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Abstract: We present the sequencing and comparative analysis of 17 mitochondrial genomes of 

Nearctic and Neotropical amphipods of the genus Hyalella, most from the Andean Altiplano. The 

mitogenomes obtained comprised the usual 37 gene-set of the metazoan mitochondrial genome 

showing a gene rearrangement (a reverse transposition and a reversal) between the North and 

South American Hyalella mitogenomes. Hyalella mitochondrial genomes show the typical 

AT-richness and strong nucleotide bias among codon sites and strands of pancrustaceans. Pro-

tein-coding sequences are biased towards AT-rich codons, with a preference for leucine and serine 

amino acids. Numerous base changes (539) were found in tRNA stems, with 103 classified as fully 

compensatory, 253 hemi-compensatory and the remaining base mismatches and indels. Most 

compensatory Watson–Crick switches were AU -> GC linked in the same haplotype, whereas most 

hemi-compensatory changes resulted in wobble GU and a few AC pairs. These results suggest a 

pairing fitness increase in tRNAs after crossing low fitness valleys. Branch-site level models de-

tected positive selection for several amino acid positions in up to eight mitochondrial genes, with 

atp6 and nad5 as the genes displaying more sites under selection. 
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1. Introduction 

In the last decade, the advances in next-generation sequencing–coupled with the 

improvements in the computer programs for the assembly of short DNA sequences and 

bioinformatics pipelines for gene annotation–have facilitated the inference of metazoan 

phylogenies based on mitochondrial protein-coding genes (PCGs). Such phylogenies 

have proven to be pivotal for reconstructing the evolutionary history of numerous tax-

onomic groups [1–4]. Members of the order Amphipoda display the standard metazoan 

single circular molecule mitogenome with a mean size of about 16 kb, composed of 13 

protein-coding genes (PCGs), 22 tRNAs and 2 ribosomal rRNA genes [5,6] plus a 

non-coding control region [7,8]. The extensive complete or nearly complete mitochon-

drial sequences obtained to date have shed light on mitogenome evolution. Features such 

as gene rearrangements, the underlying nucleotide substitution patterns involved in 

DNA sequence composition and the conservation of rRNA and tRNA secondary struc-

tures have emerged [2,9–11]. Several of the patterns found in amphipods are common to 

other invertebrate mitogenomes, including nucleotide composition and AT- and 

GC-skews biases across coding strands and codon positions plus a higher A+T content at 

third codon sites, RNA genes and non-coding regions. In addition, NADH dehydrogen-

ase genes (nad) of invertebrates display a significant codon usage bias, higher A+T con-

tent and sequence divergence compared to cytochrome c oxidase (cox) and cytochrome b 

(cob) genes. Invertebrate mitochondrial PCGs also often show non-canonical start codons 
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and truncated stops codons [2,12–14]. These distinct features across codon sites and 

strands need to be carefully considered in phylogenetic reconstructions based on mito-

chondrial PCG sequences. They have a profound influence on tree topology and branch 

lengths [15,16]. 

While many of the mentioned mitochondrial DNA features characterize most met-

azoans, rearrangements in mitochondrial DNA genes are relatively common when 

comparing different taxonomic families or even genera within a family [17]. Further-

more, the mitochondrial gene order has been proved to be a reliable source of infor-

mation concerning phylogenetic relationships [14] such as in cephalopods [18] and 

snakes [19]. On the other hand, in hymenopterans, gene rearrangements were 

non-informative since shifts were homoplastic [20]. Although rare, cases of intrageneric 

gene rearrangements have been reported in different phyla, such as Echinodermata 

(genus Cucumaria) [21], Vertebrata (genus Odorrana) [22] and Arthropoda [2,12,23]. Am-

phipod species of the genera Metacrangonyx and Pseudoniphargus [2,12] showed different 

unique gene arrangements, with shifts occurring in different lineages even in the same 

taxonomic order. 

Metazoan mitochondrial tRNAs fold in a cloverleaf structure composed of four arms 

(acceptor, D-arm, anti-codon and T-arm) except for tRNA-S1 that lost the D-arm in nearly 

all metazoans [24]. The loss of D- or T-arms in the tRNA secondary structures has been 

described in several arthropods, e.g., in Metacrangonyx amphipods [2], but the lack of 

both structures (i.e., armless tRNAs) has been noted in spiders and mites [9]. Most mi-

tochondrial tRNAs represent the whole codon family for their associated amino acid 

(except for leucine and serine that can be attached to two tRNAs from different families), 

with anticodons under strong evolutionary constraints related to sequence composition 

[10]. Stems are secondary structures in tRNAs formed by paired sites from distant se-

quence positions, primarily due to A-U and G-C bonds that provide structural stability. 

The high strength of the tRNA secondary structures has been related to compensatory 

mutations preserving the loss of Gibbs free energy in stem structures [25,26]. Two types 

of compensatory base substitutions (CBCs) are possible; full compensatory base changes 

(FCBCs), in which both bases of the pair are substituted by another two but conserving 

the pairing (e.g., AU ↔ GC and GU ↔ UA) and hemi-compensatory base changes 

(HCBCs), in which just one base of the pairing is substituted (e.g., AU ↔ GU, GC ↔ 

GU). The pattern of compensatory substitutions in invertebrate mitochondrial tRNA 

stems is poorly known. 

Due to their role in energy metabolism, mitochondrial oxidative phosphorylation 

system genes are primarily under background purifying selection [15,27]. However, dis-

tinct environmental conditions can impose selective pressure on the mitochondrial res-

piratory chain genes. Positive selection was proposed for mitochondrial PCGs of three 

decapod genera adapted to the anchialine (aquatic subterranean) environment [28]. Sim-

ilar findings were reported in the crustacean family Alvinocaridae living in hydrother-

mal vents [29]. 

The species of the genus Hyalella Smith, 1874 constitute the only epigean amphipods 

that occur in freshwater environments of the Americas [30]. The genus comprises 80 

recognized species, with a considerable presence (28 species) in the Titicaca, an ancient 

lake located in the Andean high plateau of the central Andes at an elevation of 3806 m. 

Thus, Hyalella species occur in both high- and low-altitude freshwater environments, 

each habitat encompassing contrasting differences in oxygen concentration and 

UV-radiation, factors that may potentially lead to environment-specific adaptations. 

These habitat differences make the genus Hyalella an interesting model for studying 

natural selection acting in the mitogenome that may have resulted in adaptive diver-

gence. The phylogenetic relationships of South American Hyalella, with particular focus 

on taxa of the Andean Altiplano, have been examined using mitochondrial cytochrome 

oxidase subunit 1 [31,32] and nuclear ribosomal [32] or histone H3 sequences [31]. Mo-

lecular species delimitation criteria revealed 36 molecular operational taxonomic units 



Genes 2021, 12, 292 3 of 20 
 

 

within the South American Hyalella species sampled. Eleven of these taxa could be en-

demic to Lake Titicaca and the nearby lakes in the northern Andean Altiplano [31]. Re-

cently, a phylogenetic analysis based on mitochondrial PCGs, nuclear ribosomal and 

single-copy nuclear gene sequences showed that the Andean Altiplano was colonized by 

South American lineages in the Miocene, with a more recent diversification from late 

Pliocene to early Pleistocene [33]. 

Here, we analyze in more detail the genome organization and evolution of 16 Hy-

alella mitochondrial DNA sequences obtained as complete or nearly complete mitoge-

nomes. The main aims of this work are to (i) perform a comparative analysis with a North 

American representative of the genus (H. azteca), (ii) provide insights in the evolution of 

tRNA molecules through the analysis of compensatory mutations and (iii) explore pat-

terns of positive selection in the PCGs across Hyalella species. 

2. Materials and Methods 

2.1. Sampling 

Localities and GenBank accession numbers of the 16 South American Hyalella spe-

cies studied here are listed in Table S1. Samples were collected from the lakeshore or a 

boat by either using a hand-held plankton net or a small dredge. All samples were then 

preserved in ethanol [34]. For comparison purposes and selection analyses, the mitoge-

nome of H. azteca and mitochondrial genomes of twenty amphipod species were down-

loaded from GenBank (Table S1). 

2.2. DNA Extraction, Mitogenome Assembly and Annotation 

Molecular procedures are fully described elsewhere [33]. Briefly, genomic DNA was 

purified from single specimens using the Qiagen DNeasy Blood & Tissue kit (Qiagen, 

Hilden, Germany) following the manufacturer’s instructions. The Hyper Library con-

struction kit from Kapa Biosystems (Wilmington, MA, USA) was used to construct indi-

vidual shotgun genomic libraries from 100 to 500 ng of genomic DNA TruSeq adapters 

(Illumina, San Diego, CA, USA). We pooled libraries in equimolar concentrations that 

were pair-end sequenced (2 × 150 bp) in a single lane of Illumina HiSeq2500 (Illumina, 

San Diego, CA, USA). Adapter sequences and low-quality bases (< Q30) were removed in 

Trimmomatic v0.33 [35], and both paired and unpaired clean reads were assembled in 

SPAdes (v3.13) using three kmers (21, 35 and 47 nucleotides) to maximize assembly yield 

[34]. Mitochondrial contigs were filtered out using BLASTn (e-value −30) against the mi-

togenome of H. lucifugax (GenBank accession number LT594767) as a reference. We as-

sessed the completion of the mitochondrial contigs using the script circulariza-

tionCheck.py (mitoMaker) [36], and incomplete contigs were extended by iterative 

mapping of reads in GENEIOUS v11.1.5 [37]. The mitogenomes were annotated using 

MITOS2 [38] and genes manually curated in GENEIOUS, particularly at 5’ and 3’ ends. 

