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Y Annotation

This thesis investigates the ecological and genetic dynamics of parasitic species, primarily
focusing on Ligula intestinalis tapeworms and Cimex bedbugs, aiming to enhance our
understanding of their evolutionary biology, genetics, and adaptation mechanisms. In Chapter
I, it elucidates the prevalence and population genetic structure of L. intestinalis plerocercoids
in various cyprinoid fish species across Czech water bodies, focusing on how different hosts
and environments influence genetic diversity and distribution. Chapter II explores the historical
dispersal and host-switching events that have shaped the evolutionary history of the L.
intestinalis species complex on a global scale. This includes identifying major evolutionary
lineages, their host specificity, and the influence of biogeographic and demographic events on
lineage diversity. Chapter III provides a highly contiguous genome assembly for L. intestinalis
and examines RNA transcription patterns to understand the regulation of biological functions
during its life cycle, establishing a comprehensive reference transcriptome for both
plerocercoid and adult stages. Chapter IV explores the mechanisms underlying possible
ecological speciation in L. intestinalis, particularly under a sympatric setting, to determine
whether host specificity influences population structure in the absence of geographical
separation. Chapter V shifts focus to the establishment of the tropical bedbug, Cimex
hemipterus, in Central Europe, using genetic analyses to reveal limited mtDNA variability and
the presence of pyrethroid resistance mutations. Finally, Chapter VI investigates genetic and
transcriptomic divergence in C. lectularius populations associated with human and bat hosts,
exploring how host switching influences genetic diversity and adaptation. This genomic and
transcriptomic approach provides valuable insights into the evolutionary dynamics and

adaptive strategies of parasitic species.



¥ Declaration

I hereby declare that I am the author of this dissertation and that I have used only those sources
and literature detailed in the list of references.

Ceské Budgjovice, 12.07. 2024

Masoud Nazarizadeh



This thesis originated from a partnership of Faculty of Science, University of South Bohemia,
and Institute of Parasitology, Biology Centre of the ASCR, supporting doctoral studies in the
Parasitology study program.

BIOLOGICKE
CENTRUM
AV CR, v. V..

‘ Prirodovédecka DY
‘ ‘ fakulta .
Faculty
'. of Science A

¥ Financial support
The thesis was supported by following grant awards:

» Czech Science Foundation (GA19-04676S)
» Ministry of Education, Youth and Sports (LTAUSA18032)
» Grant Agency of the University of South Bohemia



% Acknowledgements

I am deeply grateful to the numerous individuals whose support and guidance were
instrumental throughout my PhD journey; their contributions are too vast to enumerate on a

single page.

Foremost, I extend my heartfelt thanks to my PhD supervisor, Dr. Jan Stefka, for his
unwavering calm and steady support. Dr. Stefka not only opened doors to numerous
opportunities but also introduced me to the fascinating world of science and population
genetics. His mentorship has been valuable in shaping my academic career. I must admit that
without his significant support and guidance, I would not have been able to complete my PhD
journey.

Special thanks to Dr. Ondfej Balvin from Life Science University, who has been a valuable
mentor throughout my PhD thesis. His guidance and insights have been vital to my research
and academic growth. I would also like to express my gratitude to Dr. Emiliano Trucchi from
Marche Polytechnic University in Ancona, Italy, and to Dr. Peter D. Olson from the Natural

History Museum in London, for their support and guidance during my internship.

I am deeply grateful to Somayeh Rasouli Dogaheh for her significant support and
encouragement throughout my academic pursuits. I would also like to extend my sincere thanks
to Anna Mécova and Roman Hrdlicka for their valuable assistance during my fieldwork. Their
expertise and friendship greatly enriched my research experience and contributed significantly
to the success of my projects. Furthermore, I extend my deepest thanks to my colleagues from
Ceské Budg&jovice: Serafim Nenarokov, Valeria Gabkova Juricova, Jakub VIcek, Jana Martinii,
Dragomir Damnjanovic, and Milena Novakova, for their camaraderie and support throughout
my research journey.

I am also grateful to the University of South Bohemia, Faculty of Science, for providing a
stimulating and supportive environment where I could thrive academically over many
rewarding years. Similarly, my appreciation goes to the staff and colleagues at the Biology

Centre, Institute of Parasitology, for their valuable contributions to my work.



Y List of publications and manuscripts and author’s contribution

I1.

I11.

Iv.

VI

Nazarizadeh, M., Peterka, J., Kubecka, J., Vasek, M., Juza, T., de Moraes, K. R., ... &
Stefka, J. (2022). Different hosts in different lakes: prevalence and population genetic
structure of plerocercoids of Ligula intestinalis (Cestoda) in Czech water bodies. Folia
Parasitologica, 69, 1-10.

Masoud Nazarizadeh concluded the research under the supervision of JS. MN and JS
drafted the text with contributions by JP and PB. MN contribution 70%.

Nazarizadeh, M., Novakova, M., Loot, G., Gabagambi, N. P., Fatemizadeh, F., Osano,
0., ... & Stefka, J. (2023). Historical dispersal and host-switching formed the
evolutionary history of a globally distributed multi-host parasite-The Ligula
intestinalis species complex. Molecular Phylogenetics and Evolution, 180, 107677.

Masoud Nazarizadeh and JS defined the research objective and drafied the manuscript.
MNaz. analysed the data under the supervision of JS and ET. MN contribution 60%.

Nazarizadeh, M., Novakova, M., Drabkova, M., Catchen, J., Olson, P. D., & Stefka, J.
(2024). Highly resolved genome assembly and comparative transcriptome profiling
reveal genes related to developmental stages of tapeworm Ligula
intestinalis. Proceedings of the Royal Society B, 291(2015), 20232563.

Masoud Nazarizadeh carried out the analysis of data and initiated the drafting of the
manuscript under the guidance of JS and PO, and with contributions from JC. MN
contribution 60%.

Nazarizadeh, M., Novakova, M., Vi¢ek, J., & Stefka, J. (2024). Host-associated
genetic differentiation in the face of ongoing gene flow: ecological speciation in a
pathogenic parasite of freshwater fish. bioRxiv, 2024-01.

JS initiated the research topic. Masoud Nazarizadeh participated in field collection,
analysed the data and drafted the manuscript under the supervision of JS and JV. MN
contribution 70%.

Balvin, O., Sasinkova, M., Martind, J., Nazarizadeh, M., Bubova, T., Booth, W., ... &
Stefka, J. (2021). Early evidence of establishment of the tropical bedbug (Cimex
hemipterus) in Central Europe. Medical and Veterinary Entomology, 35(3), 462-467.

Masoud Nazarizadeh participated in writing and analyses. MN contribution 20%.

Nazarizadeh, M., Sasinkova, M., Martind, J., Novakové, M., Stefka, J., Kfemenova,
J., Bartonicka, T., & Balvin, O. (2024). Host Influence on Genetic Diversity and
Adaptability in Cimex lectularius: Insights from Genome-Wide SNP and Transcriptome
Analyses. Manuscript.

Masoud Nazarizadeh carried out all the analyses under the supervision of OB and JS.
MN drafted the text with contributions by OB and JS. MN contribution 60%.



Y Co-author agreement

Jan Stefka, the supervisor of this thesis and co-author of all presented manuscripts, fully
acknowledges the contribution of Masoud Nazarizadeh as the first author and his contributions
as stated above.

doc. RNDr. Jan Stefka, Ph.D.



Contents

8 0o 11 1 o] o RS 1
POPUIALION GEBNMOMICS ....oviiieiieciesie sttt et e et e st e b e st e e saesteebeestesteeseassesssensesseensessessnans 3
Phylogeography and historical biogeography of parasites..........c.cccceeevreveneneneneieeeeneseenee 4
Ecological speciation and pattern of parasite diVErsity .........cccocvveciiiiieceriececsecee e 11
Population Genomics Of SPECIALION .........coiviriirieieieeeererese et 13
Genomic SigNatures Of SPECIATION .........cocviiuieieicecece e st ernens 14
Genome scans to iIdentify DArTIEr TOCH .......cc.ecveiiiiiiinieeeee e 15
Patterns 0f NOSt SPECITICITY ......eccviiiceeice et 17
HOSE SWITCNING ...ttt b et se b b e nan 18
Phylogenies, host specificity and host SWItChING ..........c.coeiieveiiiiccieeeeeee e 19

ChOICE OF MOUEI SYSTEIMS ...ttt st e ettt sbe e ne e 20
LigUIa INTESTINALIS. ......eeviceieiecieceecte ettt ettt st e st e e e e be s re et e s beensesteesaensesreenns 20
Cimex lectularius and C. NEMIPLEIUS.......cc.evueieieirieerterere ettt 32

ATMS OF THE TNESIS ..ttt sttt et e et e e seebessesbentens 39

(04 g =1 o] =] ol F O OO OO TSP PSP POTPRTRPRUPTTPO 54
Supplemental INFOrMALION..........cooiiieieeceee ettt s re st s eeae s reeaesreennens 66

(O g =T o] (=] ol I LSOO TSP OO SOPSOTRRTR PRI 71
Supplemental INFOrMALION ...........cviiiiiieeceeeceeeeee ettt st rre e s ae e aesreennens 91

L0 T T (= ol 1 1 SRR 107
Supplemental INFOrMALION..........ociiiiieeeceee et a e st e ra b saeenes 122

L0 T T (= Y SRR 130
Supplemental INFOrMALtION.........cooiiiiieeceee et a e s beers b saeenes 160

CRAPLEI V ettt e st e et et e s be e b e beete et e sbeeatesteebeenbesteesbentesaaentesreennas 179
Supplemental INFOrMALION.........ceoviiieee ettt st e e seeaeereenes 187

CRAPLEE VL.t et ettt st et et e s te et e s beeatesteebeenbesteessentesasensesseeasas 188
Supplemental INFOrMALION.........ceoviiieee ettt st e e seeaeereenes 211

IS0 1011 0= Y25 PP 221
SUMMANY OF The FESUILS.......ceeeiieceeeee ettt b e s reenes 223
FULUTE PEISPECTIVES ...ttt ettt sttt e et e besae et e be e st eneesaeeneensesneensessesnnens 227

AUthor’s CurriCulim VITAC.............ooooiviiiiiiiiiiiiiceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee ettt eeeees 231



Introduction






Introduction
Population Genomics of Parasite Adaption: New insights into diversification
and speciation of parasites

Population Genomics

Population genomics is generally described as the study of multiple genomes and loci with the aim
of uncovering the evolutionary processes involved in shaping the patterns of intraspecific
variation. These processes may include natural selection, mutation, gene flow and genetic drift
(Luikart et al., 2003; Safran et al., 2016). According to this interpretation, population genomics
focuses on comparing locus-specific forces such as mutation and selection to genome-scale forces
like genetic drift and demographic processes to make better inferences about the genomic and
evolutionary basis of adaptation, fitness, gene flow, speciation, inbreeding and outbreeding
(Hunter et al., 2018). In other words, population genomics studies loci and genomes
simultaneously in an attempt to find answers to the key questions of population genetics (Garner
etal., 2016; Hohenlohe et al., 2018). Based on the conceptual framework developed by Hohenlohe
et al. (2010), population genomics studies evolutionary processes and patterns of genetic diversity
across genomes by applying population genetic statistics to numerous loci. For instance, gene
expression, population differentiation and genome diversity among populations are evaluated to
identify loci under selection or alleles linked with a phenotypic trait (Hohenlohe et al., 2018;
Rosenfeld et al., 2016).

Population genomics provides tools to deepen our understanding of processes not only in free
living but also in symbiotic (or parasitic) organisms (Korhonen et al., 2022; Li et al., 2021;
Nazarizadeh et al., 2024; Olson et al., 2020). It significantly contributed towards our understanding
of host-symbiont coevolution, which can be demonstrated, for instance, in the system of the
Eurasian Alcon large blue butterfly (Phengaris alcon) and its two hosts: a gentian plant (Gentiana
pneumonanthe) and an ant (Myrmica scabrinodis) (De Kort et al., 2018). The butterfly’s eggs are
laid in the ovules of gentian flowers to feed and later develop into caterpillars. Because of the
damage caused by caterpillars to the ovules, phenological flowering shifts have been observed in
G. pneumonanthe to avoid the times of high parasite pressure (Valdés and Ehrlén, 2017). Due to

their chemical mimicry, the caterpillars are mistakenly adopted by worker Myrmica ants and are



nursed as superior larvae in the nest. As a result of this host-parasite relationship, coevolutionary
changes have occurred between the surface chemistry of P. alcon caterpillars and Myrmica ants
(Nash et al., 2008). In a study applying restriction associated DNA (RAD) sequencing to analyze
the effect of habitat fragmentation on P. alcon as well as its host species (De Kort et al., 2018),
abiotic variables, such as elevation, were found to be responsible for some of the genetic variation
among host populations. Moreover, it was revealed that a considerable proportion of population
genetic variation in the butterfly was driven by the genetic diversity of host taxa. Also, this study
proposed that the genetic structure between host and parasite species has synchronized as a result
of mutual coevolutionary selection. Thus, habitat fragmentation and associated landscape genomic
structure substantially affected the functioning of the mountain Alcon butterfly as well as its host

species.

Phylogeography and historical biogeography of parasites

Parasites account for a significant portion of the global biodiversity, inhabiting nearly every free
living species and spreading across various geographical regions. They affect not only around one
billion people, with neglected tropical diseases, but also numerous domestic and wild animals
(Fenwick, 2012; Nadler and De Ledn, 2011; Ondrejicka et al., 2014). Nevertheless, they can
enhance our understanding of the geographical distribution and evolutionary patterns of their hosts.
Recognized species often consist of distinct genetic and morphological groups that are
differentiated through speciation or the evolution of separate metapopulation lineages (De
Queiroz, 2007). The evolutionary dynamics of parasites is influenced by several factors including
host colonization, ecological interactions, speciation, and changes in the host's genetics, and more
recently also by human activities and environmental changes, which may lead to parasite transfer

between different host species (Hoberg and Brooks, 2013, 2008).

Host-parasite systems provide an excellent opportunity to study coevolutionary and ecological
processes throughout the history of life. Host-parasite interactions are studied by various
evolutionary approaches, which produce varying results (Martinez-Aquino et al., 2014; Morand
and Krasnov, 2010). In some host-parasite systems, the evolutionary interrelation (co-speciation)
between parasites and hosts is clearly evident, while in others, it is hardly detectable. In particular,
assemblages that include cestode parasitic worms and pinniped species show that parasite

diversification relies more on the parasite's capacity to infect new hosts and less on coevolution



with the host taxa. This often leads to increased incongruence among phylogenies (Hoberg and

Adams, 2000, 1992).

Co-speciation events are characterized by various phylogenetic relationships, including host
switches, duplications, and losses, alongside the co-speciation itself. A host switch, also known as
a host shift, occurs when a parasite moves to a new host, diverging from its original lineage, which
can lead to speciation under the right conditions of opportunity and compatibility (Clay and Kover,
1996). Duplication, in contrast, involves a parasite speciating within the same host, without
switching hosts. Losses, or sorting failures, may lead to the extinction of a parasite if it cannot
keep up with the evolutionary changes of its host, a concept underscored by the Red Queen
Hypothesis (Hoffman, 1991). This hypothesis describes a continuous cycle of adaptation and
counter-adaptation between interacting species, emphasizing the dynamic nature of host-parasite
relationships and the ongoing evolutionary arms race that can shape biodiversity (Clay and Kover,

1996; Liow et al., 2011).

The Stockholm Paradigm is a contemporary approach addressing the interactions between climate
change and emerging diseases, emphasizing the evolutionary perspective. It underlines the
importance of recognizing that pathogens can adapt and find new hosts in changing environments,
especially under conditions influenced by climate change and human activities (Brooks et al.,
2019). This paradigm challenges traditional views that focus solely on direct host-pathogen
adaptations and instead considers the broader ecological and evolutionary contexts. According to
the paradigm, the movement of species due to environmental changes and human actions creates
new interactions among species, including pathogens, hosts, and vectors. This increases the
opportunities for diseases to emerge and spread. For instance, as global temperatures rise and
habitats are altered or destroyed, species are forced into new areas, often bringing them into contact
with other species and pathogens they would not have encountered otherwise. This can lead to new
diseases emerging or existing ones spreading or becoming more virulent. The Stockholm Paradigm
synthesizes four main theories: Taxon Pulse, Ecological Fitting, Oscillation, and Geographic
Mosaics of Coevolution. These concepts interact to describe how fauna, including parasites and
their hosts, adapt and diversify through ecological and evolutionary processes (Agosta and
Klemens, 2008; Araujo et al., 2015; Chaves-Gonzalez et al., 2022). Taxon Pulse describes adaptive

shifts through geographical or ecological expansions, facilitating biotic mixing and increasing



host-parasite contact opportunities. This driver underlines the dynamics of niche perturbations and
geographical colonization that promote recurrent host invasions. Ecological Fitting, on the other
hand, triggers host switching or colonization through resource tracking or exploitation of new
"sloppy fitness spaces" provided by novel hosts, effectively leveraging the opportunities and

compatibilities established by Taxon Pulse (Chaves-Gonzalez et al., 2022) .

Oscillation explains the cyclical pattern wherein specialist parasites become generalists and
subsequently evolve back into specialists. This alternation in host range dependency is influenced
by resource usage, potentially narrowing ecological associations and determining host exploitation
patterns. The interaction between Oscillation and Ecological Fitting is crucial for understanding
how host ranges expand and contract over time. The concept of Geographic Mosaics of
Coevolution (GMC) offers a framework for examining real-time coevolutionary processes
between hosts and parasites across different environmental conditions. GMC posits that
environmental variability leads to genetic diversification and distinct evolutionary trajectories,
creating hotspots of coevolutionary activity amid broader areas of lesser interaction, and

influencing trait evolution through genomic alterations and gene flow (Agosta and Brooks, 2020).

Evolutionary studies of host-parasite systems are mainly aimed at determining the evolutionary
relationships and geographical ranges of host species using probabilistic biogeographical models
(Ronquist and Sanmartin, 2011) and phylogenetic trees of parasite and host species (Page, 2003).
Geographical factors may strongly affect evolutionary host-parasite relationships through creating
geographic co-differentiation between parasites’ and hosts’ evolutionary trajectories (Wata Bouzid
et al., 2008; Zardoya and Meyer, 1996). Unfortunately, biological models that illustrate
diversification events in host-parasite relationships are rare (Althoff et al., 2014; Caira and Jensen,
2001). Historical biogeography of parasite species, which are defined as broadly distributed
parasitic taxa that correspond to a monophyletic group of host species (Nieberding et al., 2008;
Pérez-Ponce de Leon and Choudhury, 2005), provide exceptional possibilities for studying host-
parasite diversification events. The findings of such studies enhance our knowledge of the spatial
genetic structure of populations, which allows us to understand present and historical demographic
processes, e.g. glacial persistence of taxa in refugia, postglacial colonization, and population
bottlenecks (Emerson and Hewitt, 2005; Provan and Bennett, 2008). Additionally, recent

methodological and theoretical advances gave rise to comparative phylogeography, which



compares the evolution and genetic structures among co-distributed species with shared ancestral
histories or ecological niches (Bermingham & Moritz, 1998; Engelbrecht, Matthee, Du Toit, &
Matthee, 2016; Maia Da Silva et al., 2007; Matthee, Engelbrecht, & Matthee, 2018; Nieberding &
Morand, 2006).



Host-parasite congruent phylogeography

Some early studies showed a strong correlation between parasite and host species’ diversity in
different regions (Sapegina, 1988), but no general pattern has been established. For example,
species richness among fish species distributed in different tributaries of the Ohio River was
positively associated with species richness of unionid freshwater mussels. Ectoparasitic larvae of
these mussels infect fish hosts in order to successfully disperse (Vaughn and Taylor, 2000). In a
different study, species richness of the bumblebee (Bombus terrestris) was negatively correlated
with species richness of its parasite (Crithidia bombi) (Durrer, 1996; Schmid-Hempel, 2001). Yet,
this study estimated parasite species richness for each host species, and not for each site; therefore,
the results of the two studies cannot be compared. Another study revealed no correlation between
species richness of parasitic flea species and their mammalian hosts (Yunzhi et al., 2002).
However, other reports have all confirmed the positive correlation between host-parasite species

diversity (Dallas et al., 2020; Kamiya et al., 2014; Wood and Johnson, 2016).

