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Abstract Mnemiopsis leidyi A. Agassiz, 1865 is an
invasive ctenophore that has spread to many areas of
the Eurasian seas in recent decades and is one of the
100 most dangerous species in the world. This spe-
cies was first observed in the northern Adriatic Sea
in 2005 and then disappeared until 2016, when its
first bloom was recorded. After that, it bloomed every
summer in the area, causing severe damage to arti-
sanal fisheries. Given the lack of genetic data for the
northern Adriatic, here we compare the genetic diver-
sity and phylogenetic relationships of M. leidyi popu-
lations sampled in 2016, 2018 and 2021 on the north-
eastern coast of Italy with native populations and
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those introduced in other basins using two molecular
markers: CytB and ITS. The CytB haplotype found
in the samples from the northern Adriatic was identi-
cal to that found in the Gulf of Mexico and the Black
Sea/Mediterranean. ITS analysis revealed 11 alleles,
including 8 novel ones. The presence of a panmic-
tic population in the northern Adriatic and the lower
genetic variability compared to the native popula-
tions suggest that M. leidyi has been introduced into
the Adriatic more than once and the species recently
expanded in this area.
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Introduction

The Mediterranean Sea has an enormously rich native
biodiversity (Coll et al., 2010) that is also among
the most threatened in the world due to a number of
human related pressures including overfishing, pol-
lution, habitat fragmentation and loss, rising water
temperature and acidity, global expansion and inten-
sification of shipping routes and introduction of alien
invasive species (Molnar et al., 2008; Coll et al.,
2010; Templado, 2014; Corriero et al., 2016; Fer-
nandes et al., 2017; Giangrande et al., 2020).
Non-indigenous species introduced in the Mediter-
ranean Sea are nowadays more than 1000, of which
751 were recently recognized as established (Zene-
tos et al., 2022). Arrival of non-indigenous species in
coastal marine environments can profoundly reshape
local/native communities specially when some of
them became invasive (Katsanevakis et al., 2014a,
b). Among these latter, one of the most dangerous is
the comb jelly Mnemiopsis leidyi A. Agassiz, 1865
(Fig. 1a), which is included in the list of the 100 of
the world’s worst invasive species by the International
Union for Conservation of Nature (IUCN) (Lowe
et al., 2000). The danger posed by this species does
not lie in its direct physical threat to humans, but in
its negative impact on the functioning and services of
the ecosystem in invaded areas. In particular, the eco-
logical importance of M. leidyi has been recognised
in recent decades following its arrival in the Black
Sea and surrounding areas, where fishery collapses
and ecosystem disturbances have been mainly associ-
ated with the introduction of this ctenophore (Kideys
et al., 2005; Oguz et al., 2008). In the Mediterranean,

Fig. 1 Pictures of Mnemi-
opsis leidyi: a at sea (cour-
tesy of Diego Borme) and
b in an artisanal fishing net
in the Marano and Grado
Lagoon (courtesy of Nicola
Bettoso)
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the main recognised damage caused by this species to
date is due to its negative impact on artisanal fisher-
ies in lagoons, where massive aggregation of cteno-
phores can fill and clog fishermen’s nets (Fig. 1b)
(Diciotti et al., 2016; Marchessaux et al., 2023; Pic-
cardi et al., 2024).

The lobate ctenophore M. leidyi, commonly known
as the “sea walnut”, is a marine holoplanktonic comb
jellyfish native to the estuarine and coastal waters of
the Atlantic coast of America (from Massachusetts
in the USA down to the Gulf of Mexico and Argen-
tina) (GESAMP, 1997). Mnemiopsis leidyi is not only
capable of establishing over a wide range of tempera-
tures and salinities (Costello et al., 2012; Shiganova,
2020), but it is also considered a highly success-
ful invader (Costello et al., 2012), due in part to its
extremely rapid growth rate combined with extremely
high and abundant reproduction (Purcell et al., 2001;
Malej et al., 2017; Jaspers et al., 2018), often result-
ing in large blooms. M. leidyi is a simultaneous her-
maphrodite capable of self-fertilisation (Sasson &
Ryan, 2016), which reproduces at a very small body
size (~1 mm) and spawns continuously from this
point onwards under suitable environmental condi-
tions (Edgar et al., 2022) and can release up to 10,000
eggs per day as an adult (Baker & Reeve, 1974; Jas-
pers et al., 2015; Malej et al., 2017). It is a strict car-
nivore that feeds at high rates on zooplankton (Pur-
cell et al., 2001; Finenko et al., 2006; Marchessaux
et al., 2021) and can thus compete with planktivorous
fish species and fish larvae (Oguz et al., 2008; BudiSa
et al., 2021), causing a cascade effect in planktonic
food webs (Tiselius & Mgller, 2017; Paliaga et al.,
2021). Recently, it has been shown that M. leidyi can
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even resort to cannibalism when food is scarce (Javid-
pour et al., 2020).

