmental conditions certainly explains
the high abundance and maintenance in environment of their enclosed genetic material
(Desportes and Schrével, 2013; Schrével and Desportes, 2015). However, and even more
remarkably, the diversity of apicomplexan-related sequences with gregarine-like affinities is
also high in marine environments (both pelagic and benthic). This suggests the presence
of either developing or resistant (oocyst) forms of these gregarines in association with
planktonic elements - biological or even mineral - that remain to be identified or “freely”
floating in these marine environments (de Vargas et al., 2015).

However, the flip side of these discoveries is that there is a remarkably high number
of gregarine-like molecular data that cannot be related to formally described species (del
Campo et al., 2019). This is in part due to the very low molecular knowledge we currently
have of taxonomically and morphologically described species. Only talking about the

most commonly used molecular marker, SSU rDNA | it is available in databases for only
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about one hundred of the ~1770 formally described gregarine species, which corresponds
to just ~5% of them, not taking into account the many gregarine species to be still
discovered. We need to generate a much higher number of molecular markers for these
known species. Furthermore, we must deploy appropriate strategies to morphologically
and biologically describe the increasing number of “molecular-species” emerging from
metagenomics studies, pointing to entirely novel phylogenetic groups within gregarines

(de Vargas et al., 2015; Mahé et al., 2017; del Campo et al., 2019).

1.3.4 Missing data blur apicomplexan phylogeny

The missing information regarding gregarines is not restricted to this lack of connection
between taxonomic data derived from morphological studies and molecular data emerging
from metagenomic approaches. The confrontation of these data indicates that our under-
standing of the apicomplexan biodiversity remains very limited. Indeed, it remains biased
because we have too long neglected the large spectrum of their pathogenicity focusing
preferentially on the deadliest ones and ignoring the vast majority of poorly pathogenic
ones (Rueckert et al., 2019a). This biased position has probably blurred not only our com-
prehension of the extent of their extraordinary host-adaptive capacities, but altogether a
full section of their evolutionary history. So that we still do not know where the emergence
of these species is taking root; is it within a group of non-pathogenic symbionts that has
become even more diversified than we imagine, advocating for multiple emergence within
a radiation that is still incompletely understood (Janouskovec et al., 2019; Kwong et al.,
2019; Mathur et al., 2019; Rueckert et al., 2019b)?

A close examination of the recent taxonomy of Apicomplexa clearly mentions that
most groups are currently polyphyletic or paraphyletic, notably: Aconoidasida, Coccidia,
Gregarinasina, Archigregarinorida and Eugregarinorida (Adl et al., 2019). This is mostly
due to lack of sufficiently informative and resolving data concerning these organisms, still
mostly based on SSU rRNA phylogenies (Cavalier-Smith, 2014; Simdyanov et al., 2017,
2018) and recent emerging phylogenomic analyses (Janouskovec et al., 2019; Kwong et al.,

2019; Mathur et al., 2019). Certainly, as stated above, insufficient sampling also prevents
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a solid and integrated vision of phylogenetic inter-relationships for all of these species (del

Campo et al., 2019; Janouskovec et al., 2019; Mathur et al., 2019; Salomaki et al., 2021).

1.4 The genomic panorama of Apicomplexa : a state

of the art

Before going further, it is worth providing an precise overview of the currently docu-
mented apicomplexan genomes; although their sampling is biased in favor of intracellular
and pathogenic parasites, these genomes are highly valuable since they are the only avail-
able references on which we can rely.

Currently, the available apicomplexan genomes are registered in the VEupathDB
database which is dedicated to the inventory of eukaryotic pathogen genomic resources
(Aurrecoechea et al., 2017).

At the beginning of this project in October 2018, 87 apicomplexan and related genomes

were deposited in 4 subdatabases within VEupathDB (release 41):

e 16 on CryptoDB: 13 Cryptosporidium spp., 1 Gregarina niphandrodes, 1 Vitrella

brassicaformis, 1 Chromera velia

e 32 on ToxoDB: 18 Tozoplasma gondii strains, 8 Eimeria spp., 2 Sarcocystis neu-
rona, 1 Neospora caninum, 1 Hammondia hammondi, 1 Cyclospora cayetanensis, 1

Cystoisospora suis
e 9 on PiroplasmaDB: 4 Babesia spp., 4 Theileria spp., 1 Cytauzzoon felis

e 30 on PlasmoDB: 30 Plasmodium spp.

It should be noted that there is a significant redundancy in the sampling of these
genomes, regarding the many strains of parasites of the species of the genus Plasmodium
as well as Toxoplasma gondii, which are the most pathogenic for humans and therefore the

most studied. These are also the species that can be cultured in the laboratory, facilitating
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Total

Species & Strain Genome Publication Nb Of: Nb (?f length %GC
release proteins contigs
(Mb)

Cryptosporidium

hominis 2017-11-16 = Guo et al. (2015) 3949 53 9 30.13
30976

Cryptosporidium

meleagridis 2018-02-02 | Ifeonu et al. (2016) 3753 57 8.9 30.97
UKMEL1

Cryptosporidium

muris RNG6 11-03-2015 | - 3938 75 9.2 28.47
Cryptosporidium 2007-02-26  Abrahamsen et al. (2004) 3941 8 9.1 30.22
parvum lowa 11

Chromera velia

CCMP2878 2014-05-15 = Woo et al. (2015) 30604 5953 193.8 49.11
Vitrella brassicaformis

CCMP3155 2014-05-15 = Woo et al. (2015) 23412 1064 72.7 58.09
Gregarina

niphandrodesUnknown 2014-04-15 @ - 6375 468 14 53.78
Cyclospora .

cayetanensisCHN  NO1 2016-09-22 | Liu et al. (2016) 7455 2297 44 51.84
chyif;’fosi"om o 2017-10-20  Palmieri et al. (2017) 11543 7880 81 49.32
Eimeria falciformis s

Bayer Haberkorn 1970 2014-02-10 = Heitlinger et al. (2014) 5876 753 43.6 49.86
Eimeria tenella 2013-11-05  Reid et al. (2014) 8597 4664 51.8  51.33
Houghton

Hammondia

hammondi HH34 2014-06-30 @ - 8004 3676 64 52.83
Neospora 2015-02-27 Reid et al. (2012) 7122 66 59 54.82
caninum LIV

Sarcocystis 2015-04-13 - 6965 873 124 51.41
neurona SN3

Tozxoplasma

gondii MEA9 2015-08-11 - 8322 2075 65.5 52.30
Babesia bovis T2Bo 2010-03-10 = Brayton et al. (2007) 3706 14 8 41.59
Babesia microti RI 2017-07-12 = Cornillot et al. (2012) 3601 6 6.4 36.17
Babesia ovata Miyake 2017-12-16 = Yamagishi et al. (2017) 5031 91 14.4 49.27
Theileria equi WA 2014-08-21 = Kappmeyer et al. (2012) = 5332 12 11.6 39.48
Lhedlerin orientalis 2012-09-06 Hayashida et al. (2012) 4002 6 9 41.55
Shintoku

Theileria parva 2010-03-10 ~ Gardner (2005) 4082 10 8.3 34.04
Muguga

Cylauazoon felis 2015-01-20  Tarigo et al. (2013) 4323 357 9.1 31.81
Winnie

Plasmodium

berghei ANKA 2017-01-09 = Otto et al. (2014) 5067 21 18.7 22.04
Plasmodium 2015-06-18 = Gardner et al. (2002) 5460 16 233 19.34
falciparum3DT7

Plasmodium vivaz P01 = 2018-02-28 | Auburn et al. (2016) 6677 242 29 39.78

Table 1.1: Metrics and publications of the selected reference genomes. Metrics
were calculated with QUAST (Gurevich et al., 2013).
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both the sequencing of their genomes and functional genetic studies (Limenitakis and
Soldati-Favre, 2011).

In order to build a set of genomes that can serve as references for the assembly of
gregarine genomes, but also in a comparative genomics perspective, for data-mining of
their deduced proteomes, 25 genomes representative of the currently known diversity of
apicomplexan were selected from the available genomes. The selection was made taking
into account the most recent data and techniques used as well as the presence of an associ-
ated publication, in order to have the most complete panorama of apicomplexan proteins
and key functions/structures currently documented and suitable to be used as primers
to search for their homologs within the gregarine genomes. The metrics of all available
genomes were calculated with QUAST (Gurevich et al., 2013) from contigs deposited
on VEupathDB (release 41). The genomes as well as their metrics and information are
gathered in Table 1.1, page 32 and illustrated in Figure 1.2, page 14; the selection is as

follows:

o 4 genomes for the Cryptosporidia (Cryptosporidium hominis 30976, C. meleagridis
UKMEL1, C. muris RN66 and C. parvum Iowa II)

e 1 genome for Gregarina niphandrodes Unknown

o 8 genomes for Coccidia (Tozoplasma gondii ME49, Cystoisospora suis Wien 1, Cy-
clospora cayetanensis CHN__NO1, Sarcocystis neurona SN3, Hammondia hammonds
HH34, Neospora caninum LIV, Eimeria falciformis Bayer Haberkorn 1970 and E.

tenella Houghton)

o 3 genomes for Hemosporidia (Plasmodium falciparum 3D7, P. berghei ANKA and
P. vivaz P0O1)

o 7 genomes for Piroplasma (Theileria equi WA, T. orientalis Shintoku, T. parva
Mugaga, Babesia bovis T2Bo, B. microti RI, B. ovata Miyake and Cytauzzoon felis
Winnie)

o 2 genomes for Chromerida (Chromera velia CCMP2878 and Vitrella brassicaformis
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CCMP3155)

At present, the only available genomic data of gregarines concern terrestrial eugre-

garines:

o Gregarina niphandrodes - unpublished genome, deposited on VEupathDB and Gen-
Bank (accession number: AFNH00000000.2)

o Ascogregarina taiwanensis (Templeton et al., 2010), very partial genome, not anno-

tated and deposited on GenBank (accession number: PRIJNA27765)

The Ascogregarina taiwenensis genome is unfortunately very partial and from a very
low coverage assembly (<0.2X, source: GenBank Bioproject PRIJNA27765). For these
reasons, we did not retain it in our analyses.

The main problem with the Gregarina niphandrodes genome is that there is no pub-
lication associated with it; on the other hand, it is the only other existing reference for
a full-scale genome of a gregarine. Therefore, from a scientific perspective, we could not
reasonably disregard these data, but we remained cautious in their use, as it is currently
impossible to evaluate their completeness and quality.

