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Abstract

Mitochondrial DNA (mtDNA) is strictly maternally inherited in metazoans. The major exception to this rule has been
found in many bivalve species which allow the presence of different sex-linked mtDNA molecules. This mechanism,
named doubly uniparental inheritance (DUI), is characterized by the presence of two mtDNAs: The female mtDNA is
found in somatic tissue and female gonads, whereas the male mtDNA is usually found in male gonads and sperm. In this
study we highlight the existence of two divergent mitochondrial haplotypes with a low genetic difference around 6–8% in
Arctica islandica, a long-lived clam belonging to the Arcticidae, a sister group to the Veneridae in which DUI has been
found. Phylogenetic analysis on cytochrome b and 16S sequences from somatic and gonadic tissues of clams belonging to
different populations reveals the presence of the “divergent” type in male gonads only and the “normal” type in somatic
tissues and female gonads. This peculiar segregation of divergent mtDNA types speaks for the occurrence of the DUI
mechanism in A. islandica. This example also highlights the difficulties to assess the presence of such particular mito-
chondrial inheritance system and underlines the possible misinterpretations in phylogeographic and phylogenetic studies
of bivalve species linked to the presence of two poorly differentiated mitochondrial genomes.
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Introduction
Mitochondria are the main generators of cellular energy in
eukaryotes, and each mitochondrion possesses multiple
copies of species-specific mitochondrial genome.
Mitochondrial DNA (mtDNA), albeit circular, double-
stranded and short (&16.5 kb), is of crucial importance
because genetic variation within the encoded sequence of
mitochondrial protein subunits can have significant conse-
quences for whole animal metabolism and fitness (Blier et al.
2001). mtDNA is maternally inherited and shows a high mu-
tation rate, rendering it particularly interesting for population
genetic and phylogeographic studies.

The doubly uniparental inheritance (DUI) system, de-
scribed in more than 40 bivalve species, constitutes an excep-
tion to the commonly accepted rule of maternal mtDNA
inheritance in animals. It is characterized by the existence of
two distinct sex-associated mitochondrial genomes: The
female (F-) mtDNA which is transmitted through the eggs
to all offspring, and the male (M-) mtDNA which is exclusively
present in the sperm. In female embryos, M-mtDNA is selec-
tively degraded whereas in males this genome aggregates in
one blastomere from the first division, destined to produce
the male germline (Ghiselli et al. 2011; Milani et al. 2011). In
the latter case, no M-genome degradation will occur as a
male-specific open-reading frame (ORF) prevents the recog-
nition of the M-type by the degradation machinery (Milani,
Ghiselli, Maurizii, et al. 2014), or by the presence of a protein
complex binding the M-mtDNA to protect it from degrada-
tion (Kyriakou et al. 2015). Thus, in adults, F-mtDNA is usually
present in all tissues of either sex, except in sperm where the

M-type-mtDNA remains predominant, leading to the gener-
ation of male heteroplasmic individuals (Zouros 2013;
Kyriakou et al. 2015).

As the detection of DUI remains difficult, the probability of
unrecognized cases remains high, obscuring the clear taxo-
nomic classification of DUI across invertebrate clades. DUI is
currently known from approximately 40 species in some but
not all parts of the bivalve tree. Although a systematic study
is still missing, DUI is not uncommon in the Mytiloidea
with additional cases in Unionoidea, Veneroidea, and
Nuculanoidea (Theologidis et al. 2008; Doucet-Beaupr�e
et al. 2010; Boyle and Etter 2013; Zouros 2013; Plazzi et al.
2015). DUI is notably absent in hermaphroditic bivalves and
may thus be incompatible with this reproductive strategy
(Breton et al. 2011).