Similar results have been found for parasitic helminths, such as trematodes, which generally
require a vertebrate primary host and an intermediate (usually an aquatic snail) host. Species
richness of these parasites is likely governed by different host species at different phases of their
life cycle. Trematode larval diversity in intermediate hosts (snails) showed a positive association
with local diversity of primary host species (birds), regardless of whether the microhabitats were
studied together or individually (Hechinger and Lafferty, 2005). In other words, species richness
of primary hosts determines the species richness of parasites in intermediate hosts. A larger-scale
study found that European trematode parasite diversity was positively linked to regional diversity
of primary hosts, and not intermediate hosts (Thieltges et al., 2011). This condition is more evident
in parasite species which only need a single host species. For example, mammalian host species
diversity was positively linked to parasitic flea species diversity across different Holarctic regions
(Krasnov et al., 2004). In the same vein, species richness of different generalist and specialist
parasites was strongly correlated with host species richness in 29 species of carnivores (Dunn et

al., 2009).

The genetic structure of parasite populations has been suggested to represent their evolutionary

potential (McDonald and Linde, 2002), meaning that those with higher gene flow, higher mutation



rates and larger Ne® present the greatest risk of resistance gene breakdown. In addition to
phylogenies and studies of co-speciation events (Huyse, et al 2005), studies of population genetic
structure are also essential to examine the origin of parasites evolving resistance to drugs and
determine the key elements involved in parasite evolution (Huyse, et a/ 2005). These findings are

vital to management and control of parasitic diseases.

Other studies on phylogeographical patterns of parasite species have uncovered valuable
information about the cryptic phylogeography of host taxa, their historical migration patterns, past
glacial refugia, and inter-population gene flow. In one of these studies, the phylogeography of
Heligmosomoides polygyrus, an intestinal parasitic nematode, was compared to that of the wood
mouse, Apodemus sylvaticus, a host for H. polygyrus. The results found well-defined allopatric
Quaternary refugia for the parasite and the host species in Italy. Also, it was revealed that both taxa
colonized North Africa from South of Spain (Nieberding et al., 2005, 2004). Another example is
provided by a study on the phylogeography of Puumala hantavirus (PUUV) and its host species,
the bank vole (Clethrionomys glareolus), which validated a previously suggested historical
migration path for C. glareolus from the East European plain toward northern Europe after the last

glacial maximum (Asikainen et al., 2000; Dekonenko et al., 2003).

Phylogeographic studies contribute significantly to understanding species introductions and their
historical movements. For example, research on Bowlesia incana, a flowering plant from the
Umbelliferae family and a host for the parasitic butterfly Greya powelli, revealed that B. incana
was introduced from South America to North America far earlier than previously thought—more
than 250 years ago (Pellmyr et al., 1998). Similarly, a study on the giant liver fluke Fascioloides
magna, which significantly impacts both free-living and domestic ruminants, demonstrated
complex migration patterns across North America and documented its introduction into Europe
from distinct North American origins. The analysis used microsatellite loci to illustrate the intricate
pathways of host-driven dispersal and subsequent parasite migration. This study also revealed that
the European populations of F. magna showed distinct genetic lineages compared to their North
American counterparts, indicating multiple introductions into Europe (Juhasova et al., 2016;

Kralova-Hromadova et al., 2011).

! Effective population size



Host-parasite incongruent phylogeography

Although numerous parasite taxa have been known to produce phylogeographic patterns similar
to their hosts (Benovics et al., 2020; Johnson et al., 2006; Martinu et al., 2018; Stefka et al., 2009),
host-parasite phylogeographic incongruities have also been detected. A large-scale study was done
to compare the phylogeography of Greya enchrysa, Greya subalba and Greya politella moths in
the Americas to the phylogeographic patterns of their hosts and parasitoids (Saxifragaceae plants
and Agathis braconid wasps, respectively) (Althoff and Thompson, 1999; Brown et al., 1997). G.
politella is a generalist floral parasite which has had multiple evolutionary host shifts and its
phylogeographic structure shows no signal of co-differentiation with a specific host. Also, the
phylogeographies of Agathis n. sp. and Agathis thompsoni, two generalist wasps, did not match
the phylogeography of their host moth species, G. enchrysa and G. subalba. In the same vein,
phylogeography of the nest parasite Horsfield’s bronze-cuckoo (Chrysococcyx basalis) was
compared to that of two genera of its passerine hosts, Acanthiza and Malurus. The phylogeography
of C. basalis shows that, as the climate improved after the Pleistocene, the species experienced
recent expansions in its distribution and host ranges, suggesting no signs of evolution of stable

host races in C. basalis (Joseph et al., 2002).

Moreover, in polyxenous parasites, co-phylogeographic patterns may be complicated by the
inclusion of intermediate host(s). For example, the comparison of a host-specific parasitic cestode
(Paranoplocephala arctica) with its host, collared lemming (Dicrostonyx spp.) in the Holarctic
revealed two distinct clades for each taxon across the Palearctic and Nearctic, divided by the
Bering Strait. Nonetheless, P. arctica phylogeographic analyses uncovered further differentiation
events at the Bering Strait and in the Arctic Archipelago that mismatched the phylogeographic
patterns of its mammalian host species. Such host-parasite incongruities are likely a result of P.
arctica residing in invertebrate intermediate hosts, which decreases its spatial dependency on its

primary mammalian host (Wickstrom et al., 2003).

In addition to these examples, the research by Wasimuddin et al. (2016) further illustrates
phylogeographic incongruities within a host-parasite relationship across a hybrid zone. Their study
examined the whipworm Trichuris muris in the European house mouse hybrid zone, an area where
different mouse taxa hybridize. Contrary to the expectation of co-divergence due to the

whipworm’s direct life cycle and the close association with its host, genetic analyses showed no
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significant congruence in the phylogeographic patterns between the parasite and the hybridizing
mouse populations. This suggests that 7. muris might not be as host-specific as previously thought,
capable of infesting non-specific hosts within the zone. Such findings indicate that hybrid zones,
by facilitating gene flow among divergent taxa, can further complicate the co-phylogeographic

patterns of hosts and parasites, potentially leading to significant phylogeographic incongruence.

Ecological speciation and pattern of parasite diversity

It has been widely acknowledged that identifying the evolutionary processes and mechanisms
involved in the speciation of taxa is crucial to understanding the patterns of biodiversity. The total
number of parasite species constitutes about 30% of total eukaryotic diversity, and at least 10% of
the extant metazoan species (De Meels and Renaud, 2002; Morand et al., 2015; Poulin and
Morand, 2000). Given their high specialization and diversification potential, parasites serve as
exemplary biological models for the studies of speciation processes. Also, certain parasite species
occur in environments fit for sympatric speciation. Finally, given that parasites are such ubiquitous
organisms, understanding the interactions between parasites and their hosts are vital to

evolutionary and ecological studies (Morand et al., 2015).

Ecological speciation is a key process which leads to the emergence of reproductive barriers
between populations and consequently speciation due to divergent natural selection under different
ecological conditions (Nosil, 2012). Ecological speciation emerges as a consequence of selecting
traits with genetic correlation to reproductive isolation, where the formation of new species is a
by-product of adaptive divergence. Even though ecological speciation is understood as one of the
primary mechanisms of sympatric speciation, the process can play role under all geographical

settings, including parapatric and allopatric layouts (Nosil, 2012; Rundle and Nosil, 2005).

Population genetics and population ecology of parasites are closely connected, and their population
structures are affected by host specificity, host mobility, parasite infra-population size, parasite
reproductive mode, and parasite life-cycle complexity (Huyse et al., 2005). The significance of
these factors depends on a particular species of the parasite. Thus, to understand the determining
processes in diversification of parasites, comparative phylogenetic and population genetic

approaches are needed (Bueter et al., 2009).
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The advent of novel genomic approaches allowed us to investigate the evolutionary patterns and
population diversity of organisms at an unprecedented depth. These advanced tools, including
massively parallel sequencing (MPS), enabled the use of genomic methods for non-model taxa
(McCormack et al., 2013), producing significant amounts of genetic data as well as exceptional
insights into the adaptive and neutral processes involved in evolution of populations (Davey et al.,
2011; Ellegren et al., 2012). As one of the pioneers of genomic methods in studying ecological
adaptation, Nosil et al. (2012) used genome-wide data to examine an adaptive trait in genomic
divergence for the evolution of ecomorphs. Various populations of Timema walking sticks from
different plant hosts and from different regions were compared and a particular set of gene outliers

(FST outlier method) was detected along with comparisons between the hosts.

Parasitological studies have been largely focused on the evolutionary origin of resistance in
parasites. For instance, recent multi-locus microsatellite research on human lice ecotypes (the body
louse and the head louse) has revealed remarkable geographic population structures and patterns
of inbreeding (Ascunce et al., 2013). Most importantly, this study uncovered insecticide resistance
in lice populations possibly as a consequence of selection for resistant traits along with outlier loci
potentially involved in resistance evolution. Therefore, their results highlighted the significance of
population genetics in the evolution of parasites. Further research using high-throughput single
nucleotide polymorphism sequencing technologies is required to generate a more complete
genome map and consequently more accurate inferences about the evolutionary processes of
parasite evolution (Ascunce et al., 2013). Recently, a genome-wide analysis of the human head
louse (Pediculus humanus capitis) collected across the globe revealed structured genetic
populations based on geographical regions. The study showed significant genetic variation,
especially between African and non-African lice, related to human colonisation of the planet

(House et al., 2023).

Early genomics researchers assumed that divergent selection of certain traits possibly hinders gene
flow in genetic regions related to these traits (Nadeau et al., 2012), hence forming genomic islands
of speciation. Yet, recent genomic studies using multiple models, including Heliconius butterflies,
Ficedula flycatchers (Burri et al., 2015; Cruickshank and Hahn, 2014), suggest that both the
processes of recombination and natural selection create such patterns of genome-level diversity

(Wolf and Ellegren, 2017). Therefore, more powerful tools such as analyses of whole-genome
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sequencing and genetic linkage can be used to determine whether genomic regions under selection
are isolated or contiguous across chromosomes, and to measure the decrease in genetic divergence
in regions away from the selected sites. In addition, analyses based solely on SNP divergence in
genomes are not strong enough to infer singular, historical events (Burri 2017), e.g. host switching
in parasites. Detection of selection signatures becomes more challenging with the ongoing
divergence of populations as a result of high recombination rates and rapid accumulation of
mutations. In spite of these issues, genomic studies are currently biased toward the use of SNP
data, which leads to an overestimation of the significance of gene variation at coding exons (Stern
and Orgogozo, 2008). Studies of neutral and adaptive variation at the genomic level must be
combined with analyses of changes in gene regulation in order to uncover adaptive changes in
gene expression (Hornett and Wheat, 2012). However, among studies on parasite-host coevolution,

those using transcriptomic genomic methods are still scarce.

Population Genomics of Speciation

Speciation is one of the most essential evolutionary processes, it contributes to the diversity of taxa
by accompanying population divergence with reproductive isolation. Speciation genomics is a
relatively new field, aimed at understanding how genomic variation is involved in the process.
This field uses extensive amounts of genome-wide data to determine loci and genomic features
that promote speciation (Nosil and Feder, 2012; Seehausen et al., 2014) or hamper it, for example

by gene flow reducing genetic variation between different populations.

Formation of barrier loci (loci that contribute to the reduction of gene flow) is influenced by the
homogenizing effects of gene flow. However, selection can promote the accumulation of these
loci, especially among ecologically adapted forms, counteracting the gene flow and supporting
divergence. Understanding the mechanisms of reproductive isolation and the accumulation of
genetic differences are fundamental questions in speciation genomics studies. Divergence can
persist despite gene flow, allowing the movement of alleles across a variety of taxa. This is
observable by examining species along the extremes of divergence or speciation, ranging from
weakly diverged species to well-distinguished taxa (Feulner et al., 2015; Nadeau et al., 2013;
Riesch et al., 2017; Seehausen et al., 2014). While species may exhibit unique characters despite
ongoing gene flow, these differentiations may not necessarily have accumulated under current gene

flow conditions. Instead, secondary contact and hybridization may occur in populations with
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narrow spatial isolation (parapatric populations), or where continuous contact is under divergent
selection. Genomic differentiation under these scenarios, whether through hybridization in zones
of short temporal secondary contacts or other forms, requires a detailed examination using genome
scans and other molecular techniques that elucidate genomic differences (Nosil and Feder, 2012;

Payseur and Rieseberg, 2016).

Genomic signatures of speciation

High-resolution genomic sequencing tools enable studies of population diversification based on
screens of genome-wide differentiations (Seehausen et al., 2014). Reduction of gene exchange
under divergent selection between different environments creates barriers to gene flow, which
eventually lead to ecological speciation (Nosil, 2012). According to the theoretical model of
Dobzhansky-Muller incompatibility, speciation may also occur intrinsically due to fitness
reduction of hybrids as a result of hybrid genic incompatibilities at multiple loci (Coyne and Orr,
2004; Dobzhansky, 1936; Muller, 1940). Nevertheless, the Dobzhansky-Muller model of
incompatibility suffers from several shortfalls; for instance, alleles with epistatic interactions could
also mediate local adaptation, thus leading to fitness reduction of hybrids. According to the genic
model of speciation, genetically differentiated regions arise at a few genomic regions due to
divergent selection advancing reproductive isolation. Such barrier loci show resistance to gene
flow through intrinsic incompatibility or divergent selection, whereas the remaining genomic

regions are balanced under the homogenizing effect of gene flow (Wu, 2001).

Studies have revealed that barrier loci could form in populations that are geographically isolated
or could accumulate despite gene flow. In the case of the geographic isolation, gene flow eliminates
genetic differences that have been established in the time of allopatry, as a result of secondary
contact between populations along the genome, except at sites that include barrier loci. However,
if gene flow is allowed, genetic differentiation remains restricted to regions unlinked to barrier
loci. The diverging populations, under both scenarios, will have few highly-differentiated loci
surrounded by low-differentiated sites in their genomes at the beginning of speciation (i.e.
‘genomic islands of divergence’ or ‘differentiation islands’) (Nosil and Feder, 2012; Turner et al.,
2005). Moreover, limited gene flow in the proximity of genomic islands of differentiation enables
further accumulation of barrier loci at adjacent regions, thus increasing the size of these islands

during speciation (Via, 2012). With the progressive accumulation of even more barrier loci, either
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near or far from the existing genomic islands of differentiation, reproductive isolation becomes
stronger and therefore genetic differentiation increases throughout the entire genome. In this case,
empirical (Riesch et al., 2017) and theoretical (Feder et al., 2012) studies suggest that the increase
in genetic differentiation is not linear and may exhibit a tipping point in the number of
differentiated regions or the strength of reproductive isolation. Consequently, populations may
eventually move from having limited islands of differentiation to showing large genome-wide
differentiations (Nosil et al., 2017). Despite the controversy of the “genomic islands of speciation”
concept, findings of the studies on genomic islands have helped researchers identify genomic
paradigms of genetic differentiation among diverging taxa and among closely related species in

order to understand the underlying mechanisms of reproductive isolation.

Genome scans to identify barrier loci

Numerous studies have highlighted heterogeneous genomic patterns in islands of differentiation
(Nadeau et al., 2012; Turner et al., 2005; Via et al., 2012), yet interpreting such patterns is a difficult
task, particularly to specify whether speciation has been the dominant force in the formation of
islands of differentiation (i.e. ‘speciation islands’) or whether different processes unlinked to
evolutionary mechanisms of reproductive isolation have shaped these islands (i.e. ‘incidental
islands’) (Cruickshank and Hahn, 2014). The homogenizing effect of gene flow between taxa
across most of the genomic regions unlinked to loci associated with reproductive isolation has
served as an important role in shaping differentiation islands in the genic model of speciation.
Nevertheless, numerous studies have reported similar results for heterogeneous genomic
differentiation patterns among populations that apparently have no contemporary gene flow and

are geographically isolated (Renaut et al., 2013; Vijay and Ravichandran, 2016).

Retention of ancestral polymorphism and stochasticity in changes in allele frequencies are the
likely causes of heterogeneity in genetic differentiation of closely related taxa even if current gene
flow is absent, particularly if linked neighbouring sites are affected by selection (Nachman and
Payseur, 2012; Noor and Bennett, 2009). Two types of selection may occur under these conditions:
negative or positive selection. Selection is not necessarily the sole mechanism of emerging
reproductive isolation. The reason behind this is that recurring positive or negative selection
eliminates polymorphisms at the regions targeted by selection as well as at nearby regions in

linkage disequilibrium (LD). This process, called ‘linked selection’ (Cutter and Payseur, 2013)
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generates regions of locally decreased Ne, which further speeds up lineage sorting, increases
differentiation (FST), and reduces genetic diversity (m). Considering that the effect of linked
selection is known to be a function of local variation in recombination rates and the density of sites
targeted for selection, the amplitude of lineage sorting and therefore genomic differentiation will
be heterogeneous along the genome. Hence, understanding the underlying mechanisms of
evolutionary and genetic processes involved in formation of genomic islands of differentiation is

crucial (Rajora, 2019).

To distinguish between these scenarios, comparison of patterns of differentiation across genomes
of several closely related taxa with varying divergence times is needed. It is assumed that
conserved genomic structure and recombination rates between closely related taxa (e.g. density
and distribution of genes) generate shared patterns of genomic differentiation in the strength of
linked selection. A great deal of studies have discussed that genomic islands of differentiation
during early and developed stages of speciation (less divergent and more divergent taxa,
respectively) probably indicate ‘incidental islands’, whereas population-specific islands of
differentiation indicate candidate ‘speciation islands’ (Andrew and Rieseberg, 2013; Burri et al.,
2015; Poelstra et al., 2014; Renaut et al., 2013). Also, during the earliest stages of speciation,
‘speciation islands’ are differentiated from heterogeneous genome diversity formed under linked
selection independent of reproductive isolation. The reason behind this is that strong divergent
selection produces few highly differentiated regions with large blocks of haplotypes (Andrew and
Rieseberg, 2013; Poelstra et al., 2014).

Nowadays, genome-wide polymorphism data of a wide variety of taxa are becoming increasingly
available. Thus, genome scans provide a practical way of understanding the genomic basis of
reproductive isolation through identification of genomic differentiations (Rajora, 2019). A major
advantage of genome scans is that it is not essential if phenotypic divergence is initially
characterized. In other words, genome scan can characterize loci that underlie new divergently
selected traits. Furthermore, this approach is used for identifying divergently selected regions
between easily interbreeding species (lineages) based on the genome signatures created by both
gene flow and selection. Nevertheless, disentangling the underlying forces shaping genomic
islands of divergence (i.e. divergent selection associated with reproductive isolation versus linked

selection) is still a complicated task, as these processes can leave highly similar signatures and
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also occur simultaneously (Yeaman et al., 2016). Although the genome scan detects several islands
of differentiation, the candidate regions of the genome can be limited by integrating trait
information with the genome scan. This method has been seldom performed for traits that were
not initially genetically mapped or well characterized. Using an outlier approach, a study on
warblers attempted to detect anonymous outlier loci and compare them to phenotypic variation
among populations, yet even these phenotypes had well differentiated colours (Toews et al., 2016).
Even though the genome scan analysis is obviously a powerful method for detecting genomic
patterns of divergence, if used solely, it cannot characterize causal genes for reproductive isolation

(Rajora, 2019).

Patterns of host specificity

Host specificity is a crucial factor in shaping the distribution and diversity patterns of parasite
species. Parasite species that infect a single or a narrow range of hosts often exhibit a higher
specificity, leading to unique adaptations and co-evolutionary dynamics with their host (Dobson
et al., 2008). Furthermore, host specificity may be either associated with the ability of a parasite
species to attach and adapt to a host species or the limitations of a parasite species in finding a host
species (i.e. adaptive vs non-adaptive factors) (Dobson et al., 2008). In addition, host specificity
may be affected by other host-parasite interactions, such as when phoresis (parasite species being
mechanically transported by host species) favours host-switching (Harbison and Clayton, 2011).
When dealing with different host species, the adaptive cause for host specificity can be interpreted
as differences in fitness. In practice, this has rarely been experimentally studied, therefore our
current knowledge of host ranges basically comes from fragmentary presence data of wild-living
parasite species and their related hosts (Dunn et al., 2009). However, more careful examinations,
such as taxonomic re-description of specialist parasite species, reveal that host species can be more

wide-ranging than expected (Clayton and Price, 1999).

