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. Marine blue mussels (Mytilus spp.) are widespread species that exhibit an antitropical distribution with

. five species occurring in the Northern Hemisphere (M. trossulus, M. edulis, M. galloprovincialis,

© M. californianus and M. coruscus) and three in the Southern Hemisphere (M. galloprovincialis,

. M. chilensis and M. platensis). Species limits in this group remain controversial, in particular for those

. forms that live in South America. Here we investigated structural characteristics of marine mussels

. mitogenomes, based on published F mtDNA sequences of Northern Hemisphere species and two newly
sequenced South American genomes, one from the Atlantic M. platensis and another from the Pacific
M. chilensis. These mitogenomes exhibited similar architecture to those of other genomes of Mytilus,
including the presence of the Atp8 gene, which is missing in most of the other bivalves. Our evolutionary

. analysis of mitochondrial genes indicates that purifying selection is the predominant force shaping

. the evolution of the coding genes. Results of our phylogenetic analyses supported the monophyly of
Pteriomorphia and fully resolved the phylogenetic relationships among its five orders. Finally, the low

. genetic divergence of specimens assigned to M. chilensis and M. platensis suggests that these South

. American marine mussels represent conspecific variants rather than distinct species.

© Molluscs of the subclass Pteriomorphia are an old and successful lineage of saltwater bivalves that includes the
* orders Arcoida, Limoida, Ostreoida, Pectinoida, Pterioida and Mytiloida'. In the latter order, the family Mytilidae,
. generally known as marine mussels, is an important component of rocky intertidal communities in temperate
. waters around the world?. These bivalves are among the most studied marine organisms due to their ecological
: and economic importance?, and an equally relevant role as sentinel species for pollution in coastal areas*. Within
Mytilidae, mussels of the genus Mytilus are widespread species at middle and higher latitudes (Fig. 1). This group
. exhibits a typical antitropical distribution with five species occurring in the Northern Hemisphere (M. trossulus,
M. edulis, M. galloprovincialis, M. californianus and M. coruscus) and three in the Southern Hemisphere
(M. chilensis, M. galloprovincialis and M. platensis) (Fig. 1)>~'".
: In the last decades there has been a significant increase in the taxonomic understanding of Mytilus, mostly
. prompted by the analysis of molecular evidence e.g.!*"'>. However, disagreements remain regarding the number
: and identity of the species that live in South America'. In addition to the now settled dispute over the presence
. of M. galloprovincialis in the coast of Chile'’, different views remain on the distinction, at the species level, of
. Atlantic and Pacific populations and of these with those of the Northern Hemisphere. Some authors have sug-
. gested that mussels in the Pacific coast of South America could correspond to a Southern Hemisphere lineage of
© M. galloprovincialis'>. However, the most accepted view relates South American forms with M. edulis, either as a
* single species or as one or two closely related species. For instance, McDonald ef al.’® and Seed® considered the
common mussels from temperate waters of the Northern and Southern Hemispheres to be a single cosmopolitan
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Figure 1. Geographic distribution of marine mussels of the genus Mytilus. Approximate distributions of
mussels were compiled from various sources, including®!!. The map was generated with the R package “maps”
and modified using Inskcape v.0.91 (http://inkscape.org/).

species, Mytilus edulis Linnaeus, 1758. On the other hand, some authors considered South America mussels dis-
tinct at the subspecies or species level and limit M. edulis s.s. to the Northern Hemisphere. As such, marine mus-
sels in Argentina and Uruguay have been referred to as Mytilus platensis®® or Mytilus edulis platensis e.g.°, whereas
those found in Chile from the Tirtia River (38°S) to the Magellan Strait (53°S) as Mytilus chilensis (Hupé, 1854)'6,
and Mytilus edulis chilensis’. Finally, a third classificatory scheme considers Atlantic and Pacific South American
populations to be distinct from those of the northern M. edulis s.s., but regard them as belonging to a single
subspecies, Mytilus edulis platensis'. Previous phylogenetic studies about the evolutionary relationships among
Mytilus spp. have suggested that Southern Hemisphere mussels could be closely related to those mussels in the M.
edulis complex of the Northern Hemisphere in which M. edulis and M. galloprovincialis are sister taxa, whereas
M. trossulus is more distantly related>!821-23,

Species of the genus Mytilus exhibit unusual and interesting features related to the heteroplasmy of their
mitochondrial DNA (mtDNA)?*. These organisms commonly have two types of mitochondrial genomes (mitog-
enomes), known as M and F, in stable co-existence. The sperm contains exclusively the M genome and is pater-
nally inherited, whilst the egg has the F type and is inherited by both male and female somatic cells and female
gonadal cells**-?”. Comparisons of F and M mtDNA sequences of Mytilus species have shown that the M mitog-
enome evolves more quickly than the F mitogenome?**?. From these studies, it appears that both genomes
experience purifying selection, but this selection is relatively relaxed for the M mtDNA in Mytilus spp.?*?$-%,
The mitogenome represents an important potential target of natural selection in taxa that are distributed across
environmental gradients®!, such as the case of marine mussels®. These organisms inhabit broader latitudinal gra-
dients of coastal marine environments (Fig. 1) with dynamic changes (e.g. fluctuations in temperature, dissolved
oxygen, salinity, desiccation, UV-radiation, and chemical contaminant exposure etc.), which may impose oxi-
dative stress to them™, affecting the mitochondrial respiration and leading to irreversible damage of mtDNA®.
Non-synonymous single nucleotide polymorphisms in any of the mtDNA genes encoding enzymes of the elec-
tron transport chain (ETC) can potentially affect the quality of electron flow or influence other relevant binding
sites, such as that of coenzyme Q or CoQ**.

In this work we investigated structural and evolutionary characteristics of marine mussels mitogenomes,
based on published complete F mtDNA sequences of Northern Hemisphere species and our two newly sequenced
South American marine mussels. We detail the main features of their genomic architecture and compare these
features to those from other bivalves. Additionally, we investigated the phylogenetic relationships within the
M. edulis complex and among mollusks of the subclass Pteriomorphia. Finally, we analyze the evolutionary pat-
terns of mtDNA protein-coding genes of marine mussels in order to evaluate the nature of the selective forces
acting on their mitogenomes.

