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Abstract

Amphipods of the genus Gammarus are a vital component of macrozoobenthic communities in
European inland and coastal, marine and brackish waters of the Mediterranean and the Black
Sea. Exceptional levels of cryptic diversity have been revealed for several widespread
freshwater Gammarus species in Europe. No comprehensive assessment has yet been made for
brackishwater counterparts, such as Gammarus aequicauda and G. insensibilis, which are
among the most widely dispersed members of the so-called “G. locusta group” in the
Mediterranean and in the Black Sea. Here we probe the diversity of these morphospecies
examining the partitioning of mtDNA and nDNA across multiple populations along their

distribution range and discuss it within the regional paleogeographic framework.

We gathered molecular data from a collection of 166 individuals of G. aequicauda and G.
insensibilis from 47 locations along their distribution range in the Mediterranean including the
Black Sea. They were amplified for both mitochondrial COI and 16S rRNA as well as the
nuclear 28S rRNA. All five MOTU delimitation methods applied revealed deep divergence
between Black Sea and Mediterranean populations in both G. aequicauda and G. insensibilis.
There were eight distinct MOTUs delimited for G. aequicauda (6-18% K2P) and 4 MOTUs for
G. insensibilis (4-14% K2P). No sympatric MOTUs were detected throughout their
distribution range. Multimarker time-calibrated phylogeny indicated that divergence of both G.
aequicauda and G. insensibilis species complexes started already in the late Oligocene/early
Miocene with the split between clades inhabiting eastern and western part of the Mediterranean

occurring in both species at the similar time.

Our results indicate a high cryptic diversity within Mediterranean brackishwater Gammarus,
similar to that observed for freshwater counterparts. Moreover, the phylogenetic history
combined with the current geographic distribution indicate that the evolution of both studied

Gammarus morphogroups has been strongly connected with the geological events in the



Mediterranean Basin and it reflect the turbulent history of the area. The results also point out
the possibility of the existence of monopolization and yet unknown biogeographical barriers in

the Mediterranean that might inhibit the sympatry and the dispersal of the existing lineages.
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1. Introduction

Amphipods of the genus Gammarus are a salient component of marine and
brackishwater coastal ecosystems of the North Atlantic, Mediterranean and adjacent
seas. They are among the most prominent macroinvertebrates in many locations (e.g.
Costa and Costa, 1999; Kevrekidis et al., 2009; Prato and Biandolino, 2003), and play
a key role in trophic chains, as grazers, scavengers and as prey for other
macroinvertebrates, fish and seabirds (e.g. Casagranda et al., 2006; Macneil et al, 1999;
Ryer, 1988; Thiel and Reise, 1993; Verkuil et al., 1993). Due to their widespread
distribution, significance in the food web, and sensitivity to a wide range of pollutants,
members of this group are commonly used as bioindicators (Gerhardt et al, 2011;
Neuparth et al., 2005; Remy et al., 2015;) and assay organisms in ecotoxicological tests
(e.g. Costa et al., 1998, 2005; Prato and Biandolino, 2005, 2006).

A major update of the taxonomic status of the European marine Gammarus provided
in the mid-20™ century (Segerstrale, 1947; Spooner, 1947; Kinne, 1954) resulted in
confirmation of the species rank for a set of species restricted to the Northern Atlantic
and adjacent seas, such as Gammarus oceanicus Segerstrale, 1947; Gammarus salinus
Spooner, 1947 and Gammarus zaddachi Sexton 1912. However, no update of the
Mediterranean and the Black Sea species of the so-called G. locusta-group was
available until the publication of a comprehensive review by Stock (1967). This
publication revealed four new species from this group (Gammarus crinicornis Stock,
1966; Gammarus inaequicauda Stock, 1966; Gammarus insensibilis Stock, 1966;
Gammarus subtypicus Stock, 1966), and included an identification key for a total of
seven species: the four already mentioned, plus Gammarus aequicauda (Martynov,
1931), Gammarus locusta (Linnaeus, 1758) and Gammarus plumicornis (Costa, 1853).
Subsequently, experimental studies on the hybridization between G. aequicauda and
G. plumicornis, demonstrated no reproductive barrier and, hence, conspecificity of the
two taxa. However, they can be recognized as two distinct morphotypes, that seldomly
hybridize in the natural environment, probably due to their different ecological
preferences (Stock, 1969). Eventually, the name Gammarus plumicornis was
suppressed and the name G. aequicauda was accepted by the International Commission
for the Zoological Nomenclature (ICZN) as valid for the species (Stock, 1970; ICZN,
1973). The taxonomic status of Mediterranean marine Gammarus has remained
unchanged since then, despite the discovery of intraspecific morphological variants and

possible existence of further undescribed within the species complex (Stock, 1967).



In spite of the extensive and authoritative review, and the availability of a dedicated
taxonomic identification key (Stock, 1967), the morphology-based identification of
species from this complex group remained challenging for non-experts and untrained
researchers, leading to doubtful records and reports in the literature. For example,
although Stock’s review clearly states that G. locusta is absent from the Mediterranean
Sea, various records of that species could still be found decades after (see Costa and
Costa, 2000). Gammarus aequicauda and G. insensibilis are among the most frequently
recorded species of the locusta group in the Mediterranean and Black Seas (e.g., Myers,
1982). Gammarus insensibilis occurs in both marine and brackish water habitats
(Janssen et al., 1979). It tolerates reduced salinity and can be locally abundant in
brackish pools and saline lagoons (Lincoln, 1979; Gillil and Sanderson, 2000).
Gammarus aequicauda occurs predominantly in brackishwater, particularly
oligohaline, habitats, but is locally found also in hyperhaline lagoons and frequently
displays high abundances in habitats isolated from the sea. This species is also an
important prey for birds and fishes (Kevrekidis and Koukouras 1988). Both species can
occur in sympatry (Janssen et al, 1979).