The first sighting of M. leidyi in Eurasia dates back
40 years, when this species was observed in the Black
Sea in the early 1980s, probably introduced with
ballast water (Vinogradov et al., 1989). It was sub-
sequently introduced into the adjacent Sea of Azov
(Studenikina et al., 1991), the Caspian Sea (Ivanov
et al., 2000), the Sea of Marmara (Shiganova, 1997),
the northern Aegean Sea (Shiganova et al., 2004), the
Levantine Sea (Galil et al., 2009), the western Medi-
terranean (Boero et al., 2009) and the Adriatic Sea
(Shiganova & Malej, 2009; Malej et al., 2017). How-
ever, the spread of the species in northern Europe
occurred more recently than in the Mediterranean:
the first sighting dates back to 2005, when individu-
als were first recorded in Danish waters in summer/
autumn (Tendal et al., 2007) and in the English Chan-
nel (port of Le Havre) in summer/autumn (Antajan
et al., 2014). Subsequently, it was found in several
locations in the Baltic Sea (Hansson, 2006; Javid-
pour et al., 2006) and the North Sea (Faasse & Bahya,
2006; Boersma et al., 2007) as well as in the Oslo
Fjord (Norway) (Oliveira, 2007).

Although there was a consensus that transportation
via ballast water was the main vector for the intro-
duction of M. leidyi into European waters, genetic
studies were needed to clarify the origin and routes
of introduction (Reusch et al., 2010; Ghabooli et al.,
2011, 2013; Bolte et al., 2013; Bayha et al., 2015).
Studies in which various molecular approaches were
applied (Reusch et al., 2010; Ghabooli et al., 2011;
Jaspers et al., 2018, 2021) indicate that M. leidyi was
introduced to Eurasia via at least two pathways: one
in the 1980s/1990s from an area of origin in or near
the Gulf of Mexico (e.g. Florida) into the Black Sea
with subsequent spread across the Pontocaspian Basin
and a second at the beginning of the current millen-
nium from New England (possibly Narragansett Bay)
into the Baltic and North Sea. Several introductions
from a combination of Black Sea and native sources
(Gulf of Mexico) have been proposed for the Mediter-
ranean Sea (Bolte et al., 2013; Ghabooli et al., 2013).

Several specimens of this invasive ctenophore were
first detected in the Gulf of Trieste (northernmost part
of the Adriatic Sea) in October 2005, presumably via
ballast water (Shiganova & Malej, 2009). As sug-
gested by Malej et al. (2017), they probably failed to
become established due to low propagule pressure

(e.g. low number of individuals released, fragility
of released individuals, etc.). In fact, M. leidyi has
not been detected in the Adriatic Sea for more than
10 years, since the summer of 2016, when blooms
occurred quasi-simultaneously in various locations
(from lagoons to open waters), all restricted to the
northern Adriatic Sea (Malej et al., 2017).

A molecular approach is essential to identify the
pathway of introduction of non-indigenous species
and thus develop efficient monitoring strategies. Con-
sidering the complete lack of genetic data of M. lei-
dyi in the Adriatic Sea, in this study, we used Internal
Transcribed Spacer (ITS) region and Cytochrome b
(CytB) molecular markers to investigate for the first
time the genetic diversity of M. leidyi in the northern
Adriatic Sea and to explore the phylogenetic relation-
ships of populations sampled from 2016 in the north-
ern Italian coast (Marano and Grado Lagoon and Gulf
of Trieste) with native and introduced populations in
other basins.

