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Abstract The number of species dispersing to
higher and/or lower latitudes, in association with
temperature warming, is growing exponentially with
only a few described opposite cases of dispersal to
warmer regions. Here we describe the dispersal of the
solitary ascidian Ascidia virginea, considered native
to the seas of North Europe, to disperse to warmer
regions: the Eastern Mediterranean and a Red Sea
marina. This case highlights an emerging trend of
taxa being introduced by marine vessels and success-
fully establishing populations in unfavourable envi-
ronmental conditions by opportunistically utilizing
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niche areas. We provide molecular and morphological
data that facilitate the identification of A. virginea in
regions in which it may have previously been over-
looked. We also employ ecological-niche modeling
to project habitat suitability for this species, predict-
ing the coasts of North America, South America, the
northwest Pacific, and the Red Sea as moderately
and highly suitable habitats. Phylogenetic analyses
based on the mitochondrial COI gene reveal that the
A. virginea sequences obtained in this work belong
to a well-supported clade, including previously pub-
lished sequences of A. virginea from California and
Florida, localities where its presence was not pre-
dicted by our model. Furthermore, publicly available
COI sequences of A. malaca and A. sydneiensis are
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assigned to the same A. virginea clade, implying a
case of synonymy or misidentification. Our results
provide useful data for the accurate identification of
this species when expanding into other areas in which
it may become a nuisance, and highlight the need to
further explore the potential of cold-water species to
establish in ports and niche areas in warmer regions.

Keywords Marine bioinvasions - Fouling -
Shipping - Tunicata - Global warming - Ecological
niche modeling - Maxent - COI - DNA barcoding

Introduction

While there are numerous cases of poleward shifts
in species introductions in association with global
warming, the opposite trend of dispersing to warmer
regions, is relatively rare. However, in marine ecosys-
tems there have been an increasing number of cases
of species belonging to various taxa dispersing from
higher and/or lower latitudes into warmer waters
(Lima et al. 2007; Chang et al. 2020). Among inver-
tebrates, for example, the copepods Paracartia lati-
setosa (Kriczaguin, 1873) and Acartia (Acartiura)
clausi (Giesbrecht, 1889), the giant squid Dosidicus
gigas (d’Orbigny, 1835), the sea slug Chelidonura
Sfulvipunctata (Baba, 1938), the cushion star Par-
vulastra exigua (Lamarck, 1816), and the ascid-
ians Ciona robusta (Hoshino & Tokioka, 1967) and
Corella inflata (Huntsman, 1912), are currently being
recorded in warmer regions than those previously
known (Belmonte and Potenza 2001; Malaquias et al.
2016; Shenkar et al. 2017; Chang et al. 2020; Pin-
sky et al. 2020). In addition, various species of fish,
including the spotted seabass Dicentrarchus puncta-
tus, the meagre Argyrosomus regius (Asso, 1801), the
golden grey mullet Chelon auratus (Risso, 1810), as
well as the giant goby Gobius cobitis Pallas, 1814,
and the rock goby G. paganellus Linnaeus, 1758,
have been found to disperse into the northern part of
the Red Sea from the Mediterranean Sea (Tiralongo
et al. 2021).

A study evaluating the range shift of macroalgae
along the Portuguese coast has shown that while
warm-water species have expanded their range north-
wards, an analysis of cold-water species as a whole
has revealed no significant trend of migration (Lima
et al. 2007). This is primarily due to an equal number
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of cold-water species moving towards the north and
towards the south, suggesting that these cold-water
species may be resilient to changes in water tempera-
ture and other environmental factors. Recent studies
further suggest that various assemblages of species
may be moving in unpredicted directions (Nye et al.
2009; Pinsky et al. 2013), as well as individual taxa,
such as the big skate Raja binoculata Girard, 1855
dispersing southward along the Pacific coasts of
North America (Pinsky et al. 2013).

The use of Ecological-Niche Models (ENMs) has
proven to be an effective approach for modeling the
presence and distribution of many invasive species,
particularly those in marine environments (Liu et al.
2011; Carlos-Janior et al. 2015; Lins et al. 2018;
Zhang et al. 2020). This is due to the ability of
ENMs to integrate data on the environmental condi-
tions suitable for the persistence of a species. Such
data are crucial for understanding the factors that
drive the expansion of invasive populations. ENMs
conventionally predicate upon the notion that a spe-
cies exhibits consistent environmental tolerance
thresholds. However, recent empirical observations,
as delineated in works by Nye et al. (2009) and
Pinsky et al. (2013), underscore species colonizing
regions beyond anticipated projections. These find-
ings provide evidence for adaptive resilience and
potential expanded tolerance parameters that were
not historically accounted for. By characterizing the
environmental conditions that promote the survival
and persistence of invasive species, ENMs enable
researchers to identify areas where such conditions
are present and predict the potential range expan-
sion of invasive populations (Melo-Merino et al.
2020). Indeed, ENMs present effective quantitative
modeling approaches to understanding and predict-
ing the range expansion of non-indigenous species
(NIS), with the goal of identifying areas with suita-
ble environmental conditions for NIS invasion com-
pared to areas in which the same species is already
known to be present (Franklin 2010). In order to
understand and predict the range expansions of
invasive species, it is necessary to characterize the
current environmental conditions that are suitable
for the persistence of a given species and identify
the geographic areas where such conditions are pre-
sent. ENMs offer a reliable tool for representing the
predicted spatial response of a species to different
environments (Pearson 2007; Cassini 2011), based
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on the assumption that the response functions esti-
mated in ENMs accurately capture this relationship.
Thus, ENMs provide an effective means of quanti-
fying the risk or likelihood of ongoing or potential
invasions, respectively, by integrating information
about the current status of environmental condi-
tions suitable for the persistence of a species (Locke
and Hanson 2009). The findings should be however
considered with caution as they do not incorporate
population abundances (Peterson 2011; Owens et al.
2013; Januario et al. 2015).

