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B Annotation

This thesis focuses on the phylogenetic position of Mesozoa (Orthonectida
and Dicyemida) based on phylogenomics, and on dicyemid life-history
traits revealed by molecular methods used in population genetics. The
thesis is introduced by the review of biology of both groups, complemented
by up to now development of views on their phylogenetic position and
notes concerning the study of the population structure of marine
invertebrates. The introduction is followed by a study focusing on the
phylogenetic position of Mesozoa, a comparison of population structure
between the cephalopod host and its dicyemid parasite, and a case study of
dicyemid parasite infrapopulation. The thesis wraps up with a review on
cephalopod parasites and a summary.
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Introduction

1.1 Mesozoa

Mesozoan parasites intrigued biologists since their discovery more than a
hundred years ago but some aspects of their life remain enigmatic (e.g.,
mode of transmission) and they still present a challenge for current biology.
This study aims to build up on the classical natural history research on
Mesozoa (works by van Beneden, Nouvel, and Furuya, to name just a few).
Through the use of modern molecular methods, it brings new pieces of
information helping to elucidate some aspects of mesozoan life and filling
in the gaps in knowledge in this often overlooked but interesting part of the
Tree of Life.

Mesozoa traditionally contains two groups of small ciliated marine
parasites of invertebrates, Orthonectida and Dicyemida. Originally,
Dicyemida and Orthonectida were placed together in one phylum named
Mesozoa by Van Beneden (1876) and were thought to be a link between
the unicellular Protozoa and multicellular Metazoa because of their simple
structure and ciliated cells. However, these two clades differ in some
aspects of their life and their common origin has since been contested.
Shared features of Dicyemids and Orthonectids include simple body
organization (lack of proper tissues and organs), parasitic lifestyle (both
use marine invertebrates as their hosts), cilia on the surface of the cells, and
complicated life cycles. Nonetheless, there are doubts that this assembly
reflects their true evolutionary history and therefore the name mesozoa
(without capital M) is sometimes used just to refer to their level of body
organization (Hochberg, 1982, Pawlowski et al., 1996).
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Figure 1. Schematic drawings of dicyemids that used to serve as a basis for mesozoan
research. a) drawings from the collections of Santa Barbara Museum of Natural History
b) drawings of dicyemids by Van Beneden (1876) ¢) schematic drawing of orthonectids
by John Megahan (accessed on 09 2019 at https://www.guwsmedical.info/reproductive-
biology/orthonectidans.html)

1.2 Dicyemida

Dicyemids are tiny wormlike animals with simple body structure. They live
in the renal sacs of cephalopod hosts that prefer a benthic lifestyle. The
body length reaches from 0.1 to 8.0 mm and the majority of species
measures up to 3 mm (Furuya & Tsuneki, 2003). Their body consists
usually of only 10-40 cells (Fururya & Tsuneki, 2003). However, what they
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lack in the complexity of body structure, they make up for in the elaborated
life cycle. The name Dicyemida (from greek dis kyema=two embryos) was
suggested by von Kolliker (1849 in Stunkard, 1954) to express the fact that
dicyemids produce two kinds of embryos. The vermiform embryo looks
like an adult dicyemid and should serve for multiplication to increase the
density of infection in the host. The second kind of embryo is termed
infusoriform embryo and is thought to be a means of dispersion infecting
new hosts. Infusoriform embryo can survive for a few hours swimming
freely in seawater (pers. obs.), but no other life stages were ever found
outside of their cephalopod host.

Body structure and reproduction
The apical end of a dicyemid is termed calotte and consists of two layers

of cells covered in seemingly thick cilia (Ridley, 1968). The first tier of
cells is called propolars and the second tier is called metapolars (Nouvel,
1947). The position and number of propolar and metapolar cells forming
calotte and the overall shape of the calotte are the main morphological
characters used for genus and species identification. The calotte is used to
attach to the surface of the renal tissue of a host. At the interface of a calotte
and the host's border tissue a slight erosion can be seen (Ridley, 1968). The
body consists of one elongated cell, termed axial cell, which is covered by
approximately 20 ciliated cells (named either coat or jacket cells or
diapolars). Usually, more than one developing embryo can be seen inside
the axial cell. Two special coat cells containing refractive material might
be present at the posterior end (uropolars).

Dicyemids either reproduce asexually by producing vermiform embryos or
they switch to sexual reproduction (possibly by self-fertilization) and
produce infusoriform embryos. The switch is believed to be triggered by
reaching a high density of dicyemid population in the renal organ (Lapan
& Morowitz, 1972) but it also might be correlated with the maturation of
the host or other environmental factors (Finn et al., 2005).

All embryos develop from a reproductive cell called axoblast, which is
contained inside the axial cell of the dicyemid from the early stages of
development. Axoblast is only partially enveloped by a membrane (Ridley,
1968; Matsubara & Dudley, 1976). Resulting embryos, therefore, develop
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inside the parent axial cell until they are released into the host urine by
eclosion, i.e., an embryo slips through an opening between the coat cells.

Vermiform embryos resemble miniature adult dicyemids in their
appearance (one elongated axial cell covered by ciliated coat cells). During
their development, they only increase in size but do not undergo significant
structural changes. Compared to vermiform embryos, infusoriform
embryos are organized very differently and are thought to be the most
complex stage of a dicyemid's life cycle (Matsubara & Dudley, 1976). The
infusoriform embryo is bilaterally symmetrical and consists of two apical
cells containing refringent bodies, inner cells with urn cells containing
germ cells, and approximately twelve ciliated coat cells (Ridley, 1969).
Refringent bodies are made of dense material and aid the embryo in
maintaining buoyancy. Vermiform embryos were observed to swim near
the bottom of the container where their host was kept during laboratory
experiments (Lapan & Morowitz, 1975; Stunkard, 1954). Swimming
round-shaped, but tapered at the end, ciliated infusoriform embryos are
reminiscent of little drakes/kites (rhombos) and gave this group their
alternative name Rhombozoa.
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Figure 2. A schematic drawing of Dicyemid’s life cycle. Both types of dicyemid embryos
and adults can be found in the renal organs of their cephalopod host. A way of infection
of a new host is unknown. However, infusoriform embryos were suggested as a possible
transmission route. The drawing of hosts and dicyemids is not in scale. Adult dicyemids
can reach about 1-2 mm in length. Original drawing by Marie Drabkova.

Transmission
The mode of transmission of dicyemids to a new host is still mostly

unknown. An infusoriform embryo is supposed to be a means of dispersion.
Infusoriforms can be isolated from seawater in which a mature cephalopod
host was held for a few hours (Stunkard, 1954). Usually, infusorifoms
remain near the bottom, thanks to the buoyancy caused by refringent bodies
and move by the locomotion of cilia (Stunkard, 1954). After a while (a
couple of minutes to hours) in laboratory conditions, infusoriforms start to
disintegrate. This process might be a natural step in the development in
which germ cells are released and infect a new host. Experimental infection
under laboratory conditions, where young cephalopods reared in aquaria
were exposed to infusoriform embryos, has been tried at least two times,
however, without convincing results (Nouvel, 1947; Lapan & Morowitz,
1972). When a batch of cuttlefish’s eggs was raised separated from the
adults, none of the progeny was infected (Nouvel, 1947; Lapan &
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Morowitz, 1972). When the eggs were raised with an adult already infected
by dicyemids, the progeny became infected as well (Lapan & Morowitz,
1972). However, a direct infection with infusoriform embryos was not
successful (Lapan & Morowitz, 1972, 1975; Nouvel, 1947). In early works,
an intermediate host was suggested to exist but nowadays it is widely
accepted that it is not required for the development of dicyemids.
Transmission of dicyemids from adults to the next generation of hosts is
probably not realized via infection of the host’s eggs, even though it is
almost impossible to be absolutely certain that a yet unknown stage did not
escape detection. An experiment by Catalano et al. (2013) aimed at the
detection of dicyemid DNA in cuttlefish eggs and seawater from the
breeding site of Sepia apama tailed to recover any traces of dicyemid DNA
either from eggs or seawater.

Nouvel (1947) claimed that the first stage infecting a new host is a stage
called stem nematogen (or in original “larva fondatrice”) that he observed
in very young specimens of cuttlefish and octopus. At that time, there was
a debate about whether this stage existed or not, later the observation was
confirmed by McConnaughey (in Stunkard, 1954). However, Lapan &
Morowitz (1975) stated that its existence remains uncertain. Stem
nematogen differs from the usual adult in having three axial cells instead
of one. Nevertheless, how an infusoriform embryo infects a new host and
develops into a stem nematogen remains unknown and the stem nematogen
stage still requires a better description of its organization, function,
development, and mode of reproduction.

The way of life
According to Hochberg (1982), the cephalopod's renal organs are the best

environment for parasites. He argued so because renal organs provide for
all parasite’s needs, that is: they provide substrate for attachment, constant
fluid bath, source of nutrients, and easy exit for dispersal stages. Hochberg
based his observation on his study of the adaptation of dicyemids and
protozoan opalinids that inhabit the renal organs of pelagic cephalopods.
However, in terms of dicyemid's exact needs and requirements, not much
is known. In an experiment focused on maintaining dicyemids under
laboratory conditions, Lapan & Morowitz (1975) used a very rich medium
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based on the chemical properties of cephalopod's urine and successfully
maintained them, slowly reproducing for at least three months. In our
experiment, where we followed the previously mentioned method as
closely as possible, we were able to maintain dicyemids for a maximum of
two weeks (Drabkova, pers. obs.). However, in the original study, it was
not determined which of the components of the medium were essential,
therefore we might have missed the key component of the medium.
Furthermore, the way how dicyemids feed, which might be crucial for
maintaining them in laboratory conditions, still remains to be revealed. The
surface of an adult dicyemid is furrowed by ruffles that can merge into
smaller or larger vesicles to import material into coat cells. In an
experiment done by Ridley (1968), dicyemids were shown to take up
ferritin from solution. Therefore, a possible way of sustenance might be
endocytosis of particulate matter from the surrounding fluid.

To what extent do dicyemids harm or help their host remains to be
discovered. Where calotte is inserted into the folds of the renal tissue a little
abrasion can be seen (Ridley, 1968). However, there is a need for a
thorough study of the biochemical pathways used by dicyemids to show
whether they are parasites, commensals, or mutualists.

To date, two studies reported dicyemids to be parasitized by microsporidian
hyperparasite (Czaker, 2000; Ogino et al., 2007). Ogino et al. (2007)
observed considerable damage to dicyemid’s tissue caused by a
microsporidian parasite in Callistoctopus minor host. However, whether
the infection is anecdotal (i.e., the microsporidian parasite is shared with
the host) or widespread remains to be seen.

Diversity and taxonomy
Up to now, 136 species of dicyemids have been described (Catalano, 2012,

2013a, 2013b; Catalano & Furuya, 2013; Castellanos-Martinez et al., 2016;
Furuya, 2018). Catalano (2012) reviewed available species descriptions,
discussed the validity of described species, and advocated for the
separation of dicyemid species into three families according to the position
of propolar and metapolar cells composing a calotte (fig. 3), originally
suggested by Whitman (1882), with the addition of Kantharellidae (Czaker,
1994). The most commonly found and the richest in species number is the
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family Dicyemidae (116 species in 5 genera). In the family Conocyemidae,
coat cells are usually merged into syncytium and this family is represented
by two genera. The last family, Kantharellidae, is represented by only one
species, Kantharella antarctica, described by Czaker (1994) from two
specimens of antarctic octopus Pareledone turqueti.

Similarly, to the family level, individual dicyemid species are discerned by
the position of cells in the calotte (propolars to metapolars) and by some
additional morphological structures (shape of the calotte, length of an adult
or embryo, presence of uropolar cells, number of coat cells; Furuya et al.,
2001). Catalano (2012) expressed doubts about the validity of 20% of the
described species because of invalid or incomplete descriptions. For
European waters, 16 dicyemid species were reported in a recent review by
Furuya & Souidenne (2019).

Because dicyemids lack “hard” morphological features and those that are
used can be highly variable (i.e., number of coat cells, body length) or
subjectively viewed (shape of a calotte) molecular methods are often
mentioned as the way to better understand dicyemid's diversity. A study by
Eshragh & Leander (2014) showed that when molecular markers are taken
into account (18S marker), some dicyemid species (although
morphologically different) may be genetically similar (e.g., Dicyemennea
rossiae and Dicyemennea brevicephaloides, both infecting Rossia
pacifica). In general, dicyemid taxonomy still waits for wider
implementation of molecular markers, and the fusion of traditional
taxonomy with modern methods would be highly beneficial.

10
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DICYEMIDAE CONOCYEMIDAE KANTHARELLIDAE
Van Beneden 1882 Stunkard 1937 Czaker 1994

(@) (D
&Y Y

Dicyema Pseudicyema Conocyema Kantharella"
2PA, 4ME, 4PR 2PA, 4ME, 4PR 4PR

)

Dicyemennea Dodecadicyema Dicyemodeca Microcyema Kantharella*

2PA, SME, 4PR 2PA, SME, 4PR, 2-3MI and Pleodicyema 48Y 2-4PA, 2-TME, 3-9PR
2PA, 6ME, 4PR

A = Alternative views of calotte arrangement for Kantharella with the minimum (top) and maximum (bottom) number of PA, ME and
PR drawn.

Figure 3. Position of cells in calotte region in dicyemid’s families, adopted from Catalano
(2012). PA parapolar cells, ME metapolar cells, PR propolar cells, SY syncytium, MI
micropolar cells.

Geographical distribution
The geographical range of dicyemids extends from the Southern Ocean to

the Arctic Ocean. The main center of occurrence was thought to be in the
temperate seas mainly in the Mediterranean, North Atlantic, and North-
West Pacific (chapter 5 by Furuya in Rhode, 2005; Finn et al., 2005). This
remarkably correlates with the position of established biological marine
stations (e.g., Roscoff, Naples, Woods Hole, Japanese institute). In recent
years, increasingly more records come from other parts of the world ocean,
e.g., from Chile (Mufioz et al. 2013), Australia (Finn et al., 2005), Antarctic
Ocean (Czaker, 1994), and the Arctic Ocean (Furuya et al., 2002, Furuya,
2010). In early studies, it was suggested that the prevalence is highest in
the temperate seas (in Mediterranean area up to 100%, pers. obs.) and
declines towards the equator (in subtropical seas about 20% to no infection
in tropical seas; Hochberg 1990). However, Finn et al. (2005) show that the
prevalence in tropical hosts is almost similar to temperate areas, even
though the infection is more difficult to detect (less dense infection,
individuals more difficult to dislodge). Records from polar seas are too

11
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scarce to provide an informed estimate of the prevalence of infection in
cold seas.

Host specificity
To what extent are dicyemids host-specific is not very clear. Van Beneden

thought that each species of dicyemid coexists with one species of a host
and suggested a taxon structure corresponding to a strict host-specific
relationship (Van Beneden, 1876). Later some species were shown to be
shared, usually between closely related host taxa (Furuya, 1999), whereas
McConnaghuey (in Stunkard, 1954) reported differences in dicyemid fauna
between two cryptic species of an octopus.

If more than one species of a dicyemid infects a given host, there is a
possibility of mixed infection. Furuya (1999) examined cephalopods from
seas surrounding Japan and found two to three species of dicyemids in one
species of host, or even in one host individual. However, Furuya also states
that the shape of a calotte can differ according to the part of the surface of
the renal organ where the parasite is attached. Given that the main
morphological feature determining species is the shape of a calotte and that
two species with different calotte shapes can share the same genetic
information (Eshragh & Leander, 2014), it remains to be seen if these
species represent morphologically adapted individuals of a single species
or true, separate species. In other works (e.g., Finn et al., 2005; Catalano,
2013a) mixed infection is reported much less often. This could possibly be
resolved by examination of single individuals from one host species or by
metagenomic studies.

In cephalopods, the renal organs are found in pairs. A difference in
dicyemid populations between the two renal organs in one host was
reported by Finn et al. (2005) and Furuya (2006). Each renal organ could
differ in the contained life stages of dicyemids, their abundance, or even
the presence or absence of the species (Finn et al., 2005) or in the species
assembly (Furuya, 2006). This suggests that infection of each renal organ
happens individually.

Available molecular data
The first molecular sequence published for dicyemids was the 5S fragment

of ribosomal RNA as part of an early phylogenetic work attempting to
12
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classify multicellular animals based on molecular sequences (Ohama et al.,
1984, Hori & Osawa 1987). However, this marker showed not to be
suitable for such deep phylogenetic questions and was replaced by the then-
popular 18S ribosomal sequence (18S dicyemid sequences were included
in Katayama et al., 1995, Hanelt et al., 1996 and Pawlowski et al., 1996).
Additionally, the 18S marker was used in the comparison of morphospecies
by Eshragh & Leander (2014) concerning the dicyemids from British
Colombia and was also used as a part of the redescription of Mediterranean
species Dicyemennea eledones (Souidenne et al., 2016). The sequence of
COI gene of dicyemid species originating in the seas surrounding Australia
was published in a study focused on the structure of fragmented dicyemid
mitochondrial genome (Catalano et al., 2015). Few other sequences of
other dicyemid genes were published as a part of developmental studies
(i.e., Pax6, Zic, hox genes, innexin, tektins, alpha-tubulin, and beta-tubulin;
Aruga et al., 2007, Ogino et al., 2007, Kobayashi et al., 2009, Suzuki et al.,
2010). These single gene sequences were recently supplemented by
publicly available transcriptomic and genomic data for Dicyema japonicum
in studies focused on the structure of the dicyemid genome and dicyemid
phylogenetic position (Lu et al., 2017 and 2019).

1.3 Orthonectida

Orthonectids are tiny marine parasites infecting diverse groups of marine
invertebrates. So far, orthonectids were reported from Echinodermata,
Platyhelminthes, Annelida, Mollusca, Tunicata, and Nemertea. Recently
Rhopalura xenoturbellae was reported infecting Xenoturbella (Nakano &
Miyazawa, 2019). The group was first described and named
“Orthonectida” (straight + swimming) by Giard (1877) to emphasize their
characteristic movement in a straight line (Giard, 1877). Orthonectids are
categorized into 4 genera (Rhoplaura, Intoshia, Stoecharthrum, and
Ciliocincta) and 27 species (mostly in the genus Rhopalura; WoRMS,
2019) with uncertain addition of the genus Pelmatosphaera (Kozloff,
1992). Orthonectid species description is usually based on the pattern of
bands of surface cilia, but also on the position of genital opening and
disposition of eggs and sperms (Kozloff, 1992). Compared to dicyemids,
their prevalence is low (about a few %) and they usually occur only in some
areas of the distribution of their host species (e.g., Ciliocincta sabellariae

13
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is typical for polychaete worm Sabellaria cementarium syn. Neosabellaria
cemntarium from San Juan archipelago, Washington; Kozloff, 1992). Their
rarity and unpredictability make the acquisition of samples very difficult.

Life cycle and body structure
Adult orthonectids (sexually mature males and females) leave their host

and mate outside in the seawater. Eggs are fertilized by internal fertilization
and develop into ciliated larvae that infect a new host. When an orthonectid
larva infects a new host through either a genital opening or a gut, a
plasmodium stage is created where multiple males or females are produced
in one plasmodium. Sexually mature orthonectids leave their host and
complete their life cycle (Kozloff, 1994; fig. 4). Orthonectids cause damage
of the tissues of their hosts, even leading to castration if the infection
happens in a reproductive tissue (e.g., observed in sea star Amphiophiuris
squamata). Most orthonectids (except for the genus Stoecharthrum which
is hermaphroditic) display sexual dimorphism with females being about
two to three times larger than the males. Females of two sizes in one
infection were reported for Rhopalura ophiocomae (Kozloff, 1992). The
body of orthonectids is simply organized, but muscles and traces of nerve
tissue are present in the free-living stage that can be visualized with
microscopy based on fluorescent antibody staining (Slyusarev & Starunov,
2016). Information on host specificity, population structure, species
distribution, or mixed infections has not been reported in orthonectids.

14
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Figure 4. Schematic representation of orthonectid life cycle (Kaidor, 2016, Wikimedia
Commons).

Available molecular data
For a long time, molecular data have been rare for orthonectids, with only

an 18S sequence published (for Rhopalura ophiocomae both in Hanelt et
al., 1996 and Pawlowski et al., 1996). However, recently, due to
phylogenetic interest in this group, available data were expanded by the
genome of Intoshia linei (Mikhailov et al., 2016) and 3 mitochondrial
genomes (Intoshia linei, Schiffer et al., 2018; I variabilis, Rhopalura
litoralis, Bondarenko et al., 2019).
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2 Phylogenetic inference and Mesozoa

The evolutionary tree of life has been of interest to biologists (or natural
historians) since the Darwinian times, starting with the famous doodle of a
tree with the inscription "I think...". Phylogenetic placement of organisms
in the tree of life enables us to interpret organismal traits in an evolutionary
view. It can help to explain the evolution of structures and to understand
the process in which traits evolve from simple to complex or, the other way
around, from complex to simple, as we can see for example in the case of
either entire loss or simplification of some features in parasitic lineages.
Phylogenetic trees can also bring more light into the cases when traits just
simply change (without any alteration to complexity level).

