
Comparative mitogenomics of native European  
and alien Ponto-Caspian amphipods

Jan-Niklas Macher1,2,3, Eglė Šidagytė-Copilas2, Denis Copilaș-Ciocianu2

1 Naturalis Biodiversity Center, Darwinweg 2, 2333 CR, Leiden, Netherlands 2 Laboratory of Evolutionary 
Ecology of Hydrobionts, Nature Research Centre, Akademijos 2, 08412, Vilnius, Lithuania 3  Institute of 
Environmental Sciences (CML), Leiden University, Postbus 9518 2300 RA, Leiden, Netherlands

Corresponding authors: Jan-Niklas Macher (jan.macher@naturalis.nl);  
 Denis Copilaș-Ciocianu (denis.copilas-ciocianu@gamtc.lt)

Academic editor: Marcela Uliano-Silva  |  Received 4 May 2023  |  Accepted 19 June 2023  |  Published 9 August 2023

Citation: Macher J-N, Šidagytė-Copilas E, Copilaș-Ciocianu D (2023) Comparative mitogenomics of native 
European and alien Ponto-Caspian amphipods. NeoBiota 87: 27–44. https://doi.org/10.3897/neobiota.87.105941

Abstract
European inland surface waters are home to a rich diversity of native amphipod crustaceans, many of 
which face threats from invasive Ponto-Caspian counterparts. In this study, we analyse mitochondrial 
genomes to deduce phylogenetic relationships and compare gene order and nucleotide composition 
between representative native European and invasive Ponto-Caspian taxa across five families, ten genera 
and 20 species (with 13 newly sequenced herein). We observe various gene rearrangement patterns in 
the phylogenetically diverse native species pool. Pallaseopsis quadrispinosa and Synurella ambulans exhibit 
notable deviations from the typical organisation, featuring extensive translocations of tRNAs and the 
nad1 gene, as well as a tRNA-F polarity switch in the latter. The monophyletic invasive Ponto-Caspian 
gammarids display a conserved gene order, primarily differing from native species by a tRNA-E and 
tRNA-R translocation, which reinforces previous findings. However, Chaetogammarus warpachowskyi 
shows extensive rearrangement with translocations of six tRNAs. The invasive corophiid, Chelicorophium 
curvispinum, maintains a highly conserved gene order despite its distant phylogenetic position. We also 
discover that native species have a significantly higher GC and lower AT content compared to invasive 
species. The mitogenomic differences observed between native and invasive amphipods warrant further 
investigation and could provide insights into the mechanisms underlying invasion success.
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Introduction

The European continent harbours a vast diversity of inland amphipod crustaceans, 
found in surface or subterranean, fresh or brackish waters (Barnard and Barnard 
1983; Väinölä et al. 2008; Borko et al. 2021; Copilaș-Ciocianu and Sidorov 2022). 
Moreover, this diversity is significantly underestimated due to the widespread preva-
lence of cryptic species (Copilaş-Ciocianu et al. 2018; Eme et al. 2018; Wattier et al. 
2020; Bystřický et al. 2022). However, a substantial proportion of this fauna faces 
threats from invasive species, climate change, eutrophication and other anthropogenic 
factors (Fišer et al. 2010; Rewicz et al. 2014; Maximov 2021; Arbačiauskas et al. 2022). 
One of the main challenges native amphipods encounter is competition and potential 
extinction due to the spread of invasive counterparts, particularly those originating 
from the Ponto-Caspian Basin (Rewicz et al. 2014; Arbačiauskas et al. 2017; Copilaș-
Ciocianu et al. 2023a; Dobrzycka-Krahel et al. 2023).

The Ponto-Caspian region encompasses the Azov, Black, Caspian and Aral seas, 
as well as the lower stretches of their tributaries (Copilaș-Ciocianu et al. 2023a). This 
area is characterised by a unique endemic fauna, particularly adapted to wide salinity 
fluctuations (Reid and Orlova 2002; Paiva et al. 2018). Due to their environmental 
tolerance, many Ponto-Caspian endemics have become invasive, expanding their range 
beyond native borders, mainly colonising European inland waters and even reaching 
other continents (Bij de Vaate et al. 2002; Copilaș-Ciocianu et al. 2023a). Amphipods 
represent one of the most successful groups, with up to 40% of the species pool spread-
ing outside their native range during the last century, mainly due to increased shipping 
activity, construction of canals and intentional introductions (Arbačiauskas et al. 2011; 
Copilaș-Ciocianu et al. 2023a). Invasive Ponto-Caspian amphipods can be competi-
tively superior to the native species they encounter along invasion routes, leading to 
the native species decline and eventual extinction (Dermott et al. 1998; Grabowski et 
al. 2007, 2009; Bacela-Spychalska and van der Velde 2013; Šidagytė and Arbačiauskas 
2016; Minchin et al. 2019).

Comparative studies involving both native and invasive species are essential for 
understanding invasion success. However, the underlying molecular and genetic 
mechanisms behind the success of Ponto-Caspian species invading new areas are not 
well-known and research is still in its early stages (Adrian-Kalchhauser et al. 2020; 
Mamos et al. 2021). The mitochondrial genome is a good candidate for comparative 
molecular studies, as mitochondria are crucial for the functioning of multicellular life 
and complete mitochondrial genomes are relatively inexpensive and easy to sequence 
due to recent advances in high-throughput sequencing and bioinformatic pipelines 
(Trevisan et al. 2019; Macher et al. 2020). Given that studies generally reveal strong 
differentiation in respiratory function amongst native and invasive aquatic species 
(Lenz et al. 2011; Lagos et al. 2017a, 2017b; Hraoui et al. 2020), it is reasonable to 
assume that the structure of the mitochondrial genome may provide insights into 
invasion success.
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To date, relatively few mitochondrial genomes are available for invasive Ponto-
Caspian amphipods and native European species, many of which were obtained from 
transcriptomic data and are, thus, of varying reliability (Krebes and Bastrop 2012; 
Macher et al. 2017; Cormier et al. 2018; Bojko 2020; Mamos et al. 2021). Of the 
13 widespread invasive Ponto-Caspian species, the mitochondrial genomic structure 
is reliably known for four species from two genera (Dikerogammarus bispinosus, 
D. haemobaphes, D. villosus and Pontogammarus robustoides), while the mitogenome 
of Obesogammarus crassus is only known from transcriptomic reads, resulting in some 
regions having low coverage and potentially reduced reliability (Mamos et al. 2021). 
With respect to native European species, the situation is more severe, as reliable 
mitogenomes are available for only four species out of several dozen (and possibly 
hundreds of species): Gammarus duebeni, G. fossarum, G. lacustris and G. roeselii. 
(Krebes and Bastrop 2012; Macher et al. 2017; Cormier et al. 2018; Sun et al. 2020), 
while four more species have mitogenomes assembled from transcriptomic reads 
(G. pulex, G. wautieri, Echinogammarus berilloni and Pectenogammarus veneris) (Cogne 
et al. 2019; Mamos et al. 2021). For the purpose of this study, we treat G. roeselii as a 
native south-east European species, although we acknowledge its non-native status in 
central-western Europe (Csapó et al. 2020).

