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Abstract

Phylogenetic inference and molecular taxonomy are becoming increasingly important approaches to classical morphological
systematics and marine ecology. The number of molecular markers suitable for such goals is quite high, but general use
restricts the list to a few of them, mainly mitochondrial (namely cytochrome c oxidase subunit I, COI and Cytochrome b),
especially in copepods. The ribosomal cistronic regions have been widely used for broad phylogenetic analyses in different
taxa. Among them, the internal transcribed spacers (ITS rDNA) are powerful tools for phylogenetic reconstructions at the
different taxonomic levels, although not yet extensively used for copepods. In the present work, we tested the suitability of
ITS2 rDNA marker to reconstruct the phylogenetic relationships of calanoid copepods using sequences retrieved from
GenBank, complementing the phylogenetic positions of the species studied with their morphological and ecological traits.
Through ITS2 rDNA we provided the first molecular evidence for the invasive calanoid Pseudodiaptomus marinus from the
Mediterranean Sea (Lake Faro, Sicily, Italy), and compared it with the GenBank I'TS2 sequences for P. marinus from Korea
and other calanoid species. The divergence of the sequences of our P. marinus from those of Korean specimens was quite
prominent (4.4%) and allowed us to hypothesise either a new forma living in the Mediterranean or a cryptic species. This
study highlights the appropriateness of ITS2 for phylogenetic reconstructions and species identification, as well as for
barcoding, meta-barcoding and phylogeographic approaches, and evidences the need for a more thorough knowledge of
ribosomal regions in copepods from different sites.

Keywords: Mediterranean Sea, phylogenetic reconstruction, Pseudodiaptomus marinus

Introduction However, due to the abundance and extreme diver-
sity of this class, and considering the possibility of a
large number of cryptic species (Blanco-Bercial et al.
2014 and references therein), the morphological
identification is often difficult to accomplish.
Classical taxonomic identification analyses are now
being increasingly supported by molecular techni-
ques, providing an invaluable contribution to the
exact assessment of species boundaries (e.g.
Bucklin et al. 2010, 2011; Blanco-Bercial et al.
2014). To date, the integration of these two methods
represents the most complete approach for taxono-
mical identification (Blanco-Bercial et al. 2014).
Copepod phylogeny and species identification have
been proficiently carried out using molecular markers

The “insects of the sea”, as copepods are colloquially
called (Huys & Boxshall 1991), are the most abun-
dant metazoans on Earth (Hardy 1970; Wiebe et al.
1992), outnumbering insects, which outdo copepods
only in species number (Schminke 2007). Recent
estimates set the number of species at 14,710
(Walter & Boxshall 2016). They inhabit any aquatic
environment, from deep-ocean trenches to mountain
lakes (Huys & Boxshall 1991), and are a key compo-
nent of the pelagic food web (Bradford-Grieve et al.
1999).

Owing to their ecological role, it is thus of para-
mount importance to properly identify copepod spe-
cies and investigate their phylogenetic relationships.
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from mitochondria (partial mitochondrial cytochrome
¢ oxidase subunit I, mtCOI; cytochrome b, Cyt b; 12S
rRNA; 16S rRNA) and regions from the nuclear
ribosomal cistron (18S rRNA; 28S rRNA) (for appli-
cations and reviews see e.g. Bucklin et al. 2010, 2011;
Wyngaard et al. 2010, 2011; Figueroa 2011; Blanco-
Bercial et al. 2011a,b; Hirai et al. 2013; Zagoskin
et al. 2014). Among them, mtCOI is currently con-
sidered a gold standard for metazoan barcoding
(Hebert et al. 2003; BucKlin et al. 2011), even though
some authors have pointed out potential technical
limitations in its use (Hirai et al. 2013; Zagoskin
et al. 2014). Valid alternatives to mtCOI are the
internal transcribed spacers of the nuclear ribosomal
DNA (ITS1/1TS2 rDNA) (Bucklin et al. 2011).
These regions sit between the ribosomal genes, iden-
tified as 35S in plants and 45S in animals. 45S is
composed of the 18S (the small subunit of the ribo-
some, SSU), the 5.8S and the 28S (large subunit,
LSU) and is spaced by ITS1 (between 18S and
5.8S) and I'TS2 (between 5.8S and 28S). The ribo-
somal cistrons are present in the genomes in multi-
copy, from thousands to tens of thousands (Naidoo
et al. 2013), and can occur on different chromosomes
(Heslop-Harrison & Schwarzacher 2011). Between
each copy of 458 regions, intergenic regions are pre-
sent (intergenic spacers, IGS). Each of the cistron
components varies at a different pace and hence can
be used for different purposes including phyloge-
netics, barcoding and population genetics. Being mul-
ticopy, the possibility of point mutations and/or
insertions/deletions (indels) that would lead to
sequence heterogeneity is very high. This phenom-
enon is balanced by concerted evolution, which
tends to homogenise the different copies of the ribo-
somal cistron (Dover 1982; Rooney & Ward 2005;
Eickbush & Eickbush 2007).

