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Abstract — Echinogammarus berilloni (Catta, 1878) is a widespread and euryecious species, inhabiting
large parts of Southwestern Europe. Additionally, it is recognized as one of the non-native and invasive
species, increasing its range to Central Europe. Even though it is widely used as a model organism in a
variety of ecological and ecotoxicological studies, its intraspecific molecular diversity has been overlooked.
In this study, the publicly available genetic data reveal high level of intraspecific diversity, supporting
presence of up to four phylogenetically distinct genetic lineages. Furthermore, the results indicate that the
taxon is not monophyletic. The importance of considering its intraspecific diversity is discussed, highlighting the
potential implications for future studies as well as the need for further detailed taxonomic studies.
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Résumé — Réexamen du passé - un nouvel apercu de la diversité moléculaire intraspécifique et de la
phylogénie du trés répandu Echinogammarus berilloni. Echinogammarus berilloni (Catta, 1878) est une
espéce trés répandue et eurytope qui est présente dans une grande partie de I’Europe du Sud-Ouest. De plus,
elle est reconnue comme 'une des espéces non indigénes et envahissantes, qui augmente son aire de
répartition en Europe centrale. Bien qu’il soit largement utilis¢ comme organisme modele dans diverses
¢études écologiques et écotoxicologiques, sa diversité moléculaire intraspécifique a été négligée. Dans cette
étude, les données génétiques accessibles au public révelent un niveau élevé de diversité intraspécifique, ce
qui confirme la présence de jusqu’a quatre lignées génétiques phylogénétiquement distinctes. En outre, les
résultats indiquent que le taxon n’est pas monophylétique. L’importance de prendre en compte sa diversité
intraspécifique est discutée, en soulignant les implications potentielles pour les études futures ainsi que la
nécessité d’études taxonomiques détaillées supplémentaires.

Mots-clés : Gammaridae / eau douce / diversité cryptique / envahissant / Amphipoda

1 Introduction

Due to the rising anthropogenic activities and ongoing
climate change, more and more ecosystems are affected by
the migration of non-indigenous species and their impact on
native biota (e.g. Rahel and Olden, 2008; Hulme, 2009). The
development of trade waterways and man-made canals facilitated
spread of numerous freshwater taxa through newly connected
river systems. It is particularly pronounced in Europe, where
aquatic species have migrated exponentially from the beginning of
the twentieth century (Galil ez al., 2008). Being a keystone aquatic
species, alien amphipods, mostly originating from the Ponto-
Caspian region, have arguably one of strongest impact on the
native European freshwater fauna (Grabowski et al., 2007,
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Hénfling ef al., 2011). One of the first recognized gammarid
invaders was Echinogammarus berilloni (Catta, 1878), and it is
believed to originate from southwestern Europe (Catta, 1878). In
the years following, the species was reported from northeast
Spain, southwest France and then subsequently from Belgium,
Netherlands up to north-western Germany (Pinkster, 1973). Even
though E. berilloni shows significant ecological trait advantages
over native gammarids (Piscart et al., 2011b; Schmidt-Drewello
et al., 2016), these advantages are not as pronounced as in other
amphipod invaders present in European fresh waters (Kley and
Maier, 2006).

Thanks to the use of extensive molecular data, more is
known about both the dispersal history and intraspecific
diversity of gammarid invaders (Rewicz et al., 2015) as well as
overlooked cryptic diversity of widely dispersed native species
(Mamos et al., 2014). On the other hand, little is known about
the invasion history and intraspecific diversity of E. berilloni.
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Even though it is used as a model organism in numerous
studies focusing on ecotoxicology (Boets et al., 2012),
physiology (Shatilina et al., 2011) or ecology (Médoc et al.,
2015), the available molecular data for the species, given its
vast distribution, is surprisingly scarce and analysed only in
broader phylogenetic and ecological context (Hou et al., 2014;
Grabner et al., 2015; Sket and Hou, 2018). Thus, the goal of
this study was to analyse the available molecular data to
provide first insight on intraspecific diversity of E. berilloni,
and to verify if the species shows signs of cryptic diversity.