Materials and methods
Study area

The areas of interest for this study are located in
the northernmost part of the northern Adriatic Sea
(NAS): the Gulf of Trieste (a shallow, semi-enclosed
basin) and the nearby Marano and Grado Lagoon (a
shallow transitional system considered one of the
best-preserved wetlands in the entire Mediterra-
nean; Bettoso et al., 2013) (Fig. 2). The NAS is one
of the most productive areas of the Mediterranean
(Morello & Arneri, 2009; Marini & Grilli, 2023) and
at the same time affected by heavy maritime traffic.
Zupanci¢ et al. (2015) showed that the main traffic
route extends from the entrance through the Strait
of Otranto in the south to the main northern ports
(Rijeka, Pula, Koper, Trieste, Venice, Ancona), where
the cumulative ballast water discharge between 2012
and 2015 was estimated at almost 2 x 106 m> per year
(Penko et al., 2016). Most of the ballast water dis-
charged in these ports originated from the Adriatic
Sea (80.9%) and the rest from the Mediterranean Sea
(16.4%), followed by the Black Sea (1.1%), the north-
ern Atlantic Ocean (0.8%), the Red Sea (0.4%) and
the Gulf of Mexico (0.2%) (Penko et al., 2016).
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Fig. 2 Mnemiopsis leidyi’s sampling sites with pie charts
showing the distribution and frequency of the CytB haplo-
type (outer donut) and ITS alleles (inner circle) of Mnemiop-
sis leidyi in the study area. Only results obtained at sites with
both molecular markers were shown. Blue dots indicate sam-

Sample collection, DNA extraction and sequencing

Samples of M. leidyi were collected in 2016, 2018
and 2021 in the Italian waters of the Gulf of Tri-
este and in the Marano and Grado Lagoon (Table 1
and Fig. 2) using WP2 and bongo nets in the sea
and lagoon, respectively. Unfortunately, only a few
individuals were immediately individually frozen at
— 80 °C and all were analysed for the present study.

Genomic DNA was isolated from gelatinous
lobe tissue of 61 ctenophores using a modified
CTAB/Chloroform protocol from Ehrlich (2017).
DNA amplification was carried out using two dif-
ferent types of molecular markers: a mitochondrial
marker, Cytochrome b (CytB) using the KMBMT
— 80 and KMBMT - 116 primers (Bayha, 2005),
and a nuclear region (ITS-1, 5.8 S gene, and ITS-2)
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ples collected in the Gulf of Trieste, while green dots indicate
samples collected in the Marano and Grado Lagoon. Each
sampling site is represented with its own code (as shown in
Table 1)

applying the universal ITSSF and ITS4R primers
(White et al., 1990).

PCR amplification for both markers was per-
formed using QIAGEN Multiplex—PCR Master
Mix. The PCR protocol for CytB included an ini-
tial denaturing step at 94 °C for 2 min, followed by
36 amplification cycles (94 °C for 45 s, 50 °C for
1 min, 72 °C for 1:30 min), and a final elongation
step at 72 °C for 10 min (Bayha, 2005). PCR for the
nuclear region was performed with an initial dena-
turing step at 95 °C for 1 min, followed by 35 ampli-
fication cycles (95 °C for 30 s, 50 °C for 30 s, 72 °C
for 50 s), and a final elongation step at 72 °C for
7 min (Ghabooli et al., 2011). PCR products were
purified with ExoSAP-IT Express kit (Applied Bio-
system®) and then sent to MACROGEN EUROPE
(Milan, Italy) for sequencing.
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T?bl‘i 1 Mn emiop sis ID Type of Geographical Coordinates  Date of sampling ~ No. of CytB ITS
leidy?’s sampling water individu-
information: ID, Location body als
code; Type of body _
water; Geographical MARI lagoon  45°45305'N 10/07/2018 1 10
coordinates; Sampling date; 13° 10.241’E
Number of individuals MAR2 lagoon  45°42.768'N 21/07/2021 6 31
collected and Number of ,
R 13°05.537’E
sequenced individuals for
each molecular marker MAR3  lagoon 45° 44.56T’'N 28/09/2021 1 1 0
13°7.508’E
GRA1l lagoon 45°41.014’N 26/07-28/09/2021 2 2 0
13°23.188’E
GRA3  lagoon 45°42.710°N 28/09/2021 1 1 0
13°20411’E
GRA4 lagoon 45°43.929°’N 28/09/2021 2 1 1
13°15.093’E
GRI sea 45°42.232’N 26/09-18/10/2016 15 12 5
13°4244°E
MIR sea 45° 42.000°N 08/08/2018 4 3 0
13°42.360’E
OGS sea 45° 44.266’N 12/08/2021 10 5 6
13° 40.083’E
TRIH  sea 45°39.061’N 18/11/2016 2 2 0
13°45.226’E
PAL sea 45°37.097N 07/11/2018 1 1 0
13°33.913’E
CytB and ITS: total number TRIO  sea 45°34.443'N 15/09/2021 16 77
of sequences obtained for 13° 15.48°E

each marker

Population genetic and phylogenetic analyses

All sequences for each of the two markers were
checked for double peaks in the electropherograms
and for stop-codons in the amino-acid translations
(for the CytB) before running further analysis and
then aligned using MEGA v11 software (Mega Evo-
lutionary Genetics Analysis, Version 11) (Tamura
et al., 2021).