In parallel, the inventory of currently known organelle genomes was also performed,
for mitochondrial and apicoplastic genomes, and their metrics were again calculated with

QUAST (Table 1.2, page 35 and Table 1.3, page 36).
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Nb Length
contigs (Mb)
1 6005 | 29.51 6005 = 0.00
Babesia microti 1 10547  35.18 10547 @ 0.00
Theileria equii 1 9001 @ 29.17 9001 = 0.00
Theileria orientalis 1 2595 31.25 2595 | 0.00

1

1

1

N’s per

%GC N50 100 kbp

Species/Strain

Babesia bovis

Theileria parva 5895 | 29.99 5895 | 0.00
Plasmodium berghei 5957 | 30.94 5957 = 0.00
Plasmodium cynomolgi 6017 = 30.28 6017 = 0.00

Plasmodium

falciparum 3D7 1 5967  31.59 5967 @ 0.00
Plasmodium 1 6616 31.65 = 6616 755.74
falciparum IT

Plasmodium gallinaceum 1 6747 @ 32.58 6747 = 0.00
Plasmodium knowlesi

MalayanPk1A 1 3833  32.19 3833  0.00
Plasmodium malariae

UGo1 1 5969 @ 29.87 5969  0.00
Plasmodium reichenowi

cne 1 5966  31.63 5966 = 0.00
Plasmodium relictum

SGS1-like 1 6092 31.68 6092  0.00
Plasmodium vivax P01 1 5989 @ 30.52 5989 ' 0.00
Plasmodium vivax Sall 1 5990 @ 30.50 5990 | 0.00
Plasmodium yoelii yoelii 17X 1 6083 @ 31.27 6083 = 0.00
Bimeria falciformis 1 6280 3449 6280 0.00

BayerHaberkorn1970

Table 1.2: Metrics of available mitochondrial genomes. Metrics were calculated
with QUAST (Gurevich et al., 2013).
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9
Nb Length %GC N50 N’s per

Species/Strain contigs (Mb) 100 kbp

Babesia bovis 1 35107 @ 22.02 35107 | 0.00
Babesia microti 1 28657 @ 14.06 28657 | 0.00
Theileria equi 1 47880 | 29.02 | 47880 @ 0.00
Theileria orientalis 1 24173  19.48 | 24173 | 14892.65
Theileria parva 1 39579  19.48 39579  5.05
Plasmodium berghei ANKA 1 34403 15.11 | 34403 | 0.00
Plasmodium cynomolgi 1 34521 | 14.24 34521  0.00
Plasmodium falciparum 3D7 1 34250  14.22 | 34250 @ 0.00
Plasmodium falciparum IT 1 29686 @ 13.32 | 29686 | 168.43
Plasmodium fragile Nilgiri 1 35616 13.09 = 35616 18688.23
Plasmodium gaboni SY75 1 29387  13.03 | 29387 @ 340.29
Plasmodium gallinaceum 8A 1 29456 12.90 | 29456 @ 0.00
Plasmodium knowlesi H 1 30638 = 14.03 30638 | 0.00
Plasmodium knowlesi

MalayanPk1A 1 32097 @ 14.08 @ 32097 @ 0.00
Plasmodium malariae UGO1 1 34324 | 13.70 34324 0.00
Plasmodium ovale curtisi GHO1 1 28304 @ 12.46 28304 = 215.52
Plasmodium reichenowi CDC 1 29226  13.04 | 29226 | 171.08
Plasmodium relictum SGS1-like 1 29365 @ 13.06 29365 0.00
Plasmodium vivax P01 1 29582  13.30 | 29582 | 338.04
Plasmodium yoelii yoelis 17X 1 34324 15.02 34324 0.00

Eimeria falciformis 1 33174 22,97 33174  6963.28

BayerHaberkorn1970

Hammondia hammondi HHS3) 1 29684  17.15 = 29684 @ 25006.74
Sarcocystis neurona SN3 1 35004 |+ 21.97 35004  0.00
Toxoplasma gondii ARI 11 20862  19.36 1975 0.00
Tozoplasma gondii FOU 2 29760 @ 19.28 24410 0.00

Toxoplasma gondii

CAB-2007-CAL-DOMS 13 10789 1531 758 0.00

Toxoplasma gondit GT'1 15 21338  21.47 1408 = 0.00
Toxoplasma gondii MAS 3 29272 19.06 | 24390 | 0.00
Toxoplasma gondii ME49 2 36351  20.82 | 35372 | 6533.52
Tozoplasma gondii p89 3 29490 @ 19.20 @ 24386 @ 0.00
Toxoplasma gondit pRUB 5 29279  19.11 24358 @ 0.00
Toxoplasma gondii TgCATBr9 2 29725  19.27 | 24364 0.00
Toxoplasma gondii TgCatPRC2 4 30392 19.29 | 18165 0.00
Toxoplasma gondii VAND 4 29731 @ 19.28 24393 0.00
Toxoplasma gondii VEG 19 45270 @ 19.78 2688 = 0.00

Table 1.3: Metrics of available apicoplast genomes. Metrics were calculated with
QUAST (Gurevich et al., 2013).
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1.5 Aims and Objectives

With just above a hundred genomes deciphered for ~350 genera and ~6000 described
species, Apicomplexa is a group for which there is still a lot to discover. It is certainly
not the poorest documented branch of the tree of life (Sibbald and Archibald, 2017), but
it is far from having revealed all the secrets of the diversity of its molecular innovations,
developed during its evolutionary history as it had to adapt to such a wide diversity of
hosts and environments (Desportes and Schrével, 2013; Schrével and Desportes, 2015).

As to date, molecular exploration of apicomplexan parasites have mainly concerned a

very small number of species that have in common:

1) to infect humans causing threatening and global diseases such as malaria or less
threatening but worldwide spread diseases such as toxoplasmosis and cryptosporid-

iosis;
2) to be cultivable in the laboratory, at least for some developmental stages;

3) to have been the subject of extremely sophisticated methodological developments
such as genetic manipulation, -omics in all their variations and static and dynamic

microscopy (Limenitakis and Soldati-Favre, 2011).

In this panorama, gregarines, full members of the Apicomplexa phylum, have been so

far left on the side of the road for exactly corollary reasons:
1) they do not infect humans;
2) they are not easy to cultivate;

3) while there is a very abundant literature of their life cycles, morphologies and ultra-
structure, they are almost unknown at the genomic/transcriptomic levels and have

been the subject of very few biochemical studies.

But their future is now open for exploration, as the stage is set for the emergence

of genomic data. A first move should be in favour of known species, selected either for
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their biological characteristics (intestinal, coelomic, motile, non-motile) or their partic-
ular phylogenetic position (archigregarines vs eugregarines as a broad distinction). As
previously stated, the main obstacle for the production of gregarine genomes is the diffi-
culty to collect enough biological material for genomic sequencing. Indeed, no species of
gregarine is currently cultivable in the laboratory. There are two possibilities to overcome
these problems: the first is to maintain hosts infected with gregarines under laboratory
conditions. While this solution does not solve the problem of contamination by the host
and surrounding microorganisms during the collection, it does guarantee regular access
to the targeted developmental forms and thus enables the acquisition of an adequate
amount of biological material. The second solution involves identifying biological models
that are capable, through their inherent characteristics, of providing sufficient biological
material. The next chapter of this thesis will demonstrate how we were able to exploit
both of these solutions that results in the selection of three biological models: 2 ma-
rine gregarines, Porospora gigantea, parasite of the European lobster Homarus gammarus
and Diplauzis hatti, parasite of the Polychaeta marine worm Perinereis cultrifera; and 1

terrestrial gregarine, Gregarina acridiorum, parasite of the locust Locusta migratoria.

The collection of sufficient biological material is only the first of the challenges raised
by the genomics of non-model, non-culturable organisms. Indeed, in the absence of data
close enough to serve as reference, the removal of contaminants as well as the prediction
of genes from genomic assemblies are other obstacles. I have addressed the issues raised
by each of the gregarines for which we were able to produce genomic data differently,
by tailoring to their specific situation. Again, these protocols and their results will be

outlined and discussed in the following chapter.

Another issue of concern is that the currently documented diversity of gregarines is
lagging, by probably several orders of magnitude, far beyond the true diversity of these or-
ganisms in open and host-associated environments (Desportes and Schrével, 2013; Schrével
and Desportes, 2015; Mahé et al., 2017; del Campo et al., 2019; Mathur et al., 2019). As
mentioned earlier, there are several examples of taxonomic revisions following the in-

troduction of molecular methods to complement traditional morphological approaches
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(Cavalier-Smith, 2014; Schrével et al., 2016; Rueckert and Hordk, 2017; Simdyanov et al.,
2017, 2018). In this context, it is particularly difficult to estimate the extent of sampling
needed to properly document the full diversity of gregarines. We were indeed confronted
with two examples illustrating the magnitude of the upcoming taxonomic revisions con-
cerning gregarines, and the need to turn to molecular markers, and likely on a genomic

scale, to properly assess the diversity of these organisms.

In a first case, we studied the gregarines infecting two species of locusts, Schistocerta
gregaria and Locusta migrotaria. The associated morphological descriptions and the ex-
isting bibliography, both of which were extensive and conflicting, did not permit to decide
on the identity of the infecting species. Through a combined analysis of morphology and
molecular phylogeny, we were able to accurately determine the presence of two distinct
species each infecting one or the other locust - Gregarina garnhami infecting Schistocerca

gregaria while Gregarina acridiorum infects Locusta migratoria (Florent et al., 2021).

The second example derives from the genomic data generated for Porospora gigantea, a
marine gregarine infecting the European lobster Homarus gammarus. Indeed, as detailed
in the second chapter, we have highlighted the presence of two genomes in samples taken
from some of the lobsters. Based on this discovery, we have carried out an in-depth
study of these genomes in order to determine the taxonomical status of these gregarines.
Here again, molecular data proved to be essential, as morphological data did not allow
us to distinguish the two taxa. After a careful review of the current standards and a
comparative analysis of all available data, we were able to demonstrate the co-infection
of European lobsters by two species of gregarines of the genus Porospora, named P. cf.
gigantea A and P. cf. gigantea B. The third chapter of this thesis is dedicated to those two
complementary examples, in which I demonstrate the contribution of molecular data in the
species delimitation and biodiversity assessment of gregarines, as well as the perspectives

on the future of gregarine taxonomy and the available means to update it.

Gregarines’ diversity is also likely to reveal even more original and unknown adaptive
mechanisms for this fascinating group, the Apicomplexa. Gregarine genomes have the po-

tential to teach us novel adaptive aspects of the group (relative to intracellular parasites
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of vertebrates), particularly in relation to their extracellular mode of living and the asso-
ciated specific constraints to survival capacities. In this perspective, the fourth and last
chapter of the thesis is devoted to the first comparative genomic analyses of the two an-
notated genomes generated during this PhD, i.e. the genomes of P. ¢f. gigantea A and P.
cf. gigantea B. There we present the main structural characteristics of these genomes, and
compare their deduced proteome with a selection of apicomplexan proteomes, thus high-
lighting the unsuspected diversity of the gregarine gene pool. Indeed, the identification of
multiple proteins specific to gregarines that are totally absent from other apicomplexan

lineages supports and describes the extent of the still unknown molecular diversity of this
group.

The study of gregarines can also provide a better understanding of the adaptive mech-
anisms set up by apicomplexan parasites. The study of certain key functions or structures,
as presented above, will undoubtedly allow a better understanding of the range of possible
adaptations and of the genetic inheritance of the common ancestor of all apicomplexans.
I chose to focus on the glideosome, a complex molecular structure responsible for gliding,
a specific and emblematic form of motility in the Apicomplexa, which is essential to the
expression of their pathogenicity. Expert annotation of the glideosome proteins revealed
their differential conservation at the apicomplexan scale (i.e. some functional groups
fully conserved and others partially retained), suggesting a diversity of adaptations to the

challenges of motility and host cell invasion during the evolutionary history of the group.

Finally, I'd like to state that this thesis manuscript is essentially derived from the
three articles published or submitted during my PhD: Boisard and Florent (2020); Florent
et al. (2021); Boisard et al. (submitted), and therefore must by considered as a thesis by
publication. Nevertheless, in order to highlight my own contributions to each of them,
and for the sake of fluidity and ease of reading, they have been reformatted, completed
and arranged in a structure more suitable for a thesis manuscript. The three papers are

reproduced in their entirety at the end of the volume.

