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Annotation

This thesis discusses and explains phylogenetic patterns observed in two
different organisms: Eimeria, an unicellular parasite, and Apodemus, a rodent
that often serves as a host for this parasitic species. The situation in rodents is
intuitive, clearly reflecting their biogeographic history. Phylogenetic pattern in A.
agrarius corresponds with its spread from the core locality of its distribution
eastward. The lack of the genetic variability in European populations hints the
recent origin of this population with the low number of founders. The
phylogeny of A. flavicollis, a rodent inhabiting almost the whole Europe, reflects
the situation during the last glacial maximum (i.e. speciation in several
subpopulations that did not interbreed, but retained their independent nature).

The situation in Eimeria is more complex. Parasites always fight in “arm races”,
trying to accommodate to their hosts as best they can, and to avoid their
defense. This results in coevolutionary events such as cospeciation, host
switches, duplications, and other events that form the genetic variability in
parasites. The study of evolutionary relationships in Eimeria may be difficult
due to lack or morphological and/or relevant molecular data. This thesis adds
more information to this view.

Several other studies were also included in this thesis to provide a
broader picture of the complexity of host-parasite systems.
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1. Introduction

Parasites are important part of the biological tree, and form a very complex
system full of relationships, dependencies, and adaptations. Hosts and their
parasites coexist in various types of relationships; some of the parasites are
»promiscuous”, infecting more host species (or even genera or families), while
others may be strictly host-specific, limited only to a single host species.
Parasites usually do not intend to kill their hosts; however, overparasitising of
the host may lead to the loss of parasite’s nutrient source, the loss of site of the
development or the entire environment, or even to the death of the host. At
the first sight, it is a fragile system full of violence and exploitation, however, it
keeps the balance, uses empty niches, and pushes the evolution forward
(Thompson, 2005; Sorci and Garnier, 2019).

The main goal of the parasite is to feed on the host and to reproduce. The host
responses via adaptations and modifications that help it to avoid from being
parasitized (e.g. an animal host has a thicker skin to resist the biting insect).
However, the parasite may also adapt to the new conditions, and may find the
way how to still parasitize the host (e.g. to develop a sharper stylet to
penetrate even the thicker host skin). Mechanisms have been developed to
maintain these traits to a reasonable extent and to disadvantage further
adaptations (e.g. making skin thick would be energy-intensive), so they do not
lead to extremes (van Valen, 1973).

Various studies have been performed on host-parasite systems that point to
the diversity of these relationships. For example, rodents (e.g. the genus
Apodemus used in this thesis) can be infected with various parasites: from fungi
as Pneumocystis (Demanche et al., 2015), through protozoan parasites as
coccidia or Cryptosporidium (Nowell and Higgs, 1989; Higgs and Nowell, 1991;
Harkova et al., 2005, Condlovd et al. 2018), multicellular parasites as
nematodes or cestodes (Prokopic, 1967; Callejon et al., 2010), to ectoparasites
as lice or mites (Stefka and Hyp3a, 2008; Kaminskiené et al., 2020). From

“accidental” infestation by ticks or mites to a very specific tight bond to a
certain species, or even to a single genetic lineage of that species (Martin( et

al., 2020).

The host-parasite relationships can be studied from the evolutionary point of
view. Behind the observed phenomenon, there may be several different



scenarios that may explain the incongruences between the host and parasite
phylogenies. When the cospeciation occurs, the phylogeny of host corresponds
with the phylogeny of parasite, so, they speciate together. However,
discrepancies in phylogenetic trees occur much more often. A new lineage of
the currently existing parasite may appear on a single host (=duplication), or
the host may speciate but the parasite remains on the former host lineage. This
process is called “missing the boat”, and can be observed mainly in populations
with less abundant parasites (=sorting event). Host switching means a situation
when a parasite begins to colonize a new host species (“switches” to a new
host species).

Several drivers of evolution have been described and are intensively studied —
mutations, drift, gene flow, and selection. Mutations are the main source of
changes and variation. They occur in every living creature, causing changes that
can benefit, or disadvantage their bearers. Genetic drift is a random change in
allele frequencies in following generations. It is connected with sexual
reproduction, founder effect, or bottleneck. Gene flow very often corresponds
to migration and allele exchange between populations. Selection favors one
genotype over another (Fisher, 1958; Mayr, 1963; Hamilton, 1967; Kimura,
1983).

All these factors form the world as we know, and give the potential for the
evolution of organisms into forms that we do not yet know. They help the
organisms to adapt to new conditions, or to colonize new areas.

In my Ph.D. thesis, | focused on elucidation of the evolutionary history of
intestinal coccidian parasites infecting small mammals, more specifically,
eimerians parasitizing rodents of the genus Apodemus. These rodents are
suitable model organisms - they are common, widely distributed, and easy to
trap. Eimerians, obligate intracellular endoparasites infecting their
gastrointestinal tracts, may represent a good marker to mirror the host
evolution. | tried to obtain samples from different parts of Europe (and two
Asian countries) to reveal the differences between populations inhabiting
various localities.



2. Studied host-parasite system
2.1. Apodemus

Rodents of the genus Apodemus (Muridae: Murinae), common agricultural
pests, are distributed across the whole Eurasia, and partly also in the northern
Africa (Mitchell-Jones et al., 1999; Lalis et al., 2016). It is an old genus of murids
(in comparison with e.g. Mus and Rattus) - its first members colonized Europe
already in the Miocene (Martin Suarez and Mein, 2004; Suzuki et al., 2003).

The core area of the occurence of this genus is in Asia (Serizawa et al., 2000;
Suzuki et al., 2003). From there it spread to other parts of Palaearctic and
Oriental regions. The genus Apodemus consists of two main subgenera:
Apodemus, and Sylvaemus, with the unclear position of A. argenteus, A.
mystacinus, and A. gurkha, which are also by some authors considered as
subgenera (Musser et al., 1996; Serizawa et al., 2000; Filippucci et al., 2002).
The Apodemus/Sylvaemus/gurkha group diverged 7-8 Mya (million years ago),
during the time of variable climate where forests were replaced by open
habitats. From this group, the Apodemus separated 5.4-6.0 Mya, and the
Sylvaemus and mystacinus split 2.2-3.5 Mya (Michaux et al.,, 2002). This
indicates that European species are younger that those from Asia, which
supports the origin of this genus in the East (Serizawa et al., 2000). The whole
genus comprises around 30 species, and its species diversity grows eastward
(Orlov et al., 1996).

Three species are widely distributed in Europe: A. agrarius (belonging to the
subgenus Apodemus), A. flavicollis, and A. sylvaticus (both the subgenus
Sylvaemus). The western part of Europe is inhabited mainly by A. sylvaticus, in
central Europe mixed with A. flavicollis, which prevails eastward, where is the
meeting zone with A. agrarius.

A. flavicollis and A. sylvaticus often share the most of their area of occurrence.
It is difficult to distinguish them in the field because they are morphologically
very similar. The most often used morphological trait is the length of the hind
leg, however, the ranges of values of both species may overlap (Andéra and
Horacek, 2005; Joji¢ et al., 2014). Another morphological traits are cranial
markers (Baréiovda and Macholan, 2009). The possibility of hybridization of
these two species has been also discussed — whether for or against (Engel et al.,
1973), and has been confirmed only under laboratory conditions (Larina, 1961).



An overview of these studies was performed by Fillipucci et al. (2002), inferring
that the hybridization is not very likely.