In this contribution, we focused on ITS2
sequences in copepods. Ribosomal regions have
been successfully used for phylogenetic analyses
over a wide range of taxonomical groups, includ-
ing plants (e.g. Alvarez & Wendel 2003), insects
(e.g. Wiemers et al. 2009), mammals (e.g.
Coleman 2013) and algae (e.g. Orive et al.
2010), as well as copepods (Wyngaard et al.
2010; Figueroa 2011; Hirai et al. 2013; Zagoskin
et al. 2014). ITS rDNA presents some advantages
compared to mtCOI, namely: (i) it returns good
results in the amplification process, even in the
case of small DNA amounts, because of the high
number of copies in the genomes (Naidoo et al.
2013); (ii) the ribosomes are present in every
living organism; thus, extensive phylogenies can
be produced with different portions of the riboso-
mal cistron (Baldauf 2008).
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In the present contribution, we aim at further inves-
tigating the usefulness of the I'TS2 marker as a reliable
molecular tool for the reconstruction of phylogenetic
relationships and the identification of copepod spe-
cies. In particular, attention will be focused on the
order Calanoida, the most effective colonisers of the
pelagic environment (Bradford-Grieve 2002), com-
prising more than 1800 species in the marine envir-
onment (Mauchline 1998) and approximately 550
species in freshwater ecosystems (Boxshall & Defaye
2008). To achieve our goal, we used calanoid I'TS2
sequences available in GenBank to infer phylogeny.
The phylogenetic tree thus built was then compared
with morphological and ecological descriptors of the
species investigated in order to evaluate the agree-
ment with molecular classification. In addition, we
produced the first ITS2 rDNA sequence of the inva-
sive calanoid Pseudodiaptomus marinus Sato, 1913
from the Mediterranean Sea (LLake Faro, Sicily,
Italy; Figure 1), compared it with specimens from
Korean waters, and studied its phylogenetic relation-
ships with other Pseudodiaptomus species. Native to
Japan (Sato, 1913), P. marinus started a global colo-
nisation in the 1950s (Sabia et al. 2015), becoming
the representative of the genus occupying the highest
number of different areas in the world (Sabia et al.
2015). In this context, this species was found in
Mediterranean waters in 2007 for the first time
(Northern Adriatic Sea) (De Olazabal & Tirelli
2011), with rapidly increasing records in other sites
in the western Mediterranean Sea, along the
European Atlantic coasts, in the English Channel
and in the southern North Sea (Luci¢ et al. 2015;
Sabia et al. 2015). Our results validate the appropri-
ateness of ITS2 rDNA as an informative tool for
examining phylogenetic relationships in copepods,
providing a valid alternative to other molecular mar-
kers, while the sequence for P. marinus represents a
benchmark for future studies on the taxonomy, inva-
sion ecology and phylogeography of this species in
European waters and more generally in the worldwide
ocean.

Materials and methods
ITS2 yDNA of Pseudodiaptomus marinus

Sample collection. Pseudodiapromus marinus samples
were collected during the day in July 2014 from
Lake Faro (38.269°N, 15.637°E), a small pond
located on the northeastern tip of Sicily (Italy;
Figure 1). In this site, this species was first recorded
in October 2008, soon thereafter becoming a stable
component of the zooplankton assemblage (Pansera
et al. 2014; Sabia et al. 2015). Specimens sorted in
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Figure 1. The sampling site of Lake Faro, at the northeastern tip of Sicily (Southern Italy). Coastline data: NOAA National Geophysical
Data Center, coastline extracted: WLC (World Coast Line). Available: http://www.ngdc.noaa.gov/mgg/shorelines/shorelines.html. Accessed

Jan 2016 08.

the laboratory were starved for 24-48 h, then pre-
served in 95% ethanol and transferred into fresh
95% ethanol after 24 h. Approximately 50 indivi-
duals were selected, most of them used for tuning
the DNA extraction method and the amplification
procedure.