Results and Discussion

Mitogenome architecture of M. chilensis and M. platensis. The F mitogenomes (from somatic cells)
of the Southern Hemisphere marine mussels, Mytilus chilensis and M. platensis, are circular DNA molecules with
alength of 16,765 bp (Table 2, Fig. 2A), which is in the range of the mitogenome size of their closely related myti-
lid species, and similar to those of other described marine mussels of the subclass Pteriomorphia (Supplementary
Table S1). The A4T content of the two newly sequenced species represents 61.8% of the total genome whereas
the G+C content represents 38.2% (Table 2, Fig. 2). These values are consistent with those described for other
bivalves, with a particular disparity in A+T and G+C along the genome® (Supplementary Table S1). In general,
mtDNA sequences obtained from somatic tissue of M. chilensis and M. platensis exhibited uniform coverage
across the entire length, lack of heteroplasmy (i.e., recombination or traces of the M mtDNA), and the absence
of nuclear copies of mtDNA. These mitogenomes revealed a highly conserved genomic architecture with all 37
genes normally found in metazoans (13 protein-coding genes, 2 ribosomal RNA genes and 22 transfer RNAs)?,
including the A#p8 gene, which is reported as missing in other bivalve mollusks?"**. The absence of this ATP
subunit is controversial as it has been detected in some freshwater mussels (Palaeoheterodonta)®” and saltwater
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Pteriomorphia
Mytiloida
Mytilidae Mpytilus chilensis KP100300
Mytilus platensis KP100301
Mytilus edulis AY484747
Mytilus galloprovincialis AY497292
Mytilus coruscus KJ577549
Mytilus trossulus AY823625
Mytilus californianus GQ527172
Brachidontes exustus KM233636
Musculista senhousia GU001954
Perna viridis JQ970425
Arcoida
Arcidae Anadara sativa KF667521
Scapharca broughtonii AB729113
Ostreoida
Ostreidae Crassostrea angulata FJ841965
Crassostrea ariakensis EU672835
Crassostrea gigas EU672831
Ostrea denselamellosa HMO015199
Ostrea edulis JF274008
Ostrea lurida KC768038
Saccostrea mordax FJ841968
Pectinoidea
Pectinidae Argopecten irradians DQ665851
Argopecten purpuratus KF601246
Chlamys farreri EU715252
Mimachlamys senatoria KF214684
Placopecten magellanicus DQ088274
Pterioida
Pinnidae Atrina pectinata KC153059
Pinctada margaritifera HM467838
Protobranchia
Solemyoida
Solemyidae Solemya velum JQ728447
Palaeoheterodonta
Unionidae
Anodontinae | Anodonta anatina KF030965
Heteroconchia
Veneroidea
Veneridae Meretrix meretrix GQ463598
Lucinoidea
Lucinidae Loripes lacteus EF043341
Lucinidae Lucinella divaricata EF043342
Myoidea
Myidae Mya arenaria KJ755996

Table 1. List of species used in this study.

clams (Heterodonta). The uncertainty related to the annotation of this protein-coding gene, could be due to
the structural characteristics (e.g., short length) and extreme variability of the A#p8 gene among bivalves?*3%%,
Notwithstanding, according to the available data this gene has a complex pattern of presence/absence in groups
such as Pteriomorphia in which some pectinoids and ostreoids possess the Afp8 gene whereas others do not®.
This pattern is consistent with our mitogenomic comparison among marine mussels (Mytilidae), where this gene
is functional (including the presence of start and stop codons) only in species of the genus Mytilus and reduced,
non-functional or absent in the other mytilids (Fig. 2B, Supplementary Table S1 and Fig. S1).

In addition to the protein-coding genes (PCGs), most metazoan have a set of 22 tRNA genes, including two
copies of tRNA-Leu and two of tRNA-Ser*®. However, in most bivalve mitogenomes the tRNA set involves a total
of 23 genes due to the presence of two tRNA-Met e.g.2*>%. This is in accordance with our findings in which the

SCIENTIFICREPORTS | 6:26853 | DOI: 10.1038/srep26853 3



www.nature.com/scientificreports/

A RNA large subunit B
tRNA-Asp o\ 16763 tRNATyr
tRNA-Gln R 0g)

tRNA-Cys, tRNA-lle " ~/
tRNA-Asn, tRNA-Glu %/’-
tRNA-Gly — 552 S

rRNA small subunit

s
G S
tRNA-Phe~g 250

<
o trialys A N\ - w tRNA

tRNA-Met s tRNA
-& tRNA-Leu

=§—tRNA-Leu

Mpytilus chilensis %

L tRna % identity
bGRNA  m= 100

Mytilus platensis \\ . m--

AL =RVNTPE L oo o4

KP100300 } "t RII %

->= 88

A == KP100301 h v wa i; 32
Nadhal—\E 2 16765 bp d NDAL == 0

s
v
cox1’
ATP8,

NDS e =
A tRNA-Arg RNA (N ARNATRNATRNA
tRNA-His, tRNA-Po RNATrD
Nadh3 tRNA-Ala, tRNA-Ser

y/\ ‘3’\ tRNA-Ser
coxi # > it S P\ tRNA-Met
e Nadh2

00

0,

Figure 2. (A) Graphic representation of the mitocondrial genome architecture of Mytilus chilensis and Mytilus
platensis. AT and CG content and their changes throughout the genome are represented in blue and green,
respectively. The control region is located in the yellow segment. (B) Graphical map of the BLAST results
showing nucleotide identity between M. chilensis and the other 9 species of the order Mytiloida listed in Table 1,
as generated by the CGView comparison tool (CCT). CCT arranges BLAST result in an order where sequence
that is most similar to the reference (M. chilensis) is placed closer to the outer edge of the map. The rings labelled
1 to 9 indicate BLAST results of M. chilensis mitogenome against M. platensis, M. edulis, M. galloprovincialis,