The genetic structure of these two Apodemus species reflects the geographical
contours of Europe with their most important mountain ranges, which served
as distribution barriers during the glacier maxima. During glacial times, rodent
colonies were forced to move southward where the weather conditions were
milder. They lived there in separate communities, which were separated by
forests, mountains, or other natural barriers, and they allopatrically speciated
there (Serizawa et al., 2000; Suzuki et al., 2003). As we see from its distribution,
A. sylvaticus spent the last glacial maximum in two main refugia — in Hispania
separated by the Pyrenees, and on Appenine peninsula behind the Alps
(Michaux et al., 2003; Demanche et al., 2015). The Italian refugium was also
used by A. flavicollis, whose main refugium was in the Balkans, and partly also
in the Near East (Hewitt, 1999; Filippuci et al, 2002; Michaux et al., 2004). Two
main lineages were described in A. flavicollis — the Euro-Russian, and the Near
East+Turkey. The Euro-Russian lineage consists of three sublineages: 1) Balkans
and northern Europe, 2) Balkans and southern Russia, and 3) western Palearctic
(Michaux et al., 2003; 2004; 2005). Several studies suggest that the core
refugium was formed by three sites in the Balkans from where A. flavicollis
colonized Europe (Taberlet et al., 1998; Hewitt, 1999).

The genetic structure of A. agrarius is highly uniform in Europe due to its
intriguing biogeography. The core locality of its occurrence is in the Far East, in
China. However, the whole European population of this species is supposed to
origin from only few immigrants coming from eastern Russian area in the last
glacial era (Latinne et al., 2020). The Chinese origin of the European population
is not very likely because of the barriers (Himalayas, Tibetan Plateau, Tian Shan,
Altai). These populations became isolated due to the secondary gap in the
Baikal area (caused by the change of the climate to more dry, cold and windier
— Duan et al., 2009), so there was a restricted gene flow from the original
population (Sakka et al., 2010). In the last glacial in Europe, A. agrarius widely
spread even in areas from which it later disappeared due to changes of
habitats, e.g. in France (Aguilar et al., 2008).

From the geographic point of view, the European distribution of these 3 species
partially overlaps, however, they usually do not live in absolute sympatry due
to different habitat preferences (Andéra and Horacek, 2005). Studies of genetic



differences within a species have revealed inner diversification, demonstrated
by high values of Fst in A. flavicollis or A. sylvaticus in Europe (Filippucci et al.,
2002). However, species in the subgenus Sylvaemus evince low genetic
divergence, apparently as a result of rapid radiation (Filippucci et al., 2002;
Bellinvia et al., 2004).

Studies on rodents are important because of their irreplaceable role in
ecosystems. They are part of food chains, serving as food for birds of pray,
owls, or carnivores. On the other hand, they also help with the distribution of
seeds, and by digging them, they unintentionally help the seeds to germinate
better. They also serve as reservoirs or vectors of diseases that limit their own
populations or populations of other animals. They represent a suitable model
for evolutionary studies due to their high mutation rates in some
genera/species — rodents are the fastest developing group within mammals
(Nabholz et al., 2008).

Two comprehensive studies concerning phylogeny of A. agrarius have been
performed recently. One was done on cyt b and microsatellites (Latinne et al.,
2020). The authors revealed that eastern populations are more heterogenous
than the western (which is in concordance with publications of Kartavtseva and
Pavlenko, 2000; Atopkin et al., 2007; Sakka et al., 2010), which hints on the
recent expansion to west Palearctic. It can be proved by Spitzenberger and
Engelberger (2014) who documented the first occurrence of this species in
Austria in 1996 and monitored its expansion in this country. The estimated
effective size of the eastern population was three times higher than the
western one, which also corresponds with the recent divergence and expansion
in this area. The low nucleotide diversity, allelic richness, and heterozygosity in
western Palearctic also prove this hypothesis (Latinne et al., 2020). The second
study (Cerezo et al.,, 2020) used more informative approaches (ddRAD
sequencing), which, however, also proved these findings.

2.2. Eimeria

Eimeria (Apicomplexa: Coccidia: Eimeriorina: Eimeriidae) are obligatory
intracellular parasitic protists of digestive tract of various hosts. More than
1,500 species have been described (Dubey, 2019). This parasite can be found
e.g. in birds (Upton et al.,, 1990), marsupials (Duszynski, 2016), mammals



(including rodents, lagomorphs, bats, carnivores, ungulates, and also humans)
(Wilber et al., 1998; Duszynski, 2002; Duszynski and Couch, 2013), reptiles
(Asmundson et al., 2006; Duszynski and Morrow, 2014), or amphibians
(Duszynski et al, 2007).

These parasites can be “harmless”, causing almost no problems to their hosts,
however, several species are able to heavily invade host tissues, leading to
deaths and great economic losses (Beattie et al., 2001), e.g. in poultry industry.
The hosts get infected by ingestion of sporulated (i.e. fully developed and
matured) oocysts. In their digestive tract, the sporozoites are released from the
oocysts, and invade the host tissues. First, several generations of merogony
(asexual reproduction) occur intracellularly, which leads into more cells
affected with coccidia. When merogony ends, gamogony (sexual reproduction)
occurs producing unsporulated (i.e. immature) oocysts that leave the host with
faeces, prepared to infect the new host individual.

The above mentioned stages of life cycle are different in different species.
Although endogenous development has not yet been fully described in many
species, we can see the differences. Different species develop in distinct parts
of the digestive tract (e.g. duodenum, jejunum, ileum, caecum), there is a
certain number of merogony generations, variability in the length of prepatent
and patent periods, and of sporulation time (Joyner and Long, 1974;
Soekardono et al, 1975; Oda and Nishida, 1991).

“Higher eimerians” (Eimeriorina) differ from “lower eimerians” (Adeleorina) in
the absence of syzygy (pairing of two individuals forming a gametocyst) in their
life cycle. Individual genera of Eimeriorina are described and recognized based
on the number of sporocysts in the oocyst, and number of sporozoites in the
sporocyst. On the species level, eimerians differ in morphological traits of
sporulated oocysts, such as character of the oocyst wall (number of layers,
colour, thickness), shape (e.g. subspherical, ovoidal, oval, ellipsoidal, pyriform)
and size of the oocyst, and presence/absence of outer/inner structures (e.g.
micropyle, granules, residua).

Another trait, considered as a marker for distinguishing the species of Eimeria,
is the identity of the host species and the range of the host specificity.
Eimerians have long been considered strictly host-specific, which means that
certain species can be found only in certain hosts (Joyner and Long, 1974;



Joyner, 1982). Later, it turned out that this was not the rule, at least for some of
them (de Vos, 1970; Harkova et al., 2005; Ghimire, 2010; Kvicerova and Hypsa,
2013; Hlrkova Hofmannova et al., 2016; MS 1, MS 5, Draft 1).

Eimerians have been studied from various points of view. The very first studies
dealt only with morphology and taxonomy (Pellérdy, 1974; Levine, 1982), then
the veterinary science focused on their pathogenicity and life cycles (e.g. Kreier
and Baker, 1987; Beattie et al., 2001; Pakandl| et al., 2009), and the current
science focuses on molecular traits, phylogenetic relationships, NGS
sequencing, and population-genetics (e.g. Zhao and Duszynski, 2001a; Morrison
et al., 2004; Vermeulen et al., 2016; Su et al., 2017; MS 1, MS 5, Draft 1). They
are most studied in poultry, which is in concordance with their great
pathogenic potential for these hosts; their importance is also indicated by the
fact that for all 7 most pathogenic species the whole genomes are sequenced
(Blake et al., 2020). From the phylogenetic point of view, eimerians form a
complex group. The genus Eimeria is paraphyletic; other genera, such as
Cyclospora or some Isospora, cluster inside it. Eimerians tend to form host-
specific phylogenetic clusters. This was disproved recently, at least for rodents
(MS 1, MS 2, Draft 1). The similar situation as in rodents is also in Eulipotyphla
(Draft 2). In birds, eimerians form at least family-specific clusters (Ogedengbe
et al., 2018). The situation in other groups and/or other taxa of coccidia is not
very clear, due to little research interest and low amount of data.



