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Annotation

Using amplicon sequencing, this study reveals dicyemid diversity around the world as well as
within individual cephalopod hosts. A wide number of samples of multiple species were
collected to reflect true dicyemid diversity. Heterogeneity primers were designed in order to
improve the sequencing performance of the Illumina platform. A complex bioinformatic
pipeline was implemented to process non-overlapping reads. The species delimitation methods
were used to categorize occurring dicyemid types. Using the output of implemented methods,

dicyemid diversity was assessed, proposing new trends opposing the current methodology.
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1 Introduction

Studying parasite distribution and host specificity provides us with information on
phylogeographic distribution, possible migration patterns, and host population structure. A
better perception of host specificity can help predict the probability of a parasite’s ability to
successfully establish a new population and spread to new regions and/or hosts (Poulin &
Mouillot, 2003). Considering the accelerating global climate change, it is of utmost importance
to understand these patterns better, and especially in the cephalopod case, we are in “uncharted
waters” (Roumbedakis et al., 2018).

Due to the loss of the external shell, most coleoid cephalopods (except for Nautilus spp.) are
more prone to contracting parasites and diseases compared to other mollusk taxa. Cephalopods’
sophisticated ability to camouflage and signal makes them highly evolved, but also susceptible
to lesioning, which makes them more prone to contracting disease (Kinne, 1990). Cephalopods
are either intermediate or definitive hosts for many parasites, for example, cestodes, nematodes,
protists, and also dicyemids (more on this subject in Hochberg, 1990). Dicyemids are poorly
known parasites of benthic cephalopods. While their life cycle remains to be partly mysterious,
there have been a significant number of discoveries since their first description by von Kélliker
in 1849. One of those discoveries discussed possible mating strategies, and based on
microsatellite markers, they established that while reproducing both sexually and clonally,
dicyemid infrapopulations also form geography-bound genetic clusters (Drabkova et al., 2021).
In theory, marine species do not face the obvious dispersal obstacles as terrestrial species,
suggesting vast spanning areas and therefore low inter-population genetic variation (Palumbi et
al., 1992). In reality, many species show very high diversification (e.g., Sepia esculenta, see
Zheng et al., 2009). This is given by both the biological traits and physical barriers, mostly sea

or ocean currents (Palumbi et al., 1992).

Even though dicyemids are commonly referred to as parasites, many studies indicate that it may
not be the case (Katayama et al., 1995; Furuya et al., 2004). They absorb the urine in the renal
organs, possibly not causing harm to the host at all (Ridley, 1969). Nevertheless, parasites or
not, it is crucial to understand dicyemids better to unveil their relationship with their cephalopod
hosts, as octopuses and sepias play a major role in aquaculture and marine ecosystems.
Considering dicyemids’ high prevalence (see chapter 1.2: The relationship between dicyemid
and its host), we might assume that every cephalopod caught by fishermen is infected. Whether

this is important for human consumption is yet to be discovered. In either case, it remains



unclear whether high or low dicyemid infections play a role in cephalopods’ life quality. To
shed some light on dicyemids’ diversity patterns, we carried out a study including cephalopod

specimens from all over the world.
1.1 Dicyemids

Dicyemids (Fig. 1) are tiny, worm-like organisms that live in the renal organ of benthic
cephalopods. Dicyemids are present in most octopods and sepioid decadpods, but rarely occur
in teuthoid decapods (with exceptions such as Sepioteuthis lessoniana, Todarodes pacificus,
Sepioteuthis australis) (Fururya et al., 2004; Catalano et al., 2014). The surface of the renal
organ is usually densely covered with dicyemids, reaching up to thousands of individuals per
cm?® (Furuya & Tsuneki, 2003). Their body structure is simple, mostly consisting of only 8 to
40 cells (Furuya & Tsuneki, 2003). Dicyemids do not possess body cavities or differentiated
organs (Suzuki, 2010). Their body is formed by one prolonged axial cell, surrounded by
peripheral cells. In the frontal part, the peripheral cells form the “calotte” (“head”), used for
attaching to the renal organ (Fig. 2). Morphologically, three different shapes of calotte are used
for species determination - conical-shaped, cap-shaped, and disc-shaped (Furuya & Tsuneki
2003). The dicyemids genome is highly reduced, for example, the genome size is only 67,5 Mb

for Dicyema japonicum (Lu et al., 2019).

Fig. 1: Confocal microscopy of D. moschatum. DAPI + phalloidin (actin; green) + beta-tubulin
(white). Photo by Marie Drabkova.



New findings from a recent study (Drabkova et al., 2021) provided more information about the
life-cycle and genetic organization of dicyemids. According to microsatellite diversity results
of Drabkova et al. (2021) dicyemids are diploid organisms, reproducing both clonally and
sexually. Moreover, the rate of heterozygosity is higher than expected, regarding their unusual
habitat and life cycle. Their infrapopulation structure mostly follows the geographic pattern of

the host. Multiple re-infection of the host is assumed due to several genotypes within one

infrapopulation.

Fig. 2: Dicyemid individuals attached to the renal organ of a cephalopod. Photo by Marie
Dréabkova.

1.1.1 Taxonomy

The most accepted phylogenetic placement of Dicyemida is among phylum Mesozoa, together
with Orthonectida. However, the monophyly of the phylum has been disputed (Dunn et al.,
2014; Telford et al., 2015; Bleidorn, 2019) and its placement in the tree of life remains unclear.
Mesozoa were even considered as possible ancestors of Metazoa, due to their simplified body
structure (Lapan & Morowitz, 1975). Stunkard (1954) lists the possibility that dicyemids could
be ranked within flatworms, but this claim has been disproved based on innexin encoding
cDNA revealing three distinct major protostome lineages - arthropods, nematodes, and
lophotrochozoans (Suzuki et al., 2010). According to the latest phylogenomic studies,
Dicyemida could be nested in Lophotrochozoa, either as a monophyletic group or with
Dicyemida and Orthonectida separated (Lu et al., 2017; Schiffer et al., 2018; Zverkov et al.;



2019). Thus, a general agreement on the evolutionary origin of dicyemids has not been reached

yet,

Molecular data (18S rDNA) revealed that even morphologically different species (for example
Dicyemennea brevicephala, Dicyemennea adscita, Dicyemennea adminicula, and Dicyema
apollyoni, all infecting Octopus rubescens) are genetically alike (Eshragh & Leander, 2014).
That means that the current identification of morphospecies as species may be misleading;
which is also supported by Catalano et al., 2012. Catalano et al. (2012) also state that out of 112
currently morphologically described species up to 20 % may be invalid. One possible answer
to assessing better the taxonomy of dicyemid species is DNA barcoding. Currently, the most
used barcode for eukaryotes is cytochrome c¢ oxidase subunit 1 (COI) in mitochondria (Evans
et al., 2007). However, endoparasites (such as dicyemids) tend to have highly reduced
mitochondria due to the environment they occupy, making the COI unideal genetic marker
(Awata et al., 2005; Tsaousis et al., 2008). A better choice for dicyemids is 18S rDNA which
is known to evolve fast in parasites (Crainey et al., 2009; Bucklin et al., 2011). To answer the
intra- and interspecific variation of dicyemids, the key is sequencing 18S rDNA for all
morphospecies. By establishing alpha and beta diversity based on amplicon sequencing results,
we can estimate how many dicyemid types are present within one host and whether there are
different types among various host species and locations. Alpha diversity is a measure of
species diversity within one host, whereas beta diversity measures species diversity between

hosts.
1.1.2 Life cycle

The main reason for dicyemids' simple body structure is probably not their “primitive” origin,
but their parasitic lifestyle (Stunkard, 1954). The life cycle includes two stages: vermiform and
infusoriform stage (Furuya & Tsuneki, 2003). These two stages differ in their body structure
(Fig. 3). The infusoriform stage is represented by the embryo after sexual reproduction, hatched
out of a fertilized egg - the infusorigen. The embryo (nematogenic or rhombogenic individual)
at vermiform stage is made asexually. The vermiform stage can only be found within the host.
The infusoriform stage represents the most probable way of infecting a new host. This is due to
their ability to leave the host and independently swim [for several days in vitro
(McConnaughey, 1951)] in search of a new cephalopod host. Unfortunately, the precise
mechanism of the transformation from infusoriform to vermiform individual is unknown, as

well as the exact way of infection (Furuya & Tsuneki, 2003).
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Fig. 3: Dicyemid life cycle. AG — asexual cell, AN — nucleus of axial cell, AX —axial cell, C —
calotte, DI — developing infusoriform embryo, IN — infusorigen, DP — dipolar cell, DV —
developing vermiform embryo, IN — infusorigen, MP — metapolar cell, PA — parapolar cell, PP

— propolar cell, UP — uropolar cell (adopted from Furuya et al., 2003).
1.2 The relationship between dicyemid and its host

While exploring the relationship between dicyemids and their hosts it is vital to realize the
importance of the dicyemids’ way of attaching themselves to the folds of the renal organ. The
type of calotte is defined by the structure of renal organ’s surface, and the depth and shape of
its folds. As a consequence, only morphologically compatible species of dicyemids are able to

attach to specific host species.



The question is how morphologically different could be various individuals of one species. One
of the proposed theories suggests that dicyemids adapt according to the renal organ’s shape in
which it finds itself (Eshrag & Leander, 2014). This would lead to the conclusion that only
genetically closely related cephalopods can host similar dicyemids, and even the slightest
change within the structure of the renal organ’s folds would affect the population structure of
present dicyemids (Poulin et al., 2011). Assuming that mutual relationships between host and
dicyemid exist, it is probable that the change in dicyemid population structure would affect host

fitness as well.

The maximum number of dicyemids present within one host is set to be three (Furuya &
Soudienne, 2019), however, if this assessment was based only on morphological description of
occurring dicyemids, it might be disproved by molecular data (as in Eshragh & Leander, 2014)
Studies of dicyemid life cycle face many obstacles, due to simplified dicyemid morphology,
and impossibility to study dicyemids in their natural habitat or to cultivate their hosts (EU
legislative 2010/63/EU- animals protection for scientific purposes) (Roumbedakis et al., 2018).
The simplest solution to this problem would be to infect the eggs directly, from female to its
offspring, but this theory was not confirmed (Catalano, 2013). Other aspects that could take
part in the way of infection, are the host’s age, geographic location, or size (Catalano et al.,
2014). However, despite all the obstacles to dispersal between hosts, the dicyemid prevalence
in cephalopods is high — reaching up to 100% in the Mediterranean Sea (Nouvel, 1947). As
dicyemids are found in renal organs, their ciliary activity seems to help maintain a constant
flow of urine, which may redefine them as symbionts to cephalopods rather than their parasites
(Furuya & Souidenne, 2019), supporting earlier claims about them not-harming the host at all
(Katayama et al., 1995; Furuya et al., 2004).

1.3 Amplicon sequencing

Amplicon sequencing represents a cost-effective way to discover species compositions in
various environments. Especially microbiologists adopted this technology to characterize
microbial communities by targeting conserved regions such as 16S rRNA, or by the so-called
shotgun metagenomics (randomly sheared DNA molecules) (de Muinck et al., 2017). The
method is of utmost importance for discovering non-cultivable organisms which would
otherwise go undetected (Fadrosh et al., 2014). The data acquired by this type of sequencing
enable us to relate a huge number of samples to one another in order to reveal biological
patterns. Other approaches, such as metagenomics, could be employed for the same purpose,



especially for revealing insights into genes’ functions, but 16S rRNA targeting could be
extremely valuable to assess biodiversity in a community of interest (Caporaso et al., 2011).
The ability to relate 16S rRNA trends at the species level to the host is an especially useful and
powerful tool (Hamady & Knight, 2009).