The first attempts to discriminate species in this group with molecular approach used
randomly amplified polymorphic DNA (RAPD; Costa et al., 2004). These early trials
were largely superseded in accuracy, feasibility and scope with the introduction of
DNA barcoding as a universal approach to species identification (Hebert et al., 2003).
Indeed, a later study (Costa et al., 2009) used DNA barcodes (i.e. a 658 base pair
fragment of the 5’ end of the mtDNA-encoded gene cytochrome oxidase subunit |
(COI-5P) to probe the taxonomic status of marine Gammarus, including some species
of the locusta-group (sensu Stock, 1967). The existence of deep divergences between
Black Sea and the conspecific populations from the Mediterranean and Atlantic, was
patent in both G. aequicauda and G. insensibilis, but too few populations and specimens
were examined to enable more substantial conclusions.

Multiple recent studies upon freshwater Gammarus in Europe (e.g. Mamos et al., 2014,
2016; Weiss et al., 2014; Copilas-Ciocianu and Petrusek 2015, 2017; Grabowski et al.,
2017; Copilas-Ciocianu et al., 2017) and in other regions (Katouzian et al., 2016) have
detected exceptionally high levels of spatial genetic structure and cryptic diversity, both
around the Mediterranean (Hou et al., 2011; Wysocka et al., 2014; Mamos et al., 2016)
and even on the Mediterranean islands (Hupalo et al., unpublished results). Although

the extent of the discovered crypticism is noteworthy, it would not have been



completely unexpected in habitats prone to isolation, allopatry and event-rich
geological and climatic history (Griffiths et al., 2004; Popov et al., 2004; Nisancioglu
2010). On the contrary, the marine environment has been perceived as a continuous
habitat with low spatial complexity, therefore lowering the expectancy of occurrence
of genetic structure in marine populations (see the review by Selkoe et al., 2016). Only
recently this perspective started to change with a deeper appreciation of the
heterogeneity and spatial complexity of the marine environment (Selkoe et al., 2016).
Reports of deep genetic structure and cryptic diversity in the marine environment have
been accumulating, with various examples comprising a taxonomically diverse set of
marine amphipods from several regions of the globe (Radulovici et al., 2009;
Havermans et al., 2011; Knox et al., 2011; Lorz et al. 2011; Cabezas et al., 2013; Yang
et al., 2013; Raupach et al., 2015; Lobo et al., 2017)

Here we probe the intraspecific diversity of G. aequicauda and G. insensibilis through
the examination of COI-5P barcodes across multiple populations from the Black and
Azov Seas, through the Mediterranean and up to the eastern Atlantic Ocean. Given the
previous casual findings, the lessons from the local freshwater ecosystems and the
turbulent geological history of the Mediterranean region, we hypothesise that both
species may be a complex of divergent phylogenetic lineages inhabiting various regions
of the studied area. We test this hypothesis by a set of analyses of the polymorphism of
two mitochondrial (COI and 16S rDNA), and one nuclear (28S rDNA) molecular
markers. By this, we provide the first insight into the phylogeography of these
significant species of the Mediterranean shallow water, coastal communities, and
convey an interpretation of their molecular diversity patterns within the regional

geodynamics framework .

2. Materials and methods

2.1 Sample collection and identification

The study material was collected from 47 sampling sites, mainly from brackish and
marine habitats, visited during several sampling campaigns held from 2001 to 2016
(Fig.1). Individuals of Gammarus were sampled using different methods, including
from macroalgae collected in the intertidal area or using rectangular kick sample nets
(aperture 25x25 cm and 0.5 mm mesh size). The samples were sorted at the site and

amphipods were immediately fixed in 96% ethanol. Afterwards, the material was



examined under a Nikon 800 stereomicroscope. Identification to species was done
according to the diagnostic morphological characters provided by Stock (1967) and
using the taxonomic key to the amphipods of the Mediterranean (Bellan-Santini et al.,

1982).

2.2 DNA extraction, PCR amplification, sequencing

Since our molecular data was produced from merged data sets originated from the
University of Lodz (UL) and the University of Minho (UM), two protocols were used,
as described by Hupato et al. (2018) and Lobo et al. (2017), respectively. In UL, about
3 mm?® of the muscle tissue was taken out with a sharp-edged forceps from selected
individuals and incubated overnight at 55°C in 200 pl of Queen’s lysis buffer with 5 pl
of proteinase K (20 mg ml-1) (Seutin et al., 1991). Total DNA has been extracted using
standard phenol/chlorophorm method, elution volume = 100 uL TE buffer, pH 8.00,
(Hillis et al., 1996). In UM, the DNA has been extracted from each individual using the
E.Z.N.A Mollusc DNA Kit (Omega Biotek), elution volume = 50 pL, pH 8.00,
following the manufacturer’s instructions. In both cases, the eluted DNA was stored at
4°C until amplification and finally long-term stored at -20°C. Subsequently, a fragment
of the cytochrome c oxidase subunit I gene (COI) was amplified employing different
primer pairs depending on amplification success. The primer sequences, PCR cycling
conditions and original references for all the molecular markers used in this study are
listed in Table S1. PCR products (5 pl) were cleaned up by exonuclease 1 (2 U,
ThermoFisher) and alkaline phosphatase FastAP (1 U, ThermoFisher) treatment
according to the manufacturer’s guidelines, and sequenced directly using the same
primers as at the amplification stage. Sequencing of the PCR products was performed
using BigDye terminator technology by Macrogen Inc.