Since for ITS sequences, double nucleotide calls
(overlapping peaks) were observed, ITS alleles were
estimated using PHASE 2.1 a new statistical method
for haplotype reconstruction from population data
(Stephens et al., 2001) on DNASP v. 5 (Librado &
Rozas, 2009), which implements a coalescent-based
Bayesian method to infer them. Both alleles of all
individuals were included in the following analyses.

We assessed genetic diversity within populations
using by means of number of alleles (A), allelic
diversity (h) and nucleotide diversity (m) using
DNAsp v.5.10.1 (Rozas & Rozas, 1999) and by cal-
culating observed heterozygosity (Ho) and expected

heterozygosity (He) using the GENEPOP software
(accessible online at http://genepop.curtin.edu.au) and
Arlequin (version 3.1) (Excoffier et al., 2005). The
Markov chain method was used to estimate the prob-
ability of significant deviation from Hardy—Weinberg
equilibrium (HWE) using GENEPOP.

The degree of genetic structure between popula-
tions of the north Adriatic Sea was determined from
pairwise Fqr using Arlequin.

Then, M. leidyi’s sequences already present in
NCBI GenBank were retrieved and then aligned with
our sequences.

The function ModelTest in the Phangorn 2.5.5
package (Schliep, 2011; Schliep et al., 2016) in
RStudio (RStudio Team, 2020) was used to find the
best model of evolution, and the best-fitting model
for the data was chosen based on the Akaike Infor-
mation Criterion (Akaike, 1973). For ITS, the best
evolution model was found to be the Symmetric
Substitution Model+Gamma distribution with 4
categories + Invariant sites (SYM+G#)+1). To
further confirm the choice of model, the difference
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between likelihoods resulting from the use of the
best-fitting model and the one having one parameter
less was tested by computing an Analysis of Variance
(ANOVA).

Phylogenetic relationship among alleles was
reconstructed using the maximum likelihood (ML)
method (Fukami & Tateno, 1989) performed with
the function optim.pml in the Phangorn packages and
then the tree was edited using MEGA (Tamura et al.,
2021). An ITS sequence of the ctenophore Bolinop-
sis sp. (GenBank Accession no. U65480) was used as
outgroup.

A parsimony network for the CytB was generated
using Haplotype Viewer (Center for Integrative Bio-
informatics Vienna), while a Median Joining network
(Bandelt et al., 1999) for the ITS was generated using
PopART (Leigh and Bryant, 2015).

Results

315 base pairs (bp) of partial CytB sequences were
obtained for a total of 39 individuals from 12 sam-
pling sites (Fig. 2; Table 1) (Accession numbers:
OR290138-OR290176). All individuals have the
same haplotype, regardless of whether they were
sampled in the lagoon or at sea. Comparison of our
sequences with those in NCBI GenBank (Acces-
sion numbers: KM035326 — KM035399) shows that
the northern Adriatic haplotype corresponds to the
globally distributed haplotype (Accession number
KMO035341), which was also observed in the Gulf of
Mexico and the Black Sea/Mediterranean (Accession
number KM035396) (Fig. SI 1).