In this study, we compare the mitochondrial gene order, nucleotide composition 
and assess the phylogenetic relationships of native European and invasive Ponto-Caspian 
amphipods. We present a significantly expanded dataset that includes mitochondrial ge-
nomes representing most major native and invasive species in Europe. We present the first 
mitochondrial genomes of native Synurella ambulans, Pallaseopsis quadrispinosa, G. jazdze-
wskii and G. varsoviensis, the first DNA-based mitogenome for G. pulex and the first 
mitogenome of G. lacustris from Europe (previously sequenced only from the Tibetan Pla-
teau (Sun et al. 2020)). Regarding the invasive species, we present the first mitogenomes 
for Chaetogammarus ischnus and C. warpachowskyi, the first DNA-based mitogenome for 
O. crassus and additional mitogenomes for D. haemobaphes, D. villosus and P. robustoides. 
Lastly, we present the first mitogenome for Chelicorophium curvispinum, the most wide-
spread Ponto-Caspian corophiid amphipod. Our study provides new insights into the 
mitochondrial genomes of native European and invasive Ponto-Caspian amphipods, en-
hancing our understanding of their phylogenetic relationships and potentially uncovering 
key factors contributing to the invasion success of these ecologically important species.

Materials and methods

Sampling, laboratory protocols and sequencing

Animals used in the analyses were collected from Lithuania, Poland and Latvia be-
tween 2018 and 2020 using kick-sampling with a hand net (see Suppl. material 1 
for detailed locality information). Specimens were stored in 96% ethanol in the 
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field. Afterwards, the ethanol was exchanged several times and the material was 
stored at –20 °C. Specimens were identified using relevant keys (Eggers and Mar-
tens 2001; Copilaş-Ciocianu et al. 2014; Copilaș-Ciocianu and Sidorov 2022). The 
taxonomy of the focal taxa follows the most recent updates (Hou and Sket 2016; 
Sket and Hou 2018; Copilaș-Ciocianu and Sidorov 2022; Garcia-Paris et al. 2023; 
Horton et al. 2023).

We dissected the dorsal half of the animal (from head to urosome) using micro-
surgical scissors and fine needles to avoid contamination from the gut and extracted 
genomic DNA using the Quick-DNA Miniprep Plus Kit (Zymo Research) with the 
lysis step prolonged overnight. All specimens selected for high-throughput sequenc-
ing were also DNA-barcoded using the protocols described in Copilaş-Ciocianu et al. 
(2022) to further confirm morphological identifications.

After DNA extraction, we assessed quantity and fragment length of the genomic 
DNA using a FragmentAnalyzer (Agilent, USA). To fragment the DNA, the Covaris 
M220 system (Covaris, UK) was used targeting a fragment size of 250 base pairs. 
The fragmented DNA was then checked again on the FragmentAnalyzer system to 
confirm the quantity and length of fragments. The NEBNext Ultra II DNA Library 
Prep Kit and corresponding NEBNext Multiplex Oligos for Illumina were used to 
prepare shotgun genomic libraries following the manufacturer’s protocol. The final 
library concentration and fragment size were confirmed on a TapeStation (Agilent) be-
fore manual equimolar pooling of samples. A negative control was processed together 
with the samples. It did not show any DNA when measured on FragmentAnalyzer and 
TapeStation before sequencing and was, therefore, not sequenced. The final library was 
sequenced using the Illumina NovaSeq 6000 platform with 2 × 150 bp read length at 
Macrogen Europe.

Bioinformatics, mitochondrial genome assembly and annotation

Raw data were checked for low-quality samples using the FastQC software and 
Illumina adapters were trimmed using Trimmomatic (Bolger et al. 2014). Strict 
quality filtering was applied to trimmed reads using vsearch, with reads truncated 
at the first base with a phred score < 15. Reads shorter than 100 bp were excluded 
from subsequent analysis. Per sample, ten million quality-checked reads were as-
sembled using Megahit (Li et al. 2015) on the Naturalis high-performance cluster, 
with kmer lengths ranging from 15 to 115. The resulting contigs were imported 
into Geneious Prime (v.2022.2) and BLAST searches were conducted against a 
manually compiled reference library of amphipod mitochondrial genes (Macher 
et al. 2017; Mamos et al. 2021) downloaded from NCBI GenBank (https://www.
ncbi.nlm.nih.gov/genbank/). Contigs were identified as potential mitochondria, 
based on BLAST results and contig lengths (between 10,000 and 20,000 bp). Po-
tential mitochondrial contigs were subsequently annotated using Mitos2 (Donath 
et al. 2019). Annotations were manually checked and refined in Geneious Prime 
and gene sequences (nucleotide and protein) were extracted for subsequent phylo-
genetic analyses.

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
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Nucleotide composition

We added the 13 mitogenomes obtained in this study to seven mitogenomes from 
previous studies, totalling 20 species, of which eight were Ponto-Caspian invaders and 
12 native species (Table 1). Nucleotide composition was calculated for the entire mi-
togenomes using MEGA 6 (Tamura et al. 2013). To visualise patterns of composition 
amongst species, the percentage matrix of each of the four nucleotides was subjected to 
a Principal Component Analysis (PCA) using a variance-covariance matrix. A Permu-
tational Multivariate Analysis of Variance (PERMANOVA) test with 9,999 permuta-
tions was used to detect differences in nucleotide composition between the native and 
invasive species groups. Furthermore, GC and AT content were separately compared 
between native and invasive species using a Mann-Whitney test. All analyses were con-
ducted with PAST 4.10 (Hammer et al. 2001).

Table 1. Overview of the species used in the comparative analyses.

Family Species NCBI 
accession 
number

Status Mitogenome 
length (bp)

A % T % G % C % Source

Corophiidae Chelicorophium 
curvispinum1

CC6 Invasive 14867 37.8 30.6 12.6 19.1 This study

Gammaridae Chaetogammarus 
warpachowskyi1

CW4 Invasive 17336 35.2 35.9 10.9 18.0 This study

Gammaridae Chaetogammarus ischnus1 EI4 Invasive 14694 32.5 33.9 12.1 21.5 This study
Gammaridae Dikerogammarus bispinosus OK173840 Invasive 15336 33.9 36.6 11.1 18.3 Mamos et al. 

(2021)
Gammaridae Dikerogammarus 

haemobaphes1

DH3 Invasive 15258 31.9 34.2 13.1 20.9 This study*

Gammaridae Dikerogammarus villosus1 DV4 Invasive 15176 32.7 35.1 12.3 19.9 This study*
Pontogammaridae Obesogammarus crassus1 OC4 Invasive 15838 33.6 37.5 11.3 17.6 This study†
Pontogammaridae Pontogammarus 

robustoides1

PR4 Invasive 15917 33.3 36.2 11.8 18.7 This study*

Crangonyctidae Synurella ambulans SA1 Native 15652 32.2 30.8 13.3 23.6 This study
Gammaridae Gammarus duebeni JN704067 Native 15651 32.5 22.0 31.5 14.0 Krebes and 

Bastrop (2012)
Gammaridae Gammarus fossarum KY197961 Native 15989 32.0 22.0 33.2 12.9 Macher et al. 

(2017)
Gammaridae Gammarus lacustris GL1 Native 18195 31.1 32.8 13.3 22.8 This study*
Gammaridae Gammarus jazdzewskii GZ1 Native 16136 34.6 34.4 11.4 19.5 This study
Gammaridae Gammarus pulex GP2 Native 14886 33.1 34.0 12.2 20.7 This study†
Gammaridae Gammarus roeselii MG779536 Native/

Non-native
16073 33.9 32.9 12.3 20.9 Cormier et al. 

(2018)
Gammaridae Gammarus varsoviensis GV1 Native 15482 31.1 32.8 13.2 22.8 This study
Gammaridae Gammarus wautieri BK059229 Native 13927 32.4 22.2 34.2 11.2 Cogne et al. 