2.3. Composition Analyses and Gene Order 

Nucleotide, amino acid, and codon compositional analyses at both complete mito-

genome and single gene sequences were performed using the Python script from Nara-

kusumo et al. [39] and plotted with the Python package matplotlib [40] and the R [41] 

packages ggplot [42] and heatmap [43]. We used CREx [44] to analyze mtDNA gene re-

arrangements and the molecular mechanism driving them. The AT- and GC-skews were 

calculated using the formulas: (A-T)/(A+T) and (G-C)/(G+C), respectively [45]. Codon 

usages (effective number of codons, ENC; and measure independent of length and 

composition, MILC) and GC content of third codon sites of fourfold degenerated amino 

acids were estimated in INCA v2.1 [46]. 



Genes 2021, 12, 292 4 of 20 
 

 

2.4. Analyses of the secondary structure of tRNAs 

Prediction of secondary structures of tRNAs was carried out using Aragorn v1.2.38 

[47], and full compensatory base changes (FCBCs) occurrence among Hyalella species was 

analyzed using 4Sale v1.7.1 [48]. A hierarchical cluster analysis of FCBC occurrence was 

carried out using the R package heatmap2. The resulting cladogram was compared with 

the Hyalella mtDNA phylogeny through a tanglegram analysis in the R package den-

dextend [49]. We also used dendextend to compute the Baker gamma index [50], an index 

of similarity between two trees of hierarchical clustering (i.e., dendrograms). Ancestral 

reconstruction of tRNA sequences aligned in MUSCLE v3.8.1551 [51], with minor modi-

fications in D- and T-loops, was performed in prank v.100311 (commands -showanc 

-showevents -keep). We used the most common secondary structure for each alignment 

(50% majority rule), including gaps, in D- and T-arms (e.g., tRNA-A), and set acceptor 

and anti-codon arms with seven and five pairs, respectively, despite the presence of 

mismatches. The Bayesian tree topology estimated elsewhere in BEAST [52] for the 13 

PCGs was used as a topological constraint to estimate ancestral sequences [33] after 

pruning non-included taxa. 

2.5. Phylogenetic Inference and Selection Analyses 

The mitochondrial PCGs from the Hyalella species plus a dataset composed of 

twenty species belonging to eleven amphipod genera (Table S1) were translated into 

proteins, aligned using MUSCLE [51] and back-translated to DNA. The resulting sin-

gle-gene alignments were concatenated with Phyutility [53] and used as input in IQTREE 

v.2.1.10 [54,55] to estimate the best partitioning scheme plus evolutionary models and to 

build a maximum likelihood tree. The phylogenetic tree obtained (Figure 1) was used in 

PAML v4.7 [56] with non-synonymous/synonymous substitutions ratios (ω = dN/dS) es-

timated using the codon-based maximum likelihood method. We aimed to explore sig-

nals of adaptive evolution in mitochondrial protein-coding genes that could be related to 

environmental adaptations of freshwater amphipods, particularly adaptation to 

high-altitude hypoxic conditions in the Altiplano. We applied the branch-site model A 

(also known as test 2) to test for positive selection. This test can detect episodic selection 

affecting particular codons in a protein-coding gene along predefined branches on a tree, 

with selection measured by the dN/dS ratio and positive selection accepted when ω > 1. For 

this analysis, branches on the phylogeny are divided a priori into foreground and back-

ground lineages, with the former defined as the one that may have experienced positive 

selection. Alternative branches in the Hyalella phylogenetic tree were specified as the 

foreground to test for positive selection with their significance evaluated through a like-

lihood ratio test (LRT). Branch 1 included all Hyalella to the respective background (re-

maining) clades. Branch 2 corresponded to the Hyalella South American clades A, B, D, E 

and F occurring at altitudes higher than 3800 m as foreground to the North American H. 

azteca plus South American clade C (the latter including two species dwelling at low al-

titude, namely H. franciscae and H. azteca). This contrast was designed to test if hypoxic 

high-altitude adaptations match with adaptive evolution of mitochondrial electron 

transport chain and oxidative phosphorylation genes. Additionally, branches 3, 4 and 5 

corresponded to further internal nodes in the South American Hyalella phylogeny, all of 

them composed of high-altitude species. The branch-site model A likelihood was com-

pared with the corresponding to the null hypothesis (H0, i.e., branch-site model with the 

parameter ω = 1 fixed as all mutations neutral). We also applied the site model M8 vs. 

M8a to identify the probability of a site to be under selection [57], using a ω value able to 

vary among amino acid positions. Positive selection was also analyzed using the pro-

gram TREESAAP [58]. This analysis compares specific aminoacidic property changes in 

non-synonymous residues across a predefined phylogeny and identifies the ones most 
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likely influenced by positive selection [59]. The TREESAAP results were plotted using the 

package ggplot2 [42] in R [41]. 

 

Figure 1. Maximum likelihood phylogeny. Phylogeny based on the concatenated 13 mitochondrial protein-coding genes 

(PCGs) of Hyalella and other amphipod genera (see Table S1 for details). Nodes with bootstrap support ≥ 98 are indicated 

with black circles. The Hyalella lineage is indicated with red branches, except for the taxa dwelling at low altitude in blue. 

Numbers on nodes indicate branches individually used as foreground for selection analyses. 

3. Results. 

3.1. Genome Organization 

Five out of the 16 mitogenomes of South American species studied here were com-

plete, namely samples H. tiwanaku codes 2304(1) and 4816-B, H. “hirsuta” code 30_5C, H. 

cajasi code EC3_1 and H. montforti code 4730_bis. The remaining ones lacked one or two 

non-coding segments corresponding to the control regions, and for most of them, we 

could not recover trnC, trnM and trnY genes since they are adjacent to repetitive control 

regions. H. kochi (code 16_2B) was the exception since it was highly fragmented, due to 

low or inexistent coverage in many regions. Thus, in this species, most of the tRNAs and 

the two rDNA genes could not be retrieved. Hence, its tRNA sequences were not in-

cluded in the analyses (Table S2). Mitogenome length ranged from 13,972 to 15,204 bp 

(average 14,434; SD ± 440.15 bp). Complete mitochondrial genomes included the typical 

set of 37 genes found in metazoans (13 PCGs, 22 tRNAs and 2 rDNA genes) plus two 

control regions. Twenty-four genes were located in the plus-strand and thirteen in the 

minus one in South American Hyalella mitogenomes. In comparison, the mitogenome of 

North American H. azteca showed only eight genes coded in the minus-strand (Figure 2). 

South American species also showed a conserved gene order that differed from the North 

American counterpart H. azteca (Figure 2). The CREx analysis performed comparing the 

mitochondrial genome organization of H. azteca and the South American species showed 

that gene block composed of cox1, trnL2, cox2, trnK, trnD, atp8, atp6 and cox3 was con-

served between the ancestral pancrustacean and the Hyalella species, but multiple reor-

ganization events seem to have happened throughout the genome. Three transpositions 

(trnN, the block trnM, nad2 and trnW and trnG), two feature reversals (trnS1 and trnC) 

and a tandem duplication with subsequent random gene loss (the block of the ancestral 
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pancrustacean from trnA to trnQ) (Figure S1) can be deduced. The CREx comparison of 

the South American and North American Hyalella mitogenomes showed two major shifts 

(Figure 2), namely a reverse transposition (i.e., transposition from different strands) of 

the gene block flanked by trnY and trnS2, and a second reversal of most of the genome 

except the trnC gene. 

 

Figure 2. Hyalella mitochondrial genome maps. Gene order comparison between the mitogenomes of South American 

Hyalella species and the North American H. azteca. Genes located above the central line correspond to genes coded on the 

plus-strand, whereas those coded on the minus-strand appear below. Blocks in grey correspond to non-coding segments 

attributed to control regions. Shifts accounting for the observed differences between the two genome arrangements ob-

tained with CREx are shown, with steps symbolized by arrows. 

3.2. Base Composition and AT- and GC-skews 

The A+T content of Hyalella mitogenomes ranged from 61.1% to 70.5% (average 

66.9%, SD ± 2.3%) (Figure 3a). The AT-skew covered a range between −0.042 and −0.066 

(average −0.058; standard deviation 0.007) whereas the GC-skew was between -0.042 and 

0.214 (average 0.043; standard deviation ± 0.014) (Figure 3b,c). The atp8 gene showed the 

highest standard deviation in A+T%, AT- and GC-skews, with values of 0.03, 0.049 and 

0.104, respectively. This fact may be due to its short length since this gene also displayed 

an extremely high divergence across species. The two non-coding regions (CR1 and CR2) 

had the highest A+T frequencies, with CR1 showing the highest variability in the three 

base composition characteristics analyzed. Base composition and AT- and GC-skews 

showed marked differences when analyzed by codon position and coding strand (Figure 

3a–c). The average A+T frequency at the third codon positions (72.3%) was higher than in 

the other two codon sites (first positions 60.6%, second positions 63.7%) though they 

were divergent across species. The percentage of A+T content in the first and second 

codon sites of the minus-strand was slightly higher than in the plus one (Figure 3a). The 

average AT-skew in the first codon positions in the plus and minus-strands were −0.047 
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and 0.067, respectively (Figure 3b). The second codon positions showed lower AT-skew 

values, −0.405 in the plus and −0.442 in the minus-strand. However, larger AT-skew dif-

ferences were observed between plus and minus-strands at the third codon sites 

(plus-strand: −0.169, minus-strand −0.025) (Figure 3). Average GC-skew of the first (plus 

0.282, minus 0.246) and the second codon sites were similar (plus −0.063, minus −0.095), 

while there were marked differences regarding third codon positions (plus 0.135, minus 

−0.101) (Figure 3c). The patterns found in rDNA and tRNA sequences showed higher 

A+T content and AT-skews but similar GC-skews compared to other genes and regions 

(Figure 3). The differences between stem and loop regions in tRNAs were larger regard-

ing A+T content (66.2% vs. 77.6%), and AT-skews (−0.068 vs. 0.135) but smaller for 

GC-skews (0.098 vs. 0.179), i.e., stem sequences were relatively Ts and Gs-rich, and loops 

As and Gs-rich (Table S3). 