First phylogenetic studies were based on morphology and structural (or
behavioral) similarity. With the development of modern molecular
methods and most importantly those that include sequences of DNA/RNA,
the molecular methods almost completely overtook morphological studies.
The most important finding at the beginning of the usage of molecular
methods was the discovery that the tree of life splits into three main
kingdoms: Eubacteria, Eukaryota, and Archea (Pace et al., 2012; original
study by Woese & Fox 1977). Since then, molecular phylogenetics was
employed to study the evolution of genes, identification of pathogens, the
role of evolutionary relationships in conservation biology, and of course,
in the systematics itself (Soltis & Soltis 2003, Stoakes 2019, Vezquez &
Gittleman 1998). Even though the methods for inferring phylogenetic
relationships changed, the evolutionary questions they try to answer
remained the same.

One of the areas in the tree of life that is evolutionarily important, but
understudied, is Lophotrochozoa, a clade that should also contain both
Mesozoan groups according to recent studies (Schiffer et al., 2018;
Zverkov et al., 2019). This clade of invertebrates was grouped together
based on molecular sequences (Halanych et al., 1995). It encompasses
animals both simple in structure (e.g., gnathiferans, parasitic
platyhelminths) as well as complex animals like annelids and cephalopods
with highly developed nervous tissues and locomotory skills. This clade
presents an invaluable resource for comparative biology, especially in the
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area of the development of nervous tissue structures, the evolution of
complex body plans and life strategies along with their simplification due
to miniature body size and/or parasitic lifestyle. However, the study of
Lophotrochozoa is complicated by the rarity of samples from some major
clades, coupled with their small body size (e.g., phoronids, cycliophorans,
gastrotrichas), and by insufficient scientific focus. Thus, Lohpotrochozoan
evolutionary relationships still await a clearer understanding.

Employment of big data, such as transcriptomes and genomes, showed
great promise for resolving difficult phylogenetic questions with
information from hundreds of genes. Indeed, in some cases, the
phylogenomic approach was successful in resolving phylogenetic
relationships in previously uncertain groupings (e.g., monophyly of
Excavata, deep relationships in seed plants, the phylogenetic backbone of
sea urchins, systematic relationships in arthropods; Hampl et al., 2009, Ran
et al., 2018, Koch et al., 2018, Meusemann et al., 2010). However, some
cases proved to be hard to solve even with a high abundance of data (e.g.,
in birds, relationships on the base of Neoaves, in mammals
interrelationships in Laurasiatheria, relationships in early metazoans; Suh
2016, Chen et al., 2017, Philippe et al., 2011). Reasons behind this failure
to resolve some phylogenetic questions may be multiple and are often
generally alleged to be caused by "systematic errors". Specifically, the
main players that can affect the inference of phylogenetic trees from
hundreds of genes are the selection of appropriate orthologous genes (and
removal of paralogous genes, which become manually impossible due to
the scale of studies), the choice of fitting model of sequence evolution and
the effect of missing data (for an overview see Philippe et al., 2017). The
selected method of inference can also have a considerable effect on the
resulting tree (e.g., Bayesian-based methods, Maximum likelihood, or
coalescent approach). Further sources of incongruence in results can stem
from undetected contamination in the datasets, biased taxon sampling,
incomplete lineage sorting, uneven rate of sequence evolution, and, more
simply, from the ancient age of radiation. One such exemplary case of the
difficult phylogenetic question with incongruent results from different
datasets and data treatments is the resolving of deep metazoan
relationships, known as the "Ctenopohrora versus Porifera first" question
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(for comparison of studies and methods see Philippe et al., 2011). Even
though this question is important in the evolutionary sense (it can, for
example, show us if complex nervous tissue evolved independently in
Ctenophora), it still awaits conclusive resolution. Similarly, pinpointing the
phylogenetic position of both groups of Mesozoa proved to be a difficult
task.

Mesozoa was originally considered a link between protozoa and
multicellular metazoa because of their simplicity (Van Beneden, 1876).
However, ideas that their life history may be similar to other parasites (i.e.,
like Platyhelminthes, being not truly simple but descended from more
complex metazoans), appeared in the literature early on (Metschnikoff,
1881, for early views on mesozoan position see Nouvel, 1948). Due to the
lack of hard morphological features in Mesozoa (shells, scales, etc.), great
anticipation was present at the dawn of the phylogenetic molecular era.
First studies based on 18S that included members of mesozoa showed them
as early-branching metazoans, which corresponded to the Protozoa-
Metazoa link hypothesis (Pawlowski et al., 1996). However, Mesozoa
always showed exceptionally long branches, making the results less
trustworthy due to the suspicion of long branch attraction artifact
confounding the results. The advancement of molecular methods and the
usage of genome-wide data again showed that the question of mesozoan
placement in the tree of life is a hard problem to tackle (Lu et al., 2017,
Schiffer et al., 2018, Zverkov et al., 2019). Phylogenomic methods agree
on placing Mesozoa in Lophotrochoza but further position and their
monophyly are still contested. Possible sister groups of Mesozoa could be
Gnathifera or Platyhelminthes. Orthonectida alone is also sometimes linked
with Annelida. The main suspected issues hindering the recovery of
mesozoan phylogenetic position in the current phylogenomic studies are
data quality, taxonomic sampling, and systematic errors or other
shortcomings of modern methods.

The question is, how to deal with such uncertainties in the tree of life? We
can try to embrace the uncertainty and work with more scenarios. Crucial
point is to report results correctly and fully and carefully examine them,
rather than pitch for either of the hypotheses (King & Rokas, 2017).
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Research into these difficult phylogenetic cases may sometimes seem futile
but it helps us to identify weak points of the currently used methods and to
spot areas that require improvement and methods that need further testing.
New methods, more data coupled with conscientious reporting of the
results should, hopefully, be a way forward to the reliable phylogenetic
inference that can help us answer interesting evolutionary questions like
the inner relationships in Lophotrochozoa and the exact position of
mesozoan clades in the tree of life.

3 Study of population structure based on genetic markers

The study of genetic population structure and its dynamics across species
distribution range has the potential to reveal interesting phylogeographical
patterns, current or past demography, and ecological relationships.
Population genetic structure is defined by life-history traits of a given
organism, such as the mode and ability of dispersal or its mating system.
Additionally, in an organism where life history is not completely known,
the tools of population genetics can help us study the unknown aspects of
the species' history and bring more information about its life cycle. For
example, analyses of mitochondrial and nuclear markers in sea turtles
showed population structure corresponding to the presence of a strong
homing impulse in females, but not in males (Bowen & Karl, 2007). This
approach to studying life-history traits and populations might prove to be
especially useful in small invertebrates that lack strong morphological
features, such as orthonectids and dicyemids.

In the marine environment. populations tend to be homogeneous on a wide
geographic scale, due to greater uniformity of the environment (Palumbi,
2003). However, some barriers (e.g., salinity or temperature clines,
currents, oceanographic fronts) may present unexpected boundaries for a
given species (Galarza et al., 2009). Therefore, we cannot always reliably
predict population structure without careful study (Wright et al., 2015). For
example, the giant squid, Architeuthis dux, shows a remarkably
homogeneous population across the world seas (Winkelmann et al., 2013),
but the Atlantic cod has an unexpectedly structured population on a fine-
scale along the short span of the Skagerrak coast without obvious dispersal
barriers (Knutsen et al., 2003).

19



Introduction

In an organism closely bound to its host (parasite, symbiont, or commensal)
population genetic structure is also affected by the life-history traits of its
host. One of the drivers of population structuring could be the type of host
included in the parasite’s life cycle, host’s habits (e.g., way of feeding, prey
selection, mating habits), and mode of dispersal. Such a relationship can be
seen in parasitic trematodes, where genetic population structure is
determined by the type of host dispersal. Trematodes with an allogenic
cycle (including a bird host) tend to have homogeneous populations but
those with an autogenic cycle (without a bird host) display structured
populations, due to the lower dispersal capabilities of the hosts (Blasco-
Costa & Poulin, 2013). However, in this case, data for marine trematodes
are scarce and it is not clear if in the marine environment the difference
between the allogenic and autogenic cycle would be clear cut. In general,
the marine environment supports long distance dispersal, hence marine
parasites might have homogeneous populations regardless of the type of
their cycle.

Studies of parasite population structure and their use as tags to discern host
origin or specific feeding habits in cohorts or subpopulations can also
reveal the true connectivity of the host populations. This approach is crucial
for the evaluation of fish stock in a commercial setting as well as for
conservation planning or epidemiology and management of pathogen
outbreaks in fish (or future cephalopod) aquaculture (Palumbi, 2003; Tully
& Nolan, 2002). In contrast to fish, such studies remain rare in cephalopods
and marine invertebrates in general (Catalano et al., 2014). Particularly for
dicyemids and orthonectids, no such study was previously performed.

4 Aims and scope of the thesis

This thesis aims to elucidate several aspects of mesozoan life traits and their
evolutionary history through the use of traditional and novel molecular
methods. First, it tackles the question of dicyemid and orthonectid position
in the evolutionary tree of life. Through the use of up to date phylogenomic
methods, using genomic and transcriptomic data for both mesozoan clades
and a wide array of lophotrochozoan representatives, it tries to resolve
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mesozoan relationship to other animals and investigate the question of
Mesozoan monophyly, providing further insights into evolutionary
implications such as the evolution of complex parasitic lifecycles and their
simplification. Next, the thesis aims to elucidate aspects of the dicyemid
life cycle through the study of their populations. By comparison of the
genetic population structure of the host and its respective dicyemids, it aims
to explore the patterns of reinfection and differentiation in the selected
geographical area. Through the exploration of genetic profiles in individual
dicyemids inside one host, this thesis aims to provide information on
dicyemid modes of reproduction and reinfections inside its host. Selected
chapters are also accompanied by confocal microscopy pictures of
dicyemids providing a visual embellishment for mesozoan research.

Overview of chapters:

The first chapter focuses on the phylogenetic position of both mesozoan
groups, dicyemids and orthonectids, and the question of their monophyly.
It contains an extensive comparison of results based on different
phylogenomic approaches.

Chapters two and three examine the population structure of dicyemids, first
in comparison with their host, which is followed by an examination of the
local population inside one host. Specifically, chapter two shows genetic
structure based on the study of the COI gene in the case of Sepia officinalis
in the Mediterranean area and its respective dicyemids. Chapter three
focuses on the examination of individual dicyemids based on microsatellite
markers comparing several local infrapopulations from the host Eledone
moschata from two localities (Naples, Italy, and Pula, Croatia).

The final fourth chapter frames dicyemid position among other cephalopod
parasites and contains an overview of future challenges in cephalopod
parasitology.
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Abstract

Dicyemids and orthonectids were traditionally classified in a group called
Mesozoa, but their placement in a single clade has been contested and their
position(s) within Metazoa is uncertain. Here, we assembled a
comprehensive lophotrochozoan matrix and investigated the position of
Dicyemida (= Rhombozoa) and Orthonectida employing multiple
phylogenomic approaches. We sequenced seven new transcriptomes and
one draft genome from dicyemids (Dicyema, Dicyemennea), two
transcriptomes  from  orthonectids  (Rhopalura), and selected
lophotrochozoan phyla. Using these and published data, we assembled and
analyzed contamination-filtered datasets with up to 987 genes. Our results
recover Mesozoa monophyletic and as a close relative of Platyhelminthes
or Gnathifera. Because of the tendency of the long-branch mesozoans to
group with other long-branch taxa in our analyses, we explored the impact
of approaches purported to help alleviate long branch attraction (e.g., taxon
removal, coalescent inference, gene targeting). None of these were able to
break the association of Orthonectida with Dicyemida in the maximum
likelihood trees. Contrastingly, the Bayesian analysis and site-specific
frequency model in maximum likelihood did not recover a monophyletic
Mesozoa, but only when using a specific 50 gene matrix. The classic
hypothesis on monophyletic Mesozoa is possibly reborn and should be
further tested.
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Introduction

Phylogenomic studies have dramatically improved our understanding of
deep metazoan phylogeny, however, some key branches remain
controversial (see e.g., Dunn et al., 2014; Halanych, 2016; Kocot, 2016;
Giribet & Edgecombe, 2017; Bleidorn, 2019; Marlétaz et al., 2019).
Incongruence in phylogenomic analyses could be due to insufficient
phylogenetic signal (e.g., due to closely spaced branching events), limited
taxon and/or gene sampling, or systematic error, particularly the long-
branch attraction (LBA) artifact (Felsenstein, 1978; reviewed by Bergsten,
2005; Philippe et al., 2017).

The early radiation of Lophotrochozoa (549-535 Mya old; Qun et al,,
2007), a major clade of protostome metazoans including annelids,
molluscs, brachiopods, bryozoans, flatworms and rotifers among others,
has been especially challenging to uncover (Kocot, 2016, Bleidorn, 2019,
Laumer et al., 2019, Marlétaz et al., 2019, Zverkov et al., 2019). This is
probably due to relatively rapid diversification (Rokas et al., 2005) and fast
evolutionary rates in some lineages, leading to long terminal branches in
phylogenetic analyses possibly prone to LBA. Differences in branch
lengths can be caused by differences in the rate of molecular evolution and
generation time, as both are known to be variable for invertebrate phyla
(Thomas et al., 2010), especially in parasites (Haraguchi & Sasaki, 1996).
This may aggravate the inherent difficulty of resolving ancient radiations
because of short internal branches among deep nodes (Budd & Jackson,
2016).

The placement of Orthonectida and Dicyemida, two clades of enigmatic
morphologically simple parasites, could be seen as examples of such a
controversial case (Fig. 1). Orthonectids (ca. 25 spp. (WoRMS Editorial
Board 2018: van der Land, Furuya & Decock, 2018)) are parasites of a
variety of marine invertebrates; their adults are free-swimming and produce
ciliated larvae that enter the host tissues to form amoeboid trophic syncytia
that effectively castrate their hosts (Deheyn et al., 1998). Dicyemida (syn.
Rhombozoa, especially if including still unsequenced Heterocyemida; ca.
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100 spp. (Catalano, 2012)) are symbionts inhabiting the renal organs of
benthic cephalopods. Orthonectids and dicyemids were originally united as
Mesozoa by Van Beneden (Van Beneden, 1876) who viewed them as a
‘link’ between Protozoa and Metazoa. In contrast, a hypothesis on their
convergent evolution from more complex animals prevails in modern
literature, even though their phylogenetic origins remain uncertain.

Phylogenomic analyses by Mikhailov et al. (Mikhailov et al., 2016; 22,909
amino acid positions, 61 taxa), including the first published mesozoan
genome (Intoshia, Orthonectida) recovered Orthonectida as a clade of
uncertain position within Lophotrochozoa. Lu et al. (Lu et al., 2017)
conducted phylogenomic analyses (58,124 amino acid positions, 29 taxa)
with two genomes from both Orthonectida (/ntoshia) and Dicyemida
(Dicyema) and recovered Mesozoa as a monophyletic group close to
gastrotrichs and/or platyhelminths. On the contrary, Schiffer et al. (Schiffer
et al., 2018) proposed, based on both mitochondrial (2,969 amino acid
positions, 69 taxa) and nuclear (190,027 amino acid positions, 45 taxa)
data, that Mesozoa is not monophyletic: orthonectid Intoshia was
recovered as nested within Annelida while the position of Dicyemida (three
spp. of Dicyema) within Lophotrochozoa was considered unresolved.
Zverkov et al. (Zverkov et al., 2019) reported similar results in their
analysis of nuclear protein-coding genes (87,610 amino acid positions, 73
taxa including /ntoshia and two spp. of Dicyema). Taken together, all
phylogenomic analyses to date (and most molecular analyses in general)
have converged to the scenario that both mesozoan groups represent
secondarily simplified lophotrochozoans, but their phylogenetic position
within Lophotrochozoa and whether or not they form a monophyletic group
remain unresolved. Difficulties in the placement of these enigmatic marine
groups may be due to their fast rate of evolution, as evidenced by extremely
long branches of both ‘mesozoan’ groups in all analyses.

Multiple approaches exist to tackle systematic errors in phylogenomics.

One straightforward way to treat LBA and test leaf stability is to remove
other long branches, thereby decreasing the ‘pull”’ of these long branches
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and compare the resulting position of the taxon in question (e.g., the
position of Orthonectida after exclusion of Dicyemida from the matrix, and
vice versa (Schiffer et al., 2018). However, if more than two long-branch
taxa are present, interpretation of the results becomes difficult. The site-
specific models of sequence evolution, such as the CAT+GTR model
(Lartillot & Philippe, 2004) which is implemented in a Bayesian
framework in PhyloBayes (Lartillot et al., 2013), and the PMSF
model(Wang et al., 2018), implemented in a maximum likelihood (ML)
framework in IQ-TREE (Nguyen et al., 2015), have been purported to
reduce LBA by modeling the actual complexity of the data resulting from
biological processes. Other approaches thought to help mitigate LBA are
based on selecting molecular markers based on properties such as branch-
length homogeneity or compositional homogeneity. Balanced sequence
composition has also been suggested to be a good predictor of phylogenetic
signal (e.g., Shen et al., 2016), and taking steps to reduce compositional
heterogeneity was advocated by Nesnidal et al. (Nesnidal et al., 2010) in
order to help overcome systematic artifacts affecting inference of
relationships within Lophotrochozoa. Another approach for phylogeny
reconstruction that may be useful for genomic datasets containing
heterogeneous signal is the reconstruction of the species tree based on
coalescent theory. This method has been argued to perform well in cases
where heterogeneous single-gene trees are present in the analyzed set (Liu
et al., 2009), (Kapli et al., 2020).

Here, we sought to explore the phylogenetic position(s) of Orthonectida
and Dicyemida in the context of lophotrochozoan phylogeny, focusing on
extensive comparisons of results from different approaches purported to
reduce LBA. To this end, we assembled a dataset with significantly
increased taxon sampling for Mesozoa (genome/transcriptome data from
eight dicyemids and three orthonectids) and diverse representatives of other
lophotrochozoan phyla (32 spp.) that we carefully screened to exclude
exogenous contamination. We constructed several data matrices from
different sets of genes, selecting genes according to different criteria
purported to help reduce LBA and other artifacts thought to have impacted

37



Chapter I.

earlier studies of lophotrochozoan phylogeny. We performed phylogenetic
analyses on these datasets using the following approaches: (i) maximum
likelihood (ML) using the best-fitting site-homogeneous model for each
gene as implemented in RaxML (Stamatakis, 2014); (ii) Bayesian inference
(BI) using the CAT+GTR empirical profile mixture model to account for
site-specific evolutionary rate heterogeneity (Lartillot et al., 2007) as
implemented in PhyloBayes (Lartillot et al., 2013); (iii)) ML inference using
site-specific PMSF profile mixture model (Wang et al., 2018) as
implemented in IQ-TREE (Nguyen et al., 2015), enabling us to compare
the use of site-specific models in both a ML and Bayesian framework; and

(iv) a coalescent approach for phylogenomics as implemented in ASTRAL
IT (Mirarab & Warnow, 2015).

Figure 1. Photos of mesozoans (a and b in vivo, ¢ and d fixed and stained). a) Orthonectida
sp. indet. from Ophionotus victoriae (Echinodermata: Ophiuroidea) collected near Hugo
Island, Antarctica. Scale bar is approximate. b) Many specimens of Dicyemida sp. indet.
from Eledone moschata (Mollusca: Cephalopoda) attached to the host's renal organ. c)
Vermiform embryos (stained dark purple) developing within the axial cell of Dicyema
moschatum (smears on coverslips, fixed by Bouin’s fluid, stained with haematoxylin-
eosin). d) Cilia on calotte of Dicyema moschatum specimen stained with the tubulin-
specific dye phalloidin and the nuclear stain DAPI (visualized by fluorescent confocal
microscopy).
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Material and methods

Taxon Sampling

We sought to broadly sample the diversity of Lophotrochozoa with an
emphasis on Dicyemida and Orthonectida, while avoiding including too
many terminals in order to facilitate the computationally intensive analyses
(e.g., PhyloBayes analyses with the site-heterogeneous CAT model). Thus,
we opted to broadly sample each relevant phylum with the minimum
number of taxa necessary to capture the deepest node in that phylum while
using only high-quality (e.g., deeply sequenced and contamination-free)
data. We constructed a dataset with seven newly sequenced dicyemid
transcriptomes, one newly sequenced dicyemid genome, two newly
sequenced orthonectid transcriptomes, and representatives of all other
lophotrochozoan phyla, including three newly sequenced bryozoan
transcriptomes (Table S1 in ESM1).