Among marine taxa, the class Ascidiacea rep-
resents one of the worst “invaders”, with frequent
introductions into new regions via hull foul-
ing (Rocha et al. 2015; Zhan et al. 2015; Gewing
and Shenkar 2017; Lins et al. 2018; Zhang et al.
2020). The list of non-indigenous ascidian records
has been constantly growing in the past decade,
with new records of introductions worldwide (e.g.,
Rocha et al. 2019; Streit et al. 2021; Mastrototaro
and Montesanto 2022; Mastrototaro et al. 2022;
Nydam et al. 2022). These opportunistic species
can tolerate a wide range of environmental param-
eters, which, combined with the lack of significant
predators, results in their rapid growth and poten-
tial competition with the native species for food and
space (Lambert 2007). The damage caused by these
invasive ascidians results in increased management
costs and antifouling treatments, as well as displac-
ing and impacting commercial species (Adams et al.
2011; Aldred and Clare 2014; Lopez-Legentil et al.
2015; Casso et al. 2018; Lins et al. 2018).

The focus of the current study, Ascidia virginea
(Miiller 1776), (Ascidiacea, Ascidiidae), is a solitary
ascidian, also known as the “rectangular ascidian™ due
to the peculiar shape of its body. This species was first
described from along the Norwegian coast by Miiller
(1776), who assigned it the specific name “virginea”,
referring to its smooth and whitish surface. The spe-
cies is widely distributed along the coast of Northern
Europe (northeastern Atlantic, Millar 1966; Brunetti
and Mastrototaro 2017) and the western Mediterranean
Sea (Brunetti and Mastrototaro 2017), and is commonly
found on rocky substrates in sheltered or semi-exposed
areas at 2-50 m depth (Millar 1966; Bay-Nouailhat and
Bay-Nouailhat 2020).

Previous studies have shown that non-indigenous
members of the Ascidiidae family are often detected in
hull fouling and in marina species-community surveys

(Skinner et al. 2016; Gewing and Shenkar 2017; Streit
et al. 2021), highlighting the potential contribution of
marine traffic to their dispersal and spread. Indeed,
Chang et al. (2020) suggested that the range expansion
of the cold-water ascidian Corella inflata to warmer-
temperate latitudes along the California coastline can
be linked to changes in vessel traffic patterns, which
increase the likelihood of the introduction of fouling
species. In addition, because the external appearance of
the different Ascidiidae species is often similar, many
misidentifications have occurred (e.g., Petovi¢ et al.
2018; Mastrototaro et al. 2019a, b, 2020a, b; Turon
et al. 2020), further hindering our ability to detect any
recent range expansions of a particular species.

Here we compared the morphology of specimens
of A. virginea collected along the Israeli coastline
with the available taxonomic descriptions of this
species (Traustedt 1883 as Phallusia venosa; Berrill
1950; Millar 1966, 1970), as well as with taxonomic
descriptions of all known species belonging to the
genus Ascidia recorded to date for the eastern North
Atlantic, in the Mediterranean basin, and in the Red
Sea (Shenkar 2012; Brunetti and Mastrototaro 2017).
In order to provide reliable data to facilitate its future
identification, we employed an integrated approach
comprising both morphological examination and the
analysis of a long fragment of the mitochondrial COI
sequence as a DNA barcode (Salonna et al. 2021).
Furthermore, we constructed ecological niche models
(ENMs) to predict habitat suitability for A. virginea
under the present climatic scenario in the world’s
different coastal regions (according to Seebens et al.
2013), using species distribution data and marine pre-
dictor variables; and we evaluated the relative contri-
bution of each predictor variable in order to identify
the most critical ones.

Material and methods
Sampling and morphological analysis

Ca. 20 specimens were collected from the submerged
surfaces of artificial structures (e.g., bridges, pon-
toons) in the Eilat marina (Red Sea, Israel), as well
as from seven ports and marinas along the East-Med-
iterranean coast of Israel, at 1-2 m depth, from 2015
to 2022 (Fig. 1) (see Table S1 in Suppl. Materials for
coordinates and descriptions for all locations).
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Fig. 1 Map of Ascidia virginea records extracted from the GBIF database and scientific literature (http://www.gbif.org, GBIF.org,
accessed on 1st August 2022) after cleaning procedures (green dots) and records from the current study (red triangles)

For molecular analysis, 13 specimens (Table S1)
were collected and directly preserved in 99% etha-
nol. For taxonomic identification, ca. 25 specimens
were relaxed with menthol crystals for approximately
three hours (until no contraction of the zooids was
detected), and then preserved in a 4% formaldehyde
solution in seawater. The latter specimens were mor-
phological examined, dissected, and treated with
Mayer’s haemalum solution in order to identify their
internal morphological characteristics, following Bru-
netti and Mastrototaro (2017).