 

Figure 3. Mitochondrial nucleotide composition in Hyalella. Box plots showing values of nucleotide composition (A + T 

percentage) (a), AT-skew (b) and GC-skew (c) across Hyalella mitogenomes and indicated as complete, genes, codons, 

partitions and strands. 

3.3. Start and Stop Codons, Amino Acid Composition and Codon Usage 

We found that most mitochondrial PCGs start with the canonical codon triplets ATG 

and ATA, but several exceptions displayed the alternative ATT and ATC codons (Table 

S4). Several non-canonical start codons were clade-specific. For instance, the two mito-

genomes of the Ecuadorian species H. cajasi showed GTG as the initiation codon for the 

genes cox2 and atp8. The gene nad5 starts with TTG in all Hyalella taxa with the exception 

of members of Clade C [33] (H. armata code 26_2A; H. kochi code 3TK10 and H. franciscae 

code CHL-1) that have CTG instead and in the North American H. azteca (ATA). The 

non-canonical GTA start codon was identified in the nad1 gene of the Ecuadorian H. cajasi 

and the Chilean H. franciscae. Stop codons generally were the canonical TAA and TAG, 

but some genes showed truncated stop codons in most species (e.g., nad2, nad4 and nad5 

genes). 
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Some amino acids were more frequent in the mitochondrial PCGs, such as leucine 

(~20%), serine (~15%), phenylalanine and valine (~10% each). In contrast, others were 

rarely found (cysteine, aspartic acid, histidine, glutamine, arginine and tryptophan, with 

less than 2% each) with minor differences across species and between coding strand 

(Figure S2). For each amino acid, the codons with higher A+T richness are used fre-

quently, e.g., ATA (M), AAA (K), TTT (F), CAA (Q), TGA (W), TAT (Y), AAT (N), ATT (I) 

and TTA (L) (Figure S3). Codon usage (estimated using ENC values) and GC content of 

third codon sites of fourfold degenerated amino acids (GC3) is positively correlated (i.e., 

higher A+T content is associated with higher codon usage bias; see Figure S4). The anal-

ysis of codon usage based on MILC values, unbiased against length and nucleotide 

composition [46], corroborated ENC results and indicated that codon usage was not 

strongly biased. MILC values around 0.5 suggest that all codons are equally used (ENC 

62) whereas higher numbers 1.9 indicate the usage of few codons (ENC 26). The codon 

bias was less pronounced on the genes encoded on the minus-strand (Figure S4). 

3.4. tRNA Secondary Structures and Compensatory Mutations 

We identified the whole set of 22 tRNA genes in the complete Hyalella mitogenomes 

except for H. kochi code 16_2B. Three tRNAs (C, Y and M) and one mitogenome (H. kochi, 

code 16_2B) were excluded from the analysis of compensatory substitutions to minimize 

missing data, and the North American species H. azteca was included as a putative out-

group. Secondary structure folding matched the typical cloverleaf pattern (Figure 4) ex-

cept for tRNA-V and tRNA-S1 that lacked the D-arm. Anti-codon sequences were con-

served across species (Table S5). The total number of compensatory mutations across all 

pairwise comparisons between Hyalella species ranged from 206 in tRNA-S2 to 16 in 

tRNA-R (Figure 5a). A hierarchical cluster analysis was performed to obtain a dendro-

gram from the set of compensatory mutation dissimilarities (Figure 5c). The Baker index 

obtained by correlating the cluster analysis of compensatory mutations and the Hyalella 

phylogenetic tree based on PCGs was 0.862. 
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Figure 4. Mitochondrial tRNAs structures. Secondary structures predicted for the 19 studied Table 

0. means Scheme 539. and 738 changes were found in stems and loops, respectively (Table S6). 

Some tRNAs’ stems showed a higher number of substitutions (e.g., S2 51, F 48, and T 41 and A 40) 

whereas others exhibited values lower than average (e.g., E 16, R 16, L1 17 and S1 17). Stems in-

cluded some indels (13) since analyses are based on comparisons to a single secondary structure 

(majority-rule consensus) per alignment and D- and T-stem sequences were different in length. The 

analysis in loops reconstructed more nucleotide substitutions and indels (96) than those found in 

stems with some tRNAs displaying more changes (S2 59, H 58, E 57 and V 54) than others (K 17, L2 

23, R 27 and W 27). The most frequent substitutions were transitions A -> G, T -> C, G -> A and C -> 

T in stems and loops but the latter also showed high frequencies A -> T, T -> A, T -> C and C -> T 

(Table S6). 
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Figure 5. Analysis of the compensatory mutations. Bar plot showing the number of compensatory base changes (y-axis) 

in Hyalella tRNAs (x-axis) (a). Heatmap summarizing results of the hierarchical clustering analysis. Warmer colors 

(red–orange) indicate a higher number of compensatory base changes between samples (b). Tanglegram confronting the 

subtree of the genus Hyalella from Figure 1 (left) and the dendrogram of the hierarchical clustering analysis (right) (c). 

Dotted lines indicate branches differing in the two trees, while thick lines and in colors show similitudes between them. 

We found 49 FCBCs in stems (i.e., equivalent to 98 changes, as both bases of the pair 

are affected) in external branches or nodes (substitutions in extant species) and 54 in in-

ternal branches/nodes (substitutions reconstructed in ancestral sequences). Regarding the 

number of HCBCs, 124 changes were found in terminal branches, and 129 substitutions 

were deduced in the internal ones (Figure 6). Most of the compensatory nucleotide 

changes were found in the acceptor’s arm, followed by anti-codon, T- and finally D-arms, 

irrespective of being in internal or external branches (Figure 6). The majority of FCBCs in 

external/internal branches were Watson–Crick switches AU -> GC (15/12), and GC -> AU 

(13/12), CG -> UA (8/11) and GC -> AU (4/6). Other FCBCs were found in low frequencies 

(e.g., UA -> AU) or were mismatches converted to matches and vice-versa. The majority 

of HCBCs in external branches were A -> G vs. U (41) and G -> A vs. U (26) that also in-

cluded a few non-Watson–Crick pairings such as U -> C vs. G (19) and C -> U vs. G (18) 

whereas other changes added up to 20 substitutions. HCBCs in internal branches re-

trieved a similar pattern (Figure 6). 
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Figure 6. Full compensatory base changes (FCBCs) and hemi-compensatory base changes (HCBCs) in tRNAs. Type of 

nucleotide substitutions in full compensatory base changes and hemi-compensatory base changes (a) and number of nt 

switches per tRNA arm (b) deduced to be on internal and external branches of the phylogenetic tree. 

3.5. Positive Selection Analyses in Protein-Coding Genes 

Five branches of the maximum likelihood amphipod mitogenomic tree obtained 

(Figure 1) were used as a foreground for the branch-site selection model analysis in 

CodeML. The analysis using Branch 1 as foreground (the common ancestor of all Hy-

alella) reported eight genes with codon positions under positive selection with statisti-

cally significant LRTs (see Table S7; atp6, atp8, cob, cox1, cox2, nad4, nad5 and nad6). Ac-

cording to the Bayes empirical inference [28], the numbers of sites under selection were: 

21 in atp6, 1 in cox1, 5 in cox2, 6 in nad4, 15 in nad5 and 2 in nad6 (Table S7). For two of 

these genes (atp8 and cob) the program could not identify sites under selection. The genes 

under selection using Branch 2 as foreground were atp6 (2 sites), nad1 (1), nad2 (3), nad4 

(4) and nad5 (2) (Table S7. We found only nad2 with positions under positive selection 

when implementing Branch 3 as foreground. No evidence of positive selection was found 

using the internal Hyalella branches. Site model M8 only reported selection in codons 431 

and 437 of nad5, with posterior probability values lower than 0.95 in both cases. 

