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ABSTRACT
The complete mitogenomes of one (M-)ale (North America), one Hermaphroditic (Europe), and two
(F-)emale (North America and Europe) individuals of the freshwater pearl mussel Margaritifera margariti-
fera were sequenced. The M-type and F-type (Female and Hermaphroditic) mitogenomes have 17,421
and 16,122 nucleotides, respectively. All with the same content: 13 protein-coding genes, 22 transfer
RNA, two ribosomal RNA genes, and one sex-related ORF. The M-type is highly divergent (37.6% uncor-
rected p-distance) from the F-type mitogenomes. North American and European F-type mitogenomes
exhibit low genetic divergence (68nt substitutions), and the Female and Hermaphroditic European
mitogenomes are almost identical, and matching sex-related ORFs.
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The Margaritiferidae (Bivalvia: Unionida), comprising 16 extant
species, represents the most threatened freshwater mussel
family (Lopes-Lima et al. 2018). Within this family, the fresh-
water pearl mussel Margaritifera margaritifera (Linnaeus,
1758) is one of the most threatened species; it is subject to
numerous conservation projects and is listed as Endangered
globally (Geist 2010; Moorkens et al. 2018). Margaritifera mar-
garitifera is a long lived species (reaching over 100 years)
that generally inhabits cool oligotrophic running waters
throughout freshwater systems of northwest Europe and
northeast North America (Geist 2010; Lopes-Lima, Sousa,
et al. 2017). As noted for other margaritiferid bivalves, M.
margaritifera shows an unusual mitochondrial inheritance
process called doubly uniparental inheritance (DUI). Under
DUI, both males and females inherit F-type mitochondrial
DNA from their mothers, while males also inherit M-type
mitochondrial DNA from their fathers, which predominates in

gonad tissue (Hoeh et al. 1996; Amaro et al. 2017).
Furthermore, many hermaphroditic species of freshwater
mussels seem to have lost DUI and do not possess the M-
type mitochondrial genome in their gonad tissues (Breton
et al. 2011).

The M-type and F-type mitochondrial lineages show high
levels of divergence within species of Unionida freshwater
mussels and even distinct gene order arrangements (Fonseca
et al. 2016; Froufe et al. 2016; Guerra et al. 2017). The
Margaritiferidae also exhibit a unique M-type and F-type
gene order (Lopes-Lima, Fonseca, et al. 2017). Available
phylogenetic studies within the family are based on only a
few markers still lacking a more robust multi-marker
approach (Lopes-Lima et al. 2018).

Given this background, the aims of this study are to (1)
obtain the whole mitogenomes of male, female, and herm-
aphroditic specimens of M. margaritifera from North America
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and Europe; (2) determine and compare the gene order and
content of those mitogenomes; and (3) produce phylogenetic
analyses using all available F-types and M-type mitogenomes
of the Margaritiferidae family.

Four complete mitogenomes of M. margaritifera were
sequenced: one M-type and one F-type from a North
American male specimen (River Annapolis near Auburn,
Canada: 45.014999, -64.856344) and two F-type from
European specimens, one from a female (River Ulla near
Barazon, Galicia, Spain: approximate coordinates 42.846676,
-8.025244) and another from a hermaphrodite (River Tuela
near Vinhais, northeast Portugal: approximate coordinates
41.862414, -6.931596). DNA samples are stored at the CIIMAR
Institute Unionoid DNA and Tissue Databank (Voucher num-
bers P2, MM63, 155G, and 165G). Sex was determined for all
specimens under a microscope following Hinzmann
et al. (2013).

DNA was sheared to �500 bp using an M220 Covaris
Ultrasonicator (Covaris, Woburn, MA, USA) and processed
with the NEBultra Illumina library preparation kit (NEB,
Ipswich, MA, USA). Sequencing was performed on the MiSeq
(Illumina, San Diego, CA, USA) located at Monash University
Malaysia using a run configuration of 2� 250bp.
Mitogenomes were assembled from the paired-end reads
and annotated using an established pipeline (Gan et al.
2014). The four mitogenomes have been deposited in the
GenBank database under the accession numbers (MK421959
and MK421956; M-type and F-type, respectively for the North
American specimens), and (MK421957 and MK421958; for the
Spanish and Portuguese F-type European specimens).
Sequence divergence (uncorrected p-distance) was assessed
using MEGA7 software (Kumar et al. 2016). The length of
both mitogenome types (M-type: 17,421 nt; and F-type:
16,122 nt) of M. margaritifera sequenced in this study is
within the expected range for each gender-specific haplo-
types within Margaritiferidae (Guerra et al. 2017; Lopes-Lima

