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Abstract

Amongst other factors, topographic features can influence the genetic variability among populations of
marine organisms. This applies to host species but also to their parasites, which are poorly studied
regarding this aspect, as well as with regard to their use as bioindicators. In the present work, the
ribosomal DNA (28S rDNA) was used to assess genetic diversity of Grillotia (Cestoda, Trypanorhyncha)
larvae in one of its paratenic hosts, namely Etmopterus spinax, across five different regions (off Scotland,
Celtic, Alboran and Balearic Seas and off Cyprus) belonging to three major geographic areas (Northeast
Atlantic, western and eastern Mediterranean). The obtained sequences revealed a total of 18 polymorphic
sites and 17 haplotypes, as well as significant values of variance throughout the five different regions.
Reconstructed phylogenetic trees highlighted that all Grillotia sp. sequences formed a monophyletic
group, but divergent lineages split into different main clades which were in relation to the area of origin,


https://doi.org/10.1016/j.dsr.2023.104102
https://archimer.ifremer.fr/doc/00844/95644/
http://archimer.ifremer.fr/
mailto:Sara.Dallares@uab.cat
mailto:gcatanese@dgpesca.caib.es

with a consistent cluster of sequences from the Atlantic Ocean, as well as another from the Eastern
Mediterranean. In contrast, low genetic differentiation was observed between samples from Balearic and
Alboran Seas, and with respect to Grillotia sp. larvae from the Gulf of Naples analysed in a previous study.
Geographical differences in parasite infection descriptors (prevalence, abundance, and intensity) were
assessed, revealing significant differences among the sampled regions.

The present study indicates that geographical distance and submarine barriers affect not only the
connectivity of hosts but also their parasite infrapopulations by limiting interpopulation dispersal. It
underlines the usefulness of parasites as biological tags for the study of susceptible and data-poor host
species such as deep-water sharks and its potential implications for host population management and
protection measures.

Graphical abstract

A molecular and epidemiclogical study of Gritotia (Cestoda: Trypancrhyncha) larval infection in Etmopterus spinax
(Elssmobranchi: Squaliformes) in the Mediterranean Sea and Novtheast Atlantic Ocean
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1. Introduction

Elasmobranchs represent an essential part of marine ecosystems ensuring their functioning as meso-
and top-predators, which has also its implications to food security (Gubili et al., 2014; Heupel et al.,
2014; Dulvy et al., 2021). Though, elasmobranchs are also part of one of the most threatened
vertebrate class (Diaz et al., 2019) revealing high and increasing extinction risks due to human-
induced threats, mostly overfishing, but also habitat loss, climate change and pollution (Dulvy et al.,
2021).

The enhanced fishery impact in the deep-sea has raised concerns regarding the functioning of deep-
sea ecosystems (Morato et al., 2006; Norse et al., 2012) and the protection of deep-water
elasmobranchs. Like several other species of chondrichthyans, many deep-water elasmobranchs
exhibit slow growth rates, late maturity, and low fecundity, resulting in extremely low rebound
potentials and high susceptibility to fishing mortality (Simpfendorfer and Kyne, 2009). Despite
these aspects, there is still a dearth of information on the ecology of deep-sea elasmobranchs
(Gubili et al., 2016; Pinte et al., 2020), which also refers to migration and connectivity between
populations and their discrimination (Neat et al., 2015; Gubili et al., 2016), such as is the case of the
velvet belly lantern shark.

The velvet belly lantern shark, Etmopterus spinax (L. 1758), is a small-sized, bioluminescent,
benthopelagic deep-water shark which occurs on the outer continental and insular shelves on upper
to lower slopes at depths between 70 and 2000 m but usually at 200500 m (Compagno, 1984). The
geographical distribution of this shark species covers the eastern Atlantic Ocean from Iceland and
Norway to southern Africa and the Mediterranean Sea (Coelho and Erzini, 2008). Etmopterus
spinax feeds on crustaceans, small fishes, and cephalopods (Compagno, 1984) but diet differs
among regions and ontogenic shifts let sharks being gradually become piscivorous with increased

size (Neiva et al., 2006; Fanelli et al., 2009; Besnard et al., 2022). In general, available literature
3
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indicate spatial differences in the importance of crustacean orders Decapoda and Euphausiacea
between the Northeast Atlantic and Mediterranean Sea is partly based on environmental conditions
such as topography and oceanography influencing the vertical stratification of prey and affecting its
availability to predators, whereas preyed fish comprise meso-, bentho- and bathypelagic species of
different families without a trend (e. g. Neiva et al., 2006; Fanelli et al., 2009; Preciado et al., 2009;
Isbert et al., 2015). Overall, it is concluded that small benthopelagic sharks such as E. spinax are
generalist feeders and represent mid to high trophic levels in the marine food webs, feeding often on
dominant prey items (Neiva et al., 2006; Santoro et al., 2022). These shark species can occur in
high abundances and act as prey for locally present larger predators (e. g. benthic sharks). All these
aspects have implications on the parasite community of these small benthopelagic sharks.

Metazoan parasites are common inhabitants of marine ecosystems including many taxa being
trophically transmitted within the food-webs among different trophic levels (Marcogliese and Cone,
1997; Marcogliese, 2002; 2005). Heteroxenous parasites exhibit complex life cycles where they
reach their mature stage in the definitive host after having passed different intermediate/paratenic
invertebrate and vertebrate hosts mostly via the food-web (Santoro et al., 2022). The diversity and
abundance of available prey in a local ecosystem determines the abundance and richness of
heteroxenous parasites in a certain fish host (Cirtwill et al., 2016). For instance, crustaceans are
considered to play important roles as intermediate hosts of fish parasites (Marcogliese, 2002), and
are involved in the life cycles of parasites such as cestodes.

This is the case for species of the cestode genus Grillotia (Lacisthorhynchidae) belonging to the
order Trypanorhyncha which are commonly detected in teleosts (Beveridge and Campbell 2007).
The life cycle includes a first (copepode) and a second intermediate host (schooling teleosts,
cephalopods), in some species an additional paratenic/transport host may occur (larger fish,
elasmobranch), and a definitive host (elasmobranch) (Palm, 2004; Dallarés et al., 2016). Species of
Grillotia are cosmopolitan including the Mediterranean Sea (e. g. Ozer et al., 2014; Dallarés et al.,

2017a; Geng et al., 2018; Santoro et al., 2018; 2021) and the northeastern Atlantic Ocean (e. g.
4
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MacKenzie, 1990; Palm and Schrdder, 2001; Alvarez et al., 2006, Isbert unpubl. data) where
second larval stage (plerocercus) were recorded in different organs and the muscle tissue of their
second intermediate and paratenic hosts (teleosts, elasmobranchs). It is supposed that effects on host
condition and host immune response is rather negligible while in cases of heavy infections with
high abundances of plerocerci in the muscle tissue e. g. in the tail region, musculature could lose its
functionality (Dallarés et al., 2017a; Santoro et al., 2018; 2021).

Morphological features characterising larvae and adults of Trypanorhyncha are two or four bothria,
a tentacular apparatus with four retractile tentacles equipped with hooks (Palm et al., 2004; Rohde,
2005; Palm et al., 2009). The most recent revision of the genus Grillotia suggested that currently 18
species are assigned to this genus (Beveridge and Campbell, 2007; 2013). Three species have been
recorded in the Mediterranean Sea (G. adenoplusia (Pintner, 1903) Palm, 2004, G. erinaceus (van
Beneden, 1858) Guiart, 1927 and Grillotia heptanchi (Vaullegeard, 1899) Dollfus, 1942 (Paggi,
2008; Beveridge and Campbell, 2013; Dallarés, 2016)), whereas one of the formerly described
species in this area, G. scolecina (Rudolphi, 1819), is considered as species inquerida (Beveridge
and Campbell, 2013). Additionally, more recently two still unknown representatives of the genus
Grillotia were recorded in the Mediterranean Sea from Lophius piscatorus and Galeus melastomus
(Santoro et al. 2018; 2021). Molecular information exists for the latter both unknown taxa from the
Mediterranean Sea, and three additional species Grillotia pristiophori Beveridge & Campbell 2001,
G. erinaceus, and G. (Christianella) yuniariae Palm, 2004 from the North Atlantic and West Pacific
(Palm et al. 2007; 2009). Up to date only two records of Grillotia in representatives of the family
Etmopteridae (Palm et al., 2004 G. amblyrhynchus ex. Etmopterus sp.; Santoro et al., 2021 Grillotia
sp. ex E. spinax) were published.

In the light of these aspects influencing the infection patterns of hosts described above, parasites can
act as bioindicators. Parasites as natural biological tags can be used as powerful tools shedding light
on different features of host life (Caira, 1990; Williams et al., 1992), and being recommended for

studies specifically on deep-sea and rare marine species (MacKenzie and Abaunza, 1998). Amongst
5



130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

other ecological and biological aspects, parasites can hint to separation or connectivity between fish
populations, migration events or small-scale host movements (e. g. Grutter, 1998; MacKenzie and
Abaunza, 1998; Mattiucci et al., 2015). These studies are essential for fisheries management and
conservation efforts to understand potential population differentiation and therefore, for the
identification of demographically independent fish populations (Gubili et al., 2016). Mattiucci et al.
(2015) indicated that changes over the evolutionary timescale can be detected by fish population
genetics, while parasitic bioindicators provide information on fish movements over smaller temporal
and spatial scales. The authors stressed the usefulness of the phylogeographic analysis based on the
same genes of fish host and biomarkers (parasites) for studies on fish population structure. In
eukaryotic species, the nuclear ribosomal genes, which consist of several hundred tandemly repeated
copies, represent potential candidates that can be easily applied in phylogenetic studies. The large
subunit (such as 28S rDNA) nuclear rDNA gene is larger and shows many divergent domains in rates
of evolution among phyla than does the small subunit (18S rDNA) (Hillis and Dixon, 1991).
However, the multiple copies of ribosomal units are evolving in concert (Arnheim et al., 1983), that
each copy of a unit is usually very similar to the other copies within individuals and species, even if
the differences among species can accumulate rapidly (Hillis and Dixon, 1991). Although its level of
variation is low compared with other molecular markers, the variability detected in this DNA region
is useful for reconstructing relatively recent evolutionary events. In this context, the absence or
reduction of gene flow among localities and the rapid concerted evolution of rDNA tend to
homogenize allelic variation within individuals and consequently within populations, but variability
among different populations can be pronounced. Therefore, the distribution of dominant haplotypes
in conjunction with other morphological characters can delineate species boundaries among closely
related species or can reveal clear geographic patterns and significant population discrimination
within a species.

The objectives of the present work are, firstly, the description of the infection patterns of the

cestode larvae assigned to the genus Grillotia in one of its paratenic hosts, namely E. spinax, caught
6
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in different geographical regions in the Mediterranean Sea and the nearby Northeast Atlantic
Ocean. Secondly, the assessment of the genetic diversity of this cestode across the sampled regions
by means of the ribosomal DNA (28S rDNA). Additionally, a histological analysis of the infested
musculature by Grillotia sp. has been conducted in E. spinax for the first time to assess the potential

impacts imposed by the parasite on its host.

2. Materials and methods

2.1. Sampling

Between 2013 and 2017, we obtained a total of 419 specimens of Etmopterus spinax during hauls
made at 50-800 m depth in five regions belonging to two predefined areas: Northeast Atlantic and
Mediterranean Sea (western and eastern) (see Fig. 1, Tables 1 and 2). Part of the samples (273
specimens) from the Mediterranean Sea were obtained during the International Bottom Trawl
Surveys (MEDITS) performed annually from June 2013 to June 2016 in the GSA 05 and GSA
01/02 (off Balearic Islands and Alboran Sea, respectively, Spain, western Mediterranean Sea), and
in 2015 in the GSA 25 (off Cyprus, eastern Mediterranean Sea). The sampling scheme and gear
(bottom trawl GOC 73, codend mesh size 20 mm) used in these cruises, as well as the sampling
protocol for captures, were those applied throughout the Mediterranean within the framework of the
MEDITS program (Bertrand et al., 2002). One E. spinax specimen was captured by local
commercial fishing vessels off Blanes (Catalan coast, Spain) in 2018. Additionally, 92 specimens
(not represented in Table 1 and 2) were obtained by observers on board of commercial trawlers
fishing close to the Mallorca Island (Balearic Islands, Spain) in 2015 and 2017.