DNA extraction. In order to reduce extraction costs,
a CTAB-based protocol was used. At least 12 h
before extraction, single animals were picked from
the ethanol-preserved samples and left to air-dry
overnight in a chemical hood. To each 2-mL
Eppendorf tube containing a single animal, 500 pL
of AppliChem CTAB extraction buffer (AppliChem,
BioChemica, Illinois Tool Works Inc., Chicago, IL,
USA, cat. no. A4150; composition: CTAB [cetyltri-
methyl ammonium bromide] 20.00 g/L; EDTA-
Na, - 2H,O [ethylenediaminetetraacetic acid, diso-
dium dihydrate] 20 mM; sodium chloride 1.4 M;
Tris ultrapure 100 mM) and 400 mg of Sigma
212-300 pum acid-washed glass beads (Sigma—
Aldrich s.r.l. Milan, Italy, cat. no. G1277) were
added. In order to facilitate cell lysis, copepods
were broken with a sterile glass pestle. Crushed ani-
mals were incubated at 65°C for 1 h and vortexed for
30 s every 10 min. Then were added 80 pg of Roche
Proteinase K recombinant PCR Grade (Roche,
03115852001) in order to digest proteins. The ani-
mals were incubated at 58°C for 1 h, being vortexed
every 20 min. One volume (500 pL) of SEVAG
(chlorophorm:isoamilic alcohol 24:1 v/v) was added
to the mix, gently mixed and incubated on ice for
15 min. The samples were then centrifuged at

14,000 rpm for 30 min at 4°C and the supernatant
was transferred to a new 1.5-mL Eppendorf tube, to
which 350 pL. of 3 M ammonium acetate
(NH4C,H50,) and 0.5 volumes of isopropanol
were added. The Eppendorf tube was gently mixed.
The samples were placed at —80°C for 1 h to let the
DNA precipitate and then centrifuged at 14,000 rpm
for 30 min at 4°C. The supernatant was removed
without disturbing the pellet, which was washed
twice with 750 pL of 75% ice-cold ethanol. The
pellet was left to air-dry and resuspended in 20 pL
of MilliQ water.

PCR amplification and sequencing. As template for
polymerase chain reaction (PCR), 0.5-2 ng gDNA
were used. The reaction mix was prepared as fol-
lows: 1/10 of Roche PCR Buffer with MgCl,; 0.03U
Taq polymerase; 1 pM of each primer; 200 pM
dNTPs. Primer pairs used for amplification and
sequencing were ITS1 and ITS4 by White et al.
(1990). Forty PCR cycles included a first denatura-
tion step at 95°C for 30 s, an annealing step at 45°C
for 30 s and an elongation step at 72°C for 30 s. An
initial denaturation at 95°C for 3 min and a final
elongation at 72°C for 5 min preceded and followed
cycle repetitions. Amplicons were electrophoretically
separated on 0.8% w/v agarose/TBE buffer gel with
40 ppm v/v ethidium bromide and visualised using
an ultraviolet (UV) transilluminator. Bands were
extracted using a Qiagen QIAquick gel extraction
kit (Qiagen, Germany, cat. no. 28706) following
the manufacturer’s instructions, and eluted in
20 pL of sterile MilliQ water. Sequence reactions
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were obtained with the BigDye Terminator Cycle
Sequencing technology (Applied Biosystems, Foster
City, CA, USA), purified in automation using the
Agencourt CleanSEQ Dye terminator removal kit
(Agencourt Bioscience Corporation, 500 Cummins
Center, Suite 2450, Beverly MA 01915, USA) and a
robotic station Biomek FX (Beckman Coulter,
Fullerton, CA, USA). Products were analysed on
an Automated Capillary Electrophoresis Sequencer
3730 DNA Analyzer (Applied Biosystems).
Sequences from three different animals were
obtained; since they all were identical, only one of
them was sent to GenBank (KT'808252) and used in
the phylogenetic reconstructions (Supplementary
Table I).

