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ABSTRACT
We have sequenced the female and male mtDNA of Unio delphinus and inferred the Unionidae
phylogeny using 41 complete mtDNA sequences. Additionally, we compared the concatenated mtDNA
trees with those using single or combination of two mtDNA genes to identify the best genes to use in
the absence of complete mitogenomes. The gender-specific mtDNAs of U. delphinus contain all
Unionida mtDNA specific features. The mtDNA phylogeny supports the reciprocal monophyly of the
gender-specific clades but it was inconclusive regarding Unionidae subfamilies relationships. The gene
trees topologies using ND5 or 16S-rRNA with ND1 were the closest trees to the mtDNA trees.
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The genus Unio is among the most widespread freshwater
mussel taxa in the world (Bogan & Roe 2008). However, the
recently redescribed Unio delphinus (Froufe et al. 2016a;
Lopes-Lima et al. 2016) is restricted to the main Atlantic
basins of the Iberian Peninsula (Froufe et al. 2016a). This spe-
cies was considered as ‘Near Threatened’ in the last IUCN Red
List assessment, making its genetic characterization a priority
for conservation (Cuttelod et al. 2011; Lopes-Lima et al. 2014).
All Unionidae species have an interesting mitochondrial
inheritance mechanism known as Doubly Uniparental
Inheritance (DUI). In this process, all individuals possess the
maternally transmitted mtDNA (F-type), but the males have
also a paternally inherited mtDNA, which is found primarily in
sperm mitochondria of male gonads (M-type) (Zouros et al.
1994). Phylogenetic studies using the M-type mtDNA are rare,
due to the lack of available sequences. Thus, it is not surpris-
ing that M-type mitogenomes have never been sequenced
for the Unioninae subfamily. Of the few published phyloge-
nies using the whole mtDNA within the Unionida, only two
of the six families are represented, Unionidae and
Margaritiferidae (e.g. Huang et al. 2013; Froufe et al. 2016b).
Therefore, most of the published Unionida phylogenies use a
combination of two out of three mtDNA genes: Cytochrome
c oxidase subunit 1 (COX1), 16S ribosomal RNA (16S-rRNA)
and NADH ubiquinone oxidoreductase core subunit 1 (ND1)
(e.g. Graf & Cummings 2006; Whelan et al. 2011; Campbell &
Lydeard 2012; Pri�e & Puillandre 2014). Curiously, no studies
have been published so far, exploring which of these gene
combinations best represent the concatenated mtDNA

phylogeny. On the other hand, the utility of the remaining
mitochondrial regions has yet to be revealed. The main
objectives of this study are to (i) sequence and characterize
the gender-specific mtDNA for the U. delphinus; (ii) infer the
phylogenetic relationships among Unionida species using
both the F- and M-type mtDNA sequences; and (iii) determine
the mtDNA gene and combination of two genes that best
represent the mtDNA phylogeny.

Living specimens (n¼ 3) of U. delphinus were collected
from the Barrinha de Mira Lagoon, Vouga River Basin
(Portugal, geospatial coordinates: 40.450047; �8.797070).
Dissected gonadal and mantle tissues for one male individual
(sample code UDE006) were selected for DNA extractions
(Jetquick tissue DNA Spin Kit – Genomed). The Ion Xpress
Plus Fragment Library Preparation Kit (Life Technologies,
Carlsbad, CA) was used to prepare the genomic DNA shotgun
library. All sequencing was performed on the Ion Torrent
PGM using the Ion PGMTM 200 and 400 Sequencing kit and
316 and 318 semiconductor chips following manufacturer rec-
ommendations. The mtDNA genomes were assembled de
novo into contigs using CLC bio’s Genomics Workbench (GW;
version 7.0) software. Gene annotations were performed
using MITOS (Bernt et al. 2013) and the gene limits were
then checked using BLASTX (Altschul et al. 1997). Putative ori-
gins of replication were identified using the approach
described in Fonseca et al. (2014). For the phylogenitic analy-
ses, the two U. delphinus haplotypes sequenced were used
together with 39 Unionida available mitogenomes (list of
genomes and respective accession numbers used supplied on
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request). The DNA and amino acids (AA) sequences of all
mtDNA protein-coding genes (PCG), except ATP8 and the
gender-specific open reading frames (M-ORF, H-ORF, and F-
ORF) were used. The sequences of each gene were aligned
using GUIDANCE (version 1.5, Penn et al. 2010; see Froufe
et al. 2016b for the parameters used). The gene alignments
were concatenated, resulting in two alignments with the fol-
lowing composition: 11,865 nucleotides or 3962 amino acids.
The best-fit models of DNA and protein evolution were
selected using jModeltest 2 (Darriba et al. 2012) and ProtTest
3.3 (Darriba et al. 2011), respectively. The Maximum-
Likelihood (ML) phylogenetic inference was performed using
RAxML (version 8.0.0, Stamatakis 2014) with 100 rapid boot-
strap replicates and 20ML searches. The Bayesian method-
ology was applied using MrBayes v3.2.1 (Ronquist et al. 2012)
with two independent runs (1� 107 generations with a sam-
pling frequency of 1 tree for every 100 generations), each
with four chains (3 hot and 1 cold). All runs reached conver-
gence (average standard deviation of split frequencies below
0.01). The posterior distribution of trees was summarized in a
50% majority rule consensus tree (burn-in of 25%). The topo-
logical differences between trees were measured using a nor-
malization of the Robinson and Foulds distance metric (nRF-
distance, Robinson & Foulds 1981) implemented in RAxML.