The lllumina MiSeq platform allows high-throughput sequencing, generating highly accurate
single-end or pair-end reads of the maximum length of 2 x 300 bp resulting in 15 Gb of output
data (Illumina website). The most popular way of employing Illumina MiSeq for amplicon
sequencing is by using single or dual indexing, by attaching the barcode (the index) either from
a single or from both ends of the targeted insert. This method allows for multiplexing many

samples and saving time and money (Fadrosh et al., 2014).

The V4 region, a part of rRNA region, is currently the most commonly used. Nowadays,
primers 515F-Y and 926R by Parada et al. (2016) are optimal for marine taxa. As described in
Parada et al. (2016), previously widely used primers 515F-C and 806R (Caporaso et al., 2011,
2012) either overestimated or underestimated several marine taxa compared to the newly
proposed primers. These primers are also capable of amplifying 18S eukaryotic rDNA; one

more reason why they were used in this study.
1.4 OTUs and ASVs

When working with the output data from rDNA amplicon sequencing, the golden standard for
years has been the use of operational taxonomic units - OTUs. OTUs are clusters of reads that
do not differ by more than the fixed sequence dissimilarity threshold, which is usually set to be
3 % (Westcott & Schloss, 2015; Kopylova et al., 2016). These clusters are meant to correspond
with a species of the same DNA sequence. OTU sequence table created based on this sequence
similarity serves as a basis for further analysis. Clustering based on the percentage of similarity
between sequences depends on the dataset that is used for de novo OTU clustering. This can
potentially introduce error, as OTUs from two different sequencing runs of different quality can
be very inconsistent. Closed reference OTUs, that are created based on a reference, are more
precise. However, when comparing de novo OTUs to the reference ones, part of the natural
biological variability may be lost due to a comparison based on the percentage of similarity
(Callahan et al., 2017).

Alternatively, a method called amplicon sequence variants - ASVs - has been introduced in the
last decade (Eren et al., 2013; Tikhonov et al., 2015; Eren et al., 2015; Callahan et al., 2016a;



Edgar, 2016; Amir et al., 2017). ASVs are not created based on the reads separately, but with a
consideration of the whole sample, thus lowering the chance of processing possible sequencing
artifacts. Unlike OTUs, ASVs reflect true biological variability, as they are not based on
percentage similarity but on the truly observed sequences, making it possible to differentiate
between variants differing by as little as one nucleotide. This provides higher sensitivity and
specificity than OTUs, which in turn can better distinguish existing ecological patterns. ASVs
reflect biological reality outside the analyzed data - real DNA sequence of studied organisms.
Another important advantage of using ASVs is their reproducibility across studies and

independence from reference databases (Callahan et al., 2017).
1.5 Species delimitation

Recognizing whether a group of organisms belong to a different population of a single species
or whether they constitute a different species is called species delimitation. Historically, this
process was based on the morphological traits of the organism only. This approach can prove
problematic for species with not enough distinctive traits or highly plastic morphology (for
example due to environmental factors), such as dicyemids. Additionally, morphological species
delimitation depends on the expertise of the taxonomist and can be time-consuming, which is
especially problematic for species undergoing extinction. The idea that the process gets semi-
automated, and taxonomists only verify whether the results obtained from genomic data make

sense, is therefore interesting for further investigation (Rannala & Yang, 2020).

The most known approach for species delimitation is so-called “DNA barcoding”, which
focuses on sequencing one gene across the organisms (e.g., COIl for most animals). However,
methods based on a single locus are probably going to have low power for recently diverged
species (Rannala & Yang, 2020). Nowadays, most molecular heuristic methods for species
delimitation still originate from the DNA barcoding idea. Heuristic methods, even though
computationally efficient, could be sometimes hard to interpret and might have poor statistical
properties, depending on the specific parameters (Rannala & Yang, 2020). Various heuristic
methods are available for species delimitation. Among them, the most widely used are GMYC

and PTP approaches.

General Mixed Yule Coalescent (GMYC) (Pons et al., 2006) works by classifying waiting times
between coalescence events in a gene tree into two categories: those within species determined
by the coalescent process, and those between species determined by the Yule process. The time

needed for gene-tree nodes to switch between Yule and coalescent process is estimated by



Maximum Likelihood to determine species delimitation. A likelihood ratio test is used for
occurrences of single or multiple species. While this method is computationally simple, it
ignores potential errors in gene tree. GMYC method is considered to work optimally for
datasets with sufficient intervals between speciation events and small population sizes. L(GMYC

approach is a Bayesian implementation of GMYC (Reid & Carstens, 2012).

Poisson Tree Process (PTP) (Zhang et al., 2013) works with the distribution of branch lengths
in gene tree, and based on them identifies species. PTP uses a rooted non-ultrametric tree, and

does not rely on molecular clock. bPTP is a Bayesian implementation of standard PTP.

While convincing-enough evidence of genetic isolation might be enough for sympatric species,
populations from distant geographic locations might not be so easily distinguished. The genetic
isolation in those cases could be only due to isolation by distance (Rannala & Yang, 2020). In
order to justify species' status, multiple sources must be combined to make a compelling case
for species delimitation. In some cases, it might be the best approach to set boundaries within
specific population types, rather than insisting on labeling them as species, potentially

introducing errors to the taxonomy.



2 Main goals

Herein, amplicon sequencing was used for 227 cephalopod individuals to contribute to
resolving still uncertain and largely unexplored dicyemid diversity and life strategy, as well as
their interactions with the host species. The main goals were:

1. to test whether one or more dicyemid species per host is present;
2. to explore geography-bound diversity of dicyemids;

3. to investigate dicyemid composition among various cephalopod host species (host-
specific diversity);

4. to estimate the number of dicyemid species (lineages) that occur across all the sampled
hosts and locations worldwide, helping to estimate the possible true number of existing

species (dicyemid diversity per se).
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3 Materials and methods
3.1 Collection of samples

We obtained 264 accessions (Fig. 5) of various cephalopods’ renal organs (Fig. 4). Samples
were collected during multiple field trips in Europe (Fig. 6) at various localities from 2015 to
2021 (for the accession numbers and voucher information see Attachments, Table I). In
addition, we included samples from China, Australia, Japan, Hawaii, and Vietnam provided by
colleagues, and species downloaded from GenBank (for voucher information see Attachments,
Table I).

renal organ

Fig. 4: Dissected octopus Eledone moschata. Photo by Marie Drabkova.
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Host species were usually purchased from the local fishermen at markets or obtained by vessel
fishing. The exact collection locality was confirmed with the retailer to exclude the possibility
of the uncertain geographical origin of samples. After dissection, a piece of both the renal organ
and a part of a tentacle (a host tissue voucher) were preserved in pure ethanol. Some of the
early-collected dicyemids samples were obtained by washing the renal organ in artificial
seawater (ASW - see Lapan & Morowitz, 1975). After releasing dicyemids, the samples were
carefully centrifuged to form a pellet for further DNA isolation. For a detailed sampling

procedure see Drabkova et al., 20109.

Soutn Korea  J2Pa"

Fig. 6: European sampling localities. Pins denote the position of sampling localities.
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3.2 DNA isolation

Before DNA extraction samples were removed from ethanol and left to dry. DNA samples from
both the renal organ and tentacle were extracted using DNeasy Blood and Tissue kit (QIAGEN)

according to the manufacturer’s manual.
3.3 Verifying the host species

Gene marker cytochrome c oxidase | (COI) was used to determine the host species by PCR
amplification and sequencing. The reaction contained: 1 pl of DNA sample, 1 pl of forward
primer (5pM, F1490, Folmer et al., 1994; sequence in Tab. 1), 1 ul of reverse primer (5pM,
H7005, Hafner et al., 1994; sequence in Tab. 1 or 5pM, H2198, Folmer et al., 1994; sequence
in Tab. 1), 2 ul of buffer (PCR blue buffer, Top-bio), 0,5 ul of nucleotides (ANTPs 10mM,
ThermoFisher), 0,2 ul of Taq polymerase (Top-bio) and 14,3 ul of H2O. For the specific
thermocycler setup, see table 2. PCR products were visualized by gel electrophoresis (1%
agarose, 1 KB GeneRuler ladder ThermoFisher), enzymatically cleaned (0,5 pl exo I nuclease
Top-bio, 2 ul FastAP, 2,5 ul H20), and Sanger sequenced using PCR primers in a commercial
laboratory (Segme, CZ).

Tab. 1: Primer sequences for the COl PCR amplification.

Loci Name Sequence of the primer 5" — 3' Forward/Reverse
COIl of | F1490 GGTCAACAAATCATAAAGATATTGG F
the host

H7005 CCGGATCCACANCRTARTANGTRTCRTG |R

H2198 TAAACTTCAGGGTGACCAAAAAATCA R

13



Tab. 2: Thermocycler configuration for the COl PCR amplification.

Loci Initial No. of | Denaturation | Annealing | Elongation | Final
denaturation | cycles elongation
COl of |94°C 30 92°C 52°C 72°C 72°C
the host
5 minutes 1 minute 1 minute | 1 minute 5 minutes

3.4 rDNA library preparation

The amplicon library was prepared following a slightly modified Illumina protocol (Illumina
16S metagenomic sequencing library preparation, 2017). A two-stage PCR protocol was chosen
in order to optimize economic efficiency by allowing the sharing of barcoded oligos between

different projects (opposite to one-stage PCR).
3.4.1 Designing oligonucleotides

When preparing an amplicon library it is crucial to realize that the final library will be of low
complexity, as it consists of millions of the same or highly similar reads. This can cause a
problem in the cluster identification and color matrix estimation for the sequencing machine,

as the same signal flashes and can cause sequencing failure (de Muinck et al., 2017).

One of the most common solutions to this is adding a spike-in of PhiX DNA, which will
diversify the library and therefore prevent the signal from clashing. The downside of this
approach is the fact that adding a substance that is not of our interest takes up space on the
sequencing lane, meaning that the amount of obtained data is lower. To avoid losing data to the
PhiX spike-in, we decided to use heterogeneity primers, i.e., inserting short spacers (0-4
nucleotides long) to our construct, similarly to Fadrosh et al. (2014). These spacers are random
nucleotides inserted in front of the primer itself but also after the reading site (reading primers
Rd1 SP, Rd2 SP). The construct added in the first round PCR (referred to as Amplicon PCR)
consists of the primer itself (primers 926R and 515F-Y by Parada et al., 2016), spacer, and the
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overhang, which is necessary for binding the indices and adapters in the second-round PCR
(Fig. 7). In the second round PCR (referred to as Index PCR) the construct consisting of the
[llumina adapter site, also known as P5 and P7, is added together with the index and an overhang
that binds to the overhang from the Amplicon PCR (see Fig. 5). In this thesis, we used dual
indexing approach. For the complete list of indices see attachments, Table Il. Dual indexing
allows multiplexing up to 384 samples for one sequencing run, which can significantly reduce
the cost of sequencing. To determine the best molarity of used primers, Bioanalyzer was run to

check for primer-dimers and other potentially unwanted activities.

Amplicon PCR
Spacer Targeted sequence

Overhang 18S universal primer

Index PCR

Index iS Index i7

Ilmn adapter

Fig. 7: Visual representation of the construct added to the Targeted sequence.
3.4.2 Amplicon PCR

Amplicon PCR was carried out for 185 samples in duplicates (to control for amplification bias)
plus negative controls, i.e., 374 reactions were done in total for the first prepared library. The
second library was prepared using 252 samples. The required DNA template concentration for
every sample was min. 4 ng/ul, but the average was around 12 ng/ul. Every reaction consisted
of 12,5 ul KAPA HotStart ReadyMix (Roche), 5 ul 1uM reverse primer (sequence as in table
3), 5 ul 1uM forward primer (sequence as in table 3), and 2,5 ul of the sample. For the

thermocycler setup please see table 4.

