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Annotation

Parasites represent one of the most common ecological strategies and host-parasite coevolution
belongs among the major processes governing evolution of biodiversity on the global scale.
Genetic structure and diversity of populations of parasites and their hosts, and their genetic
connectivity are the key elements in long-term population survival and evolution.

Host switches often disturb the parallel evolution of interacting taxa, even in highly host-
specific parasites. Evaluation of importance of the degree of intimacy between parasites and
hosts is not a trivial task, because evolutionary patterns observed today were formed by an
interplay of many (sometimes previously unforeseen) historical and ecological factors. To
reveal the mechanisms of coevolution between parasites and their hosts, inter- and intra-specific
genealogical structures in three model systems were analyzed: namely, the sucking lice
Polyplax serrata and Apodemus hosts, chewing lice of the genus Menacanthus and
endoparasitic coccidean genus Eimeria from Apodemus mice.
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1. Introduction
1.1 Coevolution of parasites and hosts

Host-parasite co-evolution belongs among the major processes governing evolution of
biodiversity on the global scale. Initially, cospeciation of both interacting organisms was
considered as the main driver of reciprocal evolution (Hafner a Nadler, 1990). With increasing
numbers of reconstructed genealogies congruence between topologies of parasites and their
hosts occured, but many discrepancies were detected (Paterson and Banks, 2001; Ricklefs et
al., 2004; Hoberg and Brooks, 2008; Agosta et al., 2010). At inter-specific level researchers
revealed a variety of patterns from strict co-speciation to the lack of co-divergence and frequent
host-switching, even in species tightly linked to their hosts. The notion of parasites as passive
partners entirely following evolutionary history of their hosts changed and parasite’s own
biological traits and other factors independent of hosts have been taken into account (Paterson
and Banks, 2001; Ricklefs et al., 2004; Hoberg and Brooks, 2008). Four main mechanisms
generating incongruencies have been proposed (Page, 1994): 1) During host switching parasites
are transmitted to a new host species. 2) Duplication of parasites happens when parasite
speciates without speciation of its host. 3) In the case of sorting event one lineage of parasite is
lost on a shared host species. Alternative explanation of the same evolutionary pattern is missing
the boat, when the host speciates without infestation of the parasite. 4) the last mechanism,
known as colonization, presumes speciation of the host without speciation of the parasite. Even
though all evolutionary explanations of discordance were intuitive and clearly described, in
many cases it was not trivial to differentiate between them and to identify the correct mechanism
via comparing phylogenies of interacting taxa, in the absence of well-founded empirical data.
Authors mostly decided from supposed tendency of the parasite to incline to one mechanism
based on the knowledge of its bionomical traits.

Host-parasite structure mainly reflected combination of two aspects; geographic range of both
parasites and their hosts and host-specificity. Current geographic distribution of many species
was influenced by climatic changes during their evolution, particularly, quaternary glaciation
had crucial impact on geographic ranges of organisms in the Palearctic (Webb et al., 1992).
Most parts of Europe were forestless and uninhabitable for many temperate species. Organisms
survived harsh conditions in isolated refugia, especially in Iberia, Apennines and Balkans in the
south and in western Russia in the east (Bilton et al., 1998), where independent diversification
and speciation processes took place. After the glaciation species recolonized previously
inaccessible central and northern parts of the continent (Avise, 1997). Thus, present
genealogical structure of many mammalian species as well as their parasites was formed by
these historical, nonuniform evolutionary events.

Host-specificity played important role in host-parasite interactions as one of the bionomy
dependent parameters, together with direct vs. indirect life cycle and the presence or absence
of free-living life stages (Page et al., 2003). It was expected that parasites with direct life cycles
(and often highly adapted to their hosts) developed narrow host specificity (i.e. Nieberding
2004; Hosokawa et al., 2006), whereas multihost parasites were an artefact of insufficient
sampling or assumed to be split into cryptic lineages when analysed with molecular methods
(i.e. Jousson et al., 2000; Demanche et al., 2001; Dowling et al., 2003; Brooks et al., 2004).
Another traditional hypothesis postulated that parasites evolved from host generalists to host
specialists (Eichler et al., 1941). Studies of ectoparasites demonstrated that even in parasites
with high level of intimacy frequent host switches disturbed cophylogenetic signal. In addition
to that, existence of generalists in phylogenies was documented as well as the ability of host



specialists to diversify several times independently (Johnson et al., 2009, 2011). Evidence of
specialization as being not a one-way street process (or an evolutionary dead-end) with parasites
highly adapted to their hosts at the expense of ability to harbour another host lead to
establishment of new theories. One hypothesis, named ,,oscillation theory®, proposed that
diversification of an organism was maintained via phases of host expansion across geographic
range followed by specialization/host race formation during periods of geographic isolation
(Janz and Nylin, 2008). Phenotypic plasticity of the parasite maintained by temporary
oscillations in the host population enabled parasite to become generalist again if ecological
opportunities occurred.

1.2 Population genetics of parasites and their hosts

To understand the mechanisms influencing host-parasite interactions with precision, studying
population genetics and dynamics became necessary. Populations are formed and maintained
by various factors such as geographic distribution, climatic changes and life strategies.
,,Geographic mosaic theory* predicted an interplay between local adaptation and gene flow
connecting geographically structured populations. Parasites could interact in different ways
with different hosts in different geographic parts of its range. The mosaic distribution enabled
local adaptations to emerge or disappear depending on the level of gene flow and the presence
or absence of interacting species/hosts (Thompson and Fernandez, 2006). The theory could
work hand in hand with ,,ecological fitting™ hypothesis in the sense that ecological fitting
elevated diversification established via local adaptions to new hosts and in some cases promoted
isolation from other populations (Agosta et al., 2010). Overall diversification in parasites was
driven by host ,,oscillations* and range shifts together with the mixing of host populations. All
mentioned aspects provided opportunities for ecological fitting of parasites. The theory
presented a dynamic process rather than an end point one, a process influenced by current level
of gene flow between populations of parasites and hosts.

Genetic structure and diversity of populations, and their genetic connectivity are the key
elements in long-term population survival and evolution, and in the origin of new species.
Despite the fact that parasites represent one of the most common ecological strategies (Price
1980), majority of our knowledge on the population processes generating genetic diversity is
derived from the studies on free-living organisms. The generally accepted view holds that
species occupying large interconnected habitats tend to possess larger, more diverse
populations, whereas species with isolated populations and/or recently bottlenecked species
show reduced diversity (Allendorf et al. 2013). However, even in continental, highly mobile
species, the level of local genetic diversity may differ and gene flow between the populations
may be affected by moderate environmental differences, such as in the case of populations of
passerines wintering in Europe(Lemoine et al. 2016).

In parasites, particularly in those with life-cycles closely bound to their hosts, as for example
the parasitic lice, the host represents the sole parasite’s environment. In such cases, the parasites
typically develop a strong narrow host specificity, and their population structure, diversity, and
speciation events are supposed to be strongly, or even entirely, influenced by their host. At
phylogenetic level, this results in a parallel evolution, which may result in almost perfect fit
between the host’s and parasite’s genealogies (Hughes et al. 2007; Light and Hafner, 2008).
Mostly, host switches supressed the co-evolutionary signal, a phenomenon found even in highly
host-specific parasites (Ricklefs et al. 2004; Banks et al. 2006). For example, in the sucking lice
Polyplax arvicanthis and mice of the genus Rhabdomys in South Africa, du Toit et al. (2013)
found that two sympatric lineages of Polyplax arvicanthis showed only limited congruencies
with their hosts.



Similarly to discordances in host-parasite co-phylogenies, possible mechanisms causing
genealogical discordances between populations of parasites and their hosts have also been
discussed among parasitologists and key aspects were formulated (Toon and Hughes 2008; Lion
and Gandon 2015, Wasimuddin et al. 2016). Several significant factors affecting the level of
congruence in host-parasite interactions are connected with the host; especially its geographic
range, vagility and social behaviour. On the other hand, the prevalence, life history and
ecological traits of the parasites are supposed to play the same or sometimes even greater role
in the coevolution. Degree of intimacy of every host-parasite model system could not be
unambiguously predicted, because factors that were previously assumed as irrelevant
performed an important task. This was for instance illustrated by Engelbrecht et al. (2016) in
their study on a temporary parasite Laelaps giganteus, where authors found significant co-
diversification pattern between mites and Rhabdomys mice, even though Laelaps mites spend
most of their life off the host in their nests (Mullen and O’Connor 2002). Among the reasons,
why Laelaps mites show seemingly higher level of intimacy than the permanent Polyplax lice,
could be the limited dispersal abilities of mites due to their low abundance and prevalence on
the hosts. Recent studies indicated the relevance to focus on parasites’ population genetics and
dynamics, and their main aspects for revealing coevolutionary patterns. Population structure
and diversity of parasites determined several elements, such as effective population size or life
history traits (Keeney et al., 2009), host dispersal abilities (e.g. Stefka et al. 2009; van Schaik
et al. 2014), shared demographic history (e.g. Stefka et al. 2011, Kvag et al. 2013), feeding
strategy (Jousson et al., 2000), and host-specificity (e.g. Archie and Ezenwa 2011; Booth et al.
2015).

Nadler (1995) emphasized the consequence of host spectra on forming populations of parasites
in his work. According to him, generalists possessed larger effective populations due to greater
“habitat” size than the host specific parasites occupying only single host species. In other words,
multihost parasites were supposed to possess shallower population structure due to more
opportunities to disperse. Despite the Nadler’s idea could be seen in parasitological literature
for decades (whether in the form of a formulated theory or as a rather vague statement), only a
few empirical studies were performed to support the theory to date, such as a study of two
pinworm species from the Carribean possessing different widths of host spectra (Falk and
Perkins, 2013).

Koop et al. (2014) postulated another interesting idea formulated in their “hosts as islands”
hypothesis. Authors concentrated on a shallow level of population structure in parasites
(structure between host individuals). They predicted that limited contact between host’s
individuals creates a barrier restricting gene flow between infra-populations of their parasites.
As a result populations of the parasites were fragmented to a greater degree than those of their
hosts and more prone to the effect of genetic drift.

To provide satisfactory evidence to support or disapprove coevolutionary concepts described
above, more studies performed on population level are necessary. The few models examined in
detail indicate that coevolutionary processes in host-parasite systems may display a surprisingly
high complexity: even in closely related lineages the genealogy and population structure may
not reflect the most apparent biological features. This has been shown, for example, in a
genealogical study on the human associated lice of the genus Pediculus (i.e. Reed et al. 2004).
Pediculus formed two genetically distant lineages, but the division did not correspond to the
two species based on morphology - Pediculus humanus corporis and Pediculus humanus
capitis. While one lineage represented a ‘‘capitis’’ form dispersed mainly in the New World,
the other lineage composed of admixture of both ‘‘capitis’’ and ‘corporis’’ forms with a
worldwide distribution. A similar pattern of “random” changes of bionomical features have



been confirmed during a previous research in our laboratory on a phylogenetic/genealogy scale
in two additional host-parasite associations, the lice of the genus Polyplax (Stefka and Hypsa
2008) and the tapeworm Ligula intestinalis (Stefka et al. 2009). In addition to the genealogical
component, the population level of host-parasite coevolution also involves many demographic
aspects, such as estimation of migration rate and gene exchange, or tracing of the population
size changes. During the last decade, methodological approaches in this research area
experienced rapid advancement (Johnson et al., 2013; Sweet et al., 2018; Hooper et al., 2019)
and they now allow for inferring complex demographic and phylogeographic scenarios form
various types of genomics data. Although proved to be extremely useful in general host-parasite
system, these concepts have only rarely been interconnected for parasites, hosts and symbiotic
taxa.

1.3 Model organisms

1.3.1 Apodemus mice

Apodemus mice are considered amongst the most common small mammals in Palearctic region.
Out of the 20 recognized species about one half occupies a variety of habitats in Europe.
Interestingly, two (or even more) species of the genus often coinhabit and show resource
partitioning (Suzuki et al., 2008). This phenomenon is also typical for the two most prevalent
European species: Apodemus flavicollis and A. sylvaticus. Even though their ecological
preferences slightly differ, they live syntopically across large part of their distribution.
Furthermore, they possess similar phenotypes sometimes causing precise species determination
a problem. Despite many shared features between both species, they reacted on Quarternary
glaciation in a notably different manner. Iberian Peninsula served as a refugium for A. sylvaticus
from which it recolonized western and northern Europe. A. flavicollis did not survive there, but
it spent glaciation era in fragmented areas of Balkan region, where A. sylvaticus suffered genetic
bottleneck (Michaux et al., 2005). A. agrarius is another generalist forest inhabitant common
in the temperatate zone of Palearctic with an interesting evolutionary history. The species
originated in Asia, then it expanded during the last 200 000 years from Far East Russia to
Germany in the west, Finland in the north and Greece and Italy in the south (Suzuki et al.,
2008). Such complex history of Apodemus mice influenced not only population genetics of
particular Apodemus species themselves, but, at the same time, also the genealogies of their
parasites.

1.3.2 Polyplax serrata lice

Lice of the genus Polyplax parasitize a wide range of rodent hosts throughout the world. The
species of Polyplax serrata was described from two rodent genera and one genus of insectivores
(e.g. Durden and Musser 1994), but it was predominantly found on Apodemus mice across
Palearctic region (e.g. Kristofik 1999, Kristofik and Dudich 2000). According to coevolutionary
principles the phylogenies of lice, as permanent ectoparasites, should mirror that of their hosts.
From the pilot study of Stefka and Hypsa (2008) it emerged that Apodemus mice influenced
relationships among haplotypes of Polyplax, but not in an easily interpretable way. Population
structure of the parasite based on 1 mtDNA and 1 nuclear gene was much more complex than
was previously estimated and consisted of 3 clades diverging in the degree of host-specificity
and geography. The authors described a host-specific clade B with 40 sequences from a single
host, A. flavicollis, then a less specific clade A with haplotypes frequently collected from both
A. flavicollis and A. sylvaticus, and a clade C with A. agrarius as the major host, less frequently
found on A. uralensis. Clade B occurred in the Czech Republic and Slovakia, clade A partly



overlapped in distribution, but expanded to western Europe as well, and clade C had area
restricted to the eastern part of Czech Republic and to Slovakia. Age of the separation of clades
A and B was estimated to 1.5 Mya, approximately 2.5 Mya after the split of A. sylvaticus and
A. flavicollis. Hence, the speciation event probably happened as a consequence of parasite’s
lineage duplication during fragmentation of populations during quaternary glaciations. Whether
the three clades represent different species or whether the authors only uncovered an event of
past isolation with possibility of recent admixture of lineages remained a question, which only
more extensive sampling across Europe and more informative genetic tools could resolve.

1.3.3 Menacanthus eurysternus

Cosmopolitan chewing lice genus Menacanthus comprises of 98 species that parasitize more
than 460 bird species belonging to seven orders (Price et al., 2003; Bansal et al., 2012). More
than one third of the lice (36 species) live on passeriform birds and possess quite narrow host-
specificity. Among them 10 species are monoxenous (restricted to single host species), 25
stenoxenous (narrow range of potentional host) and the only exception is Menacanthus
eurysternus known from 170 passerines and 8 woodpeckers (Price et al., 2003). Whereas
majority of Menacanthus louse species feed on detritus of skin and feathers of birds, M.
eurysternus belongs among haematophagous insects, which, together with its high prevalence
on hosts (about 60 % according to Chandra et al., 1990), could influence health condition of its
hosts (Agarwal et al., 1983). Phthirapterists are not uniform about taxonomic status of M.
eurysternus. On one hand, several authors consider M. eurysternus a complex of several species
(Fedorenko, 1983; Banks and Paterson, 2005), on the other hand, Price et al., (2003) described
it as one euryxenous (multihost) species.

At the time this thesis was commenced, only a few mtDNA gene sequences of Menacathus
eurysternus were available in Genebank, with relatively low level of differences among
nucleotide positions (4-7%). That was surprising in respect of the distant geographic origin of
samples and general unrelatedness of their hosts. This pattern was counterintuitive in
amblycerans, in which louse lineages with unrelated hosts typically showed higher levels of
divergence. Similarity of sequences does not exlude a possibility of deeper population structure
in M. eurysternus influenced more by other key factors than host-specificity. Genetic
reconstruction of the genus, with particular attention to the multi-host species of M. eurysternus
was required not only from the taxonomic point of view, but at the same time it had a potential
to serve as a rare model for studying the evolution of host-specificity.

1.3.4 Genus Eimeria as frequent parasite of Apodemus mice

Genus Eimeria was considered as the most numerous coccidian genus with more than 1700
species described from various hosts across the world, about 400 harbour rodents (Duszynski
and Upton, 2001). It has paraphyletic origin with respect to several Cyclospora and Isospora
species (Carreno and Barta, 1999; Franzen et al., 2000; Modry et al., 2001). Eimerians were
often monoxenous parasites that infest gastrointestinal tract and were transmitted by faeces of
the parasitized animals. New hosts were infected by ingestion of sporulated oocysts
(Duszynski et al., 1999).

Previous work revealed complex patterns between Eimerians and Apodemus mice, with several
species found on broader range of hosts while others parasitize only one host species (Kvicerova
and Hypsa, 2013). Together with clearly polyphyletic origin all the explicit facts predestined
them as a suitable model for studying host-switching and evolution of host-specificity.