ITS2 rDNA phylogenetic analyses

Phylogenetic inference was run on a selection of
calanoid copepod ITS2 rDNA sequences retrieved
from GenBank (Supplementary Table I). All of the
sequences were first automatically aligned by
ClustalW (Thompson et al. 1994) in BioEdit 7.2.5
(Hall 1999) and M-Coffee software (Moretti et al.
2007), and then the alignment was manually refined.
Phylogenetic reconstructions were run in the
MEGA?7 (Tamura et al. 2013) computer program.
In order to define a reduced data set to work on,
distance neighbour joining (NJ; Saitou & Nei 1987)
phylogenetic reconstructions (verified with 10,000
bootstrap replications) were carried out with differ-
ent data sets. The first NJ tree was constructed using
190 calanoid ITS rDNA sequences retrieved from
GenBank (Supplementary Table I). Maximum like-
lihood (ML; Whelan & Goldman 2001) analyses
were run on a reduced data set (Table I). In order
to define the best substitution model, a model test
for best fit (Posada & Crandall 2001) implemented
in MEGA7 was run among the 24 substitution mod-
els implemented. The Kimura-2-parameter (K2P;
Kimura 1980) model was considered the best
describing the substitution pattern in the data set,
being characterised by the lowest Bayesian informa-
tion criterion (BIC) score (Schwarz 1978) and cor-
rected Akaike information criterion value (AICc;
Akaike 1974; Hurvich & Tsai 1989). Initial trees
for the heuristic search were obtained automatically
by applying NJ and BioN] algorithms (Gascuel
1997) to a matrix of pairwise distances estimated
using the maximum composite likelihood (MCL)
approach, and then selecting the topology with
superior log likelihood value. A discrete Gamma
distribution was used to model evolutionary rate
differences among sites (five categories; +G). The
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analyses were tested by running 10,000 bootstrap
replications. The trees thus obtained were edited
using the tree edit tool in MEGA7.

Bayesian analysis was performed using MrBayes
3.1.2 (Ronquist & Huelsenbeck 2003). Two parallel
and completely independent Markov chain Monte
Carlo (MCMC) runs were carried out on data
matrices. Three hot chains (temperature 0.10) and
one cold chain drove the analyses. The number of
generations was set at 10 million, and the sampling
frequency was set at 100 generations. The first 25%
of the samples from the cold chain were discarded
(command “burnin”). Consensus trees, with poster-
ior probability of each node and branch lengths, are
reported here after a 50% majority-rule consensus
phylogeny. Phylogenetic trees were visualised and
edited in the TreeView computer program (Page
1996).

A hierarchical cluster analysis was performed in R
(R Core Team 2013) with sequence identity matrix
obtained in MEGA7 (Supplementary Table II) and a
heatmap was produced in R using the package pheat-
map: Pretty Heatmaps, R package version 1.0.8
(Raivo Kolde 2015).

Phylogenetic networks were produced on two sub-
sets (Diaptomoidea and Eucalanoidea superfamilies
separately) using SplitsTree4 (Huson & Bryant
2006) computer program using NeighborNet and
K2P model. Were performed 10,000 bootstrap repli-
cations in order to strengthen the analyses.
Q-residual, delta scores (Holland et al. 2002) and
®y (Bruen et al. 2006) values were estimated using
the algorithms implemented in SplitsTree4.

Alignments were converted to the Roehl format
using DnaSP (Librado & Rozas 2009), and med-
ian-joining haplotype networks (Bandelt et al.
1999) were constructed using Network 4.1 (available
online at http://www.fluxus-engineering.com/) and
converted into enhanced metafiles (.emf), imported
into Microsoft PowerPoint to add colours and con-
nections between haplotypes.

Results and discussion
ITS2 ryDNA phylogeny

The ITS2 rDNA-based phylogeny (Figure 2) pre-
sented two well-supported clades grouping the two
calanoid superfamilies (Diaptomoidea and
Eucalanoidea) used in the present work. The end
clades grouping different genera found in ML were
all corroborated by Bayesian analysis (Figure 2).
Two differences only were recorded between ML
and Bayesian analyses:


http://www.fluxus-engineering.com/

Downloaded by [68.179.188.34] at 04:21 04 August 2017

108 L. Sabia et al.

Table I. List of the sequences used for final phylogenetic analyses. The sequence from Pseudodiaptomus marinus sampled in Lake Faro

(Sicily, Italy), subject of the present work, is indicated in bold.