It is currently unclear whether the scattered appear-
ance of DUI is the result of a single evolutionary event at
the base of the bivalve tree, followed by its reduction in
several branches, or whether it evolved independently
many times (Doucet-Beaupr�e et al. 2010; Zouros 2013).
Recent evidence provides plausible explanations for both
scenarios. “Masculinization” events, that is, replacement
of the M-mtDNA by the F-genome even in male gonads,
have been observed in hybrids between Mytilus species
and can explain the apparent repeated loss of the male
mitochondrial genome in independent lineages (Zouros
2013). Recent evidence for the existence of DUI-regulating
mitochondrial ORFs of viral origin supports the recurrent
initiation of DUI (Milani, Ghiselli, Maurizii, et al. 2014,
Plazzi et al. 2015).
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Arctica islandica (Linnaeus 1767) belongs to the
Heterodonta, order Veneroida and is the sole living represen-
tative of the Arcticidae family (Morton 2011). This species,
known as the longest-lived non colonial species with a max-
imum reported life span of 507 years, is of great interest for
studies of aging in marine non model species (Strahl and
Abele 2010; Morton 2011; Strahl et al. 2011; Abele and
Philipp 2013; Gruber et al. 2015). The different populations
are widely distributed in the Northern hemisphere (from east
coast of North America to the European North Atlantic
around Iceland, north of Norway and into the White Sea).
The confirmed range of distribution further extends south
into the Dutch and German North Sea (NS) and the Western
Baltic Sea (BS), with populations showing a broad spectrum of
environmental adaptations in terms of salinity (20–35 PSU),
temperature (0–19 �C), and oxygen concentrations
(Dahlgren et al. 2000; Begum et al. 2010; Basova et al. 2012).

Recent sequencing of the entire mitochondrial genome did
not report either the presence or the absence of DUI in A.
islandica (Gl€ockner et al. 2013). A phylogeographic study on
A. islandica mentioned one individual (out of 83 individuals
tested) with at least two sharply distinct cytochrome b hap-
lotype groups (haploype X in Dahlgren et al. 2000), which
could be a first indicator of DUI in this species. Indeed the
Arcticidae is a sister group to the Veneridae (Gl€ockner et al.
2013), a family in which several DUI species have been re-
ported (Venerupis philippinarum, Meretrix lamarckii) whereas
it is supposed to be absent in others (Callista chione,
Mercenaria mercenaria, Ruditapes deccussatus, Venus verru-
cosa) (Passamonti and Scali 2001; Plazzi et al. 2015).

In this article, we report the discovery of two distinct mi-
tochondrial haplotype groups with DUI-like inheritance with
respect to sex and tissue specificity in NS and BS populations
of the long-lived clam A. islandica.

Results
Both cytochrome b and 16S primers successfully amplified
fragments from almost all the 117 DNA extracts (115 se-
quences for cytochrome b and 114 sequences for 16S) (sup-
plementary table S1, Supplementary Material online) yielding
fragment lengths of 274-bp sequences for cytochrome b and
624- or 498-bp sequences for 16S.

The alignments revealed the presence of two different se-
quence groups in both loci, which will be referred to as “nor-
mal” and “divergent” forms in this article, with the haplotype
group closest to the already published sequences being as-
signed “normal” whereas sequences resembling the haplotype
X (approximately 6% different from the other sequences) of
Dahlgren et al. (2000) were termed “divergent.”

The “divergent” cytochrome b group consisted of 6 haplo-
types clearly separated by 18 nucleotide substitutions
from the other 8 haplotypes representing the “normal”
group (fig. 1) and the replacement of 4 amino acids
with no stop codons (table 1). The p-distance between
the two groups (normal vs. divergent = 0.079� 0.014) was
higher than the intragroup distances (normal = 0.011� 0.004;
divergent = 0.003� 0.001).

The 16S was characterized by 9 “normal” and 10 “diver-
gent” haplotypes, which were clearly separated by 27 fully
diagnostic sites and the presence of a 127-bp indel. The
Ais_16S_d4 haplotype from male BS animals deviated from
the nucleotide substitution pattern shared by the other di-
vergent haplotypes at position 11. Two “normal” haplotypes,
Ais_16S_n4 and Ais_16S_n5 from female animals (from BS
and NS, respectively), had a “divergent”-like substitution at
positions 369 and 396, respectively (table 2). The “divergent”
and “normal” 16S groups have an inter group p-distance of
0.059� 0.009, higher than the intra group distance (nor-
mal = 0.006� 0.002; divergent = 0.002� 0.0008). The cyto-
chrome b and 16S sequences showed an average value of
65.4% and 64.4% A+T, respectively. Transition/transversion
bias was R = 5.75 for cytochrome b and R = 7.38 for 16S.