The program TREESAAP classifies the radical amino acid changes into eight mag-

nitude categories [58], with higher categories indicating substantial changes in the amino 

acid physicochemical property. The property with a Z-score higher than 3.09 for the most 

radical categories (7 and 8) was selected to be under a positive selection (Figure 7). The 

equilibrium constant (ionization of COOH) (category 8) is a chemical property that seems 

to be under positive selection for all the 13 PCGs. Ten genes (atp6, atp8, cob, cox3, nad1, 

nad2, nad4, nad4L, nad5 and nad6) are under positive selection for the solvent reduction 

ratio (category 7). Buriedness (categories 7 and 8) are under selection for atp6, atp8, cob, 

nad1, nad2 and nad5. The genes atp8, nad4L and nad5 are under selection for four other 

properties, namely an average number of surrounding residues (category 8, atp8 and 

nad5), isoelectric point (category 7 and 8, atp8), surrounding hydrophobicity (category 8) 

and total non-bonded energy (category 7, atp8). 
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Figure 7. Selection on structural and biochemical amino acid properties of Hyalella mitochondrial PCGs. The x- and y-axis 

correspond to amino acid sites and Z-score values per site, respectively. The Z-score was calculated for the two most 

radical magnitude categories considered in TreeSAAP (7 and 8). Colors indicate the different physicochemical charac-

teristics deduced to be under positive selection, as shown in the figure. The horizontal line corresponds to the minimum 

Z-score value for positive selection to be considered significant at a particular site. 

4. Discussion 

4.1. Hyalella mtDNA Sequence Features 

The complete mitogenomes of Hyalella obtained were of similar length to those de-

scribed in other amphipods (14.9–15.2 kb) [2,12,60,61]. The high A+T content found in 

Hyalella mtDNA sequences (67.2%) is in the middle range of the A+T content of other 

crustacean and invertebrate mitogenomes [12,62], but lower than in other amphipods 

[12,63]. Although there are several exceptions (e.g., genus Caprella and metacrangonyctid 

taxa), the control region in most amphipods is located between rrnS and trnY genes (both 

in the minus-strand) [2]. The South American Hyalella exhibit a control region flanked by 

rrnS (minus-strand) and trnC (plus-strand), while in the North American H. azteca this 

region is located between trnS2 and trnC (both in the plus-strand). The positioning of the 

control region in H. azteca appears to be specific, as the presence of a second putative 

control region in the South American Hyalella clade. The gene order common to all South 

American species supports the sister relationship to H. azteca as the most plausible hy-

pothesis [33]. Additional mitogenome sequences from other North American species are 

needed to fully resolve both the reciprocal monophyly of South and North American 

species and if there are clade-specific mtDNA gene orders. 

A pronounced strand bias characterizes metazoan mitogenomes in terms of nucleo-

tide composition [17]. Malacostracan crustaceans typically show negative GC-skew (i.e., 

excess of C) in the plus-strand genes and a positive GC-skew (i.e., higher Gs) in the genes 

encoded on the minus-strand due to differential selective pressure associated with DNA 

replication and transcription [64]. However, Isopoda and the amphipod family Meta-

crangonyctidae have been reported to be exceptions [2] as are the Hyalella species, since 
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all mitogenomes studied here show a positive GC-skew in all PCGs from both strands, 

except for nad5. The cob gene is coded on the plus-strand in most pancrustaceans, in-

cluding Pseudoniphagus amphipods [12] and Hyalella. Nevertheless, in Metacrangonycti-

dae this gene appears to have shifted to the minus-strand and also shows a negative 

GC-skew (~ −0.25) [64]. On the other hand, AT-skew values in PCGs are negative across 

the crustaceans studied so far, including the Hyalella and amphipod groups [2,12]. Ribo-

somal coding genes also showed very similar trends across amphipod genera, with no 

bias in AT-skews (i.e., equal A and T frequencies) and positive GC-skews. 

Hyalella mitogenomes also showed differences among first, second and third codon 

sites as previously described in most invertebrates [2,12,15,65]. The typical pattern is that 

third codon sites display a markedly higher A+T content than first and second codon 

positions [2,14,65]. In Hyalella, AT-skews also vary among the three codon sites, with first 

and third codon sites with nearly no differences in A and T frequencies (AT-skew values 

close to zero) but high negative values (~ −0.4) in second codon sites, with minor differ-

ences in genes encoded in plus and minus-strands. GC-skews in Hyalella also showed 

differences across the three codon sites, with positive values (~ 0.2) in first codon sites, 

negative, although nearly with no bias on second codon sites, and finally, slightly nega-

tive values for third codon sites with slight variations between coding strands. These 

patterns and values were similar to those described in Metacrangonyx [2] and Pseudoni-

phargus [12] except for GC-skews values of third codon sites in Metacrangonyctidae spe-

cies that showed most genes coded in the plus-strand showing small positive values, 

while showing negative values in the minus-strand [45]. 

The presence of non-canonical start codons (mostly ATN and NTR codons) and 

truncated stop codons (T and TA) in several Hyalella PCGs confirms that this is a rela-

tively common feature of invertebrate mitochondrial genomes [2,10,66–68]. Hyalella mi-

tochondrial PCGs are A+T-rich, with no strand differences as having been described in 

most pancrustaceans [3,18,69]. However, this AT-richness has a profound impact on the 

codon usage since the reduction of G+C content also lessens the number of codons im-

plemented in proteins with slightly stronger bias in PCGs encoded in the plus-strand 

(Figure S3). This pattern has been extensively described in many invertebrate mitochon-

drial studies [2,67], with the exception of Pseudoniphargus [12]. As it has been previously 

described in Metacrangonyctidae [2], Pseudoniphargus [12] and other crustaceans 

[67,68,70], insects [71–73] and spiders [9], mitochondrial proteins of Hyalella are particu-

larly rich in serine and leucine, whereas other amino acids are at minor frequencies. The 

amino acid frequencies are quite similar regardless of the coding strand of their gene, 

with slight variation across Hyalella species. However, significant differences were found 

among the amino acids more frequently used, as in Metracrangonyx amphipods [2]. The 

amino acid pattern in Hyalella suggests that invertebrate mitochondrial genetic code is 

under selection constraints to minimize the effect of translational misread errors of single 

nucleotide substitutions [74]. The optimal assignment of amino acids to codons is at-

tained by mapping codons differing by a single nucleotide to the same amino acid or a 

chemically related one. Additionally, amino acids with simple chemical structure and 

smaller size tend to have more codons assigned, such as serine since they are less likely to 

be rejected by selection [74,75]. Moreover, both leucine and serine amino acids have two 

tRNAs due to an ancestral duplication that presumably occurred in a metazoan ancestor 

about 600 Mya [76]. Furthermore, the two anti-codons for each amino acid are quite dif-

ferent, so any mutation in a codon originally specifying another amino acid has more 

probabilities of being recognized by a serine or leucine tRNA [75]. These factors could 

explain why in invertebrate species, serine and leucine are so frequent in mitochondri-

al-coded proteins. 

4.2. Mitochondrial Gene Arrangement in Hyalella 

The South American Hyalella mitogenomes reported here match the mitochondrial 

ancestral pancrustacean arrangement characterized by the location of the trnL2 (UUR) 
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gene between cox1 and cox2 [13,66]. The conserved block of nad1, trnL1, rrnL, trnV and 

rrnS genes is retained in the mitochondrial genomes of Hyalella species. The Hyalella gene 

block cox1, trnL2, cox2, trnK, trnD, atp8, atp6 and cox3 is also found in most amphipod 

mitogenomes [1,2,60,63,77] (Figure S5), and the same applies to the gene block encoded at 

the minus-strand nad5, nad4, nad4L and trnH [2]. Interestingly, the block trnA, trnS1, trnN, 

trnE and trnR commonly reported from most amphipods [77] shows a different ar-

rangement in Hyalella. This gene order matches that of the related talitrid species Parhyale 

hawaiensis [60], which could be indicative of an ancestral clade-specific gene rearrange-

ment affecting the families Hyalidae and Hyalellidae. On the other hand, the Hyalella spp. 

mitochondrial genomes show several genus-specific features such as the loss of trnL2 

between cox1 and cox2 and the transposition of the gene nad3 (Figure S5). Our analyses 

also revealed the occurrence of a complex mitogenome rearrangement within South and 

North American Hyalella taxa involving a reversal transposition followed by a secondary 

reversal. Mitochondrial gene rearrangements between species of the same genus are a 

rare phenomenon in arthropods, and to our knowledge, the Hyalella would represent the 

second case reported in amphipods [12]. We interpret that these differences derive from 

an ancestral divergence between the Hyalella lineages inhabiting the different landmasses 

of the American continent [32,33]. 

4.3. Secondary Structures and Compensatory Base Changes in tRNAs 

Hyalella tRNAs are folded in the typical cloverleaf secondary structure, with 

tRNA-S1 and tRNA-V lacking the D-arm. The absence of D-arm in tRNA-V was previ-

ously described in the amphipod species of the genus Pseudoniphargus and Metancran-

gonyctidae family. However, they also lacked the T-arm in tRNA-Q and D-arm in 

tRNA-R, tRNA-S1 and tRNA-S2, respectively. These results are consistent with the loss of 

D-arm in tRNA-S1 in most metazoan [24] and the absence of the same arm in tRNA-V in 

other amphipods [2,12,77].  

Stems in RNAs consist of nucleotide sequences that form base-pairings with com-

plementary regions within the same strand. Ribosomal tRNA secondary structures are 

subject to evolutionary constraints as nucleotide changes dismantling stable base-pairs 

are potentially deleterious. Only 6 of the 16 possible base-pairings are stable (the Wat-

son–Crick pairs AU, UA, GC, CG and the “wobble” pairs GU and UG). Thus, to maintain 

the RNA structure, a mutation in a stem must be compensated by a nucleotide matching 

the pair’s mutated base. The analysis of the nucleotide composition and nucleotide sub-

stitution patterns of Hyalella tRNAs showed differences between stems and loops as de-

scribed previously [2,10,25], possibly reflecting distinct evolutionary patterns of the two 

structures. Generally, A+T frequencies in loops were about 10–15% higher than in stems, 

perhaps related to the higher frequencies of nucleotide substitutions U -> A and A -> U 

that are not frequent in stems. Moreover, in Hyalella tRNAs, AT-skews were slightly 

lower in stems than in loops, so the latter have a slight bias towards including more Ts 

(Us), able to pair either with A or G, making a Watson–Crick and a wobble pairing, re-

spectively.  