Species GB Accession # Location
Rhincalanus nasutus AY335838 Humboldt Current
AY335823 California Current
AY335846 Sulu Sea
AY335850 Southwestern subtropical Pacific
AY335822 Kuroshio Current, Philippine Sea
Rhincalanus gigas AY335843
Rhincalanus rostrifrons AY335840
Rhincalanus cornutus AY335839
Eucalanus californicus AY335827
Eucalanus bungii AY335826
Eucalanus elongatus AY335828
Eucalanus hyalinus AY335830
Eucalanus spinifer AY335829
Pareucalanus sp. EG-2003 AY335836
Pareucalanus sewelli AY335842
AY335841
Pareucalanus attenuatus AY335849
Pareucalanus langae AY335837
Pareucalanus parki AY335824
Subeucalanus pilearus AY335832 North Atlantic
AY335825 Eastern tropical Pacific
Subeucalanus subcrassus AY335848
Subeucalanus crassus AY335835 North Atlantic
Subeucalanus sp. EG-2003 AY335833 Korean Strait
Subeucalanus monachus AY335844
Subeucalanus subtenuis AY335847
Subeucalanus mucronatus AY335845
Pleuromamma xiphias JN574428 Western tropical Pacific
Pseudodiaptomus koreanus AY499003 Seomjin River estuary
AY499009 South Korea
Pseudodiaptomus inopinus AY500279 South Korea: Mangyung River Estuary
Pseudodiaptomus poplesia AY499007 South Korea: Western
AY499008 South Korea: Western
Pseudodiapromus annandaler JN561143
Pseudodiaptomus marinus KT808252 Southern Italy, Lake Faro
AY496261 South Korea: Dolsan Island
Pseudodiaptomus nihonkaiensis AY499005 South Korea: Cheju Island
Acanthodiaptomus pacificus AB494224
Skistodiaptomus pygmaeus EU582679
AY275457
Skistodiaptomus oregonensis EU582654
Skistodiaptomus pallidus EU582669
EU582671
Skistodiaptomus carolinensis EU582650
Skistodiaptomus mississippiensis EU582653
Skistodiaptomus reighardi AY275458
EU582684

(i) The sisterhood of Pseudodiaptomus marinus
with Pseudodiaptomus nihonkainesis Hirakawa,
1983: in ML the latter showed a basal posi-
tion to the clade grouping all the other
Pseudodiaptomus species with no statistical
support;

(i) The clade grouping Subeucalanus spp. shows
different basal structures.

The Subeucalanus subcrassus/pileatus (Giesbrecht
1888) clade kept well-supported sisterhood with the
other species in both analyses. However, while
Bayesian analysis showed two well-supported sub-
clades, respectively, grouping Subeucalanus subte-
nuis/mucronatus/monachus and Subeucalanus crassus
(Giesbrecht 1888), in ML these species produced a
less-structured phylogeny.
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Figure 2. Phylogenetic reconstruction based on ITS2 sequences. The tree topology showed is the result of Bayesian analysis, corroborated
by maximum likelihood (ML) topology (see Results and Discussion section). In the nodes, bootstrap values of the ML analysis and the
posterior probability are represented by a symbol. Vertical bars indicate: superfamily (S), female antennule segmentation (A), family (F),
genus (G), female urosome segmentation (U), biological traits and geographic distributions.

In the following, attention will be focused on the
analysis of the Bayesian tree. The eight genera
selected for the analysis all clustered in separate,
coherent, variably supported clades. The basal
nodes were all well supported with posterior prob-
abilities above 0.90. Eucalanus spp. and Pareucalanus
spp. (family Eucalanidae) clustered separately with
high statistical support. Moreover, the network phy-
logeny clearly showed that Subeucalanus pileatus and
S. subcrassus (Figure 3a) cluster separately from the
other Subeucalanus species. These findings call for
either a revision of the family with the erection of a
separate family for Pareucalanus spp., or a more pro-
found taxonomic and phylogenetic effort reconsider-
ing the family assignment of calanoid copepods as a
whole. These issues, however, are beyond the aims
of the present contribution.

Several authors (Bucklin et al. 2011; Blanco-
Bercial et al. 2014; Wu et al. 2015) warned about
the potential occurrence of artefacts or errors in
online databases, due to a variety of sources includ-
ing species misidentification and poor DNA quality
control. In our analyses, we evidenced the ambigu-
ous grouping of two GenBank sequences. Eucalanus
hyalinus Claus, 1866 (AY874282) and Eucalanus

spinifer Scott, 1894 (AY874281) were removed
from the analyses because they grouped in a sepa-
rate, robustly supported clade with Pleuromamma
xiphias Giesbrecht, 1889 and not together with
other Eucalanus spp. (not shown). One possible
explanation would be that the species were misre-
cognised or that mosaic evolution of the ITS2 rDNA
acted on this group. Further controls on these
sequences are advocated for a more appropriate
identification of the species.