Therefore, this introductive first chapter was partly based on the review I co-authored

with I. Florent (mainly parts 1.1, 1.2 and 1.3) (Boisard and Florent, 2020), and ex-
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tended by an inventory of available apicomplexan genomes and the selection of 25 refer-
ences among them, which I used to conduct the comparative analyses presented in this
manuscript. Finally, this last part exposed, on the basis of the established observations,
the objectives and the means implemented during this thesis to address the outlined

problematics.

Chapter 2, on the other hand, consists mainly of unpublished data concerning the
genomes of the coelomic marine eugregarine Diplauxis hatti, and of the intestinal terres-
trial eugregarine Gregarina acridiorum. The parts from Chapter 2 devoted to Porospora
gigantea genomes are partially derived from Boisard et al. (submitted); however, I made
a point of detailing the protocols implemented in order to provide a critical look at the

challenges imposed by the genomics of non-model and non-cultivable organisms.

Chapter 3 is based on the phylogenetic analyses published in Florent et al. (2021)
and submitted in Boisard et al. (submitted), to illustrate the contribution of molecular
analyses to species delimitation, and their absolute requirement to document the full

extent of gregarine biodiversity.

Finally, Chapter 4 is for the most part grounded in the submitted paper Boisard et
al. Here, I was willing to highlight and elaborate on my own work concerning compar-
ative genomics analyses. I have chosen to develop further these analyses, both in their
methodology and in the resulting discussions. Indeed, in order to satisfy the current edi-
torial constraints of the journal to which this work was submitted, some topics have not
been developed in the article. It seemed important to me to take advantage of this thesis

manuscript to present them more thoroughly.

This thesis is part of a larger research project conducted by Isabelle Florent at the
Muséum national d’Histoire naturelle, aimed at studying gregarines to further explore
apicomplexan evolutionary history. It involves numerous collaborators, some of whom
are co-authors of the articles reproduced on pages 165, 178 and 193. I have chosen, in
agreement with my supervisors, to explicitly mention the work done by the collaborators
while refering the readers to the original articles. Whenever it was necessary to reproduce

some results relevant to the understanding of my thesis work, I explicitly mentioned the
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collaborators’ contribution at the beginning of the concerned sections.
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Chapter 2

The challenge of deciphering
genomes for non-model and

non-cultivable species

2.1 Selecting suitable biological models

The MCAM laboratory undertook the sequencing of the genomic DNA of gregarines in
2017, relying on a unique expertise at the Muséum national d’Histoire naturelle through

the presence of two worldwide experts on gregarines, Pr J. Schrével and Dr. 1. Desportes.

The challenge was both methodological and conceptual: to isolate biological material
in sufficient quantity and quality and to develop specific bioinformatics methods to re-
construct these genomes entirely de novo, in the absence of data on species close enough
to serve as references. As explained in the previous chapter, there are two possibilities
to overcome the un-cultivability of gregarines: the first is to maintain hosts infected with
gregarines under laboratory conditions, while the second solution is to identify biological
models with developmental forms that can provide enough biological material to allow
adequate genomic DNA isolation.

In 2016, during a campaign in Roscoff (Brittany, France), a marine gregarine caught

the attention of I. Florent and J. Schrével. The species in question is Porospora gigantea
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Van Beneden, 1869, a parasite of the European lobster Homarus gammarus. According
to the literature, this gregarine has particular cystic forms located in the rectal ampulla
of these crustaceans and specific to the Porosporidae family (Hatt, 1931; De Bauchamp,
1910). These were then observed and sampled: they contained thousands of gymnospores,
consisting of monolayers of “naked” zoites (without envelope) (Figure 3.1, page 83 and
Figure 3.2, page 84). These cystic forms appeared an exceptional source of biological
material for genomic DNA isolation to be sequenced, providing millions of copies of the
genome for each cyst and a low risk of contamination by the host or surrounding microor-

ganisms.

Access since 2012 to the MNHN vivarium breeding of a species of locust, Locusta
migratoria, infected with a terrestrial gregarine, Gregarina acridiorum, allowed isolation

of sufficient biological material for genomic sequencing in 2017.

Finally, genomic data for a second marine gregarine, Diplauxis hatti, a coelimic gre-
garine of the polychaete annelid Perinereis cultrifera, were acquired by the lab in late
2018. Diplauxis hatti has a unique life cycle adaptation to its host. Indeed, observations
on natural populations in the English Channel have shown that the release of parasite
spores is concomitant with polychaete spawning (Prensier et al., 2008). Thus, by collect-
ing hosts during their breeding season, late March or early April, J. Schrével, G. Prensier
and L. Guillou were able to collect Diplauxis hatti cysts. Detailled informations on the

life cycle of D. hatti is provided in Prensier et al. (2008).

It is thus the original genomic data for 3 gregarines that have been studied during this
PhD: 2 marine gregarines, Porospora gigantea, parasite of the European lobster Homarus
gammarus and Diplauxis hatti, parasite of the marine worm Perinereis cultrifera; and 1

terrestrial gregarine, Gregarina acridiorum, parasite of the locust Locusta migratoria.
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2.2 Methods

2.2.1 Biological sampling

Collection of hosts, isolation of parasites and morphological studies on P. cf. gigantea
was carried out by 1. Florent, J. Schrével and L. Guillou. See detailled methods in Boisard
et al. (submitted). Homarus gammarus lobster were collected in the British Channel
at Roscoff (Britany, France) between July 2015 and October 2017, either directly from
the field (Roscoff bay) or through lobster tanks facilities (lobster provenance: South of
England), in which crustaceans are maintained in captivity several weeks to months before
their commercialization.

Concerning Porospora gigantea, 4 isolates were made and DNA was extracted from
cysts collected in the rectal ampulla of the host Homarus gammarus. Detailled methods

are available in Boisard et al. (submitted).
o JS-470, from Lobster #7 in Roscoff Lobster tank facility, 70 cysts, 50pL (41.4 ng/nL)
o JS-482, from Lobster #11 caught in Roscoff Bay, 50 cysts, 50pL (19.8 ng/pL)
o JS-488, from Lobster #12 caught in Roscoff Bay, 100 cysts, 50pL (44.8 ng/pL)
o JS-489, from Lobster #12 caught in Roscoff Bay, 100 cysts, 50pL (66.6 ng/nL)

RNA was also isolated from 2 additional biological samples, both composed of cysts’

pools taken from the rectal ampulla of their respective host specimens:
o JS-555, from Lobster #26 caught in Roscoff bay, 35 cysts, 55nL (2.81ng/nl)

o JS-575¢c, from Lobster #34 in Roscoff Lobster tank facility, 40 cysts, 55uL

(0.92ng/nL)

Concerning G. acridiorum, 1 isolate was used on 27/02/2015 by A. Labat. DNA was
extracted from the cyst pools collected in the intestines and feces of the host Locusta
migratoria; using MasterPureTM Complete DNA and RNAPurification kit (Epicentre,
[lumina Inc. USA) with a yield of:
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« JS-313, 32 cysts, 50uL. (20ng/nL)

Concerning D. hatti, 5 isolates were made on 30/04/2018 by J. Schrével, G. Prensier et
L. Guillou, each containing 100 cysts. DNA was extracted from two cyst pools collected
in the hosts’ coelome; using Macherey Nagel Tissue and Cells isolation kit (ref 740952.50)

with a yield of respectively:
« JS 626a, 100 cysts, 50uL(63.8ng/nL)

o JS 627a, 100 cysts, 50nL (35.6ng/ul)

2.2.2 DNA/RNA sequencing and assembly

All DNA isolates were sequenced individually by using I[llumina NextSeq technology
(2*151bp; NextSeq 500 Mid Output Kit v2; Institut du Cerveau et de la Moelle Epiniére
- CHU Pitié-Salpétriere - Paris).

Genomic assemblies were performed by E. Duvernois-Berthet (P. gigantea, G. acrid-
torum) and myself (D. hatti).

Reads were cleaned by using Trim Galore (version 0.4.4) (Krueger, 2015) removing
remnant Nextera adaptors, clipping 15 bp in 5-end and 1 bp in 3’-end and trimming
low-quality ends (phred score < 30). For each species’ isolate, reads were assembled with
SPAdes (version 3.9.1; options: careful mode, automatic k-mers), first independently for
each library, and then with pooled libraries if applicable. (Bankevich et al., 2012). See
later the detailed workflow for P. gigantea: Figure 2.1, page 53; for G. acridiorum: Figure
2.5, page 60 and for D. hatti: Figure 2.6, page 61.

RNA isolates were sequenced individually by using NextSeq technology (librairy prepa-
ration: SMART-Seq v4 Ultra Low Input RNA Kit from Takara; 2*75bp; NextSeq 500
Mid Output Kit v2; Institut du Cerveau et de la Moelle — CHU Pitié Salpétriere - Paris).
Reads were cleaned by using Trim Galore to remove remnant Nextera adaptors, clipping
15 bp in 5-end and 1 bp in 3’-end and trimming low-quality ends (phred score < 30).
The sequence reads of both samples were merged into one library which was assembled

using Trinity (Haas et al., 2013).
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2.2.3 Extraction of putative apicomplexan sequences

I performed the extraction of putative apicomplexan contigs using a method developed
by L. Ponger. The same method was applied for the 3 assemblies, i.e. P. gigantea, G.
acridiorum and D. hatti. All genomic contigs longer than 1kb were analyzed by using
a principal component analysis (PCA) based on their 5-mer composition, which allowed
classifying them into n groups by using a hierarchical clustering method (HCA) based on
the Ward criterion (see for P. gigantea: Figure 2.1, page 53; for G. acridiorum: Figure
2.5, page 60 and for D. hatti: Figure 2.6, page 61).

Concerning P. gigantea: for all contigs, the putative protein coding genes were then
predicted by using Augustus (version 3.3) (Stanke et al., 2006) and the only gene model
natively implemented for an Apicomplexa: T. gondii.

Concerning G. acridiorum: for all contigs, the putative protein coding genes were
then predicted by using Augustus, first using 7. gondii model and then the gene model
of G. niphandrodes that we built from the genome annotation available on VEupathDB
(see below section 2.2.5, page 49).

Concerning D. hatti: for all contigs, the putative protein coding genes were then
predicted by using Augustus, first using 7. gondii model and then the gene model of
Cryptosporidium hominis that we built from the genome annotation available on VEu-
pathDB (see below section 2.2.5, page 49).

In all three cases, the predicted proteins were then compared with the NCBI non-
redondant protein database (NR) by using BLASTP (Altschul et al., 1990). The analysis
of the taxonomic groups associated to the corresponding best hits, enabled us to identify
putative bacterial/fungi contaminants clusters as well as the clusters gathering sequences
from closely related apicomplexan organisms (see for P. gigantea: Figure 2.1, page 53; for

G. acridiorum: Figure 2.5, page 60 and for D. hatti: Figure 2.6, page 61).

2.2.4 P. gigantea: Identification of genomes A and B

The identification of the A and B genomes was achieved through a multiple step

process, together by E. Duvernois-Berthet, L. Ponger and myself.

