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Abstract

Correct species identification and description are fundamental to understand the health status of marine ecosystems. The use of
a single identification tool for species distinction may lead to species misidentifications, having major consequences for ecological
studies. In the present research, we used an integrative taxonomic approach to identify benthic decapods belonging to the genera
of Galathea Fabricius, 1793 and Eualus Thallwitz, 1891, collected in the Mediterranean Sea. 23 Galathea and 22 Eualus indi-
viduals were morphologically analyzed and sequenced at the mitochondrial COI gene to confirm their identity using the BOLD
Identification Engine. Morphological identification revealed the presence of two Galathea and three Eualus species, while species
delimitation based on DNA barcoding of COI sequences strongly suggested the presence of three Galathea and four Eualus spe-
cies. Molecular analyses suggested the potential presence of two still undescribed species: one cryptic to Galathea squamifera and
one cryptic to Galathea intermedia. Contrasting results obtained via morphological identification and the BOLD Identification
Engine impeded the recognition of Eualus specimens and suggested misidentifications among BOLD reference records of Eualus
cranchii, Eualus occultus and Eualus pusiolus. These results demonstrated that morphological identification overlooks cryptic
species and that misidentifications may occur, highlighting the importance of using an integrative approach to increase the current

taxonomic knowledge of benthic invertebrates.

Keywords: integrative taxonomy; barcoding; mitochondrial marker; Mediterranean Sea.

Introduction

In the last decades, marine biodiversity has been
put under severe pressure by multiple anthropogenic
drivers. For instance, over-exploitation of commercial-
ly valued species, habitat change, loss and degradation
(Wilson et al., 2008), eutrophication and hypoxic events
(Vaquer-Sunyer & Duarte, 2008), introduction of non-
indigenous species (Gollasch, 2006), rising sea surface
temperature, increase in UV exposition and ocean acidi-
fication (Halpern et al., 2008) are threatening marine eco-
systems and diversity, triggering their decline. Recording
the current state of biological diversity is thus of primary
importance to better understand how species diversity
loss can be induced by human impact (Bilgin et a/., 2015)
since biodiversity has an important value as an indicator
of environmental quality and ecosystem functioning (Bi-
anchi & Morri, 2000).

However, the current number of taxa in the oceans is
underestimated, and only a small fraction of marine spe-
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cies is known (Appeltans et al., 2012). While the num-
ber of valid species in the oceans amounts to 239,610
(WoRMS consulted in October 2021), the total marine
biodiversity is estimated to range between 300,000 and
more than 10 million species (May, 1992; Poore & Wil-
son, 1993; Bouchet, 2006; Mora et al., 2011; Costello et
al., 2012), and such a discrepancy is due to the different
methods used to estimate it. Despite the incertitude of the
estimate, the presence of a knowledge gap in ocean biodi-
versity is unquestionable and is a result of most taxonomic
studies concentrating only on species-rich and charismat-
ic taxa or limited to some regions of the world (Troudet
et al., 2017). The taxonomic revision of taxa using mo-
lecular techniques, the improved biodiversity prospecting
due to improved sampling methods, and the discovery of
novel habitats currently allow to describe approximately
1,500 new marine species each year (Goulletquer et al.,
2014). However, there is a need to increase the current
rate of species description to avoid that many of them dis-
appear before they are described (Appeltans et al., 2012).
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On one hand, species description based solely on
morphological characters can lead to false species iden-
tification, which triggers multiple problems in ecologi-
cal studies. For instance, species misidentification can
over or underestimate species richness and consequently,
species diversity measures (Lefébure e al., 2006). Ad-
ditionally, it can have implications for management and
conservation plans (Bishop et al., 2013; Bishop et al.,
2015), as well as for ecological niche modelling (Ensing
et al., 2013) and connectivity studies (Pante ef al., 2015).
Errors in species identification stemming from morpho-
logical approaches are often the result of a “taxonomic
impediment”, which refers to the lack of dissemination of
taxonomic information and of expertise in many groups
of living organisms (Tautz et al., 2003). In fact, the use of
morphological traits for species identification has several
limitations. Firstly, the morphological variability associ-
ated with phenotypic plasticity (Windig et al., 2004) and
dimorphism (Pérez-Barros et al., 2008) in the characters
employed for species recognition may give rise to uncer-
tainty. Secondly, this partial approach overlooks morpho-
logically similar taxa, i.e., cryptic species (Hebert et al.,
2003; Caputi et al., 2007; Chenuil et al., 2019). Thirdly,
morphological keys are sometimes only effective for a
particular life stage or gender, and their use is labor-in-
tensive and requires a high level of expertise (Lefébure et
al., 2006; Valentini et al., 2009).

On the other hand, in the last decades DNA barcoding
has been used as a global standard for the identification of
biological species (Hebert et al., 2003). Species assign-
ment using COI DNA barcoding is facilitated by using
public libraries such as BOLD (Barcode of Life Data
System) (Ratnasingham & Hebert, 2007) and GenBank
(Clark et al., 2015), in which sequenced DNA barcodes
from unknown specimens can be compared against refer-
ence records to identify the matching species. Neverthe-
less, the concept of DNA barcoding as the only taxonom-
ic tool to identify species has been subjected to criticism.
Firstly, DNA barcodes are more likely to provide po-
tentially useful information for groups that are already
well studied (Rubinoff, 2006), and for which a polished
species-level taxonomy exists (Petinsaari et al.,, 2020).
Secondly, the sequence length of DNA barcodes is very
short compared to the entire genome and consequently
it may offer only a fraction of the information needed to
characterize species (Rubinoff, 2006). Finally, the suc-
cess of DNA barcoding depends on the fact that interspe-
cific variation exceeds intraspecific variation by at least
one order of magnitude, establishing a “barcoding gap”
(Hebert et al., 2003). However, the presence of this gap
is often the consequence of insufficient sampling across
taxa (Wiemers & Fiedler, 2007).

To overcome the problem of using only one taxonom-
ic approach to characterize species and to improve the
accuracy of species identification, multiple studies have
combined molecular and traditional, morphology-based
taxonomy (Scorrano et al., 2016; Bayha et al., 2017).

In this study, we adopted an “integrative taxonomy”
approach (Dayrat, 2005) on benthic decapods belonging
to the genera Galathea Fabricius, 1793 and Eualus Thall-
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witz, 1891. Besides morphological identification, a region
of the mitochondrial COI gene was sequenced for molec-
ular identification. The two genera were chosen as study
groups due to their ecological and economic importance,
but also as examples of how data contained in public data-
bases should be reviewed, controlled, and updated.

Decapod crustaceans are a highly diverse group of
benthic invertebrates of the Mediterranean continental
shelf and slope, and many of them have a high commer-
cial value (Silva et al., 2011; Colloca et al., 2003). More-
over, decapod larvae represent almost 90% of the total
zooplankton biomass, playing a fundamental role as prey
for carnivorous species and as consumers of smaller phy-
toplankton, thus determining the stability of benthic and
fisheries biology (Anger, 2001). Although studies on the
decapod population’s biology and ecology have increased
during the last decades (Company et al., 2008; Guijar-
ro et al., 2009), only 20% (6,269 of the 32,282 species
described in WoRMS) are represented by COI barcode
region sequences in BOLD (WoRMS and BOLD consult-
ed in October 2021 (Horton et al., 2020; Ratnasingham
& Hebert, 2007)). These data highlight the importance
of increasing the application of COI DNA barcoding to
improve the analysis of decapod diversity patterns in the
Mediterranean Sea and throughout the world. Further-
more, crypticity among decapod crustaceans has long
been studied (Knowlton, 1986; Machordom & Macpher-
son, 2004), suggesting the need to adopt an integrated
approach to identify species in a more accurate and con-
clusive manner.

Galathea squat lobsters are one of the most speciose
and unwieldy groups in the Galatheidae family (Macpher-
son & Robainas-Barcia, 2015). In a previous study, they
described the existence of 92 new Galathea species us-
ing morphological and molecular characters, highlighting
that most of the new species were distinguished by subtle
but constant morphological differences, which was con-
sistent with molecular divergences of the mitochondrial
marker COI (Macpherson & Robainas-Barcia, 2015).
This suggests the utility of molecular studies, including
specimens from different localities, to help clarify rela-
tionships among Galathea species. The same applies to
the Eualus species, whose specimens are morphologi-
cally very similar, which makes their taxonomic distinc-
tion extremely challenging (D’Udekem-d’Acoz & Wirtz,
2002). DNA barcoding of COI has proved to be an in-
formative molecular marker to describe new species of
Eualus (Nye et al., 2013), as well as to reveal the pres-
ence of two Eualus cranchii phylogeographic clades/hap-
logroups, suggesting the presence of cryptic species and/
or genetic isolation of populations within species (Bilgin
etal,2015).