Molecular analysis

Total DNA was extracted from the 13 individuals pre-
served in ethanol, following the protocol of Fulton
et al. (1995). The extraction was performed on the
dissected siphons. A fragment of the mitochondrial
COI gene of ~850 bp was amplified with the primer
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pair dinF/NuxIR (Salonna et al. 2021). Because the
yield of this first amplification was low, we used a
nested-PCR strategy. Re-amplifications were per-
formed using 1 pL of the first PCR products with the
nested primers catlF and ux1R (Salonna et al. 2021).
All PCRs were performed with the Ex Taq polymer-
ase (TaKaRa) in a 25 pl reaction volume containing:
1 pL of DNA template, 2.5 pL of 10X Ex Taq buffer,
0.2 pL of Ex Taq polymerase 5 p/pL, 2 pL of ANTP
mix 2.5 mM, 2 pL of each primer 5 mM, 0.5 pL of
DMSO 100%, and 14.8 pL of ddH,0O. Amplification
conditions were: (1) 4 min of initial long denaturation
at 94 °C; followed by (2) 35 cycles of 30 s denatura-
tion at 94 °C, 30 s of annealing at 50 °C, and 1 min
of extension at 72 °C; and (3) a final elongation step
for 5 min at 72 °C. The PCR products were cleaned
from primer sequences by polyethylene glycol (PEG)
precipitation using a 20% PEG, 2.5 M NaCl solution
(Paithankar and Prasad 1991). The purified products
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were sequenced on an ABI 3500x1 Genetic analyzer
by the sequencing unit of the Life Sciences Faculty at
Tel Aviv University, using the re-amplification prim-
ers. When needed, additional sequencing was per-
formed using the internal primers “Flebl1F” (5'-TGT
GGTTGGGAGTGGGGCAGGTAC-3') and “Fleb1R”
(5'-GTACCTGCCCCACTCCCAACCACA-3"). The
844 base-pair sequences are deposited in the Euro-
pean Nucleotide Archive under accession numbers
0X416767-0X416775 and MW363030 (Table S1).

Phylogenetic and network analyses

Preliminary BLAST searches suggested that the
obtained sequences belong to the suborder Phlebo-
branchia. To confirm the phylogenetic position of our
sequences, a BLAST search limited to the taxon Phle-
bobranchia was conducted against the non-redundant
nucleotide database (nr/nt) of the National Center for
Biotechnology Information (NCBI) (November 21,
2022, www.ncbi.nlm.nih.gov/nuccore). A total of 808
sequences were downloaded. Of note, sequences that
are labeled “Unverified” in the NCBI are excluded
from the NCBI BLAST searches. Consequently, any
such sequences present in the NCBI database were
not included in our downstream analyses. The 808
sequences were aligned using the MAFFT v7.490
plugin (Katoh and Standley 2013) as implemented in
Geneious Prime (2022.2.1 Biomatter Ltd), with the
L-ins-i option and the codon translation option under
the “Ascidian genetic code”. Sequences presenting
frame shifts were discarded. A preliminary tree was
constructed with RaxML 8.2.11 (Stamatakis 2014)
as implemented in Geneious Prime, using a Gamma
Blossum62 protein model and the Rapid hill-climbing
algorithm. This tree presented several sequences with
long branches. BLASTx searches were conducted for
each of these fast-evolving sequences, which enabled
identification of putative taxonomically misidentified
or misannotated sequences (detailed in Table S2).
These sequences were removed, as well as all
sequences shorter than 500 bp. When a species was
represented by numerous closely-related haplotypes,
four haplotypes representative of the species genetic
diversity were selected manually and the others were
discarded, except for sequences of the species Ascidia
virginea, which were all retained. Members of the
genus Rhopalaea were excluded since this genus
belongs to the suborder Aplousobranchia (Shenkar

et al. 2016). Finally, representatives of the genus
Ciona were chosen as outgroup. The final dataset
comprised 141 sequences, including the 9 sequences
obtained in this work. The sequences were realigned
based on codon translation as described above. Posi-
tions with more than 50% of missing data were
excluded. We also observed that the start and end of
several sequences were highly divergent and probably
included sequencing errors, and therefore excluded
these regions too from the alignment (Table S2). The
final alignment comprised 804 positions.

Phylogenetic reconstructions were performed
under the maximum likelihood and the Bayesian
criteria with the programs 1Q-Tree 1.6.12 (Nguyen
et al. 2015) and MrBayes 3.2.7a (Ronquist et al.
2012) respectively. We first used Model Finder
as implemented in IQ-Tree to determine the best
model of evolution. The best fit model according to
the Bayesian information criterion was a codon par-
tition model with: position 1: GTR+F4+14G4;
position 2: GTR+F+G4; and position 3:
TPM2u+F+ ASC+ G4. Because the use of an ascer-
tainment bias correction model (ASC) was not jus-
tified for the third codon position (ASC models are
designed for datasets that intrinsically do not harbor
constant sites) we used a GTR + F + G4 model for this
position. The tree was reconstructed using an edge-
linked-proportional partition model with separate
models between partitions. Non-parametric bootstrap
supports were computed based on 1000 replications.
A Bayesian phylogenetic tree was reconstructed
under the same partitioned model. The other param-
eters of the analyses comprised: two runs with four
chains each, sampling every 100 generations, and
a burnin fraction of 25%. The analyses were run for
10,000,000 generations. Before the burnin threshold
was reached, we checked that the average standard
deviation of split frequencies was below 0.01. Addi-
tionally, we verified at the end of the run that the
Potential Scale Reduction Factor (PSRF) parameters
were close to 1.0.

Based on the phylogenetic analyses, 28 sequences
belonging to the Ascidia virginea clade were identi-
fied (see Results). A median-joining network (Bandelt
et al. 1999) was reconstructed for these sequences
using the program NETWORK v 10.0.0.0 (avail-
able at https://www.fluxus-engineering.com/share
net.htm). Specifically, these COI sequences were rea-
ligned and alignment columns with missing data were
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removed. The alignment used in the network analyses
comprised 28 sequences and 560 positions. The net-
work was inferred under default parameters.