(2019), Mamos 
et al. (2021)†

Gammaridae Echinogammarus berilloni BK059223 Native 14454 30.2 26.9 28.0 14.9 Cogne et al. 
(2019), Mamos 
et al. (2021)†

Gammaridae Pectenogammarus veneris BK059233 Native 14369 34.1 22.2 31.4 12.4 Cogne et al. 
(2019), Mamos 
et al. (2021)†

Pallaseidae Pallaseopsis quadrispinosa PQ1 Native 16147 30.9 30.9 15.3 22.9 This study
1 – Ponto-Caspian species; * – species whose mitogenomes were also sequenced in previous studies; † – species whose mitogenomes were 
previously assembled from RNA sequences.

http://www.ncbi.nlm.nih.gov/nuccore/OK173840
http://www.ncbi.nlm.nih.gov/nuccore/JN704067
http://www.ncbi.nlm.nih.gov/nuccore/KY197961
http://www.ncbi.nlm.nih.gov/nuccore/MG779536
http://www.ncbi.nlm.nih.gov/nuccore/BK059229
http://www.ncbi.nlm.nih.gov/nuccore/BK059223
http://www.ncbi.nlm.nih.gov/nuccore/BK059233
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Phylogenetic analyses

The purpose of these analyses was to place the focal taxa within the broader phylogenetic 
context of Amphipoda. In total, the data obtained in this study were combined with 
an additional 62 mitogenomes from literature, representing 25 families and 59 species, 
including one isopod outgroup, Ligia oceanica (see Suppl. material 1 for further details). 
The analyses were based on the 13 protein-coding genes and excluded the large (16S 
rRNA) and small (12S rRNA) ribosomal subunits. Protein-coding genes evolve in a more 
predictable manner than the erratic ribosomal units and can be confidently aligned. Each 
of the 13 genes was aligned separately by codon using MUSCLE (Edgar 2004) imple-
mented in MEGA 6 with default options. All nucleotide alignments were protein trans-
lated using the invertebrate mitochondrial genetic code (translation table 5). Individual 
gene alignments were concatenated using SequenceMatrix (Vaidya et al. 2011). Both 
nucleotide and translated protein sequences were used in the phylogenetic analyses. The 
concatenated nucleotide matrix had a total length of 11,047 bp, while the protein matrix 
was 3,682 amino acids long. The best partitioning schemes (by codon) and evolutionary 
models for the nucleotide data were selected with PartitionFinder 2 (Lanfear et al. 2016).

Phylogenetic analyses were conducted within a Bayesian (BI) framework with Phy-
lobayes MPI 1.8c (Lartillot et al. 2013) and a maximum-likelihood (ML) framework with 
IQ-Tree 2.1.2 (Nguyen et al. 2015). Phylobayes nucleotide analyses were run for 10000 
cycles using the GTR exchange rates and the CAT profile mixture. Convergence, mixing 
and effective samples size were checked by examining the relative differences amongst 
chains (< 0.2), as well as using Tracer 1.7 (Rambaut et al. 2018). IQ-Tree nucleotide 
analyses were run under an edge-linked model with each partition having an independ-
ent evolutionary model selected with PartitionFinder 2. Node support was assessed using 
1000 ultrafast bootstrap replicates (Hoang et al. 2018). The protein phylogenetic analyses 
were run with the general metazoan mitochondrial amino acid substitution model (Mt-
ZOA) (Rota-Stabelli et al. 2009) for both Phylobayes and IQ-tree with the same settings 
as for nucleotides. All phylogenetic analyses were carried out using the computational 
infrastructure available at the CIPRES Science Gateway (Miller et al. 2010).

Data accessibility

All mitochondrial genomes are available in NCBI GenBank, accession numbers 
OR233270–OR233282, as well as on Figshare (DOI: 10.6084/m9.figshare.22753487).

Results

Mitochondrial genomic structure

All samples yielded high-quality reads that could be assembled into complete mi-
tochondrial genomes containing the expected number of 13 protein-coding genes, 
large and small-subunit rRNA and 22 transfer RNAs. Mitogenome length varied 

http://www.ncbi.nlm.nih.gov/nuccore/OR233270
http://www.ncbi.nlm.nih.gov/nuccore/OR233282
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between 14,694 bp (C. ischnus) and 18,195 bp (G lacustris); see Table 1 for length of 
all mitogenomes. In most cases, the inferred gene order is similar between the native 
and invasive Ponto-Caspian species. The most observed difference is a translocation 
of the tRNA-E and tRNA-R, which aligns with previous observations, based on less 
extensive taxonomic datasets (Bojko 2020; Mamos et al. 2021). However, there are 
also a few rather contrasting patterns of variation between the native and invasive 
groups (Fig. 1). The native species exhibit three general patterns: (1) minor trans-
locations (swaps) between tRNAs (tRNA-N, tRNA-E and tRNA-R) as observed in 
G. roeselii and G. varsoviensis; (2) significant translocations of multiple tRNAs and 
the NADH dehydrogenase 1 gene (nad1) in P. quadrispinosa and S. ambulans; (3) 
a polarity switch of the tRNA-F in S. ambulans. The gene arrangement in the Pon-
to-Caspian gammarids is identical in all studied species, except C. warpachowskyi, 
which shows a significant departure with the translocation of six tRNAs. The gene 
order in the Ponto-Caspian alien corophiid C. curvispinum is identical to that of 
most native species (Fig. 1). In general, the gene arrangements appear to follow phy-
logenetic relationships.

Nucleotide composition

Multivariate analyses indicate a significant differentiation with respect to nucleotide 
composition between the native and invasive species. The PCA scatterplot indicates a 
modest overlap between native and invasive groups in multivariate space, with the first 
two axes explaining 98% of the observed variance (Fig. 2A). The separation is further 
confirmed by PERMANOVA testing which indicates significant differences between 
the two groups (F = 6.257, p = 0.01). The invasive species are generally associated 
with a higher AT content, while native species with a higher GC content, although 
with a large variation in GC content of native species, is observed. Further univariate 
comparisons using Mann-Whitney tests reveal that invasive species have a significantly 
higher AT and significantly lower GC content than the native species (mean AT% 
invasive = 68.86, mean AT% native = 60.99, z = 3.04, p = 0.001; mean GC% invasive = 31.15, 
mean GC% native = 38.97, z = 3.48, p = 0.001) (Fig. 2B).

Phylogenetic analyses

Phylogenetic analyses revealed congruent relationships between methods (BI and 
ML) and datasets (nucleotides and amino acids) (Fig. 3). Disagreements were ob-
served only at unsupported nodes. The native European inland water species are 
phylogenetically diverse, interspersed between two main superfamilies, the Gam-
maroidea and Crangonyctoidea. Although the alien Ponto-Caspian species also be-
long to two main superfamilies, Gammaroidea and Corophioidea, the gammarids 
form a strongly-supported monophylum. Our analyses reveal for the first time 
the phylogenetic position of P. quadrispinosa, confirming it as a sister species to 
the Baikal endemic P. kessleri and ultimately part of the Baikal Lake acanthogam-
marid radiation.
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Discussion

The patterns of mitogenomic rearrangements observed in this study are consistent with 
the diversity that has been observed in other amphipod clades, ranging from major 
differentiation at generic levels to highly conserved between divergent clades (Bauzà-
Ribot et al. 2009; Stokkan et al. 2016; Li et al. 2019; Zapelloni et al. 2021). The mi-
togenomic phylogenetic relationships obtained herein are also in agreement with other 
phylogenetic studies, based on nuclear and mitochondrial markers (Copilaş-Ciocianu 
et al. 2020).