The samples from the Northeast Atlantic were obtained in the Celtic Sea in 2013 and in the
Northern waters of Scotland in 2015. Samples from the Celtic Sea (28 specimens) were taken
within the frame of the annual EVOHE (Evaluation des ressources halieutiques de 1’ouest de
I’Europe - Assessment of fisheries resources in Western Europe) campaigns by means of a trawling

gear 40 m in length with vertical and horizontal openings of 3.5 m and 25 m, respectively
7
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(IFREMER, 2015). Samples (26 specimens) from northern Scotland were obtained
opportunistically from commercial trawlers.

Captured specimens of E. spinax were processed in different ways: (i) 367 specimens were frozen
onboard (-25 °C) immediately after capture or, in the case of specimens obtained from commercial
vessels, later in the laboratory. Later, sharks were thawed and morphometric data (total length (TL),
total weight (TW), eviscerated weight (EW)) were recorded. The whole muscle tissue was analysed
for the presence of cestode larvae by means of a stereomicroscope. Detected cestode larvae were
collected, counted, and in many cases (see Table 2) preserved in 100% molecular grade ethanol for
molecular analyses. This data was later used for the calculation of infection descriptors and for the
assessment of the spatial infection patterns. (ii) 52 specimens obtained from commercial fisheries
(November 2015, October/November 2017) were devoted to histological studies only and processed
fresh. In this case, the tail was cut off at the level behind the second dorsal fin and immediately

fixed in 10% neutral phosphate-buffered formalin.

2.2. Data treatment and analysis

Parasitological infection descriptors (prevalence, mean abundance, and mean intensity; see Bush et
al., 1997) were calculated with the freely available software Quantitative Parasitology 3.0 (QP 3.0;
accessed 23 September 2022).

Prior to statistical analyses, sharks TL was log-transformed to comply with normality and
homoscedasticity requirements. A possible association between TL and individual parasite
abundance was tested by a bivariate correlation.

Differences among the five sampled regions for sharks TL was tested by a general linear model
(LM) with Student-Newman-Keuls post-hoc pairwise comparisons. In the case of parasite
prevalence, abundance and intensity, geographical differences were tested using generalized linear
models (GLM) setting host TL as covariate and selecting a logistic distribution for prevalence and

a log-binomial distribution for abundance and intensity.
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Statistical analyses were performed with the software PASW Statistics 18.

2.3. Molecular analyses

Total genomic DNA was extracted and purified using the Macherey-Nagel DNA Tissue extraction
kit following manufacturer’s instructions. A fragment of the large subunit ribosomal DNA (28S
rDNA) gene was amplified using the primers LSU5/1500R and PCR conditions described by Olson
et al. (2003). We also designed a new pair of primers for a nested PCR: GrillF (5
TTAGAGTCGGGTTGTTTGAGAATGC 3') and GrilIR (5' CGAACAGACCCGTTGACAAGCAG
3"). PCR reactions were performed in a total volume of 20 ul containing: 10 ul of Kapa Taq Ready
mix (Sigma-Aldrich), 8.2 ul of sterile water, 0.4 ul of each primer (stock 20 Mmol) and 1 ul of DNA
at 50 ng/ul. Following an initial denaturation at 94-C for 10 min, we run 35 cycles of 94-C for 30 sec,
56°C for 30 sec and 72-C for 1.50 min, and a final extension step at 72°C for 10 min. PCR products
were separated on 1 % agarose in TAE 1x buffer gels, stained with GelRed (Invitrogen) including a
molecular ladder size standard and visualized on an UV transilluminator.

Obtained amplicons were purified using a mi-PCR purification Kit (Metabion International,
Germany) following the manufacturer’s instructions and bidirectionally sequenced at Secugen
service (Www.secugen.es).

The obtained sequences of the 28S rDNA were aligned and edited using the BioEdit v7.2.5 software
(http://www.mbio.ncsu.edu/bioedit/bioedit.ntml) and MEGA 6.0 (Tamura et al. 2013). Number of
haplotypes (H), haplotype diversity (Hd), nucleotide diversity (x) and the average number of
nucleotide differences (k) were computed with DNASP v. 6 (Rozas et al., 2017).

Sequences of species of the same genera or closely related taxa present in GenBank were included in
the analysis. We selected sequences based on the similarity detected by the Blast analysis and on the
comparable nucleotide length to those obtained in this work. Sequences of 12 Grillotia sp. and other
27 taxa available in GenBank were included in the phylogenetic tree, with Horneliella annandalei

species (order: Trypanorhyncha) as outgroup (Fig. 2; Table S1).
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The sequences were then analyzed with JModelTest v2.1.7 (Darriba et al., 2012) using the Akaike
Information Criterion (AIC; Posada and Buckley, 2004) to select the appropriate model of evolution,
as a guide to determine the best-fit maximum likelihood model. Both Maximum likelihood (ML) and
Bayesian Inference (Bl) methods were adopted to reconstruct the phylogenetic relationships using
MEGA 6.0, with 1000 bootstrap replicates, and MrBayes v. 3.2.1 (Huelsenbeck and Ronquist, 2001),
respectively. A network based on the sequence data was constructed by NETWORK 4.6.1.1
(http://www.fluxus-engineering.com) using the Median-Joining Network approach (Bandelt et al.,
1999) with default settings. Pairwise Nei's genetic distances (Nei, 1987) were calculated in MEGA
6.0. Hierarchical analysis of molecular variance (AMOVA) with F-statistics calculations were
performed in ARLEQUIN 3.5 (Excoffier and Lischer, 2010). Samples were grouped by area (Atlantic
Ocean, western Mediterranean Sea and eastern Mediterranean Sea) and sampling sites (Alboran Sea,

Balearic Sea, Celtic Sea, Cyprus and Scotland).

2.4. Histological assessment

Tails of the specimens fixed in 10% neutral phosphate-buffered formalin were processed as follows.
The vertebral column was removed by performing a longitudinal dissection of both fixed symmetrical
flanks. The skin was removed from the tail and transverse sections (3-4 mm thick) were cut off. Cross
section samples of the dissected flanks were further dehydrated in an increasing ethanol gradient,
cleared with Microclearing (X-free), embedded in paraffin wax, sectioned at 4 um and stained with
Mayer’s haematoxylin and eosin (MHE) for routine light-microscopy examination. Some additional
sections were stained with Mayer’s haematoxylin and Light Green-Orange G-Acid fuchsine (MH-
VOF) (Gutiérrez, 1967), or with Cajal-Gallego trichrome stain (Olivera-Bravo et al., 2022; Sanjai et
al., 2017)—to differentiate collagen (blue) from muscle fibres (green)— or with Periodic Acid Schiff

(PAS) for detection of neutral mucosubstances (Bancroft and Stevens, 1990).

3. Results
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3.1. Collection and infection site of larval Grillotia sp.

Larval cestodes (plerocerci) were mostly removed from the tail muscle tissue close to the vertebrae.
Recovered Grillotia sp. larvae were encapsulated, appeared whitish and translucent, and ovoid in
shape. The scolex was invaginated in all cases, but glass plate compression between two petri
dishes revealed the presence of two bothria and a tentacular apparatus with invaginated tentacles.
Considering the body sites of infection, 98.9 % of the larvae were recorded in the tail musculature,

whereas the remaining 1.1 % were detected in the musculature close to the jaws or gills.

3.2. Geographical trends on hosts size and parasite infection descriptors

Sharks TL ranged between 8.0 and 57.2 cm and displayed significant differences among regions
(LM, F,362=88.319, p < 0.001), with specimens from the Atlantic region being larger than those
from the Mediterranean area (all post-hoc pairwise comparison significant except that between the
Balearic Sea and Cyprus, see Table 2).

Parasite abundance was positively correlated with host TL (rs=0.605, p < 0.001). Significant
differences among the five sampled regions were detected for prevalence, abundance and intensity
of Grillotia sp. (GZM, ¥?=54.714, p < 0.001; ¥*=190.406, p < 0.001 and ¥*=65.887, p < 0.001,
respectively). No interactions were found between regions and sharks TL (p > 0.05). Outcomes of
post-hoc pairwise comparisons are indicated in Table 2. In general, minimum, and maximum values
for Grillotia sp. infection descriptors were recorded in the Alboran Sea and off Scotland,

respectively.

3.3. Molecular data

The size of all the amplicons was of about 1.4 Kb. A total of 70 sequences of Grillotia sp. were
aligned. Analyzing the sequences, we found 18 polymorphic sites (1.28%) overall, including indels
and a total of 17 haplotypes throughout the different geographic areas were identified (Table 3; Table

S2). All haplotype sequences were deposited in GenBank under accession numbers: LC730478-
11
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LC730494. The minimum and maximum number of haplotypes for each sampling region varied from
2 to 6, observed in Scotland and Balearic Sea respectively. One haplotype resulted also present both
in Balearic Sea and in Alboran Sea sampling sites (Table 3; Fig. 3). The values of Haplotype diversity
ranged from 0.2637 (Scotland) to 0.8309 (Balearic Sea), while the values of nucleotide diversity for
all sampling regions were generally very low, varying from 0.0002 (Scotland) to 0.00185 (Celtic
Sea).

The AMOVA analyses revealed significant values of variance (32.65%) among the areas
(FCT=0.326; P<0.05), among the five sampling regions with 41.67% of variance (FSC=0.618;
P<0.001) and within those regions with 25.67% of variance (FST=0.743; P<0.001) (Table 4).

The Akaike Information Criterion for the likelihood ratio test implemented in JModelTest software
pointed to the GTR+G model as the best fit model of DNA sequence evolution.

Based on the sequences of the 28S rDNA region, the phylogenetic trees reconstructed using the ML
and Bl methods highlighted that all the sequences of Grillotia sp. formed a monophyletic group.
However, within that group, divergent lineages split into different main clades supported by
significant bootstrap values. The tree topologies obtained using the two different methods gave
similar results (Fig. 2). In relation to the area of origin, a consistent cluster of sequences from the
Atlantic Ocean (Scotland and Celtic Sea, comprising a subclade including only sequences from the
Celtic Sea) was evident, as well as a group of sequences from Cyprus, all supported by significant
bootstrap values. On the contrary, samples from the regions of Alboran and Balearic Sea were
distributed in two different subclades, in which the sequences published by Santoro et al. (2021) from
samples collected in the Tyrrhenian Sea (Italy) (accession numbers: MW838227-MW838233) were
also included.

Likewise, the network analysis also revealed clusters with different geographical distribution
patterns, and the haplotypes obtained in this study clustered in the groups present in the phylogenetic
tree. The three dominant haplotypes, h16 (Scotland), h2 (Alboran) and h14 (Cyprus), occupy central

positions, each being surrounded by several less frequent haplotypes (Fig. 3).
12
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3.4. Histological observations

This is the first histological analysis of the musculature of E. spinax dealing with potential effects of
infestation by Grillotia sp. This analysis revealed parasite granulomas —formed by the encysted
parasite, an inner layer of macrophages and an outer layer of palisade-arranged epithelioid cells—
embedded in the caudal skeletal muscle tissue (Fig. 4A, B). These granulomas were similar in their
appearance in all sampled specimens regardless of the sampling area. The internal macrophage layer
was composed by large, round macrophages (in cases of apparently recent infestations) that appeared
increasingly flattened in more advanced stages of infestation. The outer layer of epithelioid cells was
made by a variable number of epithelioid layers (2 —>7). The encapsulation reaction consisted of a
layer of collagen fibers interspersed with fibroblasts (Fig. 4B); this capsule was only evident in
advanced stages of infestation. Necrosis of the adjacent tissue was not observed, although muscle
atrophy was present. The parasitic integument was formed by neutral mucosubstances, as well as the
reserve deposits of the larvae. These structures were stained in blue in Cajal-gallego’s Trichrome.
The morphological aspects of the plerocerci observed under the stereomicroscope (e. g. presence of
two bothria and an invaginated tentacular apparatus) could also be confirmed by histological sections

(Fig. 4C-F).