1.4. Aims

The main objective of the thesis is the exploration genealogical structure, intraspecific variability
and genealogical relationships within populations of the selected models. The influence of host-
specificity and geographic factors on gene flow and structure of populations of the parasites will be
evaluated. Main aims of the thesis are as follows:

1. To characterise of new polymorphic microsatellite loci in Polyplax serrata

2. a) To Approve/disapprove mtDNA integrity and host specificity of Polyplax lineages according
to Stefka and Hypsa, 2008 with extended sampling material and multilocus markers b) to compare
population structures of Polyplax lice and Apodemus hosts c) to evaluate differences in population
structure of sister S and N clades in the sense of Nadler’s rule

3. a) To reconstruct genealogy of Menacanthus chewing lice and compare it with morhological
determination of species b) to concentrate on two Menacanthus species differed in the width of host
spectra and evalute possible mechanisms influenced population structure of both taxa

4. To reconstruct the topology of Apodemus-associated eimerians together with eimerians from
Arvicolinae rodents and interpret observed patterns with respect to host-specificity and geography

2. Summary of results
2.1 The Polyplax serrata and Apodemus mice model

To elucidate recent events connected with the emergence of louse population structure,
multilocus markers were considered as appropriate tools. Enriched microsatellite libraries were
constructed with two different approaches, initially the protocol of Fleisher and Loew (1995)
was used, later on supplemented with the commercial NGS service (Genoscreen, France).
Altogether 16 loci polymorphic in one louse population were composed to 4 multiplexes and
tested on two populations from the host-specific lineage of P. serrata (S) and two populations
from the nonspecific lineage (N) (MS no.1l; Table 1). Eleven loci deviated from Hardy
Weinberg equilibrium (HWE) in at least one tested population, one locus (PS 42) was excluded
from further testing because of deviations across the studied set. Linkeage disequilibrium (LD)
was found in 6 and 7 loci in German populations of the S and N lineages apparently due to
hidden genetic structure caused by the usage of an elevated number of louse specimens per host
individual (restricted gene flow between infrapopulations). Deviations from HWE and observed
LD could be caused by inbreeding of multiple generations of lice on single host individual
followed by reduction of heterozygotes and lowered diversity where genetic loci are inherited
in linked blocks. In some cases null alleles could stand behind lower heterozygosity as well.
Pairwise FST distances reflected mtDNA subdivision of Polyplax serrata with lower
differences between populations within S or N lineages in comparison to higher distances
between populations from different lineages. Apparent connectivity between patterns seen in
mtDNA and microsatellite data determined microsatellites as the appropriate genetic marker
for further population study of the lice.

Following the pilot study of Stefka and Hypsa (2008) mitochondrial cytochrome oxidase I
(COIl) from another 430 specimens of lice sampled across 14 European countries (MS no.2;
Fig. 1) were added to the dataset gained by the authors cited above. Resulting 126 haplotypes



split into 3 well supported lineages already described in previous work (MS no.2; Fig. 2).
Relationships between the specific S (previously lineage B), nonspecific N (lineage A) and
A. agrarius Aa (lineage C) clusters remained unresolved with the short 381 bp fragment of COI,
therefore longer COI sequence together with 3 nuclear genes were used and confirmed S and N
lineages as sister taxa (MS no.2; Fig. S1). Even though the lice from S and N clusters lived
sympatrically across large geographic area, N lineage did not show clear geographic
substructuring (MS no.2; Figs. 2, S3), wheras strong structure was detected in the S lineage.
The S cluster was divided into two subgroups, named Seast and Swest, with almost exclusive
geographic areas except for a narrow suture zone in the nort-west of the Czech Republic (MS
no.2; Figs. 2, S4). The third, Aa, lineage was found only in Eastern Europe mostly on Apodemus
agrarius and A. uralensis (MS no.2; Figs. 2).

To complement genetic information on the parasites with information on the hosts,
mitochondrial Dloop from 229 Apodemus flavicollis and 92 A. sylvaticus were sequenced.
A. flavicollis tree was split into two distinct lineages Af: and Af,, which largely overlapped in
their distribution, but differed in abundance (MS no.2; Figs. 3, S5). A. sylvaticus composed of
3 clusters; Asi and As, cooccurred across western Europe and Iberian Peninsula, and Ass
(paraphyletic with respect to Asy) was concentrated on Italian-Balkan peninsulas (MS no.2;
Figs. 3, S6).

Nucleotide diversity statistics corroborated the geographic differentiation visible within louse
lineages using phylogenies and haplotype networks. Diversity statistics suggested that Polyplax
populations spread from glacial refugia experienced initial genetic decline and expansion
afterwards. On the other hand, demographic fluctuations within host species were much less
pronounced. Major lineages of A. flavicollis and A.sylvaticus had high levels of haplotype
diversities and haplotypes within clades of both species were largely geographically admixed
and created panmictic populations (MS no.2; Tables S2, S3).

Microsatellite multiplexes constructed for P. serrata in MS no.1 were used as an alternative
source of information. All loci were polymorphic in at least 15 out of 32 screened populations,
with up to 11 alleles per locus and population (MS no.2; Table S5). As expected, lice showed
low levels of heterozygosity (MS no.2; Table 2) and absence of heterozygotes lead to
deviations from HWE (MS no.2; Table S6), more frequent in the specific lineage S than
nonspecific one (N). Possible presence of null alleles in some loci was indicated, but even
revised values of genetic diversity differed only marginally in chosen populations (MS no.2;
Table S7), so all loci were retained for further use. Pairwise Fst displayed wide range of genetic
differences between populations with values 0.04 — 0.65 measured in the S lineage and 0.1 —
0.39 in the N lineage (MS no.2; Table S8).

Multilocus markers were applied for host taxa as well. For A. flavicollis 12 loci were adopted
from Harr, Musolf, and Gerlach (2000) and Aurelle et al. (2010), 7 of them were shared with
A. sylvaticus. For the latter species 17 loci were analyzed (10 exclusively for A. sylvaticus). All
loci showed sufficient rate of polymorphism in both species (MS no.2; Table S9). In most
populations 1-4 loci deviated from HWE (MS no.2; Table S10). Pairwise Fst values ranged in
A. flavicollis 0.03 — 0.47; in A.sylvaticus 0.04 — 0.59 (MS no.2; Table S8).

PCoA analysis of microsatellites of louse and host populations detected much deeper population
structure in P. serrata compared to Apodemus mice. Lice split to clusters according to main
MtDNA lineages with the exception of one population, CZLi05N, that belonged to nonspecific
lineage N mitochondrially, but PCoA on nuclear data showed its affiliation to the S lineage
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(MS no.2; Fig. 4). Distance based methods and Bayesian clustering confirmed the same
patterns (MS no.2; Figs. S8, S9). In PCoA analyses of individual genotypes, individuals within
Sand N lineages from geographically neighbouring samples were often considered as
genetically closely related ones, and lice from the same localities usually created compact
clusters. On the other hand suture zone within S lineage apparent from mtDNA genealogy was
not detected. Multilocus analyses of seven loci shared by both host species confirmed clear
genetic separation of A. flavicollis and A. sylvaticus. Pattern revealed by intraspecific PCoA did
not follow clustering into mtDNA lineages and mouse individuals were much more admixed
when compared with lice. The same analysis performed using population data instead of
individuals showed several clusters that not reflect either mitochondrial tree subclades or
biogeographical patterns (MS no.2; Fig. S11). Bayesian and distance based methods revealed
similar results (MS no.2; Figs. S9, S12).

Results of isolation by distance (IBD) performed with Mantel test differed with the statistics
used and lineage (in lice) or species (in hosts) analysed. IBD measured using pairwise Fstwas
statistically significant only for A. sylvaticus, Gst showed significant values in A. sylvaticus and
Polyplax S lineage and Djost in Polyplax S (MS no.2; Figs. S13, S14). Comparing correlation
between pairwise Euclidean distances of individuals within Sand N lineages and their
geography, significant IBD was revealed in Polyplax S (MS no.2; Fig. 5). Autocorrelation
coefficient r, estimated the impact of IBD in dependence on different geographic scales, was
calculated separately for Polyplax S and N and A. flavicollis and A. sylvaticus. Both parasites
and hosts were influenced with positive significant autocorrelation that declined with increasing
distances (MS no.2; Fig. S15). The highest coefficient measured between neighbouring
populations were two times greater in parasites than in hosts and ten times lower in A. flavicollis
compared to A. sylvaticus.

Lineages of P. serrata were used as represetatives of generalist (N lineage) and specialist (S
lineage) parasites for the verification of Nadler’s rule. The hypothesis assumes specialistsshow
deeper genetic structure (higher values of Fst) and limited chances to disperse (lower level of
H index) compared to generalists. Fst index showed significantly higher values for the S lineage
(0,46) than N lineage (0,241) and, conversely, the H index was markedly lower in the S (0,389)
than N (0,587) lineage. More detailed examination of genetic diversity of the parasites,
performed on seven pairs of sympatric S and N populations collected across Europe, revealed
the same pattern as was visible in the summary data for each lineage (MS no.2; Fig. 6).

All results obtained for the parasites and hosts supported the general view that parasite’s
genealogy was strongly determined by that of their hosts, but also that parasites possessed lower
genetic connectivity and deeper structure. On the other hand, the model system of
Apodemus/Polyplax revealed a variety of other complex and intriguing patterns. In lice, even
the closely related sister lineages N and S, living sympatrically across many European
countries, differed in many aspects. The most striking was the absence of S lineage on
A. sylvaticus that seemed to be the consequence of adaptive contstraints rather than
insufficiency of chances to harbour (host switch) another host. Differences between host
specificity in sister species impacted their uneven population structures.

Current distribution of Apodemus sylvaticus and A. flavicollis corresponded to the well
described recolonization processes in Europe after Quaternary glaciation. Mice spread to
northern and western parts of the continent from their southern and easten refuia and formed
admixed populations at most places. Counterintuitively, Polyplax lice did not always mirror the
tendencies of their hosts despite the intimacy of their relationship. The most conspicuous



conflict arose between the genealogies of A. flavicollis and Polyplax S lineage. Despite mice
created panmictic population across the sampled area, lice from different refugia met in Central
Europe where the expansion stopped forming a narrow mtDNA contact zone. The inability to
identify the same suture zone with microsatellites could be explained by different level of
information captured by the highly polymorphic loci that mirror the current degree of gene flow
across the zone, but do not detect more ancient events.

Sand N lineages should be considered as different taxonomic units due to clear mtDNA and
nuclear genetic separation. Despite this fact the two lineages are not entirely resistant to
occasional gene flow. One case of probable mitochondrial introgression was found at one
locality, where two mitochondrially separated populations from S and N lineages clustered
together to the S lineage using multilocus nuclear data. Since lice possess small genomes and
fragmented populations, they are susceptible to genetic drift that leads to faster fixation of
unoriginal haplotypes. On the other hand, introgression could be hardly traced with genetic
markers after a few generations of back crossing which could explain the uniqueness of the
observed event.

Overall deficiency of heterozygotes in Polyplax lice, mainly caused by limited levels of gene
flow, even over short distances, supported the idea that host dispersal is the main driver of
genetic diversity in this host/parasite system. Statistics comparing S and N lineages supported
Nadler‘s rule. Lice from the N lineage, the representative of a generalist parasite, possess better
chances to find convenient hosts and disperse more easily than a specialist parasite, the single
host S lineage. Apparently even these relatively mild differences in host specificity can lead to
significant changes in genetic characteristics between populations of parasites.

2.2 The Menacanthus model

In the study we demonstrated the existence of big differences in host-specificity between
species of Menacanthus lice that could be only partially explained with ecology of their hosts.
On population structure of multihost species M. eurysternus we provided evidence that
geography served as the main driver of the genealogical structure rather than relatedness of bird
hosts. Two convenient markers, mitochondrial cytochrome oxidase | and nuclear EF-1a, were
used for the reconstruction of phylogeny and genealogy in Menacanthus lice. Phylogeny of
mtDNA gene resulted in well supported clades with Menacanthus cornutus from domestic
chicken nested at the base of the tree together with a sequence of Menacanthus sp. from a cracid
host obtained from Genebank (MS no.3; Fig. 1). The rest of the ingroup divided into two
supported units, named after the earliest described species as ,,curuccae* and ,alaudae*.
Morphologically determined species mostly corresponded with monophyletic lineages, with
one exception of the Menacanthus takayamai, which was paraphyletic with respect to M.
sinuatus and M. eurysternus (MS no.3; Fig. 2). Altogether 14 louse species differed markedly
in the width of their host specificity. Whereas most of the species were harboured by only one
bird family, Menacanthus obrteli and M. eurysternus differed from the rest with their wide
variety of hosts. The former species not only confirmed its legitimacy as valid taxon (Sychra et
al., 2008) with its basal position in the ,,curuccae® clade, but more importantly it was shown to
be capable of infesting an even wider host spectrum than was previously known. The M. obrteli
cluster consisted of haplotypes from turdid, parid, laniid and locustelid birds on top of the Savi’s
warbler as the only previously described host. M. eurysternus, as expected by Price et al. (2003),
created a monophyletic lineage located terminally in the ,,curuccae® clade. Its lice were found
on 63 bird species from 12 families of passeriform and piciform orders sampled at 15 localities
across Europe, Asia, the Neotropics and Africa. Thirteen new host associations were found.



Topology of EF-1a showed weaker phylogenetic signal that lead to lower resolution between
clades. M. stramineus branched at the base of the tree together with two haplotypes from turdid
and picid hosts (MS no.3; Supplementary Fig. S1). Chicken body louse (M. stramineus) had
been before determined only from phasianid birds (Price et al., 2003). Compared to the mtDNA
tree, M. cornutus created sister clade to ,,alaudae* group and the positions inside ,,alaudae“
clade differed, but both dissimilarities lacked support. More importantly, terminal clades
formed the same species lineages as in COI phylogeny.Concatenated alignment (MS no.3, Fig.
3) resembled COI topology with the exception of a different branching inside ,,alaudae‘ group,
which was, however, without any statistical support.

Haplotype networks were reconstructed for the two most numerous species, M. eurysternus and
M. camelinus, to compare their intraclade (intraspecific) population structures. Diversities of
their host spectra (MS no.3; Fig. 4 A,B) and geographic origin (MS no.3; Fig. 4 C,D) were
mapped on networks to assess their influence on genealogies. M. camelinus, as a representative
of monoxenous parasite, showed little sequence variation, with majority of haplotypes from one
bird species, Lanius collurio, sampled from two European countries, Bulgaria and Sweden. One
specimen found on an atypical host, Turdus merula, shared the same haplotype with three lice
from L. collurio. With regard to the rarity of such host switch we considered the louse from T.
merula an accidental straggler. We did not find any correlation between genetic structure and
geographic origin of the samples, probably because the lice homogenize on wintering grounds
of their bird hosts, where the birds share relatively small place. Contradict to the expectancy,
M. eurysternus as euryxenous parasite showed only moderately higher sequence diversity than
M. camelinus. M. eurysternus haplotype network was split into two distant lineages, one from
Prinia subflava, of African origin, and the second formed by the rest of lice from Europe, Asia,
Central America and 2 other hosts from Africa. Genealogy of the haplotypes did not mirror
relationships between host taxa. Moreover, 2-3 families of hosts shared the same haplotypes in
one third of the cases. The complex structure was rather influenced by geographic origin of the
lice than by host taxonomy. Except 1 haplotype from 2 distant localities in Palearctic, the
majority of haplotypes consisted of 1 or 2 countries from the same sub-continent. NCPA
analysis confirmed that several intraspecific events in M. eurysternus were connected to
geographic-determined origin (MS no.3; Fig. 5). Obtained information suggests that
overlapping distribution and similar habitat preferences of the birds play major role in forming
the genealogy of louse.

Evolution of Menacanthus lice did not undergo a co-speciation process, which is described in
some amblyceran taxa that parasitize narrow spectra of birds (e.g. Hughes et al., 2007). Instead,
frequent host switching occurring in the evolution of Menacanthus, contradicts together with
several other studies (i. e. Johnson et al. 2011, Booth et al. 2015) the traditional dogma about
parasites - their tendency to specialize on their host(s) further and futher in evolution. Processes
with opposite directory (from specialist to generalist) evolved at least in 3 lineages; M.
eurysternus, M. obrteli and M. stramineus. Menacanthus lice formed complex species
genealogies with representatives of all spectra of host-specificity; from monoxenous M.
camelinus to the multihost M. eurysternus. This nonuniformity of Menacanthus lice
predetermines them to serve as model organism for further research.

2.3 Eimeria from Apodemus
Eimerians from Apodemus mice supplemented with specimens from Arvicolinae rodents served

as suitable model for studying relatively recent host switching events and for investigating
possible directions of evolution in host-specificity.
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Phylogeny based on COI sequences from175 Apodemus mice, 36 Arvicolinae representatives
and several specimens from other small rodents resulted in a well resolved tree with supported
inner relationships (MS no. 4; Fig. 2). Eimerians from Apodemus, Microtus and Clethrionomys
created several clusters, where three main lineages were in concordance with morphological
determination of the taxa and named after them as apionodes, uptoni and jerfinica. Another two
clusters of subspecific structure of apionodes were assigned according to morphology as
kaunensis and alorani, and the rest was named with Roman numerals I-1V. Host specificity of
the lineages differed markedly, with uptoni and jerfinica as examples of specialists with affinity
only to Apodemus genus and apionodes group with variety of relationships. Apionodes group
showed the tendency of conversion from Arvicolid to Apodemus mice. Samples of the most
basal Apionodes | parasitize only arvicolid mice, clusters kaunensis, apionodes Il1 and IV were
formed by a mixture of samples from various host groups and 1V differed with only Apodemus
samples. Apionodes Il and alorani as derived offshoots had affinity only to Apodemus mice,
and the latter lineage went further and was harboured by only 1 species of Apodemus, Apodemus
agrarius.

In geberal, the tree of 18S rDNA showed the same pattern as COI phylogeny, with only a few
samples contradicting the mtDNA tree (MS no. 4; Fig. 3). All of them came from mixed
infections, so the main obvious explanation was amplification of different Eimerian lineages
with each marker.

Interesting geographic aspect was found between lineages with the same host specificity but
distant phylogenetic origin. Many of them were gathered at sympatric localities. On the other
hand, geographic contrast was observed among lineages, where Eimeria switched from Af/As
to A. agrarius host. While in apionodes Il, A. agrarius samples were nested inside Af/As
localities, in case of apionodes IV with affinity to Af/As and alorani specific for Aa both
lineages had exclusive distributions without overlap. Haplotype network of apionodes group
nicely depicted the differences described above (MS no. 4; Fig. 5). Relative ages in BEAST
topology indicated recent origins of both host-switches from Af/As to Aa (MS no. 4; Fig. 4).
GammaST statistics revealed genetic barriers between Af/As and Aa within Apodemus specific
clusters with highest values within the jerfinica lineage (MS no. 4; Fig. 4).