Tab. 3: Primers used for the Amplicon PCR.

Loci Name Sequence of the primer 5"— 3' Forward/reverse
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16S bacterial/18S | IImn-16S-FW | TCGTCGGCAGCGTCAGATGT |F
dicyemid GTATAAGAGACAGN(0-

4xX) GTGCCAGCMGCCGCGGTA
A

16S bacterial/18S | IImn-16S-RV | GTCTCGTGGGCTCGGAGATG |R
dicyemid TGTATAAGAGACAGN(0-
4X)CCGYCAATTYMTTTRAGTT

Tab. 4: Thermocycler configuration for Amplicon PCR.

Loci Initial No. of | Denaturation | Annealing | Elongation | Final
denaturation | cycles elongation

16S 95°C 25 95°C 55°C 72°C 72°C

bacterial/

185 3 minutes 30 seconds | 30 seconds | 30 seconds | 5 minutes

dicyemid

3.4.2.A Clean-up

The clean-up of the PCR reaction was carried out using AMPure XP beads (Beckman). 20 ul
of magnetic beads were added to each reaction, incubated for 5 minutes outside of the magnetic
stand, followed by 2-minute incubation on the magnetic stand. These steps were followed by
two ethanol washes (80% EtOH) and then incubating washed beads in 52,5 ul of H20 for 2
minutes outside the magnetic stand and for 2 minutes on the magnetic stand. Finally, 50 pl of

cleaned-up PCR product was transferred to new tubes.
3.4.2.B Quantification

In order to verify the success of PCR and clean-up, all samples were measured on a Qubit
fluorometer using a dsSDNA High Sensitivity kit. To verify that desired product was obtained,
gel electrophoresis was done as well; specifically, 1,5% agarose gel with GelRed (Biotium),

ladder used was GeneRuler 100 bp Plus DNA (ThermoFisher), and to load samples the 6x
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Loading Dye (ThermoFisher) was used. Only products with visible bands and/or concentrations

above 0,2 ng/ul were used in further steps.

3.4.3 Index PCR

For the index PCR of the first prepared library, most of the duplicates from the first reaction
were merged, and only about one-third of the duplicates were kept separate (in order to compare
the sequencing results for the duplicates, to reveal whether any sequencing bias occurs or not).
This merging resulted in preparing 216 reactions, instead of the original 370 (374 with negative
controls). For the index PCR of the second library, we proceeded with 224 samples out of 252
original samples. The reaction was done as follows: 25 ul KAPA HotStart ReadyMix (Roche),
10 ul H20, 5 pl of the Amplicon PCR product, 5 pl of the 5uM forward index primer, and 5 pl
of the 5uM reverse index primer (for sequences check the table 5). For detailed thermocycler

setup, see table 6.

Tab. 5: Sequences of the primers used for the Index PCR. Sequences of the indices are in the
Attachments, table II.

Name Sequence of the primer 5" — 3' Forward/Reverse

S5XX AATGATACGGCGACCACCGAGATCTACAC |F
(indexS5XX)TCGTCGGCAGCGTC

N7XX CAAGCAGAAGACGGCATACGAGAT R
(indexN7XX)GTCTCGTGGGCTCGG

Tab. 6: Thermocycler configuration for the Index PCR.

Loci Initial No. of | Denaturation | Annealing | Elongation | Final

denaturation | cycles elongation
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[llumina | 95°C 8 95°C 55°C 72°C 72°C

index
. 3 minutes 30 seconds 30 seconds | 30 seconds | 5 minutes
addition
3.4.3.A Cleanup

Clean-up of the indexing PCR reaction was carried out using AMPure XP beads (Beckman).
56 ul of magnetic beads were added to each reaction, incubated for 5 minutes outside of the
magnetic stand, followed by 2-minute incubation on the magnetic stand. These steps were
followed by two ethanol washes (80% EtOH) and then incubating washed beads in 27,5 ul of
H20 for 2 minutes outside the magnetic stand and 2 minutes on the magnetic stand. Finally, 25

ul of cleaned-up PCR product were transferred to new tubes.
3.4.3.B Quantification

As in the previous PCR, to verify the success of PCR and clean-up, all samples were measured
on a Qubit fluorometer using a dsDNA High Sensitivity Kit. To verify that expected product

was obtained, gel electrophoresis was done as well, in the same way as described above.
3.4.4 Library quantification, normalization, and pooling

To provide optimal and unbiased sequencing results, all samples were set up to the same
concentration before pooling. The first library had a 5 nM concentration, required for
sequencing (Norwegian Sequencing Centre). We included 188 samples, excluding the samples
of poor quality. The second library that had a 7 nM concentration included 165 samples and
was sequenced by Novogene. We used the following formula for molarity calculation:
(concentration in ng/ul) / (660 g/mol x average library size) x 10° = concentration in nM. The

average library size was determined to be 660 bp long using Bioanalyzer.
3.5 Sequencing via NGS Illumina

The prepared library was sequenced on the MiSeq Illumina machine, using 250 bp paired-end
sequencing (Norwegian Sequencing Centre, Oslo, Norway and Novogene, Cambridge, UK).

3.6 Bioinformatic analysis
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Different software was used to analyze raw dataset. Besides the commonly-used software and
pipelines for processing Illumina data (FastQC), we also used amplicon-specific software
(MetReTrim), and for the most important part of the pipeline (ASV approach), we followed
DADAZ2 Pipeline Tutorial (1.16) working with DADA2 (Callahan et al., 2016) in R (R Core
team, 2021; Rstudio team, 2020) (see details in Fig. 8). In order to obtain statistical values of
alpha and beta diversity, DADAZ2 pipeline was run within giime2 (Bolyen et al., 2019). To
validate the accuracy of our approach we ran the analysis in giime2 using only forward reads

first.

k-mer approach—
Error rat
i erge
RAW DATA Demultiplexing |—Quality check—u-| Trimming |_Quality check—p non-overlapping add Ns approach—
primers PE reads merged reads
f——Sample inferenc
Denoising

OTU table just concatenate—p-
(converted Alpha and
ASV table) Beta diversity

Supplementar
PP Y giime2 plotting

table with

OTUs ASVs?

185
sequences+
18S SILVA

132

sample
information
(i.e. host,
location...)

Taxonomy
assignment
table
(ASV table)

Assign
taxonomy
and evaluate
its accuracy

phyloseq emove chimeras.

Construct
sequence
Track reads in pipeline——| table

Custom
database

host-region
diversity

global diversity

host diversity

Fig. 8: Flowchart of the bioinformatic pipeline.
3.6.1 Demultiplexing

Demultiplexing of the total of 5148232 raw reads (1385654 unique reads) was done by the
sequencing facility. Between 211 and 40692 reads per sample (mean = 7292, median = 4725)

were obtained.
3.6.2 Quiality check

FastQC (Andrews, 2010) module was run on all the fastg.gz files and then multigc (Ewels et
al., 2016) was run on the output of the FastQC.

3.6.3 Trimming primers

MetReTrim python script (Sharda, 2020) was used to trim out the primers and heterogeneity

spacers.
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3.6.4 Deduplication

Duplicates were both simple PCR duplicates and/or separate isolates of one sample. All 264
accessions were represented by 622 reactions and based on a wet lab work workflow, some of
them were discarded or pooled together. The duplicates that remained in the dataset after the
sequencing were represented by 116 sublibraries, which were in the deduplication step merged
using the cat command. Poor quality samples (ten sublibraries) were discarded. That means

that in the following analyses a total of 227 accessions was processed (see Attachments, Tab.

).
3.6.5 Quality check

FastQC module was run on all fastq.gz files, and then multigc was run on the output of FastQC,

proving a high quality of sequences (Fig. 9)

Quality check was performed by giime2, proving the sufficient quality of sequences

(Attachments, Fig. I and I1).

FastQC: Mean Quality Scores

Phred Score
3

Position (bp)
Fig. 9: multigc report of the trimmed data showed good quality of reads.

3.6.6 Error rates and sample inference

Error rates establish how many nucleotide substitutions occur and whether it fits the
expectations or not. Using the parametric error model of DADA2 we established error rates of
our reads, which fitted well the expectations (forward reads in Fig. 10, reverse reads in

Attachments, Fig. 11).
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We determined unique sequences among obtained reads using DADAZ2 as described in Callahan
et al., 2016. Only unique sequences were used in further steps of analyses.

AZA A2C A2G AZT

C2A c2c c26 caT

1e+00+

1e-014

Error frequency (log10)

1e-024

1e-034

1e-D4-

1e+00

1e-01

1e-024

1e-034

1e-D4-

o 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Consensus quality score

Fig. 10: Error rates of forward reads fit the expectation. Points represent the observed error
rates. Black line estimates error rates after convergence of the machine/learning algorithm. Red

line represents expected error rates when quality is optimal. *A2A = Adenine to adenine, A2C =

Adenine to cytosine, etc.

3.6.7 Merging paired-end reads

When merging paired-end reads, most of the software depends on overlaps between forward
and reverse reads. Since our insert size is around 660 bp and we obtained 250 bp paired-end
reads from the sequencing facility, there is a significant gap between our reads and thus no
overlap, except for the sequences that do not belong to the phylum Dicyemida (but are rather
of a bacterial origin). When dealing with non-overlapping reads there are three possible
approaches: k-mer based methods (such as BBMerge see Bushnell et al., 2017), adding Ns to
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the gap instead (such as MeFit see Parikh et al., 2016 or DADA2 see Callahan et al., 2016) or
“hard concatenation” of the reads. Multiple software was tried (e.g. PEAR, MeFit, BBMerge,
vsearch, pandaseq, and DADAZ2), for both the overlapping and non-overlapping reads. Based
on the outputs, DADA2 has been chosen, using the command mergepairs, as it worked the
best for our dataset, discarding a minimum of reads. Choosing the “adding Ns” approach is also
supported by Ansorge et al. (2021) who claim that this is an optimal approach for non-

overlapping reads.
3.6.8 Denoising

Denoising was performed using denoise-paired command. For a more detailed output
table with denoising statistics see Supplementary files (supplementary tables.xlsx; list

denoising).

3.6.9 Constructing sequence table

ASYV table was constructed using the seqgtab command by DADA2.
3.6.10 Removing chimeras

Removal of chimeric sequences was done using the segtab.nonchim command by
DADAZ2.