Our study reveals that the native inland European amphipods can exhibit substan-
tial differences with respect to mitogenomic organisation, while the alien Ponto-Caspi-
an species are more conservative. This is not unexpected given the greater phylogenetic 
disparity amongst the native species. However, the organisation patterns seem not al-
ways to be phylogeny driven. For example, C. curvispinum, which is distantly related to 
the other focal species in this study, exhibits a conserved gene arrangement, identical to 
that of most native species. On the other hand, P. quadrispinosa is more closely related 
to other native gammarids, yet it diverges significantly with respect to gene order. In 
fact, the gene order of P. quadrispinosa is identical to that of its congener from Lake 
Baikal, P. kessleri (Romanova et al. 2016). Our study confirms for the first time with 
molecular data the phylogenetic position of this species, which is a glacial relict that has 
almost become extinct in Central Europe due to climate warming and eutrophication 
(Meßner and Zettler 2021; Arbačiauskas et al. 2022). The peculiar mitogenomic struc-
ture of Pallaseopsis is outstanding even amongst other Baikalian amphipods (Rivarola-
Duarte et al. 2014; Romanova et al. 2014, 2016, 2021), possibly reflecting intense 
periods of selection (Naumenko et al. 2017; Romanova and Sherbakov 2019).
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Figure 2. Differentiation of native European and invasive Ponto-Caspian amphipod species with respect 
to nucleotide composition across the entire mitochondrial genome. A) PCA scatterplot depicting mul-
tivariate differentiation across all four nucleotides; B) boxplots comparing AT and GC content between 
native and invasive species.
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Figure 3. Amino acid Bayesian phylogeny, based on 13 mitochondrial protein-coding genes depicting the 
evolutionary relationships amongst the focal taxa (highlighted with colour). Native European surface-dwelling 
species are shown with green shading, while invasive Ponto-Caspian species are in purple. Stars indicate taxa 
sequenced in this study. Green circles indicate nodes that received strong support in all analyses. Nodes with 
numbers received moderate to strong support. Numbers above nodes indicate statistical support (posterior 
probabilities—PP; ultrafast bootstrap—UFBS) for amino acid-based trees; below nodes for nucleotide-based 
trees. Nodes that are not annotated received weak/no support (PP < 0.5, UFBS < 50%). Inset photographs 
from top to bottom: G. fossarum, P. quadrispinosa, C. warpachowskyi and S. ambulans (D. Copilaș-Ciocianu).
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The native crangonyctid S. ambulans is phylogenetically very distant from the native 
gammarids and its mitogenomic structure is highly distinct as well. Several tRNAs and 
the nad1 gene in S. ambulans have undergone translocations. Moreover, we detected a 
switch to a positive polarity of the tRNA-F gene, which normally is found on the minus-
strand in amphipods. This pattern is partially phylogeny-driven, because the available 
mitogenomes of other crangonyctids seem to be generally conserved, but in some cases 
can show significant transpositions (Benito et al. 2021). The remaining native gammarids 
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(Echinogammarus, Gammarus and Pectenogammarus) possess a conserved mitogenomic 
structure, with the main differences involving minor translocations of tRNAs, particu-
larly between tRNA-E and tRNA-R. The mitogenome of G. varsoviensis exhibits a previ-
ously-unknown translocation of the tRNA-N, situated between tRNA-R and tRNA-E.

The alien Ponto-Caspian gammarids exhibit a more conserved gene order than 
their native counterparts. Apart from the phylogenetically distant C. warpachowskyi, 
all species have identical mitogenomic structures. They differ from native species due 
to a swap between tRNA-E and tRNA-R, a pattern observed in previous studies with 
less taxonomically comprehensive datasets (Bojko 2020; Mamos et al. 2021). How-
ever, we demonstrate that this does not apply to all Ponto-Caspian gammarids, as 
C. warpachowskyi exhibits significant differences from this pattern with translocations 
of six tRNAs. This deviation may be attributable to its phylogenetic position, since this 
species is more distantly related to other Ponto-Caspian gammarids and should be as-
signed to a new genus (Copilaş-Ciocianu et al. 2022; Copilaș-Ciocianu et al. 2023b). 
Sequencing additional mitogenomes from Ponto-Caspian gammaroidean species will 
likely uncover further gene rearrangement patterns, as only seven of 82 species have 
been sequenced so far (Copilaș-Ciocianu and Sidorov 2022).

Aside from gene order, we discovered substantial differentiation in nucleotide com-
position between native and invasive Ponto-Caspian species. Invasive species possess 
significantly more AT-rich mitogenomes than natives, while natives exhibit higher GC 
content. This finding suggests that invasive species may have longer non-coding re-
gions or that native species have protein-coding genes with higher GC content, which 
overall indicates more compact mitogenomes in the latter (Romanova et al. 2020; Sun 
et al. 2022). The relationship between this differentiation in GC content and invasion 
ability remains unclear, but it could potentially open new avenues for research.

With respect to phylogenetic relationships, our study is in broad agreement with 
previous molecular work. We further confirm the phylogenetic disparity of the na-
tive species pool, mirroring previous multilocus phylogenies (Copilaş-Ciocianu 
et al. 2020). Specifically, we corroborate the polyphyly of the genus Gammarus by 
recovering the two main Baikal gammarid radiations (Acanthogammaridae and 
Micruropodidae+Macrohectopidae) as nested within it (Hou and Sket 2016; Ro-
manova et al. 2016; Naumenko et al. 2017; Mamos et al. 2021) and, for the first time, 
confirm with molecular data that P. quadrispinosa is indeed of Baikalian origin. Our 
trees also show that crangonyctids are more distantly related to gammarids than the 
current morphology-based classification suggests (Lowry and Myers 2017). Regarding 
the invasive Ponto-Caspian species, we confirm the monophyly of the gammaroids 
(Hou et al. 2014) and reveal for the first time the position of C. curvispinum.

Conclusion

Our comparative analyses highlight substantial differentiation between the mitog-
enomes of native European and invasive Ponto-Caspian amphipod crustacean spe-
cies. Native species, being more phylogenetically diverse, display varied mitogenomic 
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configurations and higher GC content compared to the less phylogenetically dispersed 
invasive species, which exhibit highly conserved gene order and increased AT content. 
We propose that these differences are not solely determined by phylogeny, as gene or-
der conservation can vary across phylogenetic depths, but may also be shaped by other 
evolutionary factors including selective pressure. Exploring the biological implications 
of these mitogenomic distinctions between native and invasive amphipods may pro-
vide insight into the adaptive mechanisms that contribute to invasion success.

Acknowledgements

This study was financed by the Research Council of Lithuania (Contract No. 
S-MIP-20-26).

References

Adrian-Kalchhauser I, Blomberg A, Larsson T, Musilova Z, Peart CR, Pippel M, Solbakken 
MH, Suurväli J, Walser JC, Wilson JY, Alm Rosenblad M, Burguera D, Gutnik S, Michiels 
N, Töpel M, Pankov K, Schloissnig S, Winkler S (2020) The round goby genome provides 
insights into mechanisms that may facilitate biological invasions. BMC Biology 18(1): 11. 
https://doi.org/10.1186/s12915-019-0731-8

Arbačiauskas K, Višinskienė G, Smilgevičienė S, Rakauskas V (2011) Non-indigenous mac-
roinvertebrate species in Lithuanian fresh waters, Part 1: Distributions, dispersal and 
future. Knowledge and Management of Aquatic Ecosystems 12(402): 12. https://doi.
org/10.1051/kmae/2011075

Arbačiauskas K, Šidagytė E, Šniaukštaitė V, Lesutienė J (2017) Range expansion of Ponto-
Caspian peracaridan Crustaceans in the Baltic Sea basin and its aftermath: Lessons from 
Lithuania. Aquatic Ecosystem Health & Management 20: 393–401. 