2 Material and methods

Analysed molecular material was composed of 20 DNA
sequences deriving from individuals identified as Echinogam-
marus berilloni, all publicly available and mined from GenBank,
belonging to mitochondrial cytochrome oxidase I (COI) gene
(9 sequences) and to nuclear markers: 28S rRNA (6 sequences)
and 18S rRNA (5 sequences) (all listed in Tab. S1 and aggregated
together in Barcode of Life Database [BOLD; Ratnasingham
and Hebert, 2007] http://dx.doi.org/10.5883/DS-EBER). The
obtained sequences originate from broad distributional range,
from individuals collected from Spain, Germany and France,
including species’ locus typicus (Fig. 1, Tab. S1). Obtained
sequences were assembled and aligned in Geneious software
(Biomatters, 2013). The alignment was performed using
MAFFT plugin (Katoh and Standley, 2013). The haplotype
networks for each molecular marker used in this study were done
using Minimum Spanning Networks in POPART software
(Leigh and Bryant, 2015). The K2p pairwise genetic distances
for all studied molecular markers were calculated in MEGA7
software (Kumar et al., 2016). Molecular Operational Taxo-
nomic Units (MOTUs) were delimited using multilocus species
delimitation algorithm STACEY as a primary delimitation
method, including both mitochondrial and nuclear information
available (Jones, 2017). The results of the STACEY delimitation
were cross-validated with COI-based delimitation methods like
ABGD (Puillandre et al., 2012), Generalized Mixed Yule
Coalescent, single and multiple models (GMYC; Pons et al.,
2006) and a Bayesian implementation of the Poisson tree
processes (bPTP; Zhang et al., 2013). All technical details of
MOTU delimitation analyses performed including the input
trees, parameters used and detailed cross-validation of obtained
delimitation results are described in Supplementary File 1.

The final dataset used for reconstruction of time-calibrated
phylogeny consisted of a single representative individual per
each delimited MOTU, according to STACEY delimitation
algorithm complemented with multiple reference sequences
belonging to congeners and related genera, as well as
individuals which were used for calibration of the molecular
clock (all of them listed in Supplementary File 2). No
significant saturation was detected for any molecular marker
and the dataset was divided into five partitions: 28S, 18S as
single partitions with three codon positions of COI. The time-
calibrated phylogeny was reconstructed in BEAST 2.4.7
package (Bouckaert et al., 2014), performing three MCMC
chains of 100 million iterations, sampled every 2000 iterations,
using the best-fit substitution models determined by bModel
test (Bouckaert and Drummond, 2017), Yule model as a tree
prior and uncorrelated exponential relaxed clock. The
molecular clock was calibrated using five primary calibration

points known from literature and related to geological events
(e.g., emergence of Lake Ohrid, separation of Black and
Caspian seas or Miocene subsidence event). The divergence
times were cross-validated with the ones obtained using the
amphipod-specific substitution rates deriving from fossil
evidence (Copilas-Ciocianu et al., 2019). Afterwards, the
parameters of all runs were examined in Tracer 1.7.1 and
reached the ESS values above 200. The runs were
combined and resampled with the maximum clade credibility
chronograms being annotated and visualized. All details
regarding the reference material, dataset handling, calibration
schemes and analytical parameters used are described in
Supplementary File 2 (software, approaches and reference
material used: Sherbakov, 1999; Cristescu et al., 2003; Xia
et al., 2003; Cristescu and Hebert, 2005; Macdonald lii et al.,
2005; Drummond et al., 2006; Hou et al., 2011, 2014; Mats
et al., 2011; Lanfear et al., 2012; Nahavandi et al., 2013;
Wysocka et al., 2013; Bouckaert ef al., 2014; Wysocka et al.,
2014; Copilas-Ciocianu and Petrusek, 2015; Bouckaert
and Drummond, 2017; Sket and Hou, 2018; Xia, 2018;
Copilas-Ciocianu et al., 2019).

3 Results

The STACEY delimitation algorithm supported presence
of four distinct lineages within studied E. berilloni dataset, one
being composed solely with an individual originating from the
locus typicus, one being composed of individuals from France
and Germany and two being present in the material deriving from
Spain (Fig. 1). Other delimitation methods generally supported
the distinctiveness of the delimited lineages, with the exception
of the multiple threshold GMYC, which delineated only two
lineages (Supplementary File 1).