619 base pairs (bp) including ITS1, 5.8S and ITS2
were obtained for 20 individuals of M. leidyi from
5 sampling sites (Fig. 2; Table 1). One of 20 ampli-
fied individuals presents 1 INDEL at position 37,
resulting in an alignment of 620 bp (234 bp for ITS1,
158 bp for 5.8S and 228 bp for ITS2). Compared with
the 18 ITS sequences in GenBank (Accession nos.
GU062750-GU062762 obtained by Ghabooli et al.
2011; Accession nos. KF435100-KF435104 obtained
by Ghabooli et al. 2013), we identified in the northern
Adriatic 8 new alleles (designated S to Z to continue
the nomenclature previously used by Ghabooli et al.,
2013) (GenBank Accession numbers: OR724030-
OR724036 and OR731403) defined by eight vari-
able sites and one INDEL (five variable sites and one
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INDEL in the ITS1 region and three variable sites
in the ITS2 region). No variable sites were observed
for 5.8S region (Table SI 1). In addition, we found 3
alleles previously identified by Ghabooli et al. (2011):
alleles A, B and D (Fig. 2, 3; Table SI 1). Allele U,
one of the newly identified alleles, was the most prev-
alent among the studied individuals (27.5%), followed
by allele B (22.5%) and allele A (17.5%) (Fig. 2),
while all other alleles were present at lower percent-
ages (2.5-7.5%) (Fig. 2). Overall, in the study area,
the total frequency of alleles identified by Ghabooli
et al. (2011, 2013) (A, B, D) (47.5%) was comparable
to the total frequency of the “new” alleles (S, T, U,
V, W, X, Y, Z) (52.5%). All samples contained allele
A, whereas alleles B and U were only present in the
marine samples (GRI, OGS and TRIO), while allele
X was only found in OGS (sea) and MAR2 (lagoon)
(Fig. 2).

The 11 alleles resulted in 11 genotypes (Table SI
1). The number of alleles ranged from 2 in GRA4
— MAR?2 to 7 in GRI-TRIO, while the allelic diver-
sity (h) ranged from 0.615 in TRIO to 1 in GRA4
— MAR?2 and the nucleotide diversity (r) was rela-
tively low (Table 2). All the samples were in equi-
librium of Hardy—Weinberg except GRI that showed
a significant excess of heterozygosity (Table 2). No
significant genetic difference was found between the
samples from the northern Adriatic Sea (p>0.01,
Table SI 2), and therefore, all individuals were con-
sidered as belonging to a panmictic population and
integrated into the allele distribution and frequency
map created by Ghabooli et al. (2013) (Fig. 3; Table
SI 3). Alleles A, B and D were most common in the
Adriatic (ADR) (47.5%), as well as in the native
areas of the Gulf of Mexico (MH, FL) and Medi-
terranean (SP, FR, IT, HF), Black Sea (BLA, BL)/
Azov Sea (AZ) and Caspian Sea (NC, SC), where
these alleles were even more frequent (>67%).
However, the Adriatic Sea presents very peculiar
features as none of the other alleles identified in the
Mediterranean by Ghabooli et al. (2013) were found
in this area. In fact, all other populations in the
Mediterranean (sites in France, Spain, Italy, Israel
in Ghabooli et al., 2013) showed alleles F and N:
allele F was also found in the populations of Florida
and Morehead as well as in those of all other basins
in southern Europe (Caspian Sea, Black Sea/Azov),
while allele N was only detected in Morehead (Gulf
of Mexico). Although allele F did not occur in the
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Fig. 3 Alleles distribution and frequency global map for
Mnemiopsis leidyi, modified after Ghabooli et al. (2013). ITS
alleles represented in this map were obtained by this study and
by Ghabooli et al. (2011) and (2013). Each shade indicates a
different allele. Following the colour used by Ghabooli et al.
(2013), private alleles for Peninsula Valdes coast (G), North
Caspian Sea (L, M) and Haifa (O) were highlighted in grey.
Population sources were indicated as in Table S3 (Online
Resource 1): AZ Sea of Azov, Yasenskaya Bay; BL Black Sea,
transect from Blue Bay; BLA Black Sea, near Gelendzhik; NC

Table 2 Internal Transcribed Spacer (ITS): Population
code (ID), collection site and date, sample size (N), number
of alleles (A), allelic diversity (), nucleotide diversity (),

40°0" 80°0’ 120°0”

=
(7]

0°0’ 40°0’

-40°0"

[ NORONONCN NONONCHONONCRONONCHONCON NONCN NONON NOX

N<X=s<CcH0LXOTVOZIrA“E"IOTMOO®>

40°0" 80°0" 120°0’

North Caspian Sea, Makhachkala coast; SC South Caspian
Sea, Sari and Noor coasts; BA Baltic Sea, Kiel-Kiel Flord;
LD Limfjorden Fjord, Denmark; SP Dénia, Spain; FR Berre
Lagoon, Marseille, France; IT Ligurian Sea, Italy; in red ADR
Northern Adriatic Sea, Gulf of Trieste and Lagoon of Marano
and Grado, Italy; HF Haifa, Israel; NB Narragansett Bay,
Rhode Island; YR York River, Virginia; MH Morehead, North
Carolina; FL. Tampa Bay, Florida; PV Peninsula Valdes coast,
Argentina. Modified after Ghabooli et al. (2013).