The study confirmed polyphyletic nature of Eimeria harboured by Apodemus mice and revealed
cases of frequent host switches between specific taxa, followed by fast fixation. Part of
apionodes group indicated sequential restriction of host-specificity within the inner structure
terminated with alorani lineage as the representative of a specialist. On the contrary, some taxa
showed inverse direction of the extension of hosts (i.e. lineages apionodes Il1, apionodes 1V).
Eimerian genealogy gave us another piece of evidence that host-parasite systems are rather
maintained by a dynamic process than long - termed stationary coevolution.

Quantification of the genetic diversification between Af/As and Aa in Eimerians restricted to
Apodemus hosts revealed interesting pattern of emerging genetic barrier in jerfinica samples
connected to each host species, in contradiction to the picture of mixed samples from Af/As/Aa
seen in phylogenies. GammaST was markedly higher between Af/Aa and As/Aa (0,46; 0,22)
than Af/As (0,14). The alorani went further with its separation from Af/As and created
morphological adaptations that distinguished them from apionodes 1V. Evident repetitive
tendency of Eimeria to switch towards Aa evoked questions about the mechanism standing
behind these observed events. The mechanism remained unknown with the current knowledge,
but ecological or physiological differences between hosts seemed the most intuitive.
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3. Conclusions and future goals

Presented research of Polyplax and Menacanthus lice and Eimeria coccidenas helped to
untangle several interesting problems in the field of co-evolution of parasites and hosts,
particularly the role of host specificity and dispersal affecting population processes at the finer
genealogical scale. However, new crucial questions have arisen, for example: what stands
behind the allopatric mtDNA distribution of Seast and Swest Polyplax lineages and prevents
the lice to admix, unlike their host A. sylvaticus, which is panmictic ? Financial accessibility
of Next Generation Sequencing (NGS) methods allowing in depth genomic screening of the
populations should help us to reveal mechanisms underlying co-evolutionary processes of the
lice and their hosts and at the same time concentrate on the concept of microbiome, treating
host and associated microorganisms as a single unit influenced by selection. With the discovery
of Legionella polyplacis as the symbiont of P. serrata and its biotin operon as the source of
vitamins for lice, the possibility of occurrence of symbiont-mediated barrier exists. The idea is
based on the known phenomenon that symbiotic bacteria can play important role in genetic
incompatibility between insect populations. Preliminary amplicon sequencing results,
performed by laboratory colleagues, found deep inter-population microbiome differences in
Polyplax, with particularly aberrant microbiome composition at the “contact zone”.
Microbiome theory would be useful also in the Menacanthus model, in the sense of screening
all possible symbiotic candidates playing role in the adaptation processes towards the ability of
some species to successfully feed on blood.

In Eimerians only the west-most region of A. agrarius distribution area were sampled and the
results might only reflect the change of eimerian fauna at the contact of this species with the
most common European species, A. flavicollis and A. sylvaticus. Investigation of A. agrarius
from further localities in the east will be necessary to track possible shifts to the original fauna
(be it abrupt change or more gradual mixing).
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Abstract: Polymorphic microsatellite loci were characterised for two louse species, the anopluran Polyplax serrata Burmeister, 1839,
parasitising Eurasian field mice of the genus Apodemus Kaup, and the amblyceran Myrsidea nesomimi Palma et Price, 2010, found on
mocking birds endemic to the Galapagos Islands. Evolutionary histories of the two parasites show complex patterns influenced both
by their geographic distribution and through coevolution with their respective hosts, which renders them prospective evolutionary
models. In P. serrata, 16 polymorphic loci were characterised and screened across 72 individuals from four European populations that
belong to two sympatric mitochondrial lineages differing in their breadth of host-specificity. In M. nesomimi, 66 individuals from three
island populations and two host species were genotyped for 15 polymorphic loci. The observed heterozygosity varied from 0.05 to
0.9 in P. serrata and from 0.0 to 0.96 in M. nesomimi. Deviations from the Hardy-Weinberg equilibrium were frequently observed in
the populations of both parasites. Fst distances between tested populations correspond with previous phylogenetic data, suggesting the

microsatellite loci are an informative resource for ecological and evolutionary studies of the two parasites.

Keywords: ectoparasite, population genetics, coevolution, Polyplax, Myrsidea, evolution, Europe, Galapagos

Parasitic lice (Phthiraptera) represent long-standing
models for the study of host-parasite co-speciation. Many
species of sucking lice (Anoplura) and two chewing louse
suborders (Amblycera and Ischnocera) have been scruti-
nised with molecular methods to reveal complex evolu-
tionary histories. These range from strict co-speciation
to completely decoupled host-parasite phylogenies (e.g.
Johnson and Clayton 2004, Demastes et al. 2012, Mizuko-
shi et al. 2012) and offer a unique opportunity to study the
microevolutionary processes associated with the parasite’s
dependence on its host and geographic distribution.

Multilocus markers are a critical source of population
genetic data necessary to tease apart the different patterns
generated by these processes. With the exception of hu-
man louse (Leo et al. 2005, Ascunce et al. 2013), such data
are still scarce and little is known about the genetic back-
ground of louse populations. Recent microsatellite stud-
ies include work on Degeeriella regalis Giebel, 1866, an
ischnoceran louse parasitising Galapagos hawks (Koop et
al. 2014) and preliminary data on two additional chewing
louse species, Colpocephalum turbinatum Denny, 1842
and Geomydoecus ewingi Price et Emerson, 1971 (Peters
et al. 2009, Nessner et al. 2014). In the present study, we

extend this set by characterising polymorphic microsatel-
lite loci in two more louse species, the anopluran Polyplax
serrata Burmeister, 1839 and the amblyceran Myrsidea ne-
somimi Palma et Price, 2010. These lice have been the sub-
jects of recent co-evolutionary research (Stefka and Hypsa
2008, Stefka et al. 2011) and have the potential to serve
as a model for microevolutionary studies of host-parasite
interactions.

Polyplax serrata belongs to a cosmopolitan family
Polyplacidae parasitising rodents (Light et al. 2010). It is
found almost exclusively on the field mice genus Apode-
mus Kaup, and exceptionally on some other rodent taxa
such as Clethrionomys glareolus (Schreber) or Microtus
arvalis (Pallas) — Kristofik and Lysy (1992). Polyplax ser-
rata, together with its hosts, occurs in the whole of Eura-
sia and has a complex population-genetic pattern that is
partly influenced by geographical structure and partly by
the host. According to Stefka and Hypga (2008), P. serrata
is composed of three mitochondrial lineages, one parasi-
tising two host species, Apodemus agrarius (Pallas) and
A. uralensis (Pallas) (lineage C), and two sympatric line-
ages that differ in the extent of their host specificity: line-
age A lives on two host species, 4. flavicollis (Melchior)
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and A. sylvaticus (Linneaus), whereas lineage B possesses
high affinity to 4. flavicollis. Given that lice from the line-
ages A and B occur in sympatry throughout Europe and are
composed of clearly distinct lineages, they likely represent
cryptic species. However, the original reconstruction of
their evolutionary history was based on short fragments of
mitochondrial cox/ and nuclear EF-1a genes (Stefka and
Hypsa 2008). These provide reliable information on past
isolation events, but may not be informative enough to in-
dicate recent processes (e.g. post-glacial admixture of the
lineages or recent fluctuations in population sizes).

The second model species, Myrsidea nesomimi, para-
sitises all four species of mockingbirds allopatrically dis-
tributed on the Galapagos islands (Mimus parvulus Gould,
M. trifasciatus Gould, M. melanotis Gould and M. mac-
donaldi Ridgway). Studying mitochondrial DNA diversity
of mockingbird lice from 11 islands, Stefka et al. (2011)
found co-phylogeographic patterns shared by the louse and
most of its host populations. The study, however, also re-
vealed several incongruences. For example, despite a re-
cent common origin of the neighbouring populations of an
endangered Floreana mockingbird, surviving on the islets
of Champion and Gardner by Floreana (Hoeck et al. 2010),
their louse populations were not related. Instead, the M. ne-
somimi population from Champion showed a closer rela-
tionship to populations from Santa Fe in the central part of
the archipelago.

For both model species, multilocus loci such as micros-
atellites could provide additional data critical for tracking
recent migrations of these parasites and help to delineate
the shape of the population structure in the parasite and its
host. The present study focused on the development and
characterisation of multiplex panels of genetically inform-
ative, polymorphic microsatellite loci (STR — short tandem
repeats) in both species of lice. Such tools will help to ex-
tend our knowledge on the population genetics of parasites
and detect historically recent events in the evolution of
these two louse species.

MATERIALS AND METHODS

Two strategies were employed to obtain sequences of candidate
microsatellite loci from the two louse genomes. First, the proto-
col of Fleischer and Loew (1995) was followed to construct the
microsatellite-enriched libraries, clone them into E. coli plasmids
and sequence them using Sanger sequencing. Due to a relatively
low number of loci obtained in this way, a second strategy based
on Next Generation Sequencing (NGS) was employed. Pooled
extracts of louse DNA were used for constructing enriched librar-
ies and sequenced with NGS technology (454, Roche, Brandford,
USA) in a commercial laboratory (GenoScreen, Lille, France).

The protocol described by Fleischer and Loew (1995) was
adopted with minor modifications (available upon request). Two
oligonucleotides, comprising 13 CA and 13 AT repeats, were used
to produce GT and TA microsatellite-enriched libraries. Both oli-
gos were biotin-labelled at the 5'end and a three-carbon spacer
was added to the 3'end (manufactured by Generi-Biotech, Hra-
dec Kralové, Czech Republic) to prevent the oligos from acting
as a primer in the subsequent polymerase chain reaction (PCR)
steps of the subtraction (Koblizkova et al. 1998). Following this

Folia Parasitologica 2015, 62: 016

Martinii et al.: Polymorphic microsatellite loci in two louse species

20

protocol, 120 and 68 microsatellite sequences were isolated for
P. serrata and M. nesomimi, respectively.

Sixty and 24 sequences (for P serrata and M. nesomimi,
respectively), for which stable primer pairs could be designed,
were selected for PCR testing. Structure of the microsatellite
and surrounding regions were used as guidelines when select-
ing the candidates. The primers were constructed manually in
PrimerSelect (DNASTAR, Madison, USA). The testing sample
included populations representing two sympatric lineages, A and
B, delimited by Stefka and Hypsa (2008) for P. serrata and five
Galapagos islands (Santa Cruz, Santa Fe, Espafiola, Champion
and San Cristobal) for M. nesomimi. One P. serrata individual per
population (French isolate from lineage A, Slovakian isolate from
eastern mitochondrial cluster of the lineage B and Czech isolate
from western cluster of the lineage B) were used to test success-
ful PCR amplification with the designed microsatellite primers.

The total volume of reaction was 10 pl, containing approxi-
mately 15 ng of template DNA, 5 pl of 2x QIAGEN Multiplex
PCR Master Mix (QIAGEN Multiplex PCR Kit, Qiagen, Hilden,
Germany), 2 ul 5x Q-Solution, and H,0. Forward primers were
labelled with 6-FAM fluorescent dye at the 5’end (Sigma Aldrich,
Praha, Czech Republic). The thermal profile for P. serrata was as
follows: 3 min at 94 °C followed by 29 cycles of 15 s at 94°C,
30 s at 58°C and 1 min at 72°C; the duration time of the final
extension was 15 min at 72°C. For M. nesomimi, the annealing
temperature was set to 55 °C and three individuals per each of the
five islands were tested. Five microlitres of each PCR product
were checked on a 2% agarose gel along with a 100-bp marker.
PCR products of loci that showed satisfactory amplification were
diluted to 1 : 10 and 1 : 100 and analysed on the ABI 3100 ge-
netic analyser (Applied Biosystems, Life Technologies Czech
Republic s.r.o0., Praha, Czech Republic). Using the PCR condi-
tions described above, five and four of the loci were found to be
polymorphic in at least one of the tested P. serrata and M. ne-
somimi populations, respectively (see Tables 1 and 2 for primer
description).

For NGS technology and selection of additional candidate
microsatellite loci, DNA pools were prepared from (a) a total of
15 individuals of P. serrata from A and B lineages, and (b) nine
individuals of M. nesomimi from the Santa Cruz population. The
genomic DNA was isolated using the QITAamp® DNA Micro Kit
(QIAGEN). The concentration and purity of genomic DNA was
verified spectrophotometrically by NanoDrop 3 (NanoDrop Tech-
nologies, Inc., Wilmington, Delaware, USA). Obtained DNA was
sent to GenoScreen for commercial NGS service GenoSat®. The
NGS service analysis resulted in 455 microsatellite loci candi-
dates in each species, containing di-, tri-, tetra-, penta-, and hexa-
nucleotide repeats of length varying between 90-320 bp. Ninety
loci containing various di- and trinucleotide repeat motifs were
selected for tests of successful PCR amplification on P. serrata
individuals from lineages A and B, as well as 34 loci in M. neso-
mimi on individuals from 5 islands. Conditions of PCR reactions
and visualisation of samples were the same as described above.

Out of 90 and 34 loci tested in PCR, 23 and 17 loci provided
PCR product of the expected size in individuals of P. serrata and
M. nesomimi, respectively. Louse extracts typically produce low
DNA yields allowing a limited number of PCRs, thus different
louse specimens were used to determine STR allele polymor-
phism for 454 obtained loci compared to the tests above. The
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candidate loci were tested using a fragment analysis with fluo-
rescently labelled primers for ten P. serrata individuals from one
German locality (lineage B) and ten individuals from one French
locality (lineage A). Out of these loci, 12 were excluded, either
due to failure to amplify PCR product in several individuals (po-
tential occurrence of null alleles), or because some loci were de-
tected to be monomorphic. In M. nesomimi, candidate loci were
tested using the same approach with ten individuals from the
Santa Cruz and Espafiola populations, respectively.

Finally, loci found to be polymorphic in at least one of the
screened populations were subjected to the tests of Hardy-Wein-
berg equilibrium (HWE) and Linkage Disequilibrium (LD) using
population sets of representative sizes. Eleven NGS obtained loci
polymorphic in P. serrata (2—11 alleles per locus), together with
five polymorphic loci gained from GT and TA libraries, were am-
plified in four multiplex PCR assays (the same conditions as for the
STR loci polymorphism above). Similarly in M. nesomimi, four
multiplex panels were created for 15 polymorphic loci (11 loci ob-
tained from the NGS screening and four loci from the GA and TA
libraries). Combinations of the markers used in the multiplexed as-
says are specified in Tables 1 and 2. For each panel, either different
dyes were used for loci that overlapped in size, or a single dye was
applied to PCR products of different sizes. PCR reactions were sent
to the commerecial service (Macrogen Inc. Korea and Netherlands,
Seoul, Korea) for fragment analysis. The GeneMapper v.3.7 soft-
ware (Applied Biosystems) was used for genotyping. In P. serrata,
the 16 loci were tested for genotypic equilibrium and deviations
from Hardy-Weinberg proportions. Seventy-two individuals com-
ing from two localities from lineage A and two localities from line-
age B (17 individuals from French lineage A, 15 from Baiersbronn
German lineage A, 21 from Baiersbronn German lineage B and
19 from Torgau German lineage B) were analysed to evaluate per-
formance of the markers (Table 1). In M. nesomimi, 66 individuals
from three island populations (28 individuals from Santa Cruz, 15
from Santa Fe and 23 from Espaiiola) were used (Table 2). Tests
for HWE and LD were performed online in the Genepop website
(http://genepop.curtin.edu.au/). Fst values between all population
pairs were calculated in Genalex 6.5 (Peakall and Smouse 2012),
using 9999 permutations to test the significance of the results.

All microsatellites were also tested with extracts of pure host
DNA to exclude possible cross-amplification with contaminant
host DNA from a bloodmeal or skin and other host tissues in the
louse gut.

RESULTS AND DISCUSSION

Levels of polymorphism detected in the tested popula-
tions (number of alleles, heterozygosity) and results of the
HWE tests are listed in Tables 1 and 2. In P, serrata, all
16 loci were found to be polymorphic in populations from
the lineage A (Germany Baiersbronn, France) with the
number of alleles ranging from two to seven. Populations
from lineage B (Germany Baiersbronn, Germany Torgau)
were monomorphic in two loci (PS-12, PS-53). Significant
deviations from HWE (P < 0.05) were observed in all four
populations: five loci deviated in Germany Baiersbronn
(lineage A) and six loci in Germany Baiersbronn (lineage
B), Germany Torgau (lineage B) and France (lineage A;
Table 1) populations. Overall, four loci were in HWE in all
test populations and only one locus (PS-42) deviated from
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HWE across the studied set (Table 1). We therefore suggest
that the PS-42 locus is excluded from further application.

All 16 loci were tested for LD, applying sequential Bon-
ferroni correction for multiple comparisons. The tests were
not significant for two populations, France lineage A and
Germany Torgau lineage B. Out of the 120 locus-pair com-
binations tested, seven showed significant deviation in the
Germany Baiersbronn lineage A (PS-GT72 and PS-53; PS-
42 and PS-41; PS-GT72 and PS-101; PS-53 and PS-101;
PS-42 and PS-12; PS-12 and PS-41; PS-GT72 and PS-42)
and six in the Baiersbronn lineage B (PS-GT43 and PS-16;
PS-GT43 and PS-101; PS-16 and PS-56; PS-101 and PS-
56; PS-GT43 and PS-56; PS-16 and PS-101). Positive LD
tests in the two populations may reflect a hidden genetic
structure caused by using up to seven louse individuals per
host individual (Koop et al. 2014). Louse populations in-
breed for multiple generations on a single host individual,
which may result in a sub-population with low diversity
and genetic loci inherited in linked blocks. In the popu-
lations from France and Germany (Torgau), a maximum
of two individuals per host were used, thus lessening this
kind of artifact. Whilst deviation from HWE due to a re-
duced number of heterozygotes is still present, the level
of LD in these populations is not significant. Fst pairwise
distances among the four populations correspond to the
mtDNA-based delimitation of the lineages: in all compari-
sons the within-lineage distances were lower (Fst = 0.206
and 0.230) than distances between the lineages, even for
the two sympatric Baiersbronn populations (Fst = 0.283 to
0.351). All Fst values were significant at P <0.001.