M. trossulus, M. coruscus, M. californianus, P. viridis, B. exustus, M. senhousia, respectively.

two tRNA-Met are recognized by the anticodons CAU and UAU. Each of the 23 tRNA genes folded into a typi-
cal cloverleaf secondary structure as predicted by ARWEN and tRNAscan-SE. For M. chilensis and M. platensis
these genes were within the size range of 63 bp (tfRNA-Ser and tRNA-Thr) to 69 (tRNA-Lys and tRNA-Met) and
spread on the same strand over the entire genome (Table 2 and Fig. 2A). Similarly, the rRNA subunits (s-rRNA
and I-rRNA genes) of our South American mussels are encoded on the major strand (Table 2 and Fig. 2A) and
resembled those of other mytilids (Fig. 2B). Like with the tRNAs and rRNAs, all of the PCGs in our sequenced
species were encoded by the major strand (Table 2 and Fig. 2A), maintaining the same transcriptional orientation
of other Mytilus (Supplementary Fig. $2) and marine bivalve genomes**-*2. Finally, within the genus Mytilus, three
unique clusters of tRNA genes were identified between the Cox2-Nadh1, Nadh2-Nadh3 and the small and large
rRNA genes (Table 2 and Fig. 2A). These clusters are preserved due to the highly conserved gene order of this
genus. Among the five orders of Pteriomorphia species that are currently reported at the NCBI (Table 1), only few
gene blocks are shared between any two pairs (Supplementary Fig. $2); most of the rearrangements are switches
of tRNA genes, which change their position more frequently than PCGs and rRNA genes*>*,

Mitochondrial genomes are characterized by the presence of a large AT-rich intergenic region that contains
the putative origin for mitochondrial DNA replication (POR)**°. In our sequenced species, this region is located
between the [-rRNA and tRNA-Tyr genes, with a length of 1,173 pb (Table 2 and Fig. 2A), which is in the range size
of those observed among closely related species???*2546, and almost twice longer than that of other Pteriomorphia
species®>*2, This difference in the POR size could be explained by deletions or duplications of tandem sections®*
or by the high rate of divergence of the variable domains of this region reported for the genus Mytilus*. As can
be seen in the CCT BLAST map, the low degree of conservation of this mtDNA region is a consequence of the
dynamic nature of the control region (Fig. 2B).

Evolutionary patterns of protein-coding genes (PCGs). To evaluate the nature of the selective forces
acting on marine mussels mitogenomes, we estimated the synonymous (dS) and non-synonymous substitution
(dN) rates of PCGs. The dN/dS ratio is a simple measure of selective pressures acting on gene that indicates
neutral mutation (dN/dS = 1), negative or purifying selection (dN/dS < 1) and positive or diversifying selection
(dN/dS > 1)*. Our dN/dS evolutionary analysis of the concatenated alignment of PCGs, revealed that out of the
3973 codons, 3360 are subject to negative selection and 14 showed signatures of positive selection by at least one
of the implemented methods (Fig. 3A; Supplementary Table S2). Codons under positive selection belong to the
Cytb, Nadh4, Atp8, Nadh5 and Nadh6 genes (Fig. 3A; Supplementary Table S2). Similar results have been reported
in other marine mussels in which an accelerated accumulation non-synonymous substitutions was detected only
at terminal branches of the phylogenetic trees?. This finding was also consistent with our GA-Branch analy-
sis, particularly for the clade that includes all of the representative species of the M. edulis complex (Figure not
shown). The overall picture of evolutionary rates of mitogenomes in marine mussels indicates that purifying
selection is the predominant force shaping the evolution of marine mussels PCGs (Fig. 3B), with dN/dS ratios
between 0.096-0.262 (Supplementary Table S3). The lowest dN/dS was detected for the Cox1 gene (Fig. 3B),
which is in agreement with previous findings in M. edulis and M. galloprovincialis***** and may be explained by
the highly conservative nature of this gene, as observed in other mollusks e.g.*. It has been suggested that genes
with the lowest dN/dS values are likely to be evolving under the strongest selective constraint, whereas those with
the highest may be evolving in response to positive selection or relaxed constraint*.

SCIENTIFICREPORTS | 6:26853 | DOI: 10.1038/srep26853 4



www.nature.com/scientificreports/

Direction | Lenght (bp) | Min Max | Startcodon | Stop codon | Anti-codon | AT%
POR Forward 1173 1 1173 60.4
tRNA-Tyr Forward 67 1174 1240 1205-1207
Cytb Forward 1308 1242 2549 | ATG TAG 60.6
Cox2 Forward 729 2552 3280 | ATG TAG 61.8
tRNA-Lys Forward 69 3285 3353 3316-3318
tRNA-Met | Forward 69 3357 3425 3390-3392
tRNA-Leu Forward 66 3429 3494 3458-3460
tRNA-Leu | Forward 66 3498 3563 3527-3529
Nadl Forward 918 3726 4643 | GTG TAA 59.9
tRNA-Val | Forward 66 4644 4709 4675-4677
Nad4 Forward 1308 4710 6017 | ATG TAA 59.4
Cox3 Forward 936 6021 6956 | ATG TAA 58.5
tRNA-Ser Forward 63 6973 7035 7003-7005
tRNA-Met | Forward 65 7038 7102 7070-7072
Nad2 Forward 948 7106 8053 | ATG TAG 59.4
tRNA-Arg Forward 65 8057 8121 8088-8090
tRNA-Trp Forward 68 8125 8192 8156-8158
tRNA-Ala Forward 64 8194 8257 8225-8227
tRNA-Ser Forward 66 8262 8327 8293-8295
tRNA-His Forward 64 8330 8393 8362-8365
tRNA-Pro Forward 65 8395 8459 8426-8428
Nad3 Forward 351 8463 8813 | ATG TAA 58.7
Atp8 Forward 255 8832 9086 | ATG TAA 60.0
Cox1 Forward 1665 9089 10753 | ATA TAA 61.0
Atp6 Forward 717 10763 | 11479 | ATG TAG 61.1
tRNA-Thr Forward 63 11484 11546 11515-11517
Nad4L Forward 282 11547 | 11828 | ATG TAA 64.6
Nad5 Forward 1707 11840 | 13546 | ATA TAA 62.3
Nad6 Forward 465 13546 | 14010 | ATG TAA 63.9
tRNA-Phe Forward 68 14024 | 14091 14054-14056
s-rRNA Forward 946 14092 | 15037 64.0
tRNA-Gly Forward 66 15038 | 15103 15071-15073
tRNA-Asn | Forward 65 15104 | 15168 15135-15137
tRNA-Glu Forward 65 15169 | 15233 15199-15201
tRNA-Cys Forward 68 15235 | 15302 15268-15270
tRNA-Ile Forward 67 15303 | 15369 15334-15336
tRNA-GIn Forward 67 15385 15451 15414-15416
tRNA-Asp Forward 65 15457 | 15521 15487-15489
I-rRNA Forward 1244 15522 | 16765 64.5

Table 2. Mitochondrial genome content and general features of the Mytilus chilensis and M. platensis.