3. Objectives

The main goal of this study was to elucidate phylogeny of the common coccidian
parasite — Eimeria, infecting abundant rodent of the genus Apodemus, and to
compare the observed patterns with the situation in different host groups. The
research included field sampling of rodents in various European countries (and two
countries in Asia), microscopical examination, DNA extraction, molecular techniques,
and data processing by bioinformatic tools.

The specific objectives are as follows:

e To analyze evolutionary relationships between coccidia of the genus Eimeria
infecting rodents of the genus Apodemus — characterization of populations,
demographic history, variability of populations.

e To reveal the timing and separation of historic events (origin of lineages in
different refugia) in comparison with recent events (speciation, hybridization,
etc.).

e To characterize detected coccidian species at the morphological and
molecular level.

e To obtain samples from different (including so far unsampled) localities in
Europe, with the main focus on A. agrarius and parasites associated with this
host species.

e To examine coccidia found in other host taxa during the sampling
(Arvicolidae, Soricidae), to analyze their phylogenetic relationships and host
specificity, and to compare the results with those revealed in Apodemus.



4. Methods

The author of this thesis participated in the majority of field sampling, which resulted
in data analyzed in these manuscripts. The sampling was performed at a variety of
locations in Europe, and also in two Asian countries. Detailed information on localities
and/or maps can be found in the publications below.

Rodents were trapped using the Sherman small animal live traps, or standard wooden
snap traps, under official permits (numbers KUJCK 11134/2010 0OZZL/2/Ou, and
27873/ENV/11). The protocol was approved by the Committee on the Ethics of
Animal Experiments of the University of South Bohemia and by the Ministry of the
Environment of the Czech Republic (numbers PP 42/2006, 13841-11, and
22395/2014-MZE-17214). Insectivores were accidentally found dead on paths and
roads in the course of our research. The animals were identified based on
morphological features, however, their tissue samples were also collected for further
molecular analyses. Faeces and part of the intestine were collected from each
trapped animal and preserved individually in 4% potassium dichromate (K,Cr,0;)
solution for analyses of endoparasites. The samples were processed by the
centrifugation-flotation concentration method with Sheather’s sucrose solution (with
a density of 1.30), and observed and measured using the light microscopy (Duszynski
and Wilber, 1997; Zajac and Conboy, 2006).

DNA was extracted from the tissue samples using the Blood and Tissue Kit (Qiagen).
DNA from the faecal samples was isolated using the FastDNA © Spin for Soil Kit (MP
Biomedicals), or the NucleoSpin© Soil kit (MACHEREY-NAGEL).

In the majority of our publications, we used the Sanger sequencing with several
different primer sets, according to the studied organisms. The studied genes were
cytochrome b (for rodents), cytochrome ¢ oxidase | and lll, and nuclear gene 18S
rDNA (for coccidia). Primer sequences for each respective gene can be found in the
below mentioned manuscripts and drafts.

Another approach was the use of the Access Array system (MS 5). A combination of
48 primers allows for the deeper insight into the topic. In addition to the primers used
for Sanger sequencing, we also used the primers for the plastid gene encoding the
open reading frame ORF 470.

The sequences obtained by Sanger sequencing were processed in SequenceScanner,
EditSeq, and SegMan (DNASTAR). Aligments were created by ClustalW algorithm in
the programs BioEdit, or MUSCLE in Geneious, and phylogenetic relationships were
computed in MrBayes and Phyml.



5. Results and Discussion

The main focus of my PhD study was to investigate the interspecific and intraspecific
phylogenetic relationships of eimerians infecting rodents of the genus Apodemus.
Together with my colleagues from the laboratory, we collected data across 13
European countries during 2006-2014. Finally, we obtained 165 COIl and 74 18S rDNA
sequences of Eimeria spp. from 1,515 examined individuals of the genus Apodemus.
The total prevalence of Eimeria was 33 %. Phylogenetic analyses of both studied
genes, published in MS 1, showed that eimerians infecting this rodent genus formed
lineages with various degrees of host specificity. We named the resulting lineages
according to their oocyst morphology as apionodes (api), alorani (alor), jerfinica (jerf),
kaunensis (kaun), and uptoni (upt). The alorani and kaunensis lineages/morphotypes
were located inside the apionodes supercluster (MS 1, Fig. 2). Jerfinica and kaunensis
were strictly Apodemus-specific; jerfinica formed two sublineages, one from the A.
flavicollis (AF) and A. sylvaticus (AS) hosts, and the second contained samples only
from A. agrarius (AA) hosts. The apionodes supercluster had an intriguing
composition. The basal group (which we called apionodes 1) was Arvicolinae-specific.
Kaunensis and apionodes lll possessed wide host specificity, infecting both arvicoline
and Apodemus hosts. Two sublineages, apionodes Il and apionodes IV, had narrower
host range, infecting only the genus Apodemus (3 eimerians from bank voles,
clustering in apionodes IV, later proved to be mistaken/misclassified). The most strict
host specificity was detected in the alorani lineage, which infected only A. agrarius
(MS 1, Figs. 2, 5). From the calculation of the relative age of these lineages we
revealed that the more recent = the more host-specific group (MS 1, Fig. 4). This
suggested the shift from broad to strict host specificity, and recent switches from
AF/AS to AA. The GammaST data showed a great genetic difference of AA in
comparison with AF and AS (MS 1, Fig. 4). Therefore, this change of host was not just a
mere colonization of the new host, but a total switch with the abandonment of the
former host. Due to intensive sampling, we recorded a low number of missing
haplotypes (MS 1. Figs. 5, S4), so we can assume that our data cover most of the
possible genetic diversity.

- one page commenting drafts is excluded
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In the course of these studies, isosporans infecting voles whose phylogenetic position
did not meet our expectations, were closely related to isosporans infecting birds (MS
2). We aimed to elucidate this phenomenon by more complex analyses, including
morphology and phylogeny, complemented with experimental infections of voles. The
history of the genus Isospora is intriguing; currently, it is considered polyphyletic, and
divided into two genera: i) Isospora (Eimeriidae), possessing a Stieda body (SB),
infecting birds and reptiles, and ii) Cystoisospora (Sarcocystidae), without SB, infecting
mammals (Carreno et al., 1998; Franzen et al., 2000; Barta et al., 2005; Samarasinghe
et al.,, 2008). The isosporans detected in our samples from voles possessed a SB,
which indicated that they belonged to the genus Isospora (MS 2, Figs 1-5). Molecular
analyses of three genes (COIl, COIll, and 18S rRNA) revealed their close relationship
with bird isosporans (which is in concordance of the usual host range of this species)
(MS 2, Figs. 6-8). Experimental infection of several voles with these oocysts was not
successful, the rodents did not produce new generations of parasites (i.e. did not
discharge oocysts in faeces). Only the first few days, they excreted deformed or
damaged oocysts — those that were used for inoculation but did not invade the
intestinal cells. All three approaches — morphological, molecular, and experimental -
proved that these isosporans were not real parasites of voles, but pseudoparasites
acquired from food. We can assume that among other isosporans described from
rodents, some will also be pseudoparasites; unfortunately, these isosporans were
described only morphologically, therefore, with the lack of molecular data, we cannot
make any certain conclusion.

One of the pleasures of science is the discovery of something “by chance”, as a by-
product of other research. During our trip to Kazakhstan, where we collected samples
for different project, we also collected samples from Microtus mystacinus (syn. M.
levis). Later, it turned out that this rodent species is a new record from the locality
where it had not been found before (MS 3). The former area of the occurrence of this
species in Kazakhstan was the western and northwestern part of the country. Our
samples originated from Sekisovka (almost the easternmost part), and
Dzhambul/Taraz (southern part of the country). Phylogenetic analyses based on cyt b
evinced a genetic difference of these new samples compared to other sequences of
this species in the GenBank database (MS 3, Fig. 1). This may suggest the natural
introduction into new localities. The proposed colonization route from the glacial
refugia was probably from the Balkans, or from the Black or Caspian Sea region. Our
finding provides the first genotyping of M. mystacinus from the eastern part of its
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distribution. It is just a piece of a complex mosaic that is worth further, more complex
and targeted research.