Here, we aimed to i) correctly identify individuals of
Galathea and Eualus genera up to the species level by
means of morphological traits and DNA barcoding of the
COI gene, ii) compare results obtained from morpho-
logical identification and molecular identification using
different databases of BOLD IDEngine, iii) reveal the
potential presence of crypticity within both genera using
the Automatic Barcode Gap Discovery (ABGD) software
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as a procedure for species delimitation (Puillandre et al.,
2012), and iv) solve phylogenetic relationships within
the two genera using newly sequenced data and records
of closely-related species retrieved from GenBank and
BOLD public databases.

Overall, the results obtained by this study will in-
crease the current taxonomic knowledge on marine ben-
thic decapods inhabiting the Mediterranean Sea, which
is the foundation stone for further ecological studies and
biodiversity monitoring.

Materials and Methods
Field work

Specimens were collected within the framework of
the co-founded ERA-NET MarTERA SEAMoBB (Solu-
tions for Semi-Automated Monitoring of Benthic Biodi-
versity) project. Sampling was conducted between June
and July 2019 in three localities in the Mediterranean
Sea: Livorno (Italy), Palinuro (Italy) and Rovinj (Croatia)
(Table 1, Fig. S.1). In each locality, 9 Autonomous Reef
Monitoring Structures (ARMS) units (Leray & Knowl-
ton, 2015) were deployed in March 2018 to allow a stan-
dardized sampling of the colonizing organisms after one
year. Samples were collected by scuba divers at depths
between 13 and 20 m. ARMS were removed from the
benthic substrate by encapsulating the unit in a tin-PVC
(polyvinyl chloride) box to prevent motile organisms
from escaping. Once at the surface, ARMS were trans-
ported to shore and placed into a container filled with
seawater where the tin-PVC box was removed, and the
unit was systematically disassembled. Seawater from the
disassembly container was filtered using 2 mm, 500 pm,
and 100 pm sieves (Leray & Knowlton, 2015). Collect-
ed organisms from the 2 mm fractions were preserved in
95% ethanol and stored at 4°C for future studies. In total,
23 Galathea individuals and 22 Eualus individuals were
collected and analyzed.

Morphological identification
Specimens were sorted under the stereomicroscope

(Leica WILD M38®) for identification. Photographs of
each organism were taken using a Huawei P20 Lite with

a 16 MP camera and /2.2 lens directly from the binocular
of the stereomicroscope and subsequently processed us-
ing the software GIMP v2.10.6 (The GIMP Development
Team, 2019) and Inkscape 0.92.3 (Harrington, 2005)
(Fig. S.2, S.3, S.5).

To identify specimens of Galathea, the morphological
keys provided by Poggiani (2018), and Zariquiey Alva-
rez (1968) were used. The main criteria of distinction for
Galathea specimens were the following: total carapace
length, shape of the rostrum, and presence/absence of
spines on the epigastric region. The carapace length was
measured from photographs using the software Imagel
(Rueden et al., 2017). The difference between species
was tested using a non-parametric Wilcoxon sum of rank
test in R (R Core Team, 2018).

To identify specimens of the genus Eualus, the di-
chotomous key provided by D’Udekem-d’Acoz and
Wirtz (2002) was used. The main criteria of distinction
for Eualus specimens were the tip of the rostrum — either
bifurcate or trifurcate — the presence/absence of the man-
dibular palp, the presence/absence of the pterygostomial
tooth, and the presence/absence of spines on the merus of
the 5" pereiopod.

Molecular analysis

The genomic DNA of Galathea individuals was iso-
lated from their legs, while that of Eualus specimens from
their posterior pereiopods. Genomic DNA extraction was
performed using a cetyltrimethyl ammonium bromide
(CTAB) protocol (Hillis & Moritz, 1990).

PCR amplification of the COI gene was performed
using degenerate primers (Geller ef al., 2013). Each 19
pl PCR amplification contained 10 pl of Taq polymerase
Master Mix (Phusion U Hot Start, ThermoFisher®), 0.6
pl of each primer (10 mM), 0.2 pl of 20 mg/ml BSA (Bo-
vine Serum Albumin), 6.6 ul of nuclease-free H O (Am-
bion®), and 1 pl of DNA. Amplification was performed
on SimpliAmp Thermal Cycler (Applied Biosystems®).
Cycling parameters consisted of an initial denaturation
step at 95°C for 15 min, followed by 4 cycles at 94°C
for 30 s, at 50°C for 45 s, at 72°C for 1 min, further fol-
lowed by 34 cycles at 94°C for 30 s, at 45°C for 45 s,
at 72°C for 1 min, with a final extension step at 72°C
for 8 min. Amplified fragments were purified using the
ExoSAP-IT Express kit (Applied Biosystem®) following

Table 1. Summary of the sampling locations with the corresponding longitude and latitude, sampling depth (m), number of col-
lected specimens in each location (N) and corresponding sample names.

Collected
Collected specimens of
Location Depth [m] Longitude [°W] Latitude [°N] specimens of P
Eualus spp.
Galathea spp. [N]
[N]
Livorno (Italy) 13 10.34163 43.46233 4 (LIV1-4) 10 (LIV1-10)
Palinuro (Italy) 20 15.26857 40.03281 12 (PAL1-12) 4 (PAL1-4)
Rovinj (Croatia) 15 13.61834 45.09265 7 (CRO1-7) 8 (CRO1-8)
Medit. Mar. Sci., 23/3 2022, 499-524 501



the manufacturer’s recommendations, and commercially
sequenced by Macrogen Europe (Amsterdam-NL).

Data analysis

The obtained sequences were trimmed and manually
cleaned using the software BioEdit® (Hall, 1999), and
later aligned in MEGA v.7 (Kumar et al., 2016). All se-
quences were checked for double peaks in the electro-
pherograms and for stop-codons in the amino-acid trans-
lations before running further analysis (COI sequences
can be accessed under request). A dataset with sequences
of Eualus specimens and one with sequences of Gala-
thea specimens were built. For each genus, the number
of haplotypes and haplotype frequencies were computed
using the pegas package (Paradis, 2010) in R 3.5.0 (R
Core Team, 2018).

Molecular identification tools

To assign specimens an identity, COI sequences were
singularly blasted on the BOLD Identification System
Engine (BOLD IDEngine). For each query sequence,
two search databases were used: ‘Species-level Barcode
Records’ (‘spDB’) and ‘All Barcode Records on BOLD’
(‘allDB’). The ‘spDB’ includes every COI barcode re-
cord with a species-level identification and a minimum
sequence length of 500 bp. It delivers a species identifica-
tion if the query sequence shows less than 1% divergence
to a reference sequence (Ratnasingham & Hebert, 2007).
The ‘allDB’, on the other hand, contains every COI bar-
code record on BOLD with a minimum sequence length
of 500 bp. This search only returns a list of the nearest
matches and does not provide a probability of placement
to a taxon. In this study, query sequences matching ref-
erence records up to species level when using the ‘spDB’
were classified under the resulting species. However, se-
quences that did not match any reference record up to
species level when using the ‘spDB’ were classified un-
der the species of the most similar match obtained us-
ing the ‘allDB’ and the similarity was reported (Table 2,
Table 3). For the identification of the Eualus specimens,
only public data were considered when using the ‘allDB’
database, since a preliminary analysis suggested mis-
identifications among some Eualus reference records on
BOLD. Therefore, early release and private records were
excluded because it was not possible to download them
for further inspections. Conversely, for Galathea speci-
mens early release and private records were considered
as well.

Species delimitation procedure
For species delimitation, the distance-based Automat-
ic Barcode Gap Discovery (ABGD) software (Puillandre

etal.,2012) was used. Aligned sequences of both datasets
were uploaded to the ABGD webserver (https://bioinfo.
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mnhn.fr/abi/public/abgd/abgdweb.html) to sort them into
hypothetical species based on pairwise distances by de-
tecting differences between intraspecific and interspecif-
ic variation, i.e., the barcoding gap. Before running the
program, prior limits to intraspecific diversity Pmin and
Pmax were set to default values of 0.001 and 0.1 respec-
tively, while the proxy for the minimum gap width (X)
was set to 1.5 (Puillandre et al., 2012). P gives approx-
imate indications on the area where the barcoding gap
should be detected and X relates to the sensitivity of the
method to gap width (Puillandre et al., 2012). Pairwise
distances between sequences were calculated using the
two available substitution models: Jukes-Cantor (Jukes
& Cantor, 1969) and Kimura K80 (Kimura, 1980). The
transition/transversion rate under the K80 model was set
tok=9.

Phylogenetic analysis

To solve phylogenetic relationships within both gen-
era, all publicly available BOLD and GenBank sequences
corresponding to species matches or showing the highest
similarity with query sequences, as well as closely relat-
ed taxa, were downloaded. Moreover, intraspecific and
interspecific pairwise distances of newly sequenced and
retrieved records were calculated for both genera using
MEGA v.7 (Kumar et al., 2016).