et al. 2017). The larger size of the M-type genomes is
expected given the larger cox2 gene and the presence
of M-specific coding regions (Breton et al. 2009). Both haplo-
types have the same gene content: 13 protein-coding genes
(PCGs), 22 transfer RNA (trn) and two ribosomal RNA (rrn)
genes. ORFs specific to each type of mtDNA, F-orf in the F
mitogenome and M-orfs in the M, are also present.
Regarding the gene orientation, again, both have the same
genes (four PCGs, 20 tRNAs, and two rRNAs) encoded on the
heavy strand and the remaining (nine PCGs and two tRNAs)
encoded on the complementary strand. The exception is the
sex related ORFs, with the M-orf on the complementary
strand and the F-orf on the heavy strand, located at different
positions. A nucleotide alignment of the mitochondrial
genomes shows that the M-type mitogenome is highly diver-
gent (37.6% uncorrected p-distance) from the F-type mitoge-
nomes. The F-type mitogenomes from North America and
Europe exhibit a low genetic divergence (68 nt substitutions
¼ 0.04% uncorrected p-distance), with the European mitoge-
nomes of the female and hermaphroditic individuals being
almost identical with only 5 nt substitutions. This pattern may
reflect a recent (Pleistocene) dispersal event of freshwater
pearl mussels from Europe to North America or slow mtDNA
substitution rates in this species (Lopes-Lima et al. 2018;
Zanatta et al. 2018). The F-orfs of the European hermaphro-
ditic and female individuals are identical. Secondarily herm-
aphroditic species generally contain a distinct and longer F-
like ORF (Breton et al. 2011). Therefore, these results seem to
indicate that hermaphroditic individuals of typically dioecious
species may maintain their F-type ORFs unchanged.

For the phylogenies, additional mitogenome sequences
(M-type and F-type) available from all Margaritiferidae and
three Unionidae species were downloaded from GenBank.
Each gene sequence was aligned using GUIDANCE v. 1.5
(Penn et al. 2010) with the MAFFT v. 7.304 multiple sequence
alignment algorithm (Katoh and Standley 2013). To build

Figure 1. Margaritiferidae and Unionidae Bayesian phylogenetic tree of Male and Female mitogenomes sequences based on concatenated nucleotide sequences of
13 mitochondrial protein-coding genes and the two rRNA genes. GenBank accession numbers are behind species names, numbers at the nodes indicate the per-
centage posterior probabilities and bootstrap support values. The � above the branches indicate posterior probabilities and bootstrap support values > 95%.
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single gene alignments the following GUIDANCE parameters
were used: score algorithm: GUIDANCE; bootstraps replicates:
100; Sequence cut-off score: 0.0 (no sequences removed);
Column cut-off score: below 0.8. The final concatenated data
set included the 13 mitochondrial PCG and the 2 rrn genes
for each mitogenome reaching a total length of 13,505 nt.
Phylogenetic relationships were estimated by Bayesian infer-
ence using MrBayes v. 3.2.6 (Ronquist et al. 2012) and
Maximum Likelihood using RAxML v. 8.2.10 (Stamatakis 2014)
HPC Black Box with 100 rapid bootstrap replicates and 20ML
searches at the San Diego Supercomputer Center through
the CIPRES Science Gateway (https://www.phylo.org). The
final alignment was partitioned in 11 subsets according to
the best scheme determined using PartitionFinder v.2.1.1
(Lanfear et al. 2016). For the ML a unique GTR model was
applied for each partition with corrections for gamma distri-
bution. For the BI, the GTRþG, GTRþ IþG, HKYþG,
HKYþ IþG models were used. Each chain started with a ran-
domly generated tree and ran for 1� 106 generations with a
sampling frequency of 1 tree for every 100 generations. The
resultant trees, after discarding the first 25% as burn-in, were
combined in a 50% majority rule consensus tree. The final
trees were rooted at the split between Male and Female hap-
lotypes (based on previous studies, e.g. Huang et al. 2013).

The best obtained phylogenetic BI and ML trees revealed an
identical topology (Figure 1). Both the F and M clades are div-
ided into the two Unionida families, Margaritiferidae, and
Unionidae. Maximum support values were obtained for all
nodes with two exceptions for the relationships of Pseudunio
marocanus both in the female and in the male clades (Figure 1).
The phylogenies are consistent with the systematic divisions of
the Margaritiferidae in four genera (Margaritifera, Cumberlandia,
Pseudunio, and Gibbosula) and two subfamilies (Margaritiferinae
(Margaritifera þ Cumberlandia þ Pseudunio) and Gibbosulinae
(Gibbosula)) (Lopes-Lima et al. 2018). The newly sequenced M.
margaritifera genomes cluster inside the Margaritifera genus in
the F-type clade, being the M-type mitogenome sequence the
first available for this genus, following the most recent system-
atics for the family (Lopes-Lima et al. 2018).

The present results confirm the usefulness of the mitoge-
nomes gene arrangements as diagnostic character for the
Margaritiferidae and provide additional confirmation for the sys-
tematics of the family as recently proposed by Lopes-Lima et al.
(2018). These results also highlight the low intraspecific genetic
divergence of M. margaritifera even between specimens from
the edges of distribution. Furthermore, the current study pro-
vides novel information about mtDNA structure and sequence
of hermaphroditic individuals of typical dioecious species pro-
viding opportunities for further studies on the sex determin-
ation mechanism and mtDNA evolution of freshwater bivalves.
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