Phylogenetic analysis of partially sequenced cytochrome b
and 16S was conducted using Maximum-Likelihood and
Bayesian Inference methods and showed a similar overall to-
pology (figs. 1 and 2; supplementary figs. S1–S4,
Supplementary Material online). Briefly, “divergent” and “nor-
mal” haplotypes formed different intraspecific clades for both
genes, strongly supported by a bootstrap value of 99 and a
posterior probability of 0.99 (figs. 1 and 2). For 16S, these
phylogenetic analyses were repeated on the same sequences
with the 127-bp indel replaced by a single nucleotide to treat
the indel as a single insertion/deletion event rather than an
accumulation of events affecting single nucleotides. In both
cases, the inferred tree topology using both methods was
similar, with a strong separation between both haplotype
groups (supplementary figs. S5 and S6, Supplementary
Material online).

“Divergent” cytochrome b and 16S haplotypes always co/
occurred in the same DNA extracts. These “divergent” forms
were only present in male gonadic tissue (supplementary
table S1, Supplementary Material online). An attentive anal-
ysis of the sequences amplified from the male gonadic tissue
DNA extracts also showed rare cases of co-amplification of
the “divergent” and the “normal” forms (cloning results; data
not shown). Somatic tissues of both sexes and female gonads
exclusively carried “normal” cytochrome b and 16S forms.
Except for one female, all animals featured the same “normal”
haplotype for the two studied genes in all somatic tissue
within each individual (supplementary table S1,
Supplementary Material online). Finally, both “normal” and
“divergent” groups for cytochrome b and 16S partial se-
quences were present in BS and NS populations. The presence
of one or the other genome type is only linked to sex and
tissue specificity, refuting the possibility that our data indicate
existence of cryptic species (supplementary fig. S7 and table
S1, Supplementary Material online).

Discussion
The existence of the DUI pathway for mitochondrial genomes
can only be proved by 1/ the detection of heteroplasmic
individuals carrying male and female mtDNA forms
(Stewart et al. 1995; Passamonti and Scali 2001; Theologidis
et al. 2008; Boyle and Etter 2013; Zouros 2013, and references
therein) and, 2/ the in vivo localization of M-mtDNA in the
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male germline due to the aggregation of the male mitochon-
dria during the embryonic development (Milani et al. 2011).
Our phylogenetic and distance/based analyses of two partial
mitochondrial sequences stemming from three different tis-
sues highlight the coexistence of distinct mtDNA forms in A.
islandica named “normal” and “divergent.” Our data demon-
strate that the allelic linkage of the two loci is absolute, that is,
the cytochrome b “divergent” allele is always associated with
the “divergent” allele in 16S and likewise for the “normal”
alleles in the two loci. It suggests that the two mitochondrial
genomes are evolving as independent entities with no recom-
bination acting to break the tight allelic association. Females
possess only the “normal” mitochondrial genome across all
tissue types whereas males also feature a “divergent” mtDNA
exclusively in the gonads, genomes that can be linked to the
F- and M-types mtDNA, respectively. The co-amplification of
both forms in male gonadic tissue (detected by the presence
of multiple sequencing peaks and the amplification of both
sequence types in our cloning results) can be explained by the
presence of nonreproductive cells in male gonads that may
express the F-mtDNA (Passamonti and Scali 2001; Theologidis
et al. 2008). Thus, our data are the first evidence for the
existence of two distinct and sex-linked mitochondrial

genomes that are inherited in a DUI fashion in the long-
lived clam A. islandica in NS and BS (supplementary fig. S7
and table S1, Supplementary Material online). This study
highlights another species from the order Veneroida inside
the bivalves in which the DUI system is revealed (Passamonti
and Scali 2001; Plazzi et al. 2015). It also underlines the diffi-
culties to ascertain the presence of this particular sex-related
mitochondrial genome inheritance within the bivalve evolu-
tionary tree, which is still poorly sampled with respect to DUI
(Theologidis et al. 2008; Plazzi et al. 2015).