Subsequently, at least one individual per delimited Molecular Operational Taxonomic
Unit (MOTU) (see below) was amplified for additional markers for phylogeny
reconstruction — mitochondrial 16S rRNA and a nuclear marker being 28S rRNA gene.

The nuclear locus was sequenced in both directions.

2.3 Sequence data authentication, editing, alignment and deposition

All resulting sequences were positively verified as Gammarus DNA via BLASTn
searches in GenBank (Altschul et al., 1990) and then assembled, aligned and trimmed
to 530 bp nucleotides in Geneious 10.0.9 software package (Biomatters Inc, 2017. The



alignment was performed using MAFFT plugin with G-INS-i algorithm in Geneious.
Haplotypes were identified for each marker with the DnaSP software (Librado and
Rozas, 2009). All COI sequences of G. aequicauda and G. insensibilis were deposited
in GenBank (accession numbers to be provided upon acceptance). Additional COI
sequences of G. aequicauda and G. insensibilis available from the GenBank repository
were added to the final alignment, as well as sequences of two individuals of G. locusta
to serve as an outgroup in the phylogenetic analyses. All the sequences used in this
study were compiled in the dataset DS-AEQINS (DOI to be provided upon acceptance)
deposited in the Barcode of Life Data Systems (BOLD; Ratnasingham, and Hebert,
2007), where all the relevant metadata information and sequence trace files are
accessible.

To enable direct comparison with other studies, we calculated genetic distances for COI
data using the Kimura 2-parameter (K2p) distance (e.g., between all haplotypes, or
within and among MOTUs) using MEGA 7.0 (Kumar et al., 2016). Standard error

estimates were obtained by a bootstrap procedure (1,000 replicates).

2.4 MOTU delimitation — cryptic diversity

We employed five methods and two different approaches to delimit Molecular
Operational Taxonomic Units (MOTUs), serving as neutral species equivalents free
from conceptual issues, based on the COI sequence data: the distance-based approach,
applying the Barcode Index Number (BIN) system (Ratnasingham and Hebert, 2013),
and the ABGD software (Puillandre et al., 2012), and the tree-based, phylogenetic
approach using two GMYC model-based methods (Pons et al., 2006) according to
Monaghan et al. (2009), as well as the bPTP implementation described by Zhang et al.
(2013).

The BIN method is a distance-based approach embedded in BOLD. All compliant
sequences deposited in BOLD database are clustered according to their molecular
divergence, employing algorithms which identify discontinuities between the clusters.
A unique and specific Barcode Index Number (BIN) is assigned to each cluster. If
newly submitted sequences do not group together with established BINs, a new one is
created.

The ABGD method uses pairwise distance measures. ABGD clusters the sequences into
MOTUs, in such a way that the genetic distance between two sequences belonging to

two separate groups will always be greater than an indicated threshold (i.e. barcode



gap). In our study, the primary partitions were used as a prime for cluster delimitation,
as they tend to remain stable on a wider range of prior values, minimizing the over-
splitting of the number of groups. The primary partitions are usually the closest to the
number of taxa described by taxonomists (Puillandre et al., 2012). The default value of
0.001 was applied as the minimum intraspecific distance. As the maximum intraspecific
distance we investigated a set of values up to 0.03, which has been empirically
employed as an indicative maximum intraspecific distance value for marine amphipods
(Costa et al., 2007). The standard Kimura two-parameter (K2p) model correction was
used (Hebert et al., 2003).

The GMYC method identifies the transition from intraspecific branching patterns
(coalescent) to typical interspecific branching patterns (Yule processes) on an
ultrametric, phylogenetic tree, using the maximum likelihood approach. The estimation
of the boundary between coalescent and Yule branching processes can be done using
two different GMYC approaches, one using the single threshold and the second one
based on multiple threshold model. We have reconstructed an ultrametric tree, which
is required for these analyses, in BEAST software, using a 20 M iterations long MCMC
chain, with TN93+I+G as the best-fit substitution model. The consensus tree was
analysed in the GMYC web server (available at: http://species.h-its.org/gmyc/) using
both the single and multiple threshold models.

The bPTP approach for species delimitation is a tree based method which uses non-
ultrametric phylogenies. This method assumes that the probability that a substitution
leads to a speciation event follows a Poisson distribution. In bPTP, the Bayesian support
values are added for each delimited cluster (Zhang et al., 2013). For input tree we used
a Bayesian inference phylogeny generated through a MrBayes plugin implemented in
Geneious software package (Kearse et al., 2012) and employing a 1 M iterations long
MCMC chain, sampled every 2,000 iterations. We choose TN93+I+G (Tamura and
Nei, 1993) as the best-fit substitution model using bModel test (Bouckaert and
Drummond, 2017). The consensus tree was constructed after removal of 25% of the
sampled trees during the burn-in phase. The analysis itself was performed on the bPTP
web server (http://www.species.h-its.org/ptp/) applying 500,000 MCMC iterations and

a 10% burn-in.