Phylogenetic analyses. Based on the concatenated alignment of 12 PCGs of the bivalve species used in
this study (Table 1), our Best Partition Scheme (BPS) analysis generated seven subset partitions (Supplementary
Table S4). This BPS and selected models of molecular evolution were used for both Bayesian (BI) and Maximum
Likelihood (ML) analyses, which produced identical topologies with similar branch lengths and strong bootstraps
(ML analysis) and posterior probabilities (Bayesian inference) values (Fig. 4). As expected, all of the represent-
ative species of the family Mytilidae form a clade (Fig. 4). Within this group, M. chilensis and M. platensis were
recovered in the same clade (Fig. 4) that coupled with the high similarity (Pairwise distance =0.002 £ 1 x 107
Mean + SD, Supplementary Table S5) of their mitogenomes (Fig. 2A) suggest that M. chilensis and M. platensis
represent conspecific variants rather than distinct species. These results were also supported by our species
delimitation analysis, in which the values of the ratio between the average distance of M. chilensis-M. platensis
(Intra_Dist) and the average distance between them and their closest species of Mytilus (Inter_Dist) were below
0.15. The low Intra_Dist/Inter_Dist is indicative of small genetic differences between the newly sequenced mitog-
enomes relative to the differences observed when those are compared with other species of Mytilus, meaning that
M. chilensis-M. platensis belong to a single species®. Previous ecological and physiological studies have suggested
a sympatric distribution for M. chilensis and M. platensis in the southern limit of their latitudinal distribution
(Fig. 1)°. However, our results and those of other studies using allozymes!'®***!, have suggested that the same
lineage of species level inhabit the Pacific and Atlantic coasts of South America. For the moment we regard this
lineage as a distinct species of M. edulis s.s. and as such refer to it as M. platensis. Future taxonomic assessments
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would test our taxonomic hypothesis. In this regard, future analysis should include the analyses of nuclear DNA
sequences to discard an eventual case of mitochondrial introgression causing the similarity of the mitogenomes
of M. chilensis and M. platensis.

According with our results, M. platensis shares a most recent common ancestor with M. edulis sensu stricto,
followed by M. galloprovincialis and M. trossulus, supporting the monophyly of the M. edulis complex (Fig. 4).
The clade of the blue mussels was recovered as sister to the clade containing the northern Pacific California
(M. californianus) and the Korean (M. coruscus) mussels (Fig. 4), which is congruent with previous phylogenetic
works with complete mitochondrial genomes??.

Our phylogenetic analyses clearly supported the monophyly of four orders of Pteriomorphia bivalves
(Mytiloida, Arcoida, Pectinoidea, and Ostreoida) (Fig. 4) as reported in other molecular studies using nuclear
markers and morphological data>*->*. However, limited taxonomic sampling precludes testing the monophyly
of Pterioida, the fifth order of pteriomorphs (Table 1). Overall, the ML and BI analyses recovered a strongly sup-
ported sister relationship between a clade containing Pectinoidea 4 Arcoida and the Mytiloida lineage (Fig. 4).
In addition, Ostreoida appeared as sister to Pterioida (Fig. 4) in agreement with previous analysis based on the
18S rDNA and partial sequences of the CoxI1'**. Nevertheless, our results did not support the “hard politomy”
reported by several authors within the subclass Pteriomorphia that could reflect a true rapid radiation dated about
490 Mya'>>**, This discrepancy could be explained by the different methodologies implemented and in particular
for the distinct character sampling. In this study, in addition to assess the variation at a mitogenomic scale, we
used a methodology that concatenates PCG sequences and sets the best model of evolution for each codon posi-
tion within each of the PCG genes; this combination allowed us to fully resolve the phylogenetic relationships
among orders of Pteriomorphia.

Finally, in our phylogenetic reconstruction, the overall picture of the relationships among major bivalve lin-
eages is in agreement with the multigene phylogenomic view of an early branching of the lineage leading to
Protobranchia® followed by that of Palaeoheterodonta (Fig. 4)*, with Heterodonta and Pteriomorphia in a sister
group relationship®®*°. Nonetheless, in a recent and more robust molecular study, Palaecoheterodonta was recov-
ered as sister taxa to Heterodonta, both forming a clade sister to Pteriomorphia®. The topological incongruence
could be due to the low number of species of Palaeoheterodonta used in our phylogenetic analyses.

Conclusion

In the present study, we determined the complete mitochondrial genome sequences of the marine mussels Mytilus
chilensis and M. platensis, the first completely sequenced and annotated genomes of the Southern Hemisphere
representative species of the family Mytilidae. These mitogenomes exhibited similar characteristics in their archi-
tecture and gene order to those of other genomes of Mytilus, including the presence of the Atp8 gene, which
has been mentioned as missing in other bivalves. However, several gene rearrangements were detected within
Mytilidae and among species of the five orders of Pteriomorphia. Our analysis indicates that purifying selection is
the predominant force shaping the evolution of the marine mussels mitochondrial PCGs. This observation is con-
sistent with the central role that the typical 13 mtDNA-encoded protein products play in fundamental biological
process of cellular respiration. Results of our phylogenetic analyses supported the monophyly of Pteriomorphia
and placed the order Mytiloida in a sister group relationship with a clade containing the orders Pectinoidea and
Arcoida. Finally, the low genetic divergence of M. chilensis and M. platensis coupled with the high similarity of
their mitogenomes suggest that these South American marine mussels represent conspecific variants rather than
distinct species, to which the name M. platensis applies. The mitogenomes reported here can provide basic infor-
mation to studies investigating aspects of phylogeography, systematics and climate change ecophysiology of these
economically important marine species.

Methods

Ethics statement. This study was carried out in strict accordance with the reccommendations in the Guide
for the Care and Use of Laboratory Animals of the Comisién Nacional de Investigacién Cientifica y Tecnologica
de Chile (CONICYT). All experiments were conducted according to current Chilean law. The protocol was
approved by the Committee on the Ethics of Animal Experiments of the Universidad Austral de Chile.