Arbačiauskas K, Smith C, Audzijonyte A (2022) Does the Ice Age legacy end in Central 
Europe? The shrinking distributions of glacial relict crustaceans. bioRxiv: 1–15. https://doi.
org/10.1101/2022.11.23.517644

Bacela-Spychalska K, van der Velde G (2013) There is more than one ‘killer shrimp’: Trophic 
positions and predatory abilities of invasive amphipods of Ponto-Caspian origin. Freshwa-
ter Biology 58(4): 730–741. https://doi.org/10.1111/fwb.12078

Barnard JL, Barnard CM (1983) Freshwater Amphipoda of the world. Hayfield Associates, Mt. 
Vernon, Virginia, 830 pp.

Bauzà-Ribot MM, Jaume D, Juan C, Pons J (2009) The complete mitochondrial genome 
of the subterranean crustacean Metacrangonyx longipes (Amphipoda): A unique gene or-
der and extremely short control region. Mitochondrial DNA 20(4): 88–99. https://doi.
org/10.1080/19401730902964417

Benito JB, Porter ML, Niemiller ML (2021) The mitochondrial genomes of five spring and 
groundwater amphipods of the family Crangonyctidae (Crustacea: Amphipoda) from 

https://doi.org/10.1186/s12915-019-0731-8
https://doi.org/10.1051/kmae/2011075
https://doi.org/10.1051/kmae/2011075
https://doi.org/10.1101/2022.11.23.517644
https://doi.org/10.1101/2022.11.23.517644
https://doi.org/10.1111/fwb.12078
https://doi.org/10.1080/19401730902964417
https://doi.org/10.1080/19401730902964417


Comparative mitogenomics of native European and alien Ponto-Caspian amphipods 39

eastern North America. Mitochondrial DNA. Part B, Resources 6(6): 1662–1667. 
https://doi.org/10.1080/23802359.2021.1926350

Bij de Vaate A, Jazdzewski K, Ketelaars HAM, Gollasch S, van der Velde G (2002) Geographi-
cal patterns in range extension of Ponto-Caspian macroinvertebrate species in Europe. 
Canadian Journal of Fisheries and Aquatic Sciences 59(7): 1159–1174. https://doi.
org/10.1139/f02-098

Bojko J (2020) The mitochondrial genome of UK (non-native) Dikerogammarus haemobaphes 
(Amphipoda: Gammaridae) informs upon Dikerogammarus evolution, invasions and asso-
ciated microparasites. Hydrobiologia 847(1): 229–242. https://doi.org/10.1007/s10750-
019-04084-1

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: A flexible trimmer for Illumina sequence 
data. Bioinformatics (Oxford, England) 30(15): 2114–2120. https://doi.org/10.1093/bio-
informatics/btu170

Borko Š, Trontelj P, Seehausen O, Moškrič A, Fišer C (2021) A subterranean adaptive radiation 
of amphipods in Europe. Nature Communications 12(1): 3688. https://doi.org/10.1038/
s41467-021-24023-w

Bystřický PK, Rutová T, Brož V, Gajdošová M, Juračka PJ, Copilaş‐Ciocianu D, Petrusek A (2022) 
Distribution patterns at different spatial scales reveal reproductive isolation and frequent synto-
py among divergent lineages of an amphipod species complex in Western Carpathian streams. 
Limnology and Oceanography 67(12): 2796–2808. https://doi.org/10.1002/lno.12239

Cogne Y, Degli-Esposti D, Pible O, Gouveia D, François A, Bouchez O, Eché C, Ford A, 
Geffard O, Armengaud J, Chaumot A, Almunia C (2019) De novo transcriptomes of 14 
gammarid individuals for proteogenomic analysis of seven taxonomic groups. Scientific 
Data 6(1): 184. https://doi.org/10.1038/s41597-019-0192-5

Copilaș-Ciocianu D, Sidorov D (2022) Taxonomic, ecological and morphological diversity of 
Ponto-Caspian gammaroidean amphipods: A review. Organisms, Diversity & Evolution 
22(2): 285–315. https://doi.org/10.1007/s13127-021-00536-6

Copilaş-Ciocianu D, Grabowski M, Pârvulescu L, Petrusek A (2014) Zoogeography of epigean 
freshwater amphipoda (Crustacea) in Romania: Fragmented distributions and wide al-
titudinal variability. Zootaxa 3893: 243–260. https://doi.org/10.11646/zootaxa.3893.2.5

Copilaş-Ciocianu D, Zimţa A-A, Grabowski M, Petrusek A (2018) Survival in northern micro-
refugia in an endemic Carpathian gammarid (Crustacea: Amphipoda). Zoologica Scripta 
47(3): 357–372. https://doi.org/10.1111/zsc.12285

Copilaş-Ciocianu D, Borko Š, Fišer C (2020) The late blooming amphipods: Global change 
promoted post-Jurassic ecological radiation despite Palaeozoic origin. Molecular Phyloge-
netics and Evolution 143: 106664. https://doi.org/10.1016/j.ympev.2019.106664

Copilaş-Ciocianu D, Rewicz T, Sands AF, Palatov D, Marin I, Arbačiauskas K, Hebert PDN, 
Grabowski M, Audzijonyte A (2022) A DNA barcode reference library for endemic Ponto-
Caspian amphipods. Scientific Reports 12(1): 11332. https://doi.org/10.1038/s41598-022-
15442-w

Copilaș-Ciocianu D, Sidorov D, Šidagytė-Copilas E (2023a) Global distribution and diver-
sity of alien Ponto-Caspian amphipods. Biological Invasions 25(1): 179–195. https://doi.
org/10.1007/s10530-022-02908-1

https://doi.org/10.1080/23802359.2021.1926350
https://doi.org/10.1139/f02-098
https://doi.org/10.1139/f02-098
https://doi.org/10.1007/s10750-019-04084-1
https://doi.org/10.1007/s10750-019-04084-1
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1038/s41467-021-24023-w
https://doi.org/10.1038/s41467-021-24023-w
https://doi.org/10.1002/lno.12239
https://doi.org/10.1038/s41597-019-0192-5
https://doi.org/10.1007/s13127-021-00536-6
https://doi.org/10.11646/zootaxa.3893.2.5
https://doi.org/10.1111/zsc.12285
https://doi.org/10.1016/j.ympev.2019.106664
https://doi.org/10.1038/s41598-022-15442-w
https://doi.org/10.1038/s41598-022-15442-w
https://doi.org/10.1007/s10530-022-02908-1
https://doi.org/10.1007/s10530-022-02908-1


Jan-Niklas Macher et al.  /  NeoBiota 87: 27–44 (2023)40

Copilaș-Ciocianu D, Palatov D, Rewicz T, Sands AF, Arbačiauskas K, van Haaren T, Hebert 
PDN, Grabowski M, Marin I (2023b) A widespread Ponto-Caspian invader with a mistak-
en identity: integrative taxonomy elucidates the confusing taxonomy of Trichogammarus 
trichiatus (=Echinogammarus) (Crustacea: Amphipoda). Zoological Journal of the Linnean 
Society 198(3): 1–26. https://doi.org/10.1093/zoolinnean/zlad010

Cormier A, Wattier R, Teixeira M, Rigaud T, Cordaux R (2018) The complete mitochondrial 
genome of Gammarus roeselii (Crustacea, Amphipoda): Insights into mitogenome plasticity 
and evolution. Hydrobiologia 825(1): 197–210. https://doi.org/10.1007/s10750-018-3578-z