In M. nesomimi, all 15 loci were found polymorphic in
the Santa Cruz population and eight loci were polymorphic
across all three populations (Table 2). The levels of hetero-
zygosity were low in many loci and deviations from HWE
were frequent. Three loci (MNCT8, MNZ and MNZZ)
were in HWE across all populations and six to eight loci
were in HWE in different individual populations (Table 2).
Interestingly, only one locus (MNCH) deviated from HWE
in all populations. Such non-corresponding distribution of
polymorphism in the loci between populations indicates
a high degree of isolation between the three islands. We as-
sume that different loci were fixed for one allele or gained
mutations in the primer binding sites causing allelic drop-
out independently in the affected populations.

Five out of 105 locus-pair combinations calculated
across all M. nesomimi populations of showed moderate
deviation from LD (P = 0.05-0.01), but none of the tests
were significant after Bonferroni correction. Fst pairwise
distances between the populations correspond with the
geographic distribution of the host species. The distance
between Santa Cruz and Santa Fe populations sharing the
same host (Mimus parvulus) was lower (Fst = 0.179) than
distances between each of the two islands and the Espafio-
la population from Mimus macdonaldi (Fst = 0.393 and
0.214). All Fst values were significant at P < 0.001.

In conclusion, we characterised four multiplexed pan-
els of polymorphic microsatellite loci in each of the two
louse species and demonstrated their suitability for stud-
ies of population history. Low heterozygosity, observed in
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some loci-and-population combinations, points to possible
occurrence of null alleles. The impact of inner population
subdivision on HWE cannot be fully excluded; but we find
the null allele explanation more likely given the distribu-
tion of positive LD tests across populations. Samples in
each test population were isolated from the same host spe-
cies and, with the exception of the P. serrata Baiersbronn
populations showing positive LD tests, only one to two
lice per host individual were analysed to avoid inbred or
highly related individuals (see Koop et al. 2014). In each
species, different loci were usually out of HWE across test
populations indicating independent evolution of the popu-
lations for many generations. Fst distances between the test
populations reflected their respective evolutionary history
and/or host origin. Thus the microsatellite loci isolated
for P. serrata and M. nesomimi were shown to provide an
appropriate tool for investigation of population substruc-
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Abstract

A degree of host specificity, manifested by the processes of host-parasite cospecia-
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To understand these patterns and formulate appropriate ecological hypotheses, we
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need better insight into the coevolutionary processes at the intraspecific level, in-
cluding the maintenance of genetic diversity and population structure of parasites
and their hosts. Here, we address these questions by analyzing large-scale molecular

data on the louse Polyplax serrata and its hosts, mice of the genus Apodemus, across
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a broad range of European localities. Using mitochondrial DNA sequences and micro-
satellite data, we demonstrate the general genetic correspondence of the Apodemus/
Polyplax system to the scenario of the postglacial recolonization of Europe, but we
also show several striking discrepancies. Among the most interesting are the evolu-
tion of different degrees of host specificity in closely related louse lineages in sympa-
try, or decoupled population structures of the host and parasites in central Europe.
We also find strong support for the prediction that parasites with narrower host
specificity possess a lower level of genetic diversity and a deeper pattern of inter-
population structure as a result of limited dispersal and smaller effective population

size.

KEYWORDS

Apodemus, coevolution, dispersal, genetic diversity, host specificity, Polyplax

1 | INTRODUCTION

speciation processes are assumed to be strongly determined by their
host.

The formation and maintenance of genetic structure within popu-
lations are contingent upon an interplay of various factors, such as
environment, geographic distribution, life strategy, population his-
tory. In parasites, particularly in those with life cycles closely bound
to their hosts (e.g., parasitic lice), the host represents the parasite-
only environment. In such cases, parasites typically develop a strong

narrow host specificity, and their population structure, diversity, and

At an interspecific level, this results in a parallel evolution, which
may lead to an almost perfect fit between the host’s and the para-
site’s phylogenies (Hughes, Kennedy, Johnson, Palma, & Page, 2007;
Light & Hafner, 2008). In most cases, however, host switches blur
the cophylogenetic signal, even in highly host-specific parasites
(Banks, Palma, & Paterson, 2006; Ricklefs, Fallon, & Bermingham,
2004; du Toit, Van Vuuren, Matthee, & Matthee, 2013).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2018 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Possible processes causing such incongruences have often been
discussed in the parasitological literature, and a complex conceptual
background has been developed (Clayton, Bush, & Johnson, 2004;
Lion & Gandon, 2015; Page, 2003). For example, it has been sug-
gested that the biogeography, social behavior, and vagility of the
hosts affect the level of congruence in host-parasite equally or even
to a greater extent than the physiology and life history traits of the
parasite. However, estimating the degree of intimacy for a particular
host-parasite association is not a simple task. It may even be coun-
terintuitive, if previously unforeseen factors are involved in the inter-
action (e.g., the host abundance determining the parasite’s dispersal
ability; Engelbrecht, Matthee, du Toit, & Matthee, 2016). The key to
understanding a coevolutionary pattern is the investigation of the
parasites’ population genetics and dynamics and their main deter-
minants. At this intraspecific level, current research has shown that
parasite diversity and population structure are affected by several
factors, mainly shared demographic history (Nieberding, Morand,
Libois, & Michaux, 2004; Stefka, Hoeck, Keller, & Smith, 2011), host
dispersal capabilities affecting parasite gene flow (McCoy, Boulinier,
Tirard, & Michalakis, 2003; Stefka, Hyp3a, & Scholz, 2009; van
Schaik, Kerth, Bruyndonckx, & Christe, 2014), and the spectrum of
parasitized hosts (Archie & Ezenwa, 2011; Barrett, Thrall, Burdon,
& Linde, 2009). Nadler (1995) stressed the role of host specificity,
predicting that multihost parasites display a shallower population
structure due to having a better chance to disperse.

Several studies on the natural populations of parasite species
sharing sympatric hosts have addressed these issues, for example the
coevolutionary reconstruction of feather lice species with extremely
different host specificities (Johnson, Williams, Drown, Adams, &
Clayton, 2002) or the investigation of two generalist pinworms from
Caribbean reptiles (Falk & Perkins, 2013) or the analysis of popula-
tion sizes and selection in the bacterium Anaplasma (Aardema & von
Loewenich, 2015). These works often support Nadler's hypothesis
by showing that parasites with a stronger host specificity possessed
a more pronounced genetic structure. Research on a related topic
using generalist flea parasites (van der Mescht, Matthee, & Matthee,
2015) suggested that the tightness of the association between a
host and its parasite represents an important factor. However, while
in free-living organisms the effect of the ecological parameters and
their shifts on population genetics are well explored (Lemoine et al.,
2016), the extent to which even moderate changes in host specificity
shape the structure and genetic diversity of parasites remains largely
unknown.

In this study, we address the impact of host specificity on the
genetics of parasite populations using the sucking louse Polyplax
serrata and its hosts, mice of the genus Apodemus. The Apodemus
model possesses representatives with a different geographic and
ecological structure. The two most widespread species, Apodemus
flavicollis and A. sylvaticus, co-occur throughout the majority of
their European distribution in sympatry or even syntopy (Darvish,
Mohammadi, Ghorbani, Mahmoudi, & Dubey, 2015; Demanche
et al., 2015; Michaux, Libois, & Filippucci, 2005). They separated
more than 4 million years ago (mya) (Michaux & Pasquier, 1974)
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and responded differently to the Quaternary climatic oscillations
(Michaux et al., 2005). The nonuniform evolutionary history of the
two species also had an impact on the genealogies of their para-
sites, including endoparasitic helminths (Nieberding, Libois, Douady,
Morand, & Michaux, 2005; Nieberding et al., 2004), and ectopara-
sites such as the sucking lice of the genus Polyplax (Stefka & Hyp3a,
2008).

The basic genetic structure of the Polyplax/Apodemus system
(Stefka & Hypsa, 2008) shows this system to be a useful model for
studying coevolution through the analysis of population-level codi-
vergence and raises several interesting questions/hypotheses. At the
general level, Stefka and Hyp3a (2008) showed that the genealogy
and current geographic distribution of the lice were clearly coupled
with the evolutionary history and distribution of Apodemus hosts.
However, host specificity and phylogeographic patterns varied
across three main mtDNA-based lineages of the parasite (designated
as A, B, and C in Stefka and Hyp3a (2008)). Two lineages, A and B,
were more ubiquitous in their distribution and occurred in sympatry,
but differed in their degree of host specificities. Both clades shared
A. flavicollis as a common host and mostly occupied sympatric local-
ities in central Europe. However, Lineage A also parasitized another
species, A. sylvaticus, and was also found in western Europe (France
and United Kingdom). Due to the differences in host specificity, in
this study we refer to the two lineages as N (nonspecific, Lineage A)
and S (specific, Lineage B). The lice of Lineage C inhabited mainly A.
agrarius and A. uralensis occurring in the central and eastern regions
of Europe, and here, we refer to it as Lineage Aa. Stefka and Hypsa
(2008) also uncovered a lineage from A. peninsulae from central Asia
(Baikal Lake locality), hereafter referred to as the Ape lineage. Here,
using mtDNA and multilocus data we analyze the phylogeographic
and population genetic structures of an extensive sample from mul-
tiple European countries to answer the following questions: (a) Do
the mtDNA Polyplax lineages (Stefka & Hypsa, 2008) retain their
integrity and host specificity if analyzed with multilocus data from
considerably extended geographic sampling? (b) Do Polyplax para-
sites possess a stronger pattern of population structure compared to
their hosts as a result of increased mutation rates and small effective
population sizes (N,)? (c) Is host dispersal the determining factor of
the parasite gene flow? That is, do the parasitic lineages N and S,
with different levels of host specificity, follow Nadler’s hypothesis
(Nadler, 1995) in the sense of (a) deeper population structure in the
more host-specific lineage caused by lower dispersal opportunities,
and (b) significant differences in genetic diversity between sympat-

ric N and S populations?

2 | MATERIALS AND METHODS

2.1 | Host sampling and DNA isolation

Mice were captured in wooden snap traps. Apodemus tissue sam-
ples (ear or fingertips) were preserved in ethanol, and the mice were
examined for lice by visual checking and combing. Lice were stored
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FIGURE 1 Map of sampling localities.
Abbreviations: Af—Apodemus flavicollis,
As—A. sylvaticus, Aa—A. agrarius, Am—A.
mystacinus, Cg—Clethrionomys glareolus,
lat—latitude, lon—longitude

in 100% ethanol in the freezer. Field studies were carried out with
permits listed in the Supporting information Document S1. A total
of 2,352 specimens of Apodemus hosts were collected across 14
European countries during the years 2005-2015. A total of 216 mice
were infected with P. serrata resulting in a 9.18% prevalence. Host
and parasite samples of infected mice and a subset of noninfected
hosts covering a large part of the European continent (Figure 1,
Table 1 and Supporting information Table S1) were analyzed geneti-
cally. DNA extractions were performed with a QlAamp DNA Micro
Kit (Qiagen) into 30 ul of AE buffer. Louse skeletons were preserved
in 70% ethanol as vouchers. Host DNA was isolated from the host

tissue with a DNeasy Blood & Tissue Kit (Qiagen).

2.2 | DNA sequencing and population analysis

A fragment of the mitochondrial cytochrome oxidase subunit | gene
(COI, 379 bp) was amplified for 430 specimens of Polyplax serratalice
from 216 Apodemus hosts using primers L6625 and H7005 (Hafner
et al., 1994). These primers, reliably amplifying louse DNA samples,
were selected to provide a gross picture of population structure
across the whole sample set. For a better understanding of the re-
lationships among the main mtDNA lineages of lice, a longer frag-
ment of COI (1,027 bp), together with three nuclear genes VATP21
(304 bp), hyp (380 bp), and TMEDE®6 (215 bp), was obtained for se-
lected specimens of Polyplax (n = 25), using COI primers LCO1490
and H7005 (Folmer, Black, Hoeh, Lutz, & Vrijenhoek, 1994) and
nuclear primers published by Sweet, Allen, and Johnson (2014). A
description of the PCR reactions, thermal cycling conditions, and
sequencing is provided in Supporting information Document S1. A
mitochondrial D-loop region with the entire tRNA™", tRNAP™®, and
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the beginning of the 125 tRNA region (1,002 bp) was gained for 229
individuals of A. flavicollis and 92 specimens of A. sylvaticus with
primers 1, 2bis, 3, and 4 (Bellinvia, 2004) using the PCR conditions
described in Supporting information Document S1.

in GENEIOUS 8.0.2
(Biomatters, Ltd), collapsed into haplotypes using ALTER (Glez-
& Posada,
2010) and submitted to GenBank under accession numbers
MH723758-MH724187. Phylogenies were reconstructed by maxi-

mum likelihood (ML) and Bayesian inference (Bl). For all analyses, the

Obtained sequences were assembled

Pefa, Godmez-Blanco, Reboiro-Jato, Fdez-Riverola,

best-fit models (listed in Supporting information Document S1) were
selected according to a corrected Akaike information criterion using
jModelTest2 (Darriba, Taboada, Doallo, & Posada, 2012). For the lice,
Polyplax spinulosa was used as outgroup. For the hosts, Apodemus
sylvaticus and A. flavicollis phylogenies were rooted with three in-
dividuals of the other species (three of A. sylvaticus with A. flavi-
collis and vice versa). Bayesian (Bl) analyses conducted in MrBayes
3.2.4 (Ronquist et al., 2012) consisted of two parallel Markov chain
Monte Carlo simulations with four chains run for 10 million gener-
ations with sampling frequency of 1,000 generations. The conver-
gence of parameter estimates and their ESS values was checked in
software TRACER 1.6 (Rambaut, Drummond, Xie, Baele, & Suchard,
2018). Two and a half million generations (25%) were discarded as
burn-in. Maximum likelihood analyses were computed using PhyML
3.0 (Guindon et al., 2010) with 1000 bootstrap replicates to obtain
nodal support.

To explore population genetic patterns and compare them with
phylogeny derived results, we reconstructed haplotype networks,
calculated standard diversity measures, and performed hierarchical

AMOVA as detailed in Supporting information Document S1.
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TABLE 1 List of sampling localities providing numbers of samples analyzed for each organism and marker

No. of individuals analyzed per

No. of host individuals
analyzed per gene

gene
Country Abbreviation Polyplax lineage col
Bulgaria BG Aa 3
N 1
Croatia HR Aa
S
Czech Republic cz Aa 18
N 44
164
Finland FIN =
France F N 22
7
Germany D N 26
70
Hungary H -
Italy | N 10
18
Macedonia MK S 51
Poland PL Aa
N 4
Russia Ru Ape
Slovakia SK Aa 38
N 7
S 27
Serbia Srb N 1
S 9
Spain SP -
United Kingdom GB N 22
3

Micro Concat Host species D-loop Micro
6 Aa
Af 3
2 Aa
4 1 Af 2 2
Af 78 83
36 1 As 18 15
106 4
Af 1 4
27 3 Af 7
8 1 As 22 22
11 Af 55 50
41 2 As 5 5
Af 2
As 2
5 2 Af 7 8
14 1 As 8 5
44 2 Af 35 25
1 Af 5 2
2
5 1
31 Af 23 5
4 Aa
11 Au, Cg
Af 3
4 As 1 2
As 26 17
18 2 Af 1
Af 5 6
As 17 9

Notes. Abbreviations for genetic markers: Concat: concatenated dataset (COI+ three nuclear loci); Micro: microsatellites; N: nonspecific lineage; S:
specific lineage; Aa: lineage with affinity to Apodemus agrarius; Af: Apodemus flavicollis; As: Apodemus sylvaticus; Aa: Apodemus agrarius; Au: Apodemus

uralensis; Ape: Apodemus peninsulae; Cg: Clethrionomys glareolus.

2.3 | Microsatellite genotyping and
population structure

To analyze population structure and level of diversity in individ-
ual populations of the parasite and two of its hosts, microsatel-
lite loci were incorporated into the study. For 380 individuals of
Polyplax serrata included into the mtDNA analysis, sixteen micro-
satellite loci were amplified in four multiplex PCR assays devel-
oped by MartinG et al. (2015). All microsatellite loci were tested
for departure from the Hardy-Weinberg equilibrium (HWE) and

linkage disequilibrium (LD) between loci pairs for all populations
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(with n = 5 individuals) in GenAlEx 6.5 (Peakall & Smouse, 2012).
Micro-checker 2.2.3 was used to evaluate whether the observed
heterozygote deficiencies could be explained by the occurrence of
null alleles (Van Oosterhout, Hutchinson, Wills, & Shipley, 2004).
For Apodemus flavicollis and A. sylvaticus, seven microsatellite loci
were amplified in two multiplex assays, following Harr, Musolf,
and Gerlach (2000) and Aurelle et al. (2010).The additional five
loci exclusively specific to A. flavicollis, using multiplexes accord-
ing to Aurelle et al. (2010), and 10 loci exclusively specific to A. syl-
vaticus (Harr et al., 2000) were amplified to complement datasets
of each species. Altogether, 229 individuals of A. flavicollis and 92
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individuals of A. sylvaticus were genotyped and all sampled speci-
mens were also included in the mtDNA phylogenies. All loci were
tested for departure from HWE and for LD between pairs of loci in
GenAlEx 6.5 (Peakall & Smouse, 2012).

To determine whether populations of the parasite belonging to
the S, N, Aa, and Ape mtDNA lineages form matching clusters in their
nuclear data, or whether they admix, the multivariate technique of
principal coordinate analysis (PCoA) was computed from the genetic
distance matrix calculated across multiple loci for each pair of in-
dividuals. The same analysis was performed also on the population
level. PCoA together with an assignment test of S and N lineages was
performed in GenAlEx 6.5 (Peakall & Smouse, 2012). The PCoA as
described above for Polyplax was performed also for both Apodemus
species to reconstruct their population structure and to reveal the
level of integrity/mixing of individual mtDNA lineages within and
between populations. PCoA-based picture of population structure
was checked using other distance-based methods and Bayesian clus-
tering methods described in Supporting information Document S1
in detail.

46091
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2.4 | Distribution of genetic diversity in
Polyplax and Apodemus

To assess the influence of geographic distance on genetic related-
ness, Mantel tests (Mantel, 1967) were used to test for isolation by
distance (IBD) using microsatellite estimates of genetic differentia-
tion (Fgr, Ggp, and D o) and geographic distances separately for
both Polyplax lineages and both Apodemus species in the R package
adegenet (Jombart, 2008). Statistical significance was computed by
10,000 random permutations. Because the effect of IBD may play
different roles at different geographic scales, we analyzed the spa-
tial autocorrelation coefficient (r) for Polyplax S and N lineages and
both Apodemus hosts. The analyses were performed in GenAlEx
6.5 (Peakall & Smouse, 2012), where r was calculated for increasing
distance classes with a 95% confidence interval obtained by 1,000
bootstrap replicates and 10 000 permuted r values (Peakall, Ruibal,
& Lindenmayer, 2003; Smouse & Peakall, 1999).