The dataset for phylogenetic analyses of the genus
Galathea included 72 aligned sequences, 23 of which
newly sequenced and 49 retrieved from BOLD and Gen-
Bank public databases (Table S.2, S.5). A total of 556 bp
of the COI mitochondrial gene were used for phyloge-
netic analyses. Retrieved sequences included 6 species of
the genus Galathea: G. dispersa (Bate, 1859), G. halia
(Macpherson & Robainas-Barcia, 2015), G. intermedia
(Lilljeborg, 1851), G. nexa (Embleton, 1836), G. squa-
mifera (Leach, 1814), and G. strigosa (Linnaeus, 1761),
as well as one outgroup (Pisidia longicornis, Linnaeus
1767). Sequences of G. squamifera were not publicly
available neither on BOLD nor on GenBank and have
been provided courtesy of the University Museum of Ber-
gen (Norway) and Norwegian Barcode of Life (https://
www.norbol.org/).

The dataset for phylogenetic analyses of the genus
Eualus included 53 aligned sequences, 22 of which new-
ly sequenced and 31 retrieved from BOLD and GenBank
public databases (Table S. 5). A total of 581 bp of the COI
mitochondrial gene were used for phylogenetic analyses.
Retrieved sequences included 6 species of the genus Eu-
alus: E. fabricii (Kreyer, 1841), E. gaimardii (H. Milne
Edwards, 1837), E. macilentus (Kroyer, 1841), E. pusi-
olus (Kroyer, 1841), E. occultus (Lebour, 1936) and E.
cranchii (syn. Thoralus cranchii — Leach, 1817), as well
as one outgroup (Hippolyte commensalis Kemp, 1925).

Phylogenetic relationships were reconstructed using
both the maximum likelihood (ML) method (Fukami
& Tateno, 1989) and Bayesian inference (Ronquist &
Huelsenbeck, 2003). ML trees reconstruction and out-
puts are available in the supplementary material (Fig. S.
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6, Fig. S. 7). The function ModelTest in the phangorn
2.5.5 package (Schliep, 2011; Schliep ef al., 2017) in R
(R Core Team, 2018) was used to find the best model of
evolution, and the best-fitting model for the data was cho-
sen based on the Akaike Information Criterion (Akaike,
1973). For both genera, the best model of evolution was
found to be the Hasegawa-Kishino-Yano+Gamma distri-
bution+Inversion parameter (HKY+G+I) (Hasegawa et
al., 1985). To further confirm the choice of model, the
difference between likelihoods resulting from the use of
the best-fitting model and the one having one parame-
ter less was tested by computing an Analysis of Variance
(ANOVA). Bayesian inference was conducted with par-
tition-specific settings in MrBayes v3.2.7 (Ronquist &
Huelsenbeck, 2003). For the genus Galathea, a Bayesian
Markov Chain Monte Carlo (MCMC) tree search with
two independent runs with four chains each was run for
1,440,000 generations and trees were sampled every 100
generations. For the genus Eualus, on the other hand, a
Bayesian MCMC tree search with two independent runs
with four chains each was run for 2,000,000 generations
and trees were sampled every 1,000 generations. Conver-
gence diagnostics of the two independent runs were ana-
lyzed using Tracer v1.7.1 (Rambaut et al., 2018) and after
reaching the stationary phase, the first 25% of trees were
discarded in both genera. Trees were edited using the
software FigTree v1.4.4 (Rambaut & Drummond, 2012).

Results
Galathea genus

Morphological identification

Morphological identification allowed to separate the
Galathea specimens into two distinct species: 16 individ-

A)

G. squamifera

LT2¢

LT3

Epigastric spines

uals were identified as G. squamifera and seven as G. in-
termedia (Table 2). The main difference between the two
species was found to be the carapace length. Indeed, the
mean carapace length of G. intermedia (0.616 cm = 0.112
cm) was significantly lower (p = 0.00021) than that of
G. squamifera (1.87 cm £ 0.427 cm) (Fig. S. 4). Another
useful discrimination criterion was the shape of the ros-
trum: the one of G. squamifera was short and large, with
four evident lateral teeth (LT) on each side and an apical
tooth (AT), clearly longer than those on the sides (Fig. 1A),
whereas G. intermedia had a long and tight rostrum, with
an AT and four rather inconspicuous LT on each side (Fig.
1B). Finally, in the epigastric region of G. squamifera there
were two spines that were absent in G. intermedia (Fig.
1A). The morphological characteristics for each individual
are summarized in the supplementary material (Table S.1).

COl divergence assessment

The COI gene fragments (556 bp) of the 23 specimens
of Galathea analyzed produced 20 unique haplotypes.
Almost every haplotype matched a different specimen,
except haplotype II (shared by three specimens) and hap-
lotype IV (shared by two) (Fig. 2). Specimens sharing
haplotype II were all collected in Croatia, while indi-
viduals sharing haplotype IV were collected in Croatia
and Palinuro (Fig. 1B). Fig. 2A clearly illustrates that the
number of mutations between morphologically identified
species G. intermedia and G. squamifera (n = 81) is high-
er than within species (max n = 33 within G. squamifera),
supporting species subdivision obtained from morpho-
logical identification. However, the number of mutations
between haplotypes V and XI of G. squamifera is higher
than other numbers of mutations observed within species
from the main haplogroups of G. squamifera. Indeed, due
to the large genetic distance observed between these two

B) G. intermedia

Fig. 1: Morphological differences between Galathea squamifera and G. intermedia. Pictures of samples of A) Galathea squamif-

era (PAL6) and B) Galathea intermedia (PAL10). Enlargements show the rostrum of each species, comprising one apical tooth
(AT) and four lateral teeth (LT) on each side. The red circles in A) highlight the two spines on the epigastric region of G. squamif-
era. The photographs of each organism were taken using a Huawei P20 Lite with a 16 MP camera and an /2.2 lens directly from
the binocular of the stereomicroscope and subsequently processed using the software GIMP v2.10.6 and Inkscape 0.92.3.
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A) Morphological identification B)

Species

QO G. squamifera QO Croatia

@ G. intermedia © Palinuro
@ Livorno
E)

OGrp. 1
QGrp. 2
OQGrp. 3

Location

Sampling location

Hypothetical species

C) ‘'allDB'

Top match
O G. intermedia 89-90%

© G. squamifera 90-99%
@ G. squamifera 299%

Fig. 2: Haplotype network of Galathea genus based on 23 COI sequences. The network is replicated five times to illustrate: A)
results obtained from morphological identification, B) geographical distribution, C) results obtained from molecular identification
using all barcode records on BOLD (allDB) and D) species-level barcode records on BOLD (spDB), E) results obtained from
species delimitation using Automatic Barcode Gap Discovery (ABGD). Each circle represents one haplotype (named using Ro-
man numerals). The size of the circles indicates the haplotype frequencies, and the subdivisions of the pies indicate the number of
specimens sharing that haplotype. Numbers between circles indicate the number of mutations between haplotypes.

haplotypes, the overall mean distance within morphologi-
cally identified G. squamifera was found to be larger (4%
+ 0.45%) than the overall mean distance observed within
G. intermedia (2.75% £ 0.38 %).

Molecular identification using BOLD

Molecular identification of Galathea specimens using
BOLD IDEngine delivered different outcomes when us-
ing the two databases ‘allDB’ and ‘spDB’ (Table 2, Fig.
2C and D). On one hand, nine specimens were matched
to the species G. squamifera with a similarity higher than
99% (Table 2) using ‘spDB’, while three others were only
suggested to be G. squamifera since the similarity with
reference records was lower, namely ranging between
97.5 and 98.93%. As for the remaining 11 specimens, no
match or suggestions were delivered using ‘spDB’ (Fig.
2D). All specimens confirmed or suggested as G. squa-
mifera were matched to early release records sampled in

510

Oslo (Norway). Because the latter are not publicly acces-
sible, no sequencing data were available. Specimens as-
sociated with G. squamifera were sampled in Croatia and
in Palinuro but not in Livorno (Table 2, Fig. 2B). On the
other hand, results obtained using ‘allDB’ were coherent
with those obtained from morphological identification.
Indeed, the number of individuals showing a significant
similarity (between 91.62 and 99.34%) with early release
records of G. squamifera sampled in Oslo (Norway) were
16 (4 more than when using ‘spDB’). Moreover, the re-
maining seven individuals showed the greatest similarity
(between 88.66 and 89.55%) with reference records of
G. intermedia (Fig. 2C). Some of them were sampled in
the German Bight of the North Sea (Germany), while for
some others the sampling location is unknown because
they were early release records (Table 2).