Sometimes it happens that we are looking for something where it is not present. It
was the case of MS 4, where we were looking for the gastrointestinal parasites of
polar foxes and sibling voles on Svalbard. While we found parasites in foxes
(nematodes, coccidia, and microsporidia), surprisingly, parasites were absent in voles.
A single parasite, found in one individual of M. mystacinus, was the new genotype of
Cryptosporidium (which was the first record in voles on Svalbard, but was not present
in foxes). It is normal that the top predators are infected with parasites that they
obtain from prey. On Svalbard, it is then obvious that the voles are not the source of
infection. The main part of a fox's diet is carcasses of reindeer, ptarmigans, or other
birds and their eggs, while voles are only marginal. In the past, a really interesting
phenomenon was the presence of Echinococcus multilocularis both in foxes and in
voles, which is in contrast with our findings. This can be explained by different
localities of sampling or by seasonality.

To obtain more complex data on phylogeny of the studied organism/s, it is worth to
use the next generation sequencing (NGS), or its combination with the Sanger
sequencing (Metzker, 2009). In MS 5, we analyzed eimerian parasites infecting Mus
musculus and Apodemus spp. using the Sanger sequencing of three genes (18S rRNA,
COl, and ORF 470), and compared the results with a multilocus approach using the
Access Array. This platform allows sequencing of 48 samples against 48 primers,
which generates a large amount of data for a complex picture of phylogenetic
position and identity of the samples (Anderson et al., 2010). Phylogenetic analyses of
sequences of the three genes produced more or less congruent topologies (MS 5,
Figs. 2 - 4); the sequences of eimerians from M. musculus formed three main
clusters, corresponding to the species E. falciformis, E. ferrisi, and E. vermiformis.
Sequences from other host species from various families, however, clustered also
inside these three clusters (MS 5, Figs. 2 - 4). A haplotype network composed of 161
COI sequences formed 20 different haplotypes (MS 5, Fig. 5), indicating low genetic
diversity. Multilocus analyses performed on a small subset of 31 individuals showed a
similar pattern. The sequences formed three main clusters: i) E. falciformis, ii) E.
vermiformis, and iii) eimerians from A. agrarius (MS 5, Figs. 6, 7).

We compared the results obtained from each of the studied genes together with the
results of multilocus analysis. We proved the traditional finding that the 18S rRNA
gene is good for inferring phylogeny in deeper nodes, but it is not informative enough
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for higher resolution (Zhao and Duszynski, 2001a; Kvicerova et al., 2008; Ogedengbe
et al.,, 2018). More surprising, however, was the finding that a similar lack of
information was also detected in the COl gene, which was commonly used as the
gene of first choice; several eimerians from different host species had identical
sequences/haplotypes (e.g. haplotype Il infecting A. flavicollis, A. sylvaticus, C.
glareolus, and M. musculus), indicating an insufficient resolution of this gene. Finally,
it turned out that the most informative gene was ORF 470, which has been
recommended in the literature before (Zhao and Duszynski, 2001b; Ogedengbe et al.,
2015). However, the majority of studies have been performed based on COl,
therefore, there are not many ORF 470 sequences of coccidia in the GenBank
database. The sequences obtained in the course of our research partially filled this
gap, and we highly recommend to follow this approach and to use the apicoplast
genes for studies on eimerians and other coccidia.

6. Summary

The dissertation summarizes the outputs of several articles and drafts that were
authored or co-authored by Anna Macova and that focused on coccidian species
infecting various rodent hosts, their interspecific and intraspecific phylogenetic
relationships, and host specificity. At the parasite level, we found that rodent
eimerians are not so strictly host-specific as it was previously believed. Based on
analyses of 18S rDNA and COI, they form clusters ranging from the oldest groups with
wider host specificity to the youngest branches of eimerians with strict specificity
(represented e.g. by E. alorani infecting only A. agrarius). The gammaST values, and
the calculated age of this lineage indicate a recent host switch. Therefore, we can
consider eimerians as flexible parasites, capable of using new hosts that colonize new
areas.

The Stockholm paradigm is a concept that aims to explain the discrepancies in host
specificity, when some species are strictly host-specific, however, their sister species
may infect a wide variety of hosts. This concept works with four ecological theories:
ecological fitting, the geographic mosaic theory of coevolution, taxon pulses, and the
oscillation hypothesis. The basic idea is that many of pathogens and/or parasites have
the potential to infect new hosts, and the only reason they do not do it is because
they have not encountered them vyet. Parasites/pathogens have variety of
predispositions to infect new hosts; it provides a basis for a future explosion of
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diseases when climate change and formerly geographically separated organisms begin
to share the same area of occurrence (Hoberg and Brooks, 2015). It seems, however,
that often it is not a new colonization of the host, or a new host-switch, but a return
to a previously abandoned host (Janz et al., 2006). This may also be the case of our
results. Considering the Stockholm paradigm with the oscillation hypothesis, we must
look at the host specificity from a completely different point of view. In addition, such
a complex host-parasite picture may be also affected/distorted by the fact that not
every infection is “real”; sometimes we may detect the pseudoinfections that need to
be carefully distinguished from the real infections.

In view of the above mentioned facts and data, the host specificity cannot be used to
determine the parasite species, as was previously used (Joyner, 1982; Levine and
Ivens, 1988; Paterson and Gray, 1997). Majority of coccidia species were described
and identified based on the oocyst morphology. Many species descriptions are,
however, incomplete, based only on simple drawings (sometimes even of an
unsporulated oocyst), without photomicrographs or measurements, and without the
knowledge of endogenous development. The advent of molecular techniques has
been a major step towards a deeper knowledge of species and their relationships, not
only in coccidia. Some markers, such as 18S rDNA or COI, have become the “gold
standard” for the identification of many groups of eukaryotes. However, as is obvious
from our results, we cannot rely only on the traditional markers. Sometimes it is
better to use the gene that is less abundant in the GenBank database (e.g. ORF 470)
than commonly used genes, such as COI, which in the end are not as effective as was
believed (MS 5).
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Recent studies show that host switching is much more frequent than originally believed and constitutes an
important driver in evolution of host-parasite associations. However, its frequency and ecological mechanisms at
the population level have been rarely investigated. We address this issue by analyzing phylogeny and population
genetics of an extensive sample, from a broad geographic area, for commonly occurring parasites of the genus
Eimeria within the abundant rodent genera Apodemus, Microtus and Myodes, using two molecular markers. At the
most basal level, we demonstrate polyphyletic arrangement, i.e. multiple origin, of the rodent-specific clusters
within the Eimeria phylogeny, and strong genetic/phylogenetic structure within these lineages determined at
least partially by specificities to different host groups. However, a novel and the most important observation is a
repeated occurrence of host switches among closely related genetic lineages which may become rapidly fixed.
Within the studied model, this phenomenon applies particularly to the switches between the eimerians from
Apodemus flavicollis/Apodemus sylvaticus and Apodemus agrarius groups. We show that genetic differentiation and
isolation between A. flavicollis/A. sylvaticus and A. agrarius faunas is a secondary recent event and does not reflect
host-parasite coevolutionary history. Rather, it provides an example of rapid ecology-based differentiation in the

parasite population.

1. Introduction

The long-held view of host-parasite coevolution as being a process
mainly determined by co-speciation events has dramatically changed in
recent years, mainly due to the frequent incongruencies detected be-
tween host and parasite phylogenies (Paterson and Banks, 2001;
Meinild et al., 2004; Ricklefs et al., 2004; Hoberg and Brooks, 2008;
Agosta et al., 2010; Araujo et al., 2015). This change has led to a re-
cognition that parasites are not just passive companions of their hosts
but rather organisms with their own biology and many host-in-
dependent traits. Consequently, well-established questions in this field,
such as how parasites maintain their host spectra, how generalists be-
come specialists, and vice versa, or what are the mechanisms, pre-
conditions and frequency of host switching, are now seen in an entirely
new light (Agosta et al., 2010).