The analysis of haplotype networks and K2p pairwise
distances revealed no shared haplotypes between the studied
individuals, both on mitochondrial and nuclear level (Fig. 1,
Supplementary File 2). The COI genetic distances between the
delimited MOTUs largely exceeded the maximal intraspecific
threshold of 0.0309 proposed before (Costa et al., 2007). The
genetic distances for nuclear markers were generally lower
than the one observed in the mitochondrial data, given the
conservativeness of the studied nuclear markers.

The time-calibrated phylogeny revealed presence of two
monophyletic clades, one comprising of MOTUs Eb1 and Eb2
and second with Eb3 and Eb4, respectively. Although, the
phylogenetic reconstruction supports the monophyly of so-
called Echinogammarus berilloni group, it does not support the
monophyly of all four E. berilloni MOTUs grouped within and
indicate that the diversification of their common ancestor
probably took place in Miocene (95% HPD: 26.8-5.9 Ma).
The divergence events within those two groups seemed to
take place more recently, likely in Plio-Pleistocene (95% HPD:
11.7-0.4 Ma for Ebl, Eb2; 8.1-1.0 Ma for Eb3, Eb4). The
divergence times obtained using both primary calibration points
and the substitution rates delivered congruent results, described
in detail in Supplementary File 2.

4 Discussion

Despite the low number of analysed individuals,
the obtained results support a high level of overlooked
intraspecific diversity within E. berilloni. Even though the
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Fig. 1. Maximum clade credibility tree of the Echinogammarus berilloni mined from NCBI GenBank, obtained from STACEY multilocus
species delimitation analysis. Phylogeny was inferred from sequences of the mitochondrial COI and nuclear: 28S rRNA and 18S rRNA markers.
The numbers by respective nodes indicate Bayesian posterior probability values = 1. The rows of respective bars represent the delimitation of
molecular operational taxonomic units (MOTU) by various methods of species delimitation. The coloured symbols on the map represent
STACEY-delimited MOTUs. The minimum spanning haplotype networks were generated using POPART software. The grey area on the map
reflects known distribution range of E. berilloni. The star symbol corresponds to the individual collected in species’ locus typicus (marked with
‘LT’ on phylogenetic tree). The map was generated using QGIS 2.18.3 (https://www.qgis.org/en/site/).

Page 3 of 7


https://www.qgis.org/en/site/

K. Hupato: Knowl. Manag. Aquat. Ecosyst. 2020, 421, 46

1
BWl— Echinogammarus_berilloni_Eb2
1 Echinogammarus_berilloni_Eb3
B Echinogammarus_berilloni_Eb4
Echinogammarus_longisetosus
1 Echinogammarus_calvus

mj—

Echinogammarus_tarragonensis
Echinogammarus_feminatus
Echinogammarus_zebrinus

Typhlogammarus_mrazeki

I Homeogammarus_cyrtus

0.99 Homeogammarus_pungens
Homeogammarus_spinulicomis

0.99

1— Pontogammarus_maeoticus_B

L—— Pontogammarus_maeoticus C

Marinogammarus_marinus

0.92

Iberogammarus_anisocheirus

Parhomeogammarus_pacaudi

PAL | EOC | OLI,

MIO

| early [middie] tate | early | middle
T T

60 50 40 30

[ tate | early [ e | early
T T

|
[ migde | late | PLI | PLE
T 1

20 10 0 million years ago

Fig. 2. Maximum clade credibility, time-calibrated Bayesian reconstruction of phylogeny of Echinogammarus berilloni MOTUs along with the
reference material. Phylogeny was inferred from sequences of the mitochondrial COI and nuclear: 28S rRNA and 18S rRNA markers. The
numbers by respective nodes indicate Bayesian posterior probability values >0.9. The colours of respective MOTUs of E. berilloni correspond
to those presented in Figure 1. The grey species’ names as well as the highlighted nodes correspond to the sequences used for calibrating the
molecular clock. Grey node bars represent 95% HPD values: light grey represent the 95% HPD values obtained using primary calibration
scheme whereas dark grey bars indicate the 95% HPD values obtained using substitution rates from the literature. Further information about the
divergence times of selected nodes, marked with letters, are available in Supplementary File 2.