2.5 Within MOTU diversity, divergence and historical demography.



Molecular genetic diversity, divergence and historical demography based on mtDNA
COI sequences were, wherever possible, estimated for each MOTU. The phylogenetic
relationships between haplotypes within each morphospecies were visualised as a
phylogenetic network computed with the neighbour-net algorithm and uncorrected p-
distances using the SplitsTree4 software (Huson and Bryant, 2006), whereas the
relationships within particular MOTUs were displayed through a Minimum Spanning
Network using PopART (Leigh and Bryant, 2015). We estimated the genetic diversity
as the number of haplotypes (k), haplotypic diversity (h) and nucleotide diversity ()
(Nei, 1987) using the DnaSP6 software (Librado and Rozas, 2009). Molecular
divergences were determined as average K2p distance between haplotypes using
MEGA 7.0 (Kumar et al., 2016). We examined the historical demographic expansion
within MOTUs in Arlequin 3.5.1.3 (Excoffier and Lischer, 2010) using two models of
population expansion, demographic and spatial, in mismatch distribution analysis
(Slatkin and Hudson, 1991; Rogers and Harpending, 1992), supplemented by Tajima's
D (Tajima, 1989) and Fu's Fs (Fu, 1996) neutrality tests with 1,000 replicates. To
provide insights into historical demography, i.e., the temporal changes of the effective
population size of examined species in the studied region, we performed a Bayesian
Skyline Plot (BSP) analysis (Drummond et al., 2005) in BEAST, version 1.8.1
(Drummond et al., 2012) for MOTUs which displayed clear signs of expansion (see
Results). The MOTU3 of G. aequicauda was represented by 67 individuals from 19
localities, whereas MOTU3 of G. insensibilis was represented by 23 individuals from
3 localities and MOTU4 of G. insensibilis was represented by 8 individuals from 4
localities. The TN93+G model of evolution was used as the best fitting model. We
performed three MCMC runs of 50 M iterations, with sampling every 1000 iterations.
MCMC runs were examined using Tracer v1.5 (Drummond et al., 2012) and all

sampled parameters achieved sufficient effective sample sizes (ESS>200).

2.6 Time calibration and phylogeny reconstruction

The time-calibrated phylogeny was reconstructed in BEAST2 software package
(Bouckaert et al., 2014) based on data from sequences of COI (509 bp), 16S rRNA (344
bp) and 28S rRNA (1251 bp), employing five MCMC chains of 20 M iterations for
each morphospecies and the following best-fit models of substitution: TN93+I1+G (for
COI), HKY+I+G (for 16S) and TN93+1+G (for 28S) for G. aequicauda and HKY+I+G
(for COI), TN93+I+G (for 16S) and TN93 (for 28S) for G. insensibilis. The best-fit



models for each marker were selected according to bModel test (Bouckaert and
Drummond, 2017). We used a strict clock model for COI based on the published rate
of 0.0115 substitutions per million years (Brower 1994). All other clock rates were set
on estimate. The resulting trees were checked for ESS values in Tracer and the three
trees with the best ESS values were combined in LogCombiner and annotated in
TreeAnnotator. The final output tree was edited in FigTree software

(http://tree.bio.ed.ac.uk/software/figtree/).

3. Results

3.1 Species geographic distribution and associated habitat

Gammarus insensibilis was collected from 11 sites (Tab.1, Fig.1), extending
latitudinally for ca. 3100 km, ranging from Ria de Aveiro and Sado estuary on the west
coast of Portugal, through coastal lagoons of Spain and Morocco, the Italian coasts of
the Ionian and Adriatic Seas, the Marmara Sea, to the Black Sea lagoons in Turkey and
Bulgaria. Gammarus aequicauda was collected from 36 sites (Tab.1, Fig.1), extending
latitudinally for ca. 3000 km, from the lagoons of Mallorca on the west, through the
coasts of Sicily, Sardinia, Tunisia, the Adriatic coast of Italy, the Aegean Sea, to the

Black Sea lagoons, and the Azov Sea in the east.

3.2 COI haplotypes: diversity, distribution and divergence

Out of the 49 individuals of Gammarus insensibilis sequenced, a total of 32 haplotypes
was identified. None haplotypes were shared between locations. Localities with highest
haplotype diversity were: Black Sea near Istanbul (Site 42 - nine haplotypes), Marmara
Sea near Istanbul (Site 41 - four haplotypes), Sozopol Bay in Bulgaria (Site 43 - four
haplotypes). Minimum, average and maximum K2p distance between haplotypes were,
respectively: 0.002 (SE 0.002), 0.086 (SE 0.009) and 0.161 (SE 0.019).

Out of the 117 individuals of Gammarus aequicauda sequenced, a total of 68
haplotypes was identified. Only five haplotypes were shared between locations (H17 in
the Tyrrhenian Sea, H40 in the Black Sea, H42 in the Aegean Sea - two localities; H32
- three localities in the Black Sea; H3 - 13 localities from Black and Azov seas). Each
of the remaining 63 haplotypes was specific to only one site. Localities with the highest
haplotypes diversity were: Black sea near Odessa (Site 6 - nine haplotypes), Varna
Lake (Site 16 - five hapotypes), Burano Lake (Site 26 - five haplotypes), delta of river



Po (Site 31 - five haplotypes) and S’ Albufera on Mallorca (Site 29 - four haplotypes).
Minimum, average and maximum K2p distance between haplotypes were, respectively:
0.002 (SE 0.002), 0.075 (SE 0.007) and 0.208 (SE 0.021). The detailed information
about the number of specimens within the haplotypes can be found in Table S2.

Such high average K2p distance in both species suggests presence of cryptic diversity
within the morphospecies (Table S3, S4). Overall haplotype diversity and nucleotide
diversity within clusters remained rather high, with haplotypic diversity ranging from

0.439 to 1 and nucleotide diversity reaching 0.0110.