Medit. Mar. Sci., 23/3 2022, 499-524



Species delimitation using ABGD software

Species delimitation based on COI sequences using
ABGD suggested the presence of three distinct groups of
taxa among collected Galathea specimens (Fig. 2E, Table
2), as opposed to the two indicated by both morphologi-
cal and molecular identification using BOLD IDEngine.
These results were obtained with the two substitutions
models used — either Jukes-Cantor (Jukes & Cantor, 1969)
or Kimura K80 (Kimura, 1980). The subdivision into
three hypothetical species perfectly matched the structure
of the haplotype network (Fig. 2C). Group 1 included
12 specimens, all of which corresponded to those sug-
gested or confirmed as G. squamifera using both ‘spDB’
and ‘allDB’ (Fig. 2C and D). Group 2 comprised four
analyzed specimens, for which no match/suggestions to
reference records was provided using ‘spDB’. However,
when ‘allDB’ was employed, they showed the greatest
similarity with reference records of G. squamifera (Fig.
2C and D). Group 3 contained the remaining seven speci-
mens, for which no match/suggestion was provided using
‘spDB’ neither, while they showed the highest similarity
with G. intermedia when using ‘allDB’ (Fig. 2C and D).

Phylogenetic inference using mitochondrial COI gene

To calculate the interspecific and intraspecific mean
pairwise distances, results obtained from species delim-
itation using ABGD were considered, and the three sug-
gested groups of taxa were treated as additional species
to the six Galathea species downloaded (Table S. 2), for
a total of nine Galathea species and one outgroup (P. lon-
gicornis). Range values of mean pairwise distances ob-
served on the whole dataset were within species 0% =+
0% (G. squamifera reference records) to 2.54% =+ 0.46%
(ABGD Group 3) (Table S. 3), and within species 1.1% +
0.4% to 19% + 1.7% (Table S. 4). Nevertheless, consid-
ering Group 1 of ABGD and G. squamifera as the same
species, the range of mean pairwise distances between
species increased, spanning from 8.22% + 1.1% to 19%
+ 1.7 %. The intraspecific mean pairwise difference of
G. squamifera and ABGD Group 1, together, was very
similar to the one of only G. squamifera reference records
(0.95% + 0.17 %). Phylogenetic trees clearly show that
newly sequenced specimens are divided into four clades
(Fig. 3 and Fig. S. 6). One clade corresponds to Group
1 of ABGD (orange colored), one to Group 2 of ABGD
(blue colored) and two to Group 3 of ABGD (green col-
ored). The 12 specimens constituting Group 1 of ABGD
(Table 2) fall within the same clade of G. squamifera
reference records, reinforcing the results obtained from
molecular identification using BOLD IDEngine, which
indicated a match/suggestion of these specimens up to
species level with G. squamifera (Fig. 2D). Conversely,
specimens representing the two other groups of ABGD
compose clades separated from any other Galathea spe-
cies existing in Europe for which a COI sequence was
available for download, and their species identity could
not be deduced by phylogenetic reconstructions. Indeed,

Medit. Mar. Sci., 23/3 2022, 499-524

Group 2 builds the sister clade of G. squamifera, while
specimens belonging to Group 3 of ABGD show a mean
pairwise distance between them of 2.54% = 0.46% (Table
S. 3) and compose two sister clades of G. intermedia (Fig.
3 and Fig. S. 6). Bayesian reconstruction is supported by
values of posterior probability (PP) almost always higher
than 96%, except for the clade formed by G. nexa and G.
dispersa (56%). This low PP value can be explained by
the fact that only two sequences corresponding to G. nexa
were used to reconstruct the phylogenetic tree. Unfortu-
nately, no additional records were available for down-
loading. Additionally, low PP values can be observed also
within clades formed by a single species or ABGD group,
but these poorly supported splits are not considered in the
results here reported. Evolutionary analyses clearly sepa-
rated specimens of Group 2 and those of Group 1 into two
sister clades that are clustered together into a well-sup-
ported (PP = 100%) monophyletic group, which could
indicate the presence of cryptic species. Group 3 forms
a well-supported (PP = 100%) monophyletic group, to-
gether with G. intermedia as well, suggesting the pres-
ence of a second cryptic species in the dataset. The mean
pairwise distance calculated within specimens of Group 1
and Group 2 amounts to a total of 4.29% + 0.48 %, which
is higher than the highest intraspecific mean pairwise
distance observed within Galathea species of the studied
dataset (Group 3 = 2.54% = 0.46 %) (Table S. 3). Never-
theless, the genetic distance between Group 1 and Group
2 samples is lower (8.2% = 1.1 %) (Table S. 4) than the
lowest mean interspecific pairwise distance between the
Galathea species of the studied dataset (12.3% + 1.4 %).
The genetic distance found between the G. intermedia
reference records collected in the North Sea and the new-
ly sequenced organisms constituting Group 3 (11% = 1.4
%) remains lower than the interspecific levels observed
for the genus Galathea (Table S. 4), suggesting a lack of
gene flow between North Sea and Mediterranean Sea. All
19 reference records of G. intermedia originate from the
North Sea, and no records sampled in the Mediterranean
were available for download. Additionally, Group 3 is
characterized by an intraspecific mean pairwise distance
(2.54% + 0.46 %) that is at least twice as large as those
calculated within the remaining eight Galathea species
(Table S. 3). Indeed, specimens of Group 3 form two sis-
ter clades in the phylogenetic reconstructions rather than
only one, as the other ABGD detected groups.

Eualus genus
Morphological identification

Morphological identification resulted in three Fualus
species among the 22 specimens analyzed: E. occultus, E.
cranchii and E. pusiolus. One individual was assigned to
the species E. pusiolus, nine samples were identified with
certainty and six with uncertainty as E. cranchii, and one
sample was identified with certainty and five with un-
certainty as E. occultus (Fig. 4A, Table 3). The morpho-
logical analysis was mainly based on the rostrum, which
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100¢  P.longicomis- DE
( L P longicomis - DE

Galathea spp. - Bayesian tree

ie

Fig. 3: Bayesian phylogenetic reconstruction of Galathea specimens based on COI sequences. MCMC searches were performed
based on the HKY+G+I substitution model (Hasegawa et al., 1985). The tree was rooted using the outgroup Pisidia longicornis
(Linnaeus, 1767). Posterior probabilities (PP) are represented in percentages next to the nodes. Colors represent species delimita-
tion obtained from the ABGD software. The abbreviations next to reference records indicate the sampling locations: DE = German
Bight (North Sea), NO = Norway, NS = North Sea, PO = Pacific Ocean, SW = Sweden (Skagerrak), and UK = United Kingdom
— North Sea. The analysis involved 72 nucleotide sequences. Evolutionary analysis was conducted in MrBayes v3.2.7 (Ronquist
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and Huelsenbeck, 2003) and in FigTree v1.4.4 (Rambaut and Drummond, 2012).
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A) Morphological identification B)

Location )

'allDB'

Similarity with E. cranchii

Species Sampling location Q80-85%
@ E pusiolus O Croatia @85-90%
@ E. cranchii @ ralinuro @ 9%-95%
@ E of cranchii @ Livorno @95-99%
@ E occultus ®>99%
. ultu:
@ E o occultus
E) ABGD

Species match

O none © Grp. 1
O E. cranchii, E. occultus, . Grp. 2
E. pusiolus (suggested) @Gp.3

@ E cranchii (confirmed)
© Grp.4

@ E cranchii (suggested)
@ E. occultus (suggeted)

Hypothetical species

Fig. 4: Haplotype network of Eualus genus based on N=22 COI sequences. The network is repeated five times to illustrate: A)
results obtained from morphological identification, B) geographical distribution, C) results obtained from molecular identification
using all barcode records on BOLD (allDB) and D) species-level barcode records on BOLD (spDB), E) results obtained from spe-
cies delimitation using Automatic Barcode Gap Discovery. Colors of A), C) and D) are coordinated: red shades refer to E. cranchii,
green shades to E. occultus and yellow shades to E. pusiolus, E. occultus and E. cranchii. Each circle represents one haplotype
(named using Roman numerals). The size of the circles indicates haplotype frequencies and the subdivisions of the pies indicate
the number of specimens sharing that haplotype. Numbers between circles indicate the number of mutations between haplotypes.

was found to be at least bifurcated and shorter than the
scaphocerite in all individuals. E. pusiolus was identified
thanks to the presence of a pterygostomial tooth, which
is absent in E. cranchii and E. occultus (Fig. 5A). Speci-
mens identified with certainty as E. cranchii were distin-
guished from E. occultus because they had a trifurcated
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rostrum (Fig. 5B), which never occurs in E. occultus, and
the merus of the 4% and 5™ pereiopods with spines ar-
ranged in comb-like fashion on the flexor border (Fig.
5C). On the other hand, specimens identified with dubi-
ety as E. cranchii had a bifurcated rostrum, such as E. oc-
cultus (Fig. 5D), and their identification was based on the
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Fig. 5: Morphological differences between E. cranchii, E. occultus and E. pusiolus. The photographs show: A) pterygostomial
tooth of E. pusiolus; B) trifurcated rostrum of E. cranchii; C) merus of the 4th and 5th pereiopods with spines arranged in comb-
like fashion on the flexor border of E. cranchii; D) bifurcated rostrum of E. occultus; and E) merus of the 5th pereiopod without
spines arranged in comb-like fashion on the flexor border of E. occultus. The photographs of each organism were taken using a
MoticamBTU® camera connected to a Leica WILD M8® stereomicroscope.