Since genealogy constraint (manifested as a nearly strict co-spe-
ciation history) has been rejected as a predominant driver of the
parasite speciation and distribution among the hosts, alternative

hypotheses have had to be developed. Ecological fitting, a well-estab-
lished hypothesis in the general ecological framework (Agosta and
Klemens, 2008), has recently been adopted as a putative mechanism for
new host colonization by a parasite (Agosta et al., 2010; Araujo et al.,
2015; Messenger et al., 2015). Since parasites are long recognized as
organisms strongly adapted to the environment provided by the specific
host(s), their capability to survive in different environment should in
theory be very limited. Frequent host switches observed in many
parasite groups and often followed by speciation events thus pose an
interesting question. The ecological fitting theory predicts that in some
cases the adaptations evolved in particular environment (the host in the
parasitological framework) and may allow the organism to survive
under different conditions and successfully colonize the new environ-
ment (the new host). Malcicka et al. (2015) suggest that invasive spe-
cies of parasites provide typical examples of such events. Since the
ecological fitting mechanism is likely to work at the ecological level, i.e.
on the short-term scale, it should result in a considerable variability in
host spectra ranges among various parasite lineages/populations. Such

* Corresponding author at: Department of Parasitology, Faculty of Science, University of South Bohemia, Branisovska 1760, 370 05 Ceské Budgjovice, Czech Republic.
E-mail addresses: anniex.m@seznam.cz (A. Macovd), anetka027 @seznam.cz (A. Hoblikova), vacatko@paru.cas.cz (V. Hyp$a), stankom@saske.sk (M. Stanko),

martinu@paru.cas.cz (J. Martind), janag@centrum.cz (J. Kvi¢erova).

https://doi.org/10.1016/j.ympev.2018.05.009

Received 10 July 2017; Received in revised form 9 May 2018; Accepted 9 May 2018
Available online 16 May 2018

1055-7903/ © 2018 Elsevier Inc. All rights reserved.

27



A. Mdcovd et al.

a complex picture has indeed been detected in several host-parasite
systems studied at the population level, e.g. Pneumocystis-primates,
Austrogoniodes-penguins, Polyplax-Apodemus, or Ligula-fish hosts
(Demanche et al., 2001; Banks et al., 2006; Stefka and Hypsa, 2008;
Stefka et al., 2009). These differencies in host spectra (i.e. the number
and taxonomy of the host species) between the parasite species/popu-
lations could, in turn, affect the genetic structure of the species/popu-
lations. According to Nadler’s hypothesis (Nadler, 1995), in multihost
parasites, additional hosts increase the opportunities for dispersal, and
thus reduce the parasites’ population structure. Recently, Falk and
Perkins (2013) supported this prediction with an empirical population
study of two pinworm species, parasitizing in various reptiles in the
Caribbean. Considering this recent development, it is clear that the
elucidation of host switches/colonization in parasite populations is a
key factor in understanding population genetics and evolution of
parasites. Several such studies have been published on various parasitic
associations, however, the majority of them were focused on the plants-
phytophages, perhaps due to their better accessibility (Agosta, 2006;
Habermannova et al., 2013; Nylin et al., 2014).

Here we propose the parasites of the genus Eimeria, associated with
the rodent genus Apodemus, as a suitable model for such a coevolu-
tionary study. Both counterparts, the hosts and the parasites, are well-
studied organisms and thus provide a reliable background for the
analyses. Mice of the genus Apodemus are the most common rodents in
the Palaearctic region. The geographic distribution and habitats of
some species (e.g. A. flavicollis and A. sylvaticus) overlap, so they live in
sympatry, competing for food resources (Michaux et al., 2005; Sakka
et al., 2010). They have been recorded from a variety of habitats, both
natural and urban (Nowak, 1999; Andéra and Bene$, 2002; Wilson and
Reeder, 2005), and have served as model species in several genetic/
evolutionary studies (e.g. Nieberding et al., 2004, 2005; Meyer-Lucht
and Sommer, 2005; Stefka and Hypsa, 2008; Sakka et al., 2010;
Demanche et al., 2015). Coccidia of the genus Eimeria are frequent
parasites of this rodent genus (Lewis and Ball, 1983; Levine and Ivens,
1990; Higgs and Nowell, 2000). So far, morphological and molecular
studies have indicated a complex relationship between Eimeria and
their hosts, with some Eimeria species being able to infect several spe-
cies of Apodemus, while others have so far been described only from a
single host species (Lewis and Ball, 1983; Higgs and Nowell, 1991;
Hiirkové et al., 2005; Kvi¢erova and Hypsa, 2013).

In our previous phylogenetic work, we showed that Eimeria samples
collected from the genus Apodemus branched at different positions
across the phylogenetic tree (Kvicerova and Hypsa, 2013). This in-
dicates that during eimerian evolution, the colonization of Apodemus by
Eimeria occurred multiple times. Such a situation provides good op-
portunity to investigate host switches and evolution of host specificity
at population level within a complex system. In this study we thus use
an extensive sampling to analyze the polyphyletic distribution of Ei-
meria within the genus Apodemus (Muridae) from the genealogical and
population genetics perspective. To provide a suitable ecological
background, we further add the eimerian parasites collected from two
additional and abundant rodent genera, Myodes and Microtus (Arvico-
linae). We show that within this host spectrum, colonizations and
complete host switches have occurred several times within the recent,
i.e. species/population time-scale. We also determine several in-
dependent cases of recent host switches from a broader host spectrum
(represented by several species or even genera) to a strictly specific
association with A. agrarius, as possible examples of the ecology-based
differentiation caused by immigration of a new host species.

This new insight into the evolution of host specificity within and
among parasite populations may have important implications from
both theoretical and practical perspective. From the theoretical point of
view, it indicates that to achieve a reliable coevolutionary reconstruc-
tion, the studies and methodologies should take into account much
broader spectrum of possibilities. For example, it demonstrates that
there is no general probability of host switching vs. duplication, which
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could be established for a parasite species based merely on its biological
features. Similarly, within the applied fields, such as epidemiology or
disease control, the complex patterns observed in this study indicate
that to establish a proper epidemiological models and control scheme
may in many cases require a more detailed study based on extensive
sample at population level. Particularly, possible occurrence of dif-
ferent genetic lineages and/or cryptic species of the pathogen, with
different epidemiological characteristics, has to be examined.

Considering these circumstances, we specifically address in this
study the following questions: (1) do the Apodemus-associated eimer-
ians, scattered across the Eimeria tree, present consistently Apodemus-
specific branches or just individual random infections? (2) considering
close phylogenetic relationships and sympatric occurrence of the three
Apodemus species, together with other rodent genera, do the Eimeria
display any degree of host specificity? (3) if yes, how is such specificity
reflected in their population genetic structure?

2. Material and methods

2.1. Sampling

Field studies were carried out in the course of 2006-2014, under
official permits provided by the Czech Republic/European Union or
collaborating institutions (Permit Numbers KUJCK 11134/2010 OZZL/
2/0u and 27873/ENV/11); the protocol was approved by the
Committee on the Ethics of Animal Experiments of the University of
South Bohemia and by the Ministry of the Environment of the Czech
Republic (Permit Numbers 13841-11 and 22395/2014-MZE-17214). A
list of localities and collected species is provided in Tables S1 and S2.
Rodents were trapped using the classic wooden snap traps for mice. The
traps were deployed in the late evening, left in the field overnight and
picked up in the early morning. The faecal samples were collected di-
rectly from the gut of each individual animal. Faeces from each in-
dividual animal were kept in 4% potassium dichromate (K>Cr,07) so-
lution. Host tissues (a small piece of ear or tail) were preserved in
absolute ethanol for molecular determination of the host species.