3.3 MOTU delimitation

All the applied MOTU delimitation methods supported the existence of eight MOTUs
within the G. aequicauda morphospecies and four MOTUs within the G. insensibilis
morphospecies, with the exception of BINs, which indicated that there is one more
MOTU in G. aequicauda group that splits in two the MOTU 2 from the Aegean Sea
(Figs. 4,5). Both of the GMYC approaches applied exhibited the same outcome with
the same LR test values. The BIN analysis grouped the studied individuals respectively
in nine BINs for G. aequicauda, five of which are new to BOLD (BOLD:ADG1589,
BOLD:ADB8496, @ BOLD:ADB8026, @ BOLD:ACH6172,  BOLD:AAD2658,
BOLD:ADB8497, BOLD:ADF6157, BOLD:ACY 7225, ACY6585) and four for G.
insensibilis, all of which are new to BOLD (BOLD:ACY6633, BOLD:AAE6201,
BOLD:AAE6168, BOLD:AAD2659). The range of the K2p distance within the
morphospecies determined by ABGD was respectively 0.06-0.18 for G. aequicauda
and 0.04-0.14 for G. insensibilis. Results of MOTU delimitation methods support high
cryptic diversity within both G. aequicauda and G. insensibilis, as no distinct
morphological differences amongst the representatives of respective MOTUs have been

found.

3.4 Diversity and demography within MOTUs

Analysis of genetic diversity within all the four defined MOTUs (Fig. 2A) of
Gammarus insensibilis, and eight MOTUs (Fig. 2B) of Gammarus aequicauda
revealed generally a rather high level of haplotypic and nucleotide diversity, as well as
of the mean K2p distance that ranged, respectively, from 0.002 to 0.009 and from 0.005
to 0.011 (Table 2). MOTU 3 and MOTU 4 of G. insensibilis showed a sign of
demographic expansion (Table 2). Results of the BSP analyses showing the temporal



changes of the effective population size suggests that MOTU 3 (Black and Marmara
Sea) experienced rapid population growth that has started ca. 200 thousand years ago,
whereas MOTU 4 (central Mediterranean) experienced slow population grow up to 100
thousand years ago, and from that point remained at constant level. Within Gammarus
aequicauda only MOTU 3, inhabiting Black and Azov Sea, showed a clear sign of
demographic expansion (Table 2), which commenced ca. 200 thousand years ago (Fig.
3).

3.5 Phylogeny reconstruction

The time-calibrated phylogeny indicated that divergence of both G. aequicauda and G.
insensibilis species complexes started already in the late Oligocene/early Miocene (ca.
28-21 million years ago) (Figs. 4,5). The diversification within G. aequicauda
morphospecies initiated already at the end of Oligocene or the early beginning of
Miocene, between 25-20 million years ago, when the split of MOTU 8 currently
inhabiting the Aegean and Black Sea from the rest of the G. aequicauda MOTUs
happened (Fig. 4). The MOTU 6 and MOTU 7 inhabiting Tunisian coast split from the
others around 12 million years ago (Fig. 4). Afterwards, MOTU 4 from Adriatic Sea
and MOTU 5 inhabiting Apennine Peninsula, Sardegna and Mallorca (which along with
Tunisian MOTUs 6 and 7 form the western group) diverged around 8 million years ago,
whereas the split within the eastern group, between the widespread MOTU 3, present
in the Black Sea, MOTU 2 from Greece and Crete, and endemic MOTU 1 from Korfu
took place in late Miocene/early Pliocene, ca. 5 million years ago (Fig.4). On the other
hand, the divergence within G. insensibilis started in late Miocene, ca. 8 million years
ago when MOTU 3 and MOTU 4 inhabiting eastern part of Mediterranean Basin
(eastern clade) diverged from two MOTUs 1 and 2 present in the western part of the
Basin (western clade). The split within the western clade took place around 2 million

years ago, in early Pleistocene (Fig.5).

4. Discussion

In the light of recent studies, the cryptic and pseudo-cryptic diversity appears to be a
common yet still underexplored phenomenon in numerous animal taxa and largely
overlooked in the large scale biodiversity research (Fiser et al., 2018). It has been

argued that for it may substantially shift our current perception of species-level



biodiversity or even that of the speciation processes, the cryptic diversity should be
incorporated into evolutionary and ecological studies in order to get a novel insight
biodiversity patterns and processes (FiSer et al., 2018). This requires accumulation of
evidence across multiple taxa and ecosystems. However, it is already known that the
rate of the cryptic diversity detectability is far from homogenous across the species and
the habitats (de Ledn and Poulin, 2016), with marine ecosystems being particularly
understudied and poorly understood in that matter (Beheregaray and Caccone 2007,
Appeltans et al., 2012). Among invertebrates, crustaceans seem to present the highest
number of reported cryptic species, nonetheless most of those studies focus on

freshwater representatives (de Le6n and Poulin, 2016).

In fresh waters, several studies focused on amphipod crustaceans in Europe, Asia
Minor, Middle East and North America and have shown that: 1) most of the widespread
and conventionally recognised morphospecies within this group are usually
conglomerates of highly divergent lineages with pre-Pleistocene origins that, in many
cases, may represent separate cryptic or pseudo-cryptic species (Witt & Hebert 2000;
Katouzian et al. 2016; Mamos et al., 2016; Grabowski et al., 2017) due to their generally
limited mobility and lack of airborne or planktonic dispersal stages, amphipods provide
an ideal model for studying and understanding evolution of biodiversity patterns in
strictly aquatic organisms living in spatially restricted environments such as
hydrological networks (Bilton et al., 2001). In contrary, the marine amphipod fauna,
already very diverse at the morphological level, has been scarcely surveyed with respect
to cryptic diversity, except a few cases of deep-sea and Antarctic morphospecies
(France & Kocher 1996, Baird et al., 2011, Havermans et al., 2011). Few studies have
dealt with the coastal amphipods in the Northern Atlantic region showing some limited
cryptic diversity in marine/brackishwater Gammarus morphospecies known to be
widely distributed along the European and North American Atlantic shores (Kelly et
al., 2006; Costa et al., 2009; Krebes et al., 2011).