Models for phylogenetic inference have been developed for virus RNA (doublet 

substitution models in stems implementing compensatory mutations in base-pairing) as 

secondary structures are likely to violate the assumption that nucleotide substitutions 

occur independently among sites [78]. Analysis of compensatory base changes has been 

performed in mitochondrial tRNAs in a few cases (e.g., [10,25,26,79]). Two models have 

been postulated to explain the compensatory evolution in tRNAs in a fitness landscape: 

the “continuous fitness ridges” and the “isolated fitness peaks” or “valley hypothesis” 

[25,26]. In the first model, Watson–Crick switches from AU to GC or vice-versa occur 

independently and are not expected to cluster on the phylogenetic tree. The AC and GU 

pairs are considered intermediate stages with weaker pairings and hence with lower fit-

ness. This model further splits into a “flat continuous fitness ridges” where AU, GU and 

GC pairings possess high fitness and AC an extremely low fitness, and “ascending con-
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tinuous fitness ridges” where GC represents the highest fitness, AU and GU intermediate 

values and AC the lowest one. The isolated fitness peaks hypothesis suggests that an AU 

↔ GC switch is caused by two compensatory substitutions fixed together in the same 

haplotype, which also predicts two sub-models. In the first, GC and AU represent both 

the highest fitness peaks, whereas AC and GU represent the lowest ones, and in another 

sub-model, GC, AU, GU and AC are the stepping stones from highest to lowest fitness 

peaks. 

In mammals, most of the compensatory changes are Watson–Crick pairs (AU ↔ 

GC), other changes consisting of intermediate stage switches with lower fitness (e.g., AU 

-> AC and GC -> GU) [10,26]. However, the rupture of a pairing may be compensated by 

epistasis enhancing another pair in the stem (AU -> GC which has a stronger bond), the 

addition of an extra pair in D- and T-arms, changes of multiple interactions in stems and 

substitutions involving synergies between stem and loop structures [25]. About 10% and 

even up to 50% of the substitutions in mammals’ tRNAs are from an epistatic origin [25]. 

The fitness of stem base-pairs in Hyalella tRNAs presumably increases since most of 

FCBCs are AU -> GC and UA -> CG as described for humans and other mammals 

[10,25,79]. The opposite FCBCs (GC -> AU and CG -> UA) are also present but in much 

lower frequencies, as described in cetaceans [10]. On the other hand, we found very few 

wobble GU pairings in FCBCs in Hyalella stems and even lower AC pairings that have 

presumably even lower fitness. The pattern of HCBCs in Hyalella revealed the prevalence 

of changes toward wobble GU rather than Watson–Crick GC pairs, though the other 

Watson–Crick AU pairings were present at lower frequencies. Surprisingly, the most 

frequent HCBCs were A -> G vs. U (~33%) which are supposed to reduce the pairing’s 

fitness since bond strength is lower. Finally, mismatches may reduce the pairing’s fitness 

in stems, although their frequencies were lower than FCBCs and HCBCs. However, some 

mismatches are conserved in all Hyalella species studied such as the last pairing of the 

anti-codon stem of tRNA-I (UU, UC, CC). Thus, it can be hypothesized that other com-

pensatory mechanisms may be acting as evolutionary constraints. The remainder four 

pairings in the anti-codon stem of tRNA-I are Watson–Crick AU and GC pairs that could 

compensate the mismatch as suggested previously [79]. In addition, shorter stems in D- 

and T-arms composed of two to three pairs are mostly formed with Watson–Crick pairs, 

particularly GC pairings, since they have stronger bonds. This hypothesis could explain 

why GC pairs are conserved in many short D- and T-arms across Hyalella species (e.g., 

tRNA-N, tRNA-I, tRNA-K, tRNA-L1 and tRNA-L2). The pattern of compensatory base 

changes in Hyalella described above is compatible with the hypothesis of “isolated fitness 

peaks” [26]. This can be deduced by i) the presence of Watson–Crick switches, mostly 

FCBCs AU -> GC, caused by two compensatory substitutions fixed together in the same 

haplotype, ii) a higher number of HCBCs GU pairs (wobble pairs with lower fitness than 

Watson–Crick pairs) and iii) the residual detection of AC pairs with the lowest fitness. 

This hypothesis suggests that compensatory mutations in stems in Hyalella tRNAs navi-

gate low fitness valleys as previously described in mitochondrial tRNA stem regions in 

83 mammalian species [26]. The alternative “ascending continuous fitness ridges” hy-

pothesis could also be operating if high frequencies of wobble GU pairings in HCBCs are 

under selection. However, this hypothesis would require that Watson–Crick switches 

occur independently [26]. 

Interestingly, the hierarchical clustering based on CBC occurrence across species is 

very consistent with the Hyalella phylogeny based on the DNA sequences of the 13 PCGs. 

Our results suggest that that fixation of tRNA CBCs can be used to infer the species 

evolutionary history, similarly as it was proposed for rRNA internal transcribed spacer 

sequences (ITS). For these regions, the presence of CBCs in secondary structures has been 

used as a proxy for species divergence [80]. Switches between AU and GC Watson–Crick 

nucleotide pairs at complementary sites of mitochondrial tRNAs occur 30–40 times more 

slowly than pairs of neutral substitutions in mammals [26]. AC and GU intermediates 

have been shown to involve a deep fitness valley. Therefore, they are negatively selected, 
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implying that most CBCs could have been derived from the simultaneous fixation of two 

mutations that are individually deleterious [26]. The low probability of these events and 

their high fixation index could explain the phylogenetic signal contained in the Hyalella 

tRNA CBC data. 

4.4. Selection in Protein-Coding Genes 

Selection analyses show that negative (purifying) selection generally dominates 

mitochondrial genome evolution due to its importance in cellular respiration [71,81,82]. 

However, positive selection signatures can be detected in certain codons of mitochon-

drial Hyalella protein-coding genes. Our results agree with the numerous studies 

[81,83,84] showing higher functional constraint in the genes coding for COX proteins 

than in other mitochondrial genes. Cytochrome oxidase (cox) and cytochrome b (cob) 

showed the most conserved pattern, along with NADH dehydrogenase genes nad3 and 

nad4L. The less conserved gene was atp8, concordant with previous analyses [2]. Atp6, 

nad4 and nad5 genes were more variable, with multiple codon sites subjected to positive 

selection in at least two analyzed tree-branches. The gene nad5 also shows selection by 

the site analysis of CodeML (Model M8), even if not fully supported by the Bayes em-

pirical Bayes test (< 0.9 posterior probability).  

Positive selection was detected in particular positions of 8 of the 13 candidate genes 

in the branch-site model analyses using branch 1, corresponding to all Hyalella species 

estimated to be at least 25 my [33]. This result suggests a role in the adaptation of this 

amphipod group related to transition from marine or brackish to freshwater habitat 

conditions [85]. Interestingly, when branch 2 is defined as foreground (corresponding to 

a contrast between the mostly low-altitude Hyalella taxa versus species at high eleva-

tions), we found evidence for positive selection for some amino acids coded by the genes 

atp6, nad1, nad2, nad4 and nad5. On the other hand, the analysis of more derived branches 

in the phylogeny corresponding to Andean Altiplano Hyalella lineages (i.e., branches 3, 4 

and 5; Figure 1) reported few or no sites under selection. These selection results within 

Hyalella lineages may reflect recurrent adaptations to hypoxic conditions concomitant to 

the colonization of the high-altitude Andean lacustrine habitats. 

TREESAAP results mostly agree with these findings (Figure 7). The majority of the 

amino acid sites in the PCGs showed a Z value close to zero or slightly negative. The 

PCGs with the higher number of sites above the threshold value were atp6, atp8, nad4 and 

nad5. Moreover, atp8 and nad5 presented the higher number of physicochemical features 

(category 7 or 8) with a positive Z-score.  

5. Conclusions 

In summary, a) the pattern of compensatory mutations in Hyalella mitochondrial 

tRNA stems can be compatible with the isolated fitness peaks hypothesis and b) the sig-

natures of positive selection found in the Hyalella mitochondrial protein-coding genes 

indicate that these freshwater amphipods may have tuned their energy metabolism to 

adapt to novel habitats, in particular to freshwater and low atmospheric pressure and 

hypoxic conditions present at high altitude in the Andean Altiplano. 