2.2. Coprological examination and oocyst morphology

The presence of parasites in collected faeces was examined micro-
scopically by flotation in Sheather’s sucrose solution with a density of
1.30 (Duszynski and Wilber, 1997; Zajac and Conboy, 2006). De-
termination of the coccidian species/morphotypes was based on the
morphology and morphometry of the sporulated oocysts, according to
guidelines published by Duszynski and Wilber (1997) and Berto et al.
(2014). An Olympus BX53 light microscope equipped with DP-73-1-51
high resolution image cooled digital camera Olympus and Olympus
cellSens Standard 1.13 imaging software were used.

2.3. DNA extraction, PCR amplification of selected genes, sequencing

Eimerian DNA from positive faecal samples was isolated with
FastDNA" SPIN for Soil Kit (MP Biomedicals, LLC, Santa Ana, California,
USA) according to the manufacturer’s instructions. For amplification, a
mitochondrial gene for cytochrome ¢ oxidase subunit I (COI) and a gene
for the small subunit (SSU) of 18S rRNA, were selected. Both of these
genes provide some methodological advantages but also suffer from
certain shortcomings. While the COI sequences are known as good
markers for intraspecific and interspecific studies, they are poorly re-
presented for eimerians in the GenBank database. On the other hand,
the 18S rRNA gene is the best represented eimerian gene in the
GenBank, allowing for taxonomically broad analyses, but within
Eimeria its variability is relatively low. A combination of these two
genes thus provides an optimal means for extracting the available
phylogenetic information on Eimeria.

Specific primers for amplification of ~800 bp of eimerian COI and
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~1 400 bp of eimerian 18S rDNA were adopted from Schwarz et al.
(2009) and Kvicerova et al. (2008), respectively. HotStarTaq DNA
Polymerase (Qiagen, Hilden, Germany) was used for all PCR reactions.
PCR products were enzymatically purified and directly sequenced; five
independent PCR products were sequenced for each sample. Consensi of
the sequences were used for the subsequent analyses. Sequencing was
carried out by Macrogen, Inc. (Amsterdam, the Netherlands) on an
automatic 3730XL DNA analyzer.

2.4. Determination of the host species

Since some host species (namely Apodemus flavicollis/A. sylvaticus,
Microtus arvalis/M. agrestis) have overlapping morphometries, and al-
most indiscernible juveniles and subadults, it was not able in several
cases to determine them unequivocally to the species in the field. In
such cases, we used the methods of molecular biology. Host DNA was
extracted from the host tissue using the DNeasy Blood & Tissue Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s instruc-
tions. Species-specific primers were used for the PCR identification or
verification of the host species, amplifying the mitochondrial DNA
control region (in the case of Apodemus spp.; Bellinvia, 2004), or mi-
tochondrial cytochrome b oxidase (in Arvicolinae; Jaarola and Searle,
2002). PCR products were enzymatically purified and directly se-
quenced by Macrogen, Inc. (Amsterdam, the Netherlands) on an auto-
matic 3730XL DNA analyzer.

2.5. S bli 1i; , and phylogenetic analyses

q

The obtained sequences of Eimeria were identified by BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi), —assembled using the
Sequence Scanner v.1.0 (Applied Biosystems), EditSeq 5.05 and
SeqMan 5.05 (DNASTAR, Inc., Madison, Wisconsin, USA) programs,
and deposited in the NCBI GenBank database under the Accession
numbers provided in Tables S2 and S3. The samples were tentatively
assigned to the so far described Eimeria species based on their mor-
phological examination (see Table S4) and similarity to the reference
sequences available in the GenBank database. Alignments were created
in BioEdit v.7.2.5 (Hall, 1999) and in MAFFT v.7 (Katoh et al., 2002;
Katoh and Standley, 2013), and adjusted manually. 185 rDNA se-
quences were aligned in the nucleotide mode, COI sequences were
aligned in the amino acid mode, then switched to nucleotide mode and
used for the analyses. Using jModeltest (Posada, 2008, 2009), we se-
lected GTR + I' + I as the best fitting model to be used in the sub-
sequent phylogenetic analyses. In addition, we performed Bayesian
analysis of concatenated matrices under the above described model,
and Bayesian analysis under the codon-based model for the COI matrix.
Phylogenetic relationships were analyzed by Bayesian inference (BI)
and maximum likelihood (ML) methods. BI was performed in
MrBayes v.3.2 (Huelsenbeck and Ronquist, 2001) for 10 million gen-
erations; the trees were summarized after removing 25% burn-in.
Average standard deviations of split frequencies were 0.033860 for the
COI-derived tree, and 0.030280 for the 18S rDNA tree. ML was carried
out in PHYML v.3.1 (Guindon and Gascuel, 2003), with bootstrap va-
lues calculated by 1000 replicates. Final trees were visualized and ex-
ported using TreeView v.1.6.6 program (Page, 1996).

Statistical significance of the proposed host specificities was for-
mally tested for several lineages. More specifically, we tested alorani
and offshoot of apionodes 11 for which we suggested secondarily estab-
lished strict host specificity after switching to a new host, A. agrarius
(see Results), and four additional lineages (apionodes I, apionodes II,
jerfinica, and uptoni) for which the data within our sample indicate
specificity either to Apodemus spp. or the subfamily Arvicolinae. In all
cases, we used a statistical model to test whether the host species re-
mains significant predictor of the parasite lineage even when possible
effect of sampling localities is taken into account. The test was done
using generalized linear mixed-effect models with binomial response in
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R platform (R Development Core Team, 2014) using the package lme4
(Bates et al., 2015), with host and locality as explanatory variables and
the presence of parasite lineage as a response.

2.6. Population genetics analyses

Since we obtained COI sequences of different lengths, we used the
following procedure to build an optimal set of haplotypes, i.e. the set of
sufficient sequence lengths on one hand and reasonable taxonomical
representation on the other. In the first step, we determined a maximum
length limit under which all lineages delimited by the preceding phy-
logenetic analyses (Figs. 2-4) were represented by several sequences.
We then removed all sequences shorter than the limit and trimmed the
remaining sequences to the limit length. With this procedure, we ob-
tained a matrix of 177 sequences 547 bp long. This matrix was used for
the reconstruction of haplotype networks in programs TCS v.1.21
(Clement et al., 2000), PopART v.1.7 (http://popart.otago.ac.nz;
Bandelt et al.,, 1999), and the calculation of diversity indices in
DnaSP v.5 (Librado and Rozas, 2009). For the Apodemus-associated
lineages, we estimated within-lineage differentiation due to host spe-
cificity by calculating GammaST, a measure of genetic distance between
populations (Nei, 1982), among the samples from different hosts using
the DnaSP program. For this comparison, we only considered the
groups containing at least three samples collected from a single host
species.

Finally, we wused the BEASTv.1.8.2 program package
(Bouckaert et al., 2014) to estimate the relative ages of the lineages. For
the time calibration, we used a relative scale with the “age” of the root
set arbitrary to 10. This procedure allowed for the results interpretation
in both relative scale and a putative absolute scale. Within the relative
framework, we could compare relative “ages” of all lineages to the
obviously young alorani offshoot, without assuming specific ages. In the
putative absolute framework, we used the estimate of A. agrarius age
(4.5 mya; Sakka et al., 2010) as upper bound for the age of the alorani
lineage. We based this putative calibration on the evolutionary scenario
we derived from our phylogenetic analysis and the host specificities of
the lineages (details in Results and Discussion). Briefly, we conclude
that the alorani lineage originated by switching from A. flavicollis/
sylvaticus to A. agrarius, after the latter host species spread into Europe
from the Far East, and cannot therefore be older than A. agrarius itself.
The analysis was done under the GTR + T + I model with the mole-
cular clock set at the lognormal relaxed mode. By checking for con-
vergence in the Tracer v.1.6.0 (http://beast.bio.ed.ac.uk), we even-
tually ran the analysis for 35 mil. generations. We then discarded 25%
of the trees and created a consensus of the remaining samples. We
prepared graphical representation of the tree in the FigTree program
v.1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/) and applied the
node relative ages from the BEAST results.