4. Discussion

4.1. Identification of Grillotia sp. detected in E. spinax

Morphological identification to species level of larval trypanorhynch cestodes is possible by studying
hook morphology and distribution patterns on the tentacles (oncotaxis). In the present case, such
observations were not feasible because the tentacular apparatus was invaginated within the scolex in
all cases. However, unpublished molecular results based on 28S rDNA sequences have revealed
conspecificity between cestode larvae ex E. spinax from the Balearic Sea (for which sequences are

included in the present study) and larvae of Grillotia obtained from three other benthic shark species
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collected in the same area (Scyliorhinus canicula, G. melastomus and Centroscymnus coelolepis)
(unpubl. Data by Dallarés S.). The larvae infecting the musculature of these shark species were
studied morphologically and identified as G. adenoplusia based on the oncotaxis (see Beveridge and
Campbell, 2013). Therefore, and based on these results, we tentatively assign Grillotia larvae ex E.
spinax included in the present study to the species G. adenoplusia. In the future, molecular

characterization of adult specimens of this parasite will allow confirming its identity.

4.2. Infection patterns of G. adenoplusia in E. spinax

Being Grillotia a widely distributed cestode genus, and its plerocerci rather euryxenous, a high
number of fish species can serve as intermediate or paratenic hosts in its life cycle (Palm, 2004).
Regarding records of Grillotia plerocerci in E. spinax, former studies from the Mediterranean Sea
have shown similar prevalence and mean abundance values with respect to present values, in the Gulf
of Naples (N: 39, P%: 82.0, mA: 5.3, Santoro et al., 2021) or absence of plerocerci in case of the
Balearic Sea, but based on a very low sample number (N: 11, Dallarés et al., 2017a). Up to date very
few studies on the parasite communities of E. spinax have been conducted in the Northeast Atlantic,
especially regarding complete necropsies including the analysis of the whole musculature. In relation
to these studies, Klimpel at al. (2003) did not detect any Grillotia plerocerci in samples from South
Norwegian waters, whereas Grillotia sp. could be among the trypanorhynch larvae infecting E. spinax
individuals collected close to two different underwater features in northern and northwestern Spain
(N:59, P%: 13.8, mA: 0.2, ml: 1.3, Isbert et al., 2015)

The present study shows that infection patterns of Grillotia plerocerci in the velvet belly lanternshark
vary among regions within and between the three areas, namely western and eastern Mediterranean
Sea and Atlantic Ocean. Previous studies and present data reveal that abundance of larval Grillotia
sp. located in the muscle of transport hosts increases with host TL, as a result of plerocerci
accumulation during host lifespan (Dallarés et al., 2017a, Santoro et al., 2021). However, despite this

fact and the detected significant differences in host size among sampled regions, geographical
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patterns detected for parasite descriptors are not likely explained by size distribution of the hosts
examined. Indeed, in the present study larger shark specimens caught in the Atlantic regions were not
necessarily more parasitised by this cestode than Mediterranean specimens (see Table 2).
Accordingly, no interactions between host size and geographical regions were detected in the GLMs
performed as part of the data analysis. Actually host length is not the only factor explaining parasite
infection patterns in fishes, as also environmental conditions and the local trophic web affect the
occurrence of parasites (Lugue and Poulin, 2004) and these seem to be of more importance in the
present case.

Different abiotic and biotic factors can affect parasite infection patterns in host species over spatial
and temporal scales (Kuhn et al., 2016). Indeed, Kuhn et al. (2016) highlighted that abiotic factors
are considered more relevant for the early life stages of parasites which are also linked to intermediate
hosts of trophically transmitted cestodes. The occurrence, spatial distribution, and community
composition of copepods in the marine environment, which are potential first intermediate hosts for
this trypanorhynch, are influenced by currents, internal waves, and water masses with specific
characteristics (Gémez et al., 2000; Molinero et al., 2009; Mohaghar et al., 2020; Hure et al., 2022).
Underwater geomorphological features such as canyons and submarine mountains increase the sea
bottom topography providing more complex habitats and affecting circulation of water masses. This
can result in a longer retention period increasing abundance and diversity of marine taxa, such as
potential parasite hosts, close to those underwater features (Ramirez-Amaro et al., 2015).
Additionally, depth-related environmental conditions may result in variations observed in
benthopelagic faunal assemblages (Cartes et al., 2013), favouring the aggregation of plankton
organisms (e. g. crustaceans) and fishes in cases of increased turbidity (Macquart-Moulin and Patriti,
1996). For instance, Grillotia sp. abundance could be linked to an increased oxygen concentration
since increased biomass of the potential first intermediate host (copepods) enhances under these

conditions (Cartes et al., 2013; Dallarés et al., 2017b).
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Regarding biotic factors affecting parasite infections, the occurrence and transmission of trophically
transmitted heteroxenous parasites also depend on the availability of their other intermediate and the
definitive hosts (Hudson et al., 2006; Gémez and Nichols, 2013). For example, far too low
abundances of a key-host within the lifecycle of a parasite over time can result in its own
disappearance (Mackenzie and Pert, 2018). At this respect, E. spinax seems not to be a key-host in
the life cycle of G. adenoplusia, as infection patterns reveal rather low levels of infection in
comparison to other demersal sharks (Dallarés et al., 2017b; Santoro et al., 2021). Plerocerci of this
cestode species, as of most Grillotia spp., are rather euryxenous concerning their last intermediate
host (Menoret and lvanov, 2012). Therefore, even though in some regions, populations of the velvet
belly lantern shark decrease owing to high fishing mortality (Coelho et al., 2010; Coelho et al., 2015),
this may not affect the overall infection of Grillotia spp. within the local food webs. Other small
benthic sharks hosting plerocerci of G. adenoplusia as evidenced by molecular identification
(unpublished data) and based on comparable sample sizes (e. g. G. melastomus and Scyliorhinus
canicula by Santoro et al., 2021, G. melastomus by Dallarés et al., 2017a) showed distinctly higher
values for infection descriptors, especially regarding mean abundances (>84, 33 and >32,
respectively). Those higher parasite loads by Grillotia sp. may indicate, that G. melastomus and S.
canicula might be more appropriate intermediate hosts than E. spinax, which may be linked to their
ecological characteristics. For instance, compared to a stronger pelagic behaviour in E. spinax a more
benthic feeding habit described for G. melastomus and S. canicula influences the frequency of
ingestion of infected prey (Carrasson et al., 1992; Fanelli et al., 2009; D’Iglio et al., 2021; Besnard et
al., 2022). On the other hand, the presence or absence of the definitive host, in which adult parasites
mate, reproduce and release offspring to the surrounding waters, affects the occurrence and infection
parameters of those parasites in the local populations of intermediate hosts (McClelland, 2002;
MacKenzie and Pert, 2018). Large pelagic and demersal sharks, rays and skates are identified as
definitive hosts of Grillotia spp., and the bluntnose sixgill shark Hexanchus griseus (Bonnaterre,

1788) is known to be definitive host for G. adenoplusia (see Beveridge and Campbell, 2007; 2013).
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While the scarce data available on its diet composition indicates that the bluntnose sixgill shark feeds
on smaller sharks (Ebert, 1994; Kabasakal, 2004; Celona et al., 2005; Bizzarro et al., 2017) the
contribution of small sharks potentially hosting larval G. adenoplusia to its diet in the Mediterranean
Sea is unknown. The rarely detected kitefin shark, Dalatias licha (Bonnaterre, 1788) also preys on
small demersal sharks such as the velvet belly lantern shark (Navarro et al., 2014; Barria et al., 2018;
Mulas et al., 2021) and could thus be a potential definitive host for G. adenoplusia. Though, this has
not been recorded up to date instead, D. licha has been listed as host of G. heptanchi and potentially
other Grillotia spp. (Palm, 2004; Santoro et al., 2021).

4.3. Phylogeographical pattern of G. adenoplusia in E. spinax

Intraspecific divergence detected in 28S rDNA sequences was used to clarify the taxonomic status of
the Grillotia species complex and the geographical variation among different areas. Ribosomal 18S
and 28S genes are mostly used for phylogenetic studies at family and species levels, while population
studies have generally focused on the spacer regions (Pereira and Baldwin, 2016). However, patterns
of phylogenetic diversity using the 28S rDNA molecular marker have been described in marine
organisms and its parasites (Aiken et al., 2007; Palacios-Abella et al., 2017; Redmond et al., 2011).
The sequences of 28S rDNA obtained in this work showed that all analysed individuals were clearly
identified as Grillotia sp. The hierarchical AMOVA analysis and phylogenetic reconstruction of G.
adenoplusia carried out in this work showed a significant differentiation between the three different
areas in which the cestode samples were taken (i.e. northeastern Atlantic, western and eastern
Mediterranean), as well as among their populations. However, since the haplotypes of the western
Mediterranean Sea have been separated into different clusters in the phylogenetic tree, they do not
show a clear grouping related to the region of capture. In fact, effects of low genetic differentiation
could be observed among the samples of the Alboran Sea, the Balearic Sea and the Tyrrhenian Sea,
including in our analyses the sequences relative to different capture places obtained by other authors
(Grillotia samples ex G. melastomus, E. spinax and S. canicula from the Gulf of Naples, Santoro et

al., 2021). In contrast, the haplotypes of Cyprus samples (eastern Mediterranean Sea) were enclosed
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in a separate clade, significantly different from the others, as well as the haplotypes of the Celtic Sea
and off Scotland. These differences appear to be related to areas separated by those considered to be
marine oceanographic barriers, particularly the Strait of Gibraltar and the Strait of Sicily (e. g. Pascual
etal., 2017; Sebastian et al., 2021). Oceanographic barriers can influence currents within water layers
and the circulation of water masses (Astraldi et al., 1999; Soto-Navarro et al., 2015) and consequently,
can affect the movement patterns of populations (e. g. Pascual et al., 2017; Cekovska et al., 2020,
Sefc et al., 2020). For instance, the Strait of Gibraltar eastward located thermal Almeria-Oran Front
(L’Helguen et al., 2002) is considered as an important discontinuity for genetic differences
(“phylogeographical break’) between populations of the Atlantic Ocean and the Mediterranean Sea
(Patarnello et al., 2007). Reduction of genetic flow between the different basins disconnected by
impediments has been abundantly described for an array of marine organisms, indicating four main
geographical groups in the Atlantic, central Mediterranean, Aegean Sea, and Black Sea (Magoulas et
al., 2006; Patarnello et al., 2007). Other authors hint to 5 biogeographic districts solely in the
Mediterranean Sea based on different physical, chemical, and biological properties: eastern, central,
western, Adriatic Sea and Alboran Sea (Spano and De Domenico, 2017). Genetic differences between
populations of different geographic areas are observed when populations in these areas remain mostly
isolated from each other and do not mix anymore (Strait of Gibraltar e. g. Comesafia et al., 2008;
Griffiths et al., 2011; Verissimo et al., 2017; Strait of Sicily e. g. Vifias et al., 2010; Cekovska et al.,
2020; Tikochinski et al., 2020).