Based on molecular studies, different cryptic species can be found within morphospecies of
parasites (Miura et al., 2005), some of which may show higher host specificity than the wide host
range previously suggested for the original morphospecies (Jousson et al., 2000; Poulin and
Keeney, 2008; Pouyaud et al., 2006). Such erroneous estimates of host specificity may also stem
from other factors, such as parasites that occasionally infect certain hosts, or those that infect hosts

but do not reproduce or feed on them (Dunn et al., 2009). In addition, results of experimental
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studies suggest that host ranges tend to be broader than what would be obtained from field studies
(King & Cable, 2007; Poulin & Keeney, 2008; King et al., 2009). Moreover, under non-
experimental conditions (outside library), host-switching can be triggered if host species are in
captive environments (Thoney and Hargis Jr, 1991). For instance, if conditions are not optimal in
aquaculture systems, certain hosts may become more vulnerable to atypical parasite species, or
when different species are kept together, species switches may happen (Justine, Dupoux and Cribb,

2009; Kaneko et al., 1988).

Studies have suggested that host specificity indices not only should examine the number of host
species a parasite infects, but also should investigate host phylogenies. Moreover, a non-specificity
index has been proposed by Desdevises et al. (2002) which, apart from specialist and generalist
classes of parasites, includes also two semi-quantitative classes. Later, an index of host specificity
was described from a phylogenetic perspective based on the average phylogenetic or taxonomic

distance between pairs of host species (Poulin and Mouillot, 2003).

Besides host phylogeny, other factors also affect parasite transfer. To understand the evolution and
ecology of host specificity, Poulin, (2011) proposed an index of functional host specificity
(obtained from quantification of similarities in functional traits among host species). Host
specificity may also induce co-speciation. Although co-speciation plays an important role in
parasite speciation, it does not act as a barrier to host-switching (Brooks and McLennan, 1993;

Desdevises et al., 2002; Poulin, 1992).

Host switching

Host-switching or species jumps can result in parasite diversification, too (Munday et al., 2004;
Sorenson et al., 2003; Zietara and Lumme, 2002). If a parasite species can successfully shift to a
new host, a sudden surge in speciation may be stimulated (Zietara and Lumme, 2002). Host-
switching events may also provide information about evolutionary sympatric phases between host

species (Barson et al., 2010).

Evaluating the frequency and possibility of host switching in the evolutionary relationships of
hosts and parasites may contribute to a deeper understanding of the changing nature of current
infectious diseases and future potentially emerging diseases (Cooper et al., 2012; Streicker et al.,

2010). In the same vein, as proposed by Poulin ef al. (2011), to predict the possibility of a newly-
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introduced parasite to switch to a new host in a new region, a phylogenetic host specificity index

would be useful (Cooper et al., 2012).

Phylogenies, host specificity and host switching

Biological characteristics of hosts and parasites can be mapped onto phylogenetic trees and
evolutionary reconstructions and inferences about the evolution of host use and specificity can be
made (Desdevises et al., 2002). Dating estimates of specific evolutionary events can also be made
based on molecular phylogenies (Barraclough and Nee, 2001). Statistical phylogenetic comparison
of host-parasite relationships can reconstruct the ancestral host of certain parasite species. Host-
parasite phylogenies are resolved in co-phylogenetic studies by evaluating the contribution of host
switching, co-speciation, within-host speciation, and species sorting events (‘missing the boat’ or
extinction of a parasite lineage) (Morand et al., 2015; Page and Charleston, 1998). Among these
events, strict co-speciation results in complete congruence between host-parasite phylogenies,
whereas the remaining three, coupled with incomplete taxon sampling, will blur such phylogenies

(Domingues and Boeger, 2005).

Understanding the evolution of host specificity requires knowledge on covariations in biological
traits and environmental factors of hosts and parasites in relation to levels of host specificity. To
acquire such knowledge, phylogenetic comparative studies (Cooper et al., 2012; Desdevises et al.,
2002) or Bayesian statistics (Faria et al., 2013) can be used. Cooper et al. (2012) applied
phylogenetic comparative analyses to examine the underlying factors in parasite host switching
among primate species. Their meta-analysis consisted of 2867 host—parasite combinations
(including 128 primate and 437 parasite species) and compared evolutionary models with different
levels of host gain (host switching) or loss (parasite extinction). A Bayesian statistical framework
was used by Faria et al. (2013) to provide a reconstruction of host switching and transmission of
the rabies virus in host bats. They also assessed the contribution of several host-parasite traits and
environmental predictors. Cooper et al. (2012) and Faria et al. (2013) both found geographical
range overlap and genetic relatedness as the most significant predictors of host switching, whereas

host ecology was additionally found as an important factor by Cooper et al. (2012).
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Choice of model systems

Two biologically rather different parasite systems (Ligula tapeworms and human associated Cimex
bedbugs) were chosen as models for the thesis. Despite their differences, the two systems represent
ideal models to study the processes of ecological differentiation — they are both globally distributed
and subjected to strong host-related selection. In the case of Ligula, the selection pressure is
associated with the large numbers of host species it is capable of infecting (Wafa Bouzid et al.,
2008; Stefka et al., 2009). In the case of bedbugs, it is represented by the evolutionary recent host
switch from bats to humans and by the very recent selection for resistance against insecticides
(Kilpinen et al., 2011; Roth et al., 2019; Tawatsin et al., 2011). Each of these processes has the
potential to leave imprints in the parasites’ genomes. Peculiarities of the biology and life histories

of the two parasite systems are provided below.

Ligula intestinalis

The tapeworm L. intestinalis (Cestoda: Diphyllobothriidea) is a permanent endoparasite with a
complex life cycle (Figure 1), which begins with the release of eggs into freshwater environment.
The eggs are produced by adult tapeworms living in the intestines of their definitive hosts, typically
piscivorous birds, and passed out with the bird's faeces. In freshwater, the eggs eventually hatch
into free-swimming larvae known as coracidia, which are then ingested by the first intermediate
host, small crustaceans, mainly cyclopoid and calanoid copepods. Inside the copepod, the coracidia
pass through the digestive canal and penetrate into the body, transforming into procercoid larvae.
This stage shows significant morphological changes, preparing the parasite for its next stage of

development.

Fish, most often cyprinids, serve as the second intermediate host. When a fish consumes an
infected copepod, the procercoid larvae are released into the fish's digestive tract. The larvae then
migrate through the gut into the body cavity of the fish, where they develop into plerocercoid
larvae. This stage is marked by a significant increase in size and the development of a more
complex structure, including the formation of a scolex (head) that will eventually attach to the
intestine of the definitive host. The life cycle of L. intestinalis reaches its final stage when an
infected fish is eaten by a piscivorous bird. Inside the bird's digestive system, the plerocercoid
larvae attach to the intestinal wall with their scolex. Here, they mature into adult tapeworms,

capable of reproducing and releasing eggs into the environment (Dubinina, 1980).
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Figure 1. The life cycle of L. intestinals (from figure 1 in Stefka et al 2009).
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Since the beginning of the 21st century, several studies have used molecular data to investigate
speciation in ligulid cestodes (see Table 1, which summarizes recent ecological and evolutionary
studies carried out on the tapeworm), which are represented by several lineages, sometimes
considered as cryptic taxa. For example, Li and Liao, (2003) analysed sequences of mitochondrial
ND1, COl, ITS1, and 28S rRNA and found low genetic differentiation in these four genes in
Ligula intestinalis and its relative Digramma interrupta (now Ligula alterans). According to their
results, the two parasites in the genus Ligula should be considered distinct species. In an earlier
study using CO1 and 28S rRNA sequences of Ligula from Russia, England, and the Qinghai-Tibet
Plateau, the same authors suggested that Ligula from China belonged to the same species as the
European Ligula. Based on their study, host habitat, host affinity, and geographic location could

not be considered as fit and proper criteria for the classification of Ligula (Li et al., 2000).
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Based on rDNA molecular data (ITS2 spacer and 28S), Ligula parasites in roach and gudgeon fish
from Northern Ireland were found to represent distinct strains considering their effect on the
gonadal development of their hosts (Olson et al., 2002). Also, Ligula in minnow (Phoxinus
phoxinus) from Wales were similar to Ligula from roach fish in Lough Neagh. Olson et al. study
proposed that the introduction of roach fish and a subsequent increase in primary host populations

(i.e. great crested grebe) was likely the cause for the presence of separate strains in Lough Neagh.

Another study suggested that L. intestinalis from Turkey were genetically separate from Chinese
and European L. intestinalis (Logan et al., 2004). Bouzid et al. () studied the genetic diversity of
L. intestinalis from different fish species distributed across China, Russia, UK, Germany, France,
Poland, Ukraine, Czech Republic, Estonia, Australia, Canada, Mexico, Tunisia, Algeria, and
Ethiopia using two mitochondrial markers, CO1 and cyt b, and one nuclear sequence of ITS2. In
their study, the evolutionary patterns were estimated at the global and local aspects. At the global
level, genetically distinct clusters were obtained, while at the local scale, the migratory primary
bird host was found to play a crucial role in preventing the establishment of genetic barriers.
Moreover, Ligula diverged into two lineages, termed as A and B. Lineage A included Ligula from
Europe and Tunisia that were collected from ‘derived cyprinid fish’ (Phoxinus, Abramis, Rutilus,
Scardinius, and Alburnus), whereas lineage B contained samples from Europe, Algeria, China and
Australasia obtained from ‘basal cyprinids’ (Barbus, Gobio and Rhodeus). In another study on the
genetic diversity of L. intestinalis, Bouzid et al. () highlighted that inter-simple sequence repeat
markers (ISSR) provided a quick and affordable approach to identify reliable markers for

assessments of genetic diversity.

Then, Stefka et al. (2009) applied 15 microsatellite loci to assess the genetic diversity among L.
intestinalis populations across Africa, Asia, Australasia, Europe, and North America. Their results
indicated strong genetic structure and considerable levels of polymorphism in Ligula and
suggested that the parasites subdivided between Tunisia and Europe under the influence of the
Mediterranean Sea. Despite the fact that the sea was not a barrier to migration of the primary bird
hosts, it is noteworthy that the adult tapeworm only spend a couple of days in the body of the birds
(Dubinina, 1980) and therefore could not disperse between the two areas. Furthermore, the authors
proposed that the fish immune response may also play an essential role in the occurrence of host-

specificity in the genotypic clades of Ligula.
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So far, the majority of studies on immune responses to the last larval form, i.e. the infective stage,
have been done only in roach. These studies revealed a strong cellular response to the parasite,
involving several adaptive and innate humoral immune components (Hoole and Arme, 1982, 1983,
1986, 1988; Taylor and Hoole, 1989, 1993, 1994, 1995; Williams and Hoole, 1992, 1995).
Nevertheless, in the face of the host response, significant differences to Ligula infection can be
seen in gudgeon and roach fishes (Arme, 1997), also suggesting possible genetic diversity of
Ligula. Overall, since Smyth’s experiments on in vitro maturation of L. intestinalis in 1947, this
metazoan parasite has proven a valuable model for in vitro studies of tapeworm development and
has been extensively used in parasitological, endocrinological, ecological, genetic, immunological

and pollution studies.
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Table 1 Summary of ecological and evolutionary studies on L. intestinalis

fish host age were
estimated for one year
using GLM

The competitive ability of roach is reduced
by the parasite

Both parasite occurrence and abundance
occur close to the shoreline from July to
December

Research questions Material and methods | Results References
Determining the parameters of parasite-host relation | 272 Cyprinid fishes A sharp decrease in age class 2 (Ergonul
in Ligula to age classes, month sampled and gender | were checked . . . and
of tench in Mogan Lake, Turkey. July has the highest rate of infections Altindag,
There is no significant rate of prevalence 2005)
based on gender
Occurrence of L. intestinalis in British fishes A large group of Rutilus rutilus was the most common and | (Arme and
regarding month and fish size. fishes were tested widespread host for the parasite Owen,
from three lakes in the | August showed the highest rate of fish 1968)
United Kingdom infection
The most infected fish was smaller than 13
cm
The impact of the tapeworm L. intestinalis on The statistical and Infected fish uses different microbiome (Brown et
behaviour of its intermediate fish hos.t analytical tools were | (surface water) and alters morphology al., 2001)
combined to generate ) o
GLMs? models The.51ze of p‘ara51te.51gn1ﬁcanﬂy correlates
to disproportionate impact on its host
Does L.intestinalis affect its host (roach) behavior Parasite occurrence, Three-years old roach were significantly (Loot et al.,
under natural condition? habitat preference and | parasitized 2001)

2 Generalized Liner Model
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The co-existence of separate species of Ligula in ITS-1, 5.8S and ITS-2 | The co-existence of separate species of (Olson et
Northern Ireland. were sequenced and Ligula resulted from the introduction of R. | al., 2002)
compared in the rutlius and correlated with an increasing
parasite from number Podiceps cristatus
difference host
Phylogenetic systematics of Diphyllobothriid 20 ITS-2 RNA Taxonomic revision is needed for the (Logan et
tapeworms. sequences from family of Diphyllobothriidae al., 2004)
different host and Digramma is an invalid genus in the
geographical regions | family Diphyllobothriidae
were considered
Examine the phylogenetic structure of L intestinalis | 109 tapeworms from | Reproductive isolation (ecological (Bouzid et
on macroevolutionary scale and exploring the 13 fish host in 18 speciation) was discovered between al., 2008)
possibly cryptic species, and spatial distribution of | localities were for lineages in sympatric region
genetic variation within populations. Cyt.b and ITS-2 The genetic structure of Ligula is affected
regions )
by geographic structure and host
specificity
Describing the ultra-structure of spermiogenesis Transmission electron | These two orders are different in the (Levron et
and spermatological of L. intestinalis in order to microscopy was used | presence or absence of a ring of electron- | al., 2009)

distinguish Diphyllobothriidae from
Bothriocephalidae.

to describe
spermiogenesis and
spermatozoon

dense cortical microtubes in the anterior
extremity of the spermatozoon
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Clarifying diversification processes within L.

15 microsatellite loci

The genetic structure of L. intestinalis

Stefka et

Gobiomorphus
cotidianus and
Oncorhynchus
tshawytscha were
considered for the
study

The tape worm was reported after 30 years
in the New Zealand

intestinalis and COI gene were complex is affected by geographic distance | al., 2009
analysed for 338 s .
plerocercoids from 24 E:SR markerdp;0V§q a dlverglen.ce between
localities uropean and Tunisian populations
Mediterranean Sea was considered as a
barrier between north Africa and European
populations
Characterize the complete mitogenomes of Whole mitochondrial | The study proved that D. interrupta and is | (Li et al.,
Digramma interrupta and L. intestinalis to genome was a congeneric species with L.intestinals 2019)
investigate whether these two diphyllobothriids sequenced for these The most mitochondrial variable genes in
belong to the same genus or not? two species these two species are nad2, nad4, nad5,
nad6 and cox
Taxonomic position and phylogenetic relationship 1031 ciprinid fishesh | Alburnoides bipunctatus showed the (Ahmadiara
between L. intestinalis and Digramma interrupta were checked in highest rate of infection et al., 2018)
thwest fI . .
Zr?(ri p;;v;lso;:;; ran ITS-2 is a suitable marker for
analysis were carried dlstlngulshlng L. intestinalis from D.
out with 23 ITS interrupta
sequences D. interrupta might be another species of
the Ligula genus
Molecular identification of Ligula on the South Three ITS1 sequences | The results confirmed that these samples (Lagrue et
Island, New Zealand. of Ligula sp from the | belong to Ligula genus. al., 2018)

3 Simple sequence repeat
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Population genomic study on L. intestinalis

In a recent master’s thesis study, a preliminary genomics dataset was generated using 4000+
Double digest restriction-site associated DNA sequencing (ddRADseq) loci obtained from 85 L.
intestinalis individuals (Kocova, 2018). The results indicated that the genomic structure of the
populations showed six major clusters for L. intestinalis across the globe (Figure 2). Contrary to
the microsatellite analyses, SNP data suggested emerging genetic structure also among European
populations arising from different host species (Figure 3). Both FST and PCA-based outlier tests
on a sympatric population of Ligula from bream and roach+bleak fishes in northeast of the Czech
Republic revealed that the genetic diversity could at least be partially associated with host specific

adaptations (Figure 4).
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Figure 2. Co-ancestry heatplot of L. intestinalis populations across the world. The color scale

indicates the degree of sharing identical loci between individuals. Gray and black lines on the left

indicate the geographical origin of the samples (adapted from Kocova, 2018)
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Figure 3. Genomic differentiation in European populations of Ligula intestinalis from two host groups.
Co-ancestry matrix (heatmap) of 85 individuals distinguished a cluster from bream (top right), and a cluster
from roach and bleak (bottom left). Only a single specimen (CZ80Ab_Rim) showed switching between the
hosts (marked by a small bream logo on the bottom left) (adapted from Kocova, 2018).
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Figure 4. Manhattan plot of Fsr differentiation between roach+bleak vs. bream isolated samples of L.
intestinalis (N=47, 4000+ loci) from a sympatric population in the NE of the Czech Republic. Red dots
mark loci positive in both Fst(BayeScan) and PCA (PCAdapt) tests, loci tested positive only in PCA are
in yellow (strict, 10% g-value, FDR control was set for both tests) (adapted from Kocova, 2018).

31



Cimex lectularius and C. hemipterus

Bedbugs belong to the order Hemiptera (insects), family Cimicidae, and genus Cimex. These
hematophagous arthropods feed on bats or birds as their definitive hosts. Globally, they are
regarded as one of the major cosmopolitan pests parasitizing humans. Two species of bedbugs
whose primary hosts are mostly humans are temporary blood-eating ectoparasites, the common
bed bug (Cimex lectularius Linnaeus 1758) and the tropical bed bug (C. hemipterus). C. lectularius
is found in temperate regions, while C. hemipterus is predominantly found in tropical regions
(Usinger, 1966). These parasites of humans have emerged as a serious public health issue, due to
their blood-eating feeding habits during the night, causing psychological and physical discomfort
(Delaunay, 2012; Rossi and Jennings, 2010; Usinger, 1966). During infestation, the main health
problems they may create include systemic involvement, skin reactions and nuisance biting. So
far, no evidence of transmission of human diseases by bedbugs has been detected. Bedbugs affect
all people from different economic and social levels, and these parasites have been documented in
almost every man-made structure, e.g. apartments, college dormitories, hotels, motels, shelters,
hospitals, office buildings, and military camps (Potter, 2011). Following World War II,
organophosphate insecticides were extensively used to eliminate bed bug infestations, after which
these parasites were only observed in rare cases from industrialized countries (Booth et al., 2012;

Cooper, 2006).

In recent decades, the resurgence of bedbugs has been significantly driven by the emergence of
insecticide resistance, posing substantial challenges to pest control efforts worldwide. The
extensive use of insecticides, particularly pyrethroids, has led to the development of resistance in
bed bug populations through various mechanisms, including behavioural changes, enhanced
detoxification enzymes, and target site insensitivity (Davies et al., 2012; Romero et al., 2007). For
instance, studies have identified widespread resistance to pyrethroids in bedbugs across the United
States, attributed to mutations in the voltage-gated sodium channel gene (Zhu et al., 2010). Similar
resistance patterns have been reported globally, complicating control measures (Dang et al., 2017,

Kilpinen et al., 2011).

This resistance has facilitated the spread of bedbugs, exacerbating their status as major public
health pests. Bedbugs have adapted to a variety of environments, including homes, hotels, public

transportation, and healthcare facilities, leading to increased infestations and significant economic
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burdens (Potter et al., 2008). Consequently, controlling resistant bed bug populations requires
integrated pest management strategies that combine chemical treatments with non-chemical
approaches, such as heat treatments, vacuuming, and bed bug-proof encasements (Romero et al.,
2010). These integrated strategies are essential to effectively manage and mitigate the spread of

these persistent pests.