47



Metrics were calculated for the assemblies of the four independent libraries with
QUAST (Gurevich et al., 2013) and revealed an apparent redundancy of the data. The
first gene predictions were carried out on these 4 independent assemblies using T. gondii
gene model natively implemented in Augustus; they also showed a duplication of the pre-
dicted proteins in the 3 assemblies from lobsters caught in Roscoff Bay, suggesting the
presence of one genome in the “Roscoff tank facility” librairy (JS-470) while two similar

genomes were present in the “Roscoff Bay” librairies (JS-482, JS-488 and JS-489).

A difference of coverage was indeed observed for each of the 4 gDNA libraries (Figure
2.2, page 54). Each gDNA library (JS-470, JS-482, JS-488 and JS-489) was individually
mapped on the contigs by using Bowtie2 and the coverages’ medians were calculated for
each contig and each library by using the Samtools (Li et al., 2009) and the Bedtools
(Quinlan and Hall, 2010) libraries. Finally, the contigs of the “apicomplexan” cluster
from the final pooled assembly were splitted into genomes A and B using this difference

of coverage as a discriminant (analyses done by E. Duvernois-Berthet).

This coverage information was processed with a principal component analysis and a
k-means algorithm which allowed classifying the contigs into 2 clusters. Then, a linear
discriminant model was trained with the coverage information and the result of this first
classification; it was then be applied to all the contigs in order to improve the classification.
The linear discriminant method (training and classification) was iteratively repeated 3
times until convergence. A similar analysis was carried out with 1kb non-overlapping
windows (instead of full length contigs) to identify some putative hybrid contigs. Then,
contigs classified to different genomes (depending on the windows) were divided into sub-
contigs which were re-assigned to their respective genomes (analyses done by L. Ponger,

see Figure 2.3.C, page 56).

The nucleic divergence between genome A and genome B was calculated by L. Ponger

following methods described in Boisard et al. (submitted).
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2.2.5 Prediction of coding genes
RNAseq model for P. gigantea

All de novo assembled transcripts were aligned against the “apicomplexan” cluster

contigs with GMAP (Wu and Watanabe, 2005) within the PASA program (Haas, 2003).

Then, two ab initio gene prediction tools, SNAP version 2017-11-15 (Korf, 2004))
and Augustus were trained using a subset of the PASA transcriptome assemblies. A
specific gene model was trained with Augustus, including meta-parameter optimization
and construction of hints from introns (allowing small introns length >10bp) using our
“apicomplexan” cluster repeat-masked genome assembly as reference using RepeatMasker
4.0.8 (Smit et al., 2015)). Gene predictions were then performed allowing the prediction
of alternative transcripts and non-canonical intron bounds. An alternative model was also

trained with SNAP (default protocol) and used for gene predictions.

The Augustus and SNAP outputs having sometimes predicted genes slightly differ-
ently, the predictions were then parsed by a home-made script (by L. Ponger) in order to

keep, for each prediction made, as many alternative genes and transcripts as possible.

Exonerate gene model for G. acridiorum and D. hatti

The Exonerate (Slater and Birney, 2005) software was used to produce two gene
models from the genomic contigs of Gregarina acridiorum and Diplauxis hatti, for which

we currently have no RNA data.

Gene models from public available apicomplexan genomes

Using a selection of reference apicomplexan genomes available in VEupathDB (release
41) (Aurrecoechea et al., 2017), Augustus was trained from each genome with a subset of
its own genes. Thus, several gene models were constructed and implemented in Augustus

so that comparative genetic predictions can be conducted.
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Comparative gene models analyses

Comparative analyses of gene prediction metrics from the different available or re-
created gene models were performed with QUAST (Gurevich et al., 2013) or using home-
made scripts. The completeness of all gene predictions performed were assessed by using

BUSCO version 4.0.6 (Seppey et al., 2019).

2.2.6 Removal of contaminants in both P. gigantea genomes
Host contamination

All the “apicomplexan” cluster contigs were screened by using the short reads avail-
able for the genome sequencing project of the closely related Homarus americanus species
(PRJNA486050) in order to identify host contaminants. This Lobster dataset was sup-
posed to be free of sequences from apicomplexan species, since it has been obtained from
DNA extracted from the non-intestinal tissues (the tail, the leg or the pleiopod appen-
dices). The mapping was carried out with Bowtie2 (Langmead and Salzberg, 2012) and
the coverages were calculated by using the Samtools library (Li et al., 2009). Contigs
thus identified that were covered for more than 60% of their length by the Homarus’
short reads were considered host contaminants and were removed (analyse done by L.

Ponger; see Figure 2.3.A, page 2.3).

Prokaryotes contaminants

In parallel, predicted genes on the “apicomplexan” cluster contigs were also deeply
analyzed for contamination by bacteria and fungi sequences. On scaffolds of this cluster
containing at least one predicted protein, a BLASTP against NCBI NR database was
launched. For contigs displaying a hit with an e-value lower than 1e-30 and more than
30% of their length covered by Prokaryotes/Fungi hits, an additional BLASTN against
NCBI NR/NT was performed. For the remaining scaffolds without predicted protein, a
BLASTN vs nr/nt was directly performed. At the end of this procedure, the contigs with

Prokaryotes/Fungi hits covering more of 70% of length were labeled as contaminants and
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Table 2.1: Characteristics of the 4 assemblies from the 4 isolates of Porospora
gigantea cysts. The N50 value indicates the scaffold size for which 50% of the scaffolds
are smaller or larger.

were removed from the genome assembly. See Figure 2.3.A, page 2.3.

2.3 P. cf. gigantea

2.3.1 Identification and characterization of 2 genomes

As soon as the first analyses of the genomic assemblies from the 4 sequenced biological
isolates were performed, it became evident that the processing of the genomic data of
Porospora gigantea would be much more challenging than expected. Indeed, the first
analyses revealed a redundancy of the majority of the data in 3 assemblages, whose origin
had to be understood (Table 2.1, page 51).

The metrics we calculated (notably the genome size and the number of predicted
proteins) revealed a difference between the datasets (Table 2.1). Indeed, the JS-482, JS-
488 and JS-489 assemblies displayed a two- to three-times greater total length of assembled
nucleotides and a two- to four-times greater amount of predicted proteins, compared to
the assembly obtained with JS-470.

In order to extract the apicomplexan sequences from the environmental contaminants,
we carried out a demultiplexing based on the k-mers composition of the pooled assembly
(Figure 2.1, page 53). The frequency of k-mers was used here as a signature of the
subsequences occurring in the genome assembly. The comparison of these frequencies

allowed to discriminate patterns within the contigs of each assembly, whose distribution
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were then visualized using descriptive statistics. Principal component analysis (PCA) is
a multivariate statistical method that allows to transform correlated variables into new
variables that are decorrelated from each other (i.e. the principal components). PCA helps
to summarize the data by pointing out the variables that best explain the variance in the
data. The hierarchical cluster analysis (HCA) enables the regroupment of individuals from
a given set into different classes. The results of the PCA were here used as a measure of
dissimilarity to determine the different classes that were then vizualised on the PCA in

different colors (Figure 2.1, page 53).

We thus performed a PCA and then a HCA which highlighted 6 clusters on the
scatter plot, corresponding to 6 groups of contigs within our assembly. We predicted
genes on each of these clusters using the Augustus natively implemented gene model
of T.gondii, and carried out BLASTP searches to identify the taxa associated with the
best hits. The analysis of the taxonomic groups associated to the corresponding best
hits, enabled us to identify five clusters as putative bacterial contaminants whereas the
sixth cluster which included 1745 contigs (18.0Mb), was identified as organisms closely
related to Apicomplexa, referred as “apicomplexan” cluster later (see Figure 2.1, page 53
as well as Figure 2.3, page 56 to get an overview of the whole protocol). Furthermore,
the “apicomplexan” cluster, when submitted to a similarity search against itself, revealed
the presence of many contigs in two similar copies, within the assemblies JS-482, JS-488
and JS-489; on the other hand, the JS-470 assembly did not displayed this redundancy

pattern.

We calculated the median coverage of the cluster 6 contigs for each of the libraries
(Figure 2.2, page 54). It is expected that the contigs of a same species are covered
homogenously, with a modal distribution. However, the analysis of contigs coverage by
each individual library revealed a bimodal distribution in three librairies, suggesting a
mixture of genomes with a proportion depending on the biological sample (Figure 2.2).
More precisely, while only one set of contigs displayed a significant coverage for the lobster
tank parasite sample (JS-470, peak around 250X), the three other parasite samples, from

freshly captured hosts (JS-482, JS-488, JS-489) showed two distinct sets of contigs with
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Figure 2.2: Distribution of the median coverage in each individual library cal-
culated for each contig from the raw assembly. Total coverage are presented in
black (left side). After genomic attribution of each contig, plot is presented again in red
for Porospora cf. gigantea A and in blue for Porospora cf. gigantea B (right side). Analyse
done by E. Duvernois-Berthet, in Boisard et al. (submitted).

different coverage values. The in-silico analysis of these two sets revealed an equivalent
genome size of ~9Mb.

This coverage difference was used to split the contigs into two sets that were given the
names A (for the set present in all four samples) and B (for the set present only in three
lobsters freshly captured in the wild) (Figure 2.3.C, page 56).

Three hypotheses were formulated following the discovery of redundant data in 3 of
the 4 assemblies of the Porospora gigantea genome (JS-482, JS-488, JS-489), while such

redundancy was not found in the JS-470 assembly.

e Assembly error. The first, which assumes an assembly error, was ruled out by
the experimental validation by PCR amplification and RFLP discrimination of the
presence of two copies of the aminopeptidase gene within the genomic DNAs of

JS-482, JS-488, and JS-489, with only one copy found in the genomic DNA of JS-
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470 (analyse done by A. Labat, I. Florent and myself), and later the experimental

validation of two different ribosomal loci (see Chapter 3, section 3.2.2, page 75).

Genomic duplication or polyploidy. The second hypothesis was that the three
isolates JS-482, JS-488 and JS-489 corresponded to a species (B) with a duplicated
or diploid genome, while isolate JS-470 corresponded to another species (A) without
duplication. Under this assumption, the blue and red contig clusters potentially
corresponding to the two copies of the B genome should had approximately the
same coverage within each isolate JS-482, JS-488 and JS-489 (Figure 2.2, page 54),
and a constant ratio was expected between the coverage rates of these two groups
of contigs. However, the proportion of genomes A and B in each biological DNA
sample has been estimated as 100%-0% for JS-470, 63.2%-36.8% for JS-482, 70.5%-
29.5% for JS-488 and 62.4%-37.6% for JS-489, based on medium coverage levels

(Figure 2.2, page 54).

Two different taxa The third hypothesis suggested the presence of two different
taxa in isolates JS-482, JS-488 and JS-489 and only one taxon in isolate JS-470.
This hypothesis also assumed that one of the two taxa present in JS-482, JS-488
and JS-489 was the same as the taxon found in isolate JS-470. This hypothesis
was in accordance with the observed median coverages: the bimodal coverage could
thus be explained by the relative (and variable) proportions of the two taxa within
the different isolates, which are always different. Sample JS-470 would therefore
contain only one of the two taxa present in the isolates JS-482, JS-488 and JS-489,
named taxon A; a second taxon, named B would be present only in isolates JS-482,

JS-488 and JS-489.

We were never able to refute this last hypothesis; furthermore, it is also supported

by the different ecological origin of the hosts from which these isolates were collected.