The impact of host genealogy on the genetic structure of the
parasite was evaluated by correlating the F¢; (and Gg;) matrixes of

791 N2

FIGURE 2 Mitochondrial DNA phylogeny for 556 specimens of Polyplax serrata. Maximum likelihood phylogeny was obtained with
PHYML, statistical support (ML bootstrap/Bayesian posterior probability) is provided above nodes, supported clades (ML bootstrap higher
than 80%/Bayesian posterior probability above 0.95) in bold. Geographic distribution of Subclades N and S is provided using matching colors.
Abbreviations of clades and host species: N—nonspecific clade; S—specific clade; S, .,_western lineage of specific clade; S., ,—eastern
lineage of specific clade; Aa—Apodemus agrarius and uralensis clade; Aa—A. agrarius; Af—A. flavicollis; As—A. sylvaticus; Au—A. uralensis
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each of the Polyplax lineages and its host species using Mantel tests
in R package adegenet and GenAlEx 6.5 (Jombart, 2008; Peakall &
Smouse, 2012).

To determine the possible impact of host width (specificity) on
population diversity of the parasites, we analyzed differences in the
level of genetic diversity between S and N lineages of Polyplax using
microsatellite data. Fg; and gene diversity (H) indices were calcu-
lated for pairs for S and N populations that were collected at iden-
tical sites (sympatric populations) or at closely placed sites (within
30 km from each other). Seven population pairs from five European
countries matched these criteria and contained a sufficient number
of genotyped individuals (n > 3). F4; calculations were performed in
FSTAT 2.9.3.2 (Goudet 2002) with p-values determined by 10,000
permutations. H estimates were obtained in GenAlEx 6.5 (Peakall &
Smouse, 2012).

3 | RESULTS

3.1 | Phylogeny of Polyplax serrata and the
Apodemus species

Partial COl genes were sequenced for 430 louse specimens
and aligned with 126 sequences obtained by Stefka and Hypsa
(2008). Final mitochondrial dataset contained sequences of 556
Polyplax specimens (Table 1 and Supporting information Table S1).
Phylogenetic analyses of the short matrix (379 bp, 138 haplotypes)
clustered the lice into three well-supported lineages (Figure 2) de-
scribed previously by Stefka and Hyp3a (2008).

The S and N lineages were found in sympatry or at adjacent lo-
calities across a large geographic area (Figure 2). However, while the
N lineage did not show any clear geography dependent structure, an

intriguing geographic pattern was detected for the S lineage. This

lineage split into two well-supported subgroups with different, al-
most exclusive geographic distributions (except for a narrow over-
lap). These two subgroups are therefore designated as Specific East
(Sg,sp) @and Specific West (S.,)- The third main lineage (Aa) was only
found in the eastern part of Europe, concurrently with its primary
hosts (A. agrarius and A. uralensis).

The relationships between the N, S, and Aa lineages were not
well supported in the analysis of short COIl sequences, but could
be reliably established by analyzing 25 representative samples for
which longer COI sequences (1,027 bp) were concatenated with
three nuclear genes. This analysis clustered the S and N lineages as
sister groups (Supporting information Figure S1).

For the host, we obtained D-loop sequences from 229 A. flavicol-
lis and 92 A. sylvaticus samples. A. flavicollis phylogeny revealed two
phylogenetically distinct clusters (Af, and Af,) largely overlapping in
their geographic distribution (Figure 3) but differing in their abun-
dance. For A. sylvaticus, phylogenetic tree contained three clusters
(Figure 3). Two of them, As; and As, overlapped in their distributions
across western Europe; however, As; was found more frequently
across the whole area and extended also to central Europe and the
Iberian Peninsula. As, was paraphyletic with respect to the third lin-
eage, the Italian-Balkan clade As,,.

Genetic differentiation between the western and southeastern
samples of the lice demonstrated by the phylogenetic trees (Figure 2
and Supporting information Figure S1) and haplotype networks
(Supporting information Figure S2) is in accord with the nucleotide
diversity statistics (Supporting information Tables S2 and S3), sug-
gesting a recent spread of Polyplax populations from glacial refugia, ac-
companied by population decline and subsequent expansion in several
lineages. The demographic pattern in the hosts was less pronounced.
Haplotypes belonging to major clades within A. flavicollis and A. sylvat-

icus were geographically admixed, high levels of haplotype diversities

As .

As1

0.06

FIGURE 3 Mitochondrial DNA phylogeny for 229 specimens of Apodemus flavicollis and 92 specimens of Apodemus sylvaticus. Maximum
likelihood phylogeny was obtained with PHYML, statistical support (ML bootstrap higher than 50% Bayesian posterior probability above 0.6)
is provided above nodes, supported clades (ML bootstrap higher than 80%/Bayesian posterior probability above 0.95) in bold. Geographic
distribution of subclades Af,, Af,, As,, As,, and As, is provided using matching colors
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were obtained for lineages within both species, and fewer cases of
past demographic fluctuations were revealed (Supporting information
Figures S5 and Sé, and Supporting information Tables S2 and S3).

3.2 | Microsatellite diversity and structure in the
Polyplax-Apodemus system

The overall microsatellite diversity obtained for parasite and

host samples are summarized in Table 2; Supporting information

TABLE 2 Observed and expected
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=4 e W1 LEY-7

Table S5 and S8. For the lice, each of the microsatellite loci was
polymorphic in at least 15 of the 32 populations, with up to 11 al-
leles per locus and population (Supporting information Table S5).
Correspondingly to the low average heterozygosity (H,, Table 2), all
louse populations showed significant deviations from the Hardy-
Weinberg equilibrium due to heterozygote deficiencies in at least
one locus, but none of the loci was out of HWE across all popu-
lations (Supporting information Table S6). The deviations were

more frequent in the S lineage than in the N lineage. Micro-checker

heterozygosities for populations of PS S lineage PS N lineage A. flavicollis A. sylvaticus
oS s ks B W W W A KA KK
CZBen 0.131 0.417 0.667 0.552
CzCB 0.484 0.495
CzCM1 0.072 0.162 0.435 0.569 0.563 0.622
CZDou 0.219 0.285 0.583 0.709
CZJach 0.200 0.256
CZLi05 0.229 0.481 0.348 0.383 0.638 0.818
CZPI 0.323 0.508 0.571 0.679
CZStr 0.199 0.299 0.354 0.465 0.670 0.763
CZVyk 0.202 0.335
DBa 0.353 0.420 0.335 0.554 0.600 0.738 0.718 0.729
DKot 0.050 0.073 0.625 0.630
DKrei 0.741 0.741
DLau 0.088 0.181 0.660 0.752
DPin 0.604 0.641
DSol 0.161 0.274 0.735 0.722
DTor 0.218 0.269 0.740 0.734
EBa 0.687 0.848
FGu 0.110 0.348 0.472 0.608 0.639 0.767 0.574 0.631
FTou 0.451 0.545 0.638 0.793
Fin 0.542 0.503
GBAs 0.343 0.459 0.750 0.664
GBSc 0.250 0.297
GBSt 0.539 0.625 0.594 0.663
HRVS 0.328 0.363
IBri 0.174 0.403 0.668 0.748
IBu 0.396 0.405
ICiS 0.500 0.477
MK8 0.425 0.602
MK9 0.436 0.672 0.732 0.809
MK10 0.469 0.636 0.764 0.799
MK12 0.000 0.455
PLPu 0.141 0.373
SKPo 0.136 0.174
SKRuz 0.422 0.547
SrbSP 0.141 0.324
Average 0.207 0.354 0.402 0.492 0.657 0.709 0.647 0.715

Note. Population abbreviations as in Supporting information Table S1.
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Polyplax serrata (PCoA)
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FIGURE 4 Principal coordinate analysis (PCoA) of Polyplax serrata populations using microsatellite data. Colors match major lineages used
in Figure 2. Population sample containing mtDNA introgressed from the N lineage (CZLiO5N) is highlighted in blue. Population abbreviations

as in Supporting information Table S1

analysis indicated possible occurrence of null alleles in several
cases; however, adjusted estimates of gene diversity of few popu-
lations differed only marginally (Supporting information Table S7),
and we thus decided to keep all data for the subsequent analyses.
Pairwise Fg; values indicated considerable degree of genetic dif-
ferentiation between populations (with n 2 5), ranging from 0.04 to
0.65 in the S lineage and 0.10 to 0.39 in the N lineage (Supporting
information Table S8).

In the hosts, A. flavicollis and A. sylvaticus, the number of alleles
per locus varied from one to 15 alleles with an average of four alleles
per locus and population (Supporting information Table S9). In A. fla-
vicollis, for which 12 loci were analyzed, two populations were in
HWE, the rest showed deviations from HWE in one to four loci, and
the German population DLau had six loci of HWE (Supporting infor-
mation Table S10). In A. sylvaticus, with 17 loci analyzed, the British
population GBA showed no deviations from HWE, the majority of
other populations had one to four loci of HWE, the French popula-
tion FTou had five loci, and the Spanish population EBa had 11 loci
of HWE. Pairwise F; values showed considerable genetic structure,
ranging from 0.03 to 0.47 in A. flavicollis and 0.04 to 0.59 in A. sylvat-
icus (Supporting information Table S8).

PCoA of the microsatellite datasets revealed deep genetic
structure in the parasite and, on the contrary, a relatively shal-
low divergence in the hosts. In Polyplax, the analysis divided the
populations into clusters corresponding to the main mtDNA lin-
eages (Figure 4). The only discrepancy was found for the Czech
population Litvinov (CZLiO5N; blue in Figure 4), which belongs to
the N lineage according to the mtDNA data, but clusters together
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with S populations in the microsatellite analysis. Genetic differen-
tiation between the S and N lineages was also obvious from the
assignment test performed in GenAlEx (results not shown) and
from the Bayesian and distance-based clustering (Supporting in-
formation Figures S8 and S9). On the intralineage level, PCoA of
individuals from S and N lineages showed in most cases that lice
sampled from the same locality formed compact structures, and
geographically close populations often showed genetic proximity
(Supporting information Figure S10a, b). This trend was more pro-
nounced in the S lineage compared to the N. PCoA based on data
for the whole populations revealed further differences between
the S and N lineages (Supporting information Figure S10c, d).
While within S lineage the populations clearly clustered according
to their geographic origin, a fractional geographic clustering was
also discernible in the N lineage, but it did not create such explicit
clusters as in the S lineage.

For the hosts, analyses performed on a set of seven microsatel-
lite loci shared by both host species (PCoA, Bayesian and distance-
based clustering—Document S1) agreed with the mtDNA pattern
confirming that A. flavicollis and A. sylvaticus represent two sep-
arated species. On the intraspecific level, despite analyzing more
loci, the PCoA results demonstrated in both species that host in-
dividuals from different mtDNA subclades did not form separated
clusters when retrieved from sympatric localities (Supporting infor-
mation Figure S11a, b). Geographically delimited populations (local-
ities) were more admixed than in the parasites and did not cluster
together. On the population level, PCoA (Supporting information
Figure S11c, d) showed formation of several genetic lineages, which,
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FIGURE 5 Correlation between Euclidean genetic distances and geographic distances for pairs of Polyplax serrata individuals. Plots were
generated separately for S and N lineages in adegenet. Correlation was significant (red dashed line) for the S lineage and nonsignificant

(black line) for the N lineage (10,000 permutations)

however, did not correspond to the mtDNA genealogy and showed
only a limited correspondence to geography (e.g., GB and FR popu-
lations in A. sylvaticus, Supporting information Figure S11d). Similar
results were obtained also from the Bayesian and distance-based
clustering analyses (Document S1, Supporting information Figures
S9 and S12).

3.3 | Spatial structure of the parasites and hosts

Correlations between genetic pairwise matrices and geographic
distances, as analyzed by Mantel tests, varied in dependence on
both the species/lineage of the host/parasite and the exact statis-
tics used. Fq; tests found significant IBD only within A. sylvaticus
(Supporting information Figure S13). G tests were statistically
significant for Polyplax S lineage (Supporting information Figure
S14) and for A. sylvaticus (Supporting information Figure S13),
whereas D¢, test was significant only for the Polyplax S lineage
(Supporting information Figure S14). When assessed as the cor-
relation between Euclidean distances (performed on the level of
individuals) and geographic distances, the IBD was only significant
for the S lineage, with a markedly larger correlation than for the N
lineage (Figure 5).

The autocorrelation coefficient (r), used to evaluate the effect
of IBD on different geographic scales, revealed in all evaluated or-
ganisms (Polyplax lineages S and N, A. sylvaticus, and A. flavicollis;
Supporting information Figure S15) a positive significant autocor-
relation, which was declining with increase in the distance between
populations. This pattern indicates that IBD is strongest between
the neighboring populations in both hosts and parasites. However,
the spatial extent and the strength of the autocorrelation differed
between organisms, showing stronger signal at short distances for
the parasite compared to the hosts. The highest values of autocor-
relation coefficient (r) in Polyplax lineages were two times greater
than those of the hosts. In the hosts, the r value was 10 times lower

at the shortest distance range in A. flavicollis than in A. sylvaticus,
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which corresponded with the nonsignificant results of Mantel tests

in A. flavicollis.

3.4 | Differences in population diversities between
S and N lineages of Polyplax

Microsatellite data were used to verify Nadler’s hypothesis using
populations of the S and N lineages as representatives of the special-
ist and generalist parasitic strategies. According to the prediction,
F¢; and H indices calculated for each of the two lineages revealed
a lower genetic diversity and a stronger population structure for
the S lineage. The F¢; index was statistically lower for the N lineage
(0.241) than for the S lineage (0.460) (15 000 permutations). On the
contrary, the H index was markedly higher for populations of the N
lineage (0.587) than for the S populations (0.389) (15,000 permuta-
tions). A more detailed study of both lineages performed on seven
pairs of sympatric (or closely located populations) showed, in all pair-
wise comparisons, higher values of H for N populations than for S
(Figure 6).

4 | DISCUSSION

Using the Apodemus/Polyplax model, we demonstrate that coevo-
lutionary processes, when viewed from a broad-scale population
perspective, may produce surprisingly complex and intriguing pat-
terns (Figures 2 and 3). At the most general level, the obtained
patterns conform to the traditionally held views that parasites
phylogenies and genealogies are strongly determined by their
hosts and that populations of parasites have a lower genetic
connectivity and are more structured than those of the hosts
(Engelbrecht et al., 2016; Koop, DeMatteo, Parker, & Whiteman,
2014; Nieberding & Olivieri, 2007). However, at a more subtle
level, the structure, genetic diversity, and host specificity of the

parasite populations differ even between closely related sister
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.| P.serrata S lineage | P.serrata N lineage
FGuS 0.394 FGuN 0.635
DBaS 0.446 DBaN 0.593
CZStrS 0.300 CZStrN 0.609
CZCM1S 0.168 CZCM3N 0.587
CZBenS 0.516 CZCBOSN 0.576
SKPoS 0.186 SKRuzN 0.659
IBriS 0.427 IBuN 0.664

FIGURE 6 Gene diversity (H) and geographic distribution for seven pairs of sympatric S and N lineage populations of Polyplax serrata.
Color codes as in Figure 2. Population abbreviations as in Supporting information Table S1

clades. For example, although the two main sister lineages of the
parasite (S and N) are widely distributed and share an identical
host, A. flavicollis, only the S lineage is strictly specific, while lice
of the N lineage can also be found on the other host species, A.
sylvaticus. As the specific and nonspecific samples were collected
in sympatry, sometimes even from identical host individuals, we
suppose that the absence of the S lineage on A. sylvaticus is due
to adaptive constraints rather than lack of opportunity to switch
hosts. However, the most striking instance of the observed irregu-
larities is probably provided by the sharp difference seen in the
postglacial colonization process between A. flavicollis and its spe-
cific parasite, the S lineage of Polyplax. In this host/parasite associ-
ation, the encounter of populations from different refugia resulted
in a largely admixed European population of the host, while the
louse populations remained genetically separated, with only a nar-
row contact zone (discussed below). This remarkable complexity
of the whole system is further increased by various unique genetic
events, such as a mitochondrial introgression of the N louse clade
into a single population of the other clade (e.g., Figure 4). At last,
we demonstrated that the effect of the level of host specificity
on population structure and diversity of ectoparasite populations
follows Nadler’s predictions. We document this by a comparison
between the specific lineage S, with low genetic diversity and a
higher level of isolation by distance between its populations, and
the more generalist N lineage found on two host species (Figure 5
and Supporting information Figure S14).