The phylogeny presented here (Figure 2) reflects
the morphological and evolutionary history of the
analysed species, in line with previous works sup-
porting coherence between morphological and
molecular descriptions (e.g. Goetze 2003;
Wyngaard et al. 2010; Hirai et al. 2013). All of
the species belonging to superfamily Eucalanoidea
robustly clustered together (ML 90%, BI 1.00)
and the four major clades were represented by
the most important genera. All of these
Eucalanidae species presented the same morpholo-
gical characters of antennulae longer than body,
with 23-24 segments in females (Boxshall &
Halsey 2004). The 19 species reported in our tree
clustered into four clades, grouping the four main
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attenuatus; Eh = Eucalanush yalinus; Es = E. spinifer; Ee = E. elongatus; Eb = E. bungii; Ec = E. californicus; Rn = Rhincalanus nasutus; Rg = R.
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pallidus; Skc = S. carolinensis; Skm = S. mississippiensis; Skr = S. reighardi; Ap = Acanthodiaptomus pacificus; Pdm = Pseudodiaptomus marinus;
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statistic was 98.8%. Delta score = 0.1527; Q-residual score = 2.2 x 107> (delta scores and Q-residuals for each sequence are listed in

Supplementary Table III).

genera  Subeucalanus (ML  75%, BI 1.00),
Pareucalanus (ML 88%, BI 1.00), Eucalanus (ML
75%, BI 0.77) and Rinchalanus (ML 94% BI 0.98).
For the latter genus, our phylogenetic tree revealed
the relationship among the Rinchalanus species and
the other Eucalanidae genera, with good Bayesian
support. This genus was accommodated in a sepa-
rate subfamily Rinchalanidae by Geletin (1976).
However, this proposal was not adopted by other
authors (e.g. Brodsky et al. 1983) because the
differences between Rhincalanus and other eucala-
nids were based on morphological details (mandib-
ular morphology, segmentation and setation of
swimming legs) that were very closely related to
those in the rest of the Eucalanidae species.
Nevertheless, this is still an open issue because
other authors (Bradford-Grieve 1994; Boxshall &
Halsey 2004) consider Rhincalanidae a true family.
Moreover, all eucalanids reported in the phyloge-
netic tree are primary consumers in the epipelagic
and mesopelagic plankton communities in both
oceanic and neritic water. ITS2 phylogeny identi-
fied morphological species very well but high-
lighted also the presence of cryptic diversity
within some morphospecies like Rhincalanus nasu-
tus  Giesbrecht, 1888, Pareucalanus  sewelli
Fleminger, 1973 and S. pileatus which, in our phy-
logeny, clustered in separate clades as also
reported by Goetze (2003).

ITS2 yDNA phylogeny and haplotypic analyses

The superfamily Diaptomoidea was represented in
our phylogenetic tree by two different families,
Diaptomidae and Pseudodiaptomidae (Figure 2),
clustering into two robustly separated clades (ML
99%, BI 1.00). The former, grouping
Achantodiaptomus and Skistodiaptomus, was repre-
sented by freshwater species, while the
Pseudodiaptomidae group was represented by lit-
toral and brackish species.

ITS2 rDNA sequences from Pseudodiaptoms spe-
cies proved not to be extremely divergent (Figure 4).
Pseudodiaptomus spp. clustered in two well-supported
Bayesian clades. Pseudodiaptomus koreanus Soh et al.,
2012, Pseudodiaptomus inopinus Burckhardt, 1913,
Pseudodiaptomus  poplesia  Shen, 1955 and
Pseudodiaptomus annandalei Sewell, 1919 grouped in
a separate clade (ML 78%, BI 0.97) with respect to
P. marinus and P. nthonkaiensis (BI: 0.91). Following
the classification by Walter et al. (2006), three of
these species (P. inopinus, P. poplesia and P. annan-
daler) belong to the Lobus group (forbesi subgroup).
Our results corroborate the clustering of P. mopinus
and P. poplesia in the same clade discussed in Eyun
et al. (2007). P. koreanus has been identified as new
species only recently (Soh et al. 2012), previously
having been identified as Pseudodiaptomus sp. cluster-
ing with P. inopinus and P. poplesia (Eyun et al.
2007). To date, the species has not yet been officially
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assigned to any of the groups listed in Walter et al.
(2006), but the phylogenetic tree built in the present
contribution strongly supports an inclusion in the
Lobus group.