The two mitochondrial lineages highlighted in A. islandica
show a relatively low level of sequence divergence, between
6% and 8% for 16S and cytochrome b, respectively, compared
with the value obtained in other DUI species belonging to
other bivalves superfamilies, for example, in Mytilus gallopro-
vincialis (22%; Mizi et al. 2005; Zouros 2013), Ledella ultima
(27%; Boyle and Etter 2013), Tapes philippinarum (15–33%;
Passamonti et al. 2003), Donax truculus (37%; Theologidis
et al. 2008; Boyle and Etter 2013), or Inversidens japanensis
(50%; Doucet-Beaupr�e et al. 2010). This divergence between
sequences is in part caused by the presence of a 127-bp-long
indel in 16S, a situation already described in Unionids with the
120-bp extension of the cox2 genes at the 30-end (review in

Fig. 1. Phylogenetic tree based on cytochrome b partial sequences (274 bp). Sequences on the same branch with a p-distance <0.005 are collapsed
together and the name of the corresponding haplotype is indicated. Numbers above the branches indicate the posterior probability determined from
the Bayesian Inference analysis, and numbers below the branches refer to the bootstrap value determined from the maximum-likelihood phylogeny.
Dosinia exoleta cytochrome b sequence was used to root the tree.
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Zouros 2013), and the existence of specific synonymous and
nonsynonymous mutations in cytochrome b, leading to the
substitution of four amino acids in the predicted protein.
Arctica thus represents the lowest divergence between M-
(divergent) and F- (normal) mtDNAs among DUI species
known to date. Possible explanations for the comparatively
low differentiation are: 1/ a “masculinization” event replacing
the male genome by a female one erasing all previous re-
cords of the “divergent” genome (Hoeh et al. 1996; Zouros
2013); 2/ a recent separation of “divergent” and “normal”
lineages, implying a DUI origin event particular to A. islan-
dica, and therefore the occurrence of several independent
DUI origins within the Heterondonta subclass (Plazzi et al.
2015); or 3/ a reduced mutation rate in A. islandica which
can be due to a co-adaptation between the nuclear and the
mitochondrial genomes (Blier et al. 2001) required to allow
this long-lived bivalve to deal with contrasting environmen-
tal conditions in the NS and the BS (Dahlgren et al. 2000;
Begum et al. 2010).

The “divergent” M-type was already found in A. islandica
in adductor muscle from two individuals from Northern
Scotia and Iceland. Dahlgren et al. (2000) described the “X”
cytochrome b haplotype, which was the most distantly re-
lated haplotype in their study (6.8% compared with the
nearest neighbor and identical to the one named
“Ais_cytb_d1” in our study; see table 1) but did not discuss
this haploype further in their article. This example highlights
that a co-amplification of the M-genome can be misinter-
preted as a highly differentiated ortholog marker and poten-
tially misleads phylogeographic and phylogenetic studies.
This problem is exacerbated when the two genomes
are poorly differentiated or if for some reason the “normal”
F-genome fails to amplify (Theologidis et al. 2008; Plazzi et al.
2015).

The “normal” F-mtDNAs variability tends to be higher
compared with the “divergent” M-mtDNAs, which differs

with most of the previous studies on DUI system (Zouros
2013, and references therein). Passamonti (2007) described
the same situation in Musculista senhousia and proposed,
among other hypotheses, that the M-genome can experience
a strongest selection pressure. It contrasts to the common
statement suggesting that the M-genome is under a re-
laxed selection, leading to a higher diversity compared with
the F-genome (Stewart et al. 1996). The F-mtDNA ensures
energy production in a lot of different tissues (all tissues in
female and somatic in male), whereas the M-type influence is
restricted to the sperm function, probably only during late
stage of spermatogenesis (Zouros 2013; Kyriakou et al. 2015).
In this study, the divergence within groups was estimated
using partial sequences, leading to the reduction of the
number of rare variants detected, and so, an unavoidable
underestimation of the real mtDNA variability, which can
only be estimated by sequencing the entire mitochondrial
genome (Theologidis et al. 2008; Ghiselli et al. 2013; Plazzi
et al. 2015). Considering this technical limitation, the differ-
ence of variability within each sex has to be taken with cau-
tion, and the common statement of a relaxed selection on the
M-genome reconsidered (Passamonti 2007; Plazzi et al. 2015).
A M-type under relaxed selection might affect sperm ener-
getic production and motility (Jha et al. 2008; Breton et al.
2009), which might then reduce male fertility and endanger
the viability of the population (Ghiselli et al. 2013).