Population genetics studies on Bedbugs

A recent fossil-dated phylogenetic approach revealed the evolutionary history and host
relationships of bedbugs (Cimicidae) (Roth et al., 2019), suggesting that bedbugs originated
around 115 million years ago, predating their assumed bat hosts by over 30 million years. Contrary
to previous beliefs, which posited that bedbugs co-evolved directly with their hosts, particularly
bats, and ancient humans (Usinger, 1966), the new evidence shows that bedbugs did not co-
speciate with bats or ancient humans but rather independently colonized bats multiple times. The
study also found that common and tropical bedbugs (C. lectularius and C. hemipterus) diverged
approximately 47 million years ago, indicating that their association with humans occurred through
host extension rather than co-speciation (Booth, 2019; Roth et al., 2019). Further findings revealed
that bedbugs evolved as host specialists before diversifying to exploit various hosts, including
birds and mammals. This pattern of host switching highlights the evolutionary plasticity of
bedbugs and their ability to adapt to different hosts over millions of years. Additionally, the
phylogenetic analysis provided robust resolutions of debated relationships within Cimicidae,
including the paraphyly of groups parasitizing swallows and the monophyly of Primicimex and
Bucimex. These results suggest that bedbugs' host associations are not strictly bound by co-
evolutionary events but are shaped by ecological opportunities and host availability, challenging
the simplistic view of direct co-speciation and emphasizing a more dynamic evolutionary history

(Booth, 2019).

The human-associated C. lectularius has been a long-term pest of humans, originally evolving
from the ectoparasites of their ancestral hosts, i.e. cave-dwelling bats (Usinger, 1966; Balvin, Roth
and Vilimova, 2015). Recent population genetic studies of bedbugs address a wide range of
questions (Table 2). A genetic study revealed that approximately 245,000 years ago, one or more
lineages of C. lectularius diverged from their bat hosts and switched to hominids (Balvin et al.,

2012). C. lectularius populations of the Old World still live in close association with their early
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original bat hosts (Usinger, 1966; Povolny and Usinger, 1966; Balvin et al., 2012a). Recent studies
have revealed genetic and reproductive isolation between C. lectularius lineages associated with
humans and bats within homes (Balvin et al., 2012; Booth et al., 2015). Due to failure of
hybridization experiments between these two lineages in producing viable offspring, it could be
argued that post-mating barriers led to the divergence of the lineages from each other (Wawrocka
etal., 2015). However, contrary to previous reports, recent studies have found that under laboratory
conditions, these lineages are reproductively compatible, indicating that other factors such as
ecological separation and behavioural barriers, rather than genetic incompatibility alone, might

maintain their divergence (DeVries et al., 2017)

Mitochondrial DNA has been widely helpful in understanding propagule pressure (introduction
effort or colonization pressure) of invasive populations, because the existence of several mtDNA
lineages indicates the introduction of a genetically diverse propagule or multiple distinct
introduction events (Fitzpatrick et al., 2012). In a study using sequences of 16S rDNA obtained
from 22 geographically distinct infestations in Australia, Canada, and the United States, multiple
haplotypes were observed within many of the sampled locations (Szalanski et al., 2014). Therefore,
it was concluded that gene flow was commonly present among these populations, and bedbugs
used alternative hosts in these regions that acted as sources of further infection before their recent

re-emergence.

Furthermore, Microsatellite DNA from the nuclear genome yielded contrasting results on possible
ways of bed bug spreading between infestations. In the first scenario, each microsatellite locus
contains four or fewer alleles within an infestation, on the condition that the founding propagule
was made up of a single sexual pair, a group of closely related individuals, or one singly-mated
female (Scenario A). On the contrary, in scenario B, each locus contains more than four alleles at
two or more loci, suggesting multiple introductions from more than one source population, or a
single introduction from a source population with high genetic diversity. It is noteworthy that
genetic diversity provides information about the number of introduction events that are genetically
distinct but not about the number of introductions that can potentially occur from that source
population. In addition, frequent use of insecticides for the control of bedbugs could eliminate
haplotypes related to vulnerability to insecticides. As a result, the history of unique introductions

will remain hidden (Dang et al., 2015). So far, little within-infestation genetic variation has been
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revealed by microsatellite studies in human-associated populations (Booth et al., 2012; Fountain
etal., 2014; Raab et al., 2016; Saenz et al., 2012). As most infestations contain four or fewer alleles
within themselves (Raab et al., 2016), it appears that introductions follow scenario A, which is
contrary to Szalanski et al., (2007), who observed multiple haplotypes within bed bug infestations

using mitochondrial DNA markers.

In contrast, in the bat-associated lineage, observing multiple infestations supports scenario B
(Booth et al., 2015). This result implied that populations of the bat-associated lineage were rarely
exposed to insecticides, had higher prevalence in bat roosts, and also had greater host density,
allowing more frequent passive dispersal events (Balvin et al., 2012; Bartonicka and Rtuzickova,
2013). Thus, compared to the human-associated lineage, the bat-associated lineage is more likely

to be stable, permitting more frequent introductions.

Next generation sequencing studies

Since the recent sequencing of the genome of C. lectularius (Rosenfeld et al., 2016; Benoit et al.,
2016), the common bed bug has become an invaluable model for evolutionary studies. However,
our knowledge is still rudimentary in some areas, such as 1) understanding the spatial and temporal
frequency of mutations associated with knockdown resistance (kdr) to insecticides and identifying
the genetic relationships between globally distributed populations, 2) the effect of increasing
international human traffic on the extent of gene flow in the parasite, or 3) the loci involved in
successful switch from bat to human hosts. For future studies, data from genome-wide loci (e.g.
SNPs) and the sequenced genome are required in order to determine sources of resurgent
populations and evolution of knockdown resistance and to understand which genes are responsible

for host-associated lineage differentiation.
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Table 2 Recent population genetic/genomic studies on bedbugs

Research Questions

Methods

Results

References

The identity of new
C. hemipterus populations in
Honolulu

Morphology and phylogeny
methods were used for species
identification

The results proved the presence of
C. hemipterus populations in Honolulu where
is the outside of species distribution

They reported the presence of kdr-associated
mutations in all samples

(Lewis et al.,

2020)

The evolution of host
associations and sex-reversal
of reproductive trait
diversification

Four genes region from both
mtDNA and nucDNA were
amplified for 34 species of
Cimicidae

Bedbugs evolved before their primary bat
hosts

Male mating behaviour may have affected
female genitalia heterotopy

Rejected the simultaneous divergence between
two bedbugs species with Homo sapiens and
H. erectus.

(Roth et al., 2019)

Co-evolution between bedbug
and Wolbachia

Surface protein gene and another
protein-coding locus were

Showed co-speciation between Wolbachia and
their bedbug hosts

(Balvin et al.,

were sequenced for bedbugs

A positive selection was found at five codons
in all bat associated species

considered to track the relationship 2018)
between bedbugs and Wolbachia
Scans for positive selection on | CO1 gene and the nuclear The result depicted that a selective pressure on | (Talbot et al.,
salivary glands in bedbugs Elongation Factor 1o (EF1a) gene | the salivary apyrase gene in species of Cimex 2017)
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Testing heteroplasmy in
different bedbug populations

Bedbugs were sampled from 24
different infected structures and
COI was sequenced

Showed that heteroplasmy is common
however, no evidence for nuclear
mitochondrial DNA sequences was detected

(Robison et al.,
2015)

Taxonomy assessment of four
groups of bedbugs (Cimex.
pipistrelli, C. pilosellus, C.
hemipterus and C. adjunctus)

Comparing morphological and
molecular results of the four groups

Confirmed the existence of four traditional
morphologically defined species in Cimex
genus.

C. hemipterus group showed a well-supported
relationship to the C. pipistrelli group

(Balvin, Roth and
Vilimova, 2015)

Estimating contemporary gene
flow and genetic
differentiation of C. lectularius
populations associated with
bats and humans

756 samples were used for both
mtDNA (COI) and microsatellite

The results did not prove any contemporary
gene flow among populations

human-associated bed bug showed low
genetic diversity in comparison to bat
associated bedbugs

Demonstrated that C. lectularius is currently
undergoing lineage differentiation

(Booth et al.,
2015)

Population genetic structure of
C. lectularius in the US,
Canada, and Australia

16S rRNA and ITS1 genes were
sequenced for 136 individuals
represented 22 populations

Showed that bedbugs populations did not
experience any genetic bottleneck

Lack genetic differentiation and high gene
flow among populations

(Szalanski et al.,

2007)

Spatial genetic structure and
gene flow of C. lectularius
populations in France

183 samples were genotyping using
six polymorphic microsatellite loci

Showed a significant genetic

differentiation among populations, however
could not prove a significant relationship
between genetic distance and geographic
distance

(Akhoundi et al.,
2015)
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Phylogenetic relationship of
tropical bedbugs in Malaysia

Sampling was carried out for 22
populations in Malaysia, and the
mitochondrial (COI) gene was used
as a marker.

The results depicted one monophyletic group
for tropical bedbugs that separated in two
lineages

(Seri Masran and

Ab Majid, 2017)

Phylogeny of cimicid bugs of
bats in central-eastern Europe,
Vietnam and South Africa

216 cimicid bugs (C. lectularius, C.
pipistrelli, Cacodmus ignotus and
C. sparsilis) were collected from
these regions, and two genes (COI
and ITS) were sequenced

C. pipistrelli showed a high genetic
homogeneity, however C. lectularius posed
two haplotypes which significantly diverged
from each other

(Hornok et al.,
2017)

Identify ~ potential genes
involved in pesticide resistance

A total of 216,419 reads with
79,596,412 bp of  bedbug
transcriptome was surveyed on thin
study

Revealed putative members of several
detoxification pathways involved in pesticide
resistance

A significant number of snps and microsatellite
loci were found

(Baietal., 2011)

The mitogenome of the bed bug
C. lectularius was surveyed

The phylogeny relationship was
reconstructed based on the 15,217
bp mitochondrial genome

C. lectularius is a member of a paraphyletic
Cimicomorpha lineage

(Kolokotronis et

al., 2016)

Analyses of the C. lectularius

Genome  assembly  comprised

Showed the presence of multiple putative

(Benoit et al.,

sequenced genome to reveal 650.47Mb and 14,220 predicted | lateral gene transfer events. 2016)
evolutionary adaptations protein-coding genes was used for T .. ation h Ived multiol
linked with the lifestyle of three females and three adult male raumatic insemination has evolved multiple

times
bedbugs
Clarify the functional genomic | 697.9-Mb C lectularius genome and | Increased gene expression occurs after feeding | (Rosenfeld et al.,
profile of the bed bug transcriptome sequences including | on human blood 2016)

regarding blood meals.

36,985 coding and noncoding genes
were used for both male and female
in seven different stages of bedbugs
life cycle.

Various methods of resistance to insecticides
such as sodium channel blockers, enzyme
detoxification pathways and thicker chitin
layers were proved
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Aims of the thesis

Diversification in parasites typically involves the evolution of new species or subspecies from
a common ancestor, a process driven primarily by ecological pressures such as host specificity
and geographic isolation (Huyse et al., 2005). This thesis aims to explore various aspects of
ecological and genetic dynamics in parasitic species, focusing primarily on the tapeworm L.
intestinalis and the bedbugs of species C. lectularius and C. hemipterus. The research is
structured into several chapters, each targeting specific objectives to contribute to the overall
understanding of these parasites' evolutionary biology, genetics, and adaptation mechanisms.
My primary research goal is to explore the diversification processes in two parasites with
biologically distinct systems (endoparasitic Ligula tapeworms infecting wildlife and
ectoparasitic human-associated Cimex bedbugs) and to explore how population genomics can
elucidate these mechanisms. Despite their differences, these two systems serve as ideal models
for studying ecological differentiation, thanks to their global distribution and strong host-

related selection pressures.

In Chapter I, | aim to elucidate the prevalence and population genetic structure of L.
intestinalis plerocercoids in various cyprinoid fish species across different Czech water bodies.
This research seeks to understand the prevalence of L. intestinalis plerocercoids in various
freshwater lakes and reservoirs in the Czech Republic, and to compare the phylogenetic
relationships of these parasite populations across different cyprinoid fish with specimens
analysed in previous genetic studies. Additionally, using a subsample of the collected
specimens, | aim to test for parasite genetic structure associated with host specificity on a
smaller spatial scale. In Chapter I, I switch to a more global scale to investigate the historical
dispersal and host-switching events that shaped the evolutionary history of the L. intestinalis
species complex. This chapter focuses on understanding the relative importance of host
association and biogeography in the parasite's diversification. Key research questions include
the identification of major evolutionary lineages and their host specificity, the timing of major
diversification events, and the influence of historical biogeographic and demographic events
on lineage diversity. SNP genotyping and mitochondrial sequencing of 139 specimens from 18
fish-host genera across 21 countries, combined with phylogenetic and population genetic

analyses, historical biogeography reconstructions, and demographic history modelling was
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utilised to elucidate the factors and events that have driven the evolution and diversification of

L. intestinalis over time.

In Chapter Il1, I aim to provide a highly contiguous genome assembly for L. intestinalis and
to investigate RNA transcription patterns to understand the regulation of biological functions
during its life cycle. This chapter seeks to establish a comprehensive reference transcriptome
for both the plerocercoid and adult stages of L. intestinalis. Moreover, | aim to compare the
genomic features of the new Ligula genome assembly with other available tapeworms in the
order Diphyllobothriidea and six genomes representing the Cyclophyllidea. Furthermore, |
seek to identify the upregulated and downregulated genes that play critical roles in the
plerocercoid and adult stages of the L. intestinalis life cycle. Then in the next chapter (Chapter
IV) the new genome assembly is employed to elucidate the mechanisms underlying possible
ecological speciation in L. intestinalis, particularly focusing on Lineage A populations in areas
where all hosts coexist in sympatry. | intend to examine the potential divergent selection
pressures and ecological isolation mechanisms that might influence parasite adaptations and
diversity in sympatric settings. By utilizing a comprehensive approach that involves the
analysis of genome-wide SNPs and transcriptome data, this chapter aims to ascertain whether
host specificity in Lineage A can potentially influence the population structure of parasites in
the absence of geographical separation. Additionally, the goal is to identify potential genomic
signatures indicative of host specialization within identified Ligula populations through
selection analyses and to study RNA transcription patterns to identify differentially expressed

genes related to host specialization in parasite populations.

In Chapter V, the focus is shifted to the establishment of the tropical bedbug, Cimex
hemipterus, in Central Europe. This chapter investigates the recent local establishment of C.
hemipterus through extensive sampling of bedbug populations across Europe from 2002 to
2020. The research utilizes morphological and genetic identification methods, including
sequencing of the cytochrome oxidase subunit I (COI) gene and analysis of kdr-associated
mutations in the sodium channel gene. Findings indicate recently established infestations,
limited mtDNA variability and the presence of pyrethroid resistance mutations, emphasizing
the importance of species identification in pest management due to potential differences in
control strategies and resistance mechanisms. Finally, in Chapter VI | investigate the genetic
and transcriptomic divergence in Cimex lectularius populations associated with human and bat

hosts. This chapter hypothesizes that host switching through ecological fitting enables parasites
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to exploit different host species using their existing traits, potentially leading to speciation. The
study addresses how host switching influences genetic diversity and population structure in
bedbugs, the genetic and transcriptomic adaptations associated with this host switching, and
the potential for host specificity to drive speciation in bedbug populations.
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Abstract: Ligula intestinalis (Linnaeus, 1758) is a tapeworm parasite with a worldwide distribution that uses a wide variety of fish
species as its second intermediate host. In the present study, we investigated the prevalence and population genetic structure of pler-
ocercoids of L. intestinalis in five common cyprinoid species, roach Rutilus rutilus (Linnaeus), freshwater bream Abramis brama
(Linnaeus), white bream Blicca bjoerkna (Linnaeus), bleak Alburnus alburnus (Linnaeus), and rudd Scardinius erythrophthalmus
(Linnaeus), collected in six water bodies of the Czech Republic (Milada, Most, Medard, Jordan, Rimov and Lipno). Of the six study
sites, the highest frequency of parasitism was recorded in Lake Medard (15%). The overall prevalence rate among the species was as
follows: roach > rudd > freshwater bream > bleak > white bream. Two mitochondrial genes (cytb and COI) were used to compare the
population genetic structure of parasite populations using selected samples from the five fish species. The results of the phylogenetic
analysis indicated that all populations of L. intestinalis were placed in Clade A, previously identified as the most common in Europe.
At a finer scale, haplotype network and PCoA analyses indicated the possible emergence of host specificity of several mtDNA haplo-
types to the freshwater bream. Moreover, pairwise Fixation indices (F,) revealed a significant genetic structure between the parasite
population in freshwater bream and other host species. Parasite populations in roach not only showed the highest rate of prevalence but
also depicted a maximum number of shared haplotypes with populations from bleak and rudd. Our results suggest that recent ecological
differentiation might have influenced tapeworm populations at a fine evolutionary scale. Thus, the differences in prevalence between
fish host species in different lakes might be influenced not only by the parasite’s ecology, but also by its genetic diversity.

Keywords: tapeworm, Czech Republic, host specificity, freshwater, fish parasite
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Host specificity is a crucial factor shaping the distribution
and diversity patterns of parasite species. Understanding host
specificity is essential in order to characterise the diversity
and study the biogeography of parasites (Stefka et al. 2009,
Martint et al. 2018, Bernard et al. 2019, Wells and Clark
2019). Given that the global species richness of parasites is
higher than the diversity of non-parasitic species (Windsor
1998) host specificity is of utmost importance for the studies
of co-evolution (Blatrix and Herbers 2003), but also co-
extinction, i.e. the extinction of host species resulting in the
extinction of their associated parasite species (Stork and
Lyal 1993). Moreover, host specificity can act as an isolation
barrier restricting gene flow among parasite populations

(Schirrmann and Leuchtmann 2015). Accordingly, the
emergence of host specificity can be associated with the
carliest stages of speciation in parasites (Meinila et al. 2004).

Host specificity may be either associated with the
ability of a parasite species to attach and adapt to a given
host species or with the limitations of a parasite species
in finding a host species (i.e., adaptive vs non-adaptive
factors) (Nosil 2015). Consequently, estimation of the
source of adaptive evolutionary change in parasites requires
population genetic studies of host specificity (Huyse et al.
2005). On the contrary, phylogenetic analyses can uncover
morphologically indistinguishable but genetically distinct
species, i.e., cryptic species, differing in their biology
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Table 1. Sampling locations in the Czech Republic

Nazarizadeh et al.: Prevalence and host specificity of Ligula intestinalis

Reservoirs Area Maximum depth Locality

Lipno 48.70 km? 25m 48.7000N, 14.0666E
Rimov 2.10 km? 43m 48.8341N, 14.4814E
Jordan 0.51 km? 12.5m 49.4213N, 14.6650E
Most 3.11 km? 71m 50.5396N, 13.6460E
Medard 4.93 km? 50m 50.1794N, 12.5958E
Milada 2.50 km? 22m 50.6536N, 13.9444E

(Nazarizadeh et al. 2022). Complexes of cryptic species
or lineages have been revealed multiple times in helminths
(e.g., Blouin 2002, Bouzid et al. 2008a, Ristau et al. 2013).
Lastly, studying patterns of population genetic structures in
parasitic helminths can shed light on the phylogeographic
history of parasites and their host species, and more
importantly, identify the ecological drivers of speciation
patterns in parasites (Cole and Viney 2019).