Supplementary Materials: The following are available online at 

www.mdpi.com/2073-4425/12/2/292/s1, Table S1. Details on the Hyalella and other amphipod spe-

cies used in this study with their corresponding GenBank accession numbers. Table S2. Details of 

the Hyalella mitogenomes examined. Mitogenome length (“*” indicates an incomplete mitoge-

nome). Length of PCGs, tRNAs and rRNAs are indicated. Table S3. List of average nucleotide 

composition (A + T frequency), AT-skew and GC-skew for stems and loops of each tRNA sequence 

for the South American Hyalella species plus H. azteca from North America. Table S4. List of start 

and stop codons for the mitochondrial PCGs of South American Hyalella and the North American 

species H. azteca. Table S5. List of the anti-codon sequence for each tRNA of the South American 

Hyalella species plus H. azteca from North America. Table S6. List of nucleotide changes found in 

tRNA sequences split by stems and loops for each tRNA of the South American Hyalella species 



Genes 2021, 12, 292 17 of 20 
 

 

plus H. azteca from North America. The first column for each tRNA indicates the position in the 

alignment. Table S7. Selective pressure analyses of Hyalella mitochondrial PCGs. Results corre-

spond to the branch-site evolutionary analysis for positive selection using CodeML. The number of 

sites under positive selection with posterior probabilities > 95% are reported. Figure S1. Gene order 

comparison between the ancestral pancrustacean and the South American Hyalella mitogenomes. 

Shifts accounting for the observed differences between the two genome arrangements obtained 

with CREx are also shown. Figure S2. Heatmap of the average amino acid composition frequencies 

(top panel) and standard deviation (bottom panel) across Hyalella species. Figure S3. Heatmap of 

the average codon frequencies per thousand codons (top panel) and codon fraction per amino acid 

(bottom panel) across Hyalella species. Figure S4. Plot relating codon usages (ENC and MILC) vs. 

GC frequencies of third codon sites at fourfold degenerated amino acids at the gene level (top 

panel) and by coding strand (bottom panel). Figure S5. Mitochondrial gene order in four different 

amphipods: the whole Metacrangonyctidae family, Parhyale hawaiensis, Pseudoniphargus daviui and 

Platorchestia. Genes located above the central line correspond to genes coded on the plus-strand, 

whereas those coded on the minus-strand appear below. Blocks in grey correspond to non-coding 

segments attributed to control regions. 

Author Contributions: J.P., J.A.J.-R. and C.J. designed the study. D.J. and C.J. prepared and char-

acterized the Hyalella samples. F.Z. and J.A.J.-R. extracted genomic DNA from specimens. F.Z. and 

J.P. assembled and annotated the mitogenomes. J.P., F.Z. and J.A.J.-R. performed other analyses 

and prepared figures. F.Z. and J.P. drafted a first version of the manuscript with other authors’ 

contributions to the final version. All authors have read and agreed to the published version of the 

manuscript. 

Funding: Our work is supported by the Spanish MINECO Grant CGL2016-76164-P, financed by 

the Agencia Española de Investigación (AEI) and the European Regional Development Fund 

(FEDER). FZ benefits by grant BES-2017-081069 of the Spanish Ministerio de Ciencia, Innovación y 

Universidades. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: please refer to suggested Data Availability Statements in section 

“MDPI Research Data Policies” at https://www.mdpi.com/ethics. 

Acknowledgments: We are grateful to Miguel Alonso for his support with fieldwork and Oliver 

Kroll, Christian Albrecht, Tom Wilke, Geoff Boxshall, Franck Bréhier and Edmundo Moreno for 

supplying specimens. We also thank Matthias Bernt for granting permission to implement the 

software MITOS2 in our server. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Bauzà-Ribot, M.M.; Juan, C.; Nardi, F.; Oromí, P.; Pons, J.; Jaume, D. Mitogenomic Phylogenetic Analysis Supports Continen-

tal-Scale Vicariance in Subterranean Thalassoid Crustaceans. Curr. Biol. 2012, 22, 2069–2074, doi:10.1016/j.cub.2012.09.012. 

2. Pons, J.; Bauzà-Ribot, M.M.; Jaume, D.; Juan, C. Next-generation sequencing, phylogenetic signal and comparative mitoge-

nomic analyses in Metacrangonyctidae (Amphipoda: Crustacea). BMC Genom. 2014, 15, 566, doi:10.1186/1471-2164-15-566. 

3. Romanova, E.V.; Aleoshin, V.V.; Kamaltynov, R.M.; Mikhailov, K.V.; Logacheva, M.D.; Sirotinina, E.A.; Gornov, A.Y.; Anikin, 

A.S.; Sherbakov, D.Y. Evolution of mitochondrial genomes in Baikalian amphipods. BMC Genom. 2016, 17, 1016–1306, 

doi:10.1186/s12864-016-3357-z. 

4. Stokkan, M.; Jurado-Rivera, J.A.; Oromí, P.; Juan, C.; Jaume, D.; Pons, J. Species delimitation and mitogenome phylogenetics in 

the subterranean genus Pseudoniphargus (Crustacea: Amphipoda). Mol. Phylogenet. Evol. 2018, 127, 988–999, 

doi:10.1016/j.ympev.2018.07.002. 

5. Waeschenbach, A.; Telford, M.J.; Porter, J.S.; Littlewood, D.T.J. The complete mitochondrial genome of Flustrellidra hispida and 

the phylogenetic position of Bryozoa among the Metazoa. Mol. Phylogenet. Evol. 2006, 40, 195–207, 

doi:10.1016/j.ympev.2006.03.007. 

6. Juan, C.; Jurado-Rivera, J.A.; Moreno, E.; Wolff, C.; Jaume, D.; Pons, J. The mitogenome of the amphipod Hyalella lucifugax 

(Crustacea) and its phylogenetic placement. Mitochondrial DNA Part B 2016, 1, 755–756, doi:10.1080/23802359.2016.1214554. 

7. Saito, S.; Tamura, K.; Aotsuka, T. Replication Origin of Mitochondrial DNA in Insects. Genetics 2005, 171, 1695–1705, 

doi:10.1534/genetics.105.046243. 

8. Fernández-Silva, P.; Enriquez, J.A.; Montoya, J. Replication and Transcription of Mammalian Mitochondrial DNA. Exp. Physiol. 

2003, 88, 41–56, doi:10.1113/eph8802514. 



Genes 2021, 12, 292 18 of 20 
 

 

9. Pons, J.; Bover, P.; Bidegaray-Batista, L.; Arnedo, M.A. Armless mitochondrial tRNAs conserved for over 30 millions of years in 

spiders. BMC Genom. 2019, 20, 1–16, doi:10.1186/s12864-019-6026-1. 

10. Montelli, S.; Peruffo, A.; Patarnello, T.; Cozzi, B.; Negrisolo, E. Back to Water: Signature of Adaptive Evolution in Cetacean 

Mitochondrial tRNAs. PLoS ONE 2016, 11, e0158129, doi:10.1371/journal.pone.0158129. 

11. Kumazawa, Y.; Ota, H.; Nishida, M.; Ozawa, T. Gene rearrangements in snake mitochondrial genomes: Highly concerted 

evolution of control-region-like sequences duplicated and inserted into a tRNA gene cluster. Mol. Biol. Evol. 1996, 13, 

1242–1254, doi:10.1093/oxfordjournals.molbev.a025690. 

12. Stokkan, M.; Jurado-Rivera, J.A.; Juan, C.; Jaume, D.; Pons, J. Mitochondrial genome rearrangements at low taxonomic levels: 

Three distinct mitogenome gene orders in the genus Pseudoniphargus (Crustacea: Amphipoda). Mitochondrial DNA Part A 2015, 

27, 3579–3589, doi:10.3109/19401736.2015.1079821. 

13. Boore, J.L.; Lavrov, D.V.; Brown, W.M. Gene translocation links insects and crustaceans. Nature 1998, 392, 667–668, 

doi:10.1038/33577. 

14. Boore, J.L.; Collins, T.M.; Stanton, D.; Daehler, L.L.; Brown, W.M. Deducing the pattern of arthropod phytogeny from mito-

chondrial DNA rearrangements. Nature 1995, 376, 163–165, doi:10.1038/376163a0. 

15. Castellana, S.; Vicario, S.; Saccone, C. Evolutionary Patterns of the Mitochondrial Genome in Metazoa: Exploring the Role of 

Mutation and Selection in Mitochondrial Protein–Coding Genes. Genome Biol. Evol. 2011, 3, 1067–1079, doi:10.1093/gbe/evr040. 

16. Allio, R.; Donega, S.; Galtier, N.; Nabholz, B. Large Variation in the Ratio of Mitochondrial to Nuclear Mutation Rate across 

Animals: Implications for Genetic Diversity and the Use of Mitochondrial DNA as a Molecular Marker. Mol. Biol. Evol. 2017, 34, 

2762–2772, doi:10.1093/molbev/msx197. 

17. Hassanin, A.; Léger, N.; Deutsch, J. Evidence for Multiple Reversals of Asymmetric Mutational Constraints during the Evolu-

tion of the Mitochondrial Genome of Metazoa, and Consequences for Phylogenetic Inferences. Syst. Biol. 2005, 54, 277–298, 

doi:10.1080/10635150590947843. 

18. Akasaki, T.; Nikaido, M.; Tsuchiya, K.; Segawa, S.; Hasegawa, M.; Okada, N. Extensive mitochondrial gene arrangements in 

coleoid Cephalopoda and their phylogenetic implications. Mol. Phylogenet. Evol. 2006, 38, 648–658, 

doi:10.1016/j.ympev.2005.10.018. 

19. Yan, J.; Li, H.; Zhou, K. Evolution of the Mitochondrial Genome in Snakes: Gene Rearrangements and Phylogenetic Relation-

ships. BMC Genom. 2008, 9, 569, doi:10.1186/1471-2164-9-569. 