So far, the DUI of mitochondrial genome remains exclusive
to the bivalve clade. However, the technical limitations for
DUI detection (see above), associated with a poorly sampled
but highly diverse evolutionary tree, do not permit to ascer-
tain the occurrence, the origin (unique or multiple), or the
mechanisms controlling this particular mtDNA inheritance
system within the bivalves (Theologidis et al. 2008; Zouros
2013; Milani, Ghiselli, Maurizii, et al. 2014; Kyriakou et al. 2015;
Plazzi et al. 2015). A coupling between the presence of the M-
genome and maleness is clearly established even if the

Table 1. Variable Positions between 12 Cytochrome b Haplotypes Sequenced from Different Tissues of Arctica islandica (six “divergent” and eight
“normal” haplotypes).

haplotypes n 3 12 33 42 48 57 60 64 69 75 90 111 114 123 132 144 154 157 159 160 165 171 172 198 201 240 241 243 255 273

Ais_cytb_n1 41 A A T T G T C G G G G C T C T T T C G G G T A A T C C G A T

Ais_cytb_n2 40 . . C . . . . . . . . T . . . C . T . . A . . . C . . . . .

Ais_cytb_n3 3 . . C . . . . . . . . . . . . . . T . . A . . . C . . . . .

Ais_cytb_n4 3 . . C . . . . . . . . . . . . . . . . . A . . . . . . A . .

Ais_cytb_n5 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . G .

Ais_cytb_n6 3 . . . . . . . . . . . . . . . . . T . . A A . . C . . . . .

Ais_cytb_n7 2 . . C . . . . . . . . T . . . C . T . . A . . . . . . . . .

Ais_cytb_n8 1 . . C . . . . . . . . . C . . . . . . . A . . . . . . . . .

Ais_cytb_d1 14 G . . C A C . A A A T . . T C C C G A A . . G G . T T . . C

Ais_cytb_d2 1 G . . C A C T A A A T . . T C C C G A A . . G G . T T . . C

Ais_cytb_d3 1 G . . G A C . A A A T . . T C C C G A A . . G G . T T . . C

Ais_cytb_d4 1 G . . C A C T A A A T . . T C G C G A A . . G G . T T A . C

Ais_cytb_d5 1 G . . C A C . A A A A . . T C C C G A A . . G G . T T . . C

Ais_cytb_d6 1 G G . C A . . A A A T . . T C C C G A A . . G G . T T . . C

NOTE.—Numbers indicate the position along the 274-bp fragment. Numbers in bold indicate the first codon positions, the others are the third codon positions. Nucleotides in
bold induce amino acids changes on the predicted protein.

4

D�egletagne et al. . doi:10.1093/molbev/msv224 MBE
 at A

lfred-W
egener-Institut fuer Polar- und M

eeresforschung on N
ovem

ber 20, 2015
http://m

be.oxfordjournals.org/
D

ow
nloaded from

 

http://mbe.oxfordjournals.org/


T
ab

le
2.

V
ar

ia
bl

e
Po

si
ti

on
s

be
tw

ee
n

19
16

S
H

ap
lo

ty
p

es
Se

qu
en

ce
d

fr
om

D
iff

er
en

t
T

is
su

es
of

A
rc

tic
a

is
la

nd
ic

a
(t

en
“d

iv
er

ge
n

t”
an

d
n

in
e

“n
or

m
al

”
ha

pl
ot

yp
es

).

h
ap

lo
ty

p
es

n
4

6
7

11
32

37
47

65
70

13
5

14
4

15
5

16
8

18
5

23
2

23
7

24
0-

36
6

36
8

36
9

37
4

37
6

37
7

38
3

38
8

39
4

39
5

39
6

39
7

39
9

40
0

40
2

40
6

40
9

41
0

43
5

43
9

44
3

44
5

44
6

45
0

46
7

48
5

52
5

53
6

59
7

A
is

_1
6S

_n
1

39
A

T
A

G
T

C
T

G
G

G
G

G
T

G
A

A
-

T
C

T
A

T
G

A
G

A
C

T
C

T
A

A
A

A
A

T
G

G
A

G
A

A
T

G
A

A
is

_1
6S

_n
2

37
.