The study by Kelly et al., (2006) on Gammarus tigrinus along the western Atlantic
coast supported the heterogeneity of the species, confirming a clear division between
two cryptic species inhabiting respectively the northern and the southern part of the
coast. On the other hand, the study on widely distributed, transatlantic species of G.
duebeni and G. oceanicus, despite the vast distribution, did not exhibit high level of

diversity within the studied morphospecies, with COI divergence not exceeding 0.025



of genetic distance within the morphospecies (Krebes et al., 2011). Similarly low COI
genetic distances between geographically distant populations, spanning from Scotland,
Wales and German's North Sea, to the south coast of Portugal, have been recorded in
Gammarus locusta (0.009 K2p; Costa et al., 2009 and this study; see also Costa et al.,
2004, 2005), a very close taxon to our Mediterranean marine Gammarus, which was
here used as outgroup. In comparison to these examples with marine/brackishwater
Gammarus from elsewhere, our research revealed a high level of cryptic diversity and
high lineage divergence, both in Gammarus aequicauda and Gammarus insensibilis at
a relatively limited geographic area including the Mediterranean, Black and Azov Seas
and the part of eastern Atlantic coast. We have detected eight cryptic lineages for G.
aequicauda and four cryptic lineages for G. insensibilis with the COI divergence within
the morphospecies reaching as high as 0.21 K2p for G. aequicauda and 0.16 for G.
insensibilis. Moreover the haplotypic diversity and the number of detected haplotypes
were also relatively high with 68 haplotypes for G. aequicauda and 32 haplotypes for
G. insensibilis, compared with 44 for G. tigrinus, 25 for G. oceanicus and 20 for G.
duebeni. However, the number of haplotypes and thus, the level of cryptic diversity can
be affected by the number of analysed individuals (in this study 117 individuals for G.
aequicauda and 49 for G. insensibilis compared to 143 of G. tigrinus, 242 for G.
oceanicus and 418 for G. duebeni from the cited studies). Therefore, the already high
level of cryptic diversity observed may be even higher, if the sampling size is larger

and the geographic coverage is wider.

Similarly to the study by Costa et al. (2009), our research has also revealed a high level
of cryptic diversity and high lineage divergence, both in Gammarus aequicauda and
Gammarus insensibilis. Although the material was more limited than in our study, , the
authors of that study already point out the taxonomic mismatches within those two
morphospecies, indicating very similar level of COI divergence to our findings (0.27
K2p for G. aequicauda and 0.15 K2p in G. insensibilis). Both our study and the study
by Costa et al. (2009) line up with the remarks done by Stock in his comprehensive
review of G. locusta group (1967), where it is stated that there is a high chance for
more, yet undiscovered taxa within these two morphospecies and that further taxonomic
work is needed to clarify the true species assignments, which was already confirmed
first by genetic data from the previous study (Costa et al., 2009) as well as by the results

presented in this study. Among the remaining Gammarus from the “locusta” group



reported by Stock (1967), COI sequence data is available for Gammarus crinicornis
collected on the Atlantic European coast locations, namely Belgium, Portugal (Costa et
al., 2009) and the North Sea (Raupach et al., 2015). The type locality of this species is
in Netherlands, and the available COI sequences are completely sorted from either G.
aequicauda and G. insensibilis, forming a MOTU diverging at least 0.22 K2p from the
nearest neighbour (G. aequicauda, MOTUs 6 and 7 are the nearest; data not shown).
Hence, the eventuality of G. crinicornis be hidden under any of the MOTUs here
reported can be discarded. It is noteworthy that, despite the high number of locations
sampled in the Mediterranean, we did not find any specimens corresponding to G.
subtypicus. The type locality is in Banyuls, French Mediterranean coast, and it has been
also reported from Mallorca (Spain) and Turkey, both in the Mediterranean and Black
Seas' coasts (Stock, 1967). However, this species is not very common (Stock, 1967)
and its distribution is probably the worst documented among the marine Mediterranean

Gammarus.

Interestingly, the deep divergence of lineages in both studied morphospecies coincides
with the major steps in the development of the Mediterranean Sea. In case of G.
aequicauda the divergence seems to start already in Late Oligocene/Early Miocene
when the proto-Mediterranean Basin dissociated from the Tethys Ocean in result of the
collision of the African and Euroasiatic continental plates, that caused also the origin
of Paratethys, the large epi-continental shallow brackish sea in the north-east,
associated with the formation of Alps, Carpathians, Dinarides, Taurus and Elbruz
mountains (Rogl, 1999; Bianchi et al., 2012; Goffredo and Dubinsky, 2014). Given the
current, very limited distribution of MOTUS and the time of its divergence, making it
the oldest in the G. aequicauda morphogroup, it seems to be a relic lineage that could
inhabit the former strait connecting emerging Paratethys with the East Mediterranean
Basin, which existed in Early Miocene, but seized to exist in early Middle Miocene
(Rogl, 1999; Popov et al., 2004). The remaining G. aequicauda MOTUs presumably
diversified from the common ancestor inhabiting Paratethys as the diversification
within that group started in late Middle Miocene/Late Miocene, when the connection
between Paratethys and the Protomediterranean was re-established (Rogl, 1999; Popov
et al., 2004) enabling the possible the colonisation of the current Mediterranean basin ,
which could eventually lead to split into western (Tyrrhenian, Balearic, Adriatic and

south Mediterranean) and eastern (Black, Azow, Aegean and Ionian) lineages of G.