20. Dowton, M.; Cameron, S.L.; Dowavic, J.I.; Austin, A.D.; Whiting, M.F. Characterization of 67 Mitochondrial tRNA Gene Re-

arrangements in the Hymenoptera Suggests That Mitochondrial tRNA Gene Position Is Selectively Neutral. Mol. Biol. Evol. 

2009, 26, 1607–1617, doi:10.1093/molbev/msp072. 

21. Arndt, A.; Smith, M.J. Mitochondrial gene rearrangement in the sea cucumber genus Cucumaria. Mol. Biol. Evol. 1998, 15, 

1009–1016, doi:10.1093/oxfordjournals.molbev.a025999. 

22. Kurabayashi, A.; Yoshikawa, N.; Sato, N.; Hayashi, Y.; Oumi, S.; Fujii, T.; Sumida, M. Complete mitochondrial DNA sequence 

of the endangered frog Odorrana ishikawae (family Ranidae) and unexpected diversity of mt gene arrangements in ranids. Mol. 

Phylogenet. Evol. 2010, 56, 543–553, doi:10.1016/j.ympev.2010.01.022. 

23. Matsumoto, Y.; Yanase, T.; Tsuda, T.; Noda, H. Species-specific mitochondrial gene rearrangements in biting midges and 

vector species identification. Med. Vet. Entomol. 2009, 23, 47–55, doi:10.1111/j.1365-2915.2008.00789.x. 

24. Jühling, F.; Pütz, J.; Bernt, M.; Donath, A.; Middendorf, M.; Florentz, C.; Stadler, P.F. Improved systematic tRNA gene annota-

tion allows new insights into the evolution of mitochondrial tRNA structures and into the mechanisms of mitochondrial ge-

nome rearrangements. Nucleic Acids Res. 2011, 40, 2833–2845, doi:10.1093/nar/gkr1131. 

25. Kern, A.D.; Kondrashov, F.A. Mechanisms and convergence of compensatory evolution in mammalian mitochondrial tRNAs. 

Nat. Genet. 2004, 36, 1207–1212, doi:10.1038/ng1451. 

26. Meer, M.V.; Kondrashov, A.S.; Artzy-Randrup, Y.; Kondrashov, F.A. Compensatory evolution in mitochondrial tRNAs navi-

gates valleys of low fitness. Nature. 2010, 464, 279–282, doi:10.1038/nature08691. 

27. Naumenko, S.A.; Logacheva, M.D.; Popova, N.V.; Klepikova, A.V.; Penin, A.A.; Bazykin, G.A.; Etingova, A.E.; Mugue, N.S.; 

Kondrashov, A.S.; Yampolsky, L.Y. Transcriptome-based phylogeny of endemic Lake Baikal amphipod species flock: Fast 

speciation accompanied by frequent episodes of positive selection. Mol. Ecol. 2017, 26, 536–553, doi:10.1111/mec.13927. 

28. Guo, H.; Yang, H.; Tao, Y.; Tang, D.; Wu, Q.; Wang, Z.; Tang, B. Mitochondrial OXPHOS genes provides insights into genetics 

basis of hypoxia adaptation in anchialine cave shrimps. Genes Genom. 2018, 40, 1169–1180, doi:10.1007/s13258-018-0674-4. 

29. Wang, Z.; Shi, X.; Sun, L.; Bai, Y.; Zhang, D.; Tang, B. Evolution of mitochondrial energy metabolism genes associated with 

hydrothermal vent adaption of Alvinocaridid shrimps. Genes Genom. 2017, 39, 1367–1376, doi:10.1007/s13258-017-0600-1. 

30. Grosso, L.E.; Peralta, M. Anfípodos de agua dulce sudamericanos. Revisión del género Hyalella Smith. I. Acta Zool. Lilloana 1999, 

79–98. 

31. Jurado-Rivera, J.A.; Zapelloni, F.; Pons, J.; Juan, C.; Jaume, D. Morphological and molecular species boundaries in the Hyalella 

species flock of Lake Titicaca (Crustacea: Amphipoda). Contrib. Zool. 2020, 89, 353–372, doi:10.1163/18759866-bja10004. 

32. Adamowicz, S.J.; Marinone, M.C.; Marque, S.M.; Martin, J.W.; Allen, D.C.; Pyle, M.N.; Ríos, P.D.L.; Sobel, C.N.; Ibañez, C.; 

Pinto, J.; et al. The Hyalella (Crustacea: Amphipoda) species cloud of the ancient Lake Titicaca originated from multiple colo-

nizations. Mol. Phylogenet. Evol. 2018, 125, 232–242, doi:10.1016/j.ympev.2018.03.004. 

33. Zapelloni, F.; Pons, J.; Jurado-Rivera, J.A.; Jaume, D.; Juan, C. Phylogenomics of the Hyalella amphipod species-flock of the 

Andean Altiplano. Sci. Rep. 2021, 11, 1–14, doi:10.1038/s41598-020-79620-4. 



Genes 2021, 12, 292 19 of 20 
 

 

34. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prji-

belski, A.D.; et al. SPAdes: A New Genome Assembly Algorithm and Its Applications to Single-Cell Sequencing. J. Comput. 

Biol. 2012, 19, 455–477, doi:10.1089/cmb.2012.0021. 

35. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 

2114–2120, doi:10.1093/bioinformatics/btu170. 

36. Schomaker-Bastos, A.; Prosdocimi, F. MitoMaker: A pipeline for automatic assembly and annotation of animal mitochondria 

using raw NGS data. Preprints 2018, 1–10, doi:10.20944/preprints201808.0423.v1. 

37. Geneious. Bioinformatics Software for Sequence Data Analysis. Available online: https://www.geneious.com/ (accessed on 10 

September 2020). 

38. Bernt, M.; Donath, A.; Jühling, F.; Externbrink, F.; Florentz, C.; Fritzsch, G.; Pütz, J.; Middendorf, M.; Stadler, P.F. MITOS: Im-

proved de novo metazoan mitochondrial genome annotation. Mol. Phylogenet. Evol. 2013, 69, 313–319, 

doi:10.1016/j.ympev.2012.08.023. 

39. Narakusumo, R.P.; Riedel, A.; Pons, J. Mitochondrial genomes of twelve species of hyperdiverse Trigonopterus weevils. PeerJ 

2020, 8, e10017, doi:10.7717/peerj.10017. 

40. Caswell, T.A.; Droettboom, M.; Lee, A.; Hunter, J.; de Andrade, E.S.; Firing, E.; Hoffmann, T.; Klymak, J.; Stansby, D.; Varo-

quaux, N.; et al. matplotlib/matplotlib: REL: v3.3.2. Zenodo 2020, doi:10.5281/ZENODO.4030140. 

41. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 

2020. 

42. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016; ISBN 9783319242774. 

43. Galili, T.; O’Callaghan, A.; Sidi, J.; Sievert, C. Heatmaply: An R package for creating interactive cluster heatmaps for online 

publishing. Bioinformatics 2018, 34, 1600–1602, doi:10.1093/bioinformatics/btx657. 

44. Bernt, M.; Merkle, D.; Ramsch, K.; Fritzsch, G.; Perseke, M.; Bernhard, D.; Schlegel, M.; Stadler, P.F.; Middendorf, M. CREx: 

Inferring genomic rearrangements based on common intervals. Bioinformatics 2007, 23, 2957–2958, 

doi:10.1093/bioinformatics/btm468. 

45. Perna, N.; Kocher, T. Patterns of nucleotide composition at fourfold degenerate sites of animal mitochondrial genomes. J. Mol. 

Evol. 1995, 41, 353–358, doi:10.1007/bf00186547. 

46. Supek, F.; Vlahoviček, K. INCA: Synonymous codon usage analysis and clustering by means of self-organizing map. Bioinfor-

matics 2004, 20, 2329–2330, doi:10.1093/bioinformatics/bth238. 

47. Laslett, D.; Canback, B. ARAGORN: A program to detect tRNA genes and tmRNA genes in nucleotide sequences. Nucleic Acids 

Res. 2004, 32, 11–16, doi:10.1093/nar/gkh152. 

48. Seibel, P.N.; Müller, T.; Dandekar, T.; Schultz, J.; Wolf, M. 4SALE—A tool for synchronous RNA sequence and secondary 

structure alignment and editing. BMC Bioinform. 2006, 7, 498, doi:10.1186/1471-2105-7-498. 

49. Galili, T. Dendextend: An R package for visualizing, adjusting and comparing trees of hierarchical clustering. Bioinformatics 

2015, 31, 3718–3720, doi:10.1093/bioinformatics/btv428. 

50. Baker, F.B. Stability of Two Hierarchical Grouping Techniques Case 1: Sensitivity to Data Errors. J. Am. Stat. Assoc. 1974, 69, 

440, doi:10.2307/2285675. 

51. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32, 

1792–1797, doi:10.1093/nar/gkh340. 

52. Drummond, A.J.; Rambaut, A. BEAST: Bayesian evolutionary analysis by sampling trees. BMC Evol. Biol. 2007, 7, 1–8, 

doi:10.1186/1471-2148-7-214. 

53. Smith, S.A.; Dunn, C.W. Phyutility: A phyloinformatics tool for trees, alignments and molecular data. Bioinformatics 2008, 24, 

715–716, doi:10.1093/bioinformatics/btm619. 

54. Nguyen, L.-T.; Schmidt, H.A.; Von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating 

Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 2015, 32, 268–274, doi:10.1093/molbev/msu300. 

55. Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; Von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate 

phylogenetic estimates. Nat. Methods 2017, 14, 587–589, doi:10.1038/nmeth.4285. 