The molecular analyses of present samples showed their clustering into genetic groups that would
coincide with those described by Santoro et al. (2021) and add further information covering a larger
area within the Mediterranean Sea and regions from the Northeast Atlantic. It seems there may be an
inconsistency in the Mediterranean Sea, besides the Black Sea from where, unfortunately, no samples
were available. Haplotypes of Grillotia obtained in this work from samples of the western
Mediterranean were very similar to those from the Central Mediterranean described by Santoro et al.

(2021), indicating they form a panmictic unit in the western and Central Mediterranean in contrast to
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the samples from the eastern Mediterranean. The genetic differences. detected among areas could be
a consequence of factors related to the behavioural characteristics (i.e. movement patterns) of the
hosts which are affected by local or regional environmental conditions. In general, the connectivity
and genetic population structure of marine and terrestrial parasites is highly affected by the mobility
and the general potential for dispersal of their hosts (Feis et al., 2015; Fraija-Fernandez et al., 2017;
Tedesco et al., 2017). It is suggested that, compared to allogenic parasites with aquatic and
terrestrial/air-borne hosts, autogenic parasites transferred solely via aquatic hosts exhibit more
strongly structured populations (Feis et al., 2015). Though, the quoted authors indicated that few
studies have focused on marine environments and up to date studies on autogenic parasites often
referred to fragmented freshwater habitats. Feis et al. (2015) identified a strong genetic population
structure of an autogenic marine parasite, suggesting a limited connectivity between those
populations although a potential of high host dispersal was assumed. Additionally, Fraija-Fernandez
et al. (2017) detected a patchy distribution of intermediate hosts and a limited mobility of definitive
hosts contributing to a significant ecological isolation of a digenean parasite.

Limited oceanographic barriers and less complex current systems may not affect migratory pathways
of hosts and consequently, do not prevent the mixing of parasite populations (Baldwin et al., 2011).
In contrast, more pronounced oceanographic barriers e. g. seamounts can affect regional circulation
patterns of water masses which can enhance regional higher primary production compared to
surroundings resulting in increased abundances of potential intermediate hosts (Leitner et al., 2010).
For instance, in the Mediterranean Sea copepods as an important component of the mesozooplankton
community and potential first intermediate hosts of cestodes reveal spatial and temporal differences
in their abundances (Siokou-Frangou et al., 2010). High density, abundance and/or biomass of
mesozooplankton is often associated with increased primary production events due to upwelling of
nutrient rich waters observed nearby hydrological features such as in the Alboran Sea close to the

Strait of Gibraltar and Almeria-Oran front (Siokou-Frangou et al., 2010). Additionally, a patchy
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distribution of other intermediate and the definitive host can contribute to an ecological isolation of
marine parasites (Fraija-Fernandez et al., 2017).

While genetic exchange between many teleost populations depends strongly on the larval dispersal
in their planktonic stage, several elasmobranchs, such as E. spinax, are viviparous with pups fully
developed to live in the benthic habitats. Some shark species are wide-ranging, but most lantern
sharks exhibit a more restricted distribution, including some which appear to be regional endemics
with a very narrow movement range (Ebert and Dando, 2021). Though, knowledge on movement and
migration patterns for many deep-sea sharks including E. spinax populations is scarce (e. g. Catarino
et al., 2015; McMillan et al., 2017). Currently available information hints to weak genetic
differentiation which indicates a certain kind of gene flow between shark populations even over large
distances (Straube et al., 2011; Catarino et al., 2015), which seems to apply also to E. spinax (Gubili
et al.,, 2016). Though, evidence based on molecular and stable isotope analyses indicate that
underwater features such as the Strait of Gibraltar are important bathymetric barriers for the
connectivity of E. spinax populations in the Northeast Atlantic and Mediterranean Sea (Gubili et al.,
2016; Besnard et al., 2022) and some authors supposed a limited dispersal behavior for this species
(Rees et al., 2019). In fact, using the control region sequence, a certain degree of genetic
differentiation between the Mediterranean and Atlantic E. spinax were detected, while no differences
were detected within the Mediterranean (Gubili et al., 2016).

The role of the definitive host in explaining the biogeographical patterns of parasites with indirect
life cycles can be even more important than that of intermediate or paratenic hosts. In this sense, a
highly vagile definitive host would be expected to disperse the parasite across geographical regions
much more than a definitive host with restricted movement capacity (Poulin et al., 2011). Related to
the present case, Grillotia species maturing in large sharks, which are likely to display higher
dispersal ability than the smaller intermediate or paratenic hosts involved in the life cycle of the
parasite, may display patterns of population structure that resemble those of their definitive hosts.

Hexanchus griseus, known definitive host for G. adenoplusia, as commented above, is globally
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distributed across the continental shelves of tropical and temperate regions (Froese and Pauly, 2022).
Contrary to what would be expected for a long-lived shark with a wide home range, genetic
differentiation has been observed for this species between western and eastern Mediterranean regions,
as also between the Mediterranean Sea and the North-East Atlantic Ocean (Vella and Vella, 2017).
This is fully in accordance with present phylogeographical results based on sequences of the
plerocerci recovered from just one of the many different paratenic hosts that seem to be involved in
the life cycle of G. adenoplusia, and further highlights the importance of the definitive host in
determining the geographical dispersal potential of marine heteroxenous parasites.

However, many factors are at play in the complex life cycles of parasites such as Grillotia. The
geographical distribution patterns observed for species of this genus can be potentially shaped by the
biological and ecological features of a wide array of intermediate, paratenic and even definitive hosts.
As for the latter, the parasite fauna of large pelagic and demersal sharks is poorly characterized and
there may be more than one definitive host species for G. adenoplusia apart from H. griseus. As has
been reported in other heteroxenous parasites, patterns of parasite host-specificity can offset effects
of host vagility (Thieltges et al., 2011). Therefore, interpretation of the observed biogeographical
patterns might not be simple. Unravelling the intricate life histories of parasites will provide us with
a better understanding of the patterns observed from the host individual scale to higher levels of

complexity, like host populations and, ultimately, communities.

4.4. Histological assessment of G. adenoplusia in musculature of E. spinax

In the present study images of histological sections of the musculature of E. spinax enclosing the
encysted stages of G. adenoplusia are presented for the first time. On the level of the host individual
and based on the present histological analysis, we hypothesize that movements of E. spinax could be
affected by a supposed reduced swimming ability, particularly in the small specimens, caused by the
infection of this parasite. Our histological observations of the musculature in E. spinax tails exhibited

a progressive formation of an outer, rigid collagen layer around the encysted parasite. Additionally,
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especially in juveniles, the parasitic granulomas may occupy nearly half the volume on one flank of
the host's tail and the progressive flattening (atrophy) of the muscle fibers adjacent to them could
imply a loss of its functionality. This could imply an inadequate muscular contraction of the affected
body region with potential effects on the escape speed and/or the maneuverability of E. spinax, as has
been suggested by other authors (Dallarés et al., 2017a; Santoro et al., 2021).

It is supposed that smaller sharks outmaneuver attacking predators by performing short bursts and
sharp turns (‘matador strategy’) which limits the time for the predator to adjust its reaction (Blaxter
and Fuiman, 1990; Seamone et al., 2014). Since the suggested optimal attack strategy for larger
predators is approaching the prey from behind due to limited visual detection by the prey (Seamone
et al., 2014), escape success of the prey may depend strongly on the functionality of the tail and its

musculature, which might be negatively affected by infections of Grillotia.

Conclusions

Connectivity among fish populations, especially for non-target species of fisheries, is often
unknown. This applies to several elasmobranch species of which many are threatened due to diverse
anthropogenic impacts. Parasites, omnipresent in marine and terrestrial ecosystems, may indicate
connectivity or migration events in fish populations by their simple presence or spatial molecular
differences between infrapopulations obtained from hosts of different geographic areas.

The analysis of the infection patterns of complete parasite assemblages as bioindicators is
recommended as a tool for fish stock separation even at small spatial scales, with a specific focus on
permanent parasites and hosts not available for analyses in large numbers (George-Nascimiento 1996;
MacKenzie & Abaunza 2013; Levy et al. 2019). Nevertheless, as indicated by Poulin and Kamiya
(2013) single parasite species (e. g. representatives of anisakids) are regularly and successfully used
as reliable biological tags in studies on stock discrimination also associated with molecular
approaches in fishes (e. g. Mattiucci et al. 2008, 2015) and invertebrates (e. g. Pascual et al. 1996;

Tedesco et al. 2017).
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The herein analysed cestode taxon Grillotia exhibited its usefulness as bioindicator as it revealed
differences in its spatial infection patterns among the sampled regions and its 28S-rDNA sequences
within Mediterranean regions and between the North-East Atlantic Ocean and Mediterranean Sea.
The present study confirms previous research that submarine features can act as topographic
barriers showing that also the connectivity of parasite infrapopulations can be affected due to
limited interpopulation dispersal. This also indicates a spatial isolation of its host species which
should have its implications for population management and protection measures. Future studies
based on more sampling sites in a smaller spatial scale and combined with new molecular markers
could provide more comprehensive results concerning the potential spatial isolation regarding
single submarine features. It further underlines the usefulness of parasites as biological tags for host
populations, and their potential application for the study of susceptible and data-poor species such
as large-sized deep-water sharks, and that are difficult to sample due to their biological and

ecological characteristics.

Acknowledgements

We are grateful to the crews of the research and fishing vessels as well as to the fisheries observers
for facilitating the access to fish samples from the different geographical areas. We are also indebted
to the anonymous reviewers for their suggestions and comments, which improved the manuscript
considerably.

Funding

This work was partially supported by the Spanish Ministry of Science and Innovation (MICYT)

[project ANTOMARE, grant numbers CTM2009-12214-C02-01, CTM2009-12214-C02-02].

Declaration of competing interest

None.

23



596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

References
Aiken, H. M., Bott, N. J., Mladineo, I., Montero, F. E., Nowak, B. F., Hayward, C. J. 2007.
Molecular evidence for cosmopolitan distribution of platyhelminth parasites of tunas (Thunnus

spp.). Fish. Fish. 8, 167-180. Doi: 10.1111/j.1467-2679.2007.00248.x

Alvarez, M. F., Aragort, W., Leiro, J. M., Sanmartin, M. L. 2006. Macroparasites of five species of
ray (genus Raja) on the northwest coast of Spain. Dis. Aquat. Org. 70, 93-100. Doi:

10.3354/dao070093

Arnheim, N. 1983. Concerted evolution of multigene families. In: Nei, M., Koehn, R. K. (Eds.),

Evolution of Genes and Proteins. Sinauer, Sunderland, UK. pp. 38-61

Astraldi, M., Balopoulos, S., Candela, J., Font, J., Gacic, M., Gasparini, G. P., Manca, B.,
Theocharis, A., Tintoré, J. 1999. The role of straits and channels in understanding the
characteristics of Mediterranean circulation. Prog. Oceanogr. 44, 65-108. Doi: 10.1016/S0079-

6611(99)00021-X

Baldwin, R. E., Rew, M. B., Johansson, M. L., Banks, M. A., Jacobson, K. C. 2011. Population
structure of three species of Anisakis nematodes recovered from Pacific Sardines (Sardinops sagax)
distributed throughout the California current system. J. Parasitol. 97(4), 545-554. Doi: 10.1645/G

E-2690.1

Bancroft J. D., Stevens, A. 1990. Theory and practice of histological techniques. 3". edition,

Churchill Livingstone, Edinburgh, London, Melbourne and New York.

24



621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

Bandelt, H. J., Forster, P., Reohl, A. 1999. Median-joining net-works for inferring intraspecific

phylogenies. Mol. Biol. Evol. 16, 37-48. Doi: 10.1093/oxfordjournals.molbev.a026036

Barria, C., Navarro, J., Coll, M., 2018. Feeding habits of four sympatric sharks in two deep-water
fishery areas of the western Mediterranean Sea. Deep Sea Res. | 142, 34-43. Doi:

10.1016/j.dsr.2018.09.010.