The diphyllobothriidean cestode Ligula intestinalis (Lin-
naeus, 1758) and its related (cryptic) species have become
a favourite object of phylogenetic and population genetic
studies (e.g., Bouzid et al. 2008b, Stefka et al. 2009) due
to their wide host spectrum and a geographical distribu-
tion covering the Holarctic (Dubinina 1980), Paleotropical
(Britton et al. 2009) and Australasian realms (Morgan 2003,
Chapman et al. 2006, Lagrue et al. 2018). Ligula intestinalis
is an endoparasite demonstrating a life cycle with two in-
termediate hosts: a diaptomid or cyclopoid copepod as the
first host and a planktivorous fish as the second intermediate
host. Cyprinoid fishes in natural and artificial reservoirs are
frequently exposed to infection with L. intestinalis (Arme
and Owen 1968, Kennedy 1974). In addition to its common
cyprinoid fish hosts, L. intestinalis and other species of the
genus also infect other fish taxa, including species of the
families Salmonidae, Galaxiidae and Catostomidae (Dubi-
nina 1980, Bean and Winfield 1991, Barus and Prokes 1995,
Groves and Shields 2001). This tapeworm spends a maxi-
mum of five days in a fish-eating bird as the final host (Du-
binina 1980), during which it reaches sexual maturity and
begins to produce eggs that are released into the water.

The fish stage (plerocercoid) plays a significant role in the
behaviour, fecundity and health of the fish which may con-
sequently lead to considerable aquaculture damage (Sweet-
ing 1977, Wyatt and Kennedy 1989, Carter et al. 2005).
Moreover, the parasite can significantly affect fish growth,
stress resistance and susceptibility to predators (Longshaw
etal. 2010, Iwanowicz 2011). Mortality of fish infected with
L. intestinalis may occur either directly from their inability
to survive through winter (Wyatt and Kennedy 1989) or indi-
rectly through increased predation risk by birds and by other
fish (Van Dobben 1952, Holmes and Bethel 1972, Sweeting
1977, Palm et al. 2018). Therefore, the prevalence of L. in-
testinalis in its fish hosts has been monitored by multiple
studies (Dence 1958, Ergonul and Altindag 2005, Ivankov
et al. 2020). Furthermore, variation in the rate of prevalence
between different host species can indicate the emergence of
host specificity and thus it is an important tool in ecological
parasitology (Britton et al. 2009).

Most population genetic studies on L. intestinalis have
concentrated on analysing evolutionary lineages at a large
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scale (global or continental). For instance, using mtDNA
sequences Bouzid et al. (2008b) revealed the existence of
two evolutionary lineages of Ligula (Clades A and B) in Eu-
rope and the Mediterranean, which was later confirmed by
a microsatellite study (Stefka et al. 2009). Clade A samples
were specific to fishes of the Leuciscide subfamilies Leu-
ciscinae and Alburninae, whereas the Clade B was specific
to other, less abundant, cyprinoid species, such as gudgeon
Gobio gobio (Linnaeus), bitterlings (Rhodeus sp.) and bar-
bels (Barbus sp.). Despite their genetic differentiation, both
lineages shared the definitive hosts, great crested grebe Pod-
iceps cristatus (Linnaeus) and goosander Mergus merganser
(Linnaeus). Therefore, differences in fish-host specificity
were proved for the Euro-Mediterranean clades.

These results confirmed findings of an earlier population
genetic study performed at a local scale in Lough Neagh
(Northern Ireland) (Olson et al. 2002), in which Ligula par-
asites from roach Rutilus rutilus (Linnacus) and gudgeon
were found to represent distinct strains, considering their
effect on the gonadal development of their hosts. Further-
more, Ligula from minnow Phoxinus phoxinus (Linnaeus)
from Wales was found genetically similar to Ligula from
roach in Lough Neagh. Olson et al. (2002) proposed that
the introduction of roach and a subsequent increase in final
host populations (P. cristatus) was likely the cause for the
presence of separate strains in Lough Neagh.

Here, we aimed to monitor the occurrence and genetic
structure of plerocercoids of L. intestinalis among the five
most abundant cyprinoid species in the Czech Republic.
We attempted to (a) compare the prevalence of plerocer-
coids of L. intestinalis in six freshwater lakes and reser-
voirs in the Czech Republic, and (b) compare the phyloge-
netic relationship of Ligula populations from the five host
species to specimens analysed in previous genetic studies.
Using a subsample of the collected specimens, we also
aimed to (c) test for parasite genetic structure associated
with host specificity at a smaller spatial scale than in the
majority of previous studies.

MATERIALS AND METHODS

Description of the study area

There are almost 24,000 fishponds and reservoirs on the ter-
ritory of the Czech Republic, with a total area of 52,000 hectares
(Ministry of Agriculture of the Czech Republic 2019). In the pres-
ent study, we focused on six artificial lakes and reservoirs covering
the western half of the Czech Republic (Bohemia), including Mi-
lada and Most lakes in the north, Medard lake in the west, and the
Lipno, Rimov and Jordan reservoirs in the south (Fig. 1, Table 1).
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Fig. 1. Map of the six lakes and reservoirs studied.

Sampling

Permits for sampling were issued by the state enterprise Povodi
Vltavy for the Lipno and Rimov reservoirs, by the municipality
Tabor for the Jordan Reservoir, by the state enterprise Palivovy
kombinat Usti for the Milada and Most lakes, and by the joint
company Sokolovska uhelna for the Medard Lake. Between
July and September 2020, a total of 6,630 fish belonging to five
species of the family Leuciscidae were collected: freshwater
bream, Blicca bjoerkna (Linnaeus), white bream, Abramis brama
(Linnaeus), bleak, Alburnus alburnus (Linnaeus), roach, Rutilus
rutilus (Linnaeus), and rudd, Scardinius erythrophthalmus
Linnaeus. They were captured using benthic and pelagic CEN
multi-mesh gillnets with stretched mesh sizes ranging from
5 to 55 mm (knot-to-knot), supplemented by benthic and pelagic
large-mesh gillnets with stretched mesh sizes ranging from 70 to
130 mm (knot-to-knot) (Blabolil et al. 2017). To capture the fish,
the gillnets were set overnight. The fish catch was standardised as
the number of fish per area of installed gillnets (individuals per
1,000 m?).

After extraction from the nets, the fish individuals were immedi-
ately killed and their body cavities were examined for the presence
of plerocercoids of Ligula intestinalis. In particular, the anterior part
of the body has a rounded shape, and no external segmentation of
the strobila is apparent. The genital complexes extend in an irregular
longitudinal row in the strobila of plerocercoids and the ovaries, tes-
tes, genital ducts and vitelline follicles are located in the transverse
segments (Bykhovskaya-Pavlovskaya 1964). The plerocercoids
were fixed in 96% ethanol and stored at freezing temperatures.

Estimating the rate of prevalence

The prevalence was calculated as the percentage of infected
fish individuals. The significance of the differences in preva-
lence in different host species and reservoirs was tested with the
non-parametric Kruskal-Wallis H test and pairwise Wilcox test
(Zar 1999). In addition, fish abundance was estimated for the five
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host species based on catch from the multi-mesh gillnet method
(Appelberg et al. 1995). Then, a linear regression test was carried
out between the fish abundances (average between pelagic and
benthic standardised abundance) and the prevalence of infection
to test any possible connection between the abundance and rate of
infection. All statistical analyses were performed using the stats
package in R version 4.0.1 software (R Core Team 2021).

DNA isolation, amplification and PCR

In total, 30 Ligula specimens covering the five host species
from Lipno, Medard, Rimov and Most were selected to verify
their assumed mtDNA clade membership (Clade A; Bouzid et al.
2008b) and to reveal possible internal population structure. DNA
extraction was performed using the DNeasy Blood and Tissue kit
(Qiagen). Then, DNA was eluted into 60 pl of the AE buffer. Two
fragments of the mtDNA containing 914 bp of the mitochondrial
cytochrome b gene (Cytb) and 396 bp of the mitochondrial
cytochrome oxidase subunit I gene (COI) loci were amplified
using four pairs of primers (F2Dnihcob: 5-GTT TTA CTG ATA
GGT TAT TTA AAC-3’, R2Dnihcob_mod: 5'- CAG TTT AAA
AAT CGA GTT AAA GAT-3") (Wicht et al. 2010) and COIA2: 5'-
CAT ATG TTT TGATTT TTT GG-3' and COIB2: 5'- AKA ACA
TAA TGA AAA TGA GC-3' (Li et al. 2000, Bouzid et al. 2008Db,
Stefka et al. 2009). PCRs were carried out in a 12 pl volume
using 1 pl of extracted DNA, 10 pM of each primer, 6.25 pl 2x
concentrated PPP Master Mix (Top-Bio, Vestec, Czech Republic).
The amplification protocol consisted of one denaturation step at
94 °C for 15 min, then 30 cycles of denaturation at 94 °C for 30
seconds, annealing at 50 °C for 45 seconds and an extension step
at 72 °C for 45 seconds, followed by the last elongation step at 72
°C for 10 min. PCR products were enzymatically cleaned up with
VWR ExoCleanUp FAST PCR reagent (VWR, USA) following
manufacturer’s protocol. Purified PCR products were sequenced
using the PCR primers in a commercial laboratory (SeqMe,
Dobtis, Czech Republic).
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Fig. 2. Prevalence of plerocercoids of Ligula intestinalis (Linnaeus, 1758) in five cyprinid species across all localities. Shared letters
denote non-significant results, while different letters denote significant differences (Kruskal-Wallis test, p < 0.05), all localities (values

above columns).

Sequence analysis

The Geneious Prime software (https://www.geneious.com;
version 20.1.1) was applied to edit the raw sequences. A multi-
ple sequence alignment was generated using ClustalW in MEGA
version 5 (Tamura et al. 2011). Then, all sequences were translat-
ed into protein-coding sequences based on the invertebrate mi-
tochondrial genetic code to examine any possible stop codons.
A substitution saturation test was carried out with the plotting
of transversions and transitions against genetic distance and es-
timating the index of substitution saturation (Iss) and its critical
value (Iss.c) in DAMBE Version 6.0.4 (Xia and Xie 2001, Xia
and Lemey 2009). DnaSP version 6.0 (Librado and Rozas 2009)
was used to estimate nucleotide diversity, haplotype diversity and
sequence polymorphisms. Genetic distances among the parasite
populations were determined using the uncorrected pairwise ge-
netic distances with 1,000 bootstraps.

Phylogenetic relationships

We generated a concatenated dataset of two fragments of
mtDNA (Cytb and COI) comprising 1,310 bp in length for the
30 selected samples of L. intestinalis and aligned it with 82
sequences from two previous studies (Bouzid et al. 2008b, 2013;
Table S1). Bayesian Inference (BI) and Maximum Likelihood
(ML) approaches were carried out to reconstruct the phylogenetic
relationships of the newly sampled plerocercoids. Using
PartitionFinder version 2.1.1 (Lanfear et al. 2017), we identified
the appropriate substitution nucleotide model for genes and codons
based on the Bayesian Information Criterion (BIC). Bayesian
phylogenetic analyses were performed via MrBayes version 3.2.2
(Ronquist and Huelsenbeck 2003) using the selected model of
sequence evolution (Table S2). We ran one cold and three heated
chains for 40 million generations, with trees being sampled
every 1,000 generations. We discarded the first 25 % of the runs
as burn-in. Then, by combining the post-burn-in trees, a 50
percent majority rule consensus tree was constructed. Bayesian
posterior probabilities (PP) were computed to estimate support
of the Bayesian tree. Using the best-fitting model, a maximum
likelihood analysis was applied to construct an ML tree in
IQTREE version 2.1.2, (Minh et al. 2020). Branch support of
the ML tree was computed using 1,000 rapid bootstrap replicates
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(Hoang et al. 2018). Dibothriocephalus latus (Linnaeus, 1758),
D. nihonkaiensis (Yamane, Kamo, Bylund et Wikgren, 1986) and
Diphyllobothrium stemmacephalum Cobbold, 1858 (GenBank
accession number AB269325, AB268585 and AP(017648,
respectively) were used as outgroups based on data provided by
Waeschenbach et al. (2017).

Population genetic structure

Population genetic relationships among populations of
L. intestinalis in the Czech water bodies were reconstructed
using the concatenated mtDNA dataset by a maximum parsimony
algorithm in PopArt (Leigh and Bryant 2015) and by the
Principal Coordinates Analysis (PCoA) in adegenet R package
(Jombart 2008) in R 4.0.1 software. Moreover, to compare the
newly studied populations with the Clade A haplotypes from the
previous study (Bouzid et al. 2008b, Stefka et al. 2009) a haplotype
network containing a total of 80 sequences (801 bp in length) was
constructed. Pairwise F-statistics for the newly sampled Czech
populations were executed with 10,000 permutations in Arlequin
version 3.5 and parasite populations were categorised into five
groups based on their hosts.

RESULTS

Fish abundance and rate of infection

Roach was the most abundant fish species in Milada (208
individuals/1,000 m?), Most (90 individuals/1,000 m?) and
Jordan (310 individuals/1,000 m?) water bodies. Bleak was
numerically the most dominant species in Lipno (236 indi-
viduals/1,000 m?) and Rimov (148 individuals/1,000 m?)
reservoirs. In Lake Medard, rudd had the highest fish abun-
dance (26 individuals/1,000 m?; Table S3). Analysis of
prevalence for five cyprinoid species, calculated cumula-
tively for all six water bodies, is presented in Fig. 2. Prev-
alence differed significantly among all species pairs (p <
0.05), except for freshwater bream and rudd. For example,
roach (4.6%) and white bream (0.1%) had the highest and
lowest significant prevalence, respectively. The prevalence
for rudd (3.8%) was significantly higher than the preva-
lence for bleak (1.1%) or white bream (0.1%).
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Table 2. Prevalence of infection of five cyprinoid fishes with Ligula intestinalis (Linnaeus, 1758) in six reservoirs (N = total number
samples, n = total number of infected fish, P = prevalence in %). Numbers followed by a letter in column P mark the level of signifi-
cance in the prevalence rate of roach between pairs of different reservoirs in a Kruskal-Wallis test. Shared letters *° denote non-signif-
icant results, while different letters denote significant differences (p < 0.05).

Medard Jordén Milada Most Lipno Rimov

N n P N n P N n P N n P N n P N n P
Freshwater bream 6 0 0 39 0 0 0 0 (1} 0 0 0 60 4 6.66 169 6 3.55
White bream 8 0 0 1617 2 0.12 0 0 0 0 0 0 236 0 0 45 0 0
Bleak 18 0 0 224 0 (1} 0 0 0 0 0 0 1001 4 0.39 589 18 3.05
Rudd 37 2 5.4 64 0 0 33 0 0 128 8 6.25 0 0 0 0 0 0
Roach 60 17  283* 176 0 0 412 22 5.39° 483 52 10.7¢ 636 0 0 434 10 230"
Total 129 19 1472 2120 2 0.094 455 22 449 611 60 9.81 1933 8 0.41 1237 34 2.74

Phylogenetic relationships
The substitution saturation analysis showed that the Iss
was significantly smaller than Iss.c (p < 0.005), suggesting

than three individuals) including number of individuals (N), the suitability of the concatenated dataset for phylogenetic

nucleotide diversity (Pi), number of haplotypes (h), haplotype analyse.s. The pattem of .trans1t1ons and transversions plot-
diversity (Hd), (K) the total number of mutations. ted against the genetic distance also confirmed that the da-

taset retains sufficient phylogenetic signals (Fig. S3).

Table 3. Genetic characteristics of the concatenated dataset
(1310 bp) estimated for samples of Ligula intestinalis (Linnaeus,
1758) from the five host species (samples comprising more

Parasite populations N h hd pi k Both phylogenetic trees (ML and BI) recovered identi-
Freshwater bream 5 5 1.00 0.0021 7 . .

White bream 5 5 ) ) i cal topologies. Consequently, only the BI tree is demon-
Bleak 4 1 000 00000 0 strated (Fig. 3). The phylogenetic analysis disclosed six
Rudd 4 4 1.00  0.0016 4 distinct lineages within the monophyletic L. intestinalis
Roach 15 11 0.93  0.0035 25 complex which was consistent with the previous studies

(Bouzid et al. 2008b, Stefka et al. 2009). Our phylogenetic

The prevalence recorded for each species in each fresh-  results depicted that all samples of plerocercoids from the
water reservoir is given in Table 2. According to our obser-  five host species in the Czech water bodies were placed
vations, roach was either the most abundant or the second  within Clade A as expected.
most abundant cyprinoid species in lakes Medard, Milada
and Most (gillnet catches; Table S3), where it also had the  Population genetic structure
highest prevalence (28.3%, 5.3% and 10.7%, respectively). The pattern of population structure revealed by haplotype
In contrast, freshwater bream in most lakes and reservoirs  network analysis showed haplotype sharing among the par-
(except Rimov) had the lowest abundance of all species asite samples in rudd, bleak and roach. In contrast, samples
studied. However, in two reservoirs (Lipno and Rimov)  from the freshwater bream were separated from the other
the prevalence of Ligula intestinalis was higher in fresh-  haplotypes by three mutational steps (Fig. 4). Similarly, the
water bream than in other host species (Table 2, Fig. S1).  haplotype network also containing samples from the previ-
Overall, Medard and Jordan demonstrated the highest and  ous studies, based on the 405 bp of Cytb and 396 bp COI
lowest prevalence of L. intestinalis, respectively. Roach (801 bp), revealed no shared haplotypes between L. intestina-
was the only species sampled frequently enough to allow  /is samples from the freshwater bream and other host species
comparison of prevalence among reservoirs. Its prevalence ~ whereas common haplotypes were discovered between rudd
rate was significantly higher in the Medard than in Rimov,  and roach hosts (Fig S4). However, despite the different status
Milada and Most (p < 0.05; Table 2). No correlation was  of the bream related haplotypes, they did not create a single
found between fish abundance and prevalence of infection  cluster in this larger sample containing other European pop-

with L. intestinalis (p > 0.05; Fig. S2). ulations. The PCoA analysis of the current samples revealed
a similar clustering pattern, including the assignment of three
Sequences analyses parasite populations (rudd, bleak and roach) to one cluster

Our concatenated dataset (Cyrb and COI) containing 30 and clear separation of the freshwater bream population from
sequences comprised 21 haplotypes, showing 1,274 invari-  the rest. The first and the second axes in the PCoA explained
able sites, 22 parsimony informative sites, and 14 singleton ~ 43.9% and 16.3% of the total variations, respectively (Fig. 5).
sites, out of the 1,310 bp aligned positions. Neither stop co- The maximum and minimum values of pairwise Fix-
dons nor insertions/deletions were observed in the datasets.  ation indices (Fg;) were estimated to be 0.71 and 0.02,
Table 3 demonstrates genetic characteristics for the para-  respectively (Table 4). In accordance with the haplotype
site populations comprising more than three sampled in- network and PCoA results, the parasites from freshwater
dividuals. Minimum and maximum nucleotide diversities = bream demonstrated a significant (P < 0.05) genetic dif-
were calculated to be 0.000 and 0.00348 (the samples from  ferentiation in comparison to other samples. Similarly,
roach and bleak, respectively). Also, haplotype diversities  the highest and the lowest genetic distances (0.06% and
ranged between 0.0 and 1 in bleak and rudd, and freshwater  0.01%) were calculated between the freshwater bream and
bream, respectively (Table 3). the roach, bleak and rudd, respectively.
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Fig. 3. Bayesian phylogenetic tree reconstructed for the Ligula intestinalis (Linnaeus, 1758) species complex using a concatenated
mtDNA dataset (Cytb and COI, 1,310 bp). For each node, nodal supports indicate Bayesian Inferrence (BI, top) and Maximum Likeli-
hood (ML, base) support values. Newly obtained sequences from the Czech Republic are highlighted by red rectangles.
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Fig. 4. Haplotype network of 30 samples of plerocercoids of Ligula intestinalis (Linnaeus, 1758) selected to represent hosts from the

Czech Republic. The network was generated using a concatenated mtDNA dataset (1,310 bp). Individual haplotypes were coloured

based on their respective fish hosts (using the same colours as in Fig. 1). The size of the circles is proportional to haplotype frequencies.
Putative unsampled haplotypes are shown by black circles and dash symbols indicate mutational steps.
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Table 4. Pairwise values of Fst (below diagonal) and genetic
distance (above diagonal) for samples of Ligula intestinalis
(Linnaeus, 1758) from the five host species. P-values lower than
0.05 are flagged with an asterisk (*).