Species collection and DNA isolation.  Adult mussels of Mytilus chilensis and M. platensis were collected
from the intertidal and subtidal zones in the Pacific coast of South America (Valdivia: 39°46'S-73°29’W; and
Chiloe: 43°08-73°12'W) and South Atlantic waters (Mar del Plata: 38°10’S-57°27'W), respectively. Sex was deter-
mined by gonad examination under a microscope for the detection of sperm and eggs. DNA was extracted by the
isolation of intact mitochondria from approximately 150 mg of fresh tissue (somatic cells from mantle skirt and
the adductor muscle) from ten female mussels of each locality using the Mitochondrial Isolation Kit (Thermo
Scientific). The isolated mitochondrial pellet of each mussel was used for the mtDNA extraction by mean of the
Mitochondrial DNA Isolation kit (BioVision).

Mitochondrial genomes sequencing, assembly and annotation. Shotgun libraries of M. chilensis
and M. platensis were sequenced using a combination of 454 (Roche Genome Sequencer GS FLX Titanium)
and Sanger sequencing technologies on ABI 3730XL sequencers by Eurofins MWG Operon (Huntsville, USA).
DNA samples were nebulized, individually bar-coded to perform emulsion-based clonal amplification (emPCR)
and sequenced to approximately 20-fold coverage. Raw reads of M. chilensis (6315, average length =413.3 bp,
Q-score =29.3, Coverage >10=99.6%) and M. platensis (5832, average length = 401.7 bp, Q-score = 29.8,
Coverage >10 = 98.7%), were proof read, separated, and assembled, according to the bar-codes, into contigs
in Celera Assembler v.6.1. Assembly data was evaluated with the statistical overview and quality scoring files of
each single read. For both species, reads were assembled in a single contig with uniform coverage distribution. All
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nucleotide sequences obtained in this work were deposited in the NCBI Genbank repository. Accession numbers
can be found in Table 1.

Mitochondrial DNA sequences (i.e., protein-coding genes, rRNAs, tRNAs and noncoding regions) were
identified by BLAST searches at NCBI with BLASTn and BLASTx®’ using the default values of all algorithm
parameters (http://www.ncbi.nlm.nih.gov). In addition, protein-coding genes (PCGs) were identified with the
OREF Finder at NCBI using the invertebrate mitochondrial genetic code. The limits of both protein-coding and
ribosomal RNA genes were adjusted manually based on location of adjacent genes and the presence of start and
stop codons. Transfer RNA genes were located and folded by their proposed cloverleaf to confirm their secondary
structures using ARWEN v.1.2° and tRNAscan-SE v.1.21%, following the generalized invertebrate mitochondrial
tRNA settings. Finally, our annotations were double-checked using MITOS WebServer® under the invertebrate
mitochondrial code.

Concatenated alignment, divergences and positive Darwinian selection. With the excep-
tion of the Atp8 gene that is not described for all the mitogenomes (Supplementary Table S1), the nucleotide
sequences of the PCGs of the Pteriomorphia species (Table 1) were translated into amino acid sequences
using the invertebrate mitochondrial genetic code, and aligned separately using the MAFFT platform of the
TranslatorX multiple sequence alignment program®!. Alignments were done using the L-INS-i option (accurate
for alignment of <200 sequences) and default settings. The alignments were back-translated into the corre-
sponding nucleotide sequences. This alignment procedure helped avoid the destruction of codons and dis-
placement of nucleotides and aimed to obtain a reliably homologous region®. Ambiguously-aligned sites were
removed using Gblocks v.0.19b implemented in TranslatorX®! with default settings. Nucleotide sequences for
individual PCG alignments were concatenated before the phylogenetic analysis. These alignments were used
to explore inter-specific divergences for each PCG within Mytilidae. Pairwise genetic distances were calculated
using the Kimura’s two parameter and 1000 bootstrap replications for variance estimation with the program
MEGA v.5.1%2, Putative species limits was explored using the species delimitation pipeline implemented in the
software Geneious V.9.1.3%.

To evaluate the nature of the selective forces acting on the mitogenomes we estimated the rate of nucleotide
substitutions at non-synonymous (dN) relative to that at synonymous sites (dS), using the Datamonkey web
server®. In HyPhy, implemented via the Datamonkey software package, the fixed effect likelihood (FEL), the
single likelihood ancestor counting (SLAC), the fast, unconstrained Bayesian approximation (FUBAR), the mixed
effects model of evolution (MEME), and the GA-Branch analyses were used*. These methods were applied to five
datasets: i) all mtDNA-encoded PGCs; ii) the three subunits of the cytochrome ¢ oxidase complex (Cox1-3); iii)
the seven subunits of the NADH dehydrogenase complex (Nadh1-6; Nadh4l); iv) the cytochrome b subunit of the
ubiquinol cytochrome ¢ oxidoreductase complex (Cytb); and v) the Atp6 and Atp8 of the ATP synthase complex.
In all analyses performed in Datamonkey, the most suited model of evolution for each data set, directly estimated
on this web server, was used. Sites with p-values less than 0.05 for SLAC, FEL and MEME, posterior probability
of more than 0.9 for FUBAR, were considered as being under selection. Sequences were screened for recombina-
tion to avoid misleading results in the selection analyses by mean of the Genetic Algorithms for Recombination
Detection (GARD) in the Datamonkey web server®. No recombination was detected in the coding genes of any
of the sequenced genomes.

Phylogenetic reconstructions. Best Partition Scheme (BPS) analysis for the concatenated alignment
was conducted with the program PartitionFinder®, using the Bayesian Information Criterion (BIC) and a
heuristic search algorithm. This allowed us to compare different partition schemes for each codon position
in each gene. A total of 39 data blocks were defined, following the criteria of one data block for each codon
position in each gene. The BPS included seven subset partitions (Supplementary Table S4) with the models of
molecular evolution used for both Bayesian (BI) and Maximum Likelihood (ML) analyses. ML inference was
performed with RaxML v.7.2.6%, using the graphical interface RaxML-GUI® invoking the GTRGAMMA and
the rapid bootstrap option with 1000 replicates. In addition, a Bayesian inference (BI) MCMC analysis was
conducted using MrBayes v.3.2%. The rate parameter was allowed to vary. Parameter estimation was “unlinked”
for the shape of the gamma distribution used to model rate variation between sites, the substitution matrix,
the proportion of invariable sites, and the estimation of state frequencies. Six Markov chains were used, and
each chain was started from a random tree. The “temperature” parameter was set to a default value of 0.2. Two
simultaneous runs of 10,000,000 generations were conducted, and trees were sampled every 1000 generations.
To establish whether the Markov chains had reached a steady state, we plotted the -In likelihood scores of
sampled trees against generation time. Trees inferred prior to stationarity (i.e., lack of improvement in the
likelihood score) were discarded as burn-in (first 10% of the sampled trees), and the remaining trees were used
to construct a 50% majority-rule consensus tree.