Csapó H, Krzywoźniak P, Grabowski M, Wattier R, Bącela-Spychalska K, Mamos T, Jelić M, 
Rewicz T (2020) Successful post-glacial colonization of Europe by single lineage of fresh-
water amphipod from its Pannonian Plio-Pleistocene diversification hotspot. Scientific Re-
ports 10(1): 18695. https://doi.org/10.1038/s41598-020-75568-7

Dermott R, Witt J, Um YM, González M (1998) Distribution of the Ponto-Caspian Amphi-
pod Echinogammarus ischnus in the Great Lakes and Replacement of Native Gammarus fas-
ciatus. Journal of Great Lakes Research 24(2): 442–452. https://doi.org/10.1016/S0380-
1330(98)70834-2

Dobrzycka-Krahel A, Stepien CA, Nuc Z (2023) Neocosmopolitan distributions of inverte-
brate aquatic invasive species due to euryhaline geographic history and human-mediated 
dispersal: Ponto-Caspian versus other geographic origins. Ecological Processes 12(1): 2. 
https://doi.org/10.1186/s13717-022-00412-x

Donath A, Jühling F, Al-Arab M, Bernhart SH, Reinhardt F, Stadler PF, Middendorf M, 
Bernt M (2019) Improved annotation of protein-coding genes boundaries in metazoan 
mitochondrial genomes. Nucleic Acids Research 47(20): 10543–10552. https://doi.
org/10.1093/nar/gkz833

Edgar RC (2004) MUSCLE: Multiple sequence alignment with high accuracy and high through-
put. Nucleic Acids Research 32(5): 1792–1797. https://doi.org/10.1093/nar/gkh340

Eggers TO, Martens A (2001) A key to the freshwater Amphipoda (Crustacea) of Germany. 
Lauterbornia 42: 1–68.

Eme D, Zagmajster M, Delić T, Fišer C, Flot J-F, Konecny-Dupré L, Pálsson S, Stoch F, Zakšek 
V, Douady CJ, Malard F (2018) Do cryptic species matter in macroecology? Sequencing 
European groundwater crustaceans yields smaller ranges but does not challenge biodiver-
sity determinants. Ecography 41(2): 424–436. https://doi.org/10.1111/ecog.02683

Fišer C, Konec M, Kobe Z, Osanič M, Gruden P, Potočnik H (2010) Conservation problems 
with hypothelminorheic Niphargus species (Amphipoda: Niphargidae). Aquatic Conserva-
tion 20(5): 602–604. https://doi.org/10.1002/aqc.1119

Garcia-Paris M, Jurado-Angulo P, Rodriguez-Flores PC, Rosas-Ramos N (2023) Nomenclatural 
changes in a taxonomically complex group (Amphipoda: Gammaridae). Zootaxa 5230(5): 
595–600. https://doi.org/10.11646/zootaxa.5230.5.7

Grabowski M, Bacela K, Konopacka A (2007) How to be an invasive gammarid (Amphi-
poda: Gammaroidea) - Comparison of life history traits. Hydrobiologia 590(1): 75–84. 
https://doi.org/10.1007/s10750-007-0759-6

Grabowski M, Bacela K, Konopacka A, Jazdzewski K (2009) Salinity-related distribution of 
alien amphipods in rivers provides refugia for native species. Biological Invasions 11(9): 
2107–2117. https://doi.org/10.1007/s10530-009-9502-8

https://doi.org/10.1093/zoolinnean/zlad010
https://doi.org/10.1007/s10750-018-3578-z
https://doi.org/10.1038/s41598-020-75568-7
https://doi.org/10.1016/S0380-1330(98)70834-2
https://doi.org/10.1016/S0380-1330(98)70834-2
https://doi.org/10.1186/s13717-022-00412-x
https://doi.org/10.1093/nar/gkz833
https://doi.org/10.1093/nar/gkz833
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1111/ecog.02683
https://doi.org/10.1002/aqc.1119
https://doi.org/10.11646/zootaxa.5230.5.7
https://doi.org/10.1007/s10750-007-0759-6
https://doi.org/10.1007/s10530-009-9502-8


Comparative mitogenomics of native European and alien Ponto-Caspian amphipods 41

Hammer Ø, Harper DAT, Ryan PD (2001) 4 Palaeontologia Electronica PAST: Paleontologi-
cal Statistics Software Package for Education and Data Analysis. http://palaeo-electronica.
orghttp://palaeo-electronica.org/2001_1/past/issue1_01.htm

Hoang DT, Chernomor O, von Haeseler A, Minh BQ, Vinh LS (2018) UFBoot2: Improving 
the Ultrafast Bootstrap Approximation. Molecular Biology and Evolution 35(2): 518–522. 
https://doi.org/10.1093/molbev/msx281

Horton T, Lowry J, De Broyer C, Bellan-Santini D, Copilaș-Ciocianu D, Corbari L, Costello 
MJ, Daneliya M, Dauvin J-C, Fišer C, Gasca R, Grabowski M, Guerra-García JM, Hend-
rycks E, Hughes L, Jaume D, Jazdzewski K, Kim Y-H, King R, Krapp-Schickel T, LeCroy 
S, Lörz A-N, Mamos T, Senna AR, Serejo C, Souza-Filho JF, Tandberg AH, Thomas JD, 
Thurston M, Vader W, Väinölä R, Vonk R, White K, Zeidler W (2023) World Amphipoda 
Database. https://doi.org/10.14284/368

Hou Z, Sket B (2016) A review of Gammaridae (Crustacea: Amphipoda): The family extent, 
its evolutionary history, and taxonomic redefinition of genera. Zoological Journal of the 
Linnean Society 176(2): 323–348. https://doi.org/10.1111/zoj.12318

Hou Z, Sket B, Li S (2014) Phylogenetic analyses of Gammaridae crustacean reveal differ-
ent diversification patterns among sister lineages in the Tethyan region. Cladistics 30(4): 
352–365. https://doi.org/10.1111/cla.12055

Hraoui G, Bettinazzi S, Gendron AD, Boisclair D, Breton S (2020) Mitochondrial thermo-
sensitivity in invasive and native freshwater mussels. The Journal of Experimental Biology 
jeb.215921. https://doi.org/10.1242/jeb.215921

Krebes L, Bastrop R (2012) The mitogenome of Gammarus duebeni (Crustacea Amphipoda): 
A new gene order and non-neutral sequence evolution of tandem repeats in the control 
region. Comparative Biochemistry and Physiology. Part D, Genomics & Proteomics 7(2): 
201–211. https://doi.org/10.1016/j.cbd.2012.02.004

Lagos ME, White CR, Marshall DJ (2017a) Do invasive species live faster? Mass‐specific 
metabolic rate depends on growth form and invasion status. Functional Ecology 31(11): 
2080–2086. https://doi.org/10.1111/1365-2435.12913

Lagos ME, Barneche DR, White CR, Marshall DJ (2017b) Do low oxygen environments 
facilitate marine invasions? Relative tolerance of native and invasive species to low ox-
ygen conditions. Global Change Biology 23(6): 2321–2330. https://doi.org/10.1111/
gcb.13668

Lanfear R, Frandsen PB, Wright AM, Senfeld T, Calcott B (2016) PartitionFinder 2: New 
Methods for Selecting Partitioned Models of Evolution for Molecular and Morphological 
Phylogenetic Analyses. Molecular Biology and Evolution  34(3): 772–773. https://doi.
org/10.1093/molbev/msw260

Lartillot N, Rodrigue N, Stubbs D, Richer J (2013) PhyloBayes MPI: Phylogenetic Recon-
struction with Infinite Mixtures of Profiles in a Parallel Environment. Systematic Biology 
62(4): 611–615. https://doi.org/10.1093/sysbio/syt022