The length of the female (15,762 bp; NCBI accession num-
ber KT326917) and male (16,620 bp; NCBI accession number
KT326918) mitogenomes of U. delphinus is within the
expected range for each gender-specific haplotype within
Unionida (data supplied on request). The M-type genome is
larger because the protein-coding genes COX2 and M-ORF are
also larger. Both haplotypes have the 13 protein-coding
genes typically found in metazoan mitochondrial genomes,

the gender-specific ORF described for all Unionida mitoge-
nomes with DUI system (Breton et al. 2009, 2011), 22 transfer
RNA (tRNA), and 2 ribosomal RNA (rRNA) genes. The gene
orientation, but not gene order, is the same in both mtDNA
haplotypes (genomic details supplied on request). The most
likely control-region, among all predicted in this study (data
supplied on request) is located after ND5 (plus tRNA-H in the
M-type) and before the cluster of tRNA genes (tRNA-Q, tRNA-
C, tRNA-I, tRNA-V, and tRNA-L) as: (i) it is among the largest
non-coding regions, (ii) it is shared by both gender-specific U.
delphinus mitogenomes, (iii) it contains sequences with the
ability to form stable hairpin structures and direct repeats (F-
type), (iv) which are located in a region where the AT propor-
tion is among the highest (AT% around 68%). Additionally,
this region was identified as the control-region in other
unionid mtDNAs (Breton et al. 2009; Huang et al. 2013).

All the phylogenies inferred in this study support the
reciprocal monophyly of the UnionidaeþMargaritiferidae
female lineages and the monophyly of the Unionidae M-type
(Figure 1; all phylogenetic trees figures supplied on request).
They also support the F-clade monophyly of the subfamilies
Anodontinae and Ambleminae as well as all M-clade subfami-
lies present in this study (Figure 1). The subfamily Unioninae
was recovered with confidence only in the BI-DNA tree. The
F-type mtDNA of U. delphinus was sister taxon of U. pictorum
in all analyses with maximum support. The Gonideinae sub-
family was monophyletic in all trees, with high support in the
BI trees only. Regarding subfamilies relationships, the DNA
trees and the F-clade of the ML-AA tree support the topology
(Ambleminae (Gonideinae (UnioninaeþAnodontinae))),
whereas the BI-AA tree and the M-clade of the ML-AA tree
support the topology ((AmbleminaeþGonideinae)

Figure 1. Phylogenetic BI tree of Unionida (freshwater mussels) estimated from 12 concatenated individual mitochondrial nucleotide gene sequences. The phylogen-
etic tree was inferred using MrBayes (version 3.2.1). The values for branch support are represented in the following order: (1) The Bayesian posterior probabilities for
BI-DNA tree, (2) The Bayesian posterior probabilities for BI-AA tree, (3) ML bootstrap support values for ML-DNA, (4) ML bootstrap support values for ML-AA tree, (3),
(4). Maximum supporting values (BI ¼1 and ML ¼100) are represented with ‘�’. The mitogenomes sequenced for this study are highlighted in the tree inside a box.
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(UnioninaeþAnodontinae)) (Figure 1). In agreement with
Huang et al. (2013), our results indicate that using different
phylogenetic methodologies (ML or BI) or sequence data
types (DNA or amino acids) may result in distinct mitoge-
nomic trees. This might be due to deficient and/or biased
sampling, which could be corrected with the inclusion of
more and widely distributed taxa representing all Unionidae
subfamilies. In addition, future phylogenetic studies should
also use nuclear markers as well as concatenated full M- with
F-mitogenomes.

The trees using ND5 sequences were the most similar to
the mtDNA trees (table with topological distances supplied

on request). As for the most used single genes COX1, ND1,
and 16S-rRNA, the topological differences between these trees
and the mitogenome trees are similar (Figure 2). Finally,
when using two gene sequences concatenated, the tree top-
ologies closer to the mtDNA trees were obtained with 16S-
rRNAþND1, followed by 16S-rRNAþ COX1 (Figure 2).
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