Ecological niche modeling (ENM)

Several studies have highlighted that the extent of
the study area can influence the outcome of ENMs
(VanDerWal et al. 2009; Barve et al. 2011; Lins et al.
2018; Zhang et al. 2020). Thus, since ascidians are
mainly distributed in near-shore waters (Shenkar
and Swalla 2011; Zhan et al. 2015), we considered
only areas within the Exclusive Economic Zone (i.e.,
within 370 km of the coast). Georeferenced occur-
rence records of A. virginea were collected from the
literature and from the Global Biodiversity Infor-
mation Facility (http://www.gbif.org) (GBIF.org,
accessed on 1st August 2022), along with our col-
lected records (Fig. 1). It is important to note that
this database cannot detect erroneous identifications
on i-naturalist, scientific literature, and museum data-
bases. Therefore, the exact source of each record
is provided in Table S3, and future use of this data
should be handled carefully. ArcGIS was used to
check accuracy of all occurrence records prior to
use. Records from GBIF.org with obvious geocoding
errors were eliminated (such as the ones with coor-
dinates corresponding to habitats not suitable for A.
virginea, e.g., in the middle of the ocean), and very
close and duplicate records from the same locality
were removed manually. One occurrence per 5 arc-
minute grid cells (approximately 9.2 km by 9.2 km at
the equator) was randomly selected (Lins et al. 2018;
Zhang et al. 2020). Environmental suitability was
modeled using variables from the Bio-Oracle dataset
(http://www.bio-oracle.org) (Assis et al. 2018), which
has 23 global marine environmental layers with a
spatial resolution associated with a grid of cells of
5 arcminutes (approximately 9 km?). Only variables
that might limit ascidian distribution were selected
and downloaded from this database, and water depth
and distance to the shore were added (extracted from
the Global Marine Environment Datasets, http://
gmed.auckland.ac.nz) (Basher et al. 2014) to accu-
rately reflect the known distribution patterns of ascid-
ians as reported in similar studies (Lins et al. 2018;
Zhang et al. 2020). Variables were checked for mul-
ticollinearity through a correlation matrix, randomly
selecting only one among highly correlated variables
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(i.e., strongly correlated environmental variables with
[rI>0.7, Dormann et al. 2013). Based on correlation
analyses and available empirical evidence, seven pre-
dictor variables (i.e., distance to shore, maximum val-
ues of chlorophyll A, minimum values of chlorophyll
A, range values of temperature, mean values of tem-
perature, range values of salinity, and mean values of
salinity) were used to develop the ENMs.

The ENMs were fitted using Maximum Entropy
Species Distribution Modeling software v.2.3 (Max-
ent). This is a valuable method for making predic-
tions, particularly when information about species
distribution is incomplete. By evaluating the climate
data at each location where the species of interest is
present, Maxent calculates a probability function that
describes the chances of observing a species’ pres-
ence given its observed distribution and the envi-
ronmental conditions across the study area (Phillips
et al. 2004, 2006; Januario et al. 2015). The output
of Maxent provides a continuous variable that indi-
cates environmental suitability. For each individual
model, we used a 20-fold cross-validation scheme and
randomly restricted 75% of the occurrence records
for model training and 25% for testing the results,
with 1,000 maximum iterations. The Area Under the
Curve (AUC) statistic for the Receiver Operating
Characteristic (ROC) was used to measure how well
each model discriminates presence more accurately
than a random prediction (Phillips et al. 2006). The
AUC scores ranged from 0 to 1, with values <0.5
indicating performance worse than random; a value
of 0.5 indicating predictions no better than random
discrimination; and a value of 1 representing perfect
discrimination (Swets 1988). Fitted models, per-
formed with occurrences records (namely “Europe
and Red Sea”), were then projected over the differ-
ent coastal regions across the world (according to
Sebeens et al. 2013): “North America” (northeast and
northwest Atlantic coastal regions); “South America”
(southeast and southwest Atlantic coastal regions);
and “Northwestern Pacific” (northwestern Pacific
coastal region). It should be noted that coastal regions
around Africa and Australia, as well as the northwest-
ern Indo-Pacific region, were excluded from the mod-
eling since a preliminary analysis did not reveal any
areas suitable for A. virginea. The importance of each
environmental variable for every model was assessed
by a jackknife procedure, fitting models by using each
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variable separately and ranking them according to the
test gain.

Results
Morphological analysis
Systematics

Phylum Chordata
Subphylum Tunicata
Class Ascidiacea
Order Phlebobranchia
Family Ascidiidae
Genus Ascidia
Ascidia virginea (Miiller 1776)

New records

Red Sea coast of Israel: Eilat marina, submerged
area of floating docks, 1-2 m depth, individuals from
monitoring surveys carried out from 2015 to 2022
(Table S1 and Fig. 1).

Mediterranean coast of Israel: Akko, Haifa, Herzli-
yya, Jaffa, Ashgelon

Previous records

Mediterranean Sea: Pérés (1957), Heller (1875),
Traustedt (1883), Ghobashy and Messeih (1991)
Aegean Sea: Koukouras et al. (1995)
Northwestern Atlantic Ocean: Arnbidck-Christie-
Linde (1923), Berrill (1950), Millar (1966)
Arctic Ocean: Millar (1966)

Material examined

About 20 specimens from Eilat marina (Red Sea
coast of Israel) (29°33'11.3"N, 34°57'35.9"E), and
5 specimens from Jaffa port (Mediterranean coast of
Israel) (32°03'06.3"N, 34°44'58.1"E).

Five individuals preserved in 4% formalin with a
tissue sample preserved in 99% ethanol are deposited
in the collection of the Zoological Museum of the
University of Bari (MUZAC-6669) and additional
samples are deposited at the Steinhardt Museum of

Natural History, Israel National Center for Biodiver-
sity Studies, as detailed in Table S1 (AS26215F).