Data availability. The data set supporting the results of this article is available in Dryad and can be found at
http://dx.doi.org/10.5061/dryad.t6b62. All nucleotide sequences were deposited in the NCBI Genbankrepository.
Accessions can be found in Table 1.

References
1. Campbell, D. C. Molecular evidence on the evolution of the Bivalvia. Geol. Soc. London, Spec. Publ. 177, 31-46 (2000).
2. Bayne, B. L. Marine mussels, their ecology and physiology. (Cambridge University Press, 1976).
3. Venier, P. et al. MytiBase: a knowledgebase of mussel (M. galloprovincialis) transcribed sequences. BMC Genomics 10, 72 (2009).
4. Regoli, E, Orlando, E., Regoli, FE & Orlando, E. Accumulation and subcellular distribution of metals (Cu, Fe, Mn, Pb and Zn) in the
Mediterranean mussel Mytilus galloprovincialis during a field transplant experiment. Mar. Pollut. Bull. 28, 592-600 (1994).

SCIENTIFICREPORTS | 6:26853 | DOI: 10.1038/srep26853 8


http://www.ncbi.nlm.nih.gov

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.
37.

38.

39.

40.

41.

42.

. Hilbish, T. J. et al. Origin of the antitropical distribution pattern in marine mussels ( Mytilus spp.): routes and timing of

transequatorial migration. Mar. Biol. 136, 69-77 (2000).

. Dellatorre, E. G., Pascual, M. S. & Bardn, P. J. Feeding physiology of the Argentine mussel Mytilus edulis platensis (d'Orbigny, 1846):

does it feed faster in suspended culture systems? Aquac. Int. 15, 415-424 (2007).

. Toro, J. PCR-based nuclear and mtDNA markers and shell morphology as an approach to study the taxonomic status of the Chilean

bluw mussel, Mytilus chilensis (Bivalvia). Aquat. Living Resour. 11, 347-353 (1998).

. Wonham, M. Mini-review: distribution of the Mediterranean mussel, Mytilus galloprovincialis (Bivalvia: Mytilidae), and hybrids in

the northeast Pacific. J. Shellfish Res. 23, 535-543 (2004).

. Addison, J. a., Ort, B. S. & Mesa, K. a. & Pogson, G. H. Range-wide genetic homogeneity in the California sea mussel (Mytilus

californianus): a comparison of allozymes, nuclear DNA markers, and mitochondrial DNA sequences. Mol. Ecol. 17, 4222-4232
(2008).

Borsa, P, Rolland, V. & Daguin-Thiébaut, C. Genetics and taxonomy of Chilean smooth-shelled mussels, Mytilus spp. (Bivalvia:
Mpytilidae). C. R. Biol. 335, 51-61 (2012).

Westfall, K. & Gardner, J. Interlineage Mytilus galloprovincialis Lmk. 1819 hybridization yields inconsistent genetic outcomes in the
Southern hemisphere. Biol. Invasions 15, 1493-1506 (2013).

Toro, J., Ojeda, J. A., Vergara, A. N. A. M., Castro, G. C. & Alcapén, A. C. Molecular characterization of the Chilean blue mussel
(Mytilus chilensis Hupe 1854) demonstrates evidence for the occurrence of Mytilus galloprovincialis in southern. J. Shellfish Res. 24,
1117-1121 (2005).

Westfall, K. & Gardner, J. Genetic diversity of Southern hemisphere blue mussels (Bivalvia: Mytilidae) and the identification of non-
indigenous taxa. Biol. J. Linn. Soc. 101, 898-909 (2010).

Westfall, K., Wimberger, P. & Gardner, J. An RFLP assay to determine if Mytilus galloprovincialis Lmk. (Mytilidae; Bivalvia) is of
Northern or Southern hemisphere origin. Mol. Ecol. Resour. 10, 573-575 (2010).

Gérard, K, Bierne, N., Borsa, P., Chenuil, A. & Féral, ].-P. Pleistocene separation of mitochondrial lineages of Mytilus spp. mussels
from Northern and Southern Hemispheres and strong genetic differentiation among southern populations. Mol. Phylogenet. Evol.
49, 84-91 (2008).

Oyarzun, P. A, Toro, J., Garrido, O., Briones, C. & Guifiez, R. Differences in sperm ultrastructure between Mytilus chilensis and
Mytilus galloprovincialis ( Bivalvia, Mytilidae ): could be used as a taxonomic trait? Lat. Am. J. Aquat. Res. 42, 172-179 (2014).
Tarifeno, E. et al. Erroneous identification of the mussel, Mytilus galloprovincialis (Lamarck 1819) as the specie, Mytilus chilensis
(Hupe 1854) in the Bay of Concepcion, Chile. Gayana 76, 167-172 (2012).

McDonald, J., Seed, R. & Koehn, R. Allozymes and morphometric characters of three species of Mytilus in the Northern and
Southern Hemispheres. Mar. Biol. 111, 323-333 (1991).

Seed, R. Systematics evolution and distribution of mussels belonging to the genus Mytilus: an overview. Am. Malacol. Bull. 9,
123-137 (1992).

De Moreno, J. E. A,, Pollero, R. J., Moreno, V. J. & Brenner, R. R. Lipids and fatty acids of the mussel (Mytilus Platensis d’Orbigny)
from South Atlantic waters. J. Exp. Mar. Bio. Ecol. 48, 263-276 (1980).

Breton, S., Burger, G., Stewart, D. & Blier, P. U. Comparative analysis of gender-associated complete mitochondrial genomes in
marine mussels (Mytilus spp.). Genetics 172, 1107-1119 (2006).

Zbawicka, M., Wenne, R. & Burzynski, A. Mitogenomics of recombinant mitochondrial genomes of Baltic Sea Mytilus mussels. Mol.
Genet. Genomics MGG 289, 1275-1287 (2014).