P. marinus and P. nihonkaiensis both belong to the
Ramosus group, although the subgroups are differ-
ent (hickmani for P. marinus; serricaudatus for P.
mhonkaiensis) (Walter et al. 2006). Our clustering
of the Ramosus species is in full agreement with the
results by Eyun et al. (2007).

These two clades grouped species from coastal/
brackish environments, with similar morphological
features (Figure 2). This clustering was thus in
agreement with the definition of morphologically
and zoogeographically consistent groups.

From network phylogeny (Figure 3b) P. marinus
and P. mthonkaiensis proved to be more isolated
(sensu Bandelt & Dress 1992) with respect to the
other Pseudodiaptomus species. This finding,
although biased by the paucity of publicly available
sequences, can reflect the confirmed invasive ability
of at least P. marinus. Interestingly, the freshwater

species (family Diaptomidae) presented shorter
branches than the Pseudodiaptomidae family, possi-
bly revealing a lower level of divergence (Figure 3b).

As demonstrated by Soh et al. (2012) in the
description of P. koreanus, I'TS1 divergence between
very closely related species was quite high. P. inopi-
nus and P. koreanus differed by 12.3-13.2% at ITS1
(Soh et al. 2012), while in our analyses on I'TS2 this
distance was reduced to 1.2-2.5%. Based on this
evidence, we can conclude that in Pseudodiapromus
species — as in other organisms — I'TS1 is more vari-
able than ITS2, implying different uses of these
regions, e.g. ITS1 for inter-population surveys and
ITS2 for cryptic or pseudo-cryptic species
discrimination.

A haplotypic network was also used in order to
visualise the diversity and phylogenetic relationships
among the different haplotypes of Pseudodiaptomus
taxa. As shown in Supplementary Figure 1, all hap-
lotypes in the analysis were singletons with no shar-
ing of haplotypes between P. marinus populations.
The analysis showed a complex pattern of gene
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flow among Pseudodiaptomus species, thus confirm-
ing the hypothesis of the presence of species
complexes.

A recent work of Albaina et al. (2016) generated
the first 18S V9 reference sequences for P. marinus in
European Seas, but at present, to the very best of our
knowledge, molecular ITS data for this species are
available only for specimens from the Asian region
(mtCOI — Eyun et al. 2007; ITS2 — GenBank refer-
ence sequence: AY496261), despite the invasive trait
of the species. The specimens sampled in Lake Faro
were previously identified as P. marinus (Pansera
et al. 2014; Sabia et al. 2014, 2015) based uniquely
on morphological evidence.

Our results show that P. marinus from Lake Faro
and from Korea differed by 4.4% at ITS2. Hirai
et al. (2013) investigated I'TS2 divergence in a num-
ber of copepod families, and a low level of intraspe-
cific variability counterparted by a certain
interspecific divergence was scored. In addition, a
comparison between intraspecific populations of
Cyclops insignis Claus, 1857 from distant localities
in Russia revealed an ITS1-ITS2 divergence of
0.6% (Zagoskin et al. 2014). The 4.4% difference
scored in our analyses and the haplotype analysis
thus suggest the presence of different morphs, with
the possibility of identifying a new forma inhabiting
Lake Faro, or calling for the description of a different
cryptic species. This issue, however, necessitates spe-
cifically conceived analyses, integrating molecular
taxonomy with detailed morphological investiga-
tions. The phylogenetic analyses presented here
were performed with a region considered to be able
to distinguish copepod species (e.g. Hirai et al.
2013) and, even if only one marker was used, the
lower number of calanoid families involved in the
present work allowed us to have robust nodes. For
this reason, we are confident that our phylogeny may
provide the basis for further investigation of P.
marinus.