fact that the merus of the 5" pereiopod of E. cranchii had
spines arranged in comb-like fashion on the flexor bor-
der, while the one of E. occultus did not (Fig. SE). How-
ever, damages to the 5™ pereiopod in several specimens
impeded to identify them with certitude. In specimens
where the 5™ pereiopod was completely absent, identifi-
cation as either E. cranchii or E. occultus was based on i)
the similarity with confirmed specimens, ii) the presence
of the mandibular palp in E. occultus, which is absent in
E. cranchii, and iii) the shape of the dorso-distal process
of the 3™ segment of the antennular process, which is nar-
rowly triangular in E. occultus and broadly triangular in
E. cranchii. However, since mandibular palps can be eas-
ily lost and the difference in the shape of the 3™ segment
of the antennular process is minimal, the identification of
these samples remained unconfirmed (E. ¢f cranchii and
E. ¢f occultus) (Table 3).

COl divergence assessment

The COI gene fragments (573 bp) of the 22 specimens
of Eualus analyzed produced 16 unique haplotypes, four
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of which were shared by more than one individual (hap-
lotype III, V and VIII), while all the others were repre-
sented by only one specimen (Fig. 4). Haplotype II was
shared by four individuals, two sampled in Croatia and
two in Livorno (Fig. 4B). Notably, despite their sharing
the same haplotype, morphological traits allowed to iden-
tify one of them as E. pusiolus, another as E. cranchii and
the other two as E. ¢f cranchii (Fig. 4A).

Molecular identification using BOLD

Results obtained from molecular identification of Eu-
alus specimens based on COI sequences using BOLD
IDEngine are summarized in Table 3 and Fig. 4C and
D. Outputs obtained from the use of the two databases
‘spDB’ and ‘allDB’ were not compared since with the
first one, results related to private and early release re-
cords were considered as well, while with ‘allDB’ only
public results were taken into account to avoid the lack
of sequencing and geographical information. Unfortu-
nately, no sequencing or geographical information for
private records nor for early release records is publicly
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accessible. Using ‘spDB’, three specimens were identi-
fied with certainty as E. cranchii with a probability of
placement between 99.12 and 99.65%, 11 individuals
were only suggested and not confirmed as E. cranchii
and/or E. occultus and/or E. pusiolus, and the remaining
eight did not return any match against reference records
available on BOLD (Fig. 4D). On the other hand, by
removing private and early release records when using
‘allDB’, all 22 specimens showed the highest similari-
ty — between 84.35 and 99.82% — only with E. cranchii
reference records (Table 3, Fig. 4C). Both molecular and
morphological identification pointed out the presence of
three species within the studied dataset: E. cranchii, E.
occultus and E. pusiolus. However, molecular identifi-
cation up to species level (Fig. 4D) showed very differ-
ent results than morphological identification (Fig. 4A).
Firstly, out of the 15 potential specimens of E. cranchii
identified using morphological traits (Table 3, Fig. 4A),
only three specimens were identified with certainty as E.
cranchii using COI sequences (Table 3, Fig. 4D). Sec-
ondly, out of the six potential specimens of E. occultus
identified using morphological characters (Table 3, Fig.
4A), only two were at least suggested to be E. occultus
by molecular identification (Table 3, Fig. 4D). Thirdly,
the only specimen morphologically identified as E. pusi-
olus (Fig. 4A) did not match any species on BOLD using
molecular identification, even though E. pusiolus refer-
ence records were available on the database (Fig. 4D).
Finally, using ‘spDB’ and ‘allDB’, three and four speci-
mens respectively were matched to three species simul-
taneously (E. cranchii, E. occultus and E. pusiolus) with
almost the same probability of placement (>99%) (Table
3). Results obtained from molecular identification using
BOLD IDEngine further show that when private and ear-
ly release records on BOLD were not considered (Table
3, Fig. 4C), the percentage of similarity between query
sequences and E. cranchii reference records decreased
consistently compared to when all available sequences
were taken into account (Table 3, Fig. 4D). For example,
the three specimens that matched a private record of E.
cranchii with a probability of placement between 99.12
and 99.65% using ‘spDB’ (CRO4, CROS and CROS)
showed a similarity with E. cranchii of just 85.14% when
only public records were taken into account (Table 3,
Fig. 4C). Specimen LIV7 showed the highest similarity
(98.77%) with the same private record of E. cranchii, but
when only public records were considered, its similarity
with an E. cranchii record decreased to 85.06% (Table 3).
Additionally, the four samples together constitute a group
that is separate from the others in the haplotype network
(haplotypes 111, VI and XII) (Fig. 4). However, since the
specimens were collected in Croatia and Livorno (Fig.
4B), a genetic divergence from other E. cranchii refer-
ence records due to geographical isolation is unlikely.

Species delimitation using ABGD software

Species delimitation based on COI sequences using
the ABGD indicated the presence of four hypothetical
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species within the analyzed specimens (Table 3, Fig. 4E),
as opposed to the three suggested by morphological and
molecular identification using BOLD IDEngine. Results
were the same with both substitution models used, either
with Jukes-Cantor (Jukes & Cantor, 1969) or Kimura
K80 (Kimura, 1980). Species delimitation obtained from
ABGD was the only one perfectly matching the struc-
ture of the haplotype network (Fig. 4E). Group 1 includ-
ed seven specimens corresponding to haplotypes I, II,
IV and XIII, which showed the lowest similarity with E.
cranchii records using ‘allDB’ and for which no match/
suggestion was provided using ‘spDB’ (Fig. 4C and D).
Group 2 comprised four specimens corresponding to hap-
lotypes 111, VI, and XII, which were matched to a pri-
vate E. cranchii record using ‘spDB’ (Fig. 4D), but they
showed a low similarity with E. cranchii records (< 90%)
using ‘allDB’ (Fig. 4C). Group 3 comprised seven other
samples, corresponding to haplotypes V, VII, XI, XV, IX
and X, which showed the highest similarity with early
release records of E. occultus and with E. cranchii sam-
pled in Anglesey, UK (Fig. 4D). Group 4 includes the re-
maining four specimens and is represented by haplotypes
VIII, XIV and XVI, which were found to be E. cranchii,
E. occultus and E. pusiolus with the same percentage of
similarity with both ‘spDB’ and ‘allDB’.