Smietanka, B., Burzynski, A. & Wenne, R. Comparative genomics of marine mussels (Mytilus spp.) gender associated mtDNA:
rapidly evolving atp8. . Mol. Evol. 71, 385-400 (2010).

Stewart, D., Kenchington, E. R., Singh, R. K. & Zonros, E. Degree of selective constraint as an explanation of the different rates of
evolution of gender-specific mitochondrial DNA lineages in the mussel Mytilus. Genetics 143, 1349-1357 (1996).

Hoffmann, R. J., Boore, J. L. & Brownt, W. M. A novel mitochondrial genome organization for the blue mussel, Mytilus edulis.
Genetics 131, 397-412 (1992).

Mizi, A., Zouros, E., Moschonas, N. & Rodakis, G. C. The complete maternal and paternal mitochondrial genomes of the
Mediterranean mussel Mytilus galloprovincialis: implications for the doubly uniparental inheritance mode of mtDNA. Mol. Biol.
Evol. 22, 952-967 (2005).

Passamonti, M. & Ghiselli, F. Doubly uniparental inheritance: two mitochondrial genomes, one precious model for organelle DNA
inheritance and evolution. DNA Cell Biol. 28, 79-89 (2009).

Quesada, H., Warren, M. & Skibinski, D. O. Nonneutral evolution and differential mutation rate of gender-associated mitochondrial
DNA lineages in the marine mussel Mytilus. Genetics 149, 1511-1526 (1998).

Ort, B. S. & Pogson, G. H. Molecular population genetics of the male and female mitochondrial DNA molecules of the California
Sea Mussel, Mytilus californianus. Genetics 177, 1087-1099 (2007).

Breton, S., Stewart, D. & Blier, P. U. Role-reversal of gender-associated mitochondrial dna affects mitochondrial function in mytilus
edulis (bivalvia: mytilidae). J. Exp. Zool. Part B Mol. Dev. Evol. 312, 108-117 (2009).

Stager, M., Cerasale, D. J., Dor, R., Winkler, D. W. & Cheviron, Z. A. Signatures of natural selection in the mitochondrial genomes of
Tachycineta swallows and their implications for latitudinal patterns of the ‘pace of life. Gene 546, 104-111 (2014).

Lesser, M. P. Oxidative stress in marine environments: biochemistry and physiological ecology. Annu. Rev. Physiol. 68, 253-278
(2006).

Kowaltowski, A. J. & Vercesi, A. E. Mitochondrial damage induced by conditions of oxidative stress. Free Radic. Biol. Med. 26,
463-471 (1999).

Blier, P. U,, Dufresne, F. & Burton, R. S. Natural selection and the evolution of mtDNA-encoded peptides: evidence for intergenomic
co-adaptation. Trends Genet. 17, 400-406 (2001).

Wu, X, Xu, X., Yu, Z., Wei, Z. & Xia, ]. Comparison of seven Crassostrea mitogenomes and phylogenetic analyses. Mol. Phylogenet.
Evol. 57, 448-454 (2010).

Boore, J. L. Animal mitochondrial genomes. Nucleic Acids Res. 27, 1767-1780 (1999).

Breton, S. et al. Novel protein genes in animal mtDNA: A new sex determination system in freshwater mussels (Bivalvia: Unionoida)?
Mol. Biol. Evol. 28, 1645-1659 (2011).

Stoger, I. & Schrodl, M. Mitogenomics does not resolve deep molluscan relationships (yet?). Mol. Phylogenet. Evol. 69, 376-392
(2013).

Breton, S., Stewart, D. & Hoeh, W. R. Characterization of a mitochondrial ORF from the gender-associated mtDNAs of Mytilus spp.
(Bivalvia: Mytilidae): identification of the ‘missing’ ATPase 8 gene. Mar. Genomics 3, 11-18 (2010).

Ren, J., Shen, X., Jiang, F. & Liu, B. The mitochondrial genomes of two scallops, argopecten irradians and chlamys farreri (Mollusca:
Bivalvia): the most highly rearranged gene order in the family pectinidae. J. Mol. Evol. 70, 57-68 (2010).

Ren, ], Liu, X,, Jiang, F, Guo, X. & Liu, B. Unusual conservation of mitochondrial gene order in Crassostrea oysters: evidence for
recent speciation in Asia. BMC Evol. Biol. 10, 394 (2010).

Li, X., Wu, X. & Yu, Z. Complete mitochondrial genome of the Asian green mussel Perna viridis (Bivalvia, Mytilidae). Mitochondrial
DNA 23, 358-360 (2012).

SCIENTIFICREPORTS | 6:26853 | DOI: 10.1038/srep26853 9



www.nature.com/scientificreports/

43. Gaitan-Espitia, J. D., Nespolo, R. E & Opazo, J. C. The Complete Mitochondrial Genome of the Land Snail Cornu aspersum
(Helicidae: Mollusca): Intra-Specific Divergence of Protein-Coding Genes and Phylogenetic Considerations within Euthyneura.
PLos One 8, €67299 (2013).

44. Cea, G., Gaitan-Espitia, J. D. & Cérdenas, L. Complete mitogenome of the edible sea urchin Loxechinus albus: genetic structure and
comparative genomics within Echinozoa. Mol. Biol. Rep. 42, 1081-1089 (2015).

45. Cao, L., Kenchington, E., Zouros, E. & Rodakis, G. C. Evidence that the large noncoding sequence is the main control region of
maternally and paternally transmitted mitochondrial genomes of the marine mussel (Mytilus spp.). Genetics 167, 835-850 (2004).

46. Lee, Y. & Lee, Y. The F type mitochondrial genome of hard-shelled mussel: Mytilus coruscus (Mytiloida, Mytilidae). Mitochondrial
DNA 1736, 1-2 (2014).

47. Cao, L. et al. The Control Region of Maternally and Paternally Inherited Mitochondrial Genomes of Three Species of the Sea Mussel
Genus Mytilus. Genetics 181, 1045-1056 (2009).

48. Poon, A. E Y., Frost, S. D. W. & Pond, S. In Bioinforma. DNA Seq. Anal. (Posada, D.) 163-183, doi: 10.1007/978-1-59745-251-9_8
(Humana Press, 2009).