Lenz M, da Gama BAP, Gerner NV, Gobin J, Gröner F, Harry A, Jenkins SR, Kraufvelin P, 
Mummelthei C, Sareyka J, Xavier EA, Wahl M (2011) Non-native marine invertebrates 
are more tolerant towards environmental stress than taxonomically related native spe-
cies: Results from a globally replicated study. Environmental Research 111(7): 943–952. 
https://doi.org/10.1016/j.envres.2011.05.001

http://palaeo-electronica.orghttp://palaeo-electronica.org/2001_1/past/issue1_01.htm
http://palaeo-electronica.orghttp://palaeo-electronica.org/2001_1/past/issue1_01.htm
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.14284/368
https://doi.org/10.1111/zoj.12318
https://doi.org/10.1111/cla.12055
https://doi.org/10.1242/jeb.215921
https://doi.org/10.1016/j.cbd.2012.02.004
https://doi.org/10.1111/1365-2435.12913
https://doi.org/10.1111/gcb.13668
https://doi.org/10.1111/gcb.13668
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1093/sysbio/syt022
https://doi.org/10.1016/j.envres.2011.05.001


Jan-Niklas Macher et al.  /  NeoBiota 87: 27–44 (2023)42

Li D, Liu C-M, Luo R, Sadakane K, Lam T-W (2015) MEGAHIT: An ultra-fast single-node solu-
tion for large and complex metagenomics assembly via succinct de Bruijn graph. Bioinformat-
ics (Oxford, England) 31(10): 1674–1676. https://doi.org/10.1093/bioinformatics/btv033

Li J, Zeng C, Yan G, He L (2019) Characterization of the mitochondrial genome of an ancient 
amphipod Halice sp. MT-2017 (Pardaliscidae) from 10,908 m in the Mariana Trench. Sci-
entific Reports 9(1): 2610. https://doi.org/10.1038/s41598-019-38735-z

Lowry JK, Myers AA (2017) A phylogeny and classification of the Amphipoda with the estab-
lishment of the new order Ingolfiellida (Crustacea: Peracarida). Zootaxa 4265(1): 1–89. 
https://doi.org/10.11646/zootaxa.4265.1.1

Macher JN, Leese F, Weigand AM, Rozenberg A (2017) The complete mitochondrial genome 
of a cryptic amphipod species from the Gammarus fossarum complex. Mitochondrial DNA. 
Part B, Resources 2(1): 17–18. https://doi.org/10.1080/23802359.2016.1275844

Macher J-N, Drakou K, Papatheodoulou A, van der Hoorn B, Vasquez M (2020) The mito-
chondrial genomes of 11 aquatic macroinvertebrate species from Cyprus. Metabarcoding 
and Metagenomics 4: e58259. https://doi.org/10.3897/mbmg.4.58259

Mamos T, Grabowski M, Rewicz T, Bojko J, Strapagiel D, Burzyński A (2021) Mitochondrial 
Genomes, Phylogenetic Associations, and SNP Recovery for the Key Invasive Ponto-Cas-
pian Amphipods in Europe. International Journal of Molecular Sciences 22(19): 10300. 
https://doi.org/10.3390/ijms221910300

Maximov AA (2021) Population dynamics of the glacial relict amphipods in a subarctic lake: 
Role of density‐dependent and density‐independent factors. Ecology and Evolution 
11(22): 15905–15915. https://doi.org/10.1002/ece3.8260

Meßner U, Zettler ML (2021) Drastic changes of the amphipod fauna in northern Germany and 
the displacement of Gammarus lacustris G.O. Sars, 1864 to relict habitats/status. Knowledge 
and Management of Aquatic Ecosystems 17: 8. https://doi.org/10.1051/kmae/2021016

Miller MA, Pfeiffer W, Schwartz T (2010) Creating the CIPRES Science Gateway for inference 
of large phylogenetic trees. Proceedings of the Gateway Computing Environments Work-
shop (GCE). New Orleans, 1–8. https://doi.org/10.1109/GCE.2010.5676129

Minchin D, Arbačiauskas K, Daunys D, Ezhova E, Grudule N, Kotta J, Molchanova N, Olenin 
S, Višinskienė G, Strake S (2019) Rapid expansion and facilitating factors of the Ponto-
Caspian invader Dikerogammarus villosus within the Eastern Baltic sea. Aquatic Invasions 
14(2): 165–181. https://doi.org/10.3391/ai.2019.14.2.02

Naumenko SA, Logacheva MD, Popova NV, Klepikova AV, Penin AA, Bazykin GA, Etingova 
AE, Mugue NS, Kondrashov AS, Yampolsky LY (2017) Transcriptome‐based phylogeny of 
endemic Lake Baikal amphipod species flock: Fast speciation accompanied by frequent epi-
sodes of positive selection. Molecular Ecology 26(2): 536–553. https://doi.org/10.1111/
mec.13927

Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ (2015) IQ-TREE: A fast and effective 
stochastic algorithm for estimating maximum-likelihood phylogenies. Molecular Biology 
and Evolution 32(1): 268–274. https://doi.org/10.1093/molbev/msu300

Paiva F, Barco A, Chen Y, Mirzajani A, Chan FT, Lauringson V, Baltazar-Soares M, Zhan A, 
Bailey SA, Javidpour J, Briski E (2018) Is salinity an obstacle for biological invasions? 
Global Change Biology 24(6): 2708–2720. https://doi.org/10.1111/gcb.14049

https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1038/s41598-019-38735-z
https://doi.org/10.11646/zootaxa.4265.1.1
https://doi.org/10.1080/23802359.2016.1275844
https://doi.org/10.3897/mbmg.4.58259
https://doi.org/10.3390/ijms221910300
https://doi.org/10.1002/ece3.8260
https://doi.org/10.1051/kmae/2021016
https://doi.org/10.1109/GCE.2010.5676129
https://doi.org/10.3391/ai.2019.14.2.02
https://doi.org/10.1111/mec.13927
https://doi.org/10.1111/mec.13927
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1111/gcb.14049


Comparative mitogenomics of native European and alien Ponto-Caspian amphipods 43

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA (2018) Posterior summarization in 
Bayesian phylogenetics using Tracer 1.7. Systematic Biology 67(5): 901–904. https://doi.
org/10.1093/sysbio/syy032

Reid DF, Orlova MI (2002) Geological and evolutionary underpinnings for the success of Ponto-
Caspian species invasions in the Baltic Sea and North American Great Lakes. Canadian Jour-
nal of Fisheries and Aquatic Sciences 59(7): 1144–1158. https://doi.org/10.1139/f02-099

Rewicz T, Grabowski M, MacNeil C, Bącela-Spychalska K (2014) The profile of a ‘perfect’ 
invader – the case of killer shrimp, Dikerogammarus villosus. Aquatic Invasions 9(3): 
267–288. https://doi.org/10.3391/ai.2014.9.3.04

Rivarola-Duarte L, Otto C, Jühling F, Schreiber S, Bedulina D, Jakob L, Gurkov A, Axenov-
Gribanov D, Sahyoun AH, Lucassen M, Hackermüller J, Hoffmann S, Sartoris F, Pörtner 
H-O, Timofeyev M, Luckenbach T, Stadler PF (2014) A first Glimpse at the genome of the 
Baikalian amphipod Eulimnogammarus verrucosus. Journal of Experimental Zoology. Part 
B, Molecular and Developmental Evolution 322(3): 177–189. https://doi.org/10.1002/
jez.b.22560