4.1 | Decoupled process of postglacial
recolonization in host and parasite populations

The observed distribution of the clades and haplotypes within
the Apodemus/Polyplax system corresponds in general to the pre-
sumed (re)colonization processes of Europe, determined by the

biogeographic and climatic changes of the Quaternary glaciation.
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The host species likely recolonized Europe from several refugia
(Russian Ukrainian and Balkan for A. flavicollis, Iberian peninsula/
southern France for A. sylvaticus) and formed panmictic populations
covering most of the territory of European (Figure 3; Supporting
information Figures S5 and Sé). It is interesting that while the lice
accompanied the two host species during their retreat to refugia
and subsequent expansion, they have not mirrored straightfor-
wardly their recolonization process. A striking discrepancy was
detected between the distribution of the A. flavicollis mtDNA line-
ages (Supporting information Figure S5) and the A. flavicollis spe-
cific lice (S lineage) (Supporting information Figure S3). As shown
in the Supporting information Figures S3 and S5, after their expan-
sion from different refugia, the two mtDNA lineages of A. flavicollis
spread across the whole sampled area and can be now be found in
sympatry at identical localities. Multilocus analyses show that this
secondary postglacial encounter has been followed by frequent
gene flow, resulting in (re)constitution of a single highly admixed
population (Supporting information Figure S12). In contrast, the
two mtDNA haplotype clusters (S¢, , and S,,..,) of the P. serrata S
lineage stopped their expansion from the glacial refugia at the nar-
row contact zone in central Europe (Supporting information Figure
S3). This incongruence is unexpected, as due to their intimate re-
lationship, lice and their hosts are expected to share identical pat-
terns of geographic expansion, unless the association is disrupted
by a host switch. In other words, the geographic distribution of
a louse species/population is believed to be entirely determined
by the host(s) (Marshall, 1981). The incapability of the two louse
populations to cross the contact zone thus indicates that factors
other than host-mediated distribution, or a mere within-refugia
speciation, have played a role during the recolonization process.
Based on the presented data, it is difficult to hypothesize on the
probable cause of this discrepancy. However, an interesting pos-
sibility is presented by the symbiotic bacteria known to inhabit the
lice (Hypsa & Kiizek, 2007; Rihova, Novakova, Husnik, & Hypsa,
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2017). The viability and/or reproduction of many blood feeding
insects depend on various bacterial symbionts, and the intimacy
of the host-symbiont association in such cases results in a meta-
bolic cooperation between their genomes (Kirkness et al., 2010;
Snyder & Rio, 2013). The long-term isolation in refugia (potentially
lasting 0.4 to 0.6 My, see Michaux, Libois, Paradis, & Filippucci,
2004) could thus lead to specific louse-genome vs. symbiont-
genome adaptations that prevent an “incorrect” genome-genome

combination.

4.2 | Different level of resolution in
mitochondrial and microsatellite data

In contrast to the mtDNA, microsatellites did not show any appar-
ent suture between the S, populations on the one hand and the
Seast POpulations on the other hand. As the mtDNA-based picture
is based on extensive sampling and is well supported (Figure 2 and
Supporting information Figure S3), this discrepancy may reflect the
different level of historical information preserved in the microsatel-
lite data. As shown in Supporting information Figures S9 and S10,
based on the microsatellite-derived signal, the analyses were able
to recognize and cluster together geographically proximate popu-
lations, but did not provide information on the higher hierarchi-
cal structure across Europe. This picture is not entirely surprising.
Due to a smaller N, and quicker coalescence compared to nuclear
loci, mtDNA is considered to be the leading indicator of speciation
processes (Zink & Barrowclough, 2008). Instead, the mitonuclear
discrepancy may also be the result of a selection caused by differ-
ent lineages of a bacterial endosymbiont, as was shown in other in-
sects (Kodandaramaiah, Simonsen, Bromilow, Wahlberg, & Sperling,
2013). Nevertheless, microsatellites could in future provide an ap-
propriate tool for quantifying the volume of gene flow across the
contact zone, after it is sampled more densely than in our current

dataset.

4.3 | Occasional mitochondrial introgression

Apart from this general difference, we also observed rare assign-
ment discrepancies between the two types of data for the CZLi
louse population of A. flavicollis. Approximately half of the speci-
mens sampled in 2005 (CZLiO5N) clustered within the N lineage
according to mtDNA (clustered with Subclade N2 in Figure 2),
whereas microsatellites placed the whole sample CZLiO5 within
the S lineage (Figure 4 and Supporting information Figure S10a,
c). The rest of the population sample (CZLi05S) was placed within
the S lineage by both mtDNA (cluster S,c; in Figure 2) and mi-
crosatellites (Figure 4; Supporting information Figure S10a, c).
Such discrepancies are usually explained either by the incomplete
sorting of an ancestral polymorphism or by introgression after a
secondary contact (Hochkirch, 2013; Toews & Brelsford, 2012).
As we only found a single instance of such shared haplotypes be-
tween the two louse lineages across the whole dataset, and the
repeated sampling at the locality in 2008 and 2014 did not reveal
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any shared haplotypes, we conclude that a recent and short-lived
mitochondrial introgression from the N lineage to the S lineage
provides a more plausible explanation. Such a dynamic develop-
ment, where genetic information is quickly lost (or fixed) after in-
trogression, is in agreement with the biology of louse populations.
Small, fragmented populations of lice are prone to rapid changes
in their size and genetic composition. It was also demonstrated
that after several generations of backcrossing, it is often difficult
to trace introgression using microsatellites, and genomic tools al-
lowing extensive screening of the genome are required (Oliveira
et al., 2015).

It has recently been demonstrated in different systems that spe-
cies boundaries may not be as resistant to the gene flow of either
mtDNA or nuclear DNA as previously thought (Harrison & Larson,
2014). Although mitochondrial introgressions occurring together
with a very low or even zero introgression of nuclear genes are rare,
they were shown to occasionally happen, for example in Galapagos
mockingbirds (Nietlisbach et al., 2013) and North American chip-
munks (Good, Vanderpool, Keeble, & Bi, 2015). Because the N, of
mtDNA genes is four times lower than of autosomal genes, genetic
drift influences mitochondrial haplotypes to a larger extent and can
lead to a faster fixation of unoriginal mitochondrial haplotypes (Funk
& Omland, 2003; Zink & Barrowclough, 2008). Parasites without
free-living stages and intermediate hosts generally possess a female-
biased sex ratio (Criscione, Poulin, & Blouin, 2005), which can
also affect the introgression process after contact. By accident, a
female-biased sex ratio was also found in a related louse species, the
Polyplax arvicanthis lice from the South African Rhabdomys (Matthee
etal., 2007).

4.4 | Host specificity governs parasite dispersal and
population size: test of the Nadler’s hypothesis

The dispersal capacity of parasites is to a great extent influenced
by host sociality and vagility (Criscione et al., 2005; Mazé-Guilmo,
Blanchet, Mccoy, & Loot, 2016; van Schaik et al., 2014). As parasitic
lice inhabit a single host during their entire life cycle, their oppor-
tunities to spread are limited to direct host contact or to shared
host shelters (Marshall, 1981). Likewise, populations of host-specific
ectoparasites were recently shown to be more genetically frag-
mented than their hosts (Harper, Spradling, Demastes, & Calhoun,
2015; Koop et al., 2014). When comparing the dispersal activities
of sucking lice and their hosts, one should expect a higher level of
historical gene flow in mice and a lower level for lice because of the
life history traits of the parasites, such as the lack of other vectors
and occasional “missing the boat” events during the host’s migration
(Clayton et al., 2004; Page, 2003). In our system, we found mark-
edly higher values of autocorrelation coefficients for both Polyplax
lineages compared with Apodemus hosts, especially over shorter dis-
tances (Supporting information Figure $15), which is consistent with
the expected lower level of gene flow in the parasite. Furthermore,
the high rate of H, deficiency in louse populations (Table 2) indicates
that the gene flow is limited even within a single host population
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among the lice from different host individuals. This is in agreement
with earlier reports (Harper et al., 2015; Koop et al., 2014) and sup-
ports our expectations that host dispersal is the general factor driv-
ing parasite gene flow.

In contrast to the general pattern of a more pronounced popu-
lation structure in the parasite compared to its host, a lower level
of differentiation in the parasites was reported by du Toit et al.
(2013) in the system of Rhabdomys mice and Polyplax arvicanthis
lice in South Africa. As revealed by the authors, two factors seem
to have caused the discrepancy. First, the Rhabdomys hosts com-
prise four species with a parapatric distribution, forming narrow
contact zones, which allow occasional host switching followed
by genetic admixture of the parasites. Second, P. arvicanthis has
approximately five times higher prevalence (60%) than P. serrata,
and thus reaches a high N, potentially slowing down the rate of
differentiation between populations. On the contrary, despite the
fact that the sympatric occurrence of A. sylvaticus and A. flavicol-
lis should allow for a higher rate of host switching in Apodemus
parasites than in the case of Rhabdomys, the evolutionarily old
origin of the S and N lineages and their long-term separation in
different refugia led to an accumulation of changes that prevents
successful host switching in the S lineage. The N and S lineages
of P. serrata diverged ~1.5 mya (Stefka & Hypsa, 2008), and their
hosts were isolated in several refugia, some of them specific to
only a single species, some of them shared (Michaux et al., 2004).
Furthermore, the relatively low prevalence of the P. serrata (9%)
results in small N that accelerates genetic drift and fragmentation
of the populations.

In addition to the differences in gene flow between the hosts
and the parasites, our system provided a unique opportunity to
test specific predictions of Nadler’s hypothesis (Nadler, 1995) by
a comparison of two closely related parasites with different de-
grees of host specificity. According to the hypothesis, the less
specialized N lineage should experience a higher degree of gene
flow than the strictly specific S lineage, due to having more op-
portunities to find suitable hosts and hence a stronger dispersion
capability. In agreement with this expectation, our IBD analysis of
genetic and geographic distances among individual lice detected a
steeper and statistically significant correlation in the S lineage in
contrast to a weak and nonsignificant dependence in the N lineage
(Figure 5).

Yet, another piece of evidence corroborating Nadler’s hypothe-
sis was provided by the comparison of genetic diversities between
sympatric populations of the two louse lineages. In an overall sta-
tistical analysis, the N lineage populations showed a significantly
lower Fq; index indicating that the S lineage lice (specialists) have
a smaller N, and more fragmented populations, expressed by the
low frequency of heterozygotes as a result of the Wahlund ef-
fect. More important, the comparison of gene diversities between
seven sympatric pairs of N and S populations (Figure 6) reached
the same conclusions as the indexes calculated for the whole
lineages. This multiple population comparison provides a strong
body of evidence that even a moderate shift in host specificity
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translates into significant differences in genetic characteristics of

parasite populations.

5 | CONCLUSION

The evolutionary history of the Apodemus-Polyplax association across
a large area of Europe is more complicated that could be expected
for such a “simple” relationship between a host and its permanent
ectoparasite. The traditional coevolutionary view, holding that the
distribution and genetic structure of a parasite populations are deter-
mined by host phylogeography, is here reflected by the overall genetic
structure of the parasite, which corresponds to the presumed (re)colo-
nization processes of the Apodemus species in Europe. This, however,
is not a complete picture. Some of the patterns indicate that even a
strong population structure and changes in the genetic background
of the parasite’s populations may be driven by forces independent of
the host(s). This finding warns us against simplifying tendencies when
studying host-parasite coevolution and underestimation of intrinsic
genetic processes in parasitic organisms. To show this, we generated
and analyzed the largest and most complex body of molecular data
(mitochondrial haplotypes and microsatellites) available on this host-
parasite association. This also allowed us to address in detail several
other issues, such as Nadler’s hypothesis for parasite genetic diversity

or genetic introgression in temporal parasite populations.
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Parasites with wide host spectra provide opportunities to study the ecological parameters of speciation,
as well as the process of the evolution of host specificity. The speciose and cosmopolitan louse genus
Menacanthus comprises both multi-host and specialised species, allowing exploration of the ecological
and historical factors affecting the evolution of parasites using a comparative approach. We used phylo-
genetic analysis to reconstruct evolutionary relationships in 14 species of Menacanthus based on the
sequences of one mitochondrial and one nuclear gene. The results allowed us to validate species identi-

ﬁiﬁ?g;ﬁiﬁ cit fication based on morphology, as well as to explore host distribution by assumed generalist and specialist
Specialist v species. Our analyses confirmed a narrow host use for several species, however in some cases, the sup-
Generalist posed host specialists had a wider host spectrum than anticipated. In one case a host generalist (Men-

acanthus eurysternus) was clustered terminally on a clade almost exclusively containing host
specialists. Such a clade topology indicates that the process of host specialisation may not be irreversible
in parasite evolution. Finally, we compared patterns of population genetic structure, geographic distribu-
tion and host spectra between two selected species, M. eurysternus and Menacanthus camelinus, using
haplotype networks. Menacanthus camelinus showed limited geographical distribution in combination
with monoxenous host use, whereas M. eurysternus showed a global distribution and lack of host speci-
ficity. It is suggested that frequent host switching maintains gene flow between M. eurysternus popula-
tions on unrelated hosts in local populations. However, gene flow between geographically distant
localities was restricted, suggesting that geography rather than host-specificity is the main factor defin-
ing the global genetic diversity of M. eurysternus.

© 2014 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.

Population structure
Geographic distribution
Menacanthus

1. Introduction

The coevolutionary process in host-parasite systems may
display a surprisingly high complexity: even in closely related
lineages the genealogy and population structure may not reflect the
most apparent biological features. Such a situation has been found,
for example, in a genealogical study on the human associated lice
of the genus Pediculus (i.e. Reed et al., 2004) and a similar pattern of
“random” changes of ecological features has been confirmed on a

* Note: Nucleotide sequence data reported in this paper are available in the
GenBank database under accession numbers KJ730527-KJ730843.
* Corresponding author. Tel.: +420 38 5310351.
E-mail address: martinu@paru.cas.cz (J. Martina).

http://dx.doi.org/10.1016/j.ijpara.2014.09.001

phylogenetical/genealogical scale in two additional host-parasite
associations, the lice of the genus Polyplax (Stefka and Hyps3a,
2008; du Toit et al.,, 2013) and the tapeworm Ligula intestinalis
(Stefka et al., 2009). In host—parasite systems, the combination of
geographical distribution and host specificity creates a complex
background for genetic diversification and population structuring.

In chewing lice, long evolutionary periods of tight coexistence
with their hosts and relatively few opportunities for dispersing
among other host species were traditionally believed to constrain
these parasites, causing them to show a high degree of codiver-
gence and parallel evolution with their hosts (Eichler, 1941,
1942; Page and Hafner, 1996). Lice infesting multiple unrelated
hosts were long thought to constitute cryptic species (Eichler,
1941), which resulted in the erection of new species, and even

0020-7519/© 2014 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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genera, based primarily on host relationships; many of these
names have subsequently found little acceptance (see e.g., Price
et al.,, 2003). A similar problem exists with many described species
of Menacanthus (Price, 1975, 1977; Pilgrim and Palma, 1982; Palma
et al., 1998; Kristofik, 2000).

When analysed genetically, euryxenous (broad host range) par-
asite species are frequently revealed to constitute an assemblage of
cryptic species (e.g. Jousson et al., 2000; Demanche et al., 2001;
Smith et al., 2006). On the other hand, an increasing number of
studies on chewing lice at the lower taxonomic level have revealed
that multi-host (generalist) louse species are quite common, espe-
cially in the Ischnocera (e.g. Johnson et al., 2002a, 2003; Clayton
and Johnson, 2003; Gustafsson and Olsson, 2012). Host generalists
evidently do occur and, more importantly, contrary to the pre-
sumed idea of continuous host specialisation in evolution
(Fahrenholz, 1913; Eichler, 1941), generalist lice have been derived
from host specialists several times independently (Johnson et al.,
2009, 2011).

Dispersal capabilities are probably among the most important
factors affecting the level of host specificity in lice, and in parasites
in general. Bueter et al. (2009) compared general phylogenetic pat-
terns in the ischnoceran genus Brueelia and the amblyceran Myrsi-
dea, and found fewer host specialists in Brueelia than in Myrsidea.
Similarly, when comparing levels of intraspecific genetic variability
and codivergence with their hosts across the Galapagos archipel-
ago, Stefka et al. (2011) found a tighter correlation with hosts in
Myrsidea than in Brueelia. In both studies phoresy, or “hitchhiking”,
on hippoboscid flies was suggested to explain the differences, as it
is relatively common in the ischnoceran lice (Keirans, 1975). How-
ever, some amblyceran lice, particularly the genus Myrsidea, are
probably also able to switch between distantly related hosts that
share similar habitats and geographic distributions (Bueter et al.,
2009). Whether or not host switching occurs by phoresy is pres-
ently unknown, but phoresy is not unknown in amblyceran lice
(Hopkins, 1946). Similar results have been arrived at in the case
of Myrsidea elsewhere (Clay and Meinertzhagen, 1943; Kounek
et al., 2011; Sychra et al,, 2014).

Host specificity and dispersal abilities in multi-host amblyceran
lice have not previously been explored using molecular methods.
However, taxonomists have long cast doubts on the actual num-
bers of species in several multi-host genera, for example in the
genus Colpocephalum from the Corvidae (Price and Beer, 1965) or
Trochiliphagus from the Trochilidae (Rheinwald, 2007). In this
study we focused on the phylogenetic patterns of the amblyceran
genus Menacanthus, and in particular on the genetic variability of
Menacanthus eurysternus. Menacanthus is a speciose and cosmopol-
itan louse genus, comprising 98 species parasitising approximately
460 species of birds belonging to seven orders of birds (Cicchino,
2003; Price et al., 2003; Palma and Price, 2005; Bansal et al.,
2012); however, despite the wide host range, they are most
numerous on wildfowl (Galliformes), woodpeckers (Piciformes)
and passerines (Passeriformes).

In the case of Menacanthus from passerines, 10 of the 36 recog-
nised species are monoxenous (a single host parasite), while 25 are
stenoxenous (with a narrow host range) with 2-22 closely related
host species that usually belong to the same family (Price et al.,
2003). The most euryxenous and cosmopolitan species within the
genus is M. eurysternus, which has been recorded from eight spe-
cies of woodpeckers and 170 species of passerines belonging to
20 families (Price et al., 2003). Menacanthus eurysternus often
shows a relatively high prevalence (e.g., 56.4%, Boyd (1951);
68.4%, Chandra et al. (1990)) and can reach high intensities of
infestation. It is haematophagous and can thus impact the condi-
tion of its hosts (Agarwal et al., 1983), and its population dynamics
are synchronised with the reproduction cycle of the host (Foster,
1969; Srivastava et al., 2003).

Opinions are divided on the complex of species represented by
M. eurysternus sensu lato. While the checklist of Price et al. (2003)
considered M. eurysternus to be one widely distributed species,
some authors (for example Fedorenko, 1983) consider it to be a
complex of several remarkably similar species (sensu Banks and
Paterson, 2005). Mey (2003) considered the various proposed spe-
cies to be subspecies of M. eurysternus. Only a few M. eurysternus
sequences have been published to date, all of which are mitochon-
drial (mt)DNA sequences (hosts Lybius torquatus, Piciformes, from
Africa, Zosterops japonicus, Pycnonotus blanfordi, Pycnonotus finlay-
soni, Passeriformes, from Vietnam). These samples possess a rela-
tively low level of differentiation, with sequences differing only
in approximately 4-7% of nucleotide positions (Najer et al.,
2014). Such low genetic differentiation is surprising, given the
diverse geographic and host origin of the samples. If the same
trend was confirmed using a larger sampling size, it would repre-
sent a unique situation among lice, which typically possess narrow
host specificity limited to one or a few related hosts (see the check-
list of Price et al., 2003) and show higher levels of divergence
between louse lineages or species from distantly related hosts
(Johnson et al., 2003; Bueter et al., 2009).