Phylogenetic inference using mitochondrial COI gene

To calculate the interspecific and intraspecific mean
pairwise distances (p-distance), results obtained from spe-
cies delimitation using ABGD were considered, and the
four suggested groups of taxa were treated as additional
species to the six Fualus sequences retrieved (Table S. 5),
for a total of ten Fualus species and one outgroup (Hip-
polyte commensalis). Range values of mean p-distance ob-
served on the whole dataset were within species 0.07% =
0.07% (E. fabricii) to 13.66% = 0.91% (E. cranchii) (Table
S. 6) and within species 1.8% = 0.4% to 23% + 1.4% (Ta-
ble S. 7). A relatively high mean intraspecific p-distance,
compared to other values observed within the dataset, was
observed for E. pusiolus as well (9.52% = 0.80 %) (Table
S. 6). The lowest interspecific mean p-distance was ob-
served between Group 4 of ABGD and E. occultus (1.8%
+ 0.4 %), while the highest between Group 1 of ABGD and
E. gaimardii (23% = 1.4 %). The mean p-distance between
the outgroup H. commensalis and Eualus species ranged
between 22.6% + 1.6% with E. pusiolus and 24.9% + 1.7%
with Group 2 of ABGD (Table S. 7). The mean intraspecif-
ic p-distance within groups of ABGD was found to be be-
tween 0.2% = 0.08% for Group 1 and 2.53% = 0.37% for
Group 3. Phylogenetic reconstruction clearly divided new-
ly sequenced Eualus specimens into four distinct clades
(Fig. 6, Fig. S. 7). The tree was supported by values of
posterior probability (PP) almost always higher than 93%,
except for the separation between ABGD Group 4 and
ABGD Groups 1, 2 and 3 (72%) and for the separation be-
tween ABGD Groups 2 and 3 (61%). The subdivision into
four clades perfectly matched species delimitation using
ABGD software (Table 3), with the orange colored clade
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Eualus spp. - Bayesian tree
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Fig. 6: Bayesian phylogenetic reconstruction of Eualus specimens based on COI sequences. MCMC searches were performed
based on the HKY+G+I substitution model (Hasegawa et al., 1985). The tree was rooted using the outgroup Hippolyte commen-
salis (Kemp, 1925). Posterior probabilities (PP) are represented in percentages next to the nodes. Colors represent species delimi-
tation obtained from ABGD software. The abbreviations next to the reference records indicate the sampling location: AO = Arctic
Ocean, BS = Bering Sea, CA = Canada, DE = German Bight (North Sea), IN = Indonesia, PT = Portugal, SP = northern Spain,
SW = Sweden (Skagerrak), TU = Turkey, and UK = Anglesey — UK (North Sea). Sequences in red indicate doubtful species as-
signment on public databases. The analysis involved 53 nucleotide sequences. Evolutionary analyses were conducted in MrBayes
v3.2.7 (Ronquist and Huelsenbeck, 2003) and in FigTree v1.4.4 (Rambaut and Drummond, 2012). * Thoralus cranchii is currently
accepted as Eualus cranchii, but these sequences were available on the databases under the name Thoralus cranchii.
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corresponding to Group 1, the blue colored one to Group
2, the green colored one to Group 3 and the pink colored
one to Group 4 (Fig. 6). Specimens constituting Group 1 of
ABGD fell within a clade without any reference record in
it, thus their species identity could not be inferred from the
tree. Specimens of Group 2 clustered together with a ref-
erence record of E. cranchii (syn. T. cranchii) sampled in
Turkey, while individuals belonging to Group 3 fell within
a clade with a reference record of E. cranchii sampled in
Anglesey, UK. The interspecific mean p-distance between
Group 2 and Group 3 was found to amount to 15.8% £ 1.5
%. On the other hand, specimens belonging to Group 4 fell
within a clade together with three distinct species: E. pusi-
olus collected in Sweden, E. occultus collected in Sweden
and northern Spain, E. cranchii collected in the German
Bight of the North Sea and in Portugal. These samples cor-
respond to those that matched three different species using
‘allDB’ and ‘spDB’ in BOLD IDEngine (Table 3, Fig. 4C
and 4D). Strangely, on one hand, a reference record of .
pusiolus sampled in Sweden clustered with E. cranchii and
E. occultus reference records as well as with specimens
constituting Group 4 of ABGD instead of falling in the
clade comprising three E. pusiolus individuals collected in
the German Bight of the North Sea (Fig. 6, Fig. S. 1). How-
ever, on the other hand, a reference record of E. cranchii
(syn. T. cranchii) sampled in Sweden clustered with three
different reference records of E. pusiolus (Fig. 6, Fig. S. 7).

Discussion

The use of the appropriate taxonomy and the accurate
identification of species are fundamental to correctly con-
duct ecological studies and monitor biodiversity (Borto-
lus, 2008; Molinari-Jobin et al., 2012; Pante et al., 2015).
In the last decade, integrative taxonomy has proven to be
a very efficient and reliable approach to reveal the exis-
tence of new species (De Queiroz, 2007; Schlick-Stein-
er et al., 2010; Yeates et al., 2011). Here, the combined
use of morphological and molecular approaches to assign
an identity to species revealed the potential presence of
crypticity within the genera Galathea and Eualus. As re-
gards the Galathea genus, morphological identification
led to an underestimation of species richness compared
to results obtained from species delimitation based on
COI sequences using ABGD software, confirming that
the use of morphological characters to assign an identity
to specimens could result in biodiversity underestimation
(Lefébure et al., 2006), and that the approach overlooks
morphologically similar taxa (Hebert et al., 2003; Capu-
ti et al., 2007). The observed divergences in the results
— obtained by applying different identification tools —
highlight the importance of using an integrative approach
to assign an identity to species, as already mentioned in
multiple studies (Rubinoff, 2006; Wiemers & Fiedler,
2007; Valentini et al., 2009).
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Galathea genus

Morphology alone allowed to identify all Galathea
specimens as either G. squamifera or G. intermedia, but
DNA barcoding of the COI gene confirmed the presence
of G. squamifera and suggested the existence of two still
undescribed species: one cryptic to G. squamifera and
one cryptic to G. intermedia. However, no morphologi-
cal differences could be observed between described and
presumed cryptic species; for this reason, based on the
present data only, no formal decision on the taxonomic
status of these species will be taken until a higher number
of specimens and/or additional independent molecular
markers are analyzed.

Not only did morphological identification underes-
timate the number of Galathea species within the stud-
ied dataset, but it also assigned a doubtful identity to
specimens. For example, it allowed to recognize some
specimens as G. intermedia, although phylogenetic re-
constructions based on COI sequences clustered those
specimens in a clade sister to G. intermedia reference
records, and molecular identification using ‘spDB’ in
BOLD IDEngine did not assign them to G. intermedia
reference records available in the library. Similarly, some
specimens morphologically identified as G. squamifera
were clustered in a clade sister to G. squamifera in the
phylogenetic reconstructions, and since molecular identi-
fication using ‘spDB’ in BOLD IDEngine did not associ-
ate these specimens with G. squamifera reference records
neither, results obtained from morphological identifi-
cation remain doubtful. Unlike the ‘spDB’, the use of
‘allDB’ delivered the same results as the morphological
approach. Therefore, the choice of the database has a sig-
nificant effect on the results displayed: thus, the BOLD
IDEngine should be used with caution, and results com-
pared against other databases and interpreted judiciously.
Nevertheless, phylogenetic reconstructions partially sup-
ported results obtained from morphological identification
since specimens suggested as G. squamifera by BOLD
IDEngine clustered within the same clade as G. squamif-
era reference records. This underlines again the impor-
tance of relying on multiple identification tools to assign
an identity to specimens. Indeed, molecular identifica-
tion through DNA barcoding can also have limitations,
such as the fact that useful information is mainly avail-
able for groups that are already well studied (Rubinoff,
2006) and, unfortunately, no previous molecular studies
on G. squamifera or G. intermedia had been conducted.
Nonetheless, here DNA barcoding of the COI gene was
confirmed to be a suitable genetic marker to distinguish
between Galathea species, as already highlighted in pre-
vious studies (Silva et al., 2011; Macpherson & Robain-
as-Barcia, 2015; Raupach et al., 2015).

While the haplotype network already suggested a mis-
take in morphological identification, since a significant
number of mutations (n=33) was observed between two
specimens — which were both identified as G. squamifera
— ABGD questioned even more the morphological results
by separating the two specimens into two distinct groups
of taxa. The advantage of using ABGD software is that
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group subdivisions do not have to be necessarily consid-
ered distinct species; quite the contrary, since it is based
on the barcoding gap and since there are still conflicting
opinions regarding its existence and suitability for sep-
arating species (Meier et al., 2006; Wiemers & Fiedler,
2007), they can be considered as distinct haplogroups be-
longing to the same species, which could be genetically
more distant compared to within groups distance because
of the lack of gene flow between them. Nevertheless, the
results indicated that specimens of Group 1 and Group 2
cannot be simply considered as belonging to two sepa-
rate phylogeographic groups, since both include samples
collected from the same geographic location (Croatia).
Additionally, samples collected in the North Sea (Os-
lo-Norway) fell within the same clade as samples collect-
ed in the Mediterranean Sea, indicating the absence of
genetic isolation due to physical separation between G.
squamifera populations, and reinforcing the hypothesis
that G. squamifera (Group 1) and Group 2 correspond to
two cryptic species.

Conversely, phylogenetic trees indicated that G. inter-
media reference records, collected in the German Bight
of the North Sea (Germany), formed a well-supported
separate clade from specimens of Group 3 collected in
the Mediterranean Sea. This observation suggests that
the two clades might correspond to two distinct phylo-
geographic groups of G. intermedia, between which gene
flow is absent. In support of this argument, there is no
evidence of migration of G. intermedia neither within
nor outside the German Bight (Kronenberger & Tiirkay,
2003). Described levels of intra-/interspecific variation
showed interesting results, although they must be consid-
ered with caution since some taxa were characterized by
only two specimens and this number is not sufficient to
fully grasp the genetic diversity of the species (Zhang et
al., 2010). Firstly, the mean p-distance between G. infer-
media and specimens of Group 3 matched those found in
aprevious study between Galathea species, which ranged
from 7.2% to 24.6% (Macpherson & Robainas-Barcia,
2015). This result is inconsistent with the assumption that
there are two phylogeographic groups within G. interme-
dia and suggests that the two clades correspond to two
cryptic species resulting from an allopatric speciation.
The mean p-distance between G. squamifera Group 1
and Group 2 was comprised within the range mentioned
above as well, reinforcing the theory that the specimens
of Group 2 belong to a cryptic species of G. squamif-
era. Secondly, the interspecific mean p-distance between
specimens of Group 1 and G. squamifera is much lower
than the range described by Macpherson et al. (2015),
which suggests that they are the same species. In fact, the
intraspecific mean p-distance of the merged groups re-
mained similar to values reported within other Galathea
species investigated, further supporting results obtained
from morphological and molecular identification, which
revealed that the specimens of Group 1 were G. squamif-
era. Finally, the intraspecific mean p-distance of Group 3
is the highest of all analyzed taxa: consequently, phyloge-
netic reconstructions divided the specimens of this group
into two sister clades. However, the present data do not
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allow to conclude whether specimens of Group 3 belong
to two distinct species or to a single species character-
ized by a higher genetic divergence than other Galathea
species. Even though the mean intraspecific p-distance of
Group 3 is already higher than within other taxa, the low
number of specimens forming Group 3 is not sufficient to
describe most of the genetic diversity of a species (Zhang
et al., 2010), suggesting that a larger sample size could
expand the barcoding gap between these specimens and
reveal the presence of two distinct species.