To test the historical hypothesis that the mesozoans are closely related to
flukes (Trematoda), Schistosoma was included as a representative
(Platyhelminthes: Neodermata). Because orthonectids have been recovered
as closely related to or even placed within Annelida, representatives of
Palaeoannelida (Magelona, Owenia), Chaetopteriformia
(Phyllochaetopterus), Sipunculida (Phascolosoma), and Pleistoannelida
(Capitella) were included. Representatives of Cnidaria (Nematostella),
Xenacoelomorpha (Xenoturbella and Meara), Ambulacraria (Ptychodera
and Strongylocentrotus), and Ecdysozoa (Priapulus) were used as
outgroups.

Molecular Laboratory Techniques

To produce new transcriptome data for this study, total RNA was extracted
from Alcyonidium sp. (Bryozoa), Cristatella mucedo (Bryozoa),
Pectinatella magnifica (Bryozoa), two different collections of Rhopalura
cf. ophiocomae (Orthonectida; both from Amphipholis squamata), and
dicyemids Dicyema sp. 1 (from Enteroctopus dofleini), Dicyema sp. 2
(from Octopus bimaculoides), Dicyemida sp. 3 (from Megaleledone
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setebos), Dicyemida sp. 4 (from Octopus vulgaris), and Dicyemennea
brevicephaloides and D. rossiae (both from Rossia pacifica). For assembly
of dicyemid genome individuals of Dicyema moschatum from Eledone
moschata were used. Specimen collection data, details of sample
processing and sequence assembly (sample handling, extraction and cDNA
library kits used, sequencing strategy, sequence assembly and annotation)
for all newly sequenced taxa are provided in ESM1.

Contamination Filtering

Sequences were compared to the NCBI Protein and Nucleotide databases
(accessed March 2017) using the blastp and blastn algorithms (Altschul et
al., 1990) to check for possible contamination. First, a custom script
(available in ESM2) was used to evaluate taxonomic distribution of hits in
blastp output (Altschul et al., 1990) and the results were visualized in
MEGAN v.3 (Huson et al., 2016). Taxa with a relatively high number of
suspicious hits were exchanged for available closely related species.
Datasets retained after this preliminary screening were compared to the
NCBI nucleotide database (accessed March 2017) with blastn (Altschul et
al., 1990). Using the custom script described above, the output of blastn
was semi-manually evaluated, checking the similarity scores and taxonomy
ID of hits. Briefly, blastn output was screened with stricter settings than the
original blastp search: it was further filtered to consider only hits with
percent identity above 95 and e-value less than 1e-50. The remaining hits
were sorted by bitscore and only the top hit for a given gene was extracted.
If the extracted hits were similar to closely related species, they were
retained, but when it was clear they originated from contamination (e.g.,
sequences >95% similar to bacterial sequences, parasitic protists and other
non-metazoans, or cephalopods in the case of the dicyemids), they were
removed (for details see ESM2). Contamination-filtered nucleotide
sequences were then translated into amino acids with Transdecoder
(http://transdecoder.sf.net; script available in ESM2).
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Dataset Construction

Translated transcripts for all taxa were searched against 2,259
lophotrochozoan-specific core orthologous groups (OGs) as profile hidden
Markov models (Lophotrochozoa-Kocot pHMMs (Kocot et al., 2017) in
HaMStR 13.2.6 (Ebersberger et al., 2009). Briefly, this dataset is based on
genes identified to be single-copy in genomes or deeply-sequenced
transcriptomes from representatives of the phylum Annelida, Brachiopoda,
Entoprocta, Mollusca, Nemertea, Platyhelminthes, Phoronida, and
Rotifera. Sequences matching an OG’s pHMM were compared to the
proteome of Lottia using blastp. If the Lottia amino acid sequence
contributing to the pHMM was the best blastp hit in each of these back-
BLASTs, the sequence was then assigned to that OG.

In order to reduce missing data, OGs sampled for fewer than 20 taxa (631
OGs) were discarded. Redundant sequences that were identical where they
overlapped were then removed, leaving only unique sequences for each
taxon. Each OG was then aligned with MAFFT (Katoh et al., 2005) using
the automatic alignment strategy with a ‘maxiterate’ value of 1,000.
Alignments were then trimmed with Zorro (Wu et al., 2012) with the
default options to remove ambiguously aligned regions (score below 0.5).
At this point, OGs with alignments shorter than 50 amino acids in length
were discarded (248 OGs discarded). Only sequences overlapping with all
other sequences in the alignment by at least 20 amino acids were kept. To
select the best sequence for each taxon and to help exclude overlooked
paralogs or exogenous contamination, we built approximate maximum
likelihood trees in FastTree 2 (Price et al., 2010) and used PhyloTreePruner
(Kocot et al., 2013) to select the best sequence for each taxon. Further
screening for paralogs and exogenous contamination was implemented
using TreSpEx 1.0 (Struck, 2014). Potential paralogs were removed and
excluded from further analysis and only OGs with at least 20 taxa
remaining were retained (for details on OG selection see ESM3).
Remaining OGs were concatenated to create the complete phylogenomic
matrix (abbreviated COMP; for overview of matrices and proportion of
missing data see Table S2 in ESM4).
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To reduce homoplasy that may be introduced by including distant
outgroups, we excluded, for most analyses, all outgroups except the very
slowly evolving ecdysozoan Priapulus (matrices with names ending in R
have a Reduced outgroup, e.g., COMPR). We assembled several different
matrices targeting genes with specific qualities such as missing data,
phylogenetic signal, branch-length heterogeneity, and compositional
heterogeneity (Table S2 in ESM4). We used Matrix Reduction (MARE;
Meyer et al., 2011) to exclude OGs with low phylogenetic signal and to
reduce missing data (a dataset called ‘“MARER’ hereafter). OGs were
sorted by branch length heterogeneity (‘CxLBR’ hereafter) and by
compositional heterogeneity (‘CxHR’ hereinafter) to select the best 50 and
100 OGs according to each criterion (C50LBR, C100LBR, C50HR,
CI00HR). We used TreSpEx 1.0 (Struck, 2014) and the single-gene ML
trees described above to assess branch length heterogeneity of each OG and
BaCoCA (Kiick & Struck, 2014) to assess the compositional heterogeneity
of each OG according to the relative composition frequency variability
(RCFV) metric. We also assembled a matrix of the best 50 OGs of the
MARE-reduced dataset (MARER) according to compositional
heterogeneity (M50HR). Both C50LBR and MARER datasets were used
for our numerous taxon removal experiments (see below) and Bayesian
inference analyses using the computationally demanding CAT+GTR
model.

For an overview of matrices produced in this study and a flowchart
explaining data matrix production see ESM4. All data matrices analyzed in
this study and corresponding partition data are available in ESM4.

Phylogenomic Analyses

Maximum Likelihood Analyses

Phylogenetic analyses of all datasets were conducted using maximum
likelihood (ML) with RAXxML 8.2.4 (Stamatakis, 2014). Matrices were
partitioned by gene (=orthologous group or OG) and the AUTO option was
used to select the best-fitting model for each partition. For each ML
analysis, the tree with the best likelihood score after ten random addition
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sequence replicates was retained and topological robustness (i.e., nodal
support) was assessed by the optimal number of rapid bootstraps.
Furthermore, some matrices were analyzed with posterior mean site
frequency (PMSF) model in ML (LG+C60+G+F; Wang et al., 2018) as
implemented in IQ-TREE 1.5.3 (Nguyen et al., 2015), as an approximation
of the CAT site-specific model (Lartillot & Philippe, 2004),(Si Quang et
al., 2008).

Bayesian Inference

Bayesian analyses (BI) were performed in Phylobayes MPI 1.5 or 1.7
(Lartillot et al., 2013) using the CAT+GTR model (Lartillot & Philippe,
2004; Si Quang et al., 2008). Because of the computationally intensive
nature of PhyloBayes analyses, only datasets with a highly reduced number
of genes sampled were analyzed (see Results). Each analysis was run
simultaneously in four chains. Analyses were periodically checked for
progress and convergence among chains was assessed with the bpcomp
program from the PhyloBayes package after discarding a burn-in of 1500
cycles. Convergence was assumed if the maxdiff dropped below 0.3, as
advocated in the Phylobayes manual. Chains were run until convergence or
for at least 12,000 generations, but often for longer if resources were
available.

Comparison of ML and BI tree-building methods

In order to inspect differences between tree-building methods without the
confounding factor of the long-branch mesozoans, we analyzed the
C50LBR matrix (the only BI analysis that successfully converged) by
RAxML, IQ-TREE (PMSF model), and BI (CAT model). This data matrix
was also modified by exclusion of Dicyemida, Orthonectida or both.

Taxon Removal Experiments

To test the robustness of relationships within Lophotrochozoa, we carried
out series of taxon removal experiments based on the MARER dataset.
Topological effects of the presence/absence of several clades of interest or
their combinations (Platyhelminthes, Gastrotricha, Rouphozoa, Gnathifera,
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Gnathifera + Platyhelminthes, Entoprocta—Cycliophora, Bryozoa, and
Annelida, i.e., all possible sister groups of Mesozoa, and/or clades
containing long-branch taxa; for details see ESM5) were tested in ML (1Q-
TREE).

Gene signal analysis

We examined conflicting signal among genes by the difference in log-
likelihood score (AGLS) between two competing tree topologies (as in
(Shen et al., 2017; Ballesteros & Sharma, 2019)). The two topologies
correspond to the unconstrained tree resulting from ML analysis (T1;
including monophyletic Mesozoa) and the constrained tree (T2) where
Orthonectida were forced to group with Annelida. ML trees were estimated
from the 202-gene (MARER) dataset under automatically selected model
per partition in RAxXxML. Site likelihood scores for contrasting gene
topologies needed for AGLS computation were estimated under LG model
in RAXML. We also applied the approximately unbiased (AU) test in the
software package CONSEL version 0.20. The AU test was conducted using
the multi-scale bootstrap technique based on the site-wise log-likelihood
scores.

Coalescent approach

Coalescent phylogenetic analysis of single-gene trees generated in RAXML
(987 gene trees) was run in ASTRAL-I14.11.1 (Mirarab & Warnow, 2015)
with default settings. Supports were computed by gene resampling as
suggested by Simmons et al. (Simmons et al., 2019) in 1000 replicates.
Presented majority rule consensus tree was computed by Phyutility (Smith
& Dunn, 2008).

Tree plotting

All trees were plotted with ETE Toolkit version 3 (Huerta-Cepas et al.,
2016) and FigTree (http://tree.bio.ed.ac.uk/software/figtree/) and adjusted
in Inkscape (https://inkscape.org/nl/) or Vectornator
(https://www.vectornator.io). All scripts used for phylogenetic analyses
and for plotting trees are provided in ESM6.
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Results

Matrix Construction

Our bioinformatic pipeline for ortholog clustering with strict paralogy
filtering and decontamination resulted in a matrix with 49 taxa and 987
OGs that was 171,791 amino acid positions long, with 31% missing data
(COMP). This set of OGs was further reduced to test the effects of
analyzing subsets of the best OGs in terms of phylogenetic signal, resulting
in a MARE-reduced matrix (MARER) of 202 OGs, as well as branch-
length heterogeneity and compositional heterogeneity, resulting in matrices
composed of the best 100, and 50 OGs according to these criteria
(C100LBR, C50LBR, C100HR and C50HR matrices). Details on all
matrices analyzed herein are presented in ESM4.

Comparison of Tree Reconstruction Approaches

Maximum Likelihood (ML)

ML analysis of the complete matrix (COMP) in RAXML, using the best-
fitting model for each gene, recovered Mesozoa monophyletic with
maximal support and sister to Gnathostomulida with strong bootstrap
support (bs=98; Fig. S1 in ESM7). Overall, Lophotrochozoa was split into
two subclades: 1) Trochozoa (Annelida, Brachiopoda, Phoronida,
Mollusca, and Nemertea) and 2) a clade we refer provisionally to as
‘Platyzoa s.l.,” which includes the platyzoan as well as polyzoan phyla.
Polyzoa (Bryozoa + Entoprocta—Cycliophora) and Gnathifera
(Gnathostomulida + Micrognathozoa—Rotifera) were not recovered
monophyletic. Removal of distant outgroup taxa in favor of the short-
branch ecdysozoan Priapulus did not have any effect on the resulting
branching order and support values were comparable (Fig. S2 in ESM7).
Thus, all outgroup taxa except Priapulus were excluded from most
subsequent analyses to decrease computational demands.

To examine the effect of using a site-heterogeneous model in a ML
framework, we analyzed the COMP matrix with the posterior mean site
frequency model (PMSF; Wang et al., 2018) with 60 rate categories as
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implemented in IQ-TREE 1.5.3 (Nguyen et al., 2015). The resulting tree
topology (Fig. 2) slightly differed from that of the RAXML analysis: when
the site-specific PMSF model was used, monophyletic Mesozoa was again
maximally supported but recovered sister to Platyhelminthes (bs=90), with
that clade sister to monophyletic Gnathifera (bs=99). For comparison of
site specific models in ML and BI we also analyzed a smaller matrix
(C50LBR that was used also for BI analyses) with PMSF model. The
resulting tree recovered Mesozoa as two separate clades in Platyzoa s./.:
Orhonectida were sister to Platyhelminthes and Dicyemida sister to
Gnathifera (albeit both with a low support: bs=49 and 54, respectively; Fig.
S3 in ESM7).
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Figure 2. Tree representing mesozoan position in Lophotrochozoa based on 987 genes,
computed in Maximum Likelihood framework with site specific model with 60 categories
(IQtree c60 PMSF COMP), only bootstrap supports lower than 100 showed.
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ML analysis of the MARE-reduced matrix (MARER; Fig. S4 in ESM7)
also recovered Mesozoa as a monophyletic group (with maximal support)
within paraphyletic Gnathifera, as the sister group of Gnathostomulida
(bs=92). The high similarity of the MARER and COMPR topologies
suggests that the reduced matrix represents well the whole dataset and
could substitute it where the lower number of genes is essential to carry out
the analysis.

In an attempt to reduce potential sources of systematic error, we assembled
datasets based on reduced subsets of best 100 genes with the lowest branch
heterogeneity (C100LBR; Fig. S5 in ESM7) and the lowest compositional
heterogeneity (C100HR; Fig. S6 in ESM7), and then compare RAXxML
trees derived from both matrices. Results of both analyses recovered
Mesozoa monophyletic within Platyzoa, either as a sister group of
Platyhelminthes, with monophyletic Gnathifera sister to the Mesozoa—
Platyhelminthes clade (C100LBR), or as a sister group of
Gnathostomulida, and Platyhelminthes and Micrognathozoa—Rotifera as

successive sister groups to the Mesozoa—Gnathostomulida clade
(C100HR).

Bayesian Inference

As the site-heterogeneous CAT+GTR model has been suggested to be more
robust against long-branch attraction artifacts than site-homogeneous
models (Lartillot & Philippe, 2004; but see Whelan & Halanych, 2017), we
performed Bayesian inference (BI) analyses with this model in Phylobayes.
Matrices with reduced numbers of genes (CS0LBR, CI00LBR, C100HR,
and M50HR) and just Priapulus as the outgroup were chosen for BI, due
to the computational demands of the complex CAT+GTR model. In all of
the analyses of C50LBR, the four chains converged on one solution,
according to the Phylobayes bpcomp maxdiff statistic(Lartillot et al.,
2013), but the other analyses failed to converge after > 30,000 generations
(see ESMS for details and resulting trees). The BI analysis of the CS0OLBR
dataset (Fig.S7 in ESM7) recovered Mesozoa polyphyletic within
monophyletic Platyzoa, with Dicyemida in a poorly-supported polytomy
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with Gnathostomulida and Micrognathozoa—Rotifera, and Orthonectida
sister to Platyhelminthes (with posterior probability, pp=0.98, a moderate
support by Bayesian standards).

Comparison of ML and BI tree-building methods

In order to inspect differences between tree-building methods, we analyzed
the CS0LBR matrix (the only BI analysis that successfully converged) with
or without Dicyemida and Orthonectida, respectively, by RAXML (or with
similar setting in IQ-TREE with automatically selected gene models), 1Q-
TREE (PMSF model), and BI. Both ML trees with excluded mesozoans
were identical (Fig. S8 and Fig S9 in ESM7): Platyhelminthes and
Gnathifera formed a clade, and Entoprocta—Cycliophora, Bryozoa—
Gastrotricha, Nemertea, Annelida—Brachiozoa, and Mollusca were
successive sister groups to it (i.e., there were monophyletic Platyzoa s.L.
within paraphyletic Trochozoa). On the contrary, in the BI tree excl.
Mesozoa (Fig. S10 in ESM7) there were monophyletic Trochozoa and
Platyzoa s./., both weakly supported, and within Platyzoa s./., a very weakly
supported basalmost position of Gnathostomulida (i.e., polyphyletic
Gnathifera). When only Orthonectida were included, they grouped with
Platyhelminthes in all trees (Fig. S11, Fig. S12, and Fig. S13 in ESM?7).
Dicyemida alone grouped with Gnathifera (IQ-TREE, Fig. S14 in ESM?7),
with Gnathostomulida within monophyletic Gnathifera (RAxML, Fig. S15
in ESM7), or in an unresolved trichotomy with Gnathostomulida and
Micrognathozoa—Rotifera (BI; Fig. S16 in ESM7). When both mesozoan
groups were added to the analyses, they became diphyletic, both placed at
the same positions as individual mesozoan clades alone (Dicyemida next
to Gnathifera, or in polytomy with them, Orthonectida sister to
Platyhelminthes; Fig. S3 and S7 in ESM7). Only in the RAXML tree the
dicyemids were attracted towards orthonectids to form monophyletic
Mesozoa sister to Platyhelminthes (Fig. S17 in ESM7).
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Coalescent Approach

The coalescent tree (Fig. S18. in ESM7) recovered mesozoans
monophyletic with maximal support. They were nested in polytomy with
Gnathostomulida, Rotifera—Micrognathozoa and Platyhelminthes with
relatively high support (bs=97). Overall, the coalescent tree showed a
similar branching pattern as ML and BI analyses (Lophotrochozoa split into
Platyzoa s./. and Trochozoa). In this case, however, Bryozoa was not
associated with Platyzoa s./. as in ML and BI trees, but was recovered as
an early branching clade of Trochozoa.

Taxon removal experiments

In order to examine the effect of taxon sampling on the position of long-
branch clades, we performed a series of taxon removal experiments, based
on the 202-gene MARER dataset, analyzed by both RAXML and IQ-TREE
(Figures S19-S37 in ESM5). The IQ-TREE-based tree with both mesozoan
groups excluded was split to Trochozoa and Platyzoa s./.; the latter group
included Platyhelminthes and Gnathifera as sister groups, followed by
Gastrotricha, Entoprocta—Cycliophora, and Bryozoa. Orthonectida alone
groups with Gnathostomulida (within Gnathifera), Dicyemida alone with
Platyhelminthes (or as a sister group of Catenulida within Platyhelminthes;
RAXML). When both mesozoan clades were present they formed
monophyletic groups, sister to Gnathostomulida (i.e., at the same position
as Orthonectida alone). However, all deeper nodes were weakly supported.
Subsequent exclusion of Platyhelminthes, Gastrotricha, Rouphozoa,
Gnathifera, Gnathifera + Platyhelminthes, Entoprocta—Cycliophora,
Bryozoa, and Annelida had no effects on the tree topology. Only when
Gnathostomulida were excluded, Mesozoa did not stay as a sister group of
the rest of Gnathifera but transferred towards Platyhelminthes. On the
contrary, removing the Micrognathozoa and Rotifera had no effect and
Mesozoa remained close to the Gnatostomulida. Importantly, in all
experiments Mesozoa remained a single clade within Platyzoa s.l. Only
when all Platyzoa and Dicyemida were excluded (merely 17 spp. of
Trochozoa and Orthonectida plus Priapulus remained), Orthonectida was

49



Chapter I.

recovered as nested within Annelida, albeit with low support (Figure S34
in ESM5).

Gene-conflict analyses

The likelihood score of the constrained topology T2 (Orthonectida
grouping with Annelida), compared by AU test, was significantly worse
than of the unconstrained topology with monophyletic Mesozoa (T1) in the
case of MARER matrix. Out of 202 genes in the data matrix, 148 support
topology T1 and only 54 support the constrained topology T2 based on
AGLS (Fig. S38 in ESM9). However, the RAXML tree based on genes
supporting T1 includes, as usually, monophyletic Mesozoa within
Gnathifera (as a sister group of Gnathostomulida), but the tree based on T2-
supporting genes includes Dicyemida as a sister group of Catenulida within
Platyhelminthes, Orthonectida sister to the Platyhelminthes—Dicyemida
clade and monophyletic Gnathifera sister to Rouphozoa (the latter
including both mesozoan groups). The TI1-supporting genes are
insignificantly longer than T2-compatible ones (mean 159 > 139); also
taxonomic representativeness is comparable in both groups of genes (mean
36.5 : 34.5) but compositional heterogeneity is slightly higher in T1-
supporting genes (T1 0.163, T2 0.149).