However, even such low genetic divergence as seen in the six M.
eurysternus samples does not a priori exclude the existence of dis-
tinct populations, where moderate levels of host specificity or geo-
graphic fragmentation have evolved. Thus, apart from presenting
an interesting taxonomical problem, the lice of the genus Menacan-
thus (and M. eurysternus in particular) provide a rare opportunity to
study the evolution of host specificity in parasites. Given the
complicated taxonomy of the genus and somewhat ambiguous
morphological determination of several species, we first recon-
structed the phylogenetic relationships between M. eurysternus
and 13 other species (10 species from passerines, one from a
woodpecker and two from Gallus gallus) to validate species
determinations and their relationships. Then selected lineages
(euryxenous versus stenoxenous) were studied in more detail.
We analysed the population genetic structure in two selected
lineages of Menacanthus which differed in the width of their host
spectrum and contrasted the patterns obtained through these anal-
yses with the morphological traits and bionomy (ecology and
physiology) of Menacanthus spp. to test the contribution of host
generalist or specialist parasitic strategy on the formation of
genetic structure and speciation in lice. Using the phylogenetic
approach with wider taxon sampling, we were able to identify
two more Menacanthus spp. with potential multi-host distribution
(e.g. Menacanthus obrteli).

2. Materials and methods
2.1. Sampling of lice

Chewing lice of the genus Menacanthus were collected from 29
localities across a broad geographic range covering 12 countries
(Supplementary Table S1). Samples were either collected by the
authors or provided by collaborators listed in the Acknowledg-
ments. Lice were collected from birds captured in mist nets using
the fumigation chamber method (Clayton and Drown, 2001) with
a visual examination of the head. Collected specimens were pre-
served in pure 95% or denatured 70% ethanol and stored in a refrig-
erator. Lice were cut between the thorax and the abdomen, and
genomic DNA was extracted from individual specimens using the
QIAamp DNA Micro Kit (Qiagen, Germany). Following DNA extrac-
tion, remaining exoskeletons were mounted in Canada balsam
onto microscope slides and stored as vouchers at University of Vet-
erinary and Pharmaceutical Sciences Brno, Czech Republic or
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Yamashina Institute for Ornithology, Chiba, Japan (see Supplemen-
tary Table S1). Specimens were identified based on Price (1977).

2.2. PCR amplification and DNA sequencing

Partial sequences of the nuclear coding gene for elongation fac-
tor 1-o (EF-1a, 347 bp) and the mitochondrial gene for cytochrome
oxidase subunit I (COI, 381 bp) were amplified using PCR. PCR
products of EF-1o. were obtained using primers EF1-For3 and
Cho10 (Danforth and Ji, 1998). Primers L6625 and H7005 (Hafner
et al., 1994) were used for COI amplification. PCRs were carried
outina 20 pl volume using 1 pl of extracted DNA, 5 pM of each pri-
mer, 15 mM MgCl,, 10 mM dNTPs, 10x PCR buffer and 0.25 U of
High Fidelity PCR Enzyme Mix (Fermentas, United Kingdom). The
amplification protocol consisted of one denaturation step at 95 °C
for 3 min, then 30 cycles of denaturation at 95 °C for 1 min, anneal-
ing at 50 °C (COI)/45 °C (EF-1a) for 45 s and an extension step at
72 °C for 1.5 min, followed by the last elongation step at 72 °C
for 10 min. PCR products were cleaned up in a single-step enzy-
matic reaction using 0.2 pl of Exonuclease I (Exol) and 0.2 pl of Calf
Intestinal Alkaline Phosphatase (CIP) enzymes (New England Bio-
labs Inc., USA). Purified PCR products were sequenced using the
PCR primers in a commercial laboratory (Macrogen Inc., Korea
and the Netherlands). Obtained sequences were deposited in Gen-
Bank (GB) (see Supplementary Table S1).

2.3. Phylogenetic analysis

Datasets containing mitochondrial, nuclear and concatenated
sequences of the two genes were aligned in BioEdit 7.05 (Hall,
1999). Sequences were collapsed to haplotypes using the Collapse
1.2 program (http://darwin.uvigo.es/software/collapse.html).
Molecular phylogenies were reconstructed using Maximum Likeli-
hood (ML) and Bayesian Inference (BI) approaches. The analyses
were performed individually for each dataset (mitochondrial,
nuclear and concatenated). PhyML software (Guindon et al.,
2005) was used to obtain ML phylogenies with a TVM + I + G model
for COI, TIM3ef + G for EF-1a and HKY85 +1+ G for the concate-
nated alignment. Substitution models of the molecular evolution
for each dataset were selected in jModeltest 2 using the Akaike
Information Criterion (AIC) (Guindon and Gascuel, 2003; Posada,
2008; Darriba et al., 2012). Parameters were estimated from the
data and bootstrap supports were obtained by 1,000 replications.
Bl analyses were conducted with Mr. Bayes version 3.2.2
(Ronquist and Huelsenbeck, 2003) for COI and EF-1a datasets sep-
arately and with the concatenated dataset divided into two parti-
tions, using the same models as in the ML analysis, separately for
each gene partition. For each BI analysis we ran two parallel runs
for 10 million generations, each with four Markov chains
(Huelsenbeck and Bollback, 2001). Markov chains were sampled
every 1,000 generations, yielding 10,000 parameter point esti-
mates. The first 2,500 trees (25%) were discarded as burn-in when
summarising phylogenies and Bayesian posterior probabilities.
Convergence between estimated values of model parameters
obtained in independent BI runs and their effective sampling sizes
were checked using Tracer 1.6 (http://tree.bio.ed.ac.uk/software/
tracer/). Convergence of inferred BI topologies was inspected using
the ‘are we there yet’ (AWTY) method (Nylander et al., 2008). COI
and EF-1a sequences of the chewing lice Dennyus hirundinis (Gen-
Bank Accession Nos. AF385013 and AF385032) and Myrsidea
marksi (GenBank Accession Nos. DQ366669 and FJ171315) were
used as outgroups.

2.3.1. Analysis of intra-clade diversity and population history
Haplotype networks were constructed for two species clades,
“eurysternus” and “camelinus” (Menacanthus camelinus), in the
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TCS 1.21 program (Clement et al., 2000) using COI data. Informa-
tion about the biogeographic history of the M. eurysternus clade
was inferred using Nested Clade Phylogeographic Analysis (NCPA)
(Templeton et al., 1987; Templeton and Sing, 1993) and used as
input data for the analysis of the geographical dependence of
genetic variability in Geodis (Posada et al., 2000) in ANeCAv1.2
software (Panchal, 2007). The program implements TCS and Geo-
Dis algorithms (Clement et al., 2000; Posada et al., 2000) for testing
the congruence between the population genetic structure and geo-
graphic distribution of haplotypes. The inference key of Templeton
(2004) was implemented to evaluate possible historical and geo-
graphical events. The probability of the null hypothesis (no associ-
ation between genetic structure and geography) was estimated by
1 million permutations. According to the suggestions of Posada
et al. (2000) and Panchal (2007), four regions with large gaps
between sampled populations were indicated to prevent a false
inference of isolation by distance. These regions cover unsampled
areas in North America, central Africa, eastern Europe and China
where M. eurysternus probably occurs.

3. Results

In total 168 sequences of the COI gene and 151 sequences of EF-
1o were obtained from lice of the genus Menacanthus. Amplifica-
tion of either COI or, more commonly, EF-1a failed in some of
the samples stored in denatured 70% ethanol. Such samples were
removed from the concatenated dataset, resulting in 129 combined
mitochondrial and nuclear sequences, which thus only includes
samples which were sequenced for both markers. The sequences
were collapsed into 61 haplotypes in COI, 28 haplotypes in EF-1a
and 51 concatenated haplotypes. The list of sequenced specimens
with their geographical origin, morphological identification and
associated haplotype numbers are available in Supplementary
Table S1.

3.1. Phylogenetic analysis

3.1.1. col

The topology of the resulting ML tree was compatible with the
topology obtained with BI analysis. The most basal division is
between one clade (“cornutus” in Fig. 1) containing Menacanthus
cornutus from domestic chickens clustered together with GenBank
sequences of Menacanthus sp. from Cracidae (Figs. 1 and 3), and the
rest of the ingroup; however the division received poor support.
The larger clade, in turn, was split into two major clades, each with
relatively high bootstrap support and posterior probabilities. We
provisionally named these clades the “curuccae” and “alaudae”
clades (see Fig. 1), after the earliest described species in each clade:
Menacanthus curuccae and Menacanthus alaudae, respectively.

The distribution of haplotypes between the two major clades
was mostly consistent with morphological identification with,
however, some exceptions. A well-supported “obrteli” lineage
was recovered (see Figs. 1 and 2) which contained lice from four
families of hosts from central Europe, identified as M. obrteli and
Menacanthus sp. (morphological identification of Menacanthus sp.
specimens was not possible due to the excessive damage to those
vouchers during DNA extraction or because they were represented
only by nymphs). According to the literature (Sychra et al., 2008),
M. obrteli is specific to Locustella luscinioides from the family Locus-
tellidae. In our analyses the samples from Locustella clustered with
samples from Turdidae, Laniidae and Paridae.

Another conflict between the morphological and genetic data
occurred in a group of specimens identified on a morphological
basis as Menacanthus takayamai. Although these specimens were
morphologically homogeneous, they did not form a monophyletic
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group in either the BI or ML analyses (see Figs. 1 and 2), but were Most of the supported “species” lineages (clades where mor-
paraphyletic with respect to M. eurysternus and Menacanthus sinu- phological determination of species correlated with genetic lin-
atus, as well as an unidentified lineage from two host families from eages) consisted of lice sampled from only one (blue clades in
Costa Rica. However, the topology of M. takayamai and the lineages Fig. 2), or less commonly two (green clades in Fig. 2), host families.
related to it did not receive robust clade support and thus is not However, the “eurysternus” and “obrteli” lineages differed from the
stable enough to draw further conclusions. other lineages in their wide variety of hosts (red clades in Fig. 2)
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and geographic locations (Fig. 1). The “eurysternus” lineage repre-
sented the most diverse monophyletic species lineage, comprising
specimens from 63 host species in 13 families of passerine birds
sampled from 15 localities in Europe, Asia the Neotropics and
Africa, including 13 new louse-host associations (Supplementary
Table S1).

3.1.2. EF-1a

The EF-1a sequences provided a weaker phylogenetic signal,
resulting in lower topological resolution (Supplementary Fig. S1).
The EF-1a topology recovered two highly supported sister clades.
One contained Menacanthus stramineus from domestic chickens
and Menacanthus sp. from picid and turdid hosts, both collected
at the same locality (Supplementary Table S1), whereas the other
contained the rest of the ingroup.

Despite generally lower clade support for the EF-1a topology
and fewer samples analysed compared with the COI dataset (due
to occasional amplification failures), in most cases the lice that
were morphologically identified as a single species formed mono-
phyletic groups in the EF-1a phylogeny, and the “curuccae” and
“alaudae” clades of the COI phylogeny were also obtained in the
EF-1a analysis (Supplementary Fig. S1). However, the “cornutus”
group was placed as sister to the “alaudae” clade, although this
placement received no support and may be spurious.

As in the COI analysis, the “obrteli” clade is sister to the “curuc-
cae” clade, and the specimens identified as M. takayamai are para-
phyletic with regards to M. sinuatus and M. eurysternus; however in
the EF-1o phylogeny, these three morphological groups form a
polytomy which also includes M. curuccae (Supplementary Fig. S1).

3.1.3. Concatenated alignment

The results of the phylogenetic analysis of the concatenated
data set were largely similar to those obtained from the COI data
set, but with some differences (Fig. 3). In both datasets the most
basal division is between “cornutus” and the rest of the ingroup.

Also, the topology of the “curuccae” clade is more or less the same
as in the COI phylogeny, except for clades included in the COI data
set but not included in the concatenated data set (due to failure to
amplify EF-1a for these individuals). The topology within the
“alaudae” clade differs between the COI and concatenated data
sets. However, in both phylogenies much of the structure within
this clade received no or little support. Furthermore, despite these
conflicts the terminal clades formed the same “species” lineages
with high support in both datasets (Figs. 1 and 3).

3.2. Analysis of intra-clade diversity and population history

mtDNA haplotype networks were prepared for the two most
prevalent clades among the sampled lice (M. camelinus and M.
eurysternus). Notable differences in the character of population
structure between the two clades were found in the diversity of
host spectra and geographic distribution of the haplotypes
(Fig. 4).

The “camelinus” clade network showed little sequence variation
(Fig. 4A), and the majority of haplotypes belonged to lice from only
one host species, Lanius collurio, sampled in two European coun-
tries, Sweden and Bulgaria. The “camelinus” network contained
several haplotypes without clear correlation between their genetic
relationship and geographic origin in the two countries (Fig. 4C).
The only host species other than L. collurio found in the network
was Turdus merula. The single specimen from this host shared its
haplotype with three other lice from L. collurio from the same
locality.

By comparison, the “eurysternus” network (Fig. 4B) contained
two strongly differentiated lineages. One lineage comprised a sin-
gle specimen from Prinia subflava sampled in Africa, whereas the
second lineage was almost global in its distribution and contained
samples from the rest of the world (Europe, Asia, central America)
as well as samples from two other African hosts (L. torquatus
and Lagonosticta rara, Fig. 4D). Despite its wide geographical
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distribution, the sequence diversity of this global “eurysternus”
lineage was (in terms of the number of mutation steps between
haplotypes) only moderately higher than that of the “camelinus”
lineage.

In contrast to the rather straightforward “camelinus” clade, the
widespread “eurysternus” clade showed a complex structure. It
comprised lice from 13 passeriform host families. In approxi-
mately two-thirds of the host records, the lice from one host fam-
ily formed unique haplotypes, while the remaining haplotypes
were shared between two host families. Haplotypes did not clus-
ter into specific lineages that would reflect evolutionary relation-
ships between the hosts (Fig. 4B). For instance, haplotypes from
turdid and emberizid birds were dispersed throughout the whole
network. The genetic pattern was rather influenced by the geo-
graphic origin of the sequenced specimens (Fig. 4D). Except for
one haplotype that was shared by lice from two distant parts of
the Palearctic (Sweden and Japan), all haplotypes contained lice
exclusively from one or two countries located on the same sub-
continent. In concordance with this fact, the results of NCPA anal-
ysis performed for the “eurysternus” clade showed several
instances of geography-determined evolutionary events (Fig. 5).
In several cases allopatric fragmentation was identified (levels
2-20, 3-10, 4-4, 5-2). In addition, restricted gene flow with isola-
tion by distance was suggested for levels 1-5, 3-3, 4-2 and 4-3.
No pattern was found for the highest nesting level (6), probably
due to the fact that the two lower categories (5-1 and 5-2) both
contained samples from all biogeographic areas.

4. Discussion

In this study we analysed genetic relationships and variability
in 14 species of a globally distributed ectoparasite genus, and
showed that it contains species with strikingly different levels of
host spectra and geographic distributions. Phylogenetic recon-
structions based on mitochondrial COlI and nuclear EF-1a
sequences were used to infer inter-specific relationships. COI hap-
lotype networks were then used to describe the patterns of intra-
specific structure in the two most sampled species, which revealed
striking differences between the two species.

Phylogenetic analyses mostly provided well-supported lineages
with minor topological differences between genes. The differences
between single gene analyses were partially caused by slightly
different taxon sampling (due to amplification failure in some
samples fixed in denatured alcohol) and by the lower genetic
diversity of the nuclear EF-1a0 gene providing less information.
These differences, however, did not affect the general picture
of relationships between Menacanthus spp., which formed two
major clusters termed “alaudae” and “curuccae” (Figs. 1 and 3,
Supplementary Fig. S1).

The species with the widest host spectrum, M. eurysternus, was
positioned within the “curuccae” clade, together with a series of
host-specific or stenoxenous species clades (Menacanthus orioli,
M. curuccae, M. takayamai group, M. sinuatus and unidentified Men-
acanthus sp. from Costa Rica and South Africa, Fig. 1). The terminal
position of the euryxenous M. eurysternus within this host-specific
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Fig. 5. Nested clade diagram obtained from Menacanthus cytochrome oxidase subunit I haplotypes of the “eurysternus” clade. Neighbouring haplotypes are connected by a
single mutation; dots represent missing haplotypes along mutational pathways. The colours (shades of grey) of the haplotypes refer to the geographic origins of the
specimens and are the same as in Fig. 4D. Nested clade levels are indicated by the numbers within particular nested clades. Dashed lines highlight nesting categories where

population events were recognised using the nested clade phylogeographic analysis.
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clade (Fig. 2) suggests that its ancestor underwent a life strategy
reversal from a lineage of host specialists to a host generalist. An
alternative interpretation would involve the independent evolu-
tion of host specialisation in each species clade from a generalist
ancestor, which is less parsimonious (five changes rather than
one). Despite containing many host-specific lineages, the Menacan-
thus tree topology does not reflect the evolutionary tree of their
passerine bird hosts in any clear manner, not even for the clades
containing related stenoxenous lineages (e.g. M. curuccae to M. sin-
uatus on Figs. 1 and 2). The evolution of the group probably did not
progress through a co-speciation process known in other louse
groups that infect less diverse ranges of hosts (e.g. Hafner et al.,
1994; Clayton et al., 2003; Page et al., 2004; Hughes et al., 2007).
Instead, host switching between different bird host families must
have occurred.

The evolutionary patterns of Menacanthus lice sampled across
multiple bird hosts presented here contribute new data that con-
tradicts the traditional hypotheses that (i) parasites tend to evolve
from host generalists into host specialists (Eichler, 1941), and (ii)
parasites tend to co-speciate with their hosts (Fahrenholz, 1913;
Eichler, 1948; Hafner and Nadler, 1988). Patterns revealing
multi-host parasite species have often been considered artefacts
caused by incomplete sampling (Dowling et al., 2003; Taylor and
Purvis, 2003; Brooks et al., 2004) or cryptic speciation (Eichler,
1941). In contrast, we have shown that Menacanthus lice create
complex patterns with post-speciation colonisation of new hosts
(i.e. host switching), and that they tend toward switching from
host specialists to host generalists in some lineages (M. eurysternus
and possibly M. obrteli, Fig. 2). Similar results have recently been
arrived at in other ectoparasitic insects such as fleas and ischnoc-
eran body and wing lice (Poulin, 2006; Johnson et al., 2009, 2011).