Eualus genus

Within the genus Eualus, morphological and molecu-
lar identification showed contrasting results and the iden-
tity of the 22 individuals collected in the Mediterranean
Sea has remained unclear. Morphological traits allowed to
identify all Eualus specimens as E. cranchii or E. occul-
tus or E. pusiolus, but species delimitation using ABGD
and phylogenetic reconstruction based on COI sequences
suggested the existence of four groups of taxa, thus un-
covering the potential presence of an unknown species.

Morphological identification of Eualus specimens re-
vealed to be very difficult due to the presence of subtle
morphological differences; hence, only half of the spec-
imens could be identified with certainty, demonstrating
that the use of morphological traits for species identifica-
tion has several limitations (Windig et al., 2004; Caputi et
al., 2007; Pérez-Barros et al., 2008). Morphological keys
are sometimes only effective for a particular life stage or
gender (Hebert et al., 2003; Lefébure et al., 2006; Val-
entini et al., 2009): since in this study individuals were
not selected based on sex, this morphological trait was
not properly used, leading to possible species misidentifi-
cations. Nevertheless, two of the specimens sharing hap-
lotype II were unambiguously morphologically identi-
fied as two distinct species (E. cranchii and E. pusiolus),
raising the possibility that the COI is not a good genetic
marker to distinguish between these two species, even if
several previous studies had confirmed the appropriate-
ness of the COI gene to distinguish between cryptic and
non-cryptic Eualus species (Silva et al., 2011; Nye et al.,
2013; Bilgin et al., 2015; Vassily et al., 2017). Indeed,
COI barcodes may offer only a fraction of the informa-
tion needed to characterize species and may not be repre-
sentative of the whole genome (Rubinoff, 2006). Hence,
independent nuclear markers such as SNPs or RAD tags
may be useful for a better species delineation of marine
crustaceans (Raupach et al., 2015).

Just like morphological identification, the use of the
BOLD IDEngine suggested the existence of three spe-
cies: E. cranchii, E. occultus and E. pusiolus. However,
several samples did not match any reference record on
BOLD, indicating that the species in the dataset could be
more than just three. Furthermore, some specimens were
assigned to multiple species simultaneously, and it is very
likely that their presence is due to species misidentifica-
tions among BOLD reference records corresponding to
E. cranchii, E. occultus and E. pusiolus: for example,
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some specimens showed the same similarity with a ref-
erence record of E. occultus and one of E. pusiolus, both
collected in Skagerrak (Sweden), but the similarity be-
tween these two records is too significant to believe that
they belong to distinct species. In fact, phylogenetic re-
constructions based on the COI gene suggested that the
distance between E. occultus sampled in Sweden and E.
pusiolus sampled in the German Bight of the North Sea
is much higher by clustering them in separated clades.
False species identifications are very common in taxono-
my (Tautz et al., 2003) and previous studies had already
showed that BOLD is a potential source of species as-
signment misplacement (Bilgin et al., 2015; Meiklejohn
et al., 2019). Moreover, the presence of numerous early
release and private reference records questions the effec-
tiveness of using BOLD IDEngine to distinguish Eualus
specimens. For example, only three Eualus specimens
were assigned up to species level with a probability of
placement higher than 99%. However, they were matched
to a single private record of E. cranchii, and when only
public reference records were considered, the same spec-
imens showed a probability of placement within E. cran-
chii of only 85.06%. Hence, the fact that the private re-
cord in question is indeed an E. cranchii is doubtful since
it appears to be very genetically different than the several
public ones.

In the phylogenetic reconstruction, specimens con-
stituting ABGD Group 1 fell within a clade without any
reference record in it, suggesting the existence of a still
unknown and undescribed species among the analyzed
organisms. This assumption was suggested by the use of
BOLD IDEngine as well, either by using ‘spDB’, which
did not match those specimens to any reference record,
or by using ‘allDB’, which classified those specimens as
those with the lowest similarity to E. cranchii. Never-
theless, the phylogenetic reconstruction did not allow to
clarify the conflicting species assignment obtained from
morphological identification and the BOLD IDEngine.
For example, while specimens of ABGD Group 2 clus-
tered in a clade containing a reference record of E. cran-
chii collected in Turkey, specimens of ABGD Group 3
clustered in a separate clade containing reference records
of E. cranchii collected in Anglesey-UK, indicating that
Group 2 and Group 3 represent two phylogeographic
groups of E. cranchii. However, only public reference
records available for downloading were used to build
phylogenetic reconstructions, and the lack from the phy-
logenetic tree of the early release and private records that
were considered when using BOLD IDEngine could lead
to misinterpretations of results. In fact, while phylogenet-
ic analyses suggested that specimens of Group 3 were E.
cranchii, ‘spDB’ identified almost all of them as E. oc-
cultus because of their similarity with some early release
records not available for download. The assignment of
specimens constituting ABGD Group 4 to a species was
problematic as well. On one hand, the low interspecific
p-distance observed between specimens of ABGD Group
4 and E. occultus suggested that these specimens could
be E. occultus. Moreover, morphological identification
categorized two specimens as E. ¢f occultus and the other
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two as E. c¢f cranchii, and since their identification has
remained dubious, it is probable that the two identified .
¢f cranchii were in reality E. occultus. Molecular identi-
fication using ‘spDB’ partially confirmed this inference,
since it suggested that three out of four specimens may
potentially be E. occultus. On the other hand, however,
once that only public reference records were considered,
specimens of ABGD Group 4 matched E. cranchii ref-
erence records with a probability of placement > 95%.
Finally, Bayesian reconstruction clustered specimens of
ABGD Group 4 with three distinct species of Eualus,
making it impossible to conclude whether they were E.
cranchii, E. occultus or E. pusiolus. The aggregation of
these reference records within the same clade, although
corresponding to distinct species, supported the already
introduced hypothesis that there are false species identi-
fications among reference records in BOLD, an assump-
tion that can be supported by the high values of intraspe-
cific mean p-distance measured within E. cranchii and
E. pusiolus compared to the one observed within other
Eualus species, such as E. fabricii and E. macilentus.

In conclusion, the use of additional genetic markers,
as well as of a higher number of samples and reference
records, would allow to ascertain the identity of speci-
mens, and to obtain a more reliable species delimitation.
On the whole, the use of ‘integrative taxonomy’ allowed
to reveal the potential presence of crypticity within both
genera and demonstrated that species misidentifications
due to morphologically similar taxa can often occur and
this issue has to be considered with particular attention
when performing ecological or biodiversity studies.
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The following supplementary information is available online for the article:

Specimens’ collection

Fig. S.1: Map illustrating the complete sampling design, comprised of three locations: Livorno (Italy), Palinuro (Italy) and Rovinj
(Croatia). Nine ARMS (Autonomous Reef Monitoring Structures) were deployed in each site. The map was produced in QGIS

v3.4.1 (QGIS Development Team, 2009).

Morphological identification
Galathea genus

Table S. 1: Morphological characteristics of each Galathea specimen analyzed. Specimen IDs indicate the sampling locations:
‘LIV’ = Livorno, ‘PAL’ = Palinuro, ‘CRO’ = Croatia. Carapace length (cm), shape of the rostrum and presence/absence of epigas-
tric spines are the key morphological traits used for identification. Based on these morphological traits, specimens were assigned

to either G. intermedia or G. squamifera (Species assignment).
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Fig. S. 2: Pictures of specimens morphologically identified as G. intermedia with scale bars corresponding to 1 cm. Photographs
of each organism were taken using a Huawei P20 Lite with a 16 MP camera and /2.2 lens directly from the binocular of the ste-
reomicroscope and subsequently processed using the software GIMP v2.10.6 (The GIMP Development Team, 2019) and Inkscape
0.92.3 (Harrington, 2005).