Indeed, isolates JS-482, JS-488 and JS-489 were taken from lobsters caught in the wild in

Roscoff Bay and quickly dissected, while isolate JS-470 was collected from a lobster from

a lobster tank maintained in artificial living conditions for several weeks after its capture
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k-mer composition. C. Identification of contigs from genomes A and B based on coverage
data for each individual library. In Boisard et al. (submitted).

in the wild.

2.3.2 Creating a RNAseq based gene model

During the extraction of apicomplexan contigs phase of the protocol, we used the
Augustus natively implemented gene model of T. gondii. We used these predicted proteins
to perform a BLASTP search to identify the taxon associated with the best result and thus
detected contamination contigs, as explained in the previous section and in Figure 2.1,

page 53. But in a taxonomic group with this level of divergence, one simply cannot use
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a gene model as distant as 7. gondii can be from the gregarines (see schematic overview
of apicomplexan phylogeny in Figure 1.2, page 14). We quickly realized how few genes
were predicted for A and B with the T. gondii gene model: just about 2500 genes for
each genome, while the existing data for G. niphandrodes suggested at least the double
(6375 predicted genes for a genome of about 14Mb, see Chapter 1, Table 1.1, page 32).

In addition, many predicted genes appeared to be fusions of at least two unrelated genes.

In the absence of genomes close enough to serve as references, we were left in a situation
in which gene predictions had to be achieved ab initio. Ab initio predictions, also called
de nmovo or intrinsic, are methods that operate only from the nucleotide sequence itself.
However, ab initio gene finding in eukaryotes is complex, especially in less well studied
species as apicomplexan (Scalzitti et al., 2020). Indeed, promoters and other regulatory
signals can vary and thus are difficult to recognize automatically. Splicing mechanisms
also rely on the specific characteristics of introns, which can differ from one lineage to
another. The codon usage is also highly variable, due to GC% variations. Therefore, the
use of transcriptomic data in parallel is of great value: mRNAs can provide considerable
information on the characteristics of transcripts which in turn can be used to build a gene

prediction model.

Thankfully we were able to generate RNAseq data for P. gigantea. Reads from the
two sequenced RNA libraries were pooled and assembled with Trinity (Haas et al., 2013);
the assembled transcripts were then aligned to the “apicomplexan cluster” contigs from
P. gigantea pooled asembly using GMAP (Wu and Watanabe, 2005) implemented in
the PASA pipeline (Haas, 2003). We first trained Augustus on a subset of transcripts,
creating a first gene model which was efficient in predicting multi-exonic genes, but which
was prone to create protein fusions in our proteomes. We therefore decided to use in
parallel another gene prediction software called SNAP, and merged the two predictions;

the whole gene prediction worflow is presented in Figure 2.4, page 58.

Following this protocol, we greatly improved gene predictions, with about 5300 pre-
dicted proteins for A and B. In order to refine these predictions, we analyzed them in

order to more precisely detect any contamination that might have escaped us during the
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Figure 2.4: Gene prediction workflow for P. cf. gigantea genomes.

demultiplexing process. For microorganism-related contaminants, we queried NR Gen-
bank database to identify both bacteria and fungi remaining sequences. We also mapped
reads from the American Lobster Sequencing Project to our contigs to further identify

host-related contamination.

Finally, at the end of all the analyses carried out and summarized in Figure 2.3, the
genome A is composed of 786 scaffolds for a total of 8.8Mb whereas the genome B is
composed of 933 contigs for a total of 9.0Mb (Table 2.2). The contigs from both genomes
can be aligned over 7.7Mb, with a percentage of divergence around 10.8% at nucleotide
level. These highly related genomes A and B are associated with the species name P.
cf. gigantea; the detailed process of species delineation, using integrative taxonomy,
is presented further in Chapter 3, part 3.3, while detailed genomes characteristics are

discussed in Chapter 4, part 4.3.1.

Nb of
Genomes Contigs Le(rli/glt)l; GC% (S;EI:::
>1kb
P. cf. gigantea A 787 8.8 54.3 5270
P. cf. gigantea B 933 9 54.3 5361

Table 2.2: Characteristics of Porospora cf. gigantea A and B assemblies.
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2.4 D. hatti and G. acridiorum

2.4.1 Assembly and apicomplexan contigs extraction

The extraction of putative apicomplexan contigs from G. acridiorum and D. hatti
genomic assemblies were performed following the same protocol as established for P.

gigantea.

G. acridiorum PCA and HCA analyses revealed 3 clusters of contigs (Figure 2.5, page
60). BLASTP vs NR analysis of gene predictions on each cluster evidenced one cluster
gathering mainly apicomplexan hits while the two others were composed of a majority
of proteins with bacteria/fungi hits. These analyses indicated that cluster 2 contained
the apicomplexan contigs among the G. acridiorum assembly. Therefore, we retained all

cluster 2 contigs for further analysis.

The scatterplot from the PCA derived from D. hatti pooled assembly did not clearly
show any clusters of contigs; though we decided to perform a HCA in order to distinguish
3 possible classes (Figure 2.6, page 61). However, BLASTP vs. NR analysis of gene
predictions did not reveal any differential profile since the majority of best hits were
associated with apicomplexan species for each cluster. Since these analyses were similar
with the independent libraries (JS-626a and JS-627a), we continued with the pooled
library assembly. We therefore retained the entire set of contigs assembled from the pooled

D. hatti librairies, as no clear pattern of contamination emerged from our analysis.

Metrics for both G. acridiorum and D. hatti assemblies are displayed in Table 2.3.

Isolate Ccl)\ilt;i(g)z Length GCY% N50
. (V]
Identifier S1kb (Mb) (Kb)
G. cridiorum JS-313 4741 25 | 43.11 57
D. hatti JS-626a & JS-627a 3888 13 27.14 4.9

Table 2.3: Characteristics of the assemblies from the isolates of G. acridiorum
and D. hatti cysts after the extraction of apicomplexan contigs. The N50 value
indicates the scaffold size for which 50% of the scaffolds are smaller or larger.

29



JS-313
NextSeq sequencing

67M reads

l

| Assembly (SPAdes 3.9.1) |

contigs 30644
Total length 36090470
GC (%) 42.26
N50 34699

| >1kb length filtering

contigs 4741
Total length 25328543
GC (%) 43.11
N50 57404
Augustus

Model Gniph 8939 predicted proteins

T

| 5-mers analysis (PCA+HCA) |

clusterl Do cluster2 cluster3
contigs 2334 - contigs 1138 i contigs 1269
Total length 8357862 i Total length 15045671 : :  Total length 1925010
GC (%) 35.37 P GC(%) 47.94 i GC(%) 38.95
N50 163823 F N50 63261 t I N50 1514
: gene prediction o gene prediction HE gene prediction
i (Augustus, Model Gniph) i { (Augustus, Model Gniph) i i (Augustus, Model Gniph)
3909 predicted proteins 3876 predicted proteins 1154 predicted proteins
blastp vs nr i i 25Babesia  plastpvsnr i i blastp vs nr
H 31 Besnoitia -
HE 74 Cryptosporidium
90 [Candida] i §  31Cyclospora H
115 Candida : : 23 Cystoisospora é i 88 [Candida]
2302 Chryseobacterium o 25 Eimeria : ¢ 113 Candida
180 Chryseobacterium FE 1291 Gregarina i 36 Clavispora
32 Clavispora . 41 Neospora : 339 Debaryomyces
450 Debaryomyces o 19 Perkinsus i 82 Hyphopichia
93 Hyphopichia i {15 Phytophthora i {105 Meyerozyma
78 Meyerozyma I 73 Plasmodium i i 44 Millerozyma
58 Millerozyma P 19 Symbiodinium it 96 Scheffersomyces
108 Scheffersomyces HE 29 Theileria it 42 Spathaspora
49 Spathaspora i ! 73Toxoplasma i i 76 Suhomyces
79 Suhomyces o 200 Vitrella : i 16 Yamadazyma
+ other bacteria/fungi o + bacteria i &+ other fungi
i © 32Archaea
2 Archaea i i 656 Bacteria :
2536 Bacteria i i 1 Bacteria;Eukaryota;Viruses :
1 Bacteria;Eukaryota : i 2844 Eukaryota i i 26 Bacteria
1313 Eukaryota P 20N/A i 1 1105 Eukaryota
14 N/A i i 8Viruses i1 12N/A
1 Viruses HE HE 1 Viruses
i i 1969 alveolata hits Do
= Conta bacteria/fungi { { = Contigs Acridiorum i 1 =cContafungi

................................................................................................................................

Figure 2.5: Assembly protocol of G. acridorum genomic data Identification of
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in black on the scatter plot; cluster 2 in red and cluster 3 in green.
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2.4.2 Dealing with the absence of RN Aseq data

As discussed in the previous section, predicting the genes of species whose genomes
have been de novo assembled and for which we do not have reference genomes is a chal-
lenge. While we were able to generate RN Aseq data for P. gigantea, this was unfortunately
not possible for the other two gregarine species G. acridiorum and D. hatti. My goal here
has been to characterize these first gregarine genomes as best as possible while waiting
to be able to generate RNA data for these species. Thus, I aimed to generate the best
possible predictions from these genomic data. This section describes a method that is
not intended to produce publishable genomes, but rather outlines the different options to
provide significance from currently available data, while not relying on yet to be produced

data.

Gene models

The first step was to inventory the gene models for apicomplexan species available and
natively implemented in the Augustus software. These are those of Toxoplasma gondii
and Plasmodium falciparum. For convenience, all models have been renamed with a short

identifier:
TgAug model Tozoplasma gondii model implemented in Augustus
PfAug model Plasmodium falciparum model implemented in Augustus

Two new gene models were also created from the VEupathDB deposited annotations
for these two species in order to confront them with the models natively implemented in

Augustus.

Tg model retraining (new model) from T. gondii ME49

Pf model retraining (new model) from P. falciparum 3D7

In addition, a gene model for Gregarina niphandrodes and Cryptosporidium hominis

was also created from the VEupathDB deposited annotations for these two genomes:
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Genomes Contigs Length (Mb) GC (%)

T. gondii ME49 2075 65 52.30
P. falciparum 3D7 16 23 19.34
C. hominis 30976 53 9 30.13
G. niphandrodes Unknown 468 14 53.78
P. cf. gigantea A 737 8.8 54.3
P. ¢f. gigantea B 933 9 54.3
D. hatti 3888 13 28.02
G. acridiorum 4741 25 43.11

Table 2.4: Metrics of genomes used for gene prediction comparisons

Gniph model training (new model) from G. niphandrodes Unknown
Ch model training (new model) from C. hominis 30976

We also included the RNAseq based gene model created for P. gigantea as part of our

comparisons.
Pg model training (new model) from Porospora gigantea RNAseq data

Finally, two gene models for Diplauxis hatti and Gregarina acridiorum were created
with Exonerate (Slater and Birney, 2005). This software allows to search for proteins
conserved in the 25 references species within genomic contigs using similarity and to

build a gene model from them, in order to overcome the lack of RNA data.
Dhatti model training (new model) with Exonerate
Gacri model training (new model) with Exonerate

The metrics of all genomic assemblies used for gene prediction comparisons are sum-

marized in Table 2.4.