3.6.11 Tracking reads through the pipeline

In order to establish how many reads “survived” through the whole pipeline, the command

track in DADA2 was used (Supplementary files, supplementary_tables.xIsx; list denoising).
3.6.12 Creating the database and assigning taxonomy

Taxonomy assignment was done using the command assignTaxonomy by DADA2. Reads
were run against SILVA database suitable for DADAZ2, specifically version
silva 132.18s.99 rep set.dada2.fa.gz (Quastetal., 2013; Yilmaz et al., 2014;
Glockner et al., 2017). Then, a specific database was created by combining SILVA v.132
database with custom dicyemid sequences obtained by Sanger sequencing and dicyemid

sequences available in Genbank.
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3.6.13 Evaluating accuracy and filtering taxa

Due to possible sequencing error and contamination during lab work, assigned taxonomies were
manually checked for illogical hits, which were filtered out. Out of 3,855 ASVs of 18S
sequences, only 555 belonged to the phylum Dicyemida, and were used in further analyses
(plotting and statistics). The rest of the ASVs represented mostly cephalopod hosts, fungi,
chromidinids, and other non-targeted DNA present within the renal organ. Finally, 165 of 227
samples were used (supplementary_tables.xlIsx; list TYPES_samples), the majority of discarded
samples did not contain dicyemid reads. A few samples showed possible contaminant ASVs,
which could have been the result of nonspecific primer annealing, cross-talk (index hopping
during sequencing, MacConaill et al., 2018), or contamination during wet lab work. These

contaminant reads were disregarded in further analysis.
3.6.14 Plotting in giime2

Alpha and Beta diversity were established using a variety of plots, such as Bray-Curtis
dissimilarity emperor plot (Attachments, Fig. 1V), Jaccard similarity emperor plot
(Attachments, Fig. V1), and rarefaction plot (sorted by locality) (Attachments, Fig. V). To test
for statistical differences between groups of samples (species or localities) a variety of statistical
approaches was utilized: Kruskal-Wallis, permanova, and Faith’s phylogenetic diversity plot
(Attachments table 111, VI, IV, Fig. VII, respectively).

3.6.15 Constructing tree and species delimitation

Construction of a genetic tree was necessary to employ a variety of species delimitation
methods. The tree was constructed using BEAST 2.5.2 (Bouckaert et al., 2019) with the
following parameters: Markov chain Monte Carlo (MCMC) was set to 200,000,000, trees were
sampled every 10,000 generations; every run was checked by Tracer v.1.7 (Rambaut et al.,
2018). Posterior probability limit was set to 0,5; the maximum clade credibility tree was
generated by TreeAnnotator (embed BEAST package). Based on Akaike Information Criterion,
model of DNA sequence evolution was established using partionfinder v2.3 (Nylander, 2004).
The tree was constructed using known 18S dicyemid sequences from Genbank (accessions in
Attachments, table V; for detailed tree see Supplementary files treeDIC.pdf) and the filtered
ASVs. As an outgroup, both the lophotrochozoan and bacteria were used. Based on ASVs’
position in relation to Genbank dicyemid sequences, all ASVs were clustered into types/species
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(Supplementary files; supplementary_tables.xlsx; lists types asvs and types) using multiple
species delimitation methods. Species delimitation results were obtained by implementing
GMYC method via "splits" package (Ezard, Fujisawa & Barraclough, 2009) in R. Furthermore,
bGMYC method was used via “bGMYC” package (Reid et al., 2013) in R. bPTP method was
used using python3 script “bPTP.py” (Zhang et al., 2013).

3.6.16 Plotting species diversities in phyloseq

Processing of taxonomic assignment in phyloseq (McMurdie & Holmes, 2013) required the
following input files: taxonomic assignment table, OTU table (ASV converted table), and a
supplementary table with metadata for our samples (region, host species, sample ID). Because
our giime2-generated taxonomic assignment table was only as specific as the phylum level
goes, we manually updated the ASVs’ taxonomic assignment file based on the results from the
species delimitation analysis. This improved taxonomy assignment table was then used for
plotting in phyloseq. Observed species, Chao, ACE, Shannon, Simpson, and inverted Simpson
plots were calculated for establishing alpha diversity between octopuses, squids, and sepias,
and plotted in R. PCoA (based on Bray-Curtis dissimilarity) and Network plot, clustering ASVs
based on the Jaccard index were created in R using phyloseg. A filter of 20 % (at least 20 % of
a certain type in at least one sample) was applied to reveal the most prevalent dicyemid types

within samples.
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4 Results
4.1 Global diversity

The species delimitation (Figs. 11, 12) resulted in determining 98 types (92, excluding Genbank
accessions). All three species delimitation methods confirmed 37 dicyemid types (consisting of
483 ASVs); 25 ASVs clustered into 8 types that were supported by only one or two methods
(these types carry a “PTP” suffix in the analyses) (Fig. 12). ASVs that did not cluster at all (47
ASVs) therefore represent their own dicyemid type in the analysis - the majority of these
unclustered types are low-represented in the reads (see supplementary_tables.xlsx; list types).
When 20 % filtering threshold was applied, 17 major types remained: Australia03, Catalonia01,
Dicyemennea eledones, D_eledones PTP, Dicyema moschatum, Dic0l, Galicia0l1, China01,
China02, China03, Lisbon01, Porto03, Pseudicyema truncatum, Tenerife01, Tyrh01, Viet01,
and Viet02 type. These types were either abundant within one host or a sampling locality.

Fig. 11: The result of bGMYC species delimitation approach. P-value determines confidence
of species delimitation. p=0,95-1 (pale yellow), p=0,9-0,95 (yellow), p=0,5-0,9 (orange),
p=0,05-0,5 (blood orange), p=0-0,05 (red). Full figure available in Supplementary files,
figll.pdf
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Fig. 12: Species delimitation showed 37 types of dicyemids confirmed by all three methods.
Full figure available in Supplementary files, fig12.pdf.

Four Genbank accessions KJ786925, KJ786965, KJ786927, and KJ786928, belonging to four
different species, D. apollyoni, D. adscita, D. adminicula, and D. brevicephala, were all
clustered into one species according to all three species delimitation methods we employed
(bright yellow cluster in the bottom half of Fig. 12), confirming findings of Eshragh & Leander,
2014.

All alpha diversity measure plots (Observed species, Chaol, ACE, Shannon, Simpson, and
inverted Simpson) showed no significant dicyemid diversity difference between sepia and
octopus samples, but a distinct difference between sepias and squids, and octopuses and squids
(Fig. 13).

Besides dicyemids, chromidinids were detected within two Abdopus aculeatus samples
(OWR36, OWR18), one Octopus vulgaris sample (OVIN2), and one Sepia officinalis sample
(AZTI1). In total, 14 species carried only dicyemids (see Chapter 4.2: Diversity within specific
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host), two species carried both dicyemids and chromidinids (O. vulgaris, S. officinalis), and one
species carried only chromidinids (Abdopus aculeatus); seven species hosted neither dicyemids
nor chromidinids (Octopus incella, Octopus laqueus, Metasepia tullbergi, Sepia recurvirostra,

Euprymna scolopes, Stenoteuthis oulaniensis, Uroteuthis duvauceli).
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Fig. 13: Alpha diversity measures showed no significant difference between octopus’ and

sepia’s diversity.
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4.2 Diversity within specific hosts

Dicyemid types present within host individuals varied from 1 dicyemid type up to 8 dicyemid
types. If we disregard types with low sequence count and considered only those with more than
100 copies of the ASV present, then the maximum number of types within one host was 4 (Fig.
14).

A
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Fig. 14: A - Dicyemid sequence types present through the bar plots pictured in A, B, C; diversity
within Callistoctopus macropus and Eledone cirrhosa. B - Diversity within Eledone moschata,
Sepia lycidas, Sepia elegans, Sepia officinalis, and Vietnamese samples. C - Diversity within

Octopus variabilis, Octopus pallidus, and Octopus vulgaris. Each bar represents one sample.
4.2.1 Octopus vulgaris
Octopus vulgaris (OV) was sampled in the following regions: Portuguese Faro (n=2), Lisbon

(n=1), and Porto district (n=6); Spanish Basque (n=3), Galicia (n=1), and Tenerife (n=11);
Italian Tyrrhenian Sea (n=2), Sicily (n=1), and Sardinia (n=1).

Tab. 7: Octopus vulgaris and its dicyemid types: more than 100; 20-100; 1-20 present copies

of ASV, marked with green (2), yellow (1), and red (0), respectively.

Faro district OVPF 1
Faro district OVPF 2
PT Porto district OVPM 4
PT Porto district OVPM 5
PT Porto district OVPM B
PT Porto district OVPM 7
PT Porto district OVPM 8
PT Porto district OVPM 3
PT Lisbon district  LOW1
SP Galicia OVPV 9
SP Basgue country SOW1
SP Basgue country SOV3
SP Basque country SOV2

SP Tenerife OTNR1 1 B
SP Tenerife OTNR2

SP Tenerife OTNR3

SP Tenerife OTNR4 1
SP  Tenerife OTNRG

SP Tenerife OTNRS 1
SP Tenerife OTNRS

SP Tenerife OTNR10

SP  Tenerife OTNR11

SP Tenerife OTNR12

SP Tenerife OTNR13

IT Sardinia Qvic 2 1

IT  Tyrrhenian sea OVIN 1
IT  Tyrrhenian sea OVIN 2
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Kruskal-Wallis statistical analysis revealed that dicyemid populations within OV differ
significantly only from populations from Faro and Porto (p values in Attachments, table I11).
OV populations differ significantly from all the Sepia officinalis populations and OV from Faro

differs significantly from Eledone moschata from Croatia.

There were 19 dicyemid types present (Tab. 7), including D. moschatum, which was previously
unreported for O. vulgaris. A minimum of one type and a maximum of six types were present

within one host.
4.2.2 Eledone moschata

Eledone moschata (EM) was sampled in the following regions: Italian Tyrrhenian Sea (n=8),
Ligurian Sea (n=4), western Adriatic Sea (n=1), and Sardinia (n=2); Croatian Adriatic Sea
(n=11).

Tab. 8: Eledone moschata and its dicyemid types: more than 100; 20-100; 1-20 present copies
of ASV, marked with green (2), yellow (1), and red (0), respectively.

Adriatic sea east OEP1

HR  Adriatic sea east OECP 1

HR  Adriatic seaeast OECFP &

HR  Adriatic sea east OECP 10

HR  Adriatic seaeast OEV 7Y

HR  Adriatic sea east OECP & 1

HR Adriatic sea east OECP 7 B
HR  Adriatic sea east OECCA1

IT  Adriatic sea west OEIV 11

IT  Tyrrhenian sea OEIN 1

IT  Tyrrhenian sea QEIN 9 1
IT  Tyrrhenian sea QEIN 2

IT  Tyrrhenian sea QEIN 3

IT  Tyrrheniansea  OEIN 10 200
IT  Tyrrhenian sea QEIN 11

IT  Tyrrhenian sea QEIGT

IT  Ligurian sea QEIS 4
IT  Ligurian sea OEIL 6
IT  Ligurian sea QEIS 3
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Kruskal-Wallis statistical analysis revealed that dicyemid populations within EM did not differ
significantly from each other (p values in Attachments, table Ill). EM populations differed
significantly from Sepia officinalis populations from Greece, Galicia, and Faro; and EM from

Croatia differs significantly from Octopus vulgaris from Faro.

There were 10 types of dicyemids present. Dicyema moschatum and TyrhOl1 types were
dominant across the majority of samples. Within one sample, a minimum of two types and a

maximum of five types were present (Tab. 8).
4.2.3 Sepia officinalis

Sepia officinalis (SO) was sampled in the following regions: Italian Tyrrhenian Sea (n=3),
Western Adriatic Sea (n=2), and Sardinia (n=3); Croatian Adriatic Sea (n=5); Spanish Basque
(n=6), Catalonia (n=10), and Galicia (n=2); Portuguese Faro (n=6), Lisbon (n=6), and Porto
district (n=3); Greek Thessaloniki (n=2).

Kruskal-Wallis statistical analysis revealed that dicyemid populations within SO differed
significantly between Greece and Lisbon, Greece and Faro, Faro and Catalonia, Catalonia and
Galicia, Greece and Basque, and Croatia and Faro (p values in Attachments, table 111). SO
populations differed significantly from Octopus vulgaris and Eledone moschata populations as
described above. There were 45 dicyemid types, varying between 1 type per host to 8 types per
host (Tab. 9). Three types appeared in the majority of samples - DicO1_type, Lisbon01_type,

and Pseudicyema truncatum.
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Tab. 9: Sepia officinalis and its dicyemid types: more than 100; 20-100; 1-20 present copies of
ASV, marked with green (2), yellow (1), and red (0), respectively.