Discussion

Phylogenetic Relationships

Consistent with previous studies (Pawlowski et al., 1996; Lu et al., 2017,
Schiffer et al., 2018), all our results confirm that both Orthonectida and
Dicyemida are secondarily morphologically simplified bilaterians, not a
primitive missing link between Protozoa and Metazoa as occasionally
suggested earlier (Van Beneden, 1876; Czaker, 2000). Both Orthonectida
and Dicyemida were recovered as monophyletic groups belonging to
Lophotrochozoa in all analyses performed in this study. In general, our
results represent a ‘traditional view’ on lophotrochozoan relationships with
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small- and simple-bodied phyla forming a clade (Platyzoa s./.) apart from
Trochozoa. Importantly, this pattern was not affected by presence of
mesozoans.

Dicyemids fundamentally differ from orthonectids by having no cuticle,
nervous system, muscles, or true tissues at all. Furthermore, their life-
histories are extremely derived yet quite different (host-parasite
relationships, host spectrum, position of parasitic stage in the life cycle,
etc.). The only potentially shared ultrastructural character, a unique type of
ciliary rooting (Ax, 1996), has been challenged by the discovery of more
diverse ciliary rootlets in Orthonectida (Slyusarev & Kristensen, 2003).
Consequently, the monophyletic phylum Mesozoa has recently been
doubted or rejected by most authors. However, the genomic data so far
provided equivocal results (monophyly: Lu et al., 2017; polyphyly:
Schiffer et al., 2018; Zverkov et al., 2019). Nevertheless, the old hypothesis
about monophyly of Mesozoa seems to be (quite surprisingly) supported
by most of our phylogenomic analyses. All ML and coalescent analyses of
the complete 987-gene (COMP) and 202-gene (MARER) datasets (BI
analyses did not converge) recovered Mesozoa monophyletic, usually with
strong support, and close to Gnathifera or Gnathostomulida (COMP:
RAxXxML, MARER: RAxML, IQ-TREE, coalescent), Platyhelminthes
(COMP: IQ-TREE), or in the polytomy with both (COMP: coalescent). The
same applied also to RAXML analysis of the CS0LBR dataset: Mesozoa
were found monophyletic and sister to Platyhelminthes.

Contrarily, the IQ-TREE (with PMSF model) and BI analyses of the
C50LBR data matrix recovered Mesozoa split into two separate clades.
Dicyemida was found either within Gnathifera in a poorly supported
polytomy with Gnathostomulida and Micrognathozoa—Rotifera (BI, with
only very low support pp=0.62), or as a sister group of Gnathifera (I1Q-
TREE, again with very low support bs=54). The position of Orthonectida
as a sister group of Platyhelminthes was relatively well supported in the BI
tree (pp=0.98) but not in the IQ-TREE one (bs=49). However, both gene
subsampling strategies (branch length homogeneity and compositional
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homogeneity), used in an attempt to alleviate LBA, were not able to
disintegrate monophyletic Mesozoa or to reduce its strong support.

The possibility that Mesozoa are two separate groups attracted to each other
due to long-branch artifact was tested by including just one mesozoan
group in absence of the other. Both Dicyemida and Orthonectida
consistently grouped within the Gnathifera—Platyhelminthes clade. The
taxon-removal analyses suggest that Gnathostomulida (but not
Micrognathozoa and Rotifera) is the only attractor strong enough to change
position of mesozoans from Platyhelminthes to Gnathifera. Thus, we can
assume that gnathiferan or even within-gnathiferan affinities of Mesozoa
are likely artificial, and the alternative, i.e., close relation between Mesozoa
and Platyhelminthes, is more probable. The hypothesis considering
Dicyemida and Orthonectida as extremely simplified parasitic flatworms
(Neodermata, the group including flukes and tapeworms) has actually been
considered for a long time (see Whitman, 1883), based on putative
similarities between trematode miracidia and mesozoan infective larvae
and more recently on the ciliary rootlet system putatively shared by
Neodermata and Mesozoa (but see above). On the contrary, Mesozoa have
the orthodox mitochondrial genetic code rather than the apomorphic code
characteristic for Rhabditophora (that includes Neodermata), which rejects
the idea that they might be derived flatworms (Telford et al., 2000). Even
if Dicyemida were occasionally recovered as platyhelminths here (T2 tree
in AGLS analysis, or IQ-TREE analysis of the MARER dataset with
orthonectids excluded), they were a sister group of Catenulida, not an in-
group of Rhabditophora.

The instability of position of Orthonectida was evident in published studies.
Mikhailov et al. (2016) sequenced the genome of Intoshia linei and
recovered Orthonectida as a sister group of Platyhelminthes in Bayesian
analysis with the CAT+GTR model as well as in ML analysis, yet the use
of CAT model with a flat rate in the Bayesian analysis resulted in
Orthonectida sister to Annelida. With addition of a dicyemid genome, Lu
et al. (2017) recovered Orthonectida (together with Dicyemida in
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monophyletic Mesozoa) as close relatives of Gastrotricha and/or
Platyhelminthes, while Schiffer et al. (2018) and Zverkov et al. (2019)
found them as early-branching annelids, unrelated to Dicyemida, and
Bondarenko et al. (2019) even as a sister group of leeches (Annelida:
Pleistoannelida: Clitellata).

The annelid affinities of the Orthonectida, based on morphology, have been
proposed previously, starting with Metschnikoff (1881). In more recent
studies, it has been hypothesized on the basis of annelid-like microvilli-
formed cuticle in the free-living stages of Orthonectida (Slyusarev &
Kristensen, 2003). Orthonectids (contra dicyemids) also have a true
epidermis (but their epidermal basal lamina is reduced or absent). Possible
trace of an ancestral segmented body plan is seen as the series of regularly
spaced circular muscles along the anterior-posterior axis of Orthonectida
(along with repeated bands of cilia and paired serotonin-like
immunoreactive nerve cells; Slyusarev et al., 2022). However, orthonectids
use cilia for locomotion, and their muscle system is reduced to serve almost
exclusively for copulation and hatching of larvae. The annelid muscular
pattern consists of two muscle layers, external circular/transverse and
internal longitudinal. In Orthonectida, the circular muscles are situated
inversely, inside the longitudinal muscles. The only annelid with external
longitudinal muscles sunken into the epidermis is non-segmented
meiofaunal Lobatocerebrum (Kerbl et al., 2015), a member of
Dinophiliformia (Martin-Durén et al., 2021). The possible relationships of
Orthonectida and basal annelids are compatible with the results published
by Schiffer et al. (Schiffer et al., 2018) who found in the Orthonectida a
short stretch of mitochondrial genes (nad1, nad6, cob) in the same order as
in Owenia but not as in the pleistoannelids.

In our study, the scenario of Orthonectida related or belonging to Annelida
was recovered only in one unconverged BI analysis (C100HR matrix) and
in a taxon removal experiment where no dicyemid and platyzoan taxa were
present, both results being extremely problematic to interpret. The AU test
showed that topology with orthonectids related to annelids is significantly
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worse, based on our data, than topology with monophyletic Mesozoa within
Platyzoa. Furthermore, AGLS analysis revealed that monophyly of
Mesozoa is supported by more genes than its polyphyly with annelid
affinities of Orthonectida (148:54). Moreover, even in the genes
compatible with the annelid hypothesis, the ‘annelid signal’ is minor, and
the resulting tree included platyzoan Mesozoa, albeit diphyletic.

Different methods, different views

Two main approaches are typically used in analyzing phylogenomic
matrices, Bayesian inference and maximum likelihood, which have a wide,
but not fully overlapping range of available models of sequence evolution.
Site-specific frequency models (or empirical profile mixture models) based
on modeling of each alignment site individually are considered to better
model sequence evolution and therefore be more reliable in obtaining
correct phylogeny in difficult cases (Lartillot et al., 2007; Roure et al.,
2013). Until recently, the site-specific frequency model (CAT; Si Quang et
al., 2008) was available only in the Bayesian framework, but an
approximation of such a model has recently been implemented in IQ-TREE
in the ML framework as a posterior mean site frequency model (PMSF;
Wang et al., 2018).

In the case of Mesozoa, almost all maximum likelihood-based methods,
regardless of the number of genes used, recovered a similar topology;
contrarily, Bayesian analyses tended to recover a different topology. Based
on the 50-gene matrix (C50LBR, the only matrix that converged in BI),
both BI and IQ-TREE (with PMSF model) analyses recovered topology
with diphyletic Mesozoa (Dicyemida close to Gnathifera, Orthonectida to
Platyhelminthes), while in the RAXML tree Mesozoa is monophyletic and
sister to Platyhelminthes. It could suggest that site specific model is a key
for recovery of this specific topology in this 50 gene matrix. However,
when the same model was used in ML on bigger matrices, it again
consistently showed Mesozoa monophyletic.
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Similar inconsistency was recovered by Zverkov et al. (2019) who
presented BI phylogeny with polyphyletic Mesozoa and paraphyletic
Platyzoa but their ML trees are similar to ours: they recovered
monophyletic Mesozoa within monophyletic Platyzoa in both RAXML and
IQ-TREE topology (Supplementary Figures S5 and S4, respectively). Both
Zverkov et al.’s and the present analyses suggest a consistent conflict
between ML and BI topologies. Surprisingly, ML methods with both
classic and site-specific PMSF models showed similar scenarios.

The inference of relationships among lophotrochozoan clades is thought to
be hindered by the effect of LBA due to (sometimes dramatic) differences
in molecular evolutionary rate, the application of inaccurate models of
sequence evolution, and by the inherent difficulty of resolving ancient
radiations because of short stem branches in deep nodes (Budd & Jackson,
2016). Using genes with specific characteristics (branch length
homogeneity, compositional homogeneity) has been suggested to be more
suited for phylogenetic inference of taxa with uneven branch lengths
(Struck, 2013; Shen et al., 2016). However, targeting genes with these
specific qualities did not have a clear effect in the case of mesozoan
phylogeny, similarly as in an earlier phylogenomic analysis of
Lophotrochozoa (Kocot et al., 2017). Also, in our case, the phylogenetic
position of the long-branch mesozoan groups was not affected by taxon-
removal experiments. This suggests that either LBA is not the main player
causing significant errors in the case of lophotrochozoan and mesozoan
phylogeny, or that LBA in the case of Mesozoa is too strong to be overcome
by any of the currently used methods.

Conclusions

After summarizing all the results of different analyses, the old hypothesis
on monophyletic Mesozoa is possibly reborn and should be further tested.
The results of our phylogenomic analyses can be summarized as follows:

(i) both Dicyemida and Orthonectida are secondarily modified
lophotrochozoans;
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(i1)) both Dicyemida and Orthonectida are closely related either to
Platyhelminthes or to Gnathifera, the latter position could be caused by
long-branch attraction towards Gnathostomulida as indicated by taxon-
removal analyses;

(ii1) monophyly of Mesozoa is corroborated by most analyses.
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Abstract

Population structure and biogeography of marine organisms are formed by
different drivers than in terrestrial organisms. Yet, very little information
is available even for common marine organisms and even less for their
associated parasites. Here we report the first analysis of population
structure of both a cephalopod host (Sepia officinalis) and its dicyemid
parasite, based on a homologous molecular marker (cytochrome oxidase I).
We show that the population of common cuttlefish in the Mediterranean
area is fragmented into subpopulations, with some areas featuring restricted
level of gene flow. Amongst the studied areas, Sardinia was genetically the
most diverse and Cyprus the most isolated. At a larger scale, across the
Mediterranean, the population structure of the parasite shows co-
diversification pattern with its host, but a slower rate of diversification.
Differences between the two counterparts are more obvious at a finer scale,
where parasite populations show increased level of fragmentation and
lower local diversities. This discrepancy can be caused by local extinctions
and replacements taking place more frequently in the dicyemid
populations, due to their parasitic lifestyle.
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Introduction

In marine organisms, genetic structure is usually supposed to be determined
by various extrinsic factors unique to this environment. Among the most
typical factors are the lack (or rare occurrence) of obvious dispersal barriers
or boundaries compared to terrestrial systems (Palumbi, 1994). The lack of
dispersal barriers should, in theory, lead to the maintenance of large
effective populations sizes, spanning vast areas of suitable habitats and
showing low level of inter-population genetic variation (Palumbi, 1992).
However, while empirical data confirmed this view for some organisms
(i.e., Architeuthis dux, Homarus gammarus, Thunnus alalunga;
Winkelmann et al., 2013, Watson et al., 2016, Laconcha et al., 2015,
respectively), others showed surprisingly high diversification on a smaller
scale than would be expected (i.e., Dinoflagellate Alexandrium minutum,
Sepia esculenta; Casabianca et al., 2012, Zheng et al., 2009, respectively;
for more examples see Palumbi 1994). Palumbi (1994) listed several
factors possibly responsible for such diversification. They include
biological traits as well as physical barriers (mainly ocean/sea currents).
Since then, many studies were carried out on a broad taxonomic range of
marine organisms in different oceans and seas, revealing a high variety of
reconstructed genetic patterns and their relationships to the oceanographic
conditions, showing that genetically homogeneous populations are not the
only option in marine organisms (Hauser & Carvalho, 2008).

Mediterranean Sea, with its extremely rich biodiversity and a long history
of research interest, belongs among the best mapped marine regions. As a
consequence, the oceanographic processes (currents and discontinuities)
are well known (Robinson et al., 2001, Ayata et al., 2018) and their possible
influence on population genetic connectivity has been investigated for
many organisms (e.g. reviews focused on fish and benthic invertebrates,
Dalongeville et al., 2016, Pascual et al., 2017). Mediterranean Sea has been
traditionally divided into Western and Eastern Basins (here shortened as
WB and EB), connected by the Strait of Sicily and possibly also by the
Strait of Messina. Water currents in the WB are defined by two major
oceanographic fronts, the Almeria-Oran front (AO front) near Gibraltar and
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the North Balearic front (NB front) near Balearic islands. In the EB, the
two major barriers are represented by the Otranto Strait, separating Adriatic
Sea, and the Greek islands, forming the Aegean front (Robinson et al.,
2001, Ayata et al., 2018). In a recent meta-analysis Pascual et al. (2017)
showed that the relationship between population structure and
oceanographic features in Mediterranean Sea varies considerably across
different species and is largely determined by the life history of the given
organism. Particularly, the presence/absence of a pelagic larva, and
duration of this phase, is an important factor in the dispersal capacity and
therefore determines population structure. For example, the organisms with
low dispersal capabilities show significant genetic differentiation, but their
population structure is not determined by the oceanographic fronts (Pascual
etal., 2017). High variety of the reconstructed genetic patterns for different
organisms shows that understanding genetic differentiation and gene flow
in marine conditions will require number of genetic studies on a rich variety
of biologically different organisms.

Considering strong dependence of parasites on their hosts, and obvious role
of the host in parasites’ dispersal, the factors driving population diversity
of free-living marine organisms should, in turn, affect the genetic diversity
and structure of their parasites. However, the degree of such
interdependency is yet unclear. While in the terrestrial systems,
comparative studies on both host and parasite population structures are
more common (e.g. Levin &Parker, 2013, Martin; et al., 2018), marine
surveys are limited to a few studies, usually involving complex multi-host
systems (Valdivia et al., 2014), or parasites of sessile hosts, lacking
opportunities for co-dispersal (Lane et al., 2018). The studies performed so
far indicate that the answer to this question is likely to be dependent on the
particular model and its biological traits. For example, Blasco-Costa and
Poulin (2013), reviewing studies on 16 trematode species, concluded that
the host mobility is the main determinant of the parasite genetic
diversification. A slightly different view was presented by Maze-Guilmo et
al. (2016). Based on their meta-analysis of a broader spectrum of parasites,
they demonstrated that the outcome of such parasite-host comparison is
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dependent on various biological traits (i.e. reproduction mode,
presence/absence of a larval stage). For example, they suggest that,
generally, parasites tend to show lower genetic differentiation than the host,
particularly in hermaphroditic parasites with asexual reproduction phase,
whereas for gonochoristic groups the genetic differentiation is often the
same or even higher than in the host. Maze-Guilmo et al. (2016) explain
this discrepancy by a lower number of dispersal events required for
successful host colonization by hermaphroditic parasites.

Analysing the impact of host population structure in multi-host systems,
such as in digenean parasites, is complicated by the presence of intricate
networks often including migratory or terrestrial hosts (Keeney et al.,
2009). On the contrary, comparative studies of single-host-parasite
associations provide a more straightforward approach, with the capacity to
address such questions as: Is the overall population structure of a parasite
mirroring that of its host due to their shared dispersal? May the structure of
parasite’s local subpopulation differ from the host due to local extinctions
and reinfections? Would such extinctions result in a decrease of genetic
diversities within local populations of the parasites? Here, we address these
questions using a model of host-parasite pair, Common cuttlefish (Sepia
officinalis) and its parasites from a rarely studied group Dicyemida. This
model allows for addressing the general issues of genetic diversification in
marine environment but also specifically the relationship between
diversities of the host and parasite. To our best knowledge, this study
introduces the first single-host model entirely bound to the marine
environment and involving a free-living host.

Common cuttlefish (S. officinalis) is an important species for fisheries in
the Mediterranean Sea and the neighbouring Atlantic coast, which makes
it one of the few marine organisms for which considerable amount of data
is available. Considering the span and connectivity of the suitable habitats,
together with the mobility of adults, cuttlefish could in theory maintain
large continuous population, with isolation by distance as a main pattern of
the genetic structure. However, the known biological features of the
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cuttlefish suggest that more complex population structure, affected by other
factors than mere geographic distance, might be expected. Cuttlefish is a
benthic cephalopod, that, unlike most octopuses and squids, does not
possess an obvious pelagic early phase of life (e.g. larvae) as a mean of
dispersal. Moreover, its lifespan of only one to two years suggests a quick
turnover of the residing population. These life history traits may predispose
cuttlefish to formation of fragmented populations (e.g. a network of
relatively isolated subpopulations with poor genetic exchange). The few
studies carried out for this species in general support this view, indicating
substantial level of structuring across the whole Mediterranean Sea and the
effect of Isolation By Distance (IBD). However, they do not provide any
conclusive view, since based on the used molecular marker, they provide
slightly different pictures. The first indication of significant subpopulation
structuring in this organism came from the allozyme analysis carried out
by Perez-Losada et al. (1999), which revealed clinal changes of the
analyzed allozymes between Mediterranean and Atlantic localities but did
not indicate any clear subdivision associated with any oceanic front in the
Mediterranean. A significant increase in the genetic distances across the
AO front was indicated by the following microsatellite study, which,
however, covered only the coasts of the Iberian peninsula (Perez-Losada et
al., 2002). The third study, using mitochondrial gene for COI, brought the
most complex analysis covering a large area from Greece to the Atlantic
coast of Portugal. It confirmed the general picture of a highly fragmented
population with restricted gene flow and possible effect of some
oceanographic factors (Perez-Losada et al., 2007).

Even less information is available on intraspecific genetic diversity of the
organisms associated with the cuttlefish as a host. Perhaps the closest topic
addressed for the Mediterranean cephalopods is the study of symbiotic
Vibrio in sepiolid squids, showing independence of the host and symbiont
genetic structures (Zamborsky & Nishiguchi, 2011). In dicyemids, their life
history parameters indicate much higher degree of host-dependence.
Dicyemids are endogenous parasites only found in the renal organs of
benthic cephalopods, such as cuttlefish or octopus, and they are completely
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dependent on their host for growth and reproduction (Lapan & Morowitz,
1975). Both asexual and sexual reproduction take place inside the host,
whereas only a short-lived larva is expected to serve as a means of dispersal
within the host population (Furuya & Tsuneki, 2003). This dependency of
dicyemids on their host indicates that their inter-host transfer can only
occur on short distances and their population structure will thus be strongly
determined by the host. More specifically, we expect that their dispersion
across long distances is driven entirely by the host and the gross genetic
structure of the dicyemids will thus correspond to that of the cuttlefish.
However, since they are spreading between hosts by environment (possibly
by a free swiming larva, that hovers near sea floor) and do not transmit
vertically (see Catalano et al., 2013) their population structure could
deviate from the host’s pattern within local populations. Almost no
information is currently available on dicyemid population structure or
genetic diversity to test these questions. Up to now, a little more than 120
species of dicyemids have been described (Catalano, 2013), whereas only
a few 18S rDNA sequences from dicyemids associated with eastern Pacific
cephalopods (Eshragh & Leander, 2015) and from Dicyemennea eledones
associated with Eledone cirrhosa in the Mediterranean (Souidenne et al.,
2016) have been published. Despite the fact, that dicyemids were also
suggested as suitable tags in phylogeographic parasitological research
(Catalano et al., 2014, Catalano et al., 2013), only several sequences usable
for population studies are publicly available in GenBank, but has not been
published (such as the sequences of dicyemids from Australian
cephalopods; Catalano 2013 unpublished).
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Figure 1. Map of sampling area showing the number of host specimens and parasite
samples from each locality. Dicyemids white font, black background, their hosts common
cuttlefish (Sepia officinalis) black font white background. The colours of the pins
correspond to population network in Fig. 2.
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Figure 2. Population net (PopART, median joining network) of the host, Sepia officinalis
(on the left), and its associated dicyemids (on the right). Stars denote the host cluster that
dicyemids were associated with.
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Material and methods

Samples were collected at 13 localities in the in the Mediterranean area and
the Atlantic coast of Portugal (Fig. 1) during multiple sampling trips from
2014 to 2017. Complete list of the samples and localities is available in
Supplementary Table S1. Freshly killed cephalopods were purchased on
local fish markets and geographic origin of the samples was confirmed with
the retailers to rule out mixing samples from the adjacent localities. The
purchased samples were kept on ice until dissection. A piece of arm muscle
tissue was excised and stored in pure ethanol as a reference for the host.
Mantle was opened from the ventral side and renal tissue was carefully
transferred into a dish or a falcon tube containing artificial seawater
(prepared according to Lapan & Morowitz, 1975) to dislodge attached
dicyemids. Liquid with the dislodged dicyemids was transferred into a
micro-tube and centrifuged at low speed to concentrate dicyemids in the
solution. Supernatant was removed, additional amount of liquid with
dicyemids was added and the centrifugation was repeated. Finally,
supernatant was removed and 1 ml of pure ethanol was added for storage.