delimitation methods used in this study are not conclusive,
there are all supporting presence of more than one distinct
species in the analysed dataset. The majority of the
implemented delimitation methods supported distinctiveness
of the individual of E. berilloni deriving from the population
inhabiting locus typicus (Fig. 1; Supplementary File 1). Even
though the differences in genetic distances between the
individual from this population and others in France based on
mitochondrial DNA are profound, they are much lower on the
nuclear level (Fig. 1; Tab. S2). This might suggest the
possibility of recent connectivity between those populations,
however, no shared nuclear haplotypes were found, which for
now, do not support the ongoing gene flow. However, although
the number of individuals analysed in this study is scarce, the
complete gene sorting from mitochondrial and nuclear DNA
might indicate the validity of observed diversity (Zink and
Barrowclough, 2008). Thus, it might serve as a starting point
for further thorough studies of the various populations of this
species, leading to a possibility of its redescription.
Moreover, the molecular differences can be already
associated with some morphological differences, remarked
by the authors for both individuals from Spain, which were
‘less setose’ than the other studied individuals (Sket and Hou,
2018). Although there is no available information about any
further morphological features in other studied populations,
the morphological variability within E. berilloni was known
and discussed for years. In fact, morphological incongruence
have led to the description of several new species, which were
all formerly assigned to E. berilloni (Catta, 1878; Pinkster,
1973). Even after the species redescription, E. berilloni was
still characterized by significant level of both seasonal and
regional variability in the characters like shape of the eyes,

shape of the epimeral plates, the armature of the telson lobes
and the length and number of setae and spines present
(Pinkster, 1973, 1993).

Interestingly, the results of the time-calibrated phylogeny
support lack of monophyly between E. berilloni MOTUs
present in France and Germany and the ones reported from
Iberian Peninsula (Fig. 2). Since all other known members of
E. berilloni group are presumably originating from Iberian
Peninsula and presently distributed only there (Pinkster, 1973),
one could argue that all E. berilloni lineages might have
originated in Iberian Peninsula as well and then disperse
northwards. However, the timing of divergence suggests the
split of those two groups already during Miocene, indicating
that the lineages present today north of Pyrenees might have
evolved and diversified already outside of Iberian Peninsula.
Still, it is hard to confidently resolve how the gammarid
ancestor species might have crossed the Pyrenees. Theoreti-
cally, it could have been possible to migrate outside of Iberian
Peninsula using land connection, since Pyrenees at that time
did not isolate the entire Peninsula (e.g. Popov et al., 2004).
Although the faunal exchange in Miocene between Iberian
Peninsula and Central Europe has been discussed and
confirmed for mammals (Casanovas-Vilar et al., 2010), there
is arguably no evidence on similar patterns observed in
freshwater taxa nor the connectivity between the river
networks at that time. Thus, one cannot exclude the possibility
of a passive dispersal by means of ectozoochory already
discussed for Iberian gammarid amphipods ((Rachalewski
et al., 2013). Another possible scenario would be an active
dispersal via marine waters, already proven plausible for
Echinogammarus berilloni as it can tolerate substantial levels
of elevated salinity (Piscart ef al., 2011a). The results suggest
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that the diversification within two E. berilloni groups probably
took place during late Miocene or in Pliocene (Fig. 2). Given
the current distribution of the members of supported lineages,
one might argue that the diversification events might have been
triggered by recurrent changes in water networks on Iberian
Peninsula due to Messinian Salinity Crysis and/or due to
erosion of Iberian Maseta and Massif Central, provided that
some of the lineages might have crossed the Pyrenees already
in Miocene (Popov et al., 2004).