Gene predictions metrics

A total of 36 gene predictions were performed for the 4 available gregarine genomes
(contigs >1kb) according to the 9 available gene models. 27 control predictions were also
performed on the genomes of T. gondii, P. falciparum and C. hominis. A total of 63 gene
predictions were made from 9 gene models and 7 genomes.

In order to evaluate the quality of these numerous predictions and to be able to

compare them, we considered the following metrics:
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1. Number of predicted genes This metric should be analyzed in relation to the
number of genes theoretically expected for a given taxon. However, since references
are not available for closely related species, one must be cautious in interpreting the
number of predicted genes. Few genes is problematic, but conversely a very high
number of predicted genes is probably a sign of many fragmented genes predicted

by an inadequate model.

2. Average length of predicted genes (CDS coding sequence) The average CDS
length can be compared with the average gene lengths predicted for the reference
genomes. For CDS (i.e. excluding introns which can be subject to a lot of vari-

ability), a similar length is expected for a given protein across a same taxonomical

group.

3. Search for fused predicted genes. The aim is to search for the number of
predicted proteins that appears to have merge several adjacent proteins from the
reference proteomes. A BLASTP of the proteins of each gene prediction against each
of the 25 reference proteomes was performed. The best hits were selected each time,
and merged for the same prediction-proteome couple, allowing to identify multiple
adjacent hits. Thus, a protein found to align with to 2 or more adjacent proteins in
more than 20 of the 25 reference proteomes is considered to be the result of a gene

fusion occurring during prediction.

4. BUSCO evaluation. BUSCO’s rationale is to evaluate the presence in the pre-
dicted proteins of a set of single-copy orthologous genes considered universal in a
given group. The more of those genes are retrieved, the better the gene predictions

is thought to be.

Controls

In order to provide controls, we assessed the gene predictions metrics of the reference
genomes such as they are deposited on GenBank and VEupathDB. The official metrics

for these genomes are presented in Table 2.5. We also computed our own metrics on these
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assemblies to ascertain their congruence.

G. niphandrodes = C. hominis = P. falciparum = T. gondii

Unknown 30976 3D7 ME49
Nb pf protein 6375 3949 5460 8322
coding genes
Mean gene length 1375 1759 2967 2407

(nt)
Table 2.5: Official metrics of deposited genomes

For each of these genomes, several gene models are also available: the two models
natively implemented in Augustus (PfAug model for P.falciparum and TgAug model
for T. gondii), as well as our own gene models: Ch model for C. hominis, Gniph model
for G. niphandrodes, Pf model for P. falciparum and Tg model for T. gondii.

Re-predictions were made for these 4 genomes according to all of these gene models,
and our metrics were compared to the official metrics; the tables 2.6 and 2.7 show the
number of genes and their average length for all of these predictions (in bold).

The analysis of all these results showed that the predictions made with our own gene
models are very similar to the gene predictions of the 4 reference genomes, and of higher
quality than those made with the gene models implemented in Augustus (that we believe

to be old, non-updated gene models).

Choosing the best gene model for G. acridiorum and D. hatti

Using these metrics from the official annotations, we were able to compare the set
of predictions made for each of our assemblages, and define the most appropriate gene
model for each. For the sake of conciseness, the whole set of calculated metrics is not
represented, but the metrics Number of predicted genes and Average length of
predicted genes for all performed predictions are reproduced in Table 2.6 and Table
2.7. An exemple of Predicted fused genes search is displayed in Figure 2.7. Finally,
the BUSCOs assessments for all predicted proteomes for G. acridiorum and D. hatti
are reproduced in Figure 2.8.

The gene predictions for Gregarina acridiorum and Diplauzis hatti that overall showed

the best metrics were the ones made with the following models:
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Genome

. c¢f. gigantea A
cf. gigantea B

. acridiorum
hatti

. niphandrodes

. hominis 30976
falciparum 3D7
. gondii ME49

NTQAQAT QT

Pg
model
5270
5361
3220
587
4809
166
403
4943

Dhatti
model
1144
1211
116
2386
477
2720
30
1309

Gacri
model
822
852
2423
819
267

68

27

103

Gniph
model

Table 2.6: Number of predicted genes.
deposited genomes control predictions (predictions using the model created from the same

genome)

. ¢f. gigantea A
. c¢f. gigantea B

. acridiorum
hatti

. niphandrodes

. hominis 30976
falciparum 3D7
. gondii ME49

NTAQAQAD QT

Pg
model
1527
1536
1447
1190
1722
804
627
1600

Dhatti
model
5233
5021
39829
1805
16039
41606
63331
3185

Gacri
model
4471
4431
3609
2449
15398
25152
30848
3247

4232
4257
8939
4275
5040
93
3927
7362

Ch
model
5241
5297
14373
6260
6172
3807
4879
29390

PfAug
model
7851
7830
23888
10026
9588
4101
6052
69156

Pf
model
7118
7065
20746
9231
8509
3926
5575
56327

TgAug
model
2291
2294
1176
106
2377
46

211
5419

Tg
model
3409
3444
745

37
3140
30

67
7191

The numbers in bold correspond to the

Gniph
model
1547
1556
1499
1256
1864
1940
2430
1607

Ch
model
1311
1319
1225
1090
1468
1841
2272
922

PfAug
model
999
1013
807
817
1194
1721
2067
671

Pf
model
1111
1131
929
895
1343
1801
2231
807

TgAug
model
2352
2377
1564
938
2654
607
611
2839

Tg
model
1587
1578
1147
671
1828
609
885
2679

Table 2.7: Average gene length (CDS) in nucleotides. The numbers in bold corre-
spond to the deposited genomes control predictions (predictions using the model created
from the same genome)
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Figure 2.7: Number of fused genes in D. hatti and G. acridiorum predictions.
The results of two gene predictions from two different gene models are presented for each
species. For G. acridiorum, on overall 8939 predited genes with the Gniph model, 600
fused genes were found but only within a given proteome, which may correspond to a
biological event. On the other hand, around 50 fused proteins only were identified at the
scale of +20 proteomes. However, on only 2423 predicted genes with the Gacri model,
more than 200 fused proteins were found at the +20 proteomes scale, which strongly
suggests an artificial fusion during the prediction. Similarly for D. hatti, the predictions
made with the Ch model found around 50 fused proteins at the +20 proteomes scale (on a
overall of 6260 predicted proteins). In contrast, predictions made with the Dhatti model
retrieved more than 150 fused proteins at the +20 proteomes scale (on an overall of only
2386 predicted proteins).
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Figure 2.8: BUSCOs assessment results for all the predicted proteomes of G.
acridiorum and D. hatti (geneset apicomplexa odbl10).

—



for Gregarina acridiorum: the Gniph model, which we constructed from the de-
posited annotation of the genome of Gregarina niphandrodes Unknown. Indeed,
this gene model is the one that results in ~8939 predicted genes for a coding se-
quence of ~1499nt in average, while displaying the lesser number of fused genes.

BUSCOs assessment retrived around 65% of markers.

for Diplauxis hatti: the Ch model, which we constructed from the deposited annota-
tion of the genome of Cryptosporidium hominis 30976. This gene model is the one
that results in ~6260 predicted genes for a coding sequence of ~1090nt in average,
while displaying the lesser number of fused genes. BUSCOs assessment retrived

around 63% of markers.

2.5 Gregarine genomes are here and more are needed

The aim of this chapter was to outline the main challenges associated with analysing
the highly divergent eukaryotic genomes of non-model, non-culturable species, and to
suggest solutions to address them.

In this study, we have emphasized the importance of choosing an appropriate biological
model. When collecting samples directly from the field, care must be taken to ensure
that sufficient biological material can be gathered. Harvesting non-culturable samples of
parasitic species involves collecting them directly from the host; therefore it is critical
to guarantee easy access to the hosts, for example by using species that are themselves
accessible in captivity or can be maintained in the laboratory.

Collecting directly from the host is similar to environmental sampling in that it is
likely to involve picking up a bit of the host tissues as well as the surrounding bacteria
or fungi. When a reference genome is not available, the removal of these environmental
contaminants is particularly challenging and can be tackled through methods used in
metagenomics, such as kmer composition or sequence similarity analysis. If you have a
mixture of two closely related genomes in an environmental sample, the median coverage

of the contigs by reads can help you discriminate between them.
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For the prediction of genes of a new species without close reference, the optimal
solution is currently to build a gene model using RNAseq data. However, this assumes
that one is able to generate such data, which is not always obvious. In addition to the
constraints outlined above, and which remain valid, preparations for RNA sequencing are
more delicate to perform, especially when biological material is scarce.

As this situation is frequently encountered in our discipline, I aimed to highlight
alternative solutions to the use of an RNA-based gene model. They mainly consist in
generating gene models from closely related or sharing genomic characteristics species,
that are summarized above. Attention should also be given to the many options of the
prediction softwares, such as the introns length or the splice sites sequences - especially

when working with non model and lesser known species.

Create a gene model from a set of proteins inferred by Exonerate For our two
species D.hatti and G.acridiorum, the results are not conclusive. Indeed, these
models failed everytime in predicting genes in our species. It is possible that the
high divergence known to exist in these genomes at the nucleotide level is the cause

of this setback.

Use the gene model of another species In this case, two parameters seem to predict

the quality of the predictions:

o Phylogenetic proximity This is the prime criterion to consider. This applies
to Gregarina acridiorum, an insect-infecting gregarine, for which the genetic
model of G. niphandrodes, also an insect-infecting gregarine, seems to be the
most suitable. Indeed, as far as we know, the phylogenetic relationships be-
tween insects infecting gregarines tend to follow those of their hosts (Florent

et al., 2021).

e GC% In the case where a GC% bias is known, the gene model of a species
with the same bias should be preferred. This is the case for Diplauxis hatti, a
AT-rich genome, whose gene model with the best metrics is Cryptosporidium

hominis, also AT-rich.
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However, none of the methods discussed is sufficient to assess the quality of a gene
prediction in the absence of a reference. It is through the confrontation of each of the
metrics that sufficient information can be gathered. Despite this, such metrics may also
contradict each other; for example, the BUSCOs assessment for G. acridiorum is better
when the Ch model is used, but this model also creates many fragmented genes.

We believe that we have now characterized the genomes of G. acridiorum and D. hatti
to the best of our ability, based on the available data. We have managed to define new
references for the gregarines in terms of genome size and structure, as well as the number
of proteins that can be expected. These gene predictions will only be effectively refined
with the contribution of RNA data, but in the meantime we already have a better picture
of the genomic diversity of the gregarines. For instance, one of the most striking results
of this research concerns precisely the extent of this diversity. We expected that the gene
model for P. gigantea would be a sufficiently close gene model to predict genes in other
gregarines. However, we found that even for a marine gregarine, it is still too divergent
due to a AT-rich bias in D. hatti sequences.

Sequencing techniques are evolving very quickly, and it is likely that these challenges
will be overcome in the coming years. During this PhD, we have seen the effective-
ness of Single Cell technology to produce transcriptomic data on trophozoites stages, as
demonstrated by the recent papers presented in the first chapter (Mathur et al., 2019;
Janouskovec et al., 2019; Salomaki et al., 2021; Mathur et al., 2021b). It is to be expected
that more gregarine genomes will enrich the public databases, so that the full diversity of
apicomplexan can be revealed.