Slides for morphological examination were prepared according to the
protocol of Pascual et al. (1997). In summary, a piece of renal tissue was
smeared on a coverslip and fixed in Boiun’s fluid for up to 20 minutes, then
stored in 70% ethanol until staining with hematoxylin-eosin and mounting
in Canada balsam.

One sample with live dicyemids in good condition (SOIN1) was fixed and
stained for confocal microscopy to provide illustrative photos of dicyemids
from Sepia officinalis.

Prior to DNA extraction, samples were removed from ethanol and let to
dry. For the hosts, DNA extractions from individual specimens were
performed by DNeasy Blood and tissue kit (QIAGEN). For the parasites,
pooled samples (each obtained from an individual host, but containing
multiple individual dicyemids) were extracted by QlAamp DNA Micro Kit
(QIAGEN). In both cases, the protocol provided by the manufacturer was

75



Chapter I1.

followed. For cephalopod hosts, universal primers F1490 (Folmer et al.,
1994) and H7005 (Hafner et al., 1994) were used for amplification of a
1100 bp fragment of the mitochondrial cytochrome oxidase I (COI) gene.
For dicyemids, new specific primers were designed based on COI gene
sequence extracted from a preliminary draft assembly of a cuttlefish renal
tissue transcriptome (see online Supplementary Methods for details). To
supplement COI based species delimitation of the studied dicyemid
parasite with a nuclear locus, we amplified and sequenced 1330 bp
fragment of 18S rDNA in 23 samples across our population sets with
primers F3 and R2 published in Eshragh & Leander (2015). Standard PCR
protocol with Taq polymerase was followed (for PCR conditions and
primer sequences see Supplementary Table 2). PCR products were
visualised on 1% agarose gel, enzymatically cleaned (by 2 pul FastAP
and 0.5 pl Exol enzymes with 2.5 pl H2O per reaction added and incubated
for 15 minutes at 37°C in thermocycler) and sequenced with PCR primers
on the ABI analyzer (Thermo Fisher). Each sample was sequenced in both
directions. Where necessary (in the case of the cephalopod host), specific
sequencing primers were used to obtain the full length of the sequence
(specifically designed primers for sequencing cephCOI11F, cephCOI14R,
for primer sequences see Supplementary Table 2).

The sequences were assembled and trimmed in Geneious v. 11.1
(https://www.geneious.com/). Mafft v. 7 (Katoh et al., 2002) was used for
translation guided alignment of sequences. To evaluate Sepia diversity in a
broader context, publicly available sequences were added to the sequences
obtained in this study (Accession numbers in Supplementary Table S3) and
phylogenetic trees were computed with IQ-TREE web server
(Trifinopouloset al., 2016) with auto model selection (Kalyaanamoorthy et
al., 2017). Ultrafast boostrap and alLRT statistics were computed as node
supports (Hoang et al., 2018).
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To visualize the geographic diversity of populations, haplotype networks
were designed in PopArt software (Leigh & Bryant, 2015) using Median
Joining Network algorithm (Bandelt et al., 1999). One reference sequence
(AB2401555) of Sepia officinalis covering the whole length of the
alignment was added to the sequences obtained in this study to verify
correct assignment of all samples to S. officinalis species in the population
network. To show S. officinalis population structure across its dispersal
area, publicly available sequences were added to the alignment, which was
however shorter (473 bp) due to only partial overlap between the sequences
(Accession numbers in the Supplementary Table S3). As an alternative to
haplotype networks, the population structure information of the host and
parasite was complemented using a Principal Coordinates Analysis (PCoA,
implemented as cmdscale in R package stats) and AMOVA with
significance calculated by a permutation test (calculated in R package
poppr; Kamvar et al., 2014). Portuguese populations were omitted from
AMOVA analyses due to the lack of parasite data.

To characterize the diversity of populations, summary statistics (Haplotype
diversity, Nucleotide diversity, Theta , Dxy; Nei, 1987), neutrality tests
(Tajima’s D; Tajima, 1989), Fu and Li’s D* and F* (Fu & Li, 1993) and
Fu’s Fs (Fu, 1997) and several population size change statistics
(Raggedness, Rogers & Harpeding, 1992), Ramos-Onsins test (Ramos-
Onsins & Rozas, 2002) were obtained in DNASP ver. 5 (Rozas et al.,
2003). Pairwise Fst values and their significance was obtained by 10000
permutations in Arlequin (Excoffier & Lischer, 2010). Due to the fact that
population sample sizes vere highly unequal in some cases (see Table 1),
we also calculated these statistics for populations randomly downsized to a
maximum of 5 sequences per population.

To test for correlation between population divergence of the host and its
parasite, we estimated a linear regression of their pairwise population
genetic distances (average number of nucleotides and Nei’s Da; Nei, 1987)
in R software (R core Team, 2017). Asin AMOVA, Portuguese population
was not included in the correlations due to the lack of parasite data. Due to
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the extremely small sample size Greek population was excluded from the
regression analysis. Mantel test implemented in adegenet R package
(Jombart, 2008) was used to test for Isolation By Distance (IBD) between
individuals, separately for parasite and host (again excluding Portuguese
population). This test compared the similarity of matrices of genetic (Gst
Nei, 1973) and geographic (marine distance in km, i.e. shortest straight sea
route along the coast between localities measured manually on a map)
distances for individual samples (R code available in the Supplementary
Methods). To control for the effect of distant populations with small sample
size on the results of Mantel test, we re-calculated the test on a dataset
excluding Greek and Cyprus populations.

Data Accessibility. COI haplotypes newly acquired in this study of both
host and parasite and 18S (small ribosomal subunit) sequence of parasite
are stored in GenBank (Accession numbers: dicyemid 18S MN066345-
MNO0666367, dicyemid COI MN069252-MN069301 and MN310702-
MN310704, cuttlefish host COI MN069190-MN069251). Overview of all
sequences used in this study with corresponding accession numbers (both
from public database and produced in this study) are also provided in
Supplementary Table S3.
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Table 1. Results of population statistic approaches: basic population metrics, population

size changes and dynamics. values significant at P < 0.02 in italics. *r. R2, Fu and Li test,

Fu’s Fs and Tajima’s D statistics were run for populations with at least 5 sequencess.
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Results

In this study, we successfully sequenced and examined 60 individuals of
the cephalopod host and 50 samples of their dicyemid parasites.

Two cuttlefish specimens from Sicily (Accession numbers MN069250 and
MNO069251) were found to be genetically distinct from the rest of the S.
officinalis specimens in this study and from available S. officinalis
sequences in public databases (approximate distance of 10% compared to
other S. officinalis samples based on a phylogenetic analysis,
Supplementary Figure S1). The Sicilian samples possibly represent a
different Sepia species or subspecies and were therefore not included in the
subsequent population analyses.

Haplotypes of common cuttlefish in the studied area form a fragmented
structure with many missing haplotypes and most haplotypes are
represented by one or a few individuals (Fig. 2), indicating high overall
genetic diversity within the sampled area. At the most general level, the
population structure is comprised of four main distinct clusters seen both
in the haplotype network (Fig. 2) and in the PCoA (Supplemetary Figure
S2). Two of the clusters encompass the majority of the obtained samples;
one is found mostly in Sardinia and at the Atlantic coast of Portugal, and
the other is found in the Adriatic and Tyrrhenian Seas. Two additional
isolated groups are represented by only a few samples. One is represented
by a single specimen found in Sardinia and is most similar to the selected
Sepia officinalis reference sequence (see the methods), the other includes a
few samples from the Eastern Mediterranean in Cyprus and Aegean sea in
Greece (median joining network, Fig. 2 left). Sardinia shows surprisingly
diverged set of haplotypes (Table 1) belonging to several COI clusters
(Supplementary Figure S3). In contrast, the Adriatic Sea population, is
characterized by higher number but lower nucleotide diversity of their
haplotypes (Table 1). Correspondingly, all four neutrality tests produced
negative values (albeit statistically non-significant) for the Croatian
population and significantly negative value of the Fu’s Fs in the Italian
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Adriatic population. Although the Fst values expressing connectivity to the
closest mainland shore, may potentially be biased by low sample numbers,
they point into the same direction as the nucleotide diversities (Fst 0.409
for Sardinia vs. Tyrrhenian Sea and 0.031 for Adriatic Sea between Italian
and Croatian coasts; Table 2). When the dataset is extended with the S.
officinalis sequences across the distribution range available in the
GenBank, the population network consists of the same four clusters as seen
in our data (Fig. 3). In the extended dataset, Adriatic and Atlantic clusters
mix in the WB, one cluster is distributed only in the East Mediterranean
(Cyprus, Greece) and one cluster, originally represented by only one
sample found on Sardinia, is now also found on the North African coast
together with Atlantic cluster.
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Based on morphological examination of the stained preparations, 18S
sequence and confocal microscopy (Fig. 4), we tentatively determined the
species of COI sequenced dicyemids as Pseudicyema truncatum Whitman,
1883. Despite there is a possibility of mixed infections in the host renal
organ 2°, the specificity of the designed COI primer pair seems to be very
high and seems to amplify mostly one prevalent species of dicyemid. Only
in 3 cases (samples SOIC4, SOIR11 and SOIR13; not included in the
population dataset) the resulting sequences seemed to belong to a different
dicyemid species, possibly Dicyema sp. or Dicyemennea sp. (Accession
numbers MN310702-MN310704). In three cases (SOCTI1, SOIC3,
SOKL1) the resulting sequencing chromatogram showed double peaks in
one position (a different position in each sequence) which suggests that
more than one COI haplotype may be sometimes present in the sample,
possibly because multiple individuals were used for DNA extraction. We
arbitrarily chose the higher peak for nucleotide assignment for further
analyses. We verified the species identity of our COI sequenced samples
with 18S sequencing. All 18S sequences, except one (sample originating in
Italia, Adriatic coast, Rimini; SOIR11), were identical to each other and
were also identical to one of the Pseudicyema truncatum sequences
available in genbank (LT669919, 1017 bp, Souidenne et al. 2017
unpublished). However, there is only 97% match to the other available
Pseudicyema truncatum sequence (LT669870, 1175 bp, Souidenne et al.
2017 unpublished). SOIR11 sample showed only 94% match to other
acquired 18S sequences and was not closely related to any available
dicyemid 18S sequence, supporting the view that this cuttlefish specimen
was infected by a different dicyemid species to the one this study focused
on. A list of samples for which 18S sequence is available is provided in
Supplementary Table S1. It is worth noting, that the number of reliably
described sequences available for dicyemid species in public databases is
very limited and most of them originate from Australian, Japanese and
North Pacific waters making the comparisons to the Mediterranean of
limited use.
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Population structure of the parasite showed an interesting difference in
comparison to the host. In majority of the comparisons, the basic
population characteristics (Hd, Pi statistics, Table 1) suggested lower level
of the local diversities in the parasite subpopulations when compared to the
host (whole dataset, Sardinia and Croatian Adriatic). In the haplotype
network, this reduced diversity is reflected by more compact clustering,
particularly well expressed by the central haplotype from the Adriatic Sea,
which represents 18 samples.

Dicyemid population structure was also partitioned into several clusters
(haplotype network in Fig. 2 right, PCoA plot in Supplementary Figure S2).
Although only some of the clusters showed geographical specificity, high
level of haplotype sorting between sampling sites was seen (Fig. 2 right).
With the exception of two Italian localities (Liguria and Tyrrhenian), no
localities shared COI haplotypes. Haplotypes from East Mediterranean
(Cyprus) were separated by several mutations, similarly to the host dataset.
Largest diversity was seen in the samples from Sardinia with haplotypes
scattered in several parts of the network. Unfortunately, no parasite data
were available from Portugal to compare with the host. Samples from
Croatian Adriatic formed a compact star-like cluster suggesting possible
recent expansion. Unlike the host population, Fst value between the two
Adriatic coasts (Croatia and Italy) was high (Fst = 0.788, Table 2). This is
in agreement with the lack of haplotype sharing between the coasts.
Calculation using downsampled population sizes (N=5) produced similar
values of pairwise Fst distances (Supplementary Table S4).

Neutrality tests for parasites showed significant values in two cases. On
Sardinia two tests (Fu an Li’s D and F) revealed lack of low and high
frequency polymorphisms, which is usually interpreted either as a sign of
past population bottlenecks or population admixture (Biswas & Akey,
2006). Similarly to the host, all neutrality test statistics showed negative
values in the Croatian Adriatic, with the Fu’s Fs producing statistically
significant value (Table 1).
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Figure 3. Sepia officinalis structure throughout its distribution. Colored areas correspond

to genetic clusters shown on population network.
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Figure 4. Dicyemid from Sepia officinalis. Confocal microscope images (DAPI/pink and
phalloidin/cyan staining. (a) whole animal, (b) close up of head (calotte) with visible
nuclei. The scale bar represents 10 pm.
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Figure 5. Correlation of pairwise population distances between the host and parasite (a)
Average number of differences (Pi), adjusted R2=0.7127), (b) Nei’s Da distance, adjusted
R2 =0.6311). Both regressions were significant at P < 0.005. Grey dashed line represents
95% regression confidence interval.
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Regression statistics of pairwise population distances of the host and
parasite showed very high level of co-diversification (Fig. 5). The slope of
regression also suggests that the accumulation of genetic diversity with
distance is higher in the host than in the parasite. Mantel test comparisons
of individual genetic and geographic distances produced significant values
in both the host and the parasite, which is pointing to IBD affecting their
genetic structure (Fig. 6). There were a few population samples deviating
from this pattern in both the host and parasite, showing high genetic
differentiation at a small geographical scale (upper left quadrant in the
plots, Fig. 6). These data points represent Sardinian population, which was
genetically diverse also in other analyses (Fig. 2, Table 1). Mantel test
results calculated without the distant Greek and Cyprus populations
produced significant values for both host and parasite datasets
(Supplementary Table S5). Despite the trend for co-diversification of the
host and parasite across the Mediterranean identified in correlation
analyses and in summary statistics, no pattern of congruency between
individual haplotypes, or haplotype clusters, was found by mapping host
genetic clusters to the parasite network in Figure 2. Dicyemid samples
bearing the same haplotypes can be associated with multiple host genetic
clusters.

In the case of parasites, we observed higher molecular variance between
populations than within populations for the parasites in AMOVA
(AMOVA: 76% variance between populations compared to 24% within
populations, p=0.001, Supplementary Table S6), whereas. Contrary to
parasites, hosts showed similar levels of variance between and within
populations (AMOVA: 49% variance between populations and 51% within
populations, p=0.001). This result is pointing to a higher degree of
population fragmentation in the parasite in the Mediterranean area.
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Discussion

The gross picture of the genetic diversity of S. officinalis across the
Mediterranean Sea supports the view, already indicated by the previous
studies (Perez-Losada et al., 1999, Perez-Losada et al., 2002, Perez-Losada
etal., 2007), that, probably due to a low dispersion capability, this organism
displays a high degree of genetic diversification among the geographically
distant populations. A new strong evidence for this view was obtained by
including the samples from Sardinian coast, which turned to be an area with
the highest degree of diversity, possibly representing a contact zone
between the East and West populations (Fig. 2 and Fig. 3). These findings
demonstrate that rather than a continuous population across the
Mediterranean Sea, dominantly shaped by IBD, S. officinalis forms a
complex structure with different degree of genetic exchange among the
subpopulations. In addition, we were able to demonstrate the assumed
incongruencies between the host and parasite genetic structures within
local populations.

While the majority of samples were collected from the central area of the
Mediterranean Sea (i.e. Adriatic, Ligurian and Tyrrhenian Seas), the
inclusion of several distant localities (Atlantic coast of Portugal, Greek
coast and Cyprus) allowed for assessing the diversity along the whole
West-East axis of the Mediterranean Sea. At this large perspective, the
distant localities are genetically completely disconnected and do not share
common haplotypes (e.g. Portugal vs. Adriatic vs. Cyprus). Although the
number of samples is low for the east localities (Greece+Cyprus), this
picture is consistent with the biological predispositions of S. officinalis,
which is incapable of long distance dispersal, and with the previous genetic
studies (Perez-Losada et al., 1999, Perez-Losada et al., 2002, Perez-Losada
etal., 2007).

An interesting picture was obtained when we compared genetic

composition of the Mediterranean Sea area and the Atlantic coast of
Portugal. Based on the previous studies we should expect one of the
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following patterns. First, the AO front serves as a major barrier, causing
disconnection between the two adjacent areas. Such picture was retrieved
for many organisms (for review see Patarnello et al., 2007). Second, the
potential of the AO front as major determinant of population structure is
suppressed by biological traits of the organisms. In such case we would
expect to see either mixed population across the whole area (large dispersal
capability) or strong fragmentation which would “hide” the effect of any
physical barrier. However, in our data, we did not see any of these two
possibilities. Instead, we found two distant genetic lineages covering
disjunct geographic areas but overlapping at the Sardinian coast. In fact,
the Sardinian samples proved to be genetically the most diverse. As shown
in the haplotype network (Fig. 2), Sardinian samples included several
haplotypes from the “Atlantic” lineage (cluster 1), several haplotypes
shared with the Croatia-Italian samples (cluster 3) and even an isolated,
genetically unique sample (cluster 2). In the broader analysis, which
included additional S. officinalis publicly available sequences, the
Sardinian coast seem to be located on a high diversity zone caused by an
overlap of several genetic clusters (depicted in Fig. 3 and Supplementary
Figure S3). Similarly to the Sepia, we found several unrelated haplotypes
also in the Sardinian dicyemid population (nodes in dark blue, Fig. 2).
Furthermore, the positively significant results of Tajima’s D statistics
found for this dicyemid population (Table 1) can be interpreted as a sign of
past admixture between several lineages (or a bottleneck, which, however
seems less probable given the distribution of Sardinian haplotypes in the
network).

This scenario suggests a prominent position of the Sardinian coast as a
determinant of genetic diversity, independent on the known oceanographic
factors (i.e. the currents and fronts). While the current data do not allow for
identification of this spot as a contact zone or source of the genetic
diversity, it is interesting to note that similar picture of the diversity at
Sardinian coast was obtained for the octopus (Melis et al., 2018). Although
this octopus study was limited to Sardinia, and the diversity could not
therefore be compared to other localities, the obtained pattern strongly
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suggests presence of two distant genetic lineages (Fig. 1 in Melis et al.,
2018). It might also be relevant to mention that in their analysis on
connectivity among various Mediterranean areas, Andrello et al. (2013),
although working with biologically very different model, detected
Sardinian coasts as the localities with the highest “betweenness centrality”.

The comparison between the host and the parasite population structures
reveals two conspicuous patterns. First, there is no straightforward
correspondence between the genetic origin of the host and the parasite, and
second, the overall degree of genetic diversification is lower in the parasite
than in the host (e.g. correlations in Fig. 4). Usage of Mantel tests on
mtDNA data was shown to have limitations, in particular IBD is inferred
erroneously when distinct regional populations are pooled (Teske et al.,
2018). However, we believe this was not the case in our dataset. Based on
the lack of diversity in 18S dicyemid data and the congruent pattern of
increased local diversity in Sardinia for both the host and its parasite we
believe that results of the correlations were not affected by artificial pooling
of spatially subdivided populations. To increase the power of IBD tests it
is recommended to complement the analyses with multilocus nuclear
datasets to increase power of the test (Teske et al., 2018). Addition of such
markers, despite difficult for the small bodied parasites nested in host
tissue, would be highly beneficial for future studies.