49. Masters, B. C., Fan, V. & Ross, H. A. Species delimitation-a geneious plugin for the exploration of species boundaries. Mol. Ecol.
Resour. 11, 154-157 (2011).

50. Carcamo, C., Comesana, A., Winkler, F. M. & Sanjuan, A. Allozyme identification of mussels (Bivalvia: Mytilus) on the Pacific coast
of South America. J. Shellfish Res. 24, 1101-1115 (2005).

51. Toro, J. & Castro, G. Allozymic variation and differentiation in the chilean blue mussel, Mytilus chilensis, along its natural
distribution. Genet. Mol. Biol. 179, 174-179 (2006).

52. Plazzi, F. & Passamonti, M. Towards a molecular phylogeny of Mollusks: bivalves’ early evolution as revealed by mitochondrial
genes. Mol. Phylogenet. Evol. 57, 641-657 (2010).

53. Giribet, G. & Wheeler, W. On bivalve phylogeny: a high-level analysis of the Bivalvia (Mollusca) based on combined morphology
and DNA sequence data. Invertebr. Biol. 121, 271-324 (2005).

54. Matsumoto, M. Phylogenetic analysis of the subclass Pteriomorphia (Bivalvia) from mtDNA COI sequences. Mol. Phylogenet. Evol.
27, 429-440 (2003).

55. Kocot, K. M. et al. Phylogenomics reveals deep molluscan relationships. Nature 477, 452-456 (2011).

56. Andrade, C.S. et al. A phylogenetic backbone for Bivalvia: an RNA-seq approach. Proc. R. Soc. B Biol. Sci. 282, 20142332 (2015).

57. Altschul, S. et al. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res. 25,
3389-3402 (1997).

58. Laslett, D. & Canbick, B. ARWEN, a program to detect tRNA genes in metazoan mitochondrial nucleotide sequences. Bioinformatics
24, 172-175 (2008).

59. Schattner, P, Brooks, A. N. & Lowe, T. M. The tRNAscan-SE, snoscan and snoGPS web servers for the detection of tRNAs and
snoRNAs. Nucleic Acids Res. 33, W686-W689 (2005).

60. Bernt, M. et al. MITOS: improved de novo metazoan mitochondrial genome annotation. Mol. Phylogenet. Evol. 69, 313-319 (2013).

61. Abascal, E, Zardoya, R. & Telford, M. TranslatorX: multiple alignment of nucleotide sequences guided by amino acid translations.
Nucleic Acids Res. 38, W7-13 (2010).

62. Tamura, K. et al. MEGAS5: molecular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and
maximum parsimony methods. Mol. Biol. Evol. 28, 2731-2739 (2011).

63. Delport, W, Poon, A. F. Y., Frost, S. D. W. & Pond, S. Datamonkey 2010: a suite of phylogenetic analysis tools for evolutionary
biology. Bioinformatics 26, 2455-2457 (2010).

64. Lanfear, R., Calcott, B., Ho, S. Y. W. & Guindon, S. PartitionFinder: combined selection of partitioning schemes and substitution
models for phylogenetic analyses. Mol. Biol. Evol. 29, 1695-1701 (2012).

65. Stamatakis, A. RAXML-VI-HPC: maximum likelihood-based phylogenetic analyses with thousands of taxa and mixed models.
Bioinformatics 22, 2688-2690 (2006).

66. Silvestro, D. & Michalak, I. RaxmlGUI: a graphical front-end for RAXML. Org. Divers. Evol. 12, 335-337 (2012).

67. Ronquist, F. & Huelsenbeck, J. MrBayes 3: Bayesian phylogenetic inference under mixed models. Bioinformatics 19, 1572-1574 (2003).

Acknowledgements
This study was supported by FONDECYT-Postdoctoral grant no. 3130381 (JDGE) and FONDECYT Regular
1141055 (GD).

Author Contributions

J.D.G.-E. conceived and designed the study. ].D.G.-E. and J.E.Q.-G. sampled the biological material and carried out
the DNA extractions. ].D.G.-E., JEQ.-G., A.M. and G.D. carried out the mitogenome assembly and performed the
analyses of the genomic architecture and phylogenetic relationships. J.D.G.-E. and G.D. drafted the manuscript.
All authors read, approved, and contributed to the final manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Gaitan-Espitia, J. D. et al. Mitogenomics of southern hemisphere blue mussels
(Bivalvia: Pteriomorphia): Insights into the evolutionary characteristics of the Mytilus edulis complex. Sci. Rep.
6, 26853; doi: 10.1038/srep26853 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

= or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:26853 | DOI: 10.1038/srep26853 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Mitogenomics of southern hemisphere blue mussels (Bivalvia: Pteriomorphia): Insights into the evolutionary characteristics  ...
	Results and Discussion

	Mitogenome architecture of M. chilensis and M. platensis. 
	Evolutionary patterns of protein-coding genes (PCGs). 
	Phylogenetic analyses. 

	Conclusion

	Methods

	Ethics statement. 
	Species collection and DNA isolation. 
	Mitochondrial genomes sequencing, assembly and annotation. 
	Concatenated alignment, divergences and positive Darwinian selection. 
	Phylogenetic reconstructions. 
	Data availability. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Geographic distribution of marine mussels of the genus Mytilus.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (A) Graphic representation of the mitocondrial genome architecture of Mytilus chilensis and Mytilus platensis.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (A) Codon sites of PCGs under positive or negative selection.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Maximum likelihood tree of the nucleotide sequences of 12 protein coding genes of marine mussels (Subclass Pteriomorphia).
	﻿Table 1﻿﻿. ﻿  List of species used in this study.
	﻿Table 2﻿﻿. ﻿  Mitochondrial genome content and general features of the Mytilus chilensis and M.



 
    
       
          application/pdf
          
             
                Mitogenomics of southern hemisphere blue mussels (Bivalvia: Pteriomorphia): Insights into the evolutionary characteristics of the Mytilus edulis complex
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26853
            
         
          
             
                Juan Diego Gaitán-Espitia
                Julian F. Quintero-Galvis
                Andres Mesas
                Guillermo D’Elía
            
         
          doi:10.1038/srep26853
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep26853
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep26853
            
         
      
       
          
          
          
             
                doi:10.1038/srep26853
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26853
            
         
          
          
      
       
       
          True
      
   