Faro district SOPF 1

PT  Faro district SOPF 2
PT Farodistrict  ASO1 [d
PT  Faro district AS02
PT  Faro district AS04
PT  Faro district ASO5
PT  Porto district SOPM 6
PT Porto district SOPM 7
PT  Porto district SOPP1
PT Lisbon district LSO7
PT Lishon district LSO1
PT Lisbon district LSO3

|
|
m
2 =
PT Lishon district  LS02 e
PT Lisbon district LS04 [0
PT  Lisbon district  LSO5
HR  Adriatic sea eas| SOP 1
HR  Adriatic sea easf SOV 4
HR  Adriatic sea eas{ SEP 7
HR  Adriatic sea eas| SEP 9 B
R

HR  Adriatic sea eas| SOCC 1 B
SP Galicia SOPV 8
SP Galicia SOPV 9
SP  Catalonia BSO4 B
5P Catalonia BSO5 1 B
SP Catalonia RSO1 [ ) e 1
SP  Catalonia RS02 ]

SP  Catalonia RSO3 [0 1

SP  Catalonia RS04

SP  Catalonia BSO1 [} 1

SP  Catalonia RS0O5 1

200

2] |
SP Catalonia BSO2 e N e 1

SP  Catalonia BSO3 i
SP  Basque country AZTI1

SP  Basque country AZTI2 |_1- -

SP  Basque country AZTI3 ’7 - -
SP  Basque country AZTI4 11

SP Basque country AZTI5 e e B

IT  Sardinia sorr2 [ ] B

IT  Sardinia SOIC 4

IT  Adriatic sea wes SOIR 13 1

IT  Adriatic sea wes SOIP 11 [0 0 1

IT  Tyrrhenian sea SOIN 2 [ ]

IT  Tyrhenian sea SOIN 1

IT  Tyrthenian sea SOIG 8 [0

GR  Thessaloniki SOGT1

GR  Thessaloniki S0GT2 -

I -

4.2.4 Other sampled hosts

Dicyemid types within the rest of the hosts (Fig. 14) were just briefly summed up below, due
to low frequency of sampling among selected localities (details in Supplementary files -

supplementary_tables.xlsx; list TYPES_samples; Fig. 15).

Callistoctopus macropus (n=5) hosted seven types. Two significant lineages were Tyrh_01 type
and D. moschatum (unreported for C. macropus previously). In one sample there was always at

least one type of dicyemid. Maximum of five types of dicyemids were present.

Octopus pallidus (n=37) hosted four types, Australia03 type was present in all but one
specimen. In one sample there was always at least one type of dicyemid. Maximum of two types

of dicyemids were present.
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Type Host

Australiali_type Pseud_truncatum {\6\6
Australial2_type Ps=ud_truncatum_FTP \ {\
Australial3_type Sardiniali_type 0‘{\\
Apztralials_type Sardinial2_type ‘
Basguell_type Sardinia03_type
Sasquelz_type Tenerifell_type
Basquel3_type Teneriiel2_type
Basque04_type Tenerifel3_type
BasqueDS_type TenarifeDd_type
Basqueld_type Tyrh01_type
BasquelT_type Tyrh02_type
BasquelE_type Tyrh02_type_FTF
Catalonia01_type Tyrh03_type
Catalonia02_type Tyrh04_type
Catalonia02_type_FTP Tyrh05_type
Cataleniald_type Tyrh08_type
Cataloniald_type_PTP Tyrh07_type
Cataleniald_type Tyrh08_type
Catalonia04_type_FTP Tyrh09_type
Cstalonial5_type Tyrh10_type
Cataloniadd_type T 11'twe
Cataloniad7_type v li_type
Catalonia0E_type Tvrh13_twe
CataloniaD8_type o etm_w
_ype
Creatiali_type
VietD2_type
Croatial2_type Vizt3_ty
_type
D_aeuti type Vigtd_type
D_clavatum i et{lS_t)'
O_sl=donss Weﬂ]B_t'_.'pE
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D_eledones FTP VistDT ty
i
D_moschatum “EmB_wPE
D_moschatum_PTF \.ﬂetDD_typE
_type
Dic01 e
e Vist10_type
DicD2_type Viet11_type
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Wiet13_type
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Faro03, B
_type Wikzly02_tyme
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C:lhlnaﬂﬁ_l‘,-'PE Portol2_type_PTP 8000 6000 4000 2000 0
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Fortol4,
e Abundance

Fig. 15: Dicyemid diversity between host species.

Eledone cirrhosa (n=8) hosted seven types. Dicyemennea eledones was present in seven hosts
in total. In one sample there was always at least one type of dicyemid. Maximum of three types
of dicyemids were present.

Octopus variabilis (n=10) hosted five types. Types China01 and China02 were the most
abundant ones. In one sample there was always at least one type of dicyemid. Maximum of
three types of dicyemids were present.



Sepia elegans (n=4) hosted three types. Catalonia01 type was present in all S. elegans samples.
In one sample there was always at least one type of dicyemid. Maximum of two types of
dicyemids were present.

Amphioctopus marginatus (n=2) hosted seven types, only Viet0O1l type was present in both
samples. In one sample there were always at least three types of dicyemid. Maximum of five

types of dicyemids were present.

The rest of the hosts are from Vietnam and are only single-sampled (Tab. 10). Nototodarus
hawaiiensis and Uroteuthis chinensis were not previously reported to have dicyemids, but both

showed at least one type of dicyemid present.

Tab. 10: Individual samples from Vietnam and their dicyemid types: more than 100; 20-100;

1-20 present copies of ASV, marked with green (2), yellow (1), and red (0), respectively.

Amphioctopus aegina Phu Yen p. SP13
Amphioctopus ovolum Phu Yen p. SP14
Sepia lycidas Phu Yen p. SP4
Nototodarus hawailensis Khanh Hoap. SP16
Cistopus taiwanicus Phu Yen p. SpP2

Sepioteuthis lessoniana Ninh Thuan p. SP10
Uroteuthis chinensis Phu Yen p. SP3

4.3 Diversity between sampled localities

The most significant difference between our sampled localities according to PCoA of alpha
diversities was between the Australian Octopus pallidus and other octopuses and sepias (Fig.
16). Sepias clustered together regardless of their origin. Octopuses, except for Australians,
formed a separate cluster as well. Permanova test (Attachments, table 1) showed a significant
difference between octopuses in the following regions: Asia and Mediterranean, Asia and
Australia, Australia and Mediterranean. All octopuses were significantly different from
Mediterranean sepias. Squids were significantly different from Australian and Mediterranean
octopuses, as well as Mediterranean sepias.
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Fig. 16: Ordination plot showed a distinct difference between Sepia and Octopus samples from
various localities. AmphiA= Amphioctopus aegina, AmphiO= Amphioctopus ovolum, Amphi=
Amphioctopus marginatus, CM= Callistoctopus macropus, Cistop= Cistopus taiwanicus, EC=
Eledone cirrhosa, EM= Eledone moschata, Lycidas= Sepia lycidas, Noto= Nototodarus
hawaiiensis, Ol= Octopus incella, OL= Octopus laqueus, OP= Octopus pallidus, OV= Octopus
vulgaris, OVB= Octopus variabilis, SE= Sepia elegans, SO= Sepia officinalis, Squid=
Sepioteuthis lessoniana, UroChin= Uroteuthis chinensis.

The network plot shows clustering (co-occurrence of sequence types) of dicyemid types
(applied 20 % filtering threshold, Fig. 17). Opposite to the expected pattern of clustering (e.g.,
geographically proximate ASVs clustering together), we obtained different results of distant

clustering of very closely related types of dicyemids (e.g., Chinese types).
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Fig. 17: Network plot showing Jaccard similarity based clustering of dicyemid types.
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5 Discussion

Using amplicon sequencing approach for the first time in dicyemid parasites of cephalopods, it
was possible to estimate dicyemid diversity independently of their morphological
determination. Furthermore, it allowed investigation of a possible connection between several
existing species and sequence-based dicyemid types established here. Lastly, the suitability of
the used methodology is discussed as well as possible future direction of the research on

dicyemids.
5.1 Estimate of total dicyemid diversity

Even though the available host sampling was limited to just a fraction of the global cephalopod
biodiversity, the number of identified dicyemid types was relatively high. More specifically,
the study included twelve octopus species out of 307 octopods reported globally, six sepia
species out of 205 sepiids reported globally, and five squid species out of 300 teuthids reported
globally (WoRMS, accessed March 2022); our sampling, therefore, represents 4 %, 3 %, and
1,7 % of the total octopod, sepiid, and teuthid diversity, respectively. The sampling of renal
organs across selected hosts suggested that at least 37 dicyemid types exist (potentially up to
92, if all the types are to be considered credible). As the current estimate of all described
dicyemid species is 121 based on examining ca 54 host species (Catalano et al., 2012; Catalano,
2013; Catalano & Furuya, 2013; Castellanos-Martinez et al., 2016), we believe that the number
of known dicyemid species significantly under-represents their true diversity.

Dicyemids rarely occur within squid hosts, but in the presented study three out of five sampled
hosts hosted an abundant number of dicyemids; two of them were not previously reported to
host dicyemids (Uroteuthis chinensis and Nototodarus hawaiiensis). That might suggest

dicyemid infection among teuthid hosts might be more common than previously reported.

In Europe, 112 specimens were sampled (mostly of commercial importance), eight of them
produced no dicyemid reads, suggesting a 93 % prevalence (opposed to Nouvel’s 1947, who
claimed 100% prevalence). According to the study, the suggested prevalence for China (two
out of 12) was 83 % (prevalence previously unreported). The obtained prevalence for Australia
(11 out of 48) was 77 % (previously reported prevalence 24 - 100 % according to Catalano et
al., 2014; 60 % for O. pallidus reported by Finn et al., 2005), however, most (eleven) of the
Australian dicyemid-free specimens are from one sampling locality, which proved problematic
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during PCR. If those samples were excluded, the prevalence rate would increase to 89 % (33
out of 37).

5.2 Known dicyemid species versus dicyemid sequence types

Current literature (Hochberg 1990; Furuya 1999; Fururya & Souidenne, 2019) describes co-
occurrence of several dicyemid species at least in several cephalopod hosts (relevant ones for
the analysis see Tab. 11). In other cases (O. incella, O pallidus, O. variabilis etc.), there are
only mentions of the presence of unspecified dicyemids. However, in the case of previously
described dicyemid species, it might be possible to try matching herein presented results to the
respective types in certain cephalopod hosts. For example, the type Porto 03 occurs only within
E. cirrhosa and O. vulgaris, just like the previously described Dicyemennea lameerei.
Similarly, Tyrh 01 type occurs in C. macropus, O. vulgaris, and E. moschata whilst Dicyema
paradoxum can be found in the first two mentioned above. Type Catalonia 01 is found only
within Sepia elegans, which leads us to believe it might be either D. schulzianum or D.
macrocephalum. Also, type Lisbon 01 can be found only in S. officinalis, suggesting possible
ties to one of the S. officinalis’ described dicyemids. Contrary to the cases discussed above,
Vietnam 07 type found in Sepioteuthis lessoniana does not correspond to Dicyema orientale
previously reported for this cephalopod, as Genbank accession of D. orientale was included in
the analysis and it did not form a cluster together with Vietnam 07 type. However, these are
only assumptions, and morphological assessment would be crucial to determine whether there

is any connection between described species and presented types.