Fig. 8. 3: Pictures of specimens morphologically identified as G. squamifera with scale bars corresponding to 1 cm. Photographs
of each organism were taken using a Huawei P20 Lite with a 16 MP camera and /2.2 lens directly from the binocular of the ste-
reomicroscope and subsequently processed using the software GIMP v2.10.6 (The GIMP Development Team, 2019) and Inkscape
0.92.3 (Harrington, 2005).

Fig. S. 4: Boxplot displaying the carapace length of G. intermedia (red) and G. squamifera (blue). A non-parametric Wilcoxon
rank sum test was performed to test for significant differences between the mean carapace length of G. intermedia and that of G.
squamifera. The detected difference appeared to be significant (p-value = 0.00021). Carapace lengths were measured in cm using
ImageJ (Rueden et al., 2017).

Eualus genus

Fig. S. 5: Pictures of specimens morphologically identified as Eualus spp. with scale bars corresponding to 1 cm. Photographs of
each organism were taken using a Huawei P20 Lite with a 16 MP camera and /2.2 lens directly from the binocular of the stereo-
microscope and subsequently processed using the software GIMP v2.10.6 (The GIMP Development Team, 2019) and Inkscape
0.92.3 (Harrington, 2005).

Phylogenetic analysis

Reconstruction ML trees

ML trees were generated in R (R Core Team, 2018) using the phangorn 2.5.5 package (Schliep, 2011; Schliep et al., 2017). The
function ModelTest() in the phangorn 2.5.5 package (Schliep, 2011; Schliep et al., 2017) in R (R Core Team, 2018) was used to
find the best model of evolution, and the best-fitting model for the data was chosen based on the Akaike Information Criterion
(Akaike, 1973). Distance models chosen for both datasets were optimized using the function optim.pml(), and parameters esti-
mated by ML. In order to improve the topology search, a stochastic rearrangement was chosen when optimizing the phylogenetic
trees. To additionally confirm the choice of the model, the difference between likelihoods resulting from using the best fitting
model and that having one parameter less was tested computing an Analysis of Variance (ANOVA). Trees were outgroup rooted in
both genera to prevent differences between ingroup and outgroup in the substitution processes from making the root unstable (Tar-
rio et al., 2000). Finally, a bootstrap technique (bootstrap values = 100) was applied to assess the confidence levels of each clade
of the observed trees (Felsenstein, 1985). For the Galathea genus dataset, the best model of evolution was found to be the Hase-
gawa-Kishino-Yano+Gamma distribution+Inversion parameter (HKY+G+1) (Hasegawa et al., 1985). The estimated maximum
likelihood parameters were the following: discrete gamma categories k = 4; proportion of invariant sites a = 0.52; shape parameter
s = 0.69; base frequencies A= 0.34, C=0.16, G=0.11, T = 0.39. For the Fualus genus dataset, the best model of evolution was
HKY+G+I (Hasegawa et al., 1985) as well. The estimated maximum likelihood parameters were the following: discrete gamma
categories k = 4; proportion of invariant sites a = 0.45; shape parameter s = 1.02; base frequencies A= 0.28, C =0.20, G=0.15, T
=0.37. Trees were edited using the software FigTree v1.4.4 (Rambaut & Drummond, 2012).

Galathea genus

Table S. 3: Table summarizing the mean intraspecific pairwise distance within the Galathea species. The number of base differ-
ences per site from averaging over all sequence pairs within each group is expressed as a percentage [%]. Standard error estimates
too are expressed as a percentage [%] in the last column, and they were estimated using 100 bootstrap replications. The evolution-
ary analysis involved 72 nucleotide sequences and was conducted in MEGA v.7 (Kumar et al., 2016).

Table S. 4: Table summarizing the mean interspecific pairwise distance between Galathea species. The number of base differences
per site from averaging over all sequence pairs between groups are shown in decimal form. Standard error estimates, above the
diagonal (in grey), are shown in decimal form too, and were estimated using 100 bootstrap replications. The evolutionary analysis
involved 72 nucleotide sequences and was conducted in MEGA v.7 (Kumar et al., 2016). * Pisidia longicornis is the outgroup used
for phylogenetic reconstructions.

Fig. S. 6: Maximum likelihood (ML) phylogenetic reconstruction of Galathea specimens based on COI sequences. The ML
method was based on the HKY+G+I substitution model (Hasegawa et al., 1985). The tree was rooted using the outgroup Pisidia
longicornis (Linnaeus, 1767). The initial tree for the heuristic search was obtained by applying the Neighbor-Joining method to
a matrix of pairwise distances estimated using the number of nucleotide differences. A discrete Gamma distribution to model
evolutionary rate differences among sites (G = 4 categories) as well as a proportion of invariant sites (I = 0.52) were used. The
tree with the highest log likelihood (-3182.3) is shown. The percentage of trees in which the associated taxa clustered together
(bootstrap percentage BP)\1.) is shown next to the branches and they were estimated with 100 bootstrap replications (Felsenstein,
1985). Colors represent species delimitation obtained from ABGD software. The abbreviations next to reference records indicate
the sampling locations: DE = German Bight (North Sea), NO = Norway, NS = North Sea, PO = Pacific Ocean, SW = Sweden
(Skagerrak), and UK = United Kingdom — North Sea. The analysis involved 72 nucleotide sequences. Evolutionary analysis was
conducted in R 3.5.0 (R Core Team, 2018) and in FigTree v1.4.4 (Rambaut and Drummond, 2012).

Eualus genus

Table S. 5: Summary of Eualus species and outgroup downloaded from BOLD and GenBank.

Table S. 6: Table summarizing the mean intraspecific pairwise distance within Eualus species. The number of base differences per
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site from averaging over all sequence pairs within each group are shown as a percentage [%]. Standard error estimates are shown
in the last column as a percentage [%] too and were estimated using 100 bootstrap replications. The evolutionary analysis involved
53 nucleotide sequences and was conducted in MEGA v.7 (Kumar et al., 2016). *E. cranchii and T. cranchii are grouped together
since they are synonyms and indicate the same species.

Table S. 7: Table summarizing the mean interspecific pairwise distance between Eualus species. The number of base differences
per site from averaging over all sequence pairs between groups are shown. Specimens records classified under the synonyms 7
cranchii and E. cranchii were clustered together in the same group. Standard error estimates are shown above the diagonal (in
grey) and were estimated using 100 bootstrap replications. The evolutionary analysis involved 53 nucleotide sequences and was
conducted in MEGA v.7 (Kumar et al., 2016). *H. commensalis (Hippolythe commensalis) is the outgroup used for the phyloge-
netic reconstruction. **E. cranchii and T. cranchii are grouped together since both names indicate the same species.

Fig. S. 7: Maximum likelihood (ML) phylogenetic reconstruction of Eualus specimens based on COI sequences. The ML meth-
od was based on the HKY+G+I model (Hasegawa et al., 1985). The tree was rooted using the outgroup Hippolyte commensalis
(Kemp, 1925). The initial tree for the heuristic search was obtained by applying the Neighbor-Joining method to a matrix of pair-
wise distances estimated using the number of nucleotide differences. A discrete Gamma distribution to model evolutionary rate
differences among sites (G = 4 categories) as well as a proportion of invariant sites (I = 0.45) were used. The tree with the highest
log likelihood (-3757.269) is shown. The percentage of trees in which the associated taxa clustered together (bootstrap percentage
BPML) is shown next to the branches and were estimated with 100 bootstrap replications (Felsenstein, 1985). Colors represent the
species delimitation obtained from the ABGD software. Abbreviation next to reference records indicate sampling locations: AO
= Arctic Ocean, BS = Bering Sea, CA = Canada, DE = German Bight (North Sea), IN = Indonesia, PT = Portugal, SP = northern
Spain, SW = Sweden (Skagerrak), TU = Turkey, and UK = Anglesey — UK (North Sea). Sequences in red indicate doubtful species
assignment on public databases. The analysis involved 53 nucleotide sequences. Evolutionary analyses were conducted in R 3.5.0
(R Core Team, 2018) and in FigTree v1.4.4 (Rambaut and Drummond, 2012). *Thoralus cranchii is currently accepted as Eualus
cranchii, but these sequences were available on databases under the name Thoralus cranchii.

Maximum likelihood (ML) phylogenetic reconstruction both clearly divided newly sequenced Eualus specimens in four distinct
clades (Fig. S. 2). ML reconstruction showed bootstrap percentages (BPML) of at least 50% in most clades except for separation
of ABGD Group 4 from ABGD Groups 1, 2 and 3 (46%) and for the separation between E. pusiolus and the clade including E.
macilentus (22%) (Fig. S. 3).

ML reconstruction showed bootstrap percentages (BPML) of at least 50% in most clades except for the separation of ABGD Group
4 from ABGD Groups 1, 2 and 3 (46%) and for the separation between E. pusiolus and the clade including E. macilentus (22%)
(Fig. S. 4).
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