Freshwater White

N b Bleak Rudd Roach
ream bream
Errg:?nwater 5 0 0.05%  0.04%  0.04% 0.06%
;’V hite 0.31* 0 0.04%  0.05%  0.03%
ream

Bleak 4 0.55% 0.14 0 0.01%  0.02%
Rudd 6 0.45% 0.10 0.02 0 0.02%
Roach 15 0.71* 0.38 0.13 0.10 0
DISCUSSION

In the present study, a total number of 6,630 fish of five
cyprinoid species from three lakes and three reservoirs (Me-
dard, Milada, Most, Jordan, Rimov and Lipno) in the Czech
Republic were captured and examined for the presence of
plerocercoids of Ligula intestinalis. While the presence of
L. intestinalis in Lipno has already been demonstrated in
a population genetic study (Stefka et al. 2009), the presence
of the parasite in Medard, Milada, Most, Jordan and Rimov
has not been previously reported. Each of the host species
studied (freshwater bream, white bream, bleak, rudd and
roach) was infected in at least one of the lakes. Then, we
used population genetic analysis on a selected set of sam-
ples to analyse the level of population structure and test for
possible occurrence of host specificity in the plerocercoids.
Obtained results suggest an emergence of a bream-specific
genetic cluster. Below we discuss the genetic results with
regard to the obtained rates of prevalence in the Czech water
bodies.

Prevalence of Ligula intestinalis in different fish and
lakes

We attempted to monitor the infection rate of L. intesti-
nalis within one summer season (July and September 2020).
The results showed that the total prevalence (across all fish
species) is less than 15% in all the reservoirs studied in the
Czech Republic, whereas roach in Medard had the highest
prevalence (28%) when host species were considered sepa-
rately. Earlier studies show a large variation in prevalence
both in the Czech Republic and elsewhere. In a study con-
ducted in the Nové Mlyny reservoirs (South Moravia, Czech
Republic), the infection rate of L. intestinalis in white bream
ranged from 1.5% in April-May to 11.5% in November-De-
cember (Baru$ and Prokes 1995). In contrast, in a study
of L. intestinalis in freshwater bream from the Aras Dam
(Iran) the prevalence was 45%, with a significantly higher
infection rate in autumn compared to winter (Nezafat et al.
2008). In France, the highest value of prevalence was ob-
served at the end of the summer and in the autumn (Brown et
al. 2001). In Zimbabwe, the highest seasonal infection rate
(prevalence 21-46%) was reported in the cooler months of
July to September (Barson and Marshall 2003). In addition
to the season and temperature, which are generally consid-
ered to be major factors affecting the speed of development
of this parasite, L. intestinalis may exhibit also epizootic
cycles over multi-seasonal periods, during which it rapidly
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Fig. 5. Principle coordinate analysis (PCoA) based on Euclidean
genetic distance for the parasite samples from the five host spe-
cies, freshwater bream Abramis brama (Linnacus), white bream
Blicca bjoerkna (Linnaeus), bleak Alburnus alburnus (Linnaeus),
rudd Scardinius erythrophthalmus (Linnaeus) and roach Rutilus
rutilus (Linnaeus).

increases its numbers in the lake resulting in increased fish
mortality (Kennedy et al. 2001).

Our single season data did not pick up excessively high
prevalence rates suggesting an epizootic peak, although the
rate for roach in Medard was relatively high with possible
ecological impact. The pronounced infection rate in roach
compared to the other four species appears to be consistent
with previous reports from the United Kingdom, where in-
fection rates were higher in roach than in gudgeon, rudd,
freshwater bream, minnow and dace Leuciscus leuciscus
(Linnaeus) (Arme and Owen 1968, Kennedy and Burrough
1981). Further research has shown that although L. intes-
tinalis prevalence fluctuates in irregular cycles, epizootics
of the parasite are associated with rapid increases in roach
populations (Kennedy et al. 2001).

However, our research showed that the component of
a hidden population structure needs to be considered when
interpreting the ecological impact of prevalence rates. For
example, roach in Lipno was free of L. intestinalis despite
the large sample size, while the prevalence in freshwater
bream was considerable (6.7%). At the first sight, this result
could imply that different phases of the L. intestinalis in-
fection cycle are present in the lake, switching between dif-
ferent hosts. However, even though our sequencing analysis
confirmed that all Czech samples belong to the same mtD-
NA Clade A (as in Bouzid et al. 2008b, Bouzid et al. 2013)
we also found emerging genetic differentiation between
freshwater bream plerocercoids and the rest of population of
L. intestinalis from the samples. Thus, the ecology of roach
and bream is probably highly independent of each other.
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For L. intestinalis populations to thrive, they must succeed
in all three stages of their life cycle: a copepod as the first
host, a zooplanktivorous fish as the second intermediate
host, and a bird as the final host, in which they reach sexual
maturity. The adult worm spends only a maximum of five
days in its final host (Kennedy et al. 2001), but the migratory
birds play an important role in the life cycle of L. intestinalis,
as they are the main means of dispersal (Stefka et al. 2009).
Among birds in the Czech Republic, the presence of adult
L. intestinalis was detected in the great crested grebe
and great cormorant Phalacrocorax carbo (Linnaeus) in
southern Moravia (Rysavy and Sitko 1995, Levron et al.
2009, Moravec and Scholz 2016).

During our fish surveys, we spotted six potential final
hosts — great cormorants (P. carbo), grebes Podiceps auri-
tus (Linnaeus), Podiceps cristatus, P. nigricollis Brehm, and
ducks (Mergus merganser, Aythya ferina (Linnacus) at the
visited reservoirs and lakes. However, several other species
common to the area, such as herons and gulls, are thought
to frequent the studied localities. Although the role of some
of these species in the introduction and spread of the para-
site between lakes seems to be of minor importance because
their abundance is low or they rarely forage on fish, cormo-
rants, grebes and herons are widespread and highly mobile
species, thus allowing dispersal of L. intestinalis. Neverthe-
less, whilst dispersal rates seem sufficient to maintain gene
flow across relatively large distances (Stefka et al. 2009), it
is questionable whether they are sufficient to modulate dif-
ferences in plerocercoid prevalence between the same hosts
in different lakes. Whereas prevalence in some fish species
was low in most lakes and cannot be directly contrasted, oth-
er species (roach and possibly freshwater bream, Table 2)
showed marked differences. Although several ecological
factors (e.g., fish abundance, primary host density, etc.) con-
tribute to creating lake-specific patterns, we suggest that the
propagule size and frequency of introduction of L. intestina-
lis by definitive hosts should also be considered. Our data
do not allow for testing all possible factors, but we did not
find a link between the fish host abundance and prevalence
rate across the studied lakes (Fig. S2).

Phylogeny and population genetic structure of
L. intestinalis

It has been previously acknowledged that the evolution
of Ligula tapeworms is defined by the interplay between
geography and host specificity at a global scale (Bouzid et
al. 2008Db). Interestingly, at a local scale, epidemiological
differences between freshwater bream and roach infecting
plerocercoids are known to exist (Loot et al. 2001), but
neither a microsatellite study (Stefka et al. 2009), nor the
most densely sampled mtDNA study of the Clade A to date
(Bouzid et al. 2008b, Stefka et al. 2009) recovered any ge-
netic differences between the freshwater bream and roach
(plus bleak and rudd) samples. Somewhat unexpectedly,
the analysis of population genetic structure at a fine scale
in our study revealed a high degree of host specificity of
several haplotypes of L. intestinalis to freshwater bream.
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Even though our sample size is small, the pattern becomes
obvious also in a larger sample, when the new data are
analysed with all available Clade A sequences (Fig. S4).
Plerocercoids from breams create several clusters, or even
if scattered into individual haplotypes they are not shared
with other hosts. Such a pattern might indicate an ongoing
process of lineage sorting. The results of both the PCoA
analysis and the pairwise F_ of the current samples also
showed that L. intestinalis collected from the freshwater
bream diverged from the rest of the samples, while the
samples in roach, rudd and bleak demonstrated shared hap-
lotypes and low F_, differentiation. White bream samples
were less frequently collected and whilst their haplotypes
were not shared with any other species, they also did not
create a single cluster.

Our results might indicate an emerging barrier between
ecologically differentiated (host-specific) parasite pop-
ulations. However, our data are too limited, both in the
number of sequenced samples and the volume of genetic
information, to conclude if the parasite populations have
been influenced by an ecological speciation process and
whether any reproductive barriers evolved between the
host-specific clusters. Nevertheless, our finding represents
a promising candidate for testing a hypothesis of speciation
due to divergent natural selection in different hosts, as de-
fined by Nosil (2012). Even though ecological speciation is
understood as one of the primary mechanisms of sympatric
speciation, the process can play a role in all geographical
settings, including parapatric and allopatric layouts (Run-
dle and Nosil 2005, Nosil 2012).

Preliminary population genomic data, a RADseq anal-
ysis of plerocercoids performed by Kocova (2018), also
suggest a differentiation between bream and the rest of the
samples within Clade A. Other processes, such as a histor-
ical separation of populations of L. intestinalis from differ-
ent hosts during the quaternary glaciation period followed
by admixture, may have contributed to creating the current
pattern of population structure. Thus, it is evident that ad-
ditional epidemiological, genomic and transcriptome data
are needed for populations of L. intestinalis sampled across
different hosts before a firm conclusion could be reached
on the ecological speciation routes of this parasite.
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Table S1. List of samples, geographical origin, and accession numbers of the genes (Cytb and COI) of the Ligula complex used in
phylogenetic and population genetic structure analyses.

1D Cytb COI mﬁf};zisg);b Co1 host locality references
brama_Lip20 914 bp 396 bp OP408033 OP390380  Abramis brama Lipno Reservoir present study
brama_Lipl 914 bp 396 bp OP408034 OP390381  Abramis brama Lipno Reservoir present study
brama_Lip2 914 bp 396 bp OP408035 OP390382  Abramis brama Lipno Reservoir present study
brama_Lip14 914 bp 396 bp OP408036 OP390383  Abramis brama Lipno Reservoir present study
brama_Rimov1 914 bp 396 bp OP408037 OP390384  Abramis brama Rimov Reservoir present study
blicc Lip 914 bp 96 bp OP408038 OP390385  Blicca bjoerkna Lipno Reservoir present study
blicc_Rimov2 914 bp 396 bp 0OP408039 OP390386  Blicca bjoerkna Rimov Reservoir present study
eryth_Most1 914 bp 396 bp OP408040 OP390387  Scardinius erythrophthalmus Most Lake present study
eryth_Most58 914 bp 396 bp OP408041 OP390388  Scardinius erythrophthalmus Most Lake present study
eryth_Most44 914 bp 396 bp OP408042 OP390389  Scardinius erythrophthalmus Most Lake present study
eryth_Most2 914 bp 396 bp OP408043 OP390390  Scardinius erythrophthalmus Most Lake present study
Rutil_Most51 914 bp 396 bp OP408044 OP390391  Rutilus rutilus Most Lake present study
Rutil_Medard3 914 bp 396 bp 0OP408045 OP390392  Rutilus rutilus Medard Lake present study
Rutil Most40 914 bp 396 bp 0OP408046 OP390393  Rutilus rutilus Most Lake present study
Rutil_Rimov9 914 bp 396 bp OP408047 OP390394  Rutilus rutilus Rimov Lake present study
Rutil_Most34 914 bp 396 bp OP408048 OP390395  Rutilus rutilus Most Lake present study
Rutil_Most48 914 bp 396 bp OP408049 OP390396  Rutilus rutilus Most Lake present study
Rutil_Most28 914 bp 396 bp OP408050 OP390397  Rutilus rutilus Most Lake present study
Rutil_Most11 914 bp 396 bp OP408051 OP390398  Rutilus rutilus Most Lake present study
Rutil Most27 914 bp 396 bp OP408052 OP390399  Rutilus rutilus Most Lake present study
Rutil Most3 914 bp 396 bp 0OP408053 OP390400  Rutilus rutilus Most Lake present study
Albur_LipnO2 914 bp 396 bp OP408054 OP390401  Alburnus alburnus Lipno Reservoir present study
Alburl_Lipno 914 bp 396 bp OP408055 OP390402  Alburnus alburnus Lipno Reservoir present study
Albur2_Lipno 914 bp 396 bp OP408056 OP390403  Alburnus alburnus Lipno Reservoir present study
Albur3_Lipno 914 bp 396 bp OP408057 OP390404  Alburnus alburnus Lipno Reservoir present study
Rutil_Most29 914 bp 396 bp OP408058 OP390405  Rutilus rutilus Most Lake present study
Rutil_Medard 914 bp 396 bp OP408059 OP390406  Rutilus rutilus Medard Lake present study
Rutil Medard2 914 bp 396 bp OP408060 OP390407  Rutilus rutilus Medard Lake present study
Rutil_Medard4 914 bp 396 bp OP408061 OP390408  Rutilus rutilus Medard Lake present study
Rutil_Medard5 914 bp 396 bp OP408062 OP390409  Rutilus rutilus Medard Lake present study
CZ2Pc 405 bp 396 bp EU241190 EU241293  Podiceps cristatus Czech Republic Bouzid et al. 2008
CZ6Rr 405 bp 396 bp EU241169 EU241277  Rutilus rutilus Czech Republic Bouzid et al. 2008
CZ7TRr 405 bp 396 bp EU241159 EU241278  Rutilus rutilus Czech Republic Bouzid et al. 2008
CZ10Rr 405 bp 396 bp EU241165 EU241280  Rutilus rutilus Czech Republic Bouzid et al. 2008
CZI12Rr 405 bp 396 bp EU241170 EU241281  Rutilus rutilus Czech Republic Bouzid et al. 2008
CZ14Ab 405 bp 396 bp EU241182 EU241263  Abramis brama Czech Republic Bouzid et al. 2008
CZ16Ab 405 bp 396 bp EU241179 EU241283  Abramis brama Czech Republic Bouzid et al. 2008
CZ17Ab 405 bp 396 bp EU241183 EU241284  Abramis brama Czech Republic Bouzid et al. 2008
CZ18Ab 405 bp 396 bp EU241184 EU241285  Abramis brama Czech Republic Bouzid et al. 2008
CZ24Ab 405 bp 396 bp EU241180 EU241267  Abramis brama Czech Republic Bouzid et al. 2008
CZ45Pc 405 bp 396 bp EU241186 EU241288  Podiceps cristatus Czech Republic Bouzid et al. 2008
CZ90Rr 405 bp 396 bp EU241178 EU241282  Rutilus rutilus Czech Republic Bouzid et al. 2008
CZ69Aa 405 bp 396 bp EU241177 EU241246  Rutilus rutilus Czech Republic Bouzid et al. 2008
CZ104Pc 405 bp 396 bp EU241191 EU241291  Podiceps cristatus Czech Republic Bouzid et al. 2008
CZ107Pc 405 bp 396 bp EU241168 EU241262  Podiceps cristatus Czech Republic Bouzid et al. 2008
CZ106Pc 405 bp 396 bp EU241167 EU241244  Podiceps cristatus Czech Republic Bouzid et al. 2008
CZ109Pc 405 bp 396 bp EU241164 EU241245  Podiceps cristatus Czech Republic Bouzid et al. 2008
CZ121Mm 405 bp 396 bp EU241193 EU241239  Mergus merganser Czech Republic Bouzid et al. 2008
CZ114Pc 405 bp 396 bp EU241187 EU241287  Podiceps cristatus Czech Republic Bouzid et al. 2008
RU3Ab 405 bp 396 bp EU241212 EU241252  Abramis brama Russia Bouzid et al. 2008
RU4Ab 405 bp 396 bp EU241158 EU241253  Abramis brama Russia Bouzid et al. 2008
RU5Ab 405 bp 396 bp EU241210 EU241309  Abramis brama Russia Bouzid et al. 2008
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RU7Rr 405 bp 396 bp EU241213 EU241255  Rutilus rutilus Russia Bouzid et al. 2008
RUSAb 405 bp 396 bp EU241211 EU241310  Abramis Brama Russia Bouzid et al. 2008
TN26Rb 405 bp 396 bp JQ279127 JQ279091  Sarmarutilus rubilio Tunisia Bouzid et al. 2013
TN50Se 405 bp 396 bp JQ279130 JQ279093  Scardinius erythrophthalmus Tunisia Bouzid et al. 2013
TN59Rb 405 bp 396 bp JQ279135 JQ279098  Sarmarutilus rubilio Tunisia Bouzid et al. 2013
TN60Rb 405 bp 396 bp JQ279136 JQ279099  Sarmarutilus rubilio Tunisia Bouzid et al. 2013
TN66Se 405 bp 396 bp JQ279141 JQ279103  Scardinius erythrophthalmus Tunisia Bouzid et al. 2013
TN63Ps 405 bp 396 bp JQ279139 JQ279102  Pseudophoxinus callensis Tunisia Bouzid et al. 2013
TNS58Se 405 bp 396 bp JQ279131 JQ279094  Scardinius erythrophthalmus Tunisia Bouzid et al. 2013
TNSRr 405 bp 396 bp EU241215 EU241312  Rutilus rutilus Tunisia Bouzid et al. 2008
TN49Se 405 bp 396 bp EU241162 EU241272  Scardinius erythrophthalmus Tunisia Bouzid et al. 2008
DEIRr 405 bp 396 bp EU241203 EU241301  Rutilus rutilus Germany Bouzid et al. 2008
DE3Rr 405 bp 396 bp EU241204 EU241302  Rutilus rutilus Germany Bouzid et al. 2008
DE4Rr 405 bp 396 bp EU241202 EU241273  Rutilus rutilus Germany Bouzid et al. 2008
DESRr 405 bp 396 bp EU241185 EU241274  Rutilus rutilus Germany Bouzid et al. 2008
FRIIRr 405 bp 396 bp EU241199 EU241258  Rutilus rutilus France Bouzid et al. 2008
FR30Ab 405 bp 396 bp EU241201 EU241259  Abramis brama France Bouzid et al. 2008
FR64Aa 405 bp 396 bp EU241163 EU241260  Alburnus alburnus France Bouzid et al. 2008
FR82Rr 405 bp 396 bp EU241200 EU241261  Rutilus rutilus France Bouzid et al. 2008
FRO0Rr 405 bp 396 bp EU241172 EU241299  Rutilus rutilus France Bouzid et al. 2008
FROIRr 405 bp 396 bp EU241173 EU241300  Rutilus rutilus France Bouzid et al. 2008
IE1Rr 405 bp 396 bp EU241171 EU241248  Rutilus rutilus Ireland Bouzid et al. 2008
IE2Rr 405 bp 396 bp EU241206 EU241250  Rutilus rutilus Ireland Bouzid et al. 2008
1E3Gg 405 bp 396 bp EU241188 EU241305  Gobio gobio Ireland Bouzid et al. 2008
1E4Gg 405 bp 396 bp EU241208 EU241290  Gobio gobio Ireland Bouzid et al. 2008
1IE5Gg 405 bp 396 bp EU241189 EU241289  Gobio gobio Ireland Bouzid et al. 2008
IE6Rr 405 bp 396 bp EU241207 EU241249  Rutilus rutilus Ireland Bouzid et al. 2008
GBI1Rr 405 bp 396 bp EU241205 EU241303  Rutilus rutilus United Kingdom Bouzid et al. 2008
ET7Bi 405 bp 396 bp EU241198 EU241297  Labeobarbus intermedius Ethiopia Bouzid et al. 2008
ET5Bt 405 bp 396 bp EU241197 EU241296  Labeobarbus tsanesis Ethiopia Bouzid et al. 2008
ET2Bh 405 bp 396 bp EU241196 EU241295  Enteromius humilis Ethiopia Bouzid et al. 2008
EE2Ab 405 bp 396 bp EU241192 EU241275  Abramis brama Estonia Bouzid et al. 2008
EE3Ab 405 bp 396 bp EU241160 EU241276  Abramis brama Estonia Bouzid et al. 2008
EE4Ab 405 bp 396 bp EU241195 EU241294  Abramis brama Estonia Bouzid et al. 2008
PL8Ra 405 bp 396 bp EU241194 EU241292  Rhodeus amarus Poland Bouzid et al. 2008
UAlAa 405 bp 396 bp EU241181 EU241316  Alburnus alburnus Ukraine Bouzid et al. 2008
UA2Cc 405 bp 396 bp EU241218 EU241238  Carassius carassius Ukraine Bouzid et al. 2008
UA3Rr 405 bp 396 bp EU241176 EU241317  Rutilus rutilus Ukraine Bouzid et al. 2008
GB2Pp 405 bp 396 bp EU241175 EU241304  Phoxinus phoxinus United Kingdom Bouzid et al. 2008
GB3Pp 405 bp 396 bp EU241161 EU241247  Phoxinus phoxinus United Kingdom Bouzid et al. 2008
CN3Nt 405 bp 396 bp EU241155 EU241235  Neosalanx taihuensis China Bouzid et al. 2008
CN4Nt 405 bp 396 bp EU241157 EU241237  Neosalanx taihuensis China Bouzid et al. 2008
CNI6Nt 405 bp 396 bp EU241156 EU241236  Neosalanx taihuensis China Bouzid et al. 2008
CAl1Cp 405 bp 396 bp EU241152 EU241228  Coulsius plumbeus Canada Bouzid et al. 2008
CA2Sa 405 bp 396 bp EU241148 EU241225  Semotilus atromaculatus Canada Bouzid et al. 2008
CASSa 405 bp 396 bp EU241149 EU241226  Semotilus atromaculatus Canada Bouzid et al. 2008
CAl4Sa 405 bp 396 bp EU241151 EU241227  Semotilus atromaculatus Canada Bouzid et al. 2008
CA19Sa 405 bp 396 bp EU241150 EU241224  Semotilus atromaculatus Canada Bouzid et al. 2008
AUIGt 405 bp 396 bp EU241146 EU241222  Galaxias truttaceus Australia Bouzid et al. 2008
AU4Gm 405 bp 396 bp EU241147 EU241223  Galaxias maculatus Australia Bouzid et al. 2008
ALG2Bc 405 bp 396 bp EU241143 EU241219  Barbinae gen. et sp. Algeria Bouzid et al. 2008
ALGB3Bc¢ 405 bp 396 bp EU241144 EU241220  Barbinae gen. et sp. Algeria Bouzid et al. 2008
ALG4Bc 405 bp 396 bp EU241145 EU241221  Barbinae gen. et sp. Algeria Bouzid et al. 2008
CN1Hb 405 bp 396 bp EU241153 EU241229.1 Hemiculter bleckeri China Bouzid et al. 2008
CN2Hb 405 bp 396 bp EU241154 EU241230.1 Hemiculter bleekeri China Bouzid et al. 2008
RUIHI 405 bp 396 bp EU241209 EU241311.1 Hemiculter lucidus Russia Bouzid et al. 2008

Table S2. Results of BIC model selection conducted in
PartitionFinder for different partitions of the dataset.