number of observed (Ny,) and expected (Ny,) heterozygotes,
Hardy—Weinberg equilibrium (HWE)

ID Collection site Collection date Internal Transcribed Spacer (ITS) region

N A h b2 Ny, Ny, HWE
GRA4 Grado Site 4 2021 1 2 1.000 0.003 - - -
GRI Grignano 2016-2018 5 7 0.933 0.004 2 4.667 0.6*
MAR?2 Marano Site 2 2021 1 2 1.000 0.005 - - -
OGS OGS 2021 6 7 0.909 0.003 3 5.545 0.48
TRIO Trieste Open Sea 2021 7 3 0.615 0.003 4 4.308 0.08
"P value <0.01
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Adriatic Sea, the allelic network (Fig. 4) showed
that it was very similar to allele V, one of the private
alleles identified in the Adriatic Sea. Another allele
that occured in almost all populations in the Medi-
terranean (with the exception of Haifa, Israel), the
Sea of Azov and the Black Sea was allele H, which
was also found at the native site of Morehead (MH).
Allele U (the predominant allele in the Adriatic) is
possibly descended from allele H, which in turn is
genetically closely related to allele B (Fig. 4). In the
allelic network (Fig. 4), 6 of the 8 private Adriatic
alleles (S, T, U, W, X, Z) form a cluster with dif-
ferent mutation steps between the different alleles:
for example, there are 8 mutation steps between
allele Z and allele T, while only 2 mutation steps
separate allele T from alleles U and P and allele Z
from alleles S and C. Similar results were observed
on phylogenetic tree that did not show any distinct
phylogeographic structure confirming the results
of Ghabooli et al. (2011) and a close relationship
among the new founded alleles (Fig. SI 2).

Discussion

Despite the recent attention paid to Mnemiopsis lei-
dyi in the northern Adriatic (Malej et al., 2017; Fiori
et al., 2019; Budisa et al., 2021; Tirelli et al., 2021;
Paliaga et al., 2021; Schroeder et al., 2023; Fadeev
et al., 2023; Piccardi et al., 2024), the results obtained
in this study represent the first preliminary molecu-
lar characterization of M. leidyi individuals in this
area. The aim of this work was to evaluate the genetic
diversity and phylogenetic relationships between
individuals sampled at different sites on the coasts of
the Friuli Venezia Giulia region (Marano and Grado
Lagoon and Gulf of Trieste, Italy) with those from
native populations and those introduced in other
basins, using two molecular markers: a mitochondrial
marker, Cytochrome B (CytB), and a nuclear marker,
Internal Transcribed Spacer (ITS) region.

The analysis of M. leidyi in the northern Adriatic
Sea using the CytB marker has shown the presence
of a unique haplotype that has already been observed