Morphological analyses

The specimens are about 4-5 cm in height with a
thick semi-transparent tunic, gray or reddish in color
(Fig. 2A), and were found attached to the substra-
tum on the left side of their body. The atrial siphon
is located at about 1/3 the length of the body. Both
siphons have small-toothed lobes at their edges
(Fig. 2A-D).

The oral siphon has numerous oral tentacles (about
50-60 long ones, alternated with smaller ones) and
a pre-pharyngeal area finely papillated (Fig. 2E-F).
The pharynx comprises 40-50 longitudinal vessels,
with 4-5 stigmata per mesh (Fig. 2G), as measured
in all examined individuals of the same size. Peculiar,
small, three-lobed branchial papillae are located at the
intersection between the transverse vessels, with short
intermediate papillae visible between the branchial
ones (Fig. 2H). The pharynx does not extend much
beyond the stomach (Fig. 2K).

The dorsal tubercle is large, its aperture forms a
U-shape with horns and is located close to the elon-
gated neural ganglion (Fig. 2I). Below the dorsal
tubercle, the dorsal lamina appears ribbed with a
smooth edge (Fig. 2J).

The stomach is smooth, and the gut has both pri-
mary and secondary loop sharply bent and conspicu-
ous (Fig. 2K). The position of the rectum is vertical,
ending in a bilobed anus located close to the ante-
rior limit of the gut loop (Fig. 2K). The gonads are
located in the inner part of the intestinal loop, with
the gonoducts opening close to the anus (Fig. 2K). A
dark renal vesicle is sometimes present close to the
stomach (Fig. 2B).

Remarks

Compared to the previous descriptions of A. virginea
species made by Berrill (1950), Millar (1966, 1970),
and Traustedt (as Phallusia venosa Traustedt 1883),
we observed some differences in the specimens col-
lected from the Eilat marina. In particular, the exter-
nal appearance of our specimens (e.g., appearance
of the tunic, shape/position of the siphons) does not
fully match that of the previously described speci-
mens of A. virginea, and some internal features also
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Fig. 2 Ascidia virginea. (A) Specimen with the tunic. (B)
Specimen extracted from the tunic (arrow indicates a dark
renal vesicle). (C) Oral and atrial siphon lying close to one
another. (D) Magnification of the small-toothed lobes at the
edge of the siphon. (E) Long thin oral tentacles alternating
with shorter ones (indicated by the arrow). (F) Pre-pharyngeal
area with papillae (arrow). (G) Magnification of the mesh of

show slight differences. Samples collected from Jaffa
Port revealed similar distinguishing morphological
characteristics to the samples from FEilat: pre-phar-
yngeal projections, three-lobed branchial papillae,
and numerous long thin tentacles, but with a greater
distance between the siphons (Figshare repository
https://doi.org/https://doi.org/10.6084/m9.figshare.
22589515).

Traustedt (1883, as Phallusia venosa) reported the
presence of short siphons lying close to each other,
a papillated pre-pharingeal area, the presence of

@ Springer

stigmata, with four stigmata per mesh (arrows). (H) Magnifica-
tion of three-cornered branchial papillae (bp) and intermediate
papillae (ibp). (I) Dorsal tubercle U-shaped with horns, located
close to the neural ganglion (arrow). (J) Dorsal lamina ribbed
(arrow) with smooth edge. (K) Alimentary canal with bent
primary and secondary loop of the gut, smooth stomach (s7),
gonoducts (gd) opening (arrow) close to the bilobed anus (an)

branchial papillae, 68 stigmata per mesh, a dentated
dorsal lamina, and the gut loop anterior to the anus.
Berrill (1950) also reported the presence of
branchial papillae and smaller intermediate papillae.
Furthermore, in his drawing it is possible to detect
4-5 stigmata per mesh. He also described a ribbed
dorsal lamina without papillae, and either a wrinkled
or smooth stomach followed by a gut with the second-
ary loop bent and close to the rectum, a character that
Berrill considers as diagnostic of the species. The
gonads are spread on the gut loop and the gonoducts


https://doi.org/
https://doi.org/10.6084/m9.figshare.22589515
https://doi.org/10.6084/m9.figshare.22589515
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end close to the bilobed anus, with the presence of
renal vesicles.

Regarding the branchial papillae, Péres (1957)
reported the presence of intermediate papillae in the
pharynx but did not refer to the trifurcate shape of
the branchial ones, while Salfi (1931) did not observe
the presence of intermediate branchial papillae. A
drawing from Salfi’s work (1931) illustrates the phar-
ynx with 5-6 stigmata per mesh. Finally, Traustedt
(1883), describing Phallusia venosa, subsequently
synonymized with A. virginea (see Brunetti and
Mastrototaro 2017), reported the presence of papil-
lae in the pre-pharyngeal area, a pharynx with 60-70
oral tentacles of different orders, generally 6-8 stig-
mata per mesh, and ribbed dorsal lamina; but he did
not refer to the presence of intermediate branchial
papillae.

Berrill (1950) reported 60—120 tentacles of differ-
ent sizes, with the largest of them being about 40 in
number.

Finally, Millar (1966, 1970) in his key to species
distinguished A. virginea in the position of the dorsal
tubercle (close to the neural ganglion), the presence
of about 40 longitudinal vessels on each side of the
pharynx, and the thick cartilaginous tunic. Further-
more, he described specimens as red or gray in color,
with about 100 oral tentacles, the anus placed anterior
or close to the anterior limit of the gut loop, and the
right side of the dorsal lamina papillated. Table 1 pro-
vides a comparison of our specimens with taxonomic
descriptions for all known species belonging to the
genus Ascidia recorded to date from the eastern North
Atlantic, the Mediterranean basin, and the Red Sea
(Shenkar 2012; Brunetti and Mastrototaro 2017).