3. Results
3.1. Sampling

In total, 1 515 individuals of Apodemus spp., 200 of Microtus spp.,
and 364 of Myodes glareolus were collected within the period of
2006-2014 from an area covering 13 European countries and the west
of Russia (Figs. 1, S1, S2a—c, Table S5). Of these samples, 680 (32.7%)
were Eimeria-positive. Hosts of the positive samples were determined
using both morphological and molecular methods. For the Eimeria
samples from Apodemus, we obtained 165 sequences of the COI gene
and 74 sequences of the SSU gene (see Table S2). For the Eimeria
samples from Arvicolinae, we obtained 36 sequences of the COI gene
and 37 sequences of the SSU gene (see Table S2). Furthermore, we
obtained several Eimeria sequences from other small mammals
(Crocidura sp., Mus sp., Neomys sp., and Sorex araneus). These sequences
were included in the analyses to improve the sample background.
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3.2. Phylogeny

The COI analyses yielded well-resolved trees with a strongly sup-
ported inner structure (Fig. 2). The same topologies were obtained
under the GTR + I' + I model and the codon-based model. The trees
obtained via the SSU analyses were compatible regarding their main
features with the COI trees, but they were less resolved (Fig. 3). Con-
catenation of both matrices yielded a tree similar to the topology based
on 18S rDNA, however, the kaunensis lineage remained preserved there
(Fig. S1). From the evolutionary point of view, the most notable feature
of the trees was the taxa clustering being strongly influenced, but not
entirely determined, by the taxonomic position of the host organisms.
Eimerians collected from the two rodent groups investigated here, i.e.
Muridae (represented by the genus Apodemus) and Arvicolinae (re-
presented by the genera Microtus and Myodes), clustered in several well-
formed and supported lineages. For the clarity of the following de-
scription and discussion, we delimited three dominant monophyletic
lineages of these eimerians (Fig. 2). Since this delimitation was in close
agreement with the established morphology-based taxa (species), we
designated these lineages by the species names, i.e. jerfinica, uptoni and
apionodes. In apionodes lineage, we designated individual sublineages as
apionodes 1-1V, as well as morphospecies alorani and kaunensis, para-
phyletic in respect to apionodes (Fig. 2).

Of these lineages, two strictly Apodemus-specific lineages created
monophyletic phylogenetically distinct groups, corresponding to jerfi-
nica and uptoni. The rest of the lineages, encompassing the majority of
the Eimeria samples, clustered as a monophyletic group with the pos-
terior probability 1, and its sister group composed of three closely re-
lated sequences of Eimeria from Mus and Heliophobius. The host speci-
ficities of these lineages varied considerably. Interestingly, a tendency
to a switch from Arvicolinae- to Apodemus-specificity could be seen
within this cluster of lineages (Fig. 2). The most basal lineage apionodes
I was entirely Arvicolinae-specific. Of the other lineages, the kaunensis,
apionodes 111, and apionodes IV were formed by a mix of samples from
various host groups (i.e. Muridae, Arvicolinae, and a single sample from
Cavia porcellus), with the more recent lineage (apionodes IV) prevailed
by the Apodemus samples. Finally, two derived offshoots (apionodes I
and alorani) were only Apodemus-specific, and the alorani lineage/spe-
cies was even specific to a single Apodemus species, A. agrarius (Fig. 2,
Table S2; for statistical test see Table S6).

This latest pattern strongly suggests a recent host switch from the A.
flavicollis/A. sylvaticus (Af/As) to A. agrarius (Aa). In the tree derived via
BEAST during calculations of relative ages, the arrangement of the
lineages corresponded to that in the BI tree, except the switch between
lineages apionodes II and kaunensis (Fig. 4). The COI-derived topology
described above was compatible with the 18S rDNA based trees, except
for six samples (designated AF 15_CZ7, AF 47_CZ9, AS20.1T63, AF
92D DE47, AA B2A4 BG71, and AA 21655_SK36) showing conflicting
positions; in all cases, these samples originated from mixed infections
(as established by microscopical examination) and phylogenetic dis-
crepancies were thus most likely due to amplification of different spe-
cies/lineage for each genetic marker.

The sampling presented here covered a large part of Europe, from
western France to eastern Bulgaria, and from southern Finland to
southern Italy (Figs. 1, S2, S3a—c and Table S1). Within this area, the
eimerian lineages varied slightly in their distribution, but showed
considerable overlaps (Figs. 1 and S3a—c). Due to these many overlaps,
all sampled areas were inhabited by multiple parasite lineages. Often
the samples with the same host specificity, but of different phylogenetic
position, were collected sympatrically, even at the same localities. An
interesting geographic pattern was found for the eimerian lineages with
the host switch from Af/As to Aa hosts. While in the less diversified
lineage apionodes II the Aa samples were distributed inside the area of
the Af/As samples, in the more diversified lineage apionodes IV the Af/
As and its sister alorani Aa samples were collected from mutually dis-
junct localities (Fig. 5).
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Apart from these lineages of the main interest (i.e. the Apodemus/
Arvicolinae-associated samples), our data set also included samples
from other rodent and non-rodent hosts. With one exception, all of
these samples clustered outside the Apodemus/Arvicolinae-specific
clusters. Some of them formed independent clusters based on their host
characteristics, such as poultry-specific cluster, rabbit-specific cluster,
or bird Isospora-specific cluster. However, few of the samples were
unique by their origin (i.e. no other samples from the same host were
available), and their phylogenetic clustering is thus difficult to inter-
pret. The most peculiar case was E. caviae, the only sample which did
not originate from the Apodemus/Arvicolinae hosts but clustered within
one of the Apodemus-specific cluster (Fig. 2). Since the molecular data
on eimerians from the same or closely related host are not available, we
do not make at this point any evolutionary speculation and focus on the
well-formed and supported Apodemus/Arvicolinae-specific clusters.

3.3. Population genetics

When collapsed into haplotypes, the set of the above mentioned 177
COI sequences (see chapter 2.6. in Material and Methods) yielded 45
unique haplotypes (Table $2) which split into two uncoupled networks
and several isolated haplotypes when evaluated under the criteria of
statistical parsimony as implemented in the TCS program (Fig. S4). The
larger and substantially more complex network corresponded to the
node A designated in the Fig. 4. The cohesion of this network, i.e. the
low number of missing haplotypes, suggested that the sampling effec-
tively covered relatively recent continuous diversification. This allowed
for a reliable inference supporting the two independent switches to A.
agrarius from the Af/As lineages (Figs. 2, 4 and 5). Their recent oc-
currence was further supported by a comparison of the relative ages of
the lineages; e.g., the estimated relative age of the alorani lineage (3.5)
was roughly one third of the whole tree depth (10) (Fig. 4). Apart from
these topology-based arguments, a strong genetic barrier rising during
the switch between Af/As on the one hand, and Aa on the other, was
clearly reflected by the GammaST estimates within jerfinica, the only
lineage with Aa samples considerably intertangled with Af/As. Of the
three interspecific comparisons, the genetic differentiation expressed by
GammasST is considerably lower between Af and As than differentiation
between either of these species and Aa (Fig. 4).