F8 ¥ FE 20

Fig. 4 Network relationships among ITS alleles for native and
invasive populations, inferred by statistical parsimony. Circles
in the network (A-Z) correspond to sampled alleles described
in Table S3 and Fig. 3. The size of the circles corresponds
to the frequency of the allele among all samples. Shades are
showing different sampling locations: AZ Sea of Azov; BL
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Black Sea; CS Caspian Sea; BA Baltic Sea; NA North Amer-
ica; SA South America; SP Dénia, Spain; HF Haifa, Israel; LD
Limfjorden Fjord, IT Ligurian Sea, Italy, FR Berre Lagoon,
Marseille, France; ADR Northern Adriatic Sea, Gulf of Trieste,
and Marano and Grado Lagoon, Italy
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in native (Gulf of Mexico) and invaded areas (Black
Sea/Caspian Sea/Mediterranean Sea) (Bayha et al.,
2015). Bayha et al. (2015) found 74 CytB haplotypes
when monitoring 32 geographic locations (21 and
11 in the native and invasive range, respectively), of
which only 8 occurred in southern Europe (Spain,
France, 2 locations in Greece, Turkey, Black Sea,
Russia, and Azerbaijan): Haplotype 16 was the most
common (84% of southern European samples) and
was the only one also found in the Adriatic Sea.
Despite the low number of available specimens,
the analyses performed with the ITS marker revealed
the presence of 11 alleles in our study area, 3 of
which (A, B and D) were already found by Ghabooli
et al. (2011 and 2013), while the other 8 (from S to
Z) are alleles that have never been identified before.
Six of them (S, T, V, W, Y and Z) were identified in
only one individual each, while the other two (U and
X) were found in at least two individuals. Comparing
the results obtained for the Adriatic Sea with those
of Ghabooli et al. (2011; 2013), similarities between
ctenophores from the Gulf of Mexico (Florida, More-
head) and southern Europe (Mediterranean, Caspian
Sea, Black/Azovian Sea) can be observed, while the
samples from the Adriatic Sea did not show the allele
C typical for North America (York River, Narragan-
sett Bay) and northern Europe (Limfjorden, Baltic
Sea). A total of 26 alleles have currently been found,
23 of them in the Gulf of Mexico and/or southern
Europe (of which only 12 alleles have been found in
more than one location), while only 6 alleles have
been identified in northern Europe and in the original
areas of North America. Overall, the Adriatic Sea is
the site with the highest number of alleles (11) fol-
lowed by the Morehead site (MH), where 9 alleles
were identified. Moreover, in the Adriatic the major-
ity of the alleles are singletons (6 out 8 alleles) with
a very low nucleotide diversity. This result, although
obtained on the basis of a relatively small number
of individuals analysed (61 ctenophores), supports
the hypothesis that M. leidyi may have been recently
introduced into this area. Previous works have shown
that individuals from the Gulf of Mexico spread in
the Mediterranean Sea after their introduction into
the Black Sea probably with ballast water (Ghabooli
etal. 2011, 2013; Bayha et al., 2015; Shiganova et al.,
2019; Jaspers et al., 2021) and it is therefore plausi-
ble that it has route also reached the northern Adri-
atic via this route, probably more than once in the

last decades (Shiganova & Malej, 2009; Malej et al.,
2017).

Lagoons have been identified as refugia for this
ctenophore in native and invaded areas (Costello
et al., 2012; Marchessaux et al., 2020), where this
species can maintain a population in low numbers
when environmental conditions become unfavour-
able for reproduction, and then spread again when
temperature and food conditions improve. The con-
nection between the lagoon and the sea could allow
specimens that seem to have disappeared in the
marine waters (as generally happens in the coastal
waters of the Mediterranean during the cold season)
to spread again and form the typical large summer
aggregations. This could also be the case for M. lei-
dyi in the Gulf of Trieste, where the species is almost
absent in winter, while it blooms in summer (Tirelli
et al.,, 2021). The refugia mechanism could also be
supported by our results, as no significant genetic
differences were found between lagoon and marine
samples. In general, M. leidyi in the northern Adri-
atic showed low genetic diversity and no significant
genetic structure among populations, suggesting
that in this area individuals in this area belong to a
single panmictic population, as also observed for
another gelatinous zooplankton (Velella velella (Lin-
naeus, 1758)) in the central Mediterranean (Ligurian
Sea-Tyrrhenian Sea) (Morello et al., 2023).

In conclusion, this work, although preliminary,
lays the foundation for future studies to understand
the patterns of introduction and spread of M. leidyi
in the northern Adriatic, possibly also using oth-
ers molecular markers such as microsatellites or
more powerful analysis techniques such as Whole
Genome Sequencing (e.g. Jaspers et al., 2021). As
Pierson et al. (2020) note, without targeted and con-
sistent monitoring of coastal ecosystems, the impact
of invasive species such as M. leidyi on biodiversity
is likely to go unnoticed until widespread changes
have already occurred in the invaded ecosystems
and management becomes more difficult. This was
the case in the Black Sea, where studies on M. lei-
dyi were intensified when strong impacts on small
pelagic fisheries occurred. The Adriatic Sea is one
of the most productive areas of the Mediterranean
and an important nursery area for small pelagic
fish, where the impact of M. leidyi is far from being
known. The high diversity highlighted by the analy-
sis of the specimens collected in the relatively small
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area of the Gulf of Trieste and the nearby Marano
and Grado Lagoon shows how important it is to
continue monitoring this species in this region by
increasing the number of specimens and the tempo-
ral pattern of observations. Furthermore, it would
be very important to carry out targeted transbound-
ary projects on M. leidyi at the basin scale, involv-
ing the western and eastern Adriatic, in order to
characterize the species as well as possible, both
from a genetic and ecological point of view.
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