In parallel to the processes shaping the global diversity and distribution of
the haplotypes (influx of mutations, mixing by migration), the local
diversities might be affected by demographic processes. Particularly,
parasites may regularly undergo bottlenecks removing considerable portion
of the diversity. In our data, a convincing example is provided by the best
sampled population from the Adriatic Sea between the Croatian and Italian
coasts. The host sample from the Croatian coast is genetically diversified,
encompassing 11 different haplotypes, which are evenly distributed (1-4
individuals per haplotype) and most of them are shared with the host
samples from the Italian coast (Fig. 2). In contrast, most of their parasites
share a unique centrally located haplotype and the rest of the population
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forms a typical star-like pattern. None of these haplotypes is shared with
the parasites from other localities, although a related haplotype was
sampled from the Italian coast in Liguria (depicted in light blue in Figure
2). Ligurian and Adriatic coast of Italy are in this area only three hours by
car drive away making it not entirely impossible to sell freshly caught
cephalopods on the other coast. Although this practice seems not to be wide
spread, we paid particular attention to verification of the geographic origins
of the purchased samples with the retailers to rule out such possible mixing.
Moreover, in respect to the results of the presented analyses, it is important
that any possible misidentification of the geographic origin in these close
localities would not affect the revealed patterns.

The observed haplotype pattern, typical for the expansion after bottleneck,
is also accompanied by the lowest (most negative) values of the neutrality
tests statistics (Table 1). Although the values were statistically significant
only for one of the tests (Fu’s Fs) and could be alternatively interpreted as
a sign of purifying selection (Fu & Li, 1993), the whole picture (i.e. the
haplotype arrangement and the negative values of the statistics) strongly
suggest a bottleneck followed by an expansion. This view is also well
compatible with the narrower geographic distribution of the parasite’s
eastern Adriatic cluster (exclusively Croatian Coast, with the exception of
the single Ligurian haplotype) in comparison with the host’s genetic cluster
3, which encompasses the Croatian as well as the Italian and Sardinian
samples, often with shared haplotypes. The resulting scenario thus includes
a diversified host population, genetically interconnected between the
Croatian and Italian coasts, and a recent recolonisation of the local Croatian
population with a single genetic lineage of the parasite (i.e. bottleneck with
early stage of the following diversification). This
replacement/recolonisation scenario is also well compatible with the high
degree of the incongruence between the geography-genetic patterns in the
host and the parasites (denoted by stars in the Figure 2).
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Considering possible bias of the population statistics due to the small
sample sizes for some localities and a potentially low power of Mantel tests
and mtDNA to uncover IBD patterns (Teske et al., 2018), we use these
statistical parameters rather as an accessory evidence while the main
population patterns are derived from the haplotype networks. When
summarized, these patterns show that at the big scale, both the hosts and
the parasites are strongly diversified and their populations are genetically
rather fragmented. This is documented not only by the lack of shared
haplotypes among the distant localities, but also by considerable genetic
distances among the haplotypes (and many missing haplotypes). In this
sense, the character of the parasite’s genetic structure reflects the basic
fragmentation and diversity of the host’s populations. At the finer (i.e.
local) scale, the parasite’s genetics/geography pattern only partially reflects
the distribution of the host. This shows that in local populations the
extinctions and replacements take place regularly, leading to the
genealogical incongruencies between the hosts and the parasites, and to the
decrease of genetic diversity in the parasite. This scenario of reduced
genetic diversity is in line with assumptions made by Maze-Guilmo et al.
(2016) for hermaphroditic parasites with an asexual stage, which seems to
be a common mode of reproduction in all dicyemids.
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TREE (model auto selected-TIM2+F+I+G4, 1533bp). Pink bubble denotes the
position of two sequences with 10% difference, not included in population
analyses. Node supports expressed as aLRT/UFB.

Figure S2. Principal component analysis computed in R of both parasite
(dicyemid) and its host (Sepia).

Figure S3. Distribution of Sepia officinalis genetic clusters in the Mediterranean
Sea focusing on the diversity captured on Sardinia.

R code. Code used for computation and plotting of the Mantel test, AMOVA,
regressions, PCoA and isolation by distance.
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Abstract
Dicyemida is a group of small-bodied marine parasites infecting

cephalopods with many unknown life history details, such as their
population structure and diversity, and their relation to sexual and asexual
reproductive stages. To reveal (infra)population structure of Dicyema
moschatum Whitman, 1883 in its host (Eledone moschata Lamarck, 1798)
we isolated microsatellite sequences from a draft genome of D. moschatum
and tested the loci for amplification success and genetic diversity. Eight
microsatellite loci were selected for an analysis of D. moschatum
populations from several octopus individuals sampled at two
Mediterranean localities. The majority of microsatellite alleles were shared
across the studied range, but several private alleles were also identified.
Analysis of population structure identified two to four genetic clusters,
mostly concordant with the geographic origin of the samples. Allelic
patterns seen in individual dicyemid genotypes revealed that although
dicyemids inside one host individual show low genetic variance, they do
not represent genetically identical clones. These results suggest that
infection is established by several dicyemid larvae within the lifetime of
the host and sexual reproduction of dicyemids occurs inside the host.

Keywords
dicyemids, population genetics, parasites, cephalopods, reproduction
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Introduction

Dicyemida are a little-studied group of small bodied metazoan parasites
living in renal organs of benthic cephalopods (e.g. cuttlefish and octopus).
Despite the fact that Dicyemida were first described over a hundred years
ago (Kolliker 1881), some features of their life cycle remain still unknown.
Dicyemids produce two types of embryos, a worm-like vermiform embryo
resembling a miniature adult, and an infusoriform embryo, which is smaller
in size, of round shape and covered in cilia. Vermiform embryos are
assumed to be produced asexually, quickly multiplying dicyemid numbers
and increasing density of infection in the host. Infusoriform embryos are
thought to serve as a dispersal stage that infects a new host, and they are
assumed to be produced sexually (Van Beneden 1876; Furuya et al. 2003).
Classical methods of observation, such as light microscopy, did not provide
conclusive answers regarding sexual and asexual reproduction, and
interpretation of the observed details has been disputed among researchers
(Stunkard 1954). Furthermore, since the exact way of transmission to a new
host is unknown, the existence of other intermediate stages cannot be
excluded, and the frequency of transmission is also uncertain. Some
progress in this area was made by Lapan and Morowitz (1975) in the study
focused on dicyemid in vitro cultivation. When cuttlefish were raised in
aquaria from eggs in presence of infusoriform larvae, they became infected
by dicyemids, albeit with low prevalence, suggesting that dicyemids are
able to complete lifecycle without an intermediate host. Unfortunately, this
short mention of a side experiment lacks details. To obtain more
information, further search for intermediate hosts and the performance of
infection experiments was suggested (Lapan and Morowitz 1975).
However, such experiments are expensive, may prove to be difficult to
carry out, or even impossible to perform under the new legislation
concerning cephalopod use in experiments (at least in the UK and EU).

Another unknown is whether the vertical transfer between cephalopods is
possible (passing of infection from mother to its offspring). High
prevalence seen in dicyemids suggests a very effective way of transmission
coupled with low virulence, or a combination of horizontal and vertical
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transfer (Lipsitch et al. 1995). Vertical transmission could be realized, for
example, through egg infection (as seen in vertically transmitted parasites
like Wolbachia Hertig, 1936, Microsporidia, or in a kinetoplastid,
Leptomonas pyrrhocoris Zotta, 1912, that parasitizes firebugs; Taylor and
Hoerauf 1999, Dunn and Smith 2001, Salem et al. 2015). However, in their
experiments, Catalano et al. (2013) failed to find any evidence of vertical
transmission in dicyemids. Their efforts to search for dicyemid DNA by
PCR amplification of the cytochrome oxidase I gene (COI) were not
successful from the eggs of Sepia apama Gray, 1849 nor from seawater
obtained during cuttlefish breeding (¢eDNA).

An alternative approach to unveil more information about the dicyemid life
cycle is to investigate dicyemid population structure and genetic diversity
inside the host (parasite infrapopulation). This could reveal whether the
dicyemid population within a single host is established by infection with a
single larva. It should also provide information on whether the high density
of dicyemids in the host’s renal organ is maintained predominantly by
asexual multiplication, creating a genetically uniform population, or by
sexual reproduction, leading to higher genetic diversity. If the infection is
established by several larvae followed by asexual reproduction inside the
host, all individuals should be representatives of a few genetic lineages
(clones). Alternatively, if dicyemid infrapopulations are established by
several larvae (or by repeated infections) and maintained mostly by sexual
reproduction, they should show a considerable level of genetic diversity
and contain only a few genetically identical individuals (clones).

To answer these questions, we selected Dicyema moschatum, a relatively
large dicyemid species that can grow up to 6 mm (Nouvel 1947). Dicyema
moschatum is associated with a widespread Mediterranean octopus
Eledone moschata, often found on fish markets in Croatia and Italy. The
prevalence of infection in this host population is very high, usually up to
100%. The availability of the Eledone moschata host species, and the size
and prevalence of D. moschatum make them a suitable study system for
understanding dicyemid biology and population genetics. D. moschatum
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can be also rarely found in Sepiola rondeletii, Leach 1817 (prevalence 5%
in Nouvel 1947). Occasionally, the host species Eledone moschata may be
infected by Dicyemennea eledones, a dicyemid from a different genus,
more commonly found in Eledone cirrhosa, with the possibility of mixed
infection (Nouvel 1947, Souidenne et al. 2016; pers. obs.).

Due to their small body, comprising only dozens of nucleated cells,
dicyemids produce very low amounts of DNA during extractions from
individual specimens. Microsatellites, which require a low amount of input
DNA for successful amplification and are not prone to contamination by
host DNA, provide the most convenient tool for the examination of
population structure and diversity in dicyemids. Here, we designed and
applied the analysis of microsatellite loci in D. moschatum aiming to
answer the questions stated above on the possibility of multiple infections
and the extent of asexual vs. sexual reproduction in the dicyemid life cycle.

Methods

Octopuses of the species Eledone moschata were bought freshly killed,
directly from local fishermen during two sampling trips in 2016 and 2017
in two localities: Naples (Italy) and Pula (Croatia). Octopuses were kept on
ice until dissection. Octopuses were opened by a mid-ventral cut and renal
tissue containing live dicyemids was placed in falcon tube or petri dish with
artificial seawater (ASW, prepared according to Lapan and Morowitz
1975). In some cases, liquid with live dicyemids was fixed in RNAlater
(Invitrogen, Carlsbad, CA). Individual live dicyemids were separated either
directly from the ASW solution or RNAlater by pipetting with the use of a
stereomicroscope. Every single live dicyemid from ASW was placed onto
dry filter paper previously soaked in TE buffer and extraction of DNA was
performed with QIAamp DNA micro kit (Qiagen, Hilden, Germany)
following the protocol for dried blood spots. In the case of samples fixed
in RNAlater, individual dicyemids were washed in distilled water and
dried. Their DNA was extracted with QIAamp DNA micro kit (Qiagen,
Hilden, Germany) following the protocol for tissue extraction.
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Sample of the host muscle tissue (0.5 cm x 0.5 cm cube excised from arm
without chromatophores) was fixed in pure ethanol for verification of the
species identification. DNA was extracted with DNAeasy blood and tissue
kit (Qiagen, Hilden, Germany). Universal primers for amplifying
approximately 1000bp long fragment of the cytochrome oxidase I gene
(COI]) in invertebrates (F1490 Folmer 1994; H7005 Hafner 1994) were
used in a 20pl PCR reaction: 0.2 pl TaqPolymerase 5 U (Top-Bio, Praha,
Czech Republic), dNTPs 2.5mM each 0.5 pl, 2 pl 10x PCR blue buffer
(Top-Bio, Praha, Czech Republic), forward/reverse primer SmM each 1 pl,
template DNA 1ul. The PCR protocol involved an initial denaturation
period at 94°C for 5 min, 30 cycles of denaturation at 92°C for 1 min,
annealing at 52°C for 1 min and elongation at 72°C for 1 min followed by
final elongation period at 72°C for 5 min. PCR products were checked on
1% agarose gel and sequenced with PCR primers on ABI analyzer (service
provider SEQme, Dobfi§, Czech Republic or Eurofins, Ebersberg,
Germany). Chromatograms were analyzed in Geneious RI10
(http://www.geneious.com, Kearse et al. 2012) using both strands to
assemble the sequences. Resulting sequences were compared to the
GenBank database (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to rule out
possible misidentification of our specimens with a similarly looking
Eledone cirrhosa present in the same areas.

Individual extracted samples of dicyemid DNA were used for amplification
of the 18S marker to ascertain the presence of only one species in our
dataset. PCR reaction was run in 20ul: 0.2 pl TagPolymerase 5 U (Top-
Bio, Praha, Czech Republic), ANTPs 2.5mM each 0.5 pl, 2 pl 10x PCR blue
buffer (Top-Bio, Praha, Czech Republic), forward/reverse primer SmM
each 1 pl,and template DNA 1 pl. The PCR protocol involved an initial
denaturation period at 94°C for 2 min, then 40 cycles of denaturation at
94°C for 45 s, annealing 50°C for 45 s, and elongation at 72°C for 2 min,
followed by final elongation period at 72°C for 5 min with forward primer
F3 and reverse primer R2 (Eshragh and Leander 2014) amplifying 1300 bp
fragment of dicyemid 18S sequence. Chromatograms were analyzed in
Geneious R8 (http://www.geneious.com, Kearse et al. 2012) using both
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strands to assemble the sequence. Accession numbers of obtained
sequences are MT703888-MT703900.

Primers for the amplification of dicyemid microsatellite loci were designed
with QDD3 pipeline (Meglécz et al. 2014) using Dicyema moschatum draft
genome (brief summary: 30 individual dicyemids were pooled, sequenced
and assembled into draft genome, dicyemid species was determined by its
host Eledone moschata and by a simultaneously run confocal imaging
experiment, more details in Drabkova et al. in prep). Selected 45 promising
primer pairs were synthesized (Sigma-Aldrich,UK) and further tested for
amplification success. From the 45 candidate primers, we selected eight
primer pairs that reliably amplified microsatellite loci on selected trial
individual dicyemid extractions. Then the eight loci were split into two sets
of fluorescently labelled primers for multiplex PCR (6fam, Ned, Vic, and
Pet dyes). Primer set sequences are provided in Online Resource 1.
Microsatellite loci were amplified in two 20ul multiplex PCR reactions: 0.5
ul TagPolymerase (Top-Bio, Praha, Czech Republic), 2 pl 10x PCR blue
buffer (Top-Bio, Praha, Czech Republic), dNTPs 2.5mM each 0.5 pl,
primer 0.6 ul each, 1 pl Q solution (Qiagen, Hilden, Germany), template
DNA 1 pl. The PCR protocol involved an initial denaturation period at
94°C for 5 min, 35 cycles of denaturation at 94°C for 30 s, annealing at
54°C for 30 s, and elongation at 72°C for 1 min, and followed by final
elongation period at 72°C for 4 min). Results of PCRs were visualized on
2% agarose gel. For some samples, particular loci in the multiplex failed to
amplify. In such cases, a single primer pair of the missing locus was run in
an additional PCR run. Amplified fragments were analyzed with 600 LIZ
size standard on ABI analyzer (service provider Macrogene, Seoul, Rep. of
Korea or SEQme, Dobiis, Czech Republic).

Resulting chromatograms were manually analyzed and checked in
Geneious R10 (http://www.geneious.com, Kearse et al. 2012;
microsatellite plugin). Population genetic statistics describing the genetic
variation of the populations, in this case host individuals, (Fst, Nm,
AMOVA, PCoA) and summary of the data (allele frequencies) were
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performed in Genalex (Peakall and Smouse 2006 and 2012) and Arlequin
(AMOVA, HWE; Excoffier et al. 2005). Infrapopulations with data on less
than five dicyemid individuals were not included in the calculations of
summary statistics. Linkage disequilibrium (LD) analysis between loci was
computed in Arlequin (Excoffier et al. 2005) for hosts (infrapopulations)
which comprised of at least ten individuals (samples CP5, IN1). Sequential
Bonferroni correction was applied to p-values to assess the significance of
LD. Estimation of the number of source populations (genetic clusters) and
genetic profile assignment of the individuals was done in STRUCTURE
(Pritchard et al. 2000; Falush et al. 2003; Hubisz et al. 2009) using all
screened specimens. STRUCTURE was run with burn-in set to 100,000
from a total of 1,000,000 steps. Fifteen repetitions were performed for each
value of k from 1 to 15. Results from multiple runs were analysed and
collated in CLUMPAK (Kopelman et al. 2015), and the optimal value of k
was selected in Structure harvester (Earl et al. 2012).

To exclude a possibility of cross-amplicifation with Dicyemennea
eledones, another species known to infect E. moschata, six D. eledones
(and one D. moschatum individual used as a positive control) were tested
for amplification in the two microsatellite multiplexes. Whilst both
multiplexes amplified in the positive control, we obtained no PCR product
in any of the D. eledones individuals.

Results

From the total of 45 candidate primer pairs designed in QDD3 and tested
in PCRs, eight pairs were selected and used to analyze 49 individual
dicyemid samples originating from seven host individuals from two
localities (Pula, Croatia and Naples, Italy). Thus, multiple parasite
specimens were analysed from each host individual to explore the diversity
of dicyemid infrapopulations (population inside one host). Despite a
thorough PCR optimization and primer testing, some microsatellite loci
showed lower amplification success (e.g., 35% in DicMiSat27; Tab. 1).
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Linkage disequilibrium test (LD) revealed only one pair of loci in
significant linkage in one host after sequential Bonferroni correction of p-
value (loci dicMiSat02 and dicMiSat07 in host IN1). Because significant
LD was found only in one population, we decided to keep all loci in further
analyses.

Table 1 Amplification success of microsatellite loci

success in %
DicMiSat02 94
DicMiSat05 90
DicMiSat07 96
DicMiSat08 96
DicMiSat17 59
DicMiSat27 35
DicMiSat31 55
DicMiSat41 94

The pattern of allele distribution of microsatellite loci in dicyemid
individuals shows that dicyemids inhabiting one host octopus are not
represented by identical genotypes (Fig. 1), suggesting that the founding of
the population by a single individual followed by clone-like asexual
reproduction is improbable.

111



Chapter III.

Microsatellite loci dicMiSat02 dicMiSat05 dicMiSat07 dicMiSat08 dicMiSat17 dicMiSat27 dicMiSat31 dicMiSat41
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Chapter I1I.

Some microsatellite alleles were locally specific (private) but most were
shared between localities, suggesting that gene flow is maintained among
the studied populations (for example see dicMiSat02 with local allele 261
in Croatia, local allele 258 in Italy and shared allele in both locations 268;
Online Resource 2).

Out of the 34 locus/population tests for Hardy-Weinberg equilibrium
(HWE), we found 13 cases of loci showing significant deviation (p level
0.05) (Online Resource 3). On the contrary, most loci were significantly
out of HWE (p level 0.05) when analysed across all the populations. Only
loci dicMiSat08 and dicMiSat41 were not significantly out of HWE across
the populations (for results see Online Resource 3). Departure from HWE
is expected in substructured populations, which is consistent with our
results.

In the studied infrapopulations, we found generally low level of
heterozygosity (0.271 on average) and similar levels of observed and
expected heterozygosities, with slightly lower expected heterozygosity in
the host sample IN9 (Tab. 2, for results including also three populations
with less than five individuals, see Online Resource 4). Two of the studied
loci showed overall low amounts of heterozygosity (observed
heterozygosity for dicMisat02 = 0.085 and dicMiSat27 = 0.063; Online
Resource 4).

Genetic differentiation between dicyemid infrapopulations (hosts) from the
two studied localities was relatively high, with Fst values between 0.328
and 0.462 (Tab. 3). Differentiation among infrapopulations on one locality
was generally low (see Online Resource 5). However, one of the samples
from Croatia (CP5) showed surprisingly high divergence from other
Croatian samples (genetic distance = 0.788, Fst = 0.417; Tab. 3, Online
Resource 5). This pattern is also visible in the graphical result of Structure
analysis, where this Croatian sample showed a similar pattern to Italian
samples, when assigned to two original populations (k=2) and showed a
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distinct pattern when assigned to four original populations (k=4; Fig. 2).
The same pattern also emerged in PCoA analysis, where this sample
clustered with Italian samples (Online Resource 6).

CP5 CP6  CP7 IN1 IN2 IN3  IN9

CP5 CP6 CP7 IN1
W W e
Figure 2. Graphical result of Structure analysis. Each bar represents a single dicyemid
individual. Shown are plots for two original populations (k=2, selected by Evanno method)
and for four original populations (k=4, highest probability k). Host population
abbreviations as in Fig. 1

Structure analysis assigned individual dicyemid profiles to either two

" IN9

original populations (best k=2 according to Evanno method; Evanno et al.
2005) or four original populations (k=4 had the highest probability). Both
clustering patterns showed a clear distinction between hosts from Italian
and Croatian localities (with the exception of host CP5 at k=2, for more
information, see above). A more nuanced distinction for CP5 and IN1 was
seen in the results modelling four clusters (k=4; Fig. 2).