Tab. 11: Dicyemid species and their hosts described in current literature, and the respective

most prevalent sequence types.

Sepia elegans D. schulzianum Catalonia 01

D. macrocephalum

Eledone moschata D. moschatum Tyrh 01, D. moschatum, D. eledones
D. eledones
Sepia officinalis D. gracile Dic 01, Lisbon 01, P. truncatum

P. truncatum
Microcyema vespa

D. whitmani
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Eledone cirrhosa D. lameerei D. eledones, Porto 03
D. eledones
Sepia lycidas Pseudicyema nakaoi Dic 01, Vietnam 08, 09

D. lycidoeceum

Sepioteuthis lessoniana | D. orientale Vietnam 07

Callistoctopus macropus D. paradoxum D. moschatum, Tyrh 01

Octopus vulgaris D. paradoxum Porto 03, Tyrh 01, D. moschatum, Tenerife 01
D. lameerei

Conocyema polymorpha
*D. megalocephalum
*D. typus

*D. misakiense

*D. japonicum

*D. acuticephalum

*D. monodi

*D. bilobum

*D. aegira
*found in non-European waters.

Here we found up to eight dicyemid types (see chapter 4.2: Diversity within specific hosts)
within one host, opposite to previous studies based on morphology (Furuya et al., 2004; Furuya
& Souidenne 2019), presenting only up to three dicyemid types within one host. The high
prevalence of P. truncatum sequence type within most sepia samples in the study confirmed
Furuya & Souidenne (2019) findings. Several species of cephalopods hosted no dicyemids
(Octopus incella, Octopus laqueus, Sepia recurvirostra, Stenoteuthis oulaniensis, Uroteuthis
duvauceli, Euprymna scolopes, and Metasepia tullbergi), however, due to the insufficient
sampling depth of most of them (between one and seven indviduals), it can not be confirmed
whether it was caused by the actual absence of dicyemids or if it was only caused by sampling

error.
5.3 Employed methodology

Generally, the accuracy of the results of an amplicon study depends on choosing both the

optimal pipeline and database (Pauvert et al., 2019; Smith et al., 2020). For example, the same

41



software and parameters can not be applied to fungal ITS, bacterial 16S, or eukaryotic 18S
communities. The choice of the applied pipeline depends on many variables (e.g. sequencing
platform, read-assembly method and overlap length, selected output of either OTUs or ASVs).
Selecting a suitable database could face a lot of obstacles, as many of them are not curated, not
updated, or simply do not include sufficient coverage of the organisms of interest. However,
the herein presented approach was validated by multiple studies using DNA extraction from the
host with the intention to analyze its parasite infection (Cooper et al., 2018; Chaudhry et al.,
2019; Hammoud et al, 2021). By implementing heterogeneity primers, a sequencing failure due
to low PhiX spike-in was avoided (similarly to Chaudhry et al., 2019), and following Hammoud
et al. (2021) suggestions our own reads were implemented in order to create a relevant database
for our data.

The main disadvantage of the employed methodology was the absence of morphological
description of sequenced species, due to the fact that samples were generally either taken under
field conditions not allowing fixation of dicyemid individuals for slide mounting or shipped to
us as frozen host tissues. Furthermore, relying only on genetic information can create false-
negative samples due to improper DNA extraction (due to possible DNA inhibitors not being
removed properly, etc.) or due to primer site mutations. The combination of a morphological
description and presented species delimitation results could have matched previously described
species to the dicyemid types. Also, the sampling methodology remains inconsistent within
various research groups. Standardizing the sampling process (for example guidelines on
reporting cephalopod cause of death, complete health assessment, including notion of parasitic
infections and if possible, complementing morphological assessment of the present parasites
with molecular data) as proposed by Roumbedakis et al. (2018) would improve and facilitate

research of both the dicyemids and cephalopods in general.
5.4 Future research areas

Furuya & Souidenne (2019) suggested that a mutualist-symbiotic way of life might have been
adopted by dicyemids, transferring from a previous strategy more harmful to the host.
Considering the advantage of the host having symbiotic dicyemids for aiding with urine
excretion (as suggested by Lapan, 1975), the high prevalence - reported elsewhere and
confirmed here - seems reasonable. Furthermore, varying dicyemid prevalence rates between
geographical localities were also recorded here, which could be tied to the occurrence and/or
rareness of the host, or its population size. Locally common hosts might allow for larger
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population sizes (and higher prevalences) of their dicyemids. On the contrary, hosts with
fragmented distribution and/or less dense populations provide fewer opportunities for their
parasites to propagate. Dicyemids’ dispersal depends on both the dispersal and migration of
their cephalopod hosts. This fact is the starting point for a future study to compare the dicyemid
amplicon data with the host COI data defining the depth of population structure (similar to a

trematode study by Blasco-Costa & Poulin, 2013).

In addition to the presented dicyemid dataset, data about cephalopod microbiomes were also
obtained, using the same universal 16S primers. The bacterial microbiome can provide
information about feeding patterns, fat storage, and host metabolism (Gill et al., 2006). It could
be an indicator of general health and activity of the host (Heitlinger et al., 2017). Employing
the obtained bacterial sequence data could provide additional insight into cephalopod
microbiome studied before (Pernice et al., 2006; Farto et al., 2019; Lutz et al., 2019).

Possible future studies may focus on a more thorough comparison between morphological traits
and dicyemid genotypes, as the current publicly-available molecular data proved to be
insufficient. Establishing a connection between host COI and dicyemid 18S rDNA could also
resolve many questions regarding dicyemid diversity and infection pattern. Moreover, bacterial
microbiome in the renal organ could also affect the diversity or infection patterns of dicyemid
populations. Close ties between bacteriome and commensal or mutualistic eukaryome are

known from other systems (Lukes et al., 2015).
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6 Conclusion

The results of our amplicon study suggest that colonization of a host by multiple species is
common with up to eight dicyemid types coexisting within the renal organ. The species
delimitation results showed 37 (up to 92) dicyemid types present across 227 cephalopod
accessions sampled globally, suggesting a possible under-estimation of the true dicyemid
diversity by the currently described dicyemid species. Measures of dicyemid diversity between
various localities, as well as between various hosts, showed distinct patterns, suggesting that
dicyemid composition varies significantly. Prevalences in the Mediterranean, China, and
Australia were estimated, showing 77 - 93% prevalence. The high prevalence rate might suggest
a symbiotic rather than parasitic life strategy of dicyemids. Based on this thesis, future studies
might focus on a microbiome composition within cephalopod hosts and on a thorough analysis
of hosts’ and dicyemids’ genetic markers. We have provided molecular resources which could
be used for further research on the connection between currently known species and genetic

types established in this study.
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8 Attachments

Tab. I: List of accessions used in this thesis.

Octopus

OVPF 1 |vulgaris Portugal Faro Faro district . Heroutova | 2020
Octopus

OVPF 2 |vulgaris Portugal Olhao Faro district . Heroutova | 2020

SOPF 1 |Sepia officinalis|Portugal Faro Faro district . Heroutova | 2020

SOPF 2 |[Sepia officinalis|Portugal Faro Faro district . Heroutova | 2020

ASO1 Sepia officinalis|Portugal Albufeira Faro district . Stefka 2021

ASO2 Sepia officinalis|Portugal Albufeira Faro district . Stefka 2021

ASO4 Sepia officinalis|Portugal Albufeira Faro district . Stefka 2021

ASO5 Sepia officinalis|Portugal Albufeira Faro district . Stefka 2021
Octopus

OVPM 4 |vulgaris Portugal Matosinhos |Porto district . Myskova |2015
Octopus

OVPM 5 |vulgaris Portugal Matosinhos [Porto district . Myskova |2015
Octopus

OVPM 6 |vulgaris Portugal Matosinhos  |Porto district . MySkova | 2015
Octopus

OVPM 7 |vulgaris Portugal Matosinhos [Porto district . Myskova |2015
Octopus

OVPM 8 |vulgaris Portugal Matosinhos  |Porto district . MySkova | 2015
Octopus

OVPM 3 |vulgaris Portugal Matosinhos [Porto district . Myskova |2015

SOPM 6 |Sepia officinalis |Portugal Matosinhos  |Porto district . MySkova | 2015

SOPM 7 |[Sepia officinalis|Portugal Matosinhos [Porto district . Myskova |2015
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SOPP 1 |[Sepia officinalis|Portugal Porto Porto district E. Myskova |2015
LSO7 Sepia officinalis [Portugal Lisbon Lisbon district J. Stefka 2021
Octopus
LOV1 vulgaris Portugal Lisbon Lisbon district  |J. Stefka 2021
LSO1 Sepia officinalis [Portugal Lisbon Lisbon district J. Stefka 2021
LSO3 Sepia officinalis | Portugal Lisbon Lisbon district  |J. Stefka 2021
LSO2 Sepia officinalis [Portugal Lisbon Lisbon district J. Stefka 2021
LSO4 Sepia officinalis|Portugal Lisbon Lisbon district J. Stefka 2021
LSO5 Sepia officinalis [Portugal Lisbon Lisbon district  |J. Stefka 2021
Adriatic Sea
SOP 1 Sepia officinalis|Croatia Pula east T. Tyml 2015
Eledone Adriatic Sea
OEP 1 moschata Croatia Pula east T. Tyml 2015
Eledone Adriatic Sea
OECP 1 [moschata Croatia Pula east T. Tyml 2016
Eledone Adriatic Sea
OECP 6 |moschata Croatia Pula east T. Tyml 2016
Eledone Adriatic Sea
OECP 10 |moschata Croatia Pula east T. Tyml 2016
Eledone Adriatic Sea
OECP 9 [moschata Croatia Pula east T. Tyml 2016
Eledone Adriatic Sea
OEV 7 moschata Croatia Veruda east M. Drabkova |2015
Eledone Adriatic Sea
OECP 8 [moschata Croatia Pula east T. Tyml 2016
Adriatic Sea
SOV 4 |Sepia officinalis|Croatia Veruda east M. Drabkova |2015
Adriatic Sea
SEP 7 Sepia officinalis |Croatia Pula east T. Tyml 2015
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Eledone Adriatic Sea
OECP 7 |moschata Croatia Pula east . Tyml 2016
Adriatic Sea
SEP 9 Sepia officinalis|Croatia Pula east . Tyml 2015
Eledone Adriatic Sea
OEV 4 |cirrhosa Croatia Veruda east . Drabkova | 2015
Adriatic Sea
SOCC 1 |Sepia officinalis|Croatia Cres east . Misek 2018
Eledone Adriatic Sea
OECC 1 |[moschata Croatia Cres east . Misek 2018
Eledone Adriatic Sea
OECC 2 |[moschata Croatia Cres east . MiSek 2018
Adriatic Sea
SOP 1 Sepia officinalis|Croatia Pula east . Tyml 2015
Eledone Adriatic Sea
OEP 1 moschata Croatia Pula east . Tyml 2015
Octopus Bass strait
OPAV 1 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait
OPAV 2 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait
OPAV 3 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait
OPAV 4 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait
OPAV 6 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait
OPAV 7 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait
OPAV 8 |pallidus Australia Victoria mainland . Hua 2020
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Octopus Bass strait

OPAV 9 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 10 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 11 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 12 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 13 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 14 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 15 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 16 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 17 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 18 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 19 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 20 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 21 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 22 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 23 |pallidus Australia Victoria mainland . Hua 2020
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Octopus Bass strait