Partition BIC

Cytb-, position 1 HKY+I+G
Cytb-, position 2 GTR+I
Cytb-, position 3 GTR+G

Cytb GTR+I+G
COl-, position 1 HKY++G
COlI-, position 2 GTR+G
COlI-, position 3 GTR+G

Col GTRHI+G
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Fig. S1. Prevalence (in %) of Ligula intestinalis (Linnaeus, 1758) in six water bodies and five cyprind hosts sampled in the Czech
Republic.
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Fig. S2. Plot of the linear regression between prevalence and fish abundance in Czech water bodies.
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Fig. S3. Plot of the total numbers of transitions (s) and transversions (v) against corrected distances based on the GTR model revealed
no trend toward a saturation for transversions.
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398 bp COI fragments (801bp) overlapping with previous studies. The size of each circle (haplotype) is proportional to the number of
individuals and the short lines represent one mutation step. Asterisks mark haplotypes from the 30 new sequences. Adult tapeworm
samples from definitive hosts, either Podiceps cristatus (Linnaeus) or Mergus merganser (Linnaeus), are represented by grey circles.
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ARTICLE INFO ABSTRACT
Keywords: Studies on parasite biogeography and host spectrum provide insights into the processes driving parasite diver-
Historical biogeography sification. Global geographical distribution and a multi-host spectrum make the tapeworm Ligula intestinalis a

Dated phylogeny
Demographic history
Host specificity

Host switching

promising model for studying both the vicariant and ecological modes of speciation in parasites. To understand
the relative importance of host association and biogeography in the evolutionary history of this tapeworm, we
analysed mtDNA and reduced-represented genomic SNP data for a total of 139 specimens collected from 18 fish-
host genera across a distribution range representing 21 countries. Our results strongly supported the existence of
at least 10 evolutionary lineages and estimated the deepest divergence at approximately 4.99-5.05 Mya, which is
much younger than the diversification of the fish host genera and orders. Historical biogeography analyses
revealed that the ancestor of the parasite diversified following multiple vicariance events and was widespread
throughout the Palearctic, Afrotropical, and Nearctic between the late Miocene and early Pliocene. Cyprinoids
were inferred as the ancestral hosts for the parasite. Later, from the late Pliocene to Pleistocene, new lineages
emerged following a series of biogeographic dispersal and host-switching events. Although only a few of the
current Ligula lineages show narrow host-specificity (to a single host genus), almost no host genera, even those
that live in sympatry, overlapped between different Ligula lineages. Our analyses uncovered the impact of his-
torical distribution shifts on host switching and the evolution of host specificity without parallel host-parasite co-
speciation. Historical biogeography reconstructions also found that the parasite colonized several areas (Afro-
tropical and Australasian) much earlier than was suggested by only recent faunistic data.

1. Introduction disperse (Macova et al., 2018) and maintain the genetic diversity of
populations (Martint et al., 2018; Wacker et al., 2019). The evolution of

Host specificity is a key feature of parasitic and symbiotic organisms. host specificity in multi-host parasites is a prospective candidate for the

It defines their ability to survive on different hosts (Poulin, 2011), mechanism of sympatric adaptive speciation (Kalbe et al., 2016). For
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long, the evolution of host-specific lineages has been viewed mostly
from the co-speciation (or co-diversification) angle, where the evolution
of the parasite is directly associated with that of the host(s) (Hafner and
Nadler, 1990; Stefka et al., 2011). However, the origin of host-specific
lineages is often linked to a series of historical biogeographical events
(Ding et al., 2022; Perrot-Minnot et al. 2018). Therefore, incongruence
may appear between the parasite and host phylogenies for various
reasons, including founder events, bottlenecks and extinctions either in
the host or parasite, and, most importantly, due to host-switching that
could have occurred over large-scale episodic periods of palaeo-
environmental and climatic fluctuations, such as Quaternary glacia-
tions (Hoberg et al., 2012; Johnson et al., 2002; Zarlenga et al., 2006).
Under stable environmental conditions, co-divergence between closely
associated organisms may occur (Haukisalmi et al., 2016), whereas
under changing conditions, hosts possibly move in search of suitable
habitats and find themselves in contact with species they did not pre-
viously overlap with. These fluctuations provide new opportunities for
parasites to switch between host species (Hoberg et al., 2012; Hoberg
and Brooks, 2008, 2013).

Following a successful host switch, gene flow may be maintained or
ceased between the ancestral and newly established parasite population,
depending on the duration of the distribution overlap between the host
species (e. g., Techer et al., 2022; Wang et al., 2016). Phylogenomic and
historical biogeography methods allow for reconstructing past distri-
bution changes and associated gene flow events in parasite lineages,
providing tools to study the emergence and diversification of parasite
species, identification of cryptic lineages and prediction of disease
transmission (Angst et al., 2022; Doyle et al., 2022). Yet, although
metazoan parasites represent 40 % of all living metazoan species, rela-
tively few studies have investigated the historical biogeography of
parasitic species (Dobson et al., 2008). Instead, these studies often
investigate the host—parasite co-phylogeny. Whilst the co-phylogenetic
approach has demonstrated significant co-evolutionary signals in para-
sites with a direct life cycle (Rahmouni et al., 2022; Simkov4 et al., 2004,
2022), it often finds weak host-parasite co-evolutionary signals in
generalist multi-host parasites or parasites with complex life cycles
involving intermediate hosts, possessing more varied dispersal oppor-
tunities (Hoberg and Brooks, 2008; Perrot-Minnot et al. 2018). Impor-
tantly, the co-phylogenetic framework does not consider the evolution
of host-specific lineages in parasites whose origin is much younger than
the age of the hosts, where the co-phylogenetic methods simply cannot
be applied (Bouzid et al., 2008a, 2008b).

To study the contribution of past processes to the evolution of host-
specific parasite lineages, we applied historical biogeography methods
to study the tapeworm Ligula intestinalis sensu lato (Cestoda: Diphyllo-
bothriidea). Its widespread geographical distribution and multi-host
spectrum make it a promising model for studying the vicariant and
ecological modes of speciation (Hoole et al., 2010; Nazarizadeh et al.,
2022a; Stefka et al., 2009). It is an obligatory endoparasite with a
complex life cycle involving two intermediate hosts (crustacean
copepod as the first and planktivorous fish as the second intermediate
host) and birds feeding on the infected fish as the definitive host
(Dubinina, 1980). L. intestinalis spends a maximum of only five days in
its final host, rapidly entering the sexual phase and dispersing eggs into
the water with host faeces, while the secondary larval stage, plerocer-
coid, represents the most important and conspicuous phase of the par-
asite’s life cycle (Dubinina, 1980). It lasts at least 10 months and occurs
in the peritoneal cavity of planktivorous fish, negatively impacting the
health, fertility and behaviour of individual fish (Gabagambi et al.,
2019; Loot et al., 2002) as well as the ecology of the entire fish popu-
lation (Kennedy et al., 2001). L. intestinalis usually appears in cyprinoid
fish [previously the family Cyprinidae], but is capable of invading in-
termediate hosts from various taxonomic groups such as Salmonidae,
Galaxiidae and Catostomidae (Chapman et al., 2006; Dubinina, 1980;
Stefka et al., 2009).

Studies exploring the phylogenetic relationships and population
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structure of the L. intestinalis species complex identified at least six major
lineages with different levels of host and geographic distribution: (1)
clade A (European and north African populations), (2) clade B (Euro-
pean, Chinese, Australian and North African populations), (3)
L. alternans (Asia) [previously L. digramma], (4) Canada, (5) Chinese and
(6) Ethiopian populations (Bouzid et al., 2008a, 2008b; Stefka et al.,
2009). The studies indicated that both geography and host specificity
may determine the genealogical relationships of the parasites by
inducing genetic differentiation. However, their sampling lacked several
biogeographical areas, and the historical demography of the lineages
was not elucidated. Thus, the course of interaction between the histor-
ical geographical distribution of the parasite and the evolution of host-
specific lineages has remained a contentious issue.

The main objective of the present study is to reveal the contribution
of historical geographical distribution and past host usage (specificity)
in the formation of contemporary lineage diversity in parasites with high
dispersal capabilities. Using a geographically wide sampling of Ligula
tapeworms as a study system, we characterised it with SNP genotyping
and mitochondrial sequencing. We aimed to i) determine the true line-
age diversity and levels of host specificity of parasites forming a species
complex which lacks distinctive morphological traits; ii) provide dates
for major diversification events in the evolutionary history of the
parasite, and iii) determine the factors and events influencing lineage
diversity in space and time by the analyses of historical areas, de-
mographic history of lineages and past gene flow.

2. Materials and methods
2.1. Sample collection and DNA extraction

We analysed 139 specimens of Ligula plerocercoids collected from 18
fish genera over a broad geographic area representing 21 countries
(Table S1). Integrity and quantity of newly isolated samples (extracted
with DNeasy blood and tissue kit [Qiagen] from specimens preserved in
96 % ethanol) and DNA extracts from previous studies (Bouzid et al.,
2008a, 2008b; Stefka et al., 2009) were verified on 0.8 % agarose gel
and with Qubit 2.0 Fluorometer (Invitrogen). The final set of mito-
chondrial (86 new specimens were added to 76 sequences from Bouzid
et al., 2008a, 2008b and Stefka et al., 2013 studies) and ddRAD (all new
specimens) samples covered the distribution of the major lineages found
in previous studies, which was complemented with several new areas to
represent five terrestrial biogeographic realms: Nearctic, Palearctic,
Afrotropical, Oriental and Australasian (Fig. 1, Table S1a and S1b).

2.2. Mitochondrial DNA sequencing

Amplification of three fragments of the mitochondrial genome,
including cytochrome b (Cyt b), cytochrome oxidase subunit 1 (COI) and
NADH dehydrogenase 1 (ND1) genes generated a concatenated data set
with a total length of 1691 bp. All genes were amplified by polymerase
chain reaction (PCR; see Supplementary Material, section 1) and
sequenced using primers specifically designed for this study or previ-
ously published primers (Table S2). Sanger sequences were assembled
and edited using Geneious Prime v.2022.1 (Gene Codes) and checked for
possible stop codons based on the Alternative Flatworm Mitochondrial
Code (transl_table 14).

2.3. ddRAD library preparation and reference genome

Libraries of ddRAD were prepared using 350 ng of DNA per sample
following a modified version of the protocol proposed by Peterson et al.
(2012) (Supplementary Material, section 2). Two samples of Dibo-
thriocephalus latus (Diphyllobothriidea) were included as outgroups.
Libraries were sequenced at several lanes of Illumina NovaSeq 150 bp PE
(Novogene UK) yielding 6.8 million paired-end reads per sample on
average. Steps for preparation of multiplexed ddRAD-seq libraries for
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Fig. 1. Ligula sampling localities and patterns of genetic structure. Pie charts reflect the proportion of individuals assigned to each phylogenetic lineage (shown in
Fig. 2); Lineage A (green), Lineage B (red), L. alternans (blue), China (light pink), Australia and New Zealand (dark green), L. pavlovskii (magenta), East African Rift
(EAR; dark turquoise), Central and South Africa (CSA; light turquoise), Ethiopia (orange), and Nearctic (yellow). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1

Genetic characteristics of different parasite populations based on the mtDNA and ddRAD data sets. hap: Number of mitochondrial haplotypes, hd: Mitochondrial
haplotype diversity, Pi: Mitochondrial nucleotide diversity, He: Expected heterozygosity, MLH: Multi-locus heterozygosity, Ho: Observed heterozygosity, Fis:
Inbreeding coefficient.

Parasite Host order / genera Geographic N mtDNA (Cytb + COI) ddRAD
lineages distribution (mtDNA/ hap hd Pi He MLH Pi (SD) Ho Fis(SD)  Private
ddRAD)
alleles
Lineage A Cypriniformes / Czech Republic, (69/65) 63 0.99 0.0095 0.079 0.045 0.057 0.050 0.15 8.11
Abramis, Blicca, France, Germany, (0.02) (0.03) (0.20)
Scardinus, Exos, Ireland, Italy, Russia,
Squalius, Rutilus, United Kingdom,
Phoxinus, Alburnus, Ukraine, and Tunisia
Carassius (introduced)
Lineage B Cypriniformes / Algeria,Czech (18/7) 16 0.98 0.015 0.092 0.059 0.071 0.060 0.09 5.86
Rhodeus, Gobio, Republic, Ireland, (0.02) (0.03) (0.15)
Pseudophoxinus, Barbus ~ Poland, Tunisia,
Turkey
L. alternans Cypriniformes / China, Iran, and (6/3) 6 1 0.015 0.0064 0.0046 0.0057 0.0005 -0.25 5.81
Hemiculter, Squalius Russia (0.02) (0.02) (0.149)
China Osmeriformes / China (5/7) 4 0.90 0.0025 0.038 0.027 0.028 0.027 -0.01 6.73
Neosalanx (0.004) (0.001) (0.14)
Australia and  Galaxiiformes / Australia and New (11/6) 5 0.61 0.0196  0.0023  0.002 0.002 0.002 —0.08 5.80
New Galaxias Zealand (0.02) (0.04) (0.22)
Zealand Gobiiiformes /
Gobiomorphus
L. pavlovskii Gobiiiformes / Hungary, Germany, (10/17) 9 0.97 0.0029 0.104 0.043 0.089 0.044 0.49 9.8
Neogobius, Poland, Ukraine (0.01) (0.03) (0.01) (0.24)
Pomatoschistus
East African Cypriniformes / Kenya and Tanzania (15/7) 9 0.91  0.0047 0.019 0.0145 0.015 0.014 —0.005 6
Rift (EAR) Engraulicypris, (0.02) (0.03) (0.02) (0.24)
Rastrineobola
Nearctic Cypriniformes / Canada, USA (11/10) 8 0.92 0.0042 0.020 0.014 0.017 0.014 0.11 8.9
Semotilus, Rhinichthys/ (Oregon) (0.003) (0.001) (0.25)
Couesius
Central and Cypriniformes / Democratic Republic ~ (9/5) 6 0.83  0.0055 0.011 0.007 0.008 0.007 0.02 5.80
South Barbus, Enteromius of the Congo, (0.019) (0.02) (0.001) (0.16)
Africa Namibia and South
(CSA) Africa
Ethiopia Cypriniformes / Ethiopia (Lake Tana)  (6/12) 6 1 0.0185  0.030 0.015 0.022 0.013 0.27 12.8
Labeobarbus, (0.02) (0.03) (0.004) (0.16)
Enteromius

each barcoded individual sample (Table Sla) and purification are out-
lined in supplementary material, section 2. We also generated a draft

genome of Ligula using Illumina platforms (Omniseq), yielding an
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assembly comprising 49,218 scaffolds and covering 780 Mb of the
genome; gene prediction and annotation for this assembly are ongoing.
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2.4. ddRAD data assembly and SNP calling

FastQC (Andrews, 2010) was applied for an initial quality check. The
process_radtags program in Stacks v.2.5.3 was used to demultiplex and
filter the raw reads with low quality and uncalled bases (Rochette et al.,
2019). Also, cut sites, barcodes and adaptors were removed from ddRAD
outputs. Next, paired-end read alignment of each sample to the refer-
ence genome was performed using the default mode of Bowtie 2
(Langmead and Salzberg, 2012). SNPs calling and assembling loci were
carried out from the alignment using the ref map.pl wrapper program.
Data were then filtered for missingness, minor allele frequency (MAF)
and linkage disequilibrium (LD) in Stacks (see Supplementary Material,
section 3 for details). In sum, we generated three SNP matrices in variant
call format (VCF) comprising (1) 44,298 SNPs with a mean coverage per
locus of ca. 20, (2) second linkage disequilibrium filtered data set (0.2
squared coefficient of correlation) including 10,937 SNPs and a mean
coverage per locus of ca. 18, and (3) two outgroups which were added
to the third data set comprising 4471 unlinked SNPs and a mean
coverage per locus of ca. 25 x.

2.5. Analysis of sequence diversity

Three gene fragments (Cyt b: 405 bp COIL: 396 bp, and ND1: 893 bp)
were added to an alignment that included 76 sequences of Cyt b and COI
from Bouzid et al. (2008a, 2008b), Bouzid et al. (2013) and Bouzid et al.
(2013) studies. All gene fragments were aligned separately using MUS-
CLE performed in MEGA v.5 (Tamura et al., 2011). We used the three
gene fragments for phylogenetic analyses; however, all genetic distance-
based analyses were carried out based on Cyt b and COI sequences which
had no missingness. Analysis of population genetic diversity (sequence
polymorphism, haplotype diversity and nucleotide diversity) was per-
formed in DnaSP v.5 (Librado and Rozas, 2009) on samples grouped
according to their phylogenetic relationships.

For nuclear SNP data, we estimated the expected heterozygosity (HE)
and observed heterozygosity (HO), private alleles, and inbreeding co-
efficients among the parasite populations using the R package SambaR
(de Jong et al., 2021). The first ddRAD data set (44,298 SNPs) was
applied for the analysis as the calculation assumed that the input data
were not reduced based on LD filtering. We used Plink v.1.90 (Chang
et al., 2015) to convert the VCF file to the bed format. The default data
filtering was applied with the “filterdata” function in the R package (see
De Jong et al., 2021).