Bertrand, J. A., Gil De Sola, L., Papaconstantinou, C., Relini, G., Souplet, A. 2002. The general

specifications of the MEDITS surveys. Sci. Mar. 66, 9-17. Doi: 10.3989/scimar.2002.66s29

Besnard, L., Duchatelet, L., Bird, C. S., Le Croizier, G., Michel. L., Pinte, N., Lepoint. G., Schaal,
G., Vieira, R. P., Gongalves, J. M. S., Martin, U., Mallefet, J. 2022. Diet consistency but large-scale
isotopic variations in a deep-sea shark: The case of the velvet belly lantern shark, Etmopterus
spinax, in the northeastern Atlantic region and Mediterranean Sea. Deep Sea Res. | 182, 103708.

Doi: 10.1016/j.dsr.2022.103708

Beveridge, 1., Campbell, R. A. 2007. Revision of the Grillotia erinaceus (van Beneden, 1858)
species complex (Cestoda: Trypanorhyncha), with the description of G. brayi n. sp. Syst. Parasitol.

68, 1-31. Doi: 10.1007/s11230-006-9082-2

Beveridge, I. Campbell, R. A. 2013. A new species of Grillotia Guiart, 1927 (Cestoda:

Trypanorhyncha) with redescriptions of congeners and new synonyms. Syst. Parasitol. 85, 99-116.

Doi: 10.1007/s11230-013-9416-9

25


https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1016/j.dsr.2018.09.010
https://doi.org/10.3989/scimar.2002.66s29
https://doi.org/10.1016/j.dsr.2022.103708
https://doi.org/10.1016/j.dsr.2022.103708

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

Bizzarro, J.J., Carlisle, A.B., Smith, W.D., Cortés, E. 2017. Chapter four - Diet composition and
trophic ecology of Northeast Pacific Ocean sharks. Adv. Mar. Biol. 77, 111-148. Doi:

10.1016/bs.amb.2017.06.001

Blaxter, J., Fuiman, L. 1990. The role of the sensory systems of herring larvae in evading predatory

fishes. J. Mar. Biol. Assoc. U.K., 70(2), 413-427. D0i:10.1017/S0025315400035505

Bush, A. O, Lafferty, K. D., Lotz, J. M., Shostak, A. W. 1997. Parasitology meets ecology on its

own terms: Margolis et al revisited. J. Parasitol. 83, 575-583. Doi: 10.2307/3284227

Caira, J. N. 1990. Metazoan parasites as indicators of elasmobranch biology. In: Pratt Jr., H. L.,
Gruber, S. H., Taniuchi, T., (Eds.) Elasmobranchs as living resources: Advances in Biology,
Ecology, Systematics, and the Status of the Fisheries Washington, D.C.: National Oceanic and

Atmospheric Administration (NOAA), pp. 71-96. Doi: 10.1201/9780203491317.ch18

Carrasson, M., Stefanescu, C., Cartes, J.E. 1992. Diets and bathymetric distributions of two bathyal
sharks of the catalan deep-sea (Western Mediterranean). Mar. Ecol. Prog. Ser., 82, 21-30. Doi:

10.3354/meps082021

Cartes, J. E., Fanelli, E., Lopez-Pérez, C., Lebrato, M. 2013. Deep-sea macroplankton distribution
(at 400 to 2300 m) in the northwestern Mediterranean in relation to environmental factors. J. Mar.

Syst. 113-114, 75-87. Doi: 10.1016/j.jmarsys.2012.12.012

Catarino, D., Knutsen, H., Verissimo, A., Olsen, E. M., Jorde, P.E., Menezes, G. et al. 2015. The
Pillars of Hercules as a bathymetric barrier to gene flow promoting isolation in a global deep-sea

shark (Centroscymnus coelolepis). Mol. Ecol. 24(24), 6061-6079. Doi: 10.1111/mec.13453
26


https://doi.org/10.1016/bs.amb.2017.06.001
http://dx.doi.org/10.2307/3284227
http://dx.doi.org/10.1201/9780203491317.ch18
https://doi.org/10.1111/mec.13453
doi:%20https://doi.org/10.1111/mec.13453

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

Celona, A., De Maddalena, A., Romeo, T. 2005. Bluntnose sixgill shark, Hexanchus griseus

(Bonnaterre, 1788), in the eastern north Sicilian waters. Bull. Mus. civ. St. nat. Venezia 56

Cirtwill, A. R., Stouffer, D. B., Poulin, R., Lagrue, C. 2016. Are parasite richness and abundance
linked to prey species richness and individual feeding preferences in fish hosts? Parasitol. 143 (01),

75-86. Doi: 10.1017/S003118201500150X

Coelho, R., Erzini, K. 2008. Life history of a wide-ranging deepwater lantern shark in the north-east
Atlantic, Etmopterus spinax (Chondrichthyes: Etmopteridae), with implications for conservation. J.

Fish. Biol. 73, 1419-1443. Doi: 10.1111/j.1095-8649.2008.02021.x

Coelho, R., Erzini, K. 2010. Depth distribution of the velvet belly, Etmopterus spinax, in relation to
growth and reproductive cycle: The case study of a deep-water lantern shark with a wide-ranging

critical habitat. Mar. Biol. Res. 6, 381-389. Doi: 10.1080/17451000802644706

Coelho, R., Rey, J., Gil De Sola, L., De Carvalho, J. F., Erzini, K. 2010. Comparing Atlantic and
Mediterranean populations of the velvet belly lanternshark, Etmopterus spinax, with comments on
the efficiency of density-dependent compensatory mechanisms. Mar. Biol. Res. 6, 373-380. Doi:

10.1080/17451000903300885

Coelho, R., Alpizar-Jara, R., Erzini, K. 2015. Demography of a deep-sea lantern shark (Etmopterus

spinax) caught in trawl fisheries of the northeastern Atlantic: Application of Leslie matrices with

incorporated uncertainties. Deep Sea Res. 11 115, 64-72. Doi: 10.1016/j.dsr2.2014.01.012

27


https://doi.org/10.1017/S003118201500150X
https://doi.org/10.1017/S003118201500150X

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

Comesaria, A. S., Martinez-Areal, M. T., Sanjuan, A. 2008. Genetic variation in the mitochondrial
DNA control region among horse mackerel (Trachurus trachurus) from the Atlantic and

Mediterranean areas. Fish. Res. 89, 122-131. Doi: 10.1016/j.fishres.2007.09.014

Compagno, L. J. V. 1984. Sharks of the world. An annotated and illustrated catalogue of shark
species known to date. Part I. Hexanchiformes to Lamniformes., FAO Species Catalogue, FAO

Fisheries Department. Rome, Italy.

Cirtwill, A. R., Stouffer, D. B., Poulin, R., Lagrue, C. 2016. Are parasite richness and abundance
linked to prey species richness and individual feeding preferences in fish hosts? Parasitol. 143, 75-

86. Doi: 10.1017/S003118201500150X

Cekovska, K., Sanda, R., Eliasova, K., Kovagié, M., Zogaris, S., Pappalardo, A. M., Soukupova, T.,
Vuki¢, J. 2020. Population genetic diversity of two marine gobies (Gobiiformes: Gobiidae) from the
North-Eastern Atlantic and the Mediterranean Sea. J. Mar. Sci. Eng. 10, 792. Doi:

10.3390/jmse8100792

Dallarés, S., Moya-Alcover, C. M., Padroés, F., Cartes, J. E., Solé, M., Castafieda, C., Carrasson, M.
2016. The parasite community of Phycis blennoides (Brinnich, 1768) from the Balearic Sea in
relation to diet, biochemical markers, histopathology and environmental variables. Deep Sea Res. |

118, 84-100. Doi: 10.1016/j.dsr.2016.11.001

Dallarés, S., Padros, F., Cartes, J. E., Solé, M., Carrasson, M. 2017a. The parasite community of the
sharks Galeus melastomus, Etmopterus spinax and Centroscymnus coelolepis from the NW
Mediterranean deep-sea in relation to feeding ecology and health condition of the host and

environmental gradients and variables. Deep Sea Res. | 129, 41-58. Doi: 10.1016/j.dsr.2017.09.007
28



722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

Dallarés, S., Pérez-Del-Olmo, A., Montero, F. E., Carrasson, M. 2017b. Composition and seasonal
dynamics of the parasite communities of Scyliorhinus canicula (L., 1758) and Galeus melastomus
Rafinesque, 1810 (Elasmobranchii) from the NW Mediterranean Sea in relation to host biology and

ecological features. Hydrobiol. 1-17. Doi: 10.1007/s10750-017-3226-z

Darriba, D., Taboada, G.L., Doallo, R., Posada, D. 2012. jModelTest 2: more models, new

heuristics and parallel computing. Nat. Methods 9, 772. Doi: 10.1038/nmeth.2109

Diaz, S., Settele, J., Brondizio, E. S., Ngo, H. T., Agard, J., Arneth, A. et al. 2019. Pervasive
human-driven decline of life on Earth points to the need for transformative change. Sci. 366,

eaax3100. Doi: 10.1126/science.aax3100

D’Iglio, C., Savoca, S., Rinelli, P., Spano, N., Capillo, G. 2021. Diet of the Deep-Sea Shark Galeus
melastomus Rafinesque, 1810, in the Mediterranean Sea: What We Know and What We Should

Know. Sustainability 13(7): 3962. Doi: 10.3390/su13073962

Dulvy, N. K., Pacoureau, N., Rigby, C. L., Pollom, R. A., Jabado, R. W., Ebert, D. A. et al. 2021.
Overfishing drives over one-third of all sharks and rays toward a global extinction crisis. Curr. Biol.

31, 4773-4787, e4778. Doi: 10.1016/j.cub.2021.08.062

Ebert, D. A., 1994. Diet of the sixgill shark Hexanchus griseus off southern Africa. Afr. J. Mar. Sci.

14, 213-218. Doi: 10.2989/025776194784287030

Ebert, D. A., Dando, M. (eds.) 2021. Field Guide to Sharks, Rays and Chimaeras of Europe and the

Mediterranean, Princeton University Press. Doi: 10.2307/j.ctv12sdwkk
29


https://doi.org/10.3390/su13073962
https://doi.org/10.3390/su13073962

748

749  Excoffier, L., Lischer, H.E.L. 2010. Arlequin suite ver 3. 5: a newseries of programs to perform
750  population genetics analysesunder Linux and Windows. Mol. Ecol. Resour. 10:564-567

751

752  Fanelli, E., Rey, J., Torres, P., Gil de Sola, L. 2009. Feeding habits of blackmouth catshark Galeus
753  melastomus Rafinesque, 1810 and velvet belly lantern shark Etmopterus spinax (Linnaeus, 1758) in
754  the western Mediterranean. J. Appl. Ichthyol. 25, 83-93. Doi: 10.1111/].1439-0426.2008.01112.x
755

756  Feis, M., Thieltges, D., Olsen, J., De Montaudouin, X., Jensen, K., Bazairi, H., Culloty, S.,

757  Luttikhuizen, P. 2015. The most vagile host as the main determinant of population connectivity in
758  marine macroparasites. Mar. Ecol. Prog. Ser. 520, 85-99. Doi: 10.3354/meps11096

759

760  Fraija-Fernandez, N., Fernandez, M., Lehnert, K., Raga, J. A., Siebert, U., Aznar, F.J. 2017. Long-
761  Distance Travellers: Phylogeography of a Generalist Parasite, Pholeter gastrophilus, from

762  Cetaceans. PLoS ONE 12(1): e0170184. Doi: 10.1371/journal.pone.0170184

763

764  Froese, R., Pauly, D. (Eds.) 2022. FishBase. World Wide Web electronic publication. URL.:

765  www.fishbase.org, version (08/2022). Last accessed on 03.12.2022

766

767  Geng, E., Keskin, E., Deval, M. C., Olguner, M. T., Kaya, D., Basusta, N. 2018. Occurrence of
768  trypanorhynch cestode in blackmouth catshark, Galeus melastomus Rafinesque, 1810

769  (Scyliorhinidae) from the Gulf of Antalya, Turkey. J. Black Sea Mediterr. Environ. 24 (1), 80-85.
770

771  George-Nascimento, M. 1996. Populations and assemblages of parasites in hake, Merluccius gayi,
772  from the southeastern Pacific Ocean: stock implications. J. Fish Biol., 48, 557-568.