To date, 21 species of the genus Ascidia Lin-
naeus, 1767 have been recorded in European waters
and the Red Sea (Shenkar 2012; Brunetti and Mas-
trototaro 2017). Among these species, only five have
their siphons arranged close to each other: A. callosa
(Stimpson, 1852), A. mediterranea (Péres, 1959), A.
dijmphniana (Traustedt, 1886), A. virginea (Miiller
1776), and A. sulcata (Savignyi, 1816) (Table 1).

A. callosa has a pharynx with only 20 longitudinal
vessels, but more than 10 stigmata per mesh, while
A. mediterranea has only 20-26 oral tentacles and
a smooth pre-pharyngeal area. Both A. dijmphniana
and A. sulcata are characterized by a thin, transpar-
ent, and glossy tunic. A. dijmphniana has a 7-lobed
oral siphon and a 6-lobed atrial one with a smooth

@ Springer

pre-pharyngeal area. A. sulcata is also characterized
by peculiar deep longitudinal furrows and irregularly
arranged oral tentacles (Brunetti and Mastrototaro
2017).

Among the species belonging to the genus Ascidia,
only A. sulcata, and A. savignyi (Hartmeyer, 1915)
have been reported to date from the Red to Sea (Shen-
kar 2012). A. savignyi is endemic to the Red Sea
(Shenkar 2012), and was described by Hartmeyer in
1915, who reported the main difference between A.
savignyi and A. virginea as being their different num-
ber of longitudinal vessels (higher in A. savignyi), as
observed in specimens of similar size.

In conclusion, although there are some inconsist-
encies between the morphological features of the
examined specimens from the coasts of Israel com-
pared to previous descriptions of A. virginea, these
differences mainly concern the shape/position of the
siphons and the absence of papillae on the dorsal
lamina (Table 1). This latter characteristic was not
reported by all authors (Berrill 1950; Millar 1966,
1970; Traustedt 1883), which further questions its
validity as a distinguishing feature. The identified
inconsistencies could also be related to morpho-
logical differences between distant populations. We
report several morphological characters of the exam-
ined material from the Eilat and the Mediterranean
specimens that well agree with those reported in the
previous descriptions of A. virginea, as follows: short
siphons positioned close to each other (even though
this characteristic is more evident for the Red Sea
specimens), papillated pre-pharyngeal area, bilobed
anus at the same level as the anterior edge of the gut
loop, the bottom position and the sharp loops of the
gut, long rectum, the gonoducts opening near the
anus, pharynx with 40-50 longitudinal vessels, the
presence of branchial intermediate papillae, and the
pharynx not extending much beyond the stomach (see
bold in Table 1). Finally, the difference in the num-
ber of tentacles compared to those reported by Mil-
lar (1966, 1970) can be explained as a consequence
of our reporting only the number of the longest ones.

Phylogenetic analysis

The phylogenetic tree places, with high support
(ML bootstrap support, BS=99; Bayesian poste-
rior probabilies, PP=1.0), the sequences obtained
in this work in a clade that contains sequences from
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Ascidia virginea from Spain (Lopez-Legentil et al.
2015) and Norway (Nydam and Lambert, unpub-
lished), as well as from California (Nichols et al.
2023), Florida (Nydam, unpublished), and the Anda-
man and Nicobar Islands (northeastern Indian Ocean)
(Ananthan and Murugan 2018) (Fig. 3A). This clade
also includes sequences from two other species: A.
sydneiensis (from Puerto Rico, Streit et al. 2021)
and A. malaca (from Italy, Virgili et al. 2022). After
trimming all sequences to the same length (560 base-
pairs), pairs of sequences within this clade showed
up to 10 differences (i.e., less than 2% divergence),
except sequence KJ725162 (Ananthan and Murugan
2018) from the Andaman and Nicobar Islands, which
showed 25-33 base differences (i.e., 4.5-5.9% diver-
gence) from the other sequences (see also the long-
est branch of KJ725162 in Fig. 3B). Of note, these 25
substitutions are all synonymous substitutions when
compared to the major A. virginea haplotype, and
they result in the same amino acid sequence. As it
is annotated as A. virginea and its removal did affect
the network topology for the rest of the sequences we
included it in the current analysis. The median-join-
ing network reveals that the Mediterranean Sea region
to be the most diverse, with five different haplotypes;
while three haplotypes were found in the northwest
Atlantic. Remarkably, one haplotype was found in all
regions.

Ecological-niche modeling

The test and training AUC values obtained for all the
performed models were high, ranging from 0.9781 to
0.9818 (Table S4). The evaluation of the variable con-
tributions, supported by jackknife analyses, implied
that “land distance”, “temperature mean”, and ‘““chlo-
rophyll min” had the highest explanatory power,
and thus were identified as the three most important
variables (Table S4), followed by ‘““chlorophyll max”,
“temperature range”, and “salinity mean”. The per-
formed models highlighted a widespread potential
distribution of A. virginea in the northern Europe
seas, Northwest Atlantic, Northeast Pacific, southern-
most coasts of Argentina and Chile, and the Eastern
Asiatic coasts (Fig. 4).

The model performed for “Europe and the Red
Sea” adequately covers the native range of A. virginea
and suggests that the most suitable habitat areas for
this species (indicated by the high habitat suitability

values) are along the Northern-Europe coasts, includ-
ing Iceland (Fig. 4A).