aequicauda. The dominant geological events that could initiate emergence of the
presently existing MOTUs within the eastern clade, started with the Messinian Salinity
Crisis (approximately 6 MYA). It could have promoted the separation of the Ionian
MOTU from those inhabiting the easternmost regions of the Mediterranean. However,
the majority of MOTUs, from both the western and the eastern clades, diverged most
probably in Pleistocene, what can be associated with the eustatic sea regressions during
glacial maxima that have reduced the brackishwater coastal ecosystems to isolated
patches, which had a profound effect on evolution and distribution of several aquatic
species (i.e. Audzijonyte et al., 2006; Nahavandi et al., 2013). Accordingly, the Black
and Azov Sea basin was recurrently isolated from the Mediterranean with several
episodes of water intrusions in between (Kerey et al., 2004; Badertscher et al., 2011),
which possibly led to the divergence between MOTU 2 and MOTU 3. This pattern
holds true also for the reference individuals of G. aequicauda from the Caspian Sea,
which also belong to the MOTU 3 consisting of the inhabitants of the Black and Azov
Sea (Katouzian et al. 2016). This can be explained by the presence of the Pleistocene
connection between the Caspian and Black Seas, occurring as recently as 15 thousand

years ago (Badertscher et al., 2011).

On the other hand, the divergence of G. insensibilis lineages seems to be younger,
presumably due to the extinction of some of the ancestral lineages, however similarly
to G. aequicauda, is connected with the re-emergence of the connection between
Paratethys and the proto-Mediterranean (Rogl, 1999; Popov et al., 2004), which
initiated the divergence within G. insensibilis. Although the number of lineages is lower
than in G. aequicauda, MOTUs can also be similarly divided into western (Alboran,
Balearic) and eastern clades (Black, Marmara, Adriatic, Tyrrhenian, Ionian).
Accordingly, the diversification within the clades happened probably during sea
regressions in Pleistocene, following the pattern in G. aequicauda complex. One of the
western lineages, MOTU 2 has migrated through the Strait of Gibraltar, spreading
further along the Atlantic coast of Portugal. As G. insensibilis is also known from
northern locations at the Atlantic coasts of France and England (Stock 1967), molecular
data is needed from these populations to confirm whether these individuals belong to

the same lineage as MOTU 2.

The deep history of the extant MOTUs indicates that both G. aequicauda and G.

insensibilis have survived the mass extinction of marine biota during Messinian Salinity



Crysis (Bianchi et al., 2012; Goffredo and Dubinsky, 2014). The survival of organisms
inhabiting Mediterranean waters, often in remaining coastal refugia, have been
confirmed and documented for numerous invertebrate and fish taxa, which are now
considered to be the Mediterranean paleoendemics (Tortonese, 1985; Bianchi et al.,
2012; Por 2009). It is argued that for species deriving from former Paratethian
ancestors, most of which are considered to be euryhaline, it could have been possible
to survive either in freshwater and subterranean refugia or the hypersaline lagoons
(Bianchi et al., 2004, 2012). It seems like plausible scenario also for G. aequicauda and
G. insensibilis lineages, where the majority of MOTUs inhabiting current
Mediterranean basin exhibit relatively low haplotypic diversity, which might reflect the
bottleneck effect after Messinian Salinity Crisis. Thus, one may argue that even current
high cryptic diversity can be merely a remnant of a formerly even higher amount of
individual lineages. Concerning the number of haplotypes, the high haplotypic diversity
is particularly striking in the MOTUs of both species, currently present in the eastern
part of Mediterranean, especially MOTUs 3 of both G. aequicauda and G. insensibilis
inhabiting the Pontic region. The star-like shape of haplotype networks and the results
of BSP suggest the recent Pleistocene expansion of the eastern populations, which
combined with the extraordinary high number of haplotypes might be the result of the
fragmentation of the population connected with the water level fluctuations and
changes in salinity caused by the numerous water intrusions between Black Sea and

Mediterranean and Caspian sea waters (Badertscher et al., 2011).

The present distribution of cryptic lineages within both studied species seems to be
geographically structured in result of such a long and dynamic geological history of the
Mediterranean. A very interesting feature of this distribution is that, according to our
collection data, neither the two species nor the different MOTUs within each species,
occur in sympatry. On the morphospecies level, it is not surprising as they are no clear
evidence for these species to coexist, except for one case in French coast, which may
be the result of their different habitat and salinity preferences (Stock, 1967; Janssen et
al., 1979). However, MOTU-wise, such presence of a single MOTU per site may be
associated with the impact of monopolization, where combination of rapid population
growth and fast adaptation of incoming individuals to local conditions strongly inhibits
further colonisation and enhances the priority effect (De Meester et al., 2002). Given

the high reproductive success and euryoeciousness of both species, it might provide an



explanation for their current wide, but single-species and single-MOTU, distribution
(Janssen et al., 1979; Kevrekidis et al., 2009). In the only paper focusing on the ecology
and sympatric occurrence of these two species (Janssen et al., 1979), the authors argue
that G. insensibilis has greater reproductive success than G. aequicauda and that is has
a wider distribution over the shared localities. However, they also indicate that the
tolerance to changing environmental conditions is higher in G. aequicauda than in G.
insensibilis, which favours the former species in unstable and rapidly changing
conditions. Thus, the current distribution of the members of the particular
morphospecies in the studied area, apart from possible sampling bias, apparently reveal
a succession of phylogeographic footprints that persisted till the present, reflecting the

turbulent and rapidly changing history of the Mediterranean Region.
5. Conclusions