773
30



774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

Goémez, F., Echevarria, F., Garcia, C. M., Prieto, L., Ruiz, J., Reul, A., Jiménez-Gomez, F., Varela,
M. 2000. Mikroplankton distribution in the Strait of Gibraltar: coupling between organisms and

hydrodynamic structures. J. Plankton Res. 22 (4), 603-617. Doi: 10.1093/plankt/22.4.603

Gomez, A., Nichols, E. 2013. Neglected wild life: Parasitic biodiversity as a conservation target.

Int. J. Parasitol.: Parasites Wildl. 2, 222-227. Doi: 10.1016/j.ijppaw.2013.07.002

Griffiths, A. M., Sims, D. W., Johnson, A., Lynghammar, A., McHugh, M., Bakken, T., Genner, M.
J. 2011. Levels of connectivity between longnose skate (Dipturus oxyrinchus) in the Mediterranean
Sea and the north-eastern Atlantic Ocean. Conserv. Genet. 12, 577-582. Doi: 10.1007/s10592-010-

0127-3

Grutter, A. S. 1998. Habitat-related differences in the abundance of parasites from a coral reef fish:
an indication of the movement patterns of Hemigymnus melapterus. J. Fish. Biol. 53, 49-57. Doi:

10.1111/j.1095-8649.1998.th00108.x

Gubili, C., Sims, D. W., Verissimo, A., Domenici, P., Ellis, J., Grigoriou, P. et al. 2014. A tale of
two seas: contrasting patterns of population structure in the small-spotted catshark across Europe.

R. Soc. Open Sci. 1, 140157. Doi: 10.1098/rs0s.140175

Gubili, C., Macleod, K., Perry, W., Hanel, P., Batzakas, I., Farrell, E. D., et al. 2016. Connectivity
in the deep: Phylogeography of the velvet belly lanternshark. Deep Sea Res. | 115, 233-239. Doi:

10.1016/j.dsr.2016.07.002

Gutiérrez, M. 1967. Coloracion histol6gica para ovarios de peces, crustdceos y moluscos. Sci. Mat.

31(2), 265-271.
31


doi:%20https://doi.org/10.1016/j.dsr.2016.07.002
doi:%20https://doi.org/10.1016/j.dsr.2016.07.002

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

Heupel, M., Knip, D., Simpfendorfer, C., Dulvy, N. 2014. Sizing up the ecological role of sharks as

predators. Mar. Ecol. Prog. Ser. 495, 291-298. Doi: 10.3354/meps10597

Hillis, D. M., Dixon, M. T. 1991. Ribosomal DNA molecular evolution and phylogenetic inference.

Q. Rev. Biol. 66, 410-453. Doi: 10.1086/417338

Hudson, P. J., Dobson, A. P., Lafferty, K. D. 2006. Is a healthy ecosystem one that is rich in

parasites? Trends Ecol. Evol. 21, 381-385. Doi: 10.1016/j.tree.2006.04.007

Huelsenbeck, J. P., Ronquist, F. 2001. MRBAYES: Bayesian inference of phylogeny.

Bioinformatics 17, 754-755. Doi: 10.1093/bioinformatics/17.8.754

Hure, M., Batisti¢, M., Gari¢, R. 2022. Copepod Diel Vertical Distribution in the Open Southern
Adriatic Sea (NE Mediterranean) under Two Different Environmental Conditions. Water 14(12),

1901. Doi: 10.3390/w14121901

Ifremer 2015. Campagne “Evaluation des ressources halieutiques de 1’ouest de 1’Europe -
Assessment of fisheries resources in Western Europe (EVHOE)” URL: https://wwz.ifremer.fr/L-
ocean-pour-tous/Nos-ressources-pedagogiques/Suivez-nos-campagnes/Campagne-EVHOE-

2015/Le-chalut-de-fond. Website last accessed on 02.08.2022

Isbert, W., Rodriguez-Cabello, C., Frutos, I., Preciado, I., Montero, F. E., Pérez-del-Olmo, A. 2015.
Metazoan parasite communities and diet of the velvet belly lantern shark Etmopterus spinax
(Squaliformes: Etmopteridae): a comparison of two deep-sea ecosystems. J. Fish. Biol. 86, 687-706.

Doi: 10.1111/jfb.12591
32


https://doi.org/10.1093/bioinformatics/17.8.754
https://wwz.ifremer.fr/L-ocean-pour-tous/Nos-ressources-pedagogiques/Suivez-nos-campagnes/Campagne-EVHOE-2015/Le-chalut-de-fond
https://wwz.ifremer.fr/L-ocean-pour-tous/Nos-ressources-pedagogiques/Suivez-nos-campagnes/Campagne-EVHOE-2015/Le-chalut-de-fond
https://wwz.ifremer.fr/L-ocean-pour-tous/Nos-ressources-pedagogiques/Suivez-nos-campagnes/Campagne-EVHOE-2015/Le-chalut-de-fond
http://dx.doi.org/10.1111/jfb.12591

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

Kabasakal, H. 2004. Preliminary observations on the reproductive biology and diet of the Bluntnose
sixgill shark, Hexanchus griseus (Bonnaterre, 1788) (Chondrichthyes: Hexanchidae), in Turkish

Seas. Acta Adriat. 45(2), 187-196.

Klimpel, S., Palm, H. W., Seehagen, A. 2003. Metazoan parasites and food composition of juvenile
Etmopterus spinax (L., 1758) (Dalatiidae, Squaliformes) from the Norwegian Deep. Parasitol. Res.

89, 245-251. Doi: 10.1007/s00436-002-0741-1

Kuhn, T., Cunze, S., Kochmann, J., Klimpel, S. 2016. Environmental variables and definitive host
distribution: a habitat suitability modelling for endohelminth parasites in the marine realm. Sci.

Rep. 6, 30246. Doi: 10.1038/srep30246

Leitner, A. B., Neuheimer, A. B., Drazen, J. C. 2020. Evidence for long-term seamount-induced

chlorophyll enhancements. Sci. Rep. 10, 12729. Doi: 10.1038/s41598-020-69564-0

Levy E, Canel D, Rossin MA, Hernandez-Orts J, Gonzélez-Castro M, Timi JT 2019. Parasites as
indicators of fish population structure at two different geographical scales in contrasting coastal

environments of the south-western Atlantic. Estuar., Coast. Shelf Sci. 229(3), 106400

L’Helguen, S., Le Corre, P., Madec, C., Morin, P. 2002. New and regenerated production in the
Almeria-Oran front area, eastern Alboran Sea. Deep Sea Res. | 49, 83-99. Doi: 10.1016/S0967-

0637(01)00044-9

Luque, J.L., Poulin, R. 2004. Use of fish as intermediate hosts by helminth parasites: A comparative

analysis. Acta Parasitol. 49, 353-361.
33


https://dx.doi.org/10.1016/S0967-0637(01)00044-9
https://dx.doi.org/10.1016/S0967-0637(01)00044-9

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

MacKenzie, K. 1990. Cestode parasites as biological tags for mackerel (Scomber scombrus L.) in

the Northeast Atlantic. ICES J. Mar. Sci. 46, 155-166. Doi: 10.1093/icesjms/46.2.155

MacKenzie, K., Abaunza, P. 1998. Parasites as biological tags for stock discrimination of marine
fish: a guide to procedures and methods. Fish. Res. 38, 45-56. Doi: 10.1016/s0165-7836(98)00116-
7

Mackenzie, K., Abaunza, P. 2013. Chapter Ten - Parasites as Biological Tags In: Stock
Identification Methods (ed. by S.X. Cadrin, L.A. Kerr, S. Mariani), pp. 185-203. Academic Press,

San Diego.

MacKenzie, K., Pert, C. 2018. Evidence for the decline and possible extinction of a marine parasite

species caused by intensive fishing. Fish. Res. 198, 63-65. Doi: 10.1016/j.fishres.2017.10.014

Macquart-Moulin, C., Patriti, G. 1996. Accumulation of migratory micronekton crustaceans over
the upper slope and submarine canyons of the northwestern Mediterranean. Deep Sea Res. | 43,

579-601. Doi: 10.1016/0967-0637(96)00039-8

Magoulas A, Castilho R, Caetano S, Marcato S, Patarnello T. 2016. Mitochondrial DNA reveals a
mosaic pattern of phylogeographical structure in Atlantic and Mediterranean populations of
anchovy (Engraulis encrasicolus). Mol. Phylogenet. Evol. 39(3), 734-46. Doi:

10.1016/j.ympev.2006.01.016.

Marcogliese, D. J., Cone, D. K. 1997. Food webs: A plea for parasites. Trends Ecol. Evol. 12, 320—

325. Doi: 10.1016/s0169-5347(97)01080-x

34


https://doi.org/10.1093/icesjms/46.2.155
https://doi.org/10.1016/0967-0637(96)00039-8

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

Marcogliese, D. J. 2002. Food webs and the transmission of parasites to marine fish. Parasitol. 124,

S83-599. Doi: 10.1017/S003118200200149X

Marcogliese, D. J. 2005. Parasites of the superorganism: Are they indicators of ecosystem health?

Int. J. Parasitol. 35(7), 705-716. Doi: 10.1016/j.ijpara.2005.01.015

Mattiucci, S., Farina, V., Campbell, N., Mackenzie, K., Ramos, P., Pinto, A.L., Abaunza, P.,
Nascetti, G. 2008. Anisakis spp. larvae (Nematoda : Anisakidae) from Atlantic horse mackerel:
Their genetic identification and use as biological tags for host stock characterization. Fish. Res., 89,

146-151.

Mattiucci, S., Cimmaruta, R., Cipriani, P., Abaunza, P., Bellisario, B., Nascetti, G. 2015.
Integrating Anisakis spp. parasites data and host genetic structure in the frame of a holistic approach
for stock identification of selected Mediterranean Sea fish species. Parasitol. 142, 90-108. Doi:

10.1017/s0031182014001103

McClelland, G. 2002. The trouble with sealworms (Pseudoterranova decipiens) species complex,

Nematoda: a review. Parasitol. 124, S183-S203. Doi: 10.1017/S0031182002001658

McMillan, M. N., Izzo, C., Junge, C., Albert, O. T., Jung, A., Gillanders, B. M. 2017. Analysis of
vertebral chemistry to assess stock structure in a deep-sea shark, Etmopterus spinax. ICES J. Mar.

Sci. 74, 793-803. Doi: 10.1093/icesjms/fsw176

Menoret, A., Ivanov, V.A. 2012. Description of Plerocerci and Adults of a New Species of Grillotia
(Cestoda: Trypanorhyncha) in Teleosts and Elasmobranchs from the Patagonian Shelf Off

Argentina. J. Parasitol. 98, 1185-1199. Doi: 10.1645/ge-3107.1
35



904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

927

928

929

Mohaghar, M., Jung, S., Haas, K. A., Webster, D. R. 2020. Copepod Behavior Responses Around

Internal Waves. Front. Mar. Sci. 7, 331. Doi: 10.3389/fmars.2020.00331

Molinero, J.C., Vukani¢, V., Luci¢, D., Ibanez, F., Nival, P., Licandro, P., et al. 2009.
Mediterranean marine copepods: basin-scale trends of the calanoid Centropages typicus. Hydrobiol.

617, 41-53. Doi: 10.1007/s10750-008-9524-8

Morato, T., Watson, R., Pitcher, T. J., Pauly, D. 2006. Fishing down the deep. Fish Fish. 7, 24-34.