In the eastern Mediterranean Sea A. virginea has
already spread along the Israeli coasts and has also
been reported from along the Egyptian coasts (Gho-
bashy and Messeih 1991), which the model displays
as adequately suitable (Fig. 4B). Additional areas
along the Turkish and Egyptian coasts also showed
moderate suitability habitat values for A. virginea
(Fig. 4A-B). Although the fewer occurrences of this
species in warmer areas (e.g., southeastern Mediter-
ranean Sea and the Red Sea) may have influenced the
habitat suitability results, these areas were nonethe-
less identified as moderately suitable habitats in the
performed ENMs. Other potentially suitable regions
currently lacking the presence of A. virginea, as high-
lighted in the projected models (i.e., “North Amer-
ica”, “South America”, and “Northwest Pacific”),
comprise extensive areas along the western and east-
ern coasts of Canada, as well as the southern coasts of
Argentina and Chile, all of which showed high habitat
suitability values for A. virginea (Fig. 4C-D); as did
also for the northwest Pacific coasts (Fig. 4E).

Discussion

In this study we update the distribution map of the
solitary ascidian species Ascidia virginea in the east-
ern Mediterranean Sea and the Red Sea. Native to
Northern Europe (Nichols et al. 2023), this species
should be considered as "non-indigenous" in the Red
Sea, and in particular, as “established” in the Eilat
marina due to the discovery of numerous reproduc-
tive individuals extensively colonizing the artificial
substrata in this area during systematic monitoring
and sampling efforts carried out since 2015 (Shen-
kar unpublished data). In the Levant Basin, its cur-
rent restricted distribution in ports and marinas, the
lack of established communities on natural substrates,
and its historical absence from various inventory lists,
further support its status as a non-indigenous species
to the region.

Non-indigenous species of ascidians are more
likely to be found in harbors, which represent well-
known gateways for species’ introductions (Stacho-
wicz et al. 2002; Simkanin et al. 2012; Airoldi et al.
2015; Lopez-Legentil et al. 2015; Nichols et al.
2023), and where eutrophication (nutrient enrichment

@ Springer
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«Fig. 3 Evolutionary relationships of the obtained Ascidia
virginea sequences. (A) Maximum likelihood tree of phlebo-
branchian COI sequences. Phylogenetic relationships were
inferred from a matrix of 804 nucleotide positions for 141
sequences. Maximum likelihood bootstrap supports above 50%
and Bayesian posterior probabilities above 0.75 are indicated
near the corresponding node, separated with a slash. Branch
supports are not indicated for relationships within a species
(short branches). (B) Median-joining network of Ascidia vir-
ginea COI haplotypes (560 bp). Each circle corresponds to a
different haplotype, and its size is proportional to the corre-
sponding haplotype frequency. The numbers in the circles indi-
cate haplotype frequencies. The small gray circle indicates a
missing intermediate. Tick marks along each branch designate
the number of base substitutions between haplotypes. Geo-
graphic regions are indicated by different colors (violet: Medi-
terranean; red: Red Sea; black: Indian Ocean; light blue: NW
Atlantic; dark blue: NE Atlantic; green: N Pacific). Distant
haplotypes are labeled with their accession number

often leading to high chlorophyll measurements due
to algal blooms) is common due to pollution and
proximity to urban areas. Indeed, all the A. virginea
sequences from Florida, California, and Puerto Rico
included in our analyses were found in harbors and
marinas (Nichols et al. 2023; Nydam unpublished,
sequences available in NCBI). Although our model
did not indicate that California or Florida are suit-
able places for A. virginea, it is likely that the condi-
tions in the marinas and harbors where the specimens
were found are not representative of the conditions in
the natural environment of the locations used in the
current ENM. Our models revealed that chlorophyll
concentration (as a proxy for phytoplankton biomass
and for primary production) was one of the major
predictors of A. virginea distribution, as also reported
in previous studies (Lins et al. 2018), and as specifi-
cally relevant for cold-water species that are adapted
to nutrient-rich environments (Bereza and Shenkar
2022). The current ecological data indicate a lower
number of A. virginea occurrences in warmer areas
(e.g., Levant Basin and the Red Sea) compared to a
large number of documented occurrences in cold and
temperate areas (e.g., northwestern Atlantic Ocean,
Arctic Ocean) (Fig. 1). These data may have biased
the habitat suitability results, since the molecular data
indicate that this species is already present in Florida
and California. Indeed, the ENMs results suggest that
the areas where the species is present in Israel are
only “moderately suitable” habitats. Although these
areas are known to be ultra-oligotrophic with few
available nutrients for filter-feeders such as ascidians,

solitary ascidians can efficiently capture submicron
particles as small as marine bacteria (Jacobi et al.
2018). Thus, ascidians are likely to exploit a large
variety of particles as energy sources, which is very
significant in niche areas in oligotrophic habitats.
However, the diversity of such sources of energy
could not be included as a predictor variable in our
models due to the lack of available data. Similarly, we
could not include precise environmental conditions
for the bays and harbors in our ENM analysis, since
data from these areas were not available. In particu-
lar, we could not add as a predictor variable the pres-
ence of artificial habitats, which constitute an impor-
tant factor and one that is known to facilitate ascidian
introductions (Zhang et al. 2020). Furthermore, con-
sidering the increased anthropogenic activities in
harbors, these areas most likely exhibit higher chlo-
rophyll concentrations that are not reported and could
not be considered in the current model. Yet, this may
contribute to higher food availability for non-indige-
nous ascidian species and facilitation of their coloni-
zation and establishment.

Indeed, Eilat marina is located in proximity to two
international ports: the Port of Aqaba in Jordan and
the Port of Eilat in Israel. The increase in maritime
activity may contribute to the introduction and spread
of non-indigenous marine species in the region,
including ascidians such as A. virginea, as these
organisms can be easily transported as part of the
fouling community (Gewing and Shenkar 2017). The
close interplay of these ports heightens the potential
for species exchange and necessitates vigilant moni-
toring to manage and mitigate the impact of poten-
tially invasive species on local marine ecosystems
(Fernandez et al. 2022).