4. Discussion

The phylogenetic trees and population networks show that Eimeria
from several rodent genera form a remarkably complex system. The
gross picture reveals three notable tendencies: (1) a strong genetic/
phylogenetic structure in which well supported clusters are determined
by specificities to different host groups, (2) polyphyletic arrangement,
i.e. multiple origin, of the rodent-specific clusters within the Eimeria
phylogeny, and (3) repeated host switches within the rodent-specific
clusters (i.e. among closely related haplotypes) which may become
rapidly fixed. The two former features are in line with several recent
studies (e.g. Stefka and Hypsa, 2008; Power et al., 2009; Stefka et al.,
2009; Kviferova and HypS$a, 2013; Pineda-Catalan et al., 2013;
Kvicerova et al., 2014; Ogedengbe et al., 2018) contradicting the tra-
ditional view of host specificity as a conserved and phylogenetically
important parameter. The third feature is derived from the population-
level analyses. In our opinion, it provides the most important con-
tribution of the presented data to the conception of host-parasite coe-
volution.

Apart from these genetic features, it is interesting to note that
compared to many other groups of parasites, the eimerian groups stu-
died here display a surprising concordance between their taxonomy
based on morphological features and the phylogenetic relationships
inferred from molecular data. This is documented in the Table S4 that
lists distinct sets of oocyst morphological features, corresponding to
some of the previously described Eimeria species, which can be
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Fig. 1. Distribution of individual Eimeria lineages across the sampled localities. Symbols are attributed to the hosts, colours are attributed to the parasites.

attributed to the genetically-delimited lineages. However, apart from
this general fit, the distribution of morphological traits across the tree
also shows several peculiarities. For example, coccidia from the lineage
corresponding to the kaunensis morphotype possess oocyst residuum
(OR) but cluster within the group B, typical by its absence (Fig. 4). The
other two rodent-specific Eimeria possessing OR (i.e. E. cahirinensis and
E. callospermophili) cluster at a distant position within the tree (Fig. 2).
This finding, rejecting the hypothesis of two distinct rodent Eimeria
lineages based on the presence/absence of OR (Zhao and Duszynski,
2001a,b)), further demonstrates the effect of sampling effort, and hence
the representativeness of the sampled material, on the phylogenetic/
evolutionary inferences. Below, we discuss in more details the observed
patterns and their possible consequences for the host-parasite coevo-
lutionary concept.
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4.1. Host specificity at the phylogenetic level

The non-monophyletic nature of the samples confirms and further
extends our previous observation based solely on eleven samples of the
Apodemus-associated Eimeria (Kvicerova and Hypsa, 2013). However,
due to the considerably larger number of samples (182 Apodemus-as-
sociated samples + 56 Arvicolinae-associated samples) a consistent
picture of the parasites’ distribution across their hosts and geographic
ranges can now be drawn from the data. Thus, unlike our previous
study, none of the samples presented here forms a single-sequence
“orphan” lineage. All of the clusters containing eimerian parasites from
Apodemus and/or Arvicolinae hosts form monophyletic groups com-
posed of at least 8 sequences. This shows that each of the Apodemus-
associated samples represents a specific branch, not just a random non-
specific infection.
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Fig. 4. Divergence times and genetic differentiations calculated by the BEAST package and DnaSP. The numbers at the nodes show relative “ages” of the lineages (see
Material and Methods), the bars at the nodes represent posterior probabilities values and 95% credibility intervals.

Although the Apodemus/Arvicolinae-associated lineages branch in a
non-monophyletic manner among the eimerians from other hosts, they
all retain affinity to these rodent groups. An interesting example of the
relationship between the host specificity and genetic structure is pro-
vided by the Eimeria associated with Af/As, and the Aa. Within the
apionodes group, the Aa samples form two well-defined and strictly
specific clusters, contrasting to the entirely intermixed sequences from
Af and As. For these two clusters, the observed restriction to a single
host proved statistically significant (i.e. not determined by the locality;
see Table S6) for the alorani lineage composed of 26 samples, while it
was nonsignificant for the less numerous offshoot of the apionodes I
(n = 7). This arrangement, at least in the alorani lineage, is likely to
reflect different evolutionary histories of the three Apodemus species.
Two of them, Af and As, are closely related species of the subgenus
Sylvaemus (Martin et al., 2000; Michaux et al., 2002) which separated
around 4 million years ago (Michaux and Pasquier, 1974), and after
Quaternary climatic oscillations recolonized the Europe from their
southern refugia (Michaux et al., 2005). Currently, they co-occur in
sympatry or even in syntopy throughout the majority of their European
distribution (Michaux et al., 2005). In contrast, the distribution of
phylogenetically distant Aa (subgenus Apodemus) overlaps with Af/As
only in the eastern part of their geographical distribution (Suzuki et al.,
2008). An analysis by Sakka et al. (2010) shows that populations of A.
agrarius create a very complicated system with several main foci, the
probable Quaternary refugia. China, Russian Far East, and Korea re-
present important centers of diversification for this species. Its eastern
population covers southern parts of the Russian Far East, China, Korea,
and Taiwan. The western population, isolated from the eastern one by
several biogeographic barriers, is distributed across Kazakhstan, Kyr-
gyzstan, the Caucasus, and the Balkans, and reaches central Europe.
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Unlike the demographically stabilized eastern group, the western po-
pulation shows clear signatures of a recent expansion (Sakka et al.,
2010). Based on the dating, both Suzuki et al. (2008) and Sakka et al.
(2010) suggest that colonization of the central Palaearct may have
taken place around 175 000-190 000 years ago. The hypothesis, that
only a single population lineage has penetrated into Europe, is sup-
ported by the genetic and molecular analyses (Filippucci et al., 2002;
Suzuki et al., 2008).

It is reasonable to suppose that the Aa-specific lineages, e.g. the
alorani branch, did not originate before the first waves of A. agrarius
reached Europe. Therefore, considering the Sakka et al. (2010) dating
of the A. agrarius origin in the Far East region (4.5 mya; see Material
and Methods) and the delay of its expansion to Europe and hypothetical
origin of the alorani group (shown in Fig. 4), the strictly Apodemus-
specific branches described here seem of relatively recent origin in
comparison to the suggested ages of the Af/As taxa (Michaux et al.,
2005; Suzuki et al., 2008). The current patterns of phylogeny/specifi-
city shown here thus seem to reflect recent evolutionary events
(switches, adaptations), rather than stable long-term coevolution. These
events resulted in origin of several lineages with different degree of host
specificity, ranging from a single host species to several host genera.
This makes the system of European Eimeria in rodents a promising
model for investigating the diversification/speciation processes on the
ecological scale.

4.2. Host switches and specificity at the population level
The pattern of genetic differentiation between Af/As and Aa sam-

ples is further strengthened by the situation in the jerfinica group. Here,
although the samples from A. flavicollis, A. sylvaticus and A. agrarius are
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maps.

mixed, rather than forming distinct lineages, the differentiation test
reveals barriers among the species. Of the three pairs of differentiation,
the two involving A. agrarius (GammaST 0.46 for Af vs. Aa, and
GammaST 0.22 for As vs. Aa) are considerably stronger than the Af/As
differentiation (GammaST 0.14). Repeated genetic differentiation be-
tween the Af/As and Aa samples poses an interesting question about the
underlying mechanism. No simple answer would fully explain the ob-
served patterns. Since the Aa-specific samples clearly represent host
switches, phylogenetic/genealogic constraint can not be responsible for
this barrier. Neither can simple ecological parameters provide an ex-
planation, as some of the Aa samples were obtained from the same
localities as the Af and As samples, even during a single collection. In
theory, a sampling bias, e.g. insufficient sampling effort, could result in
an erroneous inference of seemingly host-specific haplotypes or
lineages, such as the two Aa-specific offshoots. However, as shown in
the Figs. 1 and 5, the Aa-specific samples were collected from a broad
geographic range, shared with the Af/As samples. This provides evi-
dence of long-maintained genetic separation of these groups in sym-
patry and shows that the Aa clusters are not artifacts of sampling just a
local temporary subpopulation. It 