OPAYV 25 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 26 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 27 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 28 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 30 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 32 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 33 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 34 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 35 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 36 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 37 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAYV 38 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 39 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAV 41 |pallidus Australia Victoria mainland . Hua 2020
Octopus Bass strait

OPAT 01 |pallidus Australia Stanley Tasmania . Hua 2020
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Octopus Bass strait

OPAT 02 |pallidus Australia Stanley Tasmania Q. Hua 2020
Octopus Bass strait

OPAT 05 |pallidus Australia Stanley Tasmania Q. Hua 2020
Octopus Bass strait

OPAT 09 |pallidus Australia Stanley Tasmania Q. Hua 2020
Octopus Bass strait

OPAT 11 |pallidus Australia Stanley Tasmania Q. Hua 2020
Octopus Bass strait

OPAT 19 |pallidus Australia Stanley Tasmania Q. Hua 2020
Octopus Bass strait

OPAT 21 |pallidus Australia Stanley Tasmania Q. Hua 2020
Octopus Bass strait

OPAT 22 |pallidus Australia Stanley Tasmania Q. Hua 2020
Octopus Bass strait

OPAT 27 |pallidus Australia Stanley Tasmania Q. Hua 2020
Octopus Bass strait

OPAT 28 |pallidus Australia Stanley Tasmania Q. Hua 2020
Octopus Bass strait

OPAT 34 |pallidus Australia Stanley Tasmania Q. Hua 2020
Octopus Bass strait

OPAV 5 |pallidus Australia Stanley Tasmania Q. Hua 2020
Octopus

OVPV 9 |vulgaris Spain Vigo Galicia E. MysSkova |2015

SOPV 8 |Sepia officinalis|Spain Vigo Galicia E. Myskova |2015

SOPV 9 |Sepia officinalis|Spain Vigo Galicia E. MySkova |2015

BSO4 Sepia officinalis |Spain Barcelona Catalonia J. Stefka 2021

RSO8 Sepia elegans [Spain Roses Catalonia J. Stefka 2021
Eledone

BEC2 cirrhosa Spain Barcelona Catalonia J. Stefka 2021
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BSO5 Sepia officinalis|Spain Barcelona Catalonia . Stefka 2021

RSO9 Sepia elegans [Spain Roses Catalonia . Stefka 2021

RSO1 Sepia officinalis|Spain Roses Catalonia . Stefka 2021

RSO2 |Sepia officinalis|Spain Roses Catalonia . Stefka 2021
Eledone

BEC4 cirrhosa Spain Barcelona Catalonia . Stefka 2021

RSO3 Sepia officinalis |Spain Roses Catalonia . Stefka 2021

RS04 Sepia officinalis|Spain Roses Catalonia . Stefka 2021

BSO1 Sepia officinalis |Spain Barcelona Catalonia . Stefka 2021

RSO5 Sepia officinalis|Spain Roses Catalonia . Stefka 2021

BSO2 Sepia officinalis |Spain Barcelona Catalonia . Stefka 2021

RSO6 Sepia elegans |Spain Roses Catalonia . Stefka 2021

BSO3 Sepia officinalis |Spain Barcelona Catalonia . Stefka 2021

RSO7 Sepia elegans |Spain Roses Catalonia . Stefka 2021
Eledone

SEC1 cirrhosa Spain Sukarrieta Basque country |[J. Stefka 2021
Eledone

SEC2 cirrhosa Spain Sukarrieta Basque country |[J. Stefka 2021
Octopus

SOV1 vulgaris Spain Bermeo Basque country |J. Stefka 2021
Octopus

SOV3 vulgaris Spain Bermeo Basque country |[J. Stefka 2021
Octopus

SOV2 vulgaris Spain Bermeo Basque country |J. Stefka 2021
Eledone

SEC4 cirrhosa Spain Sukarrieta Basque country |J. Stefka 2021
Eledone

SEC5 cirrhosa Spain Sukarrieta Basque country |[J. Stefka 2021
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AZTI1 Sepia officinalis|Spain Sukarrieta Basque country [l. Mendibil 2021

AZTI2 Sepia officinalis|Spain Sukarrieta Basque country |I. Mendibil 2021

AZTI3 Sepia officinalis|Spain Sukarrieta Basque country [l. Mendibil 2021

AZTI4 Sepia officinalis|Spain Sukarrieta Basque country |I. Mendibil 2021

AZTIS Sepia officinalis|Spain Sukarrieta Basque country [l. Mendibil 2021
Octopus Canary E. Almansa

OTNR1 |vulgaris Spain islands Tenerife Berro 2021
Octopus Canary E. Almansa

OTNR2 |vulgaris Spain islands Tenerife Berro 2021
Octopus Canary E. Almansa

OTNR3 |vulgaris Spain islands Tenerife Berro 2021
Octopus Canary E. Almansa

OTNR4 |vulgaris Spain islands Tenerife Berro 2021
Octopus Canary E. Almansa

OTNR6 |vulgaris Spain islands Tenerife Berro 2021
Octopus Canary E. Almansa

OTNR8 |vulgaris Spain islands Tenerife Berro 2021
Octopus Canary E. Almansa

OTNR9 |vulgaris Spain islands Tenerife Berro 2021
Octopus Canary E. Almansa

OTNR10 |vulgaris Spain islands Tenerife Berro 2021
Octopus Canary E. Almansa

OTNR11 |vulgaris Spain islands Tenerife Berro 2021
Octopus Canary E. Almansa

OTNR12 |vulgaris Spain islands Tenerife Berro 2021
Octopus Canary E. Almansa

OTNR13 |vulgaris Spain islands Tenerife Berro 2021
Callistoctopus

OMIT 3 |macropus Italy Oristano Sardinia M. Drabkova | 2016
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Eledone

OEIC 1 [moschata Italy Cagliari Sardinia . Drabkova |2016
Callistoctopus

OMIT 4 [macropus Italy Oristano Sardinia . Drabkova | 2016
Eledone

OEIC 5 [moschata Italy Cagliari Sardinia . Drabkova | 2016

SOIT 2 [Sepia officinalis|Italy Oristano Sardinia . Drabkova |2016
Octopus

OVIC 2 |vulgaris Italy Cagliari Sardinia . Drabkova | 2016

SOIC 4 |Sepia officinalis|Italy Cagliari Sardinia . Drabkova | 2016
Eledone Adriatic Sea

OEIV 11 |[moschata Italy Vieste west . Drabkova | 2015

Adriatic Sea
SOIR 13 |Sepia officinalis|Italy Rimini west . Drabkova | 2015
Adriatic Sea

SOIP 11 |Sepia officinalis|ltaly Pescara west . Drabkova | 2015
Callistoctopus

OMIN 2 [macropus Italy Naples Tyrrhenian Sea . Drabkova | 2017
Callistoctopus

OMIN 5 |macropus Italy Naples Tyrrhenian Sea . Drabkova | 2017
Callistoctopus

OMIN 1 [macropus Italy Naples Tyrrhenian Sea . Drabkova | 2017
Octopus

OVIN 1 |vulgaris Italy Naples Tyrrhenian Sea . Drabkova | 2017
Octopus

OVIN 2 |vulgaris Italy Naples Tyrrhenian Sea . Drdbkova |2017
Eledone

OEIN 1 [moschata Italy Naples Tyrrhenian Sea . Drabkova |2017
Eledone

OEIN 9 [moschata Italy Naples Tyrrhenian Sea . Drabkova | 2017
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Eledone

OEIN 2 [moschata Italy Naples Tyrrhenian Sea . Drabkova |2017
Eledone

OEIN 3 |[moschata Italy Naples Tyrrhenian Sea . Drabkova | 2017
Eledone

OEIN 10 [moschata Italy Naples Tyrrhenian Sea . Drabkova |2017

SOIN 2 [Sepia officinalis|Italy Naples Tyrrhenian Sea . Drabkova | 2017
Eledone

OEIN 11 [moschata Italy Naples Tyrrhenian Sea . Drabkova | 2017

SOIN 1 |Sepia officinalis|Italy Naples Tyrrhenian Sea . Drabkova | 2017
Eledone

OEIG 7 |moschata Italy Gaeta Tyrrhenian Sea . Drabkova | 2015
Eledone

OEIG 8 |moschata Italy Gaeta Tyrrhenian Sea . Drabkova | 2015

SOIG 8 |[Sepia officinalis|Italy Gaeta Tyrrhenian Sea . Drabkova |2015
Octopus

OEIM 2 |vulgaris Italy Marsala Sicily . Ditrich 2015
Eledone

OEIS 4 |moschata Italy La Spezia Ligurian Sea . Drabkova | 2016
Eledone

OEIL 6 |moschata Italy Livorno Ligurian Sea . Drabkova | 2015
Eledone

OEIS 2 |cirrhosa Italy La Spezia Ligurian Sea . Drabkova | 2016
Eledone

OEIS 3 [moschata Italy La Spezia Ligurian Sea . Drdbkova |2016

OWR1 |[Octopus incella|Japan Okinawa Okinawa . Lajbner 2021

OWR2 |Octopus incella |Japan Okinawa Okinawa . Lajbner 2021
Octopus

OWR3 [laqueus Japan Okinawa Okinawa . Lajbner 2021
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Octopus

OWRS5 |laqueus Japan Okinawa Okinawa . Lajbner 2021
Octopus

OWR6 |laqueus Japan Okinawa Okinawa . Lajbner 2021
Octopus

OWR?7 |laqueus Japan Okinawa Okinawa . Lajbner 2021
Sepioteuthis

OWRS8 [lessoniana Japan Okinawa Okinawa . Lajbner 2021
Sepioteuthis

OWR9 |lessoniana Japan Okinawa Okinawa . Lajbner 2021
Sepioteuthis

OWR10 |lessoniana Japan Okinawa Okinawa . Lajbner 2021
Octopus

OWR11 |laqueus Japan Okinawa Okinawa . Lajbner 2021
Sepioteuthis

OWR13 |lessoniana Japan Okinawa Okinawa . Lajbner 2021
Sepioteuthis

OWR14 |lessoniana Japan Okinawa Okinawa . Lajbner 2021
Sepioteuthis

OWR15 |lessoniana Japan Okinawa Okinawa . Lajbner 2021
Sepioteuthis

OWR16 |lessoniana Japan Okinawa Okinawa . Lajbner 2021
Sepioteuthis

OWR17 |lessoniana Japan Okinawa Okinawa . Lajbner 2021
Abdopus

OWR18 |aculeatus Japan Okinawa Okinawa . Lajbner 2021
Octopus

OWR19 |laqueus Japan Okinawa Okinawa . Lajbner 2021
Metasepia

OWR20 [tullbergi Japan Okinawa Okinawa . Lajbner 2021
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Abdopus

OWR21 |aculeatus Japan Okinawa Okinawa . Lajbner 2021
Octopus

OWR22 |laqueus Japan Okinawa Okinawa . Lajbner 2021
Sepioteuthis

OWR23 [lessoniana Japan Okinawa Okinawa . Lajbner 2021
Metasepia

OWR24 |tullbergi Japan Okinawa Okinawa . Lajbner 2021
Metasepia

OWR25 [tullbergi Japan Okinawa Okinawa . Lajbner 2021
Abdopus

OWR26 |aculeatus Japan Okinawa Okinawa . Lajbner 2021
Abdopus

OWR27 |aculeatus Japan Okinawa Okinawa . Lajbner 2021
Metasepia

OWR28 |tullbergi Japan Okinawa Okinawa . Lajbner 2021
Metasepia

OWR29 |tullbergi Japan Okinawa Okinawa . Lajbner 2021
Abdopus

OWR30 |aculeatus Japan Okinawa Okinawa . Lajbner 2021
Abdopus

OWR31 |aculeatus Japan Okinawa Okinawa . Lajbner 2021
Abdopus

OWR32 |aculeatus Japan Okinawa Okinawa . Lajbner 2021
Metasepia

OWRS33 [tullbergi Japan Okinawa Okinawa . Lajbner 2021
Abdopus

OWR34 |aculeatus Japan Okinawa Okinawa . Lajbner 2021
Sepioteuthis

OWR12 [lessoniana Japan Okinawa Okinawa . Lajbner 2021
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Abdopus