56. Yang, Z. PAML 4: Phylogenetic Analysis by Maximum Likelihood. Mol. Biol. Evol. 2007, 24, 1586–1591, 

doi:10.1093/molbev/msm088. 

57. Yang, Z.; Nielsen, R. Estimating Synonymous and Nonsynonymous Substitution Rates Under Realistic Evolutionary Models. 

Mol. Biol. Evol. 2000, 17, 32–43, doi:10.1093/oxfordjournals.molbev.a026236. 

58. Woolley, S.; Johnson, J.; Smith, M.J.; Crandall, K.A.; McClellan, D.A. TreeSAAP: Selection on Amino Acid Properties using 

phylogenetic trees. Bioinformatics 2003, 19, 671–672, doi:10.1093/bioinformatics/btg043. 

59. Wang, Z.; Chen, Z.; Xu, S.; Ren, W.; Zhou, K.; Yang, G. ‘Obesity’ is healthy for cetaceans? Evidence from pervasive positive 

selection in genes related to triacylglycerol metabolism. Sci. Rep. 2015, 5, 14187, doi:10.1038/srep14187. 

60. Kao, D.; Lai, A.G.; Stamataki, E.; Rošić, S.; Konstantinides, N.; Jarvis, E.; Di Donfrancesco, A.; Pouchkina-Stancheva, N.; Sémon, 

M.; Grillo, M.; et al. The genome of the crustacean Parhyale hawaiensis, a model for animal development, regeneration, immun-

ity and lignocellulose digestion. eLife 2016, 5, doi:10.7554/eLife.20062.001 

61. Yang, H.-M.; Song, J.-H.; Kim, M.-S.; Min, G.-S. The complete mitochondrial genomes of two talitrid amphipods, Platorchestia 

japonica and P. parapacifica (Crustacea, Amphipoda). Mitochondrial DNA Part B 2017, 2, 757–758, 

doi:10.1080/23802359.2017.1398606. 



Genes 2021, 12, 292 20 of 20 
 

 

62. Yang, J.-S.; Yang, W.-J. The complete mitochondrial genome sequence of the hydrothermal vent galatheid crab Shinkaia crosnieri 

(Crustacea: Decapoda: Anomura): A novel arrangement and incomplete tRNA suite. BMC Genom. 2008, 9, 257, 

doi:10.1186/1471-2164-9-257. 

63. Bauzà-Ribot, M.M.; Jaume, D.; Juan, C.; Pons, J. The complete mitochondrial genome of the subterranean crustacean Meta-

crangonyx longipes (Amphipoda): A unique gene order and extremely short control region. Mitochondrial DNA 2009, 20, 88–99, 

doi:10.1080/19401730902964417. 

64. Hassanin, A. Phylogeny of Arthropoda inferred from mitochondrial sequences: Strategies for limiting the misleading effects of 

multiple changes in pattern and rates of substitution. Mol. Phylogenet. Evol. 2006, 38, 100–116, doi:10.1016/j.ympev.2005.09.012. 

65. Wei, S.-J.; Shi, M.; Chen, X.-X.; Sharkey, M.J.; Van Achterberg, C.; Ye, G.-Y.; He, J.-H. New Views on Strand Asymmetry in 

Insect Mitochondrial Genomes. PLoS ONE 2010, 5, e12708, doi:10.1371/journal.pone.0012708. 

66. Boore, J.L.; Macey, J.; Medina, M. Sequencing and Comparing Whole Mitochondrial Genomes of Animals. Cellulases 2005, 395, 

311–348, doi:10.1016/s0076-6879(05)95019-2. 

67. Kilpert, F.; Podsiadlowski, L. The complete mitochondrial genome of the common sea slater, Ligia oceanica (Crustacea, Isopoda) 

bears a novel gene order and unusual control region features. BMC Genom. 2006, 7, 241, doi:10.1186/1471-2164-7-241. 

68. Podsiadlowski, L.; Bartolomaeus, T. Major rearrangements characterize the mitochondrial genome of the isopod Idotea baltica 

(Crustacea: Peracarida). Mol. Phylogenet. Evol. 2006, 40, 893–899, doi:10.1016/j.ympev.2006.04.008. 

69. Li, J.; Zhao, Y.; Lin, R.; Zhang, Y.; Hu, K.; Li, Y.; Huang, Z.; Peng, S.; Ding, J.; Geng, X.; et al. Mitochondrial genome character-

istics of Somena scintillans (Lepidoptera: Erebidae) and comparation with other Noctuoidea insects. Genomics 2019, 111, 

1239–1248, doi:10.1016/j.ygeno.2018.08.003. 

70. Jurado-Rivera, J.A.; Álvarez, G.; Caro, J.A.; Juan, C.; Pons, J.; Jaume, D. Molecular systematics of Haploginglymus, a genus of 

subterranean amphipods endemic to the Iberian Peninsula (Amphipoda: Niphargidae). Contrib. Zool. 2017, 86, 239–260. 

71. Hao, Y.-J.; Zou, Y.-L.; Ding, Y.-R.; Xu, W.-Y.; Yan, Z.-T.; Li, X.-D.; Fu, W.-B.; Li, T.-J.; Chen, B. Complete mitochondrial genomes 

of Anopheles stephensi and An. dirus and comparative evolutionary mitochondriomics of 50 mosquitoes. Sci. Rep. 2017, 7, 1–13, 

doi:10.1038/s41598-017-07977-0. 

72. Łukasik, P.; Chong, R.A.; Nazario, K.; Matsuura, Y.; Bublitz, D.A.C.; Campbell, M.A.; Meyer, M.C.; Van Leuven, J.T.; Pessacq, 

P.; Veloso, C.; et al. One Hundred Mitochondrial Genomes of Cicadas. J. Hered. 2019, 110, 247–256, doi:10.1093/jhered/esy068. 

73. Pons, J.; Ribera, I.; Bertranpetit, J.; Balke, M. Nucleotide substitution rates for the full set of mitochondrial protein-coding genes 

in Coleoptera. Mol. Phylogenet. Evol. 2010, 56, 796–807, doi:10.1016/j.ympev.2010.02.007. 

74. Itzkovitz, S.; Alon, U. The genetic code is nearly optimal for allowing additional information within protein-coding sequences. 

Genome Res. 2007, 17, 405–412, doi:10.1101/gr.5987307. 

75. Creixell, P.; Schoof, E.M.; Tan, C.S.H.; Linding, R. Mutational properties of amino acid residues: Implications for evolvability of 

phosphorylatable residues. Philos. Trans. R. Soc. B Biol. Sci. 2012, 367, 2584–2593, doi:10.1098/rstb.2012.0076. 

76. Rawlings, T.A.; Collins, T.M.; Bieler, R. Changing identities: tRNA duplication and remolding within animal mitochondrial 

genomes. Proc. Natl. Acad. Sci. USA 2003, 100, 15700–15705, doi:10.1073/pnas.2535036100. 

77. Krebes, L.; Bastrop, R. The mitogenome of Gammarus duebeni (Crustacea Amphipoda): A new gene order and non-neutral 

sequence evolution of tandem repeats in the control region. Comp. Biochem. Physiol. Part D Genom. Proteom. 2012, 7, 201–211, 

doi:10.1016/j.cbd.2012.02.004. 

78. Patiño-Galindo, J.Á.; González-Candelas, F.; Pybus, O.G. The Effect of RNA Substitution Models on Viroid and RNA Virus 

Phylogenies. Genome Biol. Evol. 2018, 10, 657–666, doi:10.1093/gbe/evx273. 

79. Kondrashov, F.A. Prediction of pathogenic mutations in mitochondrially encoded human tRNAs. Hum. Mol. Genet. 2005, 14, 

2415–2419, doi:10.1093/hmg/ddi243. 

80. Coleman, A.W. Is there a molecular key to the level of “biological species” in eukaryotes? A DNA guide. Mol. Phylogenet. Evol. 

2009, 50, 197–203, doi:10.1016/j.ympev.2008.10.008. 

81. Meiklejohn, C.D.; Montooth, K.L.; Rand, D.M. Positive and negative selection on the mitochondrial genome. Trends Genet. 2007, 

23, 259–263, doi:10.1016/j.tig.2007.03.008. 

82. Sun, S.; Wu, Y.; Ge, X.; Jakovlić, I.; Zhu, J.; Mahboob, S.; Al-Ghanim, K.A.; Al-Misned, F.; Fu, H. Disentangling the interplay of 

positive and negative selection forces that shaped mitochondrial genomes of Gammarus pisinnus and Gammarus lacustris. R. Soc. 

Open Sci. 2020, 7, 190669, doi:10.1098/rsos.190669. 

83. Pesole, G.; Gissi, C.; De Chirico, A.; Saccone, C. Nucleotide Substitution Rate of Mammalian Mitochondrial Genomes. J. Mol. 

Evol. 1999, 48, 427–434, doi:10.1007/pl00006487. 

84. Bazin, E.; Glémin, S.; Galtier, N. Population Size Does Not Influence Mitochondrial Genetic Diversity in Animals. Science 2006, 

312, 570–572, doi:10.1126/science.1122033. 

85. Lee, C.E.; Bell, M.A. Causes and consequences of recent freshwater invasions by saltwater animals. Trends Ecol. Evol. 1999, 14, 

284–288, doi:10.1016/s0169-5347(99)01596-7 

 

 