Resolving inter-specific relationships in the phylogenetic analy-
sis allowed us to explore genealogical differences between individ-
ual species, which revealed interesting facts about the ecology and
evolution of host specialist and generalist parasites. The patterns
revealed in the mtDNA haplotype networks of the “camelinus”
and “eurysternus” species lineages nicely demonstrate the differ-
ences in life strategies between two species within a single parasite
genus (Fig. 4).

The “eurysternus” network represents a host-generalist parasite
that was recovered from 13 families of passeriform birds captured
on four continents (Fig. 4B, D), which confirms the results of the
taxonomic-morphological revision performed by Price (1975),
and consequently adopted by Price et al. (2003) that have long
been considered controversial by some authors (for example
Fedorenko, 1983).

The “camelinus” network (Fig. 4A, C) represents a host-specific
species where most specimens parasitise one host, L. collurio, and
only one louse was found on an atypical host species, T. merula
(Fig. 4A). That particular louse shared its COI haplotype with three
other specimens from Lanius from the same locality in Sweden. We
assume that it represents a straggler after an accidental host
switch, rather than having established an independent long-term
population on this host; otherwise, we would expect to recover
M. camelinus from T. merula more frequently. The occurrence of
other species of Menacanthus on atypical hosts (Supplementary
Table S1) suggests that such accidental host switching can occur
and may do so more often than expected.

Geographical patterns differed markedly between the network
analyses of the two species (Fig. 4). The distribution of “camelinus”
COI haplotypes was limited to Europe and thus they did not create
clusters according to the geographic origin of their hosts (Sweden
and Bulgaria, Fig. 4C). The geographic distribution may be con-
nected to the migration patterns of the host, as all European pop-
ulations of L. collurio migrate on a narrow front through Libya
and Egypt during autumn migration and share relatively small

wintering grounds in southern and eastern Africa (Harris and
Franklin, 2000). Even if the populations are widely separated spa-
tially during the breeding season, there may thus be ample oppor-
tunities for homogenisation of the louse populations on the hosts
on their wintering grounds. A similar scenario has previously been
suggested for cuckoo lice (Brooke and Nakamura, 1998) and shore-
birds (Gustafsson and Olsson, 2012).

By contrast, a geography-dependent structure is apparent in the
“eurysternus” network. Population structure is emerging in several
parts of the network with many COI haplotypes specific to certain
areas or localities but only rarely specific to particular host species
(Fig. 4B, D). The overlapping distributions and habitat preferences
of the hosts of M. eurysternus seem to be the most important fac-
tors maintaining genetic connectivity within geographic areas, as
demonstrated by the six COI haplotypes (Nos. 44, 45, 46, 56, 58,
61), each being found on two to three unrelated families of birds
(Fig. 4B and Supplementary Table S1). The best example is the
Costa Rican haplotype, with 10 lice found on turdid, thraupid and
emberizid birds caught in two nearby localities. Similar results
have previously been arrived at for another widespread amblycer-
an genus, Myrsidea, where the sympatry of hosts may provide an
opportunity for host switching between a turdid host and an oven-
bird (Bueter et al., 2009). The sympatry and syntopy of host species
was also found to be an important factor in the evolution of isch-
noceran toucan lice of the genus Austrophilopterus (Weckstein,
2004). In addition, the *“eurysternus” network contains both
migrant and non-migrant hosts, as well as migrant hosts that fol-
low very different migration routes.

The importance of geography rather than host specificity in
driving the local genetic structure of M. eurysternus is also sug-
gested by the results of the NCPA (Fig. 5). The analysis found sev-
eral instances of statistically significant association between the
COI haplotypes and their geographic distribution. The use of NCPA
as a tool to analyse phylogeographic patterns has been challenged
and model-based methods have been proposed as a replacement
(Beaumont et al., 2010). However, in the present case, we think
that the use of NCPA is valid. Inferring specific historical migrations
or demographic events is beyond the scope of this study and would
require more densely sampled sequence data or more genetic loci
in order to draw any conclusions. Instead, we used NCPA to simply
demonstrate the effect of geography on the distribution of “eury-
sternus” haplotypes. The results of the analysis imply that even if
the haplotypes are closely related, many of them are unique to cer-
tain geographic units and/or must have dispersed across long
distances.

The wide geographic distribution and emerging population
structure in “eurysternus” populations provide opportunities for a
future allopatric speciation and the evolution of new taxa. On the
contrary, the narrow distribution of “camelinus” populations con-
nected by the migration of their single bird host (Lanius) provides
very little room for evolutionary changes other than host switch-
ing, which is a largely random and unpredictable process, probably
with little success. Unless the parasite finds an unoccupied niche,
which sometimes happens in depleted communities such as in
island species (Whiteman et al., 2004) or in cases where the origi-
nal parasite became extinct (Rozsa, 1993), straggling on atypical
hosts is connected with high mortality rates and competition with
established parasites. It is likely that there was probably an acci-
dental host switch of the camelinus haplotype onto Turdus merula
(COI Hap18 in Figs. 1 and 4A), which we consider a straggler rather
than a representative of a new population. However, accidental
host switching is probably not rare. Examining the diversity of
hosts seen in the less densely sampled Menacanthus lineages
revealed several other cases of stragglers on atypical hosts.

In the EF-1a phylogeny, M. stramineus from domestic chickens
clustered together with Menacanthus sp. from two other host
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orders and created a sister lineage to the rest of the Menacanthus
samples (Supplementary Fig. S1). Menacanthus stramineus is pres-
ently known only from phasianid birds (Price et al., 2003), but
our results indicate that this parasite may occasionally occur on
hosts from other orders (Piciformes and Passeriformes). The
sequences of Menacanthus recovered from the domestic chicken
(EF-1at Hap19 and Hap20 in Supplementary Fig. S1) and from Tur-
dus and Dendrocopos (EF-1a Hap16) were not identical, and their
genetic distances are comparable with inter-specific levels seen
elsewhere in the tree.

Several scenarios may explain such an unexpected distribution
of the haplotypes. Menacanthus stramineus may comprise several
lineages with complex population histories, potentially involving
several species (represented here by the differentiated EF-1a hap-
lotypes). A broader sampling of the domestic chicken could thus
reveal the existence of EF-1o0 Hap16 (Supplementary Fig. S1) on
this host as well, and the samples from the thrush and the wood-
pecker may be either genuine, but atypical, host associations, or
serendipitous collections of rare stragglers. The overlapping micro-
habitats of the birds have probably played a major role in the
establishment of naturally occurring populations of the same louse
species on two or more distantly related hosts.

Similar host switching patterns were described by Clayton
(1990) and Johnson et al. (2011) for ischnoceran lice, and by
Bueter et al. (2009) for the amblyceran genus Myrsidea. Amblycer-
ans (including Menacanthus) are in general more mobile than isch-
nocerans (Price et al., 2003), and under the conditions of poultry
farming, where a food supply is also accessible to wild birds,
opportunities for parasites to come into contact with new hosts
may be common. Such host switching events from captive birds
to distantly related birds have previously been reported for the
poultry louse Menopon gallinae and M. stramineus on captive
Columba livia (Dranzoa et al., 1999; Musa et al., 2011) and wild
house sparrows, Passer domesticus (Hoyle, 1938). While this sce-
nario is plausible for the EF-1a¢ Hap16 (Supplementary Fig. S1)
Menacanthus taken from T. merula, it seems less likely to be valid
for that taken from Dendrocopos major, which is less likely to be
feeding on seeds on the ground.

Alternatively, the host switch between domestic fowl and
the two other bird groups may be older, with EF-1a0 Hap16
(Supplementary Fig. S1) representing a previously unknown
species of Menacanthus that parasitises piciform and passeriform
hosts. However, unless the passeriform louse population is very
localised, we would also expect to recover this lineage at
other localities where piciforms and passeriforms were sampled.
A denser sampling would provide more data to resolve whether
M. stramineus is a parasite with a complex population structure
and capable of straggling to atypical hosts or whether a host
switching event occurred in the past.

Whether these atypical host associations are well established or
the result of straggling or contamination is presently unknown, as
the atypical host populations have only been sampled once. How-
ever, while all three host species were sampled at the same local-
ity, collection took place at different time periods: G. gallus samples
were collected in May 2005, T. merula samples in January 2006 and
D. major samples in February 2006. Chewing lice are not able to
survive periods longer than a few days without their host
(Mullen and Durden, 2002; Price et al., 2003), thus the contamina-
tion of birds by non-specific parasites can be excluded as a mode of
transfer between unrelated hosts. However, only further sampling
can establish whether there are continuous populations of M.
stramineus on the atypical hosts.

The division of Menacanthus spp. into two major clades, here
named “curuccae” and “alaudae”, almost precisely follows the mor-
phological division of Menacanthus spp. from passeriform birds
according to Price (1977). The major division in his key is couplet
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5, which separates the species here included in “alaudae” (M. alau-
dae, M. camelinus, Menacanthus chrysophaeus, Menacanthus nogoma
and Menacanthus pusillus) from those included in “curuccae” (M.
curuccae, M. eurysternus, M. orioli, M. sinuatus and M. takayamai).
Within these two major clades (“curuccae” and “alaudae’), mor-
phologically identified species typically created monophyletic lin-
eages occurring on only one or two host families (Fig. 2). A
notable exception is M. eurysternus, which has been discussed sep-
arately above. Price’s (1977) key only includes the species on pass-
eriforms and thus does not include Menacathus pici. This species is
here placed as sister to “alaudae” in the COI phylogeny (Fig. 1), but
nested within “alaudae” in the EF-1o and concatenated phyloge-
nies (Fig. 3 and Supplementary Fig. S1). This placement in phylog-
enies is consistent with the morphology, as M. pici has the same
number of lateroanterior metanotal setae, shape of the female sub-
genital plate, and shape of the male genitalia as those of the “alau-
dae” clade (Price and Emerson, 1975). An extended morphological
revision, based on that of Price (1977), is thus likely to confirm the
placement of M. pici in our phylogenies.

Menacanthus obrteli Balat, 1981, was described after the con-
struction of Price’s (1977) key, and was therefore not included in
it, however material from hosts closely related to the type host
of M. obrteli (L. luscinioides) was included under M. takayamai.
Palma et al. (1998) considered M. obrteli indistinguishable from
M. takayamai, and formally synonymised the two, while Mey
(2003) recognised it as a subspecies of M. takayamai. Sychra et al.
(2008) re-examined the type material of M. obrteli, as well as fresh
material including males, and resurrected M. obrteli from synon-
ymy. Both genes analysed here show that M. obrteli is well sepa-
rated from the paraphyletic M. takayamai, and placed as a sister
group (group “obrteli”’) to the rest of group “curuccae” (Figs. 1-3
and Supplementary Fig. S1).

Menacanthus obrteli has previously been recorded only from L.
luscinioides (Sychra et al., 2008), however in our COI data set (see
Fig. 1) material from this host is identical to specimens collected
from T. merula and L. collurio. In addition, it forms a monophyletic
lineage together with Menacanthus specimens from turdid and
parid hosts (COI Hap 5, 6, 26). The fact that all specimens were col-
lected in one area (central Europe) and on distantly related host
taxa requires further explanation. Similar habitat preferences (as
in the case of M. stramineus), shared nest holes (Johnson et al.,
2002b; Weckstein, 2004), phoresy (Keirans, 1975; Harbison et al.,
2009) or the overlapping migration routes and wintering ranges
of hosts (e.g. Gustafsson and Olsson, 2012) are inapplicable, or
insufficient, to completely explain the high level of louse dispersal
between the hosts of M. obrteli. The hosts of M. obrteli do not share
habitats or wintering routes and phoresy on vectors is not common
in Amblycera (Price et al., 2003). Additional data collected from
more host individuals and localities are needed to explore the level
of host specificity in M. obrteli and the mechanism of dispersal
between distantly related hosts.

The morphological homogeneity of M. takayamai samples may
also be questioned, and the material determined to belong to this
species on morphological grounds may be a cryptic assemblage
of species. In all three data sets (Figs. 1 and 3, Supplementary
Fig. S1), M. takayamai formed several lineages that are paraphyletic
with respect to M. eurysternus and M. sinuatus, as well as other spe-
cies in the EF-1o data set. The paraphyly of M. takayamai may have
been caused by uneven sampling, as every lineage consisted of
only a few individuals, each from one host family and each from
a different continent or subcontinent (Fig. 1). As support is weak
for these clades, the species as presently circumscribed morpho-
logically is probably not a valid monophyletic taxon. Additional
sampling focused on this taxon would provide more information
to prove or disprove the polyphyly of M. takayamai and its dissolu-
tion to several species.
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On a higher taxonomic level, it should be noted that several pre-
viously erected genera are here monophyletic and may warrant
acceptance at least as subgenera. An important couplet in the
key of Price (1977) is couplet 5, which divides most of the Men-
acanthus spp. on passerines into two groups; these groups are here
referred to as the “curuccae” and “alaudae” groups. The latter of
these groups contains M. camelinus, which is the type species of
Lanicanthus Zlotorzycka, 1965. The type species of Menacanthus,
Menacanthus robustus (Kellogg, 1896), was not included in the
present study, but was placed by Price (1977) in the other large
group, which corresponds to our “curuccae”. The two groups can
be differentiated by the number of lateroanterior setae of the
pronotum, the margins of the female subgenital plate, the shape
of the male genitalia (Price, 1977), and, supposedly, by the relative
size of the facial hooks (Zlotorzycka, 1965). Further taxonomic con-
siderations will be the subject of a future study.

In this study we demonstrated the importance of geography in
forming population structure in multi-host parasites and discussed
ecological factors facilitating host switches and maintenance of
gene flow between unrelated host taxa. The differences in host
specificity in Menacanthus spp. lineages were only partially con-
gruent with the ecology of their hosts. Menacanthus eurysternus
is typically found on hosts that allow for inter-specific transmis-
sion such as colonial nesters, cavity nesters and birds that form
mixed-species feeding flocks, either during the breeding season
or during the wintering season (Clayton, 1990; Price et al., 2003).
However, there is no common biological pattern apparent for all
hosts of this extremely euryxenous louse. The ecological proximity
of hosts has been suggested to explain the transmission of lice
through active dispersal to a new host after escaping preening
(Johnson et al., 2011). Similar mechanisms might possibly facilitate
the dispersal of Menacanthus lice between phylogenetically unre-
lated hosts.

Moreover, some intrinsic features of M. eurysternus may predis-
pose it to maintain a wider host spectrum. Menacanthus euryster-
nus is an agile louse capable of moving quickly across the skin of
its host (Price et al., 2003), and it can leave its host and survive
for up to a few days without it (Mullen and Durden, 2002; Price
et al., 2003). Finally, haematophagy may also play a role through
interaction with endosymbiotic bacteria (Ries, 1931), providing a
competitive advantage to some Menacanthus spp. or lineages.
Additional sampling and experimental work may provide clues to
help us distinguish between alternative mechanisms allowing
louse dispersal and survival on new hosts.
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ARTICLE INFO ABSTRACT

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
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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;
Meinila 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
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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;
Hurkova et al., 2005; Kvierova 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,0;) 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 c¢ 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. Sequence assembling, alignments, and phylogenetic analyses

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. 18S 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 II 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 Ime4
(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 GammasST, 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 + I' + 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 I-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 II
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 S2) 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
GammaST 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; Kvic¢erova and HypSa, 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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e

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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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 11
(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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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 should be noted that the switch in
specificity towards A. agrarius is not mere colonization, i.e. extension of
the host spectrum, but a complete switch involving the entire aban-
doment of the original host taxa. In the alorani group, this process ap-
parently gave rise to a morphologically distinguished lineage fully
adapted to the new host. Thus, it seems likely that some more complex
circumstances play a key role in this process, possibly, for example,
differences in the hosts’ physiologies and/or more subtle ecological
differences. The patterns discussed above indicate that while the ma-
jority of coevolutionary studies address the question of host switches
from the phylogenetic perspective, investigations of the early genetic
differentiation may be the more pertinent approach. In our results, the
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well-resolved and supported part of the tree (apionodes + alorani
+ kaunensis) shows an interesting variation in degree of the host spe-
cificity among the lineages. While some of the lineages were found in
several species of different families, others are specific to a single family
or even a single species (Fig. 2; Table S6 with statistical tests). It is
difficult with such unique events, even by applying rigorous parsimony
rules, to establish direction of the evolutionary changes (i.e. narrowing
the host spectrum by stronger specialization/adaptation vs. broadening
the spectrum by colonization of new host species). However, several of
the observed patterns may reflect a putative extension from the single-
family specificity (e.g. the lineages apionodes 1, apionodes 11, alorani,
jerfinica, and uptoni) to the mixture of two host families (e.g. lineages
apionodes 111, apionodes 1V, and kaunensis), and can be perceived as
possible instances of ecological fitting. In contrast, the sudden disrup-
tion between strict Af/As specificity and Aa specificity is more difficult
to attribute to an established ecological mechanism.

These findings have also broader relevance within the established
concepts of population structure and diversity in parasites. For ex-
ample, the Nadler’s hypothesis (Nadler, 1995) postulates direct re-
lationship between the host range and genetic diversity, predicting that
parasites (i.e. populations, species) with broader host spectrum display
weaker population structure due to their better dispersal opportunity.
Our results suggest that when analyzing such relationships, genetic
diversity and host specificity should be evaluated within a common
framework with genealogy and host switches dynamics. This can for
example be illustrated on the lineages apionodes II and apiono-
des IV + alorani (Fig. 5). Within these groups, seemingly capable of
dissemination via three or four host species living in sympatry, the
parasites associated with A. agrarius do not contribute to the overall
gene flow due to their strict host specificity. Similarly, such a mono-
phyletic recent offshoot with narrower host specificity will likely
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display lower genetic structure than the paraphyletic ancestral popu-
lation with a broader host spectrum.
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