OWR36 |aculeatus Japan Okinawa Okinawa . Lajbner 2021
Amphioctopus

SP1 marginatus Vietnam Phu Yen p. |Vietnam . Lisenko 2021
Cistopus

SP2 taiwanicus Vietnam Phu Yenp. [Vietnam . Lisenko 2021
Uroteuthis

SP3 chinensis Vietham Phu Yen p. [Vietnam . Lisenko 2021

SP4 Sepia lycidas |Vietnam Phu Yenp. [Vietnam . Lisenko 2021
Uroteuthis

SP5 duvauceli Vietnam Phu Yen p. |Vietnam . Lisenko 2021
Stenoteuthis

SP7 oulaniensis Vietnam Ninh Thuan p. |Vietnam . Lisenko 2021
Uroteuthis

SP8 chinensis Vietnam Ninh Thuan p.|Vietnam . Lisenko 2021
Sepia

SP9 recurvirostra  |Vietham Ninh Thuan p.|Vietnam . Lisenko 2021
Sepioteuthis

SP10 lessoniana Vietham Ninh Thuan p.|Vietnam . Lisenko 2021
Uroteuthis

SP11 duvauceli Vietnam Ninh Thuan p.|Vietnam . Lisenko 2021
Amphioctopus

SP13 aegina Vietham Phu Yen p. [Vietnam . Lisenko 2021
Amphioctopus

SP14 ovolum Vietnam Phu Yenp. |Vietham . Lisenko 2021
Amphioctopus

SP15 marginatus Vietham Phu Yen p. [Vietnam . Lisenko 2021
Nototodarus

SP16 hawaiiensis Vietnam Khanh Hoa p. |Vietnam . Lisenko 2021
Euprymna

HW2.2 [scolopes USA Paiko beach |Hawaii . Osland 2020
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Euprymna

HW3.2 [scolopes USA Paiko beach |Hawaii H. Osland 2020
Octopus

VBCB 2 |variabilis China Bohai Sea Bohai Sea T. Scholz 2019
Octopus

VBCB 3 |variabilis China Bohai Sea Bohai Sea T. Scholz 2019
Octopus

VBCB 4 |variabilis China Bohai Sea Bohai Sea T. Scholz 2019
Octopus

VBCB 5 |variabilis China Bohai Sea Bohai Sea T. Scholz 2019
Octopus

VBCQ 1 |variabilis China Qingdao Yellow Sea T. Scholz 2019
Octopus

VBCQ 2 |variabilis China Qingdao Yellow Sea T. Scholz 2019
Octopus

VBCQ 3 |variabilis China Qingdao Yellow Sea T. Scholz 2019
Octopus

VBCQ 4 |variabilis China Qingdao Yellow Sea T. Scholz 2019
Octopus

VBCQ 5 |variabilis China Qingdao Yellow Sea T. Scholz 2019
Octopus

VBCQ 6 |variabilis China Qingdao Yellow Sea T. Scholz 2019
Octopus

VBCQ 7 |variabilis China Qingdao Yellow Sea T. Scholz 2019
Octopus

VBCQ 8 |variabilis China Qingdao Yellow Sea T. Scholz 2019

SOGT 1 |Sepia officinalis|Greece Thessaloniki |Thessaloniki A. Bartoriova | 2017

SOGT 2 |Sepia officinalis|Greece Thessaloniki | Thessaloniki A. Bartonova | 2017
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Tab. II: List of indices used in this thesis.

N701 TCGCCTTA N723
N702 CTAGTACG N724
N703 TTCTGCCT N726
N704 GCTCAGGA N727
N705 AGGAGTCC N728
N706 CATGCCTA N729
N707 GTAGAGAG S502
N710 CAGCCTCG S503
N711 TGCCTCTT S505
N712 TCCTCTAC S506
N714 TCATGAGC S507
N715 CCTGAGAT S508
N716 TAGCGAGT S510
N718 GTAGCTCC S511
N719 TACTACGC S513
N720 AGGCTCCG S515
N721 GCAGCGTA S516
N722 CTGCGCAT

GAGCGCTA

CGCTCAGT

GTCTTAGG

ACTGATCG

TAGCTGCA

GACGTCGA

CTCTCTAT

TATCCTCT

GTAAGGAG

ACTGCATA

AAGGAGTA

CTAAGCCT

CGTCTAAT

TCTCTCCG

TCGACTAG

TTCTAGCT

CCTAGAGT

Tab. I11: Output of Kruskal-Wallis (only significant p-values).

SO_Greece (n=2)
SO_Faro (n=6)
SO_Catalonia (n=10)
SO_Catalonia (n=10)
SO_Basque (n=6)
SO_AdriaticEast (n=5)
OV_Tenerife (n=11)

SO_Lisbon (n=6)
SO_Greece (n=2)
SO_Faro (n=6)

SO_Galicia (n=2)
SO_Greece (n=2)
SO_Faro (n=6)

SO_Greece (n=2)
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0.0455
0.0455
0.0126
0.0317
0.0455
0.0446
0.0299



OV_Porto (n=6)
OV_Porto (n=6)
OV_Porto (n=6)
OV_Porto (n=6)
OV_Porto (n=6)
OV_Porto (n=6)
OV_Faro (n=2)
OV_Basque (n=3)
OV_Basque (n=3)
OV_Basque (n=3)
EM_Tyrh (n=7)
EM_AdriaticEast (n=10)
EM_AdriaticEast (n=10)
EM_AdriaticEast (n=10)
EM_AdriaticEast (n=10)

SO_Sardinia (n=2)
SO_Tyrh (n=3)
SO_Greece (n=2)
SO_Catalonia (n=10)
SO_Faro (n=6)
SO_AdriaticEast (n=5)
OV_Porto (n=6)
SO_Tyrh (n=3)
SO_Catalonia (n=10)
SO_AdriaticEast (n=5)
SO_Greece (n=2)
SO_Faro (n=6)
SO_Galicia (n=2)
SO_Greece (n=2)
OV_Porto (n=6)

Tab. IV: Output of permanova.

Octopus_asia

Octopus_australia

Octopus_asia Octopus_medit 79
Octopus_asia Sepia_asia 20
Octopus_asia Sepia_medit 70
Octopus_asia Teuthida 22
Octopus_australia Octopus_medit 98
Octopus_australia Sepia_asia 39
Octopus_australia Sepia_medit 89
Octopus_australia Teuthida 41
Octopus_medit Sepia_asia 61
Octopus_medit Sepia_medit 111
Octopus_medit Teuthida 63
Sepia_asia Sepia_medit 52
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0.0455
0.0201
0.0455
0.0011
0.0039
0.0062
0.0455
0.0495
0.0112
0.0253
0.0404
0.0393
0.0317
0.0317
0.0011

999
999
999
999
999
999
999
999
999
999
999
999

0.001

0.001

0.058

0.001

0.063

0.001

0.033

0.001

0.001

0.014

0.001

0.007

0.144



Sepia_asia Teuthida 4 999 0.253

Sepia_medit Teuthida 54 999 0.014

Tab. V: Accessions downloaded from Genbank.

Dicyema acuticephalum D26530.1

Dicyema orientale D26529.1
Dicyema moschatum MT703900.1
Dicyema clavatum LC571905.1

Pseudicyema truncatum MNO066367.1
Dicyemennea eledones LT669912.1
Dicyemennea brevicephala KJ786928.1

Dicyemennea adminicula  KJ786927.1

Dicyemennea adscita KJ786926.1
Dicyema apollyoni KJ786925.1
Dicyemennea rossiae KJ786921.1

Dicyema sphyrocephalum LC571906.1
Dugesia japonica D83382.1

Neisseria gonorrhoeae ROU58369.1

Tab. VI: Output of Kruskal-Wallis analysis based on general host and location.

Octopus_asia (n=19) Octopus_australia (n=38) 0.318 0.367
Octopus_asia (n=19) Octopus_medit (n=60) 0.010 0.036
Octopus_asia (n=19) Sepia_asia (n=1) 0.099 0.166
Octopus_asia (n=19) Sepia_medit (n=51) 0.000 0.000
Octopus_asia (n=19) Teuthida (n=3) 0.315 0.367
Octopus_australia (n=38) Octopus_medit (n=60) 0.000 0.000
Octopus_australia (n=38) Sepia_asia (n=1) 0.091 0.166
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Octopus_australia (n=38) Sepia_medit (n=51)

Octopus_australia (n=38) Teuthida (n=3)

Octopus_medit (n=60)
Octopus_medit (n=60)
Octopus_medit (n=60)
Sepia_asia (n=1)
Sepia_asia (n=1)

Sepia_medit (n=51)

45 —

0.000 0.000

0.040 0.100
Sepia_asia (n=1) 0.088 0.166
Sepia_medit (n=51) 0.023 0.070
Teuthida (n=3) 0.628 0.628
Sepia_medit (n=51) 0.405 0.434
Teuthida (n=3) 0.180 0.263
Teuthida (n=3) 0.193 0.263

Forward Reads

Quality Score

T T T T T
50 80 100 120 140 180 180 200 220

Sequence Base

Fig. I: Quality report for forward reads (qgiime2).
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Reverse Reads

45

Quality Score

T T T T T T
1] 20 40 50 20 100 120 140 180 180 200 220 240

Sequence Base

Fig. I1: Quality report for reverse reads (giime2).
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Fig. I11: Error rates of reverse reads. Points represent the observed error rates. Black line
estimates error rates after convergence of the machine/learning algorithm. Red line represents

expected error rates when quality is optimal.

75



Axis 2 ( 116 ﬂ/u) . Octopus_asia

. Octopus_australia
l:‘ Octopus_medit

. Sepia_asia
. Sepia_medit
l:‘ Teuthida

Axis—1(10.64 %)

Fig. 1V: PCoA of Bray-Curtis dissimilarity emperor plot. Measures dissimilarity between

datasets.
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Fig. V: Rarefaction plot (by locality). Shows ASV richness per locality based on sequencing

depth.

. Octopus_asia
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Axis 3 (3.062 %)

——————Axis-1{9.598 %)

Fig. VI: Jaccard emperor plot calculates Jaccard similarity index. Shows fraction of unique

features, regardless of abundance.
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Fig. VII: Faith’s phylogenetic distance plot measuring biodiversity by incorporating
phylogenetic differences between species. AmphiA= Amphioctopus aegina, AmphiO=
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Amphioctopus ovolum, Amphi= Amphioctopus marginatus, CM= Callistoctopus macropus,
Cistop= Cistopus taiwanicus, EC= Eledone cirrhosa, EM= Eledone moschata, Lycidas= Sepia
lycidas, Noto= Nototodarus hawaiiensis, Ol= Octopus incella, OL= Octopus laqueus, OP=
Octopus pallidus, OV= Octopus vulgaris, OVB= Octopus variabilis, SE= Sepia elegans, SO=

Sepia officinalis, Squid= Sepioteuthis lessoniana, UroChin= Uroteuthis chinensis.
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