2.6. Phylogenetic analyses

The best-fitting substitution models and partition schemes were
estimated for the three mtDNA genes using a greedy algorithm in Par-
titionFinder v.2.1.1 (Lanfear et al., 2017). Using Bayesian inference (BI)
and maximum likelihood (ML), the phylogenetic relationships of the
Ligula lineages were reconstructed. BI analysis was conducted using
MrBayes v.3.1.2 (Ronquist and Huelsenbeck, 2003) on the data parti-
tioned based on codon positions and using the settings as described in
supplementary material, section 4. We inferred the ML tree using
IQTREE v.2.1.2 (Minh et al., 2020) under the best-fitting model from
PartitionFinder (Table S3) and 1,000 ultrafast bootstrap replicates. We
also used the “-bnni” option in IQTREE to minimize the risks of over-
estimating support values to a minimum. We included Dibothriocephalus
nihonkaiensis and D. latus (Li et al., 2018a), sister groups of Ligula, as the
outgroups.

We utilised the third data set (4471 unlinked SNPs) to reconstruct the
phylogenetic gene tree and the species tree using three approaches.
Using PartitionFinder, we first determined the parameters applied as
input into RAXML-ng to reconstruct an ML tree (Kozlov et al., 2019).
Second, the alignment was used for a Bayesian phylogenetic analysis. BI
was completed using ExaBayes v.1.5 (Aberer et al., 2014) under a model
partitioning scheme analogous to the ML analyses. Third, species trees
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were investigated using SVDquartets in PAUP v.4.0a147 (Chifman and
Kubatko, 2014). Further details on the assessments of convergence and
ML, BI and species trees are provided in supplementary material, section
4.

2.7. Population structure analyses

Using the concatenated COI and Cyt b (800 bp), haplotype networks
were constructed to visualize relationships among the parasite pop-
ulations via the Median-Joining algorithm in PopArt v.1.7 (Leigh and
Bryant, 2015). Moreover, ddRAD data set was applied to construct a
phylogenetic network using a neighbour-net algorithm and 1,000
bootstraps executed in SplitsTree v.4.10 (Huson and Bryant, 2006).

Several clustering analyses were performed to discover the number
of distinct genetic groups. First, the model-based evolutionary clustering
method was applied in ADMIXTURE (Alexander et al., 2009) via its
parallel processing capabilities (AdmixPiPe: Mussmann et al., 2020).
Second, a Principal Component Analysis (PCA) was performed using the
gIPCA function from the adegenet R package (Jombart and Collins,
2015). Next, we applied the TESS3R package in R to provide additional
estimates of the role of geography in the genetic structure (Caye et al.,
2018). TESS3R explores the implications of genetic diversity in natural
populations using geographic and genotypic data simultaneously.
Lastly, we applied the programs fineRADstructure and RADpianter v.0.2
(Malinsky et al., 2018) to reveal population genetic structure based on
the nearest-neighbour haplotype (For details on ADMIXTURE and
fineRADstructure analyses, see Supplementary Material, section 5).

2.8. Species delimitation analyses

To detect species boundaries in the Ligula species complex using the
mtDNA data, species delimitation was performed using three indepen-
dent approaches (genetic distance and tree-based approaches): the
Generalized Mixed Yule Coalescent model (GMYC by Pons et al., 2006),
Bayesian implementation of Poisson Tree Processes model (bPTP by
Zhang et al., 2013), and Assemble Species by Automatic Partitioning
(ASAP by Puillandre et al. 2021 Supplementary Material, section 6).

To make comparisons among species delimitation models using SNP
data, we conducted Bayes Factor Delimitation (BFD, Leaché et al., 2014)
implemented in SNAPP in BEAST2 (Bouckaert et al., 2014; Bryant et al.,
2012). Comparing models by marginal likelihood scores, this approach
assesses support for the alternative model using Bayes factors under the
multispecies coalescent (MSC) model. We tested a nested set of hy-
potheses up to the maximum potential number of species, where every
lineage was considered a different species (Supplementary Material,
section 6).

2.9. Divergence time and phylogeographic structure

For mtDNA, divergence dates were estimated using a coalescent-
based model implemented in BEAST v.1.8.2 (Drummond et al., 2012).
Due to a lack of available fossil or geographic events, we used two
common rates of substitution for the mt-genes (Cyt b = 0.0195, COI =
0.0225 substitutions/site/Myr), which were previously estimated for
species of Taenia tapeworms (Cyclophyllidea). In addition, we applied
the divergence time between Spirometra and Diphyllobothrium genera (at
the base of Diphyllobothriidea), which is normally distributed with a
mean of 11.47 Mya, a standard deviation of 1.14 Mya and a 95 % in-
terval of 9.58-13.36 Mya. The best-fit partitioning schemes were
assigned based on the Akaike information criterion (AICc) in Partition-
Finder and the analysis was run using the settings reported in the sup-
plementary material, section 7.

To infer the divergence time among major tapeworm lineages using
SNP data, we first estimated the substitution rates for protein-coding
sequences (CDS) of the L. intestinalis genome based on the methods
suggested by Wang et al. (2015). Protein sequences of 10 flatworms
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(D. latus, Spirometra erinaceieuropaei, Taenia solium, T. asiatica,
T. saginata, Echinococcus granulosus, E. multilocularis, Hymenolepis
microstoma, Schistosoma japonicum, S. mansoni) were obtained from
WormBase ParaSite (https://wormbase.org/). After concatenating all
CDS parts, they were aligned together using MAFFT v.7.4 (‘.-INS-I” al-
gorithm) (Katoh and Standley, 2013) and their gaps were discarded by
Trimal v.1.4 (Capella-Gutiérrez et al., 2009). The best evolution models
for the CDS alignments were calculated using PartitionFinder (GTR + I
+ G). ML trees were reconstructed with 400 bootstrapping replicates
using RAXML under the best fit models. The substitution rate (branch-
length) for Ligula was estimated to be 0.0201 which was 1.02-fold higher
than that of T. solium (0.0196 mutations per site) (Fig. S1). Wang et al.
(2015) calculated the mutation rate/site/year in the T. solium genome
(2.82 x 107). Therefore, we estimated 2.89 x 10 substitutions/site/
year for the Ligula genome. We used Beast v1.8 with 141 sequences,
including two D. latus outgroups to reconstruct the divergence dates of
the sequences under a birth-death process as a tree prior and the un-
correlated relaxed molecular clock model for the mutation rate (2.89 x
10). The analysis was run using the settings presented in the supple-
mentary material, section 7.

2.10. Historical biogeography and ancestral host reconstructions

Inferring ancestral ranges and the historical biogeography of Ligula
was done based on three models of biogeographical range extension,
including Bayesian inference (BAYAREA-like), Dispersal-Vicariance
(DIVA-like), and Dispersal-Extinction-Cladogenesis (DEC) models, all
estimated by the BioGeoBEARS R package (Matzke, 2013). As Bio-
GeoBEARS requires an ultrametric tree of species/population, we used
the BEAST chronogram from both mtDNA and ddRAD analyses, and all
outgroups and specimens were pruned using Mesquite v.3.7 (Maddison
and Maddison, 2021).

These models enable the exploration of different possibilities of
vicariance, extinction, and dispersal. Furthermore, by incorporating a
founder-event parameter (+J) into the analysis, we attained clastogenic
dispersal outside of the parental areas (referred to as jump speciation).
The Ligula species complex was divided into five biogeographic realms:
(1) Palearctic, (2) Afrotropical, (3) Indomalayan, (4) Australasian and
(5) Nearctic. Inferred ancestral ranges were allowed to occupy up to five
areas, thereby facilitating clear estimations. Likelihood-based measures
of three biogeographic models along with their modified J types were
ranked according to the AIC method to evaluate model quality.

We applied phylogenetic trees from both mtDNA and ddRAD data to
reconstruct ancestral host fish affiliations using a Bayesian framework
implemented in sMap v.1.0.7 (Bianchini and Sanchez-Baracaldo, 2021).
The software uses stochastic mapping analysis to reconstruct the
evolutionary history of discrete characters at the branch and node of the
tree. In the present study, Ligula plerocercoids were collected from 41
fish species representing 18 genera in four orders (Cypriniformes,
Osmeriformes, Gobiiformes and Galaxiiformes). Character states were
defined based on the host taxonomy at the order level. Therefore, we
defined four different states as follows: 1) lineage China infects
Osmeriformes, 2) L. pavlovskii was associated with Gobiiformes, 3) lin-
eages of Australia and New Zealand infect Gobiiformes and Galax-
iiformes, and 4) lineages of Ethiopia, EAST African Rift (EAR) and
lineages A and B were associated with Cypriniformes (Supplementary
Material, section 8).

2.11. Genome-wide analysis of hybridization and introgression

Treemix v.1.12 (Pickrell and Pritchard, 2012) was applied to
examine gene flow among populations. Utilizing allelic frequency data,
the analysis generated an ML tree, followed by inferring the historical
migratory events between populations. We assumed 10 migration events
and the calculation of each migration event was done separately. We
used the third ddRAD data set and grouped it into 11 populations based
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on phylogenetic analysis. The R package ‘optM’ (Fitak, 2021) was then
used to optimize the number of migration events according to Evanno
et al. (2005) (Supplementary Material, section 9). Visualization of the
graph results was accomplished by the plot function (plotting_funcs.R)
in R. We also employed the ABBA-BABA (D-statistics) and F statistics
tests to further investigate patterns of gene flow among populations
(Patterson et al., 2012). This analysis provides a basic yet comprehen-
sive framework for deciphering deviation from a strictly bifurcating
phylogeny. ABBA-BABA statistics were calculated in DSUITE v.0.4
(Malinsky et al., 2021) for 139 specimens from 11 lineages and two
specimens from D. latus as outgroup. Patterson’s D tests and f4 -ratio
statistics are computed by DTRIOS, which provides information about
trios of lineages with significant D values based on Z-score, calculated
with a book-jackknife technique, taking linkage among sites into
consideration. We left the option jknum (the number of jackknife blocks
to divide the genome into) at its default value (20 blocks of 4471 SNPs),
because the results were not affected by different tested values
(20,30,40, 50). The resulting p-value was adjusted by applying the
Benjamin-Hochberg method for multiple testing correction via false
discovery rate control. To facilitate the evaluation of correlated f4- ratio
statistics, the FBRANCH command implemented the calculation of f-
branch statistics and its output was plotted with dtools.py. We con-
ducted a sliding-windows analysis for the lineage trios with significantly
elevated D by means of DINVESTIGATE command to determine whether
the admixture signal was limited to particular contigs (Windows size =
2. Step = 1) (Malinsky et al., 2021).

2.12. Demographic history

The Extended Bayesian Skyline Plot (EBSP) (Heled and Drummond,
2008) was used to separately analyse the demographic changes for each
lineage based on the Cyt b and COI data for inference of past population
dynamics over time. EBSP analyses were implemented in BEAST v.2
under the GTR + G + I (invariant sites) model and a strict molecular
clock. We employed the same mutation rate as in the divergence time
analysis. We used the plotEBSP R function to draw the skyline plot
(Heled, 2015). The X-axes indicate time reported in units of thousands of
years before present (BP), while the Y-axes display mean effective
population size (Ne) in millions of individuals divided by generation
time plotted on a log scale. Moreover, the stairway plot2 (Liu and Fu,
2020) was used for estimating contemporary effective population sizes
and changes in effective population size of the Ligula species complex
over time. SambaR (R package) was used to convert the first ddRAD data
file into folded SFS files (see details in Supplementary Material, section
10).

3. Results
3.1. Summary statistics

We compared the genetic diversity of all parasite populations based
on the mtDNA (162 specimens) and ddRAD (139 specimens) data. The
concatenated mtDNA matrix with 162 Ligula individuals and 800 bp
aligned positions (404 bp Cyt b and 396 bp COI) was characterized by
551 monomorphic sites and 249 polymorphic sites (23 singletons and
226 parsimony informative sites). We also added 62 ND1 sequences
(891 bp) to the concatenated data set for all phylogenetic analyses based
on ML and BI methods. Estimates of nucleotide diversity for the two
mitochondrial genes ranged from 0.0025 to 0.0196 and the haplotype
diversity was between 0.61 and 1. The mean observed and expected
heterozygosity ranged between 0.0005 and 0.044 and 0.0023-0.104,
respectively. Additionally, populations from China, Australia and New
Zealand, and Central and South Africa (CSA) demonstrated the lowest
levels of haplotype diversity and observed and expected diversities
(except L. alternans). The Ligula population from Ethiopia (12.8) showed
the highest number of private alleles; however, populations in Lineage
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B, Australia and New Zealand, L. alternans and CSA had the fewest pri-
vate alleles (5.8) (Table 1).

3.2. Phylogenetic relationships and species trees of Ligula spp

BI and ML analyses of the three mitochondrial genes (1691 bp)
generated consistent trees with a considerably well-supported phylo-
genetic structure (Fig. 2A). Similarly, the reconstructed phylogenies
based on ddRAD data (4471 SNP) showed identical topologies in the BI
and ML methods (Fig. 2B). The phylogenetic structure revealed
maximum support for all lineages in both mtDNA and ddRAD data sets.
In all reconstructions, the Ligula population from Ethiopia was strongly
supported by high posterior probability (pp = 1) and bootstrap support
(BS = 100) as the basal lineage to all the tapeworms. Parasite pop-
ulations from the Nearctic separated from other lineages with maximal
statistical robustness. All phylogenetic trees from mtDNA and ddRAD
data disclosed a sister group relationship between populations from EAR
(Tanzania and Kenya) and CSA populations. The phylogenetic re-
lationships of the lineages derived from mtDNA data were in agreement
with the phylogeny of the ddRAD data (except China and L. pavlovskii
lineages). Within mtDNA, L. pavlovskii diverged from Lineage A and
L. alternans with high statistical support. However, L. pavlovskii was
distinctly separated from Lineage A, China, L. alternans, Lineage B,
Australia and New Zealand. To sum up, our results added five new
distinct lineages (L. pavlovskii, Australia, New Zealand, EAR and CSA) to
the six previously defined Ligula lineages (Bouzid et al., 2008a, 2008b;
Stefka et al., 2009). The SVDquartet species trees recovered the same
topology as the ML and BI analyses but with variable posterior proba-
bility and bootstrap values (Fig. 2).

3.3. Population genetic structure and host usage

A total of 133 haplotypes were found based on the Cyt b and COI
sequences in 162 individuals. The mitochondrial haplotype network
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based on TCS analysis with a 95 % parsimony connection limit revealed
the same 11 distinct haplogroups as in the phylogenetic analysis
(Fig. 3A, connection limit = 12 mutations). Individual haplogroups
showed a high level of host specificity. Although many lineages were
retrieved from Cypriniformes, the genera (and families) of the fish rarely
overlapped between lineages even in areas of sympatry (such as
Europe). Haplogroup A is widely distributed in Europe, Iran and Russia
and included Ligula populations from Cypriniformes (A. brama, R. rutilus,
B. bjoerkna, S. erythrophthalmus, S. cephalus, A. alburnus, P. phoxinus and
C. carassius). The L. alternans haplogroup was connected to haplogroup
A with 39 mutational steps and comprised parasite populations from
Iran, China, and far east Russia, which were associated with Hemiculter
(Cypriniformes: Xenocyprididae) and Neosalanx (Osmeriformes: Sal-
angidae). Haplogroup B was linked to Australia and China with 30 and
36 mutational steps, respectively. Furthermore, haplotypes from
Australia and New Zealand diverged from each other with 41 mutational
steps and included parasite populations from Galaxiiformes (Galaxias)
and Gobiiformes (Gobiomorphus). Lineage B and the haplogroup in China
were found in Cypriniformes (Rhodeus, Gobio and Pseudophoxinus) and
Osmeriformes (Neosalanx), respectively. The haplogroup in EAR
comprised parasite populations of E. sardella that diverged from the
haplogroup in CSA (E. anoplus and E. paludinosus) by 22 mutational
steps. The Ligula populations from Nearctic Cypriniformes
(S. atromaculatus from Canada and R. osculus from Oregon) split from the
other lineages by 55 and 120 mutational steps. Furthermore, hap-
logroups of L. pavlovskii from Gobiiformes (N. fluviatilis, N. melanosto-
mus, A. fluviatilis, P. minus and P. microps) and Ethiopia from
Cypriniformes (L. intermedius, L. tsanenis, L. brevicephalus and E. humilis)
separated from each other by 110 mutational steps (Fig. 3A).

Contrary to the mitochondrial haplotype network, the phylogenetic
network based on ddRAD data clustered Australia and New Zealand
together, revealing 10 well-supported clusters for the Ligula species
complex (Fig. 3B). Ethiopia was the first lineage branching at the base.
EAR and CSA split from each other with 98 % bootstrap support value,
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Fig. 2. Phylogenetic relationships of the Ligula species complex. A) Bayesian tree reconstructed using the concatenated mitochondrial genes (Cyt b, COI and ND1)
using two outgroups (D. latus and D. nihonkaiensis). Lineage positions and branching patterns are concordant with the ML tree. Nodal supports at each node represent
support values of BI (above branches) and ML (below branches). B) Reconstructed phylogenetic tree based on ddRAD. Bootstrap support values and Bayesian
posterior probabilities are given at the nodes (RAxML/svdquartets/ExaBayes). Diagonal lines represent incongruences between the mtDNA and ddRAD topologies.
Topology congruence tests demonstrated significant differences between the mtDNA and ddRAD trees (P < 0.05).
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diverging from L. pavlovskii and Ethiopia with 100 % bootstrap support
value. Similarly, Australia and New Zealand differed from Lineage B.
Also, Lineage A demonstrated a divergence from all parasite populations
with strong bootstrap value (100 %).

Population structure analyses showed the three new clusters
(L. pavlovskii, EAR, CSA) were clearly separated from the five previously
identified lineages (Lineage A, L. alternans, Australia, Lineage B and
China) (Fig. 4). Cross-validation of the admixture analysis revealed an
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Fig. 3. Population relationships. A) Median-
joining network showing relationships among
the Ligula species complex, reconstructed based
on the concatenated Cyt b and COI sequences
(801 bp). Circle sizes are proportional to haplo-
type frequencies. Black circles indicate unsam-
pled or extinct haplotypes. Mutational steps are
displayed by numbers and dashed symbols along
each line. B) Phylogenetic network with boot-
strap support values for the ddRAD data showing
10 distinct clusters in the Ligula species complex.
D. latus was used as an outgroup.

optimal number of K = 10 clusters (Fig S2). All lineages were separated
from each other, although some admixture was observed between EAR
and CSA (Fig. 4A). PCA patterns were mainly analogous to the clustering
recognised by admixture. The first two PCs represented 22.6 % and 18.1
% of the total genetic variation, separated into 10 groups. EAR was close
to CSA and had an overlap on both PC1 and PC2 axes. The third PC (16
%) clearly discriminated Lineage A, Lineage B and Ethiopia from the
remaining groups (Fig. 4B). Similarly, the cross-entropy curve of the
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Fig. 4. Genetic structure of the populations. A) Population structure based on the ADMIXTURE analysis. Results are shown at K = 10. Each vertical (100 %) stacked
column indicates an individual representing the proportions of ancestry in K-constructed ancestral populations. B) PCA of Ligula sp. samples with 10,937 SNPs, where
the first three components explain 22.6 %, 18.6 % and 16 % of the variance, respectively. C) Interpolated spatial genetic structure according to the individual
ancestry coefficients of TESS3R. The colour gradient shows the degree of difference among individuals.

spatial population genetic structure recovered a likely number of K = 10
genetic clusters (Fig. S3). We spatially interpolated the ancestry co-
efficients projected onto a map to describe the global genetic structure in
our data (Fig. 4C). The resulting spatial pattern revealed 10 components
of ancestry in the sampling space.

The analysis of shared ancestry in the fineRADstructure confirmed
the results of the cluster analysis with K = 10, with significant support in
the dendrogram. Although the recent co-ancestry was greatest between
EAR and CSA, the two lineages formed distinct groups in the analysis.
Moreover, a single sample from New Zealand showed a higher level of
shared genetic background with the cluster from Australia. These two
clusters had relatively higher co-ancestry with Lineage B and China.
Moreover, lineages A and B exhibited a moderate common ancestry with
each other, whereas the lowest level of co-ancestry sharing was
discovered among Ethiopia, L. pavlovskii