One consideration has to be included about our P.
marinus ITS2 sequence from Lake Faro. As dis-
cussed above, ITS2 is present in multicopy
(Naidoo et al. 2013) and can accumulate mutations.
Although these are balanced by concerted evolution
(Dover 1982; Rooney & Ward 2005; Eickbush &
Eickbush 2007), a certain level of heterogeneity can
be present with different isoforms (ribotypes) coex-
isting in the same genome. In our Sanger sequencing
outcomes (pherograms), we found no signs of intra-
genomic variability at the I'TS2 region (neither dou-
ble peaks nor ambiguous reads). It has been
demonstrated that rDNA intragenomic heterogene-
ity is a species-specific feature in the plant genus
Nicotiana (Matyasek et al. 2012). Four species have

been investigated (N. tomentosiformis, N. sylvestris, N.
otophora and N. kawakamii) with three different
sequencing methods (454, illumina and Sanger).
All of the species investigated presented multiple
ribotypes for ITS1, with one prominent over the
others. In N. tomentosiformis, though, the prominent
ribotype accounted for around 95% of the whole
sequence, while for the other species two or three
ribotypes accounted for up to about 99%, revealing
higher heterogeneity. This result was validated also
by cloning PCR products and Sanger sequencing 20
clones. The percentage of predominant vs. minority
ribotypes was comparable in the cloning and in next-
generation sequencing approaches. This finding cor-
roborates our hypothesis that, if a strong heteroge-
neity was present in our rDNA sequences, then we
would have detected it in pherograms. Moreover,
Matyasek et al. (2012) have demonstrated that mul-
tiple ribotypes are in any case species specific, i.e. in
no cases did two different species share a ribotype.
This is in line with the possibility of using I'TS2 as
species identifier, as demonstrated for 18S rDNA in
copepods (Wu et al. 2015).

A possible parallel approach would be to integrate
ITS1 and/or I'TS2 transcript secondary structure to
sequence alignments as done in other organisms such
as insects, spiders and diatoms (e.g. Gomez-Zurita
et al. 2000; Amato et al. 2007; Wiemers et al. 2009;
Agnarsson 2010; Di Capua et al. under review).

Conclusions

Genomic tools are fundamental to address questions
from individual to ecosystem levels, including biolo-
gical invasions, speciation and parasitism (Bron et al.
2011). Increasingly, this is being achieved by barcod-
ing. It is essential to link data of invasive species with
integrative morphological and molecular taxonomic
analyses. Over the last few years, the marker used for
species identifications and inferring animal species
boundaries was a portion of the mitochondrial cyto-
chrome c oxidase subunit I (COI) gene (Hebert et al.
2003). The DNA barcoding mainly serves specimen
classification and facilitates the identification of cryp-
tic and pseudo-cryptic species. This latter task can
be either very complex or strictly impossible if only
relying on morphology. Among Crustacea, particu-
larly for Multicrustacea, barcoding allowed species
identification and only a few studies made use of
DNA barcodes for phylogenetic reconstructions
(Raupach & Redulovici 2015).

Focused on the genus Pseudodiaptomus, the pre-
sent contribution supports the usefulness of I'TS2
rDNA through a dual approach: on the one side, it
provides an additional confirmation of the
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robustness of molecular analyses in inferring phylo-
genetic relationships; on the other hand, it fosters the
applicability of ITS2 rDNA to species identification,
and hence eventually the use of a portion of this
region as barcode. Pseudodiapromus is a perfect exam-
ple of such a “knowledge gap™: it is composed by
more than 80 species (Sabia et al. 2015), several
among them considered highly invasive (e.g.
Cordell et al. 2007; Bollens et al. 2012), but ITS2
data are available only for six species from the same
region (Eyun et al. 2007).

The phylogenetic tree reconstructed in the present
work using ITS2 rDNA sequences perfectly matched
with the biological and ecological traits of the species
analysed, elucidating the relationships among spe-
cies. This result is in line with those discussed in
Wyngaard et al. (2010) for cyclopoids, supporting
the use of ITS2 rDNA for investigations at species
and population levels.

This work also provides the first ITS2 sequence of
Pseudodiaptomus marinus from the Mediterranean
Sea. The high interindividual variability in the mor-
phological and behavioural features of P. marinus
(Sabia et al. 2014, 2015), together with the resis-
tance to toxicant stress (Tlili et al. 2015) and the
plausible occurrence of different morphs or a species
complex (present study), might all be successful ele-
ments supporting the great invasion capabilities of
this calanoid copepod. Our results thus lay the foun-
dations for future studies on the population genetics,
phylogeography and connectivity of this invasive
species.
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