Romanova EV, Sherbakov DY (2019) Different rates of molecular evolution of mitochon-
drial genes in Baikalian and non-Baikalian amphipods. Limnology and Freshwater Biology 
2019(6): 339–344. https://doi.org/10.31951/2658-3518-2019-A-6-339

Romanova EV, Aleoshin V v., Kamaltynov RM, Mikhailov K v., Logacheva MD, Sirotinina EA, 
Gornov AYu, Anikin AS, Sherbakov DYu (2016) Evolution of mitochondrial genomes in Bai-
kalian amphipods. BMC Genomics 17: 1016. https://doi.org/10.1186/s12864-016-3357-z

Romanova EV, Bukin YS, Mikhailov K v., Logacheva MD, Aleoshin V v., Sherbakov DYu 
(2020) Hidden cases of tRNA gene duplication and remolding in mitochondrial ge-
nomes of amphipods. Molecular Phylogenetics and Evolution 144: 106710. https://doi.
org/10.1016/j.ympev.2019.106710

Romanova EV, Bukin YS, Mikhailov K v., Logacheva MD, Aleoshin V v., Sherbakov DY (2021) 
The mitochondrial genome of a freshwater pelagic amphipod Macrohectopus branickii is 
among the longest in Metazoa. Genes 12: 2030. https://doi.org/10.3390/genes12122030

Romanova EV, Mikhailov KV, Logacheva MD, Kamaltynov RM, Aleoshin VV, Sherbakov DY 
(2014) The complete mitochondrial genome of Baikalian amphipoda Eulimnogammarus 
vittatus Dybowsky, 1874. Mitochondrial DNA: 1–3. https://doi.org/10.3109/19401736
.2014.963817

Rota-Stabelli O, Yang Z, Telford MJ (2009) MtZoa: A general mitochondrial amino acid sub-
stitutions model for animal evolutionary studies. Molecular Phylogenetics and Evolution 
52(1): 268–272. https://doi.org/10.1016/j.ympev.2009.01.011

Šidagytė E, Arbačiauskas K (2016) Resistance to low oxygen in the Ponto–Caspian amphipod 
Pontogammarus robustoides varies among lentic habitats of its northern invaded range. Lim-
nologica 61: 7–13. https://doi.org/10.1016/j.limno.2016.09.001

Sket B, Hou Z (2018) Family Gammaridae (Crustacea: Amphipoda), mainly its Echinogam-
marus clade in SW Europe. Further elucidation of its phylogeny and taxonomy. Acta Bio-
logica Slovenica 61: 93–102.

Stokkan M, Jurado-Rivera JA, Juan C, Jaume D, Pons J (2016) Mitochondrial genome rear-
rangements at low taxonomic levels: three distinct mitogenome gene orders in the genus 

https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1139/f02-099
https://doi.org/10.3391/ai.2014.9.3.04
https://doi.org/10.1002/jez.b.22560
https://doi.org/10.1002/jez.b.22560
https://doi.org/10.31951/2658-3518-2019-A-6-339
https://doi.org/10.1186/s12864-016-3357-z
https://doi.org/10.1016/j.ympev.2019.106710
https://doi.org/10.1016/j.ympev.2019.106710
https://doi.org/10.3390/genes12122030
https://doi.org/10.3109/19401736.2014.963817
https://doi.org/10.3109/19401736.2014.963817
https://doi.org/10.1016/j.ympev.2009.01.011
https://doi.org/10.1016/j.limno.2016.09.001


Jan-Niklas Macher et al.  /  NeoBiota 87: 27–44 (2023)44

Pseudoniphargus (Crustacea: Amphipoda). Mitochondrial DNA. Part A, DNA Mapping, Se-
quencing, and Analysis 27(5): 3579–3589. https://doi.org/10.3109/19401736.2015.1079821

Sun S, Wu Y, Ge X, Jakovlić I, Zhu J, Mahboob S, Al-Ghanim KA, Al-Misned F, Fu H (2020) 
Disentangling the interplay of positive and negative selection forces that shaped mitochon-
drial genomes of Gammarus pisinnus and Gammarus lacustris. Royal Society Open Science 
7(1): 190669. https://doi.org/10.1098/rsos.190669

Sun S, Jiang W, Yuan Z, Sha Z (2022) Mitogenomes Provide Insights Into the Evolution 
of Thoracotremata (Brachyura: Eubrachyura). Frontiers in Marine Science 9: 848203. 
https://doi.org/10.3389/fmars.2022.848203

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGA6: Molecular evolution-
ary genetics analysis version 6.0. Molecular Biology and Evolution 30(12): 2725–2729. 
https://doi.org/10.1093/molbev/mst197

Trevisan B, Alcantara DMC, Machado DJ, Marques FPL, Lahr DJG (2019) Genome skimming 
is a low-cost and robust strategy to assemble complete mitochondrial genomes from ethanol 
preserved specimens in biodiversity studies. PeerJ 7: e7543. https://doi.org/10.7717/peerj.7543

Vaidya G, Lohman DJ, Meier R (2011) SequenceMatrix: Concatenation software for the fast 
assembly of multi-gene datasets with character set and codon information. Cladistics 
27(2): 171–180. https://doi.org/10.1111/j.1096-0031.2010.00329.x

Väinölä R, Witt JDS, Grabowski M, Bradbury JH, Jazdzewski K, Sket B (2008) Global diversi-
ty of amphipods (Amphipoda; Crustacea) in freshwater. Hydrobiologia 595(1): 241–255. 
https://doi.org/10.1007/s10750-007-9020-6

Wattier R, Mamos T, Copilaş-Ciocianu D, Jelić M, Ollivier A, Chaumot A, Danger M, Felten 
V, Piscart C, Žganec K, Rewicz T, Wysocka A, Rigaud T, Grabowski M (2020) Conti-
nental-scale patterns of hyper-cryptic diversity within the freshwater model taxon Gam-
marus fossarum (Crustacea, Amphipoda). Scientific Reports 10(1): 16536. https://doi.
org/10.1038/s41598-020-73739-0

Zapelloni F, Jurado-Rivera JA, Jaume D, Juan C, Pons J (2021) Comparative Mitogenom-
ics in Hyalella (Amphipoda: Crustacea). Genes 12(2): 292. https://doi.org/10.3390/
genes12020292

Supplementary material 1

Origin of samples and mitochondrial genomes used in this study
Authors: Jan-Niklas Macher, Eglė Šidagytė-Copilas, Denis Copilaș-Ciocianu
Data type: table (excel file)
Copyright notice: This dataset is made available under the Open Database License 

(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.87.105941.suppl1

https://doi.org/10.3109/19401736.2015.1079821
https://doi.org/10.1098/rsos.190669
https://doi.org/10.3389/fmars.2022.848203
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.7717/peerj.7543
https://doi.org/10.1111/j.1096-0031.2010.00329.x
https://doi.org/10.1007/s10750-007-9020-6
https://doi.org/10.1038/s41598-020-73739-0
https://doi.org/10.1038/s41598-020-73739-0
https://doi.org/10.3390/genes12020292
https://doi.org/10.3390/genes12020292
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.87.105941.suppl1

	Comparative mitogenomics of native European and alien Ponto-Caspian amphipods
	Abstract
	Introduction
	Materials and methods
	Sampling, laboratory protocols and sequencing
	Bioinformatics, mitochondrial genome assembly and annotation
	Nucleotide composition
	Phylogenetic analyses
	Data accessibility

	Results
	Mitochondrial genomic structure
	Nucleotide composition
	Phylogenetic analyses

	Discussion
	Conclusion
	Acknowledgements
	References