This sampling effort will allow us to revise the taxonomy of the gregarines which is
likely to be disrupted by the input of molecular information. Here we have highlighted
the presence of two very close genomes where only one species, P. gigantea, was expected.
The next chapter will be devoted to describe the integrative taxonomy approach that
allowed us to decide, at least temporarily, on two species names for these two genomes.
This chapter will also be dedicated to the presentation of a complementary example

concerning G. acridiorum versus G. garnhami species discrimination.
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Chapter 3

Investigate the diversity of
gregarines using integrative

taxonomy

3.1 Species delimitation in gregarines

Gregarines are a heterogeneous group of apicomplexan parasites infecting a very wide
diversity of non-vertebrate hosts, in which they mostly occupy intestinal tracts and
coelomic spaces (Desportes and Schrével, 2013). The biodiversity of gregarines currently
corresponds to ~1700 formally described species (Portman and Slapeta, 2014), but ac-
cording to experts in the field, this number may be vastly underestimated (Adl et al.,
2019; Desportes and Schrével, 2013). Recent metagenomic surveys of terrestrial soils and
marine environments further confirmed the high occurrence and abundance of gregarine-
like sequences in these environments, that remain however poorly ascribed to formally

described species (de Vargas et al., 2015; del Campo et al., 2019; Mahé et al., 2017).

Gregarine species assignations have been historically based on combinations of mor-
phological and behavioral features including parasitic life traits (host and host range speci-
ficities), parasite locations in hosts (i.e. intestine or coelom, more rarely intracellular),

life-cycle developmental stages descriptions (morphology measures, duration of phases,
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SEM and TEM microscopy), gamonts pairing (frontal, lateral, caudo-frontal) and game-
tocysts dehiscence modes (Clopton, 2009; Desportes and Schrével, 2013; Levine, 1988).
During the last decades, increasing consideration of molecular data enabled confirming
but sometimes revising the taxonomic and phylogenetic vision we have of gregarines,
revealing synonym for some species that were once considered distinct (Hussain et al.,
2013) or conversely, allowing identifying novel cryptic species, i.e. morphologically indis-
tinguishable but clearly distinct at the molecular level (Ninham, 1995). In some cases,
species have been taxonomically relocated to other groups, after molecular markers were
sequenced and phylogenetic analyses performed (Janouskovec et al., 2019; Mathur et al.,
2019, 2021a).

In this chapter, two examples of gregarine species delimitation are presented: one
concerns the marine gregarine P. cf. gigantea for which we assembled two genomes, as
exposed in the previous chapter. The other one reassesses the taxonomy of the terrestrial
gregarines species infecting two species of locusts: G. garnhami infecting Schistocerca
gregaria and G. acridiorum infecting Locusta migratoria. Both studies demonstrate, in
different contexts and by different means, the presence of cryptic species infecting both
the European lobster Homarus gammarus and two locust species, Locusta migratoria and
Schistocerca gregaria. The evidence of a co-infection by two cryptic species, on the one
hand, and the existence of different gregarines where it was previously thought that only
one species infested two locusts, on the other hand, was enabled by a thorough integrative

taxonomic analysis, combining morphological and molecular data.

3.2 Methods

3.2.1 Morphological studies
Porospora cf. gigantea A and B, marine gregarine species

Collection of hosts, isolation of parasites and morphological studies on P. cf.
gigantea was carried out by I. Florent. See detailled methods in Boisard et al. (submitted).

As exposed in the prevous chapter, lobster specimens Homarus gammarus were col-
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lected in the British Channel at Roscoff (Britany, France), either directly from the field
(Roscoff bay) or through lobster tanks facilities (lobster provenance : South of England),
in which crustaceans are maintained in captivity several weeks to months before their
commercialization.

All the lobsters dissected during the study, for both morphology and molecular ex-

tractions, are identified in Table 3.1, together with their respective parasite loads.

G. acridiorum and G. garnhami, terrestrial gregarines

Collection of hosts, isolation of parasites and morphological studies on G.
acridiorum and G. garnhami was carried out by I. Florent. See detailled methods in
Florent et al. (2021). The different locust hosts used in this study are listed in the Table
3.2.

Statistical tests. In order to compare the measurements’ averages carried out for
the gregarines infecting either S. gregaria or L. migratoria hosts, statistical tests were
performed as follows. For the group of measurements with n = 18, a Shapiro-Wilk Test
was used to assess the normality of the data, which established normality. For this sample
and all the other groups of measurements tested with n > 30, we used parametric tests.
First, a Fisher test was conducted to test the homoscedasticity of the variances within
the groups. When homoscedasticity was retrieved, a Student’s t-test was conducted to
compare the means of each group. When homoscedasticity was not retrieved, a Welch’s

t-test was then performed. Analyses were performed using R software.

3.2.2 Molecular studies
Sequence data

Experimental reconstruction of 18S/28S loci of P. ¢f. gigantea A and B has been
achieved by I. Florent, L. Duval and A. Labat. See detailled methods in Boisard et al.
(submitted). The two complete ribosomal loci (5977bp) are available on NCBI GeneBank
under the accession number PRJNA734792.

Partial 185 SSU rDNA gene amplification and sequencing for the L. migratoria in-
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Lobster
Specimen

#9

#10
#11
#12
413
414
#15
#16
#17
418
#19
420
#21
#22
#23
424
425
426
#27
428
429
#30
#31
#32
#33
#34
#35

Sampling
date

24/05/16
24/05/16
24/05/16
25/05/16
25/05/16
26/05/16
26,/05/16
27/05/16
27/05/16
30/05/16
30/05/16
31/05/16
31/05/16
18/10/16
19/10/16
19/10/16
20/10/16
20/10/16
24/10/16
24/10/16
25/10/16
26/10/16
26/10/16
03/10/17
03/10/17
04/10/17
05/10/17
06,/10/17
06/10/17
09/10/17
09/10/17
09/10/17
11/10/17
12/10/17
17/07/15

Host from
Tanks/Bay

Tanks
Tanks
Tanks
Tanks
Tanks
Tanks
Tanks
Tanks
Tanks
Tanks
Bay

Bay

Bay

Tanks
Tanks
Tanks
Bay

Bay

Bay

Tanks
Tanks
Tanks
Tanks
Tanks
Tanks
Bay

Bay

Tanks
Tanks
Tanks
Tanks
Tanks
Tanks
Tanks
Bay

Host sex

male
male
female
female
male
male
male
female
male
male
female
male
female
male
male
female
male
male
female
male
male
female
male
female
female
male
male
female
male
male
male
female
male
male

Host
Lenght(cm)

25
29
26
29
25
29
25
27
26
26
25
24
24
27
26
27
23
25
25
23
27
30
29
27
28
34
26
30
26
27
28
26
26
27

Host
Weight

355
645
450
620
420
745
375
445
490
470
420
465
435
485
685
535
455
450
510
405
550
895
510
505
580
815
515
635
560
655
710
450
470
510

Cysts load

Trophozoites

in host rectal = Load in host

ampulla
10
10-100
10-100
10
10-100
10
10-100
10-100
10-100
none
10-100
100-1000
100-1000
200
none
none
100-300
10-100
10-100
10-100
none
10-100
10-100
10-100
10-100
10-100
100-500
10
10-100
none
none
10-100
10-100
10-100
100-300

Table 3.1: Sampling of the lobsters specimen and parasite load.

by I. Florent in Boisard et al. (submitted).
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gut lumen
none
none
none
none
none
10
10
none
none
none
none
10
none
10
none
none
10
10
none
10
none
10
none
10
10
none
200
none
none
none
none
none
10
none
none

Data gathered



Acrididae host/
designation in study

Schistocerca
gregaria gregaria

(2014)/SG-M

Schistocerca
gregaria gregaria
(2014)/SG-B

Schistocerca
gregaria flaviventris
(2014)/SG-SA

Locusta migratoria
(2012, 2014, 2015)/LM-M

Table 3.2: Acridians hosts and sampled of gregarines.

Source

Long-standing
laboratory strain
from CNLA Agadir,
Morocco

Long-standing
laboratory strain
from KU Leuven,
Belgium

Natural population
from Tankwa Karoo
National Park,
South Africa

Long-standing
laboratory strain

from MNHN Vivarium,

France

Host status

Sick

Healthy

Sick

Healthy

Gregarines sampled

Young trophozoites

in ceca, gamonts,
syzygies and gametocysts
in the midgut,
occasionally gametocysts
in feces;

high infection level
Young trophozoites

in ceca, gamonts,
syzygies and gametocysts
in the midgut,
occasionally gametocysts
in feces;

high infection level
Young trophozoites

in ceca, gamonts,
syzygies and gametocysts
in the midgut,
occasionally gametocysts
in feces;

high infection level
Gamonts, syzygies

and gametocysts

in the midgut,
occasionally gametocysts
in feces;

mild infection level

'Sick’ hosts died rapidly

(within days) in laboratory conditions in contrast to 'healthy’ hosts that were maintained
for weeks. Data gathered by I. Florent in Florent et al. (2021).
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fecting gregarine G. acridiorum and the S. gregaria infecting gregarine G. garnhami was
carried out by PCR and cloning by I. Florent and A. Labat. Their lengths are 1637bp
and 1638bp long respectively, and cover the V1-V8 region of the 18S ribosomal locus.
See detailled methods in Florent et al. (2021). All 43 sequences are available on NCBI

GeneBank under the accession number PRJEB38991.

P. cf. gigantea 18S SSU rDNA phylogenetic analyses

Gregarines phylogeny. The 100 sequences phylogeny was built from the 185 SSU
rDNA sequences of the 2 genotypes of Porospora cf. gigantea, which were aligned with 84
sequences from a diversity of gregarines, either marine or terrestrial, as well as 12 other
sequences representative of the actual known apicomplexans lineages. Two chromerids
sequences were used as outgroup (Woo et al., 2015). A total of 1614 sites were conserved
after a selection of conserved blocks as defined by Gblocks (version 0.91b) (Castresana,
2000) (Parameters used: Minimum Number Of Sequences For A Conserved Position: 51;
Minimum Number Of Sequences For A Flanking Position: 51; Maximum Number Of
Contiguous Nonconserved Positions: 8; Minimum Length Of A Block: 3; Allowed Gap
Positions: All). A General Time Reversible (GTR) substitution model with gamma-
distributed rate variation across sites and a proportion of invariant sites was suggested as
the best-fit model according to the Bayesian Information Criterion (BIC) and the Akaike
Information Criterion (AIC) calculated by MEGA X (Kumar et al., 2018). Maximum
likelihood analyses were performed using RAXxML (version 8.2.12) (Stamatakis, 2014);
bootstraps were estimated from 1,000 replicates. Bayesian phylogenetic tree was con-
structed with MrBayes (version 3.2.3) (Ronquist and Huelsenbeck, 2003) using the follow-
ing parameters: Iset nst=6 rates=invgamma; mcmc ngen=10000000 relburnin=yes burn-
infrac=0.25 samplefreq=1000 printfreq=10000 nchains=4 nruns=2 savebrlens=yes; sump
burnin=2500000; sumt burnin=2500000 contype=allcompat. Trees were visualized and
edited using FigTree (version 1.4.4) (Rambaut, 2018) and Inkscape (www.inkscape.org).