Our results support a substantial level of cryptic diversity in two widespread marine
amphipods inhabiting the Mediterranean region, G. insensibilis and G. aequicauda.
Although it confirms the pattern of the genetic heterogeneity of widely distributed
marine Mediterranean fauna already reported from other crustaceans (i.e. Deli et al.,
2017; Pannacciulli et al., 2017; Weiss et al., 2017) as well as other invertebrates (i.c.
Fernandez et al., 2015; De Luca et al., 2016; El Ayari et al., 2017), our study provides
arguably the first evidence for such high level of cryptic diversity with deep divergence
and evolutionary history. Even though it is not as pronounced as in the freshwater
congeners (i.e. Mamos et al., 2016; Grabowski et al., 2017; Copilas-Ciocianu et al.,
2017), the number of individual lineages here detected is somewhat unexpected in the
marine habitat and more molecular studies on widely distributed circum-Mediterranean

marine biota are needed for further evidence.

The phylogenetic history combined with the current geographic distribution indicate
that the evolution of both Gammarus morphospecies has been connected with the
geological events in the history of the Mediterranean Basin and reflects the shifts of the
continental landmasses as well as the shifts in the sea level. However, our results raise
the question of the isolation of the lineages and their relatively limited distribution area.
The Mediterranean is known to have several major biogeographical barriers like Strait
of Gibraltar, Mid-Aegean Trench or Sicilo-Tunisian Strait, but our study suggests that

there might be more, yet undescribed, barriers, which may impair the dispersal of some



marine biota. We also emphasize the great need for further studies on the ecology of
the newly discovered lineages to gain more insight into the colonisation and
monopolisation patterns. Given the high human impact and climate change in the
Mediterranean Region (Bianchi and Morri, 2000) and that amphipods are one of key
components in the aquatic food webs (MacNeil et al., 1997), there is a urgent demand
for more studies revealing the actual diversity of often overlooked, widely distributed
taxa, which could help in planning a reasonable strategy for its protection and

conservation.
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8. Figure captions

Fig.1 Map of the sampling sites in the Mediterranean and the Pontic Region. The dots
indicate the sites and the colours represent the associated colours of the respective
MOTUs of Gammarus aequicauda and G. insensibilis. Two-letter abbreviations
represent the respective sea basins: AT-Atlantic, AL-Alboran, BA-Balearic, TY-
Tyrrhenian, SM-South Mediterranean, AD-Adriatic, IO0-lonian, AG-Aegean, MA-
Marmara, BL-Black, AZ-Azov.



Fig.2 The phylogenetic network computed with the neighbour-net algorithm and
uncorrected p-distances with the Minimum Spanning Networks for the respective
MOTUs. The colours correspond to those presented in other figures. A) Gammarus
insensibilis, B) Gammarus aequicauda.

Fig.3 Bayesian Skyline Plots for selected MOTUs of G. aequicauda and G. insensibilis.
Fig.4 Maximum clade credibility, time-calibrated Bayesian reconstruction of
phylogeny of the Gammarus aequicauda species complex. Phylogeny was inferred
from a sequences of the mitochondrial COI and 16S rRNA genes and nuclear 28S rRNA
gene. The numbers by respective nodes indicate Bayesian posterior probability values
> 0.95. Black bars indicate the respective MOTUs of Gammarus morphospecies, with
the coloured ones representing ABGD delimitation method and violet node bars
represent 95% HPD.

Fig.5 Maximum clade -credibility, time-calibrated Bayesian reconstruction of
phylogeny of the Gammarus insensibilis species complex. Phylogeny was inferred
from a sequences of the mitochondrial COI and 16S rRNA genes and nuclear 28S rRNA
gene. The numbers by respective nodes indicate Bayesian posterior probability values
> 0.95. Black bars indicate the respective MOTUs of Gammarus morphospecies, with
the coloured ones representing ABGD delimitation method and violet node bars

represent 95% HPD.

Tab.1 Collection sites, MOTUs, haplotypes and accession numbers for specimens of
Gammarus used in this study.

Tab.2 Molecular genetic diversity, divergence and historical demography based on
mtDNA COI haplotypes for each of the MOTUs detected within Gammarus insensibilis
and G. aequicauda. Locations, see Table 1 and Fig. 1 for details about locations. N,
sample size. Diversity: k, number of haplotypes, h and m, haplotype and nucleotide
diversity, respectively. Divergence: K2p, mean Kimura 2-parameter genetic distance
between haplotypes within a given MOTU. Demography: D, Tajima's D; Fs, Fu's Fs

tests; SSD, sum of squared deviations; r, Harpending's raggedness index .

Tab.S1 Used molecular markers with the primer sequences, PCR cycling conditions
and the original references.
Tab.S2 Number of individuals per haplotype per MOTU for both Gammarus

morphospecies.



Tab.S3 Mean Kimura two parameters (K2p) distances (below the diagonal) and
standard error (SE) (above the diagonal) between MOTUs for 32 COI haplotypes of
Gammarus insensibilis. N and k = number of individual sampled and haplotypes per
MOTU, respectively.

Tab.S4 Mean Kimura two parameters (K2p) distances (below the diagonal) and
standard error (SE) (above the diagonal) between MOTUs for 67 COI haplotypes of
Gammarus aequicauda. N and k = number of individual sampled and haplotypes per

MOTU, respectively.