Genetic variance of dicyemids in the AMOVA test was highest on an
individual level (60%). Comparison of the localities (groups=Adriatic and
Tyrrhenian seas=Croatia, Pula and Italy, Naples) showed statistically
significant genetic variation (27%). Infrapopulations within localities
showed a low degree of variance (8.2%), which suggests, together with the
low variance between individuals within infrapopulation, a high
relatedness of dicyemid individuals in one host (4.3%; AMOVA results
Fig. 3).
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@® among groups*
® among populations within groups

® among individuals within
populations

@ within individuals*

Figure 3. Percentage of variance present in the samples (based on the four-level AMOVA
computed in Arlequin using Rst metrics). Groups set as two localities from Tyrrhenian
(Italy, Naples) and Adriatic seas (Pula, Croatia). Hierarchical levels showing significant
variation (p < 0.05) are marked by an asterisk.

Discussion

Questions about dicyemid life cycle and their mode of reproduction
(mainly the role of asexual and sexual reproduction phases) have been
debated for decades without reaching clear, unified consensus when
classical methods of observation were used (Stunkard 1954; Hochberg
1990). Our first multilocus study on genetic diversity in dicyemids shows
that their infrapopulations are composed of genetically distinguishable
individuals, suggesting frequent outcrossing. The data also indicate the
presence of at least two genetic clusters in the north-west Mediterranean,
in accordance with the geographic origin of collected samples.
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Infarapopulation genetic composition and life cycle of dicyemids

Analysis of multilocus genetic information performed across several
populations is an effective tool to elucidate transmission route, life cycle
and mating behaviour in hermaphroditic parasites (e.g. amount of
outcrossing, clonality and selfing rate; for review see Criscione et al. 2005).
The occurrence of multiple loci in strong linkage disequilibrium (LD)
and/or presence of identical genotypes are linked to high rates of self-
fertilization and low levels of transmission. This was shown for example
for Plasmodium Marchiafava and Celli, 1885 parasites by Anderson et al.
(2000). On the contrary, in the trematode Plagioporus shawi Mclntosh,
1939 microsatellite profiles of individuals in infrapopulations showed
surprisingly high diversity, low clonality, and frequent outcrossing, even
though the parasite is hermaphroditic and can reproduce by self-
fertilization (Criscione and Blouin, 2006). Similarly, multilocus data
showed high levels of heterozygosity and low amount of selfing also in
other parasites, such as tapeworms (Stefka et al. 2009; Sprehn et al. 2015).
Our results showed that dicyemid individuals within one host
(infrapopulation) are not genetically identical and that none of the screened
loci are in LD (with one exception, see also below). These findings bring
new information about dicyemid life-history traits. It shows that sexual
reproduction (and outcrossing) must be common in dicyemid populations.
Furthermore, it indicates that colonization of a host individual occurs
multiple times during the lifetime of a cephalopod, or by multiple
individuals during certain life period. Exact estimation of the proportion of
clones in dicyemid infrapopulations and connected analyses were
hampered by a high amount of missing data in some loci and a relatively
low number of screened individuals. Nonetheless, with all limitations
considered, the level of genetic diversity observed and the fact that only
two loci were found in LD in one dicyemid infrapopulation point to the fact
that sexual reproduction is frequently taking place in cephalopod renal
organs and that self-fertilization or clonal reproduction is less frequent than
previously thought (cf. Furuya and Tsuneki 2003).
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Genetic diversity and structure in marine parasites

Parasites of marine organisms are often expected to have panmictic
populations (Criscione et al. 2011) as was shown, for example, in Aniskakis
spp. Dujardin, 1845 infecting sardines (Baldwin et al. 2011). However, in
some parasites, the situation may be more complex. For example, three
cryptic genetic clusters were observed in the trematode Lecithochirium
Liihe, 1901 in Conger Bosc, 1817, but inside these clusters the populations
were still panmictic (Criscione et al. 2011), in accordance with the “high
mixing in aquatic habitats” hypothesis (Criscione and Blouin 2006).
Sample sizes available for our study were in many host individuals limited
to fewer than ten individuals, not allowing for precise estimation of
population genetic statistics for the infrapopulations. Obtaining sufficient
numbers of individual dicyemids for DNA extractions proved challenging
due to limited resources (mainly by involved manual labour when
separating individual dicyemids, which needs to be done with great
precision in a short time span, while dicyemids are still alive). However,
using our data we were able to infer inter-population characteristics,
comparing the two studied localities in the Mediterrenean Sea.

We found differentiation between Croatian and Italian samples, showing a
distinction of Adriatic and Tyrrhenian seas, based on allelic profiles,
Structure analysis, AMOVA and Fst values. These results rule out
existence of one panmictic population of D. moschatum in north-west
Mediterranea. Such geographical division is in line with a previous study
performed by our team on a larger geographical scale, but using only a
single locus (mtDNA sequence of cytochrome oxidase I) and analysing a
different dicyemid species, Pseudicyema truncatum Whitman, 1883, a
parasite infecting cuttlefish (Drabkova et al. 2019). Furthermore, the study
suggested a higher level of genetic structure and population turnover in the
parasite than in its cuttlefish host. Microsatellite data obtained here for D.
moschatum indicate similar patterns (existence of infrapopulation
structure), however, with such scarce sampling, we cannot properly assess
dicyemid diversity in general. Further sampling on a finer scale could
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provide background for answering more specific questions about dicyemid
diversity and infection patterns between hosts.

Limitations and advantages of the microsatellite protocol

Analysis of microsatellite loci in dicyemids provides a feasible and
informative method for exploring population relationships and life cycle in
small bodied organisms. Given the very low volume of DNA material
obtained from dicyemids, microsatellites are also cost-effective compared
to genomic methods, which would require the costly application of single-
cell genomics methods to obtain population-level data. By collecting
information from multiple individuals, microsatellite analysis allowed us
to explore previously little known features of a dicyemid life cycle, such as
the extent of sexual vs. asexual reproduction in their hosts, or the level of
infrapopulation structure. On the other hand, microsatellite amplification
success that we observed was low for some loci and we were able to
successfully apply only a limited number of microsatellite loci due to a high
number of discarded candidates during the optimization process. Whereas
a high disposal rate may be connected to the low diversity (high
homozygosity) of the populations, the low amplification success rate may
also possibly be caused by low amounts of input DNA extracted from such
small-bodied animals. Similar issues with a low amplification success rate
of microsatellite loci were also found for low quality input DNA extracted
from challenging samples like faecal material (Taberlet et al. 1996; Zhu et
al. 2017). Other factors influencing the microsatellite amplification success
rate could also involve the storage conditions of the samples and their
handling. However, quick desiccation, a method similar in principle to the
handling of samples employed in this study, was found to be effective for
panda faecal samples, a challenging material for DNA extraction (Zhu et
al. 2017).

In conclusion, despite limitations presented by the relatively low volume
of the studied material, our findings bring new information about the
understudied features of dicyemid life history. Our data show that
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outcrossing is a frequent mode of reproduction inside the cephalopod host
and that dicyemid infrapopulations are established by at least several
individuals.
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Abstract

Although interest in several areas of cephalopod research has emerged over
the last decades (e.g., neurobiology, aquaculture, genetics, and welfare),
especially following their 2010 inclusion in the EU Directive on the use of
animals for experimental purposes, knowledge regarding the parasites of
cephalopods is lacking. Cephalopods can be intermediate, paratenic, or
definitive hosts to a range of parasites with a wide variety of life cycle
strategies. Here, we briefly review the current knowledge in cephalopod
parasitological research, summarizing the main parasite groups that affect
these animals. We also emphasize some topics that, in our view, should be
addressed in future research, including: (i) better understanding of life
cycles and transmission pathways of common cephalopod parasites; (ii)
improve knowledge of all phases of the life cycle (i.e., paralarvae,
juveniles, adults and senescent animals) and on species from polar deep sea
regions; (iii) exploration of the potential of using cephalopod-parasite
specificity to assess population boundaries of both, hosts and parasites; (iv)
risk evaluation of the potential of standard aquacultural practices to result
in parasite outbreaks; (v) evaluation and description of the physiological
and behavioral effects of parasites on their cephalopod hosts; (vi)
standardization of the methods for accurate parasite sampling and
identification; (vii) implementation of the latest molecular methods to
facilitate and enable research in above mentioned areas; (viii) sharing of
information and samples among researchers and aquaculturists. In our
view, addressing these topics would allow us to better understand complex
host-parasite interactions, yield insights into cephalopod life history, and
help improve the rearing and welfare of these animals in captivity.

Keywords: Cephalopoda, parasites, pathogens, diseases, welfare
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Cephalopods and Their Parasites: A Short Overview

The incidence of a given parasite in a cephalopod species depends on the
presence of a potential definitive host and intermediate host(s) (in parasites
with complex life cycles, i.e., those that use multiple hosts to complete their
life cycle), as well as on biotic and abiotic factors (Gonzélez et al., 2003).
Cephalopods can be definitive hosts for protists, dicyemids, monogeneans
and crustaceans, as well as intermediate or paratenic hosts for digeneans,
cestodes and nematodes (summarized in Table 1; for review see also Table
1-5, Hochberg, 1990). As intermediate or paratenic hosts, cephalopods can
accumulate parasites throughout their lifespan, thus increasing the chance
of predation by the next host and, consequently, the probability of parasite
transmission. This is especially relevant for cestodes and anisakid
nematodes, which use cephalopod hosts as important vectors for
transporting them to other intermediate or to definitive hosts (e.g., Pascual
etal., 1995; Abollo et al., 1998; Petri¢ et al., 2011).

Table 1. Parasitic taxa (approximately 230 parasites identified at level species) infecting
cephalopods (sorted by order) reported in the literature to date.

Protozoa C i Dicyemi Digenea Cestoda A i Cr
Nautilida o (1)
Spirulida o (1)
Sepiida o (7) °(31) o(2) ®(6) o(3 °(5)
Myopsida *(2) *(5) *(2) ° @) ©©) °@3) o (4) o (5
Oegopsida o (1) o (11) 0 (2 ®(18) o (1) o (16) . (4)
Octopoda *(9) *(59) o (3) ®(2 . (4) e (13)

Vampyromorpha

The role of the cephalopod host in the parasitic life cycle is indicated as: definitive e; intermediate o; definitive, intermediate or paratenic o; intermediate or paratenic ®;
probably accidental . Number of parasite species identified for each cephalopod order is indicated in parenthesis. The current assessment reflects the original source
nmaterial updated with current species information according to World Register of Marine Species (WoRMS; available at http://www.marinespecies.org/index.php).

In contrast to other molluscs, two characteristics of coleoid cephalopods
(all living cephalopods besides Nautilus spp.) have crucial roles in their
susceptibility to parasites and disease: (i) the loss of external shell, which
enables the extensive neural and muscular development that allows high-
speed locomotion; and (ii) the evolution of complex skin capable of
sophisticated camouflage and signaling, but also prone to lesioning (Kinne,
1990). By shedding the rigid external shell of their ancestors, coleoids
became more agile predators and adopted a more active lifestyle. This
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likely increased the frequency of parasite transmission since, predators
readily accumulate multi-host parasites that are transmitted upward
through the food web (e.g., digeneans, cestodes and nematodes). Some
parasites can even alter the behavior or appearance of their intermediate
hosts (e.g., modifying host phenotypes) in order to increase the likelihood
that they will be predated on by their definitive hosts (Lafferty, 1999; Heil,
2016), mechanisms that have yet to be explored in cephalopod hosts. In
addition to the increased likelihood of transmission, the fragility of coleoid
cephalopods’ skin may increase the ease with which opportunistic
pathogens (i.e., infection by bacteria, kinetoplastids, dinoflagellates, fungi,
labyrinthulids) can invade the body (reviewed by Kinne, 1990).

To date, the most complete review of potential pathogenic agents affecting
cephalopods is in “Diseases of Marine Animals” (DoMA; Kinne, 1990;
chapters concerning cephalopods: Hanlon and Forsythe,
1990a,b; Hochberg, 1990). In his summary, Hochberg (1990) reported
parasites for about 130 cephalopods, which represents less than a quarter
of the described species at that time. Later reviews provided
complementary information regarding the main viral, bacterial, fungal,
parasitic, chemical and mechanical parasitic agents affecting cephalopods
(see Pascual et al., 1996; Castellanos-Martinez and Gestal, 2013; Sykes
and Gestal, 2014).

In the following paragraphs, we briefly overview the current knowledge on
the most common parasites found in cephalopods. About 230 parasitic
species of a variety of taxa (e.g., Chromista, Protozoa, Diciemyda,
Monogenea, Trematoda, Cestoda, Acanthocephala, Nematoda, Annelida
and Crustacea) are reported in the literature to date (Table 1 and
Figure 1A). A map of the geographic distributions of cephalopod parasites
is provided in Figure 1B. We emphasize that the data provided here likely
over-represents tropical and temperate locations and coastal environments,
since these areas are more easily and frequently sampled.
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Figure 1. (A) Relative abundance of parasitic taxa affecting cephalopods. (B) Place of
capture of the cephalopod hosts. The current assessment reflects the original source
material updated with current species information according to World Register of Marine
Species (WoRMS; available at http://www.marinespecies.org/index.php).

133



Aggregata spp.

Some of the most common parasites of cephalopods are the
coccidians Aggregata spp. (Apicomplexa, Aggregatidae). To date, 10
species of Aggregata have been described parasitizing cephalopods (for
review, see Gestal et al., 2010), although other (undescribed) species have
also been reported (reviewed in Hochberg, 1990), so the actual diversity is
likely higher. Aggregata spp. have complex heteroxenous life cycles, with
crustaceans as intermediate hosts and cephalopods as definitive ones
(Dobell, 1925; Hochberg, 1990). Most recent research (e.g., Castellanos-
Martinez et al.,, 2013; Tedesco et al., 2017) has focused primarily
on Aggregata octopiana and Aggregata eberthi, parasites of Octopus
vulgaris and Sepia officinalis, respectively. This group is associated with
histological and ultrastructural lesions in the digestive tract (mainly the
caecum and intestine) of their cephalopod hosts (Gestal et al., 2002a), with
infections of the gills, mantle, arms and mesentery also occasionally
occurring (Pascual et al., 1996; Mladineo and Bocina, 2007; Tedesco et al.,
2017). In addition, Aggregata infection can impair body growth due to
“malabsorption syndrome” (Gestal et al., 2002b).

Ciliates and Dicyemids

In the renal tissue, cephalopods harbor two very unique parasitic groups,
the apostome ciliates, Chromidina spp., and metazoans Dicyemida ( =
Rhombozoa). Five Chromidina spp. and over one hundred dicyemids have
been described infecting cephalopods (Catalano, 2012; Souidenne et al.,
2016). The exact impact on the hosts is still uncertain; for instance, in O.
vulgaris, low levels of tissue abrasion caused by dicyemids could be
observed by electron microscopy (Ridley, 1968), but no impact was
detectable using light microscopy (Furuya et al., 2004). Consequently,
these organisms may eventually come to be considered symbiotic rather
than parasitic (Katayama et al., 1995; Furuya et al., 2004). Bacterial
symbionts are also observed in cephalopods: for instance, the bacteria
colonizing the pericardial appendage of Nautilus sp. (Pernice et al.,
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2007; Pernice and Boucher-Rodoni, 2012) as well as the well-established
association between Euprymna scolopes and Vibrio fischeri (Ruby, 1999,
for review see Gerdol et al., 2018). Further studies of such symbiosis can
improve not only our understanding of these complexes associations in

cephalopods, but also give insights on how bacterial symbiosis occurs in
mammals (Gerdol et al., 2018).

Monogeneans

A few studies have reported monogenean parasites in cephalopods
(see Sproston, 1946; Palombi, 1949; Dollfus, 1958; Bychowsky, 1961).
The gyrodactylid Isancistrum subulatae has been found in the arms and
tentacles while Isancistrum loliginis in the mantle cavity and gills
of Alloteuthis subulata (Llewellyn, 1984). Identifying monogeneans in
cephalopods is extremely difficult due to their delicateness, small size and
the thick layer of mucus in cephalopod tissues (Llewellyn, 1984), and this
could be the reason for their supposed rarity. In the future, potential sites
of occurrence (e.g., arms/tentacles, mantle, funnel and gills) should be
thoroughly examined for a better assessment of their true prevalence.

Digeneans

The majority of information regarding digenean parasites of cephalopods
is provided by Overstreet and Hochberg (1975) and Hochberg (1990), with
some information added over the following decades (e.g., Shukhgalter and
Nigmatullin, 2001; Nigmatullin et al., 2009), including digenean records in
squid paralarvae (Vidal and Haimovici, 1999). Around 20 species have
been reported from nearly 30 cephalopod hosts, usually with low
prevalence of infection (Hochberg, 1990). Cephalopods do not seem to play
a major role in digenean life cycles (Hochberg, 1990), though our
knowledge is too limited to support this premise definitively.

Cestodes

Cephalopods are second and/or third intermediate or paratenic hosts for
cestodes, acting as important vectors transporting them to other
intermediate (e.g., cetaceans; Aznar et al., 2007) or definitive hosts (e.g.,
elasmobranchs and fishes; Hochberg, 1990). Several species have been
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reported in around 60 cephalopod hosts: larval and post-larval cestodes
from the orders Trypanorhyncha and Tetraphyllidea are commonly found
freely in cephalopod digestive tracts, usually the stomach, caecum and
intestine (Hochberg, 1990). However, they can also be found in the buccal
mass (in octopus; Roumbedakis, unpublished data) or encysted in the
digestive  tract, mesentery and mantle cavity (Hochberg,
1990). Phyllobotrium spp. is the most frequently reported species
(Hochberg, 1990). A general life cycle for Phyllobothriidae has recently
been suggested (Klotz et al., 2018): procercoid development occurs in
crustaceans (first intermediate hosts), followed by plerocercoid
development in bony fish, sea turtle or squid (second intermediate host).
Marine mammals can harbor both plerocercoids and merocercoids, acting
as third intermediate or paratenic hosts, and sharks serve as the definitive
hosts, harboring the adult parasites.

Nematodes

Larval nematodes are commonly found encysted in the viscera and
musculature of cephalopods (Hochberg, 1990; Gestal et al., 1999; Abollo
et al., 2001), making infected animals aesthetically unattractive for human
consumption (Smith and Wootten, 1984). Anisakis (Anisakidae) is one of
the most abundant and frequent cephalopod parasites causing important
pathological effects to their hosts, such as ulceration (Abollo et al., 2001),
and even castration if encysted in the gonads (Abollo et al., 1998).
Transmitted through food webs, these parasites have complex life cycles
involving multiple hosts: planktonic or bentho-planktonic crustaceans are
the first intermediate hosts; fish and squids act as second intermediate or
paratenic hosts and marine mammals (mainly cetaceans) as definitive hosts
(Mattiucci and D’ Amelio, 2014; Mattiucci et al., 2018). To date, a number
of cephalopods (S. officinalis, Ancistroteuthis lichtensteinii, Histioteuthis
bonnellii, lllex coindetii, Todarodes sagittatus, T. pacificus, Todaropsis
angolenis, T. eblanae, Nototodarus sloanii, Dosidicus gigas,
and Moroteuthis ingens) are known to be parasitized by six of the
nine Anisakis species (4. simplex, A. berlandi, A. nascettii, A. pegreffii, A.
physeteris, and A. typica) currently described (for review see Tables 2—
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5, Mattiucci et al.,, 2018). Recent advances in anisakid biology and
systematics are comprehensively summarized by Mattiucci et al. (2018). It
is also worth noting that humans may also become accidental hosts if live
larvae of Anisakis spp. are ingested through the consumption of raw or
undercooked infected squid and cuttlefish. Additionally, even when
ingested dead, Anisakis larvae can induce allergic reactions (Audicana et
al., 2002; Mattiucci et al., 2013) or gastrointestinal problems (Audicana et
al., 2002). Although rare, anisakiasis (the infection of a human by this
parasite) is likely underdiagnosed and thus underestimated worldwide and
may pose a greater threat to public health in the future (Bao et al,
2017; Mattiucci et al., 2018).

Crustaceans

Crustaceans, primarily copepods and isopods, usually parasitize the gills
and mantle cavities of coleoid cephalopods (Pascual et al., 1996), but can
also parasitize external surfaces, such as arms or head (Hochberg, 1990).
Some attention was lately focused on tisbid copepods, parasites of deep-
sea octopods. The details of the Cholidya polypi morphology and life cycle
as well as a summary of Tisbidae infecting octopods are provided
by Humes and Voight (1997), while a genus/species with an endoparasitic
life stage infecting Vulcanoctopus hydrothermalis is described by Lopez-
Gonzalez et al. (2000).