As previously observed for other ascidian species
(e.g., Rocha et al. 2019; Mastrototaro et al. 2019a,
2020b; Montesanto et al. 2021, 2022; Turon et al.
2020; Nichols et al. 2023), the taxonomic identifica-
tion of A. virginea requires detailed analyses, includ-
ing morphological and molecular tools, since slight
differences have been recorded in the morphologi-
cal features of A. virginea specimens, highlighting
that the external appearance of this species may vary
(i.e., the different distance of the siphons between the
specimens collected in the Red Sea and the Eastern
Mediterranean Sea). As a case in point, our phyloge-
netic analysis (Fig. 3) suggests that all our sequences,
as well as all public COI sequences assigned to A.
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malaca (Virgili et al. 2022) and A. sydneiensis (Streit
et al. 2021), belong to a single species. Moreover,
our morphological analyses revealed that all samples
investigated in this work should be referred to as A.
virginea rather than as A. malaca or A. sydneiensis,
due to the position of the siphons. Indeed, the siphons
are distant from each other in both A. malaca and A.
sydneiensis (Brunetti and Mastrototaro 2017; Streit
et al. 2021; Virgili et al. 2022), while in our speci-
mens they lie closer to each other, they are much
shorter compared to the long siphons typical of A.
sydneiensis, and they lack the strong musculature typ-
ical of this latter species (Streit et al. 2021). Regard-
ing the specimens of A. malaca described by Virgili
et al. (2022), they present a gray-brown leathery
external appearance, with a wide gut in the center of
the body and ending in a short rectum, with no inter-
mediate papillae on the longitudinal vessels; whereas,
our specimens present the gut positioned at the bot-
tom of the body, with a long vertical rectum, and
intermediate papillae on longitudinal vessels, which
are all typical morphological characters of A. virginea
(Brunetti and Mastrototaro 2017). The potential syn-
onymy of these three species, suggested by the COI
data, could be the result of specimen misidentifica-
tion or the existence of only slight morphological
differences as well as the presence of intra-specific
variability that enable the discrimination of one spe-
cies from another. Consequently, this issue should be
further investigated by comparing the original sam-
ples analyzed by Streit et al. (2021) and Virgili et al.
(2022), as well as by comparing them with the origi-
nal holotype samples. Further morphological analy-
ses on newly collected samples should be also carried
out on specimens originating from the same localities
of this study as well as of previous ones (Streit et al.
2021; Virgili et al. 2022), in order to exclude a pop-
ulation-specific morphological variability. Analyses
of additional molecular markers (i.e., the entire mito-
chondrial genome or nuclear genes) are also needed
in order to solve this issue. Indeed, Streit et al. (2021)
hypothesize that the COI gene of the Ascidia genus
has evolved at a slower pace, resulting in sequence
differences between these species of <3%. This con-
trasts the fact that the more divergent A. virginea COI
sequence KJ725162, from the Indian Ocean (Anan-
than and Murugan 2018), shows a 4.5-5.9% diver-
gence from the other conspecific sequences and has
the longest branch in Fig. 3A. Moreover, depending

on the comparison, this Indian Ocean’s more diver-
gent sequence is marginally beyond or above the 5%
arbitrary threshold commonly used for species dis-
crimination, further supporting the need to evalu-
ate the variability of this species by using additional
molecular markers or at least by increasing the length
of the analysed COI fragment. The existence of high
sequence divergence at the DNA level but not at the
amino acid level (i.e., the amino acid sequence of the
specimen from the Indian Ocean’s is identical to that
of other conspecific specimens) may suggest the pres-
ence of high genetic variability between A. virginea
populations from very distant localities. However,
it should be noted that the same authors submitted
another A. virginea sequence (KP842723), from the
same Indian Ocean region, which is identical to our
main haplotype (corresponding to accession num-
ber ON062302). Because this KP842723 sequence
is annotated as “unverified” in the NCBI, it was not
included in our NCBI BLAST search and down-
stream phylogenetic analysis. Nonetheless, it indi-
cates the presence of at least two distant haplotypes of
A. virginea in the Indian Ocean. Finally, the fact that
several haplotypes were found in the western Atlantic
suggests that several successful independent introduc-
tions have occurred in this region.

Several species of ascidians are known as nuisance
species, in their ability to rapidly grow and colonize on
any kind of artificial or natural substrate, competing for
space and nutrients with the indigenous communities
(Lambert 2002, 2007). Recent studies have predicted
that species more tolerant to high temperatures, such
as Botrylloides violaceus Oka, 1927 and Ciona robusta
(Hoshino and Tokioka 1967), are likely to expand their
distribution in warmer areas in the future (Lins et al.
2018). For example, C. robusta is already present and
established in the Eilat marina (Shenkar et al. 2017),
where its presence as yet another non-indigenous spe-
cies adds a major threat to the nearby fragile coral-reef
habitat. Indeed, these opportunistic species, which can
tolerate a wide range of environmental parameters,
have been shown to be able to outcompete major eco-
system engineers, such as corals, especially in already
stressed environments (Roth et al. 2018).

Studies combining morphological and DNA bar-
coding analyses are a prerequisite for improving the
early detection of non-indigenous species, in particu-
lar of those organisms that are not easily discriminated
by external appearance. Morphological and DNA tools
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are especially necessary in ports and marinas, since
these represent the main gateway for such widely tol-
erant and opportunistic species characterized by high
spread potential. Indeed, since the complete eradica-
tion of these species is unlikely, early identification
and efficient monitoring surveys are urgently needed in
order to enable the establishment of appropriate man-
agement strategies to control and prevent the further
spread of highly invasive species, particularly in areas
where they may represent a potential threat to habitats
of immense ecological importance, such as coral reefs.
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