Doi: 10.1111/5.1467-2979.2006.00205.x

Mulas, A., Bellodi, A., Carbonara, P., Cau, A., Marongiu, M. F., Pesci, P., et al. 2021. Bio-
Ecological Features Update on Eleven Rare Cartilaginous Fish in the Central-Western
Mediterranean Sea as a Contribution for Their Conservation. Life 11(9), 871. Doi:

10.3390/1ife11090871

Navarro, J., Lépez, L., Coll, M., Barria, C., Sdez-Liante, R. 2014. Short- and long-term importance
of small sharks in the diet of the rare deep-sea shark Dalatias licha. Mar. Biol. 161, 1697-1707.

Doi: 10.1007/s00227-014-2454-2

Neat, F.C., Burns, F., Jones, E., Blasdale, T. 2015. The diversity, distribution and status of deep-
water elasmobranchs in the Rockall Trough, north-east Atlantic Ocean. J. Fish. Biol. 87, 1469-

1488. Doi: 10.1111/jfb.12822

Nei, M. (ed.) 1987. Molecular Evolutionary Genetics. Columbia University Press, New York. Doi:

10.7312/nei-92038
36


https://doi.org/10.1007/s10750-008-9524-8
https://doi.org/10.7312/nei-92038

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

Neiva, J., Coelho, R., Erzini, K. 2006. Feeding habits of the velvet belly lanternshark Etmopterus
spinax (Chondrichthyes: Etmopteridae) off the Algarve, southern Portugal. J. Mar. Biol. Assoc.

U.K. 86, 835-841. Doi: 10.1017/S0025315406013762

Norse, E. A., Brooke, S., Cheung, W. W. L., Clark, M. R., Ekeland, L., Froese, R., et al. 2012.

Sustainability of deep-sea fisheries. Mar. Policy 36, 307-320. Doi: 10.1016/j.marpol.2011.06.008

Olivera-Bravo, S., Bolatto, C., Otero Damianovich, G., Stancov, M., Cerri, S., Rodriguez, P, et al.
2022. Neuroprotective effects of violacein in a model of inherited amyotrophic lateral sclerosis. Sci.

Rep. 12, 4439. Doi: 10.1038/s41598-022-06470-7

Olson, P. D., Cribb, T. H., Tkach, V. V., Bray, R. A, Littlewood, D. T. J. 2003. Phylogeny and
classification of the Digenea (Platyhelminthes: Trematoda). Int. J. Parasitol. 33, 733-755. Doi:

10.1016/S0020-7519(03)00049-3

Ozer, A., Oztiirk, T., Kornyushin, V. V., Kornyychuk, Y., Yurakhno, V. 2014. Grillotia erinaceus
(van Beneden, 1858) (Cestoda: Trypanorhyncha) from whiting in the Black Sea, with observation
on seasonality and host-parasite interrelationship. Acta Parasitol. 59(3), 420-425. Doi:

10.2478/511686-014-0261-z

Paggi, L. 2008. "Cestoda." Biologia Marina Mediterranea 15, pp. 150-154.

Palacios-Abella, J. F., Georgieva, S., Mele, S., Raga, J. A., Isbert, W., Kostadinova, A., Montero, F.

E. 2017. Skoulekia erythrini n. sp. (Digenea: Aporocotylidae): a parasite of Pagellus erythrinus (L.)

37



955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

(Perciformes: Sparidae) from the western Mediterranean with an amendment of the generic

diagnosis. Syst. Parasitol. 94, 669-688. Doi: 10.1007/s11230-017-9733-5

Palm, H. W., Schrdder, P. 2001. Cestode parasites from the elasmobranchs Heptranchias perlo and
Deania from the Great Meteor Bank, central East Atlantic. Aquat. Living Resour. 14, 137-144. Doi:

10.1016/50990-7440(01)01107-x

Palm, H.W. 2004. The Trypanorhyncha Diesing, 1863. PKSPL-IPB Press, Bogor, Republic

Indonesia.

Palm, H. W., Waeschenbach, A., Littlewood, D. T. J. 2007. Genetic diversity in the trypanorhynch
cestode Tentacularia coryphaenae Bosc, 1797: evidence for a cosmopolitan distribution and low
host specificity in the teleost intermediate host. Parasitol. Res. 101, pp. 153-159. Doi:

10.1007/s00436-006-0435-1

Palm, H. W., Waeschenbach, A., Olson, P. D., Littlewood, D. T. J. 2009. Molecular phylogeny and
evolution of the Trypanorhyncha Diesing, 1863 (Platyhelminthes: Cestoda). Mol. Phylogenet. Evol.

52, 351-367. Doi: 10.1016/j.ympev.2009.01.019

Pascual, S., Gonzéalez, A., Arias, C., Guerra, A. 1996. Biotic relationships of Illex coindetii and
Todaropsis eblanae (Cephalopoda, Ommastrephidae) in the Northeast Atlantic: Evidence from

parasites. Sarsia 81, 265-274. Doi: 10.1080/00364827.1996.10413624

Pascual, M., Rives, B., Schunter, C., Macpherson, E. 2017. Impact of life history traits on gene
flow: A multispecies systematic review across oceanographic barriers in the Mediterranean Sea.

PLoS ONE 12(5), e0176419. Doi: 10.1371/journal.pone.0176419
38


http://dx.doi.org/10.1080/00364827.1996.10413624

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

Patarnello, T., Volckaert, F.A.M.J., Castilho, R. 2007. Pillars of Hercules: is the Atlantic-
Mediterranean transition a phylogeographical break? Mol. Ecol. 16, 4426-4444. Doi:

10.1111/5.1365-294X.2007.03477.X

Pereira, T. J., Baldwin, J. G. 2016. Contrasting evolutionary patterns of 28S and ITS rRNA genes
reveal high intragenomic variation in Cephalenchus (Nematoda): Implications for species

delimitation. Mol. Phylogenet. Evol. 98, pp. 244-260. Doi: 10.1016/j.ympev.2016.02.016.

Pinte, N., Parisot, P., Martin, U., Zintzen, V., De Vleeschouwer, C., Roberts, C. D., Mallefet, J.
2020. Ecological features and swimming capabilities of deep-sea sharks from New Zealand. Deep

Sea Res. 1 Oceanogr. Res. Pap. 156, 103187. Doi: 10.1016/j.dsr.2019.103187.

Posada, D., Buckley, T. R. 2004. Model selection and model averaging in phylogenetics:
advantages of Akaike information criterion and Bayesian approaches over likelihood ratio tests.

Syst. Biol. 53:793-808. Doi: 10.1080/10635150490522304

Poulin, R., Krasnov, B. R., Mouillot, D., Thieltges, D. W. 2011. The comparative ecology and

biogeography of parasites. Phil. Trans. R. Soc. B 366, 2379-2390. Doi: 10.1098/rsth.2011.0048.

Preciado, I., Cartes, J. E., Serrano, A., Velasco, F., Olaso, |., Sdnchez, F., Frutos, I. 2009. Resource

utilization by deep-sea sharks at the Le Danois Bank, Cantabrian Sea, north-east Atlantic Ocean. J.

Fish. Biol. 75, 1331-1355. Doi: 10.1111/j.1095-8649.2009.02367.x

39


https://doi.org/10.1080/10635150490522304

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

Ramirez-Amaro, S., Ordines, F., Terrasa, B., Esteban, A., Garcia, C., Guijarro, B., Massuti, E.
2015. Demersal chondrichthyans in the western Mediterranean: assemblages and biological

parameters of their main species. Mar. Freshw. Res. 67, 636-652. Doi: 10.1071/MF15093

Redmond, N. E., Raleigh, J., van Soest, R. W. M., Kelly, M., Travers, S. A. A., Bradshaw B,
Vartia, S., Stephens, K. M., McCormack, G. P. 2011. Phylogenetic Relationships of the Marine
Haplosclerida (Phylum Porifera) Employing Ribosomal (28S rRNA) and Mitochondrial (cox1,

nadl) Gene Sequence Data. PLoS ONE 6(9): e24344. Doi: 10.1371/journal.pone.0024344

Rees, D. J., Noever, C., Finucci, B., Schnabel, K., Leslie, R. E., Drewery, J., et al. 2019. De novo
innovation allows shark parasitism and global expansion of the barnacle Anelasma squalicola. Curr.

Biol. 29, R562-R563. Doi: 10.1016/j.cub.2019.04.053

Rohde, K. (Ed.) 2005. Marine Parasitology. CSIRO Publishing, Collingwood VIC 3066, Australia;

CABI Publishing, Wallingford, Oxon OX10 8DE, United Kingdom.

Rozas, J., Ferrer-Mata, A., Sadnchez-Del-Barrio, J.C., Guirao-Rico, S., Librado, P., Ramos-Onsins,
S.E., Sanchez-Gracia, A. 2017. DnaSP 6: DNA Sequence Polymorphism Analysis of Large

Datasets. Mol. Biol. Evol. 34, 3299-3302. Doi: 10.1093/molbev/msx248

Sanjai, K., Baker, A., Reddy, L. P., Pandey, B. 2017. Modified Cajal's trichrome stain as a

diagnostic aid in the study of epithelial pathology. Indian J. Pathol. Microbiol. 60, 528-532. Doi:

10.4103/1PM.IJPM_202_16

40


https://doi.org/10.4103/ijpm.ijpm_202_16

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

Santoro, M., Uberti, B. D., Corrado, F., Cutarelli, A., laccarino, D., Di Nocera, F., et al. 2018.
Grillotia (Cestoda: Trypanorhyncha) plerocerci in an anglerfish (Lophius piscatorius) from the

Tyrrhenian Sea. Parasitol. Res. 117, 3653-3658. Doi: 10.1007/s00436-018-6067-4

Santoro, M., Bellisario, B., Crocetta, F., Degli Uberti, B., Palomba, M. 2021. A molecular and
ecological study of Grillotia (Cestoda: Trypanorhyncha) larval infection in small to mid-sized
benthic sharks in the Gulf of Naples, Mediterranean Sea. Ecol. Evol. 11, 13744-13755. Doi:

10.1002/ece3.7933

Santoro, M., Bellisario, B., Tanduo, V., Crocetta, F., Palomba, M. 2022. Drivers of parasite
communities in three sympatric benthic sharks in the Gulf of Naples (central Mediterranean Sea).

Sci. Rep. 12, 9969. Doi: 10.1038/s41598-022-14024-0

Seamone, S., Blaine, T., Higham, T.E. 2014. Sharks modulate their escape behavior in response to
predator size, speed and approach orientation. Zoology, 117, 377-382. Doi:

10.1016/j.z00l.2014.06.002

Sebastian, M., Ortega-Retuerta, E., Gomez-Consarnau, L., Zamanillo, M., Alvarez, M., Aristegui,
J., Gasol, J. M. 2021. Environmental gradients and physical barriers drive the basin-wide spatial
structuring of Mediterranean Sea and adjacent eastern Atlantic Ocean prokaryotic communities.

Limnol. Oceanogr. 66, 4077-4095. Doi: 10.1002/In0.11944

Sefc, K. M., Wagner, M., Zangl, L., Weil3, S., Steinwender, B., Arminger, P., et al. 2020.
Phylogeographic structure and population connectivity of a small benthic fish (Tripterygion

tripteronotum) in the Adriatic Sea. J Biogeogr. 47, 2502— 2517. Doi: 10.1111/jbi.13946

41


https://doi.org/10.1002/ece3.7933
https://doi.org/10.1111/jbi.13946
https://doi.org/10.1111/jbi.13946

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

Simpfendorfer, C. A., Kyne, P. M. 2009. Limited potential to recover from overfishing raises
concerns for deep-sea sharks, rays and chimaeras. Environ. Conserv. 36, 97-103. doi:

10.1017/S0376892909990191

Siokou-Frangou, 1., Christaki, U., Mazzocchi, M. G., Montresor, M., Ribera d'Alcala, M., Vaqué,
D., Zingone, A. 2010. Plankton in the open Mediterranean Sea: a review. Biogeosci. 7, 1543-1586.