Cephalopod Parasitology: Suggestions for the Future

Despite an increase in the understanding of cephalopod parasitology during
the last decades, there are still many gaps in current knowledge. Here, we
briefly discuss what we believe to be the most critical issues/questions for
basic and applied research that require attention.

Parasite Life Cycles and Transmission Pathways
The life cycles and transmission pathways of many cephalopod parasites
are still unclear. For instance, the methods of dicyemid transmission are
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completely unknown (Catalano et al., 2013), and it has been estimated that
less than 5% of the life cycle of marine helminths has been fully described
(Poulin et al., 2016). In the case of helminths, accurate identification of
these parasites by classical methods depends on the features of adult
parasites, which normally occur in vertebrates. However, the adult stages
of larval helminths are frequently unknown (Aznar et al., 2007), partially
due to disparity in the number of parasitological studies of invertebrates
compared to vertebrates (Poulin et al., 2016). Molecular tools combined
with phylogenetics can help identify trophic interactions that lead to the
transmission of parasites and to a better understanding of parasite life
cycles (e.g., Randhawa and Brickle, 2011). Also, our understanding of
interactions between diet, feeding behavior, parasitic disease, and
transmission pathways of cephalopod parasites can be improved with
similar combinations of traditional approaches and modern molecular
methods (e.g., Petri¢ et al., 2011).

Poorly Explored Life-Stages and Species From Polar and Deep Sea
Regions

Most of the cephalopod parasites have been described in shallow-water
species. Emerging exploration of polar and deep-sea will likely expand our
knowledge about the diversity of cephalopod parasites. Similarly, the
current knowledge is largely restricted to juvenile and adult cephalopod
hosts, with few parasites known for paralarvae/early juveniles (Vecchione,
1987; Vidal and Haimovici, 1999) and senescent animals (Pascual et al.,
2010). The extension of these limits (geographical-, life-stage-, and habitat-
wise-) may be the basis for new insights into host-parasite relationships,
offering important insights about the parasite diversity and complexity.

Cephalopod Parasites as Biological Tags in Population Studies

Studies of parasite distribution and host specificity can provide information
about host population structure, phylogeographic distribution, migration
patterns and general biology. Insights into host specificity can also help
predict the likelihood of a parasite successfully establishing itself and
spreading in new populations, geographical regions and hosts (Poulin and
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Mouillot, 2003), a possibility which becomes increasingly important with
accelerating global climate change.

Parasites are often utilized as “tags” for fisheries stock assessment,
especially in small populations and limited timescales (MacKenzie,
1999; Mattiucci et al.,, 2015). Anisakis have been used as biological
markers to identify sub-populations of pelagic and demersal fishes from the
Mediterranean Sea (for review, see Mattiucci et al., 2015). In cephalopods,
such studies are rare, mainly targeting squids (reviewed in Pascual and
Hochberg, 1996; Catalano et al., 2014b). Although taxonomy within this
clade is not yet well resolved (see Catalano, 2012for review), dicyemids
could serve the same purpose for certain benthic cephalopods, since they
are closely bound to their hosts and differ across the hosts’ geographical
range (Catalano et al., 2014a). Another promising taxon is Aggregata,
which, in the Mediterrancan, is differentiated into three distinct clades,
potentially reflecting population differentiation of its widespread host, O.
vulgaris (Tedesco et al., 2017).

Possible Parasite Outbreaks in Cephalopod Aquaculture

Cephalopod parasites rarely cause mortality or serious damage to wild
populations. However, synergic effects between different stressors
associated with captivity may favor parasites and other pathogens, making
parasite outbreaks more likely in aquaculture. Coincident with the
development and proliferation of aquaculture, parasites and other
pathogens have proliferated (e.g., Overstreet, 1973; Lom and Dykova,
1992), many causing serious economic and environmental problems.
Although our knowledge of cephalopod parasites in captivity is limited, we
can extrapolate (with some caution) from knowledge obtained from other,
already well-established, marine organism cultures.

In fish culture for instance, high population density is known to favor rapid
spread of infections, especially those caused by parasites with direct life
cycles, such as monogeneans and caligid copepods (e.g., Thoney and
Hargis, 1991; Johnson et al., 2004). Both groups have already been
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reported in cephalopods (e.g., Llewellyn, 1984; Pascual et al., 1996), and
are thus worth monitoring particularly attentively in cephalopod
aquaculture. High-density culture of hosts can also disrupt an otherwise
stable parasite life-cycle scheme. For example, the
myxosporeans Enteromyxum spp. normally alternate between two hosts
(fish and annelid), but are known to be capable of direct fish-to-fish
transmission in high-density conditions (Diamant, 1997). Likewise,
another group of myxosporeans, Kudoa spp., which have been reported in
wild octopus populations and are known to cause serious problems for
marine fish aquaculture (Moran et al., 1999), has been suggested as a
potential parasite in cephalopod culture (Yokoyama and Masuda,
2001). Aggregata octopiana, despite having a complex life cycle, can also
impact octopus health during commercial ongrowing (Gestal et al., 2007).

In captivity, even apparently harmless symbionts, such as dicyemids
and Chromidina spp., can become pathogens and inflict tissue damage to
debilitated cephalopods (e.g., blocking the renal sacs ducts, Sykes and
Gestal, 2014). At least three phylogenetically distant groups of potential
eukaryotic pathogens that are capable of both a free-living and parasitic
lifestyle (termed also saprophagic) can also be considered as potential
pathogens of cephalopods: histophagous ciliates, known from cultured fish,
crustaceans and bivalves (e.g., Cawthorn et al., 1996); amphizoic amoebae,
known from cultured fish, crustaceans, bivalves and sea urchins
(e.g., Dykova and Lom, 2004); and various fungal-like organisms known
from cultured fish, crustaceans and molluscs (e.g., Derevnina et al., 2016).
Since these pathogens are not limited by trade-offs regarding transmission
or virulence because of their independent free-living stage (Kuris et al.,
2014), they usually cause devastating economic impacts in aquaculture.
Several ‘fungus-like organisms’ and histophagous ciliates have already
been reported from cephalopods (Hanlon and Forsythe, 1990a; Tao et al.,
2016) but, to date, no amphizoic amoebae have been identified.
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Standardization of Parasite Sampling and Identification
Standardization of the sampling and identification methods used for
cephalopods is required. Given the particular anatomy of the different
cephalopod species, the publication of a guidelines, that could be used for
example for parasitological and health status assessment of kept
cephalopods or to determine their cause of death, would greatly facilitate
research. For parasite identification, the use of classical methods (e.g.,
using taxonomic keys) can be extremely difficult for larval stages (Catalano
et al., 2014b) or for species with high level of morphological plasticity
(Poulin and Morand, 2000). In addition, some of the original parasite
descriptions are not available in English (e.g., dicyemids, Nouvel,
1947, 1948; Van Beneden, 1876; Bogolepova-Dobrokhotova,
1953, 1960, 1962), are sometimes, incomplete (see Furuya, 2007), and
often muddled by a variety of unresolved taxonomic and nomenclatural
issues (e.g., nematodes, Smith and Wootten, 1978) which impair precise
parasite identification.

The use of alternative approaches, such as search for additional
morphological characters that complement classical parasite identification
as suggested by Tedesco et al. (2017), the use of genetic and molecular
techniques (e.g., Kopecnd et al., 2006; Castellanos-Martinez et al.,
2013; Souidenne et al., 2016; Tedesco et al., 2017), as well as combinations
of multiple methods, is growing. Such approaches should help to better
elucidate and re-evaluate the taxonomic status and host-parasite
relationships, particularly where morphological plasticity might be of
concern (Pascual et al., 2007). Moreover, it may clarify relationships within
species complexes, such as that of 4. octopianainfecting O. vulgaris in
Mediterranean areas (Tedesco et al., 2017). Finally, taxonomic review of
genera with morphological descriptions and molecular markers would aid
research and improve assessment methods for cephalopod health and food
safety in aquaculture.

The use of non- or minimally invasive methods for in vivo detection of
cephalopod parasites should be explored in the near future. For instance, it
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has been suggested that Aggregata infection could be diagnosed through
the presence of sporocysts in the feces of living animals or through
inspection of the terminal intestine by gentle retraction of the ventral
mantle or by endoscopy (Sykes et al., 2017). Detection of cephalopod
parasite infection using ultrasound imaging or swabbing for parasite
molecular/DNA sampling might also be possible. The development of
these methods would facilitate early diagnosis, ultimately preventing
disease outbreaks and improving animal welfare in captivity.

Cutting Edge Molecular Methods

Transcriptomics, genomics and proteomics (“omics”) are relatively new
tools for understanding direct host parasite relationship on a molecular
level. By enabling the study of the microbiome and metagenome of
different cephalopod organs in relation to parasitic infection, the
consequent pathology and immune response of hosts can be better
understood (see for example Castellanos-Martinez et al., 2014a,b).
Additionally, low coverage genome re-sequencing or reduced
representation sequencing (RADseq methods, Davey and Blaxter, 2010)
provide a tool for probing the genomic structure of populations with an
unprecedented level of clarity for both host and parasites. Ultimately, such
genomic information coupled with environmental data results in a
“seascape genomics” approach, which can reveal both local genetic
adaptations as well as the broader dynamics of gene flow (Riginos et al.,
2016).

Effect of Parasites in Cephalopod Physiology and Health

Host responses to parasites may involve a variety of physiological
mechanisms (e.g., neural, endocrine, neuromodulatory and immune) that
can interact and alter host behavior (see review in Thompson and
Kavaliers, 1994). For example, in fishes, parasitism can cause conspicuous
host behavior (e.g., impaired sensory and swimming performance,
increased time at water surface, etc.), increasing predation risk (Lafferty
and Morris, 1996). Parasites can also affect fish performance in terms of
growth and reproduction, consequently impacting their health and welfare
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(Barber, 2007). Unfortunately, in cephalopods, the effects of parasitism are
usually reported only at histopathological level, whereas physiological and
behavioral effects are virtually unexplored. Experimental studies
combining both behavioral and quantitative physiological indicators will
help to better understand host-parasite systems and, hopefully, enable
better assessment of cephalopod welfare. New technologies such as
“omics” approaches and electron and florescent microscopy will certainly
facilitate this research.

Resource Sharing

Although researchers have been able to build on previous research to some
extent (e.g., through examination of collection of parasites and voucher
specimens kept in museums, or gene mining in NCBI genetic database),
there is much to be gained from employing a more open approach. The
sharing of material through lab networks or open databases can reduce
research effort and cost, maximize data use, and minimize the number of
animals sampled. This is especially relevant for animals difficult to obtain,
such as deep-sea cephalopods.

A database of cephalopod parasites and their cephalopod hosts available
from the scientific literature, as already published for other species (e.g.,
Global Mammal Parasite Database, www.mammalparasites.org), possibly
with extension of curated database of molecular barcodes, should be
considered. In this regard, efforts are currently underway to publish a free
online database of parasites and other pathogenic agents of cephalopods,
the “Cephalopods’ Pathogenic Agents Database (CephPAD),” which will
include information on the affected tissue, anatomical-pathological
findings, clinical presentation and mortality. An Atlas of Cephalopod
Pathogens and Diseases is also in progress as follow-up to the activities of
the COST Action FA1301. These initiatives will greatly facilitate the
assessment of pathogenic agents and might facilitate early diagnosis of
cephalopod pathogenic agents when they occur.
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1 Summary of results

This thesis brings new information into the area of invertebrate biology and
tries to widen our knowledge about life-history traits, population structure,
and phylogenetic position of two enigmatic clades of tiny marine parasites,
Dicyemida and Orthonectida.

The first chapter explores the phylogenetic placement of both clades based
on the phylogenomic data analyses and examines the impact of the
selection of currently used methods. In all our analyses, both Dicyemida
and Orthonectida were found to be firmly placed inside Lophotrochozoa
and almost always joined together in monophyletic Mesozoa. However, the
relationships between lophotrochozoan phyla were found to be unstable
and dependent on the phylogenetic method used (e.g., Maximum
likelihood, Bayesian inference, coalescence). In most of our analyses,
based on a carefully constructed dataset with almost 1000 genes,
Lophotrochozoa split into two main groups: Platyzoa s./
(Gnathostomulida, Micrognathozoa+Rotifera, Gastrotricha,
Platyhelminthes, Entoprocta+Cycliophora, and Bryozoa) and Trochozoa
(Mollusca, Annelida, Nemertea, and Phoronida+Brachiopoda), with
Dicyemida and Orthonectida as a monophyletic Mesozoa clade placed in
Platyzoa. The exceptions, where Dicyemida and Orthonectida were seen as
separate clades were the results of some of the Bayesian inference analyses
(BI) with reduced representation of genes and one ML likelihood analysis
with profile mixture model (similar model to CAT+GTR in BI) on 50 gene
matrix, which showed similar result to BI. In BI, Dicyemida stayed in
Platyzoa but Orthonectida were found in multiple positions across the trees
depending on the matrix used (reduced matrices differed in the number of
genes used and their characteristics). BI approach with the complex
CAT+GTR model has, compared to ML and coalescent, the disadvantage
of high computational demands and often does not converge on larger
datasets, which limits its use to only dozens of genes. This was also
generally true for our dataset where matrices with more than 50 genes did
not converge on a single solution and showed variable results,
unfortunately, especially regarding the position of mesozoan clades
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(usually orthonectids). A similar discrepancy in results was also shown in
phylogenomic datasets in the case of the Ctenophora vs. Porifera first
controversy (Whelan et al. 2017; Simion et al. 2017). Discussed reasons
for this discrepancy were mainly the different models of sequence
evolution used by BI and maximum likelihood approaches and
phylogenetic inference approaches in general but also dissimilar taxon
sampling and quality of matrices (Whelan et al. 2017; Simion et al. 2017).

In a published phylogenomic study, mesozoan clades were found to be
monophyletic and close to Gastrotricha and/or Platyhelminthes (Lu et al.,
2017). In contrast, in the study based mostly on mitochondrial genes by
Schiffer et al. (2018) Mesozoa was not found monophyletic, because
Orthonectida was associated with Annelida, but Dicyemida was placed
somewhere in Lophotrochozoa with uncertain affiliation. In another
phylogenomic study by Zverkov et al. (2019) Mesozoa was also found not
monophyletic, because Orthonectida was placed in Annelida and
Dicyemida close to Platyhelminthes or other lophotrochozoan clades. This
study also showed a strong dichotomy between BI and ML results
regarding the position of mesozoan clades. Contrastingly, in the ML
approach, Mesozoa was found monophyletic. Nonetheless, the authors
strongly argue for taking into account only the BI results.

So, are Mesozoa monophyletic? What is their precise position in the Tree
of Life? Results of phylogenomic studies narrowed down the options but
do not seem to provide a definitive answer. These incongruous views on
Mesozoan phylogeny still leave us in suspense, regarding which of the
suggested scenarios is closer to the true evolutionary pathway, similarly to
the Porifera vs. Ctenophora first controversy. Our results revive the classic
monophyletic Mesozoa hypothesis and support their position as near
Platyhelminthes or Gnathifera as part of the wider Platyzoa s... group. The
key improvements that seem necessary to move the field of
lophotrochozoan phylogeny forward are wide and careful taxon sampling,
correct handling of the data (e.g., orthology assignment, contamination
checks), and further testing of the robustness of phylogenomic methods.
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The second and third chapters demonstrate the use of population studies on
dicyemids. The second chapter compares the population structure of
dicyemids from Sepia officinalis (Common Cuttlefish) with the population
structure of their host, based on cytochrome oxidase gene (COI) sequences.
Population structuring of organisms is affected by their motility (either as
adults or larvae) and/or by their dependency on a specific habitat and its
fragmentation. In general, due to the homogeneity of the marine
environment, organisms living there are expected to have little structured
populations. However, the actual population structure in individual cases
can be unpredictable. In our study, Common cuttlefish shows substantial
population structure within its range and surprisingly high genetic diversity
in the seas surrounding Sardinia. Dicyemids mostly follow the pattern of
their host and show the highest diversity in the same area but not to the
level of individual hosts, suggesting that co-divergence of host and
dicyemid haplotypes might not be as strong on the locality.

The third chapter focuses on the dicyemid population inside one host
(dicyemid infrapopulation) employing metrics used in population genetics
to reveal dicyemid population structure and relatedness in one host. This
information can be then used to infer information about dicyemid
reproduction strategies and transmission. Specifically, the study is based
on eight novel dicyemid microsatellite loci and focuses on Dicyema
moschatum 1inhabiting renal organs of Eledone moschata octopuses,
sampled from two localities from two seas. Pula, Croatia represented the
Adriatic Sea, and Naples, Italy, the Tyrrhenian Sea. Results showed that
dicyemids inside one host are not clones, which points to the occurrence of
sexual reproduction in the renal organs of its host. Dicyemid
infrapopulations from the two localities were distinct, however, the
sampling was too sparse to assess the overall connectivity of dicyemid
infrapopulations. This study showed us that population genetic methods,
such as microsatellite studies and genetic diversity statistics, may be useful
in revealing additional information about life-history traits in tiny
enigmatic animals such as dicyemids.
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The fourth chapter summarizes what is currently known about the parasites
of cephalopods and points out possible future research challenges in the
area. It includes information about dicyemids and their unique position
amidst other cephalopod parasites. Therein described features of dicyemids
are their close association with their hosts and their high prevalence. This
chapter also states that future directions in dicyemid research (and
cephalopod parasites in general) should be directed into an exploration of
their diversity (virtually unknown in dicyemids), systematics, elucidation
of lifecycles, parasite/host coevolution and population structure and the
extent of morbidity (harmfulness) of the parasites. All of the above
mentioned can be useful in cephalopod stock management and aquaculture,
but the last mentioned may be the most.

Overall, this thesis brings important pieces of information in the area of
phylogeny, population structure, and life history for little known but very
interesting marine parasites and hopefully helps us fill the gaps in the big
biological puzzle called the Tree of Life.

2 Future perspectives

Despite the new pieces of information about the evolution and life of
mesozoans, they still remain rather enigmatic. Especially orthonectids are
very rarely seen due to their low prevalence. This unpredictability makes it
difficult to collect samples for further studies. However, it also presents an
opportunity for new species discovery in less known host species (e.g., the
discovery of Rhopalura xenoturbellae, Nakano & Miyazawa, 2019).

Compared to orthonectids, dicyemids can be relatively easily obtained from
a range of benthic cephalopods. However, the species boundaries in
dicyemids and their distributions are not clear. Integration of molecular
methods and classic morphology is crucial for a better understanding of
both dicyemid and orthonectid systematics.

A promising way of increasing insight into mesozoan diversity would be a
comparison of an assemblage of parasitic species in different hosts across
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the world seas through analysis of genetic markers. Specifically, a usage of
universal primers coupled with next-gen sequencing (alias amplicon
sequencing) could provide interesting clues into mesozoan worldwide
diversity, species distributions, and host-parasite interactions.

Improved molecular methods targeting dicyemids may also be potentially
used for the development of tools for cephalopod stock assessment in
fisheries and aquaculture. Parasites are sometimes used in fisheries as
‘tags’ to ascertain the origin of a given fish and dicyemids would be a good
candidate for the same purpose in cephalopods (Catalano et al., 2014). If
parasite species distributions are known, then the origin of an unknown host
individual (for example a suspicious octopus seized on the market) can be
determined. With climate change that affects marine ecosystems, the
interest in research concerning cephalopods intensifies. As cephalopods are
short-lived and opportunistic, their populations can react quickly to the
changing environment. Diminishing of fish stocks and increase in octopus
populations cause changes to ecosystems but may also drive the change in
human consumption of cephalopod products, which has been already
observed in France. Dicyemid tags may prove to be a useful tool in the
protection of the marine environment and stock assessment in our changing
seas.

Even though orthonectid and dicyemid phylogenetic position was
examined with modern phylogenomic methods, their precise position in
Lophotrochozoa and their sister group/s has not been pinpointed with
certainty. Further phylogenomic studies with increased taxon sampling
(with the inclusion of Chaetognatha in particular), careful data curation,
and management will be of utmost importance for elucidation of the
evolution of Lophotrochoza. The position of mesozoa relative to other
lophotrochozoan groups is essential for the recovery of a reliable
phylogenetic backbone of Lophotrochoza, which is a key for further
research into the evolution of invertebrates.

In conclusion, after decades of research into their life histories, evolution,
and genetics, orthonectids and dicyemids, still retain a few secretes and
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remain mysterious. From the story of mesozoan research, we can learn that
some questions are not easily answered, even with modern methods and
that sometimes the answers are not as simple as expected. However, it also
shows us that there are things unexplored out there and there still could be
a joy found in pursuing the natural history of organisms. May there always
be discoveries to be made and seas to explore.

“The Sea, once it casts its spell, holds one in its net of wonder
forever.”
Jacques - Yves Cousteau
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