Environmental phylogeny focused on crustacean gregarines. The 189 se-

quences phylogeny was built from the 1694bp 18S SSU rDNA sequences of the genomes
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A and B, which were aligned with 14 sequences from crustaceans’ gregarines, as well as
154 environmental sequences from several projects described in Rueckert et al. (2011)
or gathered from NCBI Genbank. The sequences from Gregarinoidae clade (n=19) were
used as outgroup, as this group has been placed as a sister group to the crustacean gre-
garines clade in recent literature (Mathur et al., 2019; Janouskovec et al., 2019; Mathur
et al., 2021a). A total of 1135 sites were conserved after a selection of conserved blocks as
defined by Gblocks (Parameters used: Minimum Number Of Sequences For A Conserved
Position: 95; Minimum Number Of Sequences For A Flanking Position: 95; Maximum
Number Of Contiguous Non conserved Positions: 8; Minimum Length Of A Block: 3;
Allowed Gap Positions: All). Maximum likelihood and bayesian analyses were performed

following the same protocol and parameters as in the previous phylogeny.

G. acridiorum and G. garnhami 18S SSU rDNA phylogenetic analyses

Using maximum likelihood (ML) and Bayesian methods, phylogenetic trees were built
from 69 sequences from gregarines infecting either S. gregaria (20 sequences), L. migrato-
ria (23 sequences), a range of different insect hosts (22 sequences) or marine crustaceans,
chosen as the gregarine outgroup specimen (4 sequences) (Clopton, 2009; Ninham, 1995;
Schrével et al., 2016). Using a previously published alignment (Schrével et al., 2016),
the new gregarine sequences were added manually to yield a confident alignment of 1433
positions, after selection of conserved blocks defined using Gblocks (version 0.91b) (Castre-
sana, 2000) (Parameters used: Minimum Number Of Sequences For A Conserved Position:
35; Minimum Number Of Sequences For A Flanking Position: 58; Maximum Number Of
Contiguous Nonconserved Positions: 8; Minimum Length Of A Block: 3; Allowed Gap
Positions: With Half Use Similarity Matrices: Yes). Maximum likelihood and bayesian
analyses were performed following the same protocol and parameters as in the previous

phylogenies.
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Estimates of genetic divergence between and within of G. acridiorum and G.

garnhami 18S SSU rDNA sequences

The numbers of base differences per site from averaging over all sequence pairs between
and within each group were calculated using MEGA X (Kumar et al., 2018). This analysis
involved 44 nucleotide sequences: 20 from gregarines that infect S. gregaria, 23 from
gregarines that infect L. migratoria, and the sequence of G. caledia that infects C. captiva
(NCBI GeneBank accession number 1.31799). For each sequence pair, all ambiguous
positions were removed (pairwise deletion option). There were a total of 1784 positions

in the final dataset.

3.3 The discovery of co-infection of the European

lobster by two species of genus Porospora

3.3.1 An unexpected species

As described in the previous chapter, we identified the presence of two genomes in
the samples collected from European lobsters caught in Roscoff Bay. These two genomes,
similar in size (~9Mb) and highly syntenic, however display a divergence of about 10%
at the nucleotide level.

In this section, we present the approach that allowed us to propose and argue the
presence of two different species, as a result of an integrative taxonomy analysis involving
both morphological and molecular data, including genomic data.

First, we conducted an analysis of microscopy images, with the joint goals of con-
firming the presence of morphological features associated with the taxonomic description
of P. gigantea in the literature, and evaluating the presence of potential morphological
characteristics which could discriminate the two taxa.

Then, we sought to reconstruct the evolutionary history of these two taxa, using several
phylogenetic analyses based on the molecular marker 185 SS rDNA. A first phylogeny was

devoted to place the two sequences of P. cf. gigantea A and B within the Apicomplexa. A
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second analysis proposed a phylogeny centered on crustacean gregarines, with the addition
of closely related environmental sequences available in public databases. The genomic data

presented in Chapter 2 were evidently crucial for the delineation of these species.

3.3.2 Morphological and molecular descriptions’ confrontation
Morphological description of P. cf. gigantea

Morphological description has been carried out by I. Florent; for the sake of clarity,

the main results are reported below. See detailed results in Boisard et al., submitted.

In order to proceed to the biological and genomic study of Porospora gigantea, several
specimens of the Homarus gammarus type host species were collected from two different
sources (Table 3.1, page 76). Most specimens were acquired from lobster tank facilities
in Roscoff (Britany, France; lobsters’ origin: South of England), where lobsters are main-
tained in captivity for up to several months before their commercialization. But, as their
infection levels by Porospora were very variable and often very low, we also turned in
parallel to specimen freshly caught from the Roscoff bay (Britany, France), which were
analyzed immediately after their capture (Table 3.1).

All 35 lobsters were dissected and their intestinal parasites were directly observed,
first at the level of rectal ampulla, where cyst forms sometimes in very high numbers are
easily seen (Figure 3.2, page 84 - highly infected rectal ampulla of Lobster #12), then
further upstream along the intestinal tract where trophozoite forms, freely moving in the
intestinal lumen could be rarely observed (Figure 3.1 and Figure 3.2). The infection levels
were however highly variable depending on the host specimen. Out of the 35 (26 from
Roscoff lobster tanks, 9 from Roscoff bay), 6 - all from lobster tanks - had no sign of
infection by either cysts or trophozoites (Table 3.1). While cysts were found in the rectal
ampulla of the remaining 29 examined lobsters, we found trophozoites in the digestive
tract of only 11 of them. Globally, the infection levels were significantly much higher in
the lobsters freshly captured from the Roscoff bay than that in the lobsters maintained

in captivity in tanks (Table 3.1). Interestingly, a similar observation was done by Van
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Beneden in its initial description of Porospora (Gregarina) gigantea in 1869:

Je n’ai pas trouvé de traces de ces parasites sur les homards tenus pendant
longtemps en captivité dans les parcs a Ostende. En serait-il des homards
conservés dans les parcs comme des animaux de nos jardins zoologiques et
des poissons de nos aquariums ? La perte de leurs parasites serait-elle la

conséquence de leur captivité ?

that can be translated as:

I have not found any traces of these parasites on lobsters kept for a long time
in captivity in the parks in Ostend. Would it be the same for lobsters kept in
parks as for animals in our zoos and fish in our aquariums? Would the loss of

their parasites be the consequence of their captivity? (Van Beneden, 1869).

Morphological measurements were performed on these cysts and trophozoites, to be
compared to the available descriptions on Porospora gigantea gathered in Desportes and
Schrével (2013), in order to confirm whether the parasites observed in these lobsters from
the Roscoff bay area did correspond to the previously described P. gigantea species. Cysts,
that are mostly spherical but sometimes ovoid (Figure 3.1) had diameters ranging from
108 pm to 240 pm (mean 151.14 45.3 um), and enclose thousands of gymnospores (Figure
3.1), that are also mostly spherical, with diameters from less than 5pm to almost 7 pm
(mean 5.634+ 0.08 pm). As already described in the literature, these gymnospores are
composed of radially arranged zoites forming a monolayer with an optically void center
(Figure 3.1). The observation of broken gymnospores (Figure 3.1) allowed measuring the
length of their constitutive zoites (mean 1.04+ 0.16 pm) as well as their apical width
(mean 0.630+ 0.129 pm).

Trophozoite stages, reported to be extremely long - up to 16mm in the initial report
by Van Beneden (1869) - were indeed very thin and long in our hands, up to 2585 um
for a mean width 41.8+ 10.4pm (Figure 3.1). Moreover, and as described by several

authors, their posterior end is slightly thinner, around 30 pm. The whole trophozoite
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Figure 3.1: Morphological characterization of Porospora cf gigantea. A. Tropho-
zoite stage (Tropho #8, Lobster #12) (scale=100pum). B. Zoom on A, showing tropho-
zoite epimerite (scale=10pum). C. Rectal ampulla showing cysts in folds (Lobster #4)
(scale=1mm). D. Isolated cyst (Cyst #4, Lobster #12) (scale=50 pm). E. Broken cyst
allowing to visualize enclosed, packed gymnospores (Lobster #4) (scale=101m). F. Sec-
tion across a cyst illustrating radial arrangement of zoites in gymnospores (JS449=Lobster
#35) (scale=21m). G., H. Zoom on intact and broken gymnospores allowing visualizing
zoites (Lobster #4) (scale=1pm). Scanning (A, B, C, D, E, G, H) and transmission (F)
electronic microscopy. Microscopy analyses were performed by 1. Florent, G. Prensier and
S. Le Panse. In Boisard et al. (submitted).
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5.00um

Figure 3.2: Additional microscopy figures. A. Photonic image of the rectal ampulla
of Lobster #12, longitudinally opened and heavily packed with Porospora cf. gigantea
cysts in chitinous folds. The length of the rectal ampulla is about 3 cm. B. Morpho-
logical evidence for epicytic folds. Zoom on epicytic folds for trophozoite #9, Lobster
#12. Scale=1nm. SEM imaging (left); TEM imaging (right). Microscopy analyses were
performed by I. Florent, J. Schrével and S. Le Panse. In Boisard et al. (submitted).
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surface is covered by longitudinal epicytic folds (Figure 3.2.B), that are reported neces-
sary to allow eugregarine gliding movement (Valigurova et al., 2013). The sum of these
morphological observations concerning tropohozoites, cysts, gymnospores and their zoites
are all in perfect agreement with the species being Porospora gigantea, from the type
host Homarus gammarus (Van Beneden, 1869; Desportes and Schrével, 2013). Although
the microscopy images showed some morphological diversity in term of shape, color, size
between individual parasite forms, it could either reflect different developmental stages

or simply correspond to intraspecific morphological variation.

P. cf. gigantea A and B have different ribosomal loci

Ribosomal loci reconstruction has been carried out by I. Florent, L. Duval and A.

Labat. See detailled results in Boisard et al. (submitted).

The complete ribosomal loci of the 2 genomes were unsuccessfully recovered in our
assembled contigs but a small SSU rRNA was captured for JS-470 sample, the librairie
containing only genome A. Using a combination of specific primers amplifications, initially
based on Simdyanov et al. (2015) and Schrével et al. (2016) then in part redesigned, as
well as in silico clusterings with the tool iSegWalker (Karadjian et al., 2016), we were able
to fully reconstruct complete ribosomal loci covering: 18S-1TS1-5.8S-1TS2-28S (5977bp),
for both A and B genomes. Both complete loci were experimentally confirmed totally
(genome A) or partially (60%, genome B) by PCR. We found 30 polymorphic positions
between A and B that were unevenly distributed i.e. only one position was polymorphic
at the level of the 18S sequences, while the 29 remaining polymorphic sites were found at

the level of the 28S.

The 185 SSU rDNA, which benefits from a largest taxonomic sampling for gregarines

into the sequence databases, was used to construct two different phylogenies.
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P. cf. gigantea A and B is the sister group of all other crustaceans gregarines

The first aim was to place P. c¢f. gigantea A and B within the gregarines and the
other apicomplexans (Figure 3.3, page 87; detailed phylogeny is available in Figure 3.4,
page 88). This phylogeny was constructed using 18S SSU rDNA as molecular marker
and allowed us to assign them together to one clade (maximum support 100/1), and to
position them as a sister group to all other crustacean gregarines (Cephaloidophoroidea,
support 89/1) as established in Rueckert et al. (2011), with nevertheless shorter branch
lengths, thus looking less derived than the other crustacean gregarine sequences.

We retrieved the superfamily Cephaloidophoroidea described by Rueckert et al. (2011),
gathering all eugregarines isolated from the intestines of marine and freshwater cr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>