Doi: 10.5194/bg-7-1543-2010.

Spano, N., De Domenico, E. 2017. Biodiversity in Central Mediterranean Sea. In: B. Fuerst-Bjelis
(ed.), Mediterranean Identities - Environment, Society, Culture, IntechOpen, London. Doi:

10.5772/intechopen.68942.

Straube, N., Kriwet, J., Schliewen, U. K. 2011. Cryptic diversity and species assignment of large
lantern sharks of the Etmopterus spinax clade from the Southern Hemisphere (Squaliformes,

Etmopteridae). Zool. Scr. 40, 61-75. Doi: 10.1111/j.1463-6409.2010.00455.x

Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S. 2013. MEGAG: molecular
evolutionary genetics analysis version 6. 0. Mol. Biol. Evol. 30, 2725-2729. Doi:

10.1093/molbev/mst197

Tedesco, P., Gestal, C., Begic, K., Mladineo, I., Castellanos-Martinez, S., Catanese, G., Terlizzia,
A., Fiorito, G. 2017. Morphological and Molecular Characterization of Aggregata spp. Frenzel
1885 (Apicomplexa: Aggregatidae) in Octopus vulgaris Cuvier 1797 (Mollusca: Cephalopoda)

from Central Mediterranean. Protist 168, 636-648. Doi: 10.1016/j.protis.2017.08.002

42



1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

Thieltges, D. W., Hof, C., Borregaard, M. K., Dehling, D. M., Brandle, M., Brandl, R., Poulin, R.
2011. Range size patterns in European freshwater trematodes. Ecography 34, 982-989. Doi:

10.1111/j.1600-0587.2010.06268.x

Tikochinski, Y., Tamir, S., Simon-Blecher, N. Motro, U., Achituv, Y. 2021. A star is torn —
Molecular analysis divides the Mediterranean population of Poli's stellate barnacle, Chthamalus

stellatus (Cirripedia, Chtamalidae). PeerJ. 9, €11826. Doi: 10.7717/peerj.11826.

Valls, M., Quetglas, A., Ordines, F., Moranta, J. 2011. Feeding ecology of demersal elasmobranchs
from the shelf and slope off the Balearic Sea (western Mediterranean). Sci. Mar. 75, 633-639. Doi:

10.3989/scimar.2011.75n4633

Vella, N., Vella, A. 2017. Population genetics of the deep-sea bluntnose sixgill shark, Hexanchus
griseus, revealing spatial genetic heterogeneity, Mar. Genomics 36, 25-32. Doi:

10.1016/j.margen.2017.05.012

Verissimo, A., Zaera-Perez, D., Leslie, R, Iglésias, S. P., Séret, B., Grigoriou, P., et al. 2017.
Molecular diversity and distribution of eastern Atlantic and Mediterranean dogfishes Squalus

highlight taxonomic issues in the genus. Zool. Scr. 46, 414-428. Doi: 10.1111/zsc.12224

Vifas, J., Pérez-Serra, A., Vidal, O., Alvarado Bremer, J. R., Pla, C. 2010. Genetic differentiation
between eastern and western Mediterranean swordfish revealed by phylogeographic analysis of the
mitochondrial DNA control region. — ICES J. Mar. Sci. 67: 1222-1229. Doi:

10.1093/icesjms/fsq031

43


https://doi.org/10.1016/j.margen.2017.05.012

1105  Williams, H., MacKenzie, K., McCarthy, A. 1992. Parasites as biological indicators of the
1106  population biology, migrations, diet, and phylogenetics of fish. Rev. Fish Biol. Fish. 2, 144-176.

1107  Doi: 10.1007/BF00042882

44



1108

1109

1110
1111
1112
1113
1114
1115
1116

1117

Table 1. Region, survey/haul, month/year, coordinates, and depths of fishing surveys/hauls.

Region Survey/haul Month/year Coordinates Depth (m)
Lat Long mean + SD (range)
Balearic Sea MEDITS GSA05 Jun 2013 39°07.16'N — 40°15.93'N  2°12.20'E — 4°31.24'E 643 + 81 (497 — 737)
MEDITS GSA05 Jun 2014 38°57.16'N —40°06.81'N  2°10.92'E —4°31.23'E 632 £ 82 (499 — 754)
Com Fish EL May 2015 39°10.72'N 2°34.17'E 602
Com Fish JIM May 2015 39°38.13'N 3°44.15'E 558
Com Fish EL Jun 2015 39°01.49'N 2°40.47T'E 551
MEDITS GSA05 Jun 2015 39°06.93'N — 39°45.47'N  2°10.87'E — 4°31.38'E 646 + 96 (513 — 748)
MEDITS GSA05 Jun 2016 38°57.97'N — 40°16.00N  2°03.20'E — 4°31.59'E 649 + 78 (513 — 746)
Com Fish BL Jul 2018 41°28.25'N 2°48.63'E 335
Alboran Sea MEDITS GSA01/02 Apr./May 2015  36°16.21'N —35°58.84'N  2°11.94'E —5°05.12'E 574 +£174 (367 — 793)
Cyprus MEDITS GSA25 Aug 2015 34°45.24'N — 34°38.38'N  33°29.97'E — 33°29.86'E 321 +309 (51 - 601)
Celtic Sea NEATL (EVOHE) Nov 2013 48°11.45'N 008°25.86'W (412 — 496)
Scotland NEATL (Com) Jun 2015 59°53.02'N 006°33.14'W 500
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Table 2. Region, survey/haul, month/year, number of shark individuals examined and mean total length (TL) followed by standard deviation (SD)

and range of Etmopterus spinax sampled, as well as prevalence (P%), mean abundance (mA) and mean intensity (ml) of Grillotia sp. detected in the

tail muscle tissue of E. spinax. Regional values for fish TL and parasite prevalence, abundance and intensity accompanied by different superscript

capital letters indicate significant differences among regions. *indicates survey/hauls for which samples were used for molecular analysis.

Region Survey/haul Month Year  No. host Host TL (cm) Grillotia sp.
examined mean * SD (range) P% mA = SD ml £ SD
Balearic Sea MEDITS GSA05 Jun 2013 37 19.3+8.1(8.0-41.8) 405 0.95+1.45 2.33+1.40
MEDITS GSA05 Jun 2014 43 20.3+6.1(10.5- 36.5) 62.8 1.60+1.83 2.56 +1.69
Com Fish EL* May 2015 25 22.3+5.7(125-34.2) 76.0 1.70+1.40 2.30+1.20
Com Fish IM May 2015 4 29.2+10.2 (18.6 - 28.7) 100.0 9.00+7.86 9.00 +7.86
Com Fish EL Jun 2015 10 27.1+5.7(19.8 - 36.7) 80.0 290277 3.62+2.62
MEDITS GSA05* Jun 2015 36 19.7 £ 6.7 (11.7 - 43.6) 722 1.69+175 2.35+1.75
MEDITS GSA05* Jun 2016 33 25.2+7.7 (14.9 - 40.6) 818 2751274 3.48+264
Com Fish BL* Jul 2018 1 245+0.0 100.0 — —
Total 189 21.7+7.4(8.0-43.6)8 67.08 2.00 + 2.508 2.90 + 2.504
Alboran Sea MEDITS GSAQ1/02* Qoplrg May 9 17.0+6.6(107-358)A  240° 050+100A  1.90 +1.20°
Cyprus MEDITS GSA25* Aug 2015 45 20.2 +3.2 (14.0 - 25.4)B 91.08¢ 7.00 +6.28¢ 7.70 £ 6.28
Celtic Sea NEATL (EVOHE)*  Nov 2013 28 48.0 +4.5 (405 - 57.2)° 75.0C 2.39+2.678  3.19+2.64°
Scotland NEATL (Com)* Jun 2015 26 36.6 £ 3.3 (31.3 - 42.8)° 100.0¢ 13.80 £6.82° 13.80 +6.82¢




1125 Table 3. Sampling regions and parameters: number of samples (N), number of haplotype (h),
1126  number of polymorphic sites (S), haplotype diversity (Hd), nucleotide diversity (), and average

1127  number of nucleotide differences (k) were used to measure the DNA polymorphism.

1128
N h S Hd P k
Alboran Sea 15 3 2 0.6 0.00052 0.68571
Balearic Sea 17 6 5 0.8309 0.00132 1.75000
Celtic Sea 12 4 7 0.8182 0.00185 2.45455
Cyprus 12 3 2 0.5455 0.00023 0.30303
Scotland 14 2 1 0.2637 0.0002 0.26374
Overall 70 17 18 0.9255 0.00256 3.39337
1129

1130 Table 4. AMOVA Analysis of molecular variance (AMOVA) results showing genetic variance for

1131  Grillotia sp. populations based on 28S rDNA sequence data.

1132
Source of Sum of Variance Percentage of
variation squares components variation
Among areas 63.075 0.79297 Va 32.64907
Among regions within areas 30.458 1.01213 Vb 41.67242
Within regions 40.539 0.62367 Vc 25.67852
Total 134.071 2.42878
Fixation Index Va FCT= 0.32649 P=0.02248
Vb FSC= 0.61874 P=0.0000
Vc FST=0.74321 P=0.0000
1133
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Figure captions

Figure 1. Origin of samples, Grillotia sp. larvae ex Etmopterus spinax, collected in five regions
(red dots, from left to right: off Scotland, Celtic Sea, Alboran Sea, Balearic Sea, off Cyprus) in the
Atlantic Ocean and Mediterranean Sea between 2013 and 2017.

Figure 2. Phylogenetic tree. The tree was rooted using Hornelliella annandalei as outgroup (not
shown); Maximum likelihood bootstrap and Bayesian for posterior probabilities values >0.5,
supporting non-collapsed clades, are indicated.

Figure 3. Median-Joining network of Grillotia sp. haplotypes. The sizes of the circles are
proportional to frequencies of haplotypes.

Figure 4. Encapsulated plerocerci of Grillotia sp. in Etmopterus spinax tail muscle tissue. A) The
parasite is observed in the centre of the microphotograph (yellow asterisk) with the integument
stained in blue, surrounded by a layer of macrophages. B) Detail of the granuloma envelope,
showing the inner layer of macrophages (1), followed by a layer of epithelioid cells (2) and an outer
layer of connective tissue interspersed with fibroblasts (3). Integument of parasite cyst (white
asterisk). Cajal-Gallego’s Trichrome stain. C-F: Micrographs of the apical part of a blastocyst
Grillotia plerocercus ex. Etmopterus spinax. C) cross-section of the scolex with the “armature” of
its tentacles (black arrow). D) Whole mount. E+F) Details of the tentacular apparatus, observing the
bothria (white arrows) and the tentacular armature (black arrow). H/\VOF staining. Scale bars: A,

200 pm; B, 50 pm; C, 200 pm; D, 500 pm; E 100 pm, F 50 pm.
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SUPPLEMENTARY MATERIAL

Table S1. Estimates of evolutionary divergence among 58 nucleotide sequences of cestodes.
Analyses were conducted using the Tamura-Nei model genetic distance.

Table S2. Polymorphic sites that characterize the 17 haplotypes detected in the present study for the
28S rDNA sequences of Grillotia sp. Indels are indicated by hyphens while identical nucleotides

with respect to haplotype 1 (h1) are indicated by dots.

Please see Excel files (“S1 Table” and “S2 Table”)
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Highlights:
- Cestode larvae of Grillotia adenoplusia ex its paratenic host Etmopterus spinax

- rDNA (28S) revealed genetic diversity between NE Atlantic and Mediterranean regions
- Consistent sequence cluster for the NE Atlantic and Eastern Mediterranean
- Low genetic differentiation within Western Mediterranean

- Limited interpopulation dispersal apply not only to hosts, but also to parasites
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