The results presented here provide a valuable taxonomic
insight into the studied species as well as the entire
Echinogammarus berilloni group. The multilocus species
delimitation and the reconstructed phylogeny both support
presence of more than one taxonomical entity within
E. berilloni species (Figs. 1 and 2). The results of this study
also significantly change the views on species’ distribution.
Since the Ebl lineage is so far known only from the species’
locus typicus with two Iberian lineages, Eb3 and Eb4, being
known from limited areas of Spain, the Eb2 lineage is arguably
the only one being distributed on a wider area in Central
Europe (Fig. 1). Even though the sample material analysed
here is limited, it already indicates the probable shift in the
actual distribution area compared to the one presented before
(Pinkster, 1993), the phenomenon already observed in other
widely distributed amphipod species in Europe (e.g. Mamos
et al., 2016; Grabowski et al., 2017; Wattier et al., 2020).
Obtained results also support the need for further taxonomical
studies on Echinogammarus berilloni involving the compara-
tive morphological analyses, taking into account reported
species’ variability of multiple diagnostic characters (Pinkster,
1973).

The results presented here also add yet another piece of
evidence questioning the invasiveness of Echinogammarus
berilloni in Central Europe. Despite few studies indicating its
advantage over native gammarid species with confirmed cases
of their displacement, E. berilloni does not seem to exhibit all
the traits assigned to an invasive gammarid (Grabowski et al.,
2007; Schmidt-Drewello et al., 2016). The results presented
here indicate that only Eb2 lineage has managed to disperse
east of France and given what is known for the moment about
its distribution, it rejects the concept of a recent dispersal
directly from Iberian Peninsula. The findings of several
experimental studies conducted across distribution area of Eb2
lineage focusing on life history traits of E. berilloni indicated
high reproductive potential, increased salinity tolerance and
advantage in fish predation, however there was no direct
evidence supporting direct displacement of other gammarid
species (e.g. Piscart et al., 2011a; Médoc et al., 2015; Schmidt-
Drewello et al., 2016), also in some cases treating E. berilloni
as native to the region (e.g. Piscart et al., 2007; Piscart ef al.,
2011a,b). Although sightings of this species reported
throughout 20th century from Germany, Belgium, Netherlands
and Luxembourg suggest its recent expansion, the lack of
shared mitochondrial haplotypes between populations from
France and Germany presented here questions that assumption.
In case of a recent expansion, one would expect diversity
patterns observed for example in Dikerogammarus villosus,
a well-known recent gammarid invader (Rewicz ef al., 2015).
The haplotype diversity presented here suggests rather that,
although the expansion might have been facilitated by

establishment of artificial waterways connecting Loire and
Rhine in the 19th Century, the distribution and the gene flow
might have been seized already for some time. However, to
resolve that matter, more molecular evidence is needed,
especially from nuclear markers from the population present
easternmost, lacking in currently analysed dataset. That is why
the invasiveness of E. berilloni is put in doubt, but one cannot
exclude the possibility that only single lineage (in this case
Eb2) might present invasive potential. However, since genetic
diversity was not tested in those experimental studies, it is hard
to confidently resolve that matter.

In conclusion, the results of this study present an analysis
of molecular evidence on the long overlooked intraspecific
diversity in E. berilloni. This research serves as a solid starting
point for future studies on species’ taxonomy and ecology. It
also highlights the urgent need for further comprehensive
molecular and detailed morphological studies, particularly in
the framework of integrative taxonomy, combining both
morphological and molecular characters. The findings of this
study also have implications for future experimental research
on this species. It is known that the cryptic species belonging to
the same species complex could respond differently to various
stressors (Fiser ez al., 2018 and references therein). Given that
E. berilloni is being studied extensively across its distribu-
tional range (Médoc et al., 2015; Schmidt-Drewello et al.,
2016; Solagaistua et al., 2019), the implementation of
molecular identification of the studied individuals seems
necessary to fully understand the invasiveness of the species
and to provide a better comparability and reliability of obtained
results.

Supplementary Material

Supplementary File 1. MOTU delimitation (Tables S1.1
to S1.4)

Supplementary File 2. Time-calibrated phylogeny (Tables S2.1
to S2.6 and Figure S2.1)

Table S1. Material of Echinogammarus berilloni used in this
study

Table S2. Genetic pairwise K2p distances calculated for
individuals amplified for both mitochondrial and nuclear
molecular markers

The Supplementary Material is available at https://www.kmae-
journal.org/10.1051/kmae/2020038/0lm.
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