C
.

.
.

.
.

.
.

.
.

.
C

.
.

.
-

.
.

.
.

.
.

G
.

.
.

.
.

.
G

.
.

.
.

C
.

.
.

.
.

.
C

.
.

A
is

_1
6S

_n
3

6
.

.
.

.
.

.
.

.
.

.
.

.
C

.
.

.
-

.
.

.
.

.
.

G
.

.
.

.
.

.
.

.
.

.
.

C
.

.
.

.
.

.
.

.
.

A
is

_1
6S

_n
4

3
.

C
.

.
.

.
.

.
.

.
.

.
C

.
.

.
-

.
T

.
.

.
.

G
.

.
.

.
.

.
G

.
.

.
.

C
.

.
.

.
.

.
C

.
.

A
is

_1
6S

_n
5

3
.

.
.

.
.

.
.

.
.

.
.

.
C

.
.

.
-

.
.

.
.

.
.

G
.

.
T

.
.

.
.

.
.

.
.

C
.

.
.

.
.

.
.

.
.

A
is

_1
6S

_n
6

3
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
-

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

.
.

A
.

.
.

.
.

A
is

_1
6S

_n
7

2
.

C
.

.
.

.
.

.
.

.
.

.
C

.
.

.
-

.
.

C
.

.
.

G
.

.
.

.
.

.
G

.
.

.
.

C
.

.
.

.
.

.
C

.
.

A
is

_1
6S

_n
8

2
.

C
.

.
.

.
.

.
.

.
.

.
.

.
.

.
-

.
.

.
.

.
.

G
.

.
.

.
.

.
G

.
.

.
.

C
.

.
.

.
.

.
C

.
.

A
is

_1
6S

_n
9

1
.

.
G

.
.

.
.

.
.

.
.

.
C

.
.

.
-

.
.

.
.

.
.

G
.

.
.

.
.

.
.

.
.

.
.

C
.

.
.

.
.

.
C

.
.

A
is

_1
6S

_d
1

7
G

.
.

A
G

T
A

A
A

.
.

A
C

A
.

.
12

7
bp

in
d

el
.

T
.

G
A

A
G

A
C

T
G

T
.

G
-

G
G

G
C

.
A

G
.

G
G

C
A

.

A
is

_1
6S

_d
2

3
G

.
.

A
G

T
A

A
A

A
.

A
C

A
.

.
12

7
bp

in
d

el
.

T
.

G
A

A
G

A
C

T
G

T
.

G
-

G
G

G
C

.
A

G
.

G
G

C
A

.

A
is

_1
6S

_d
3

1
G

.
.

A
G

T
A

A
A

A
.

A
C

A
.

.
12

7
bp

in
d

el
(p

os
34

4:
G

)
.

T
.

G
A

A
G

A
C

T
G

T
.

G
-

G
G

G
C

.
A

G
.

G
G

C
A

G

A
is

_1
6S

_d
4

1
G

.
.

.
G

T
A

A
A

.
.

A
C

A
.

.
12

7
bp

in
d

el
.

T
.

G
A

A
G

A
C

T
G

T
.

G
-

G
G

G
C

.
A

G
.

G
G

C
A

.

A
is

_1
6S

_d
5

1
G

.
.

A
G

T
A

A
A

.
.

A
C

A
.

.
12

7
bp

in
d

el
.

T
.

G
A

A
G

A
C

T
G

T
C

G
-

G
G

G
C

.
A

G
.

G
G

C
A

.

A
is

_1
6S

_d
6

1
G

.
.

A
G

T
A

A
A

A
.

A
C

A
.

.
12

7
bp

in
d

el
.

T
.

G
A

A
G

A
C

T
G

T
.

G
-

G
G

G
C

A
A

G
.

G
G

C
A

.

A
is

_1
6S

_d
7

1
G

.
.

A
G

T
A

A
A

.
A

A
C

A
G

G
12

7
bp

in
d

el
.

T
.

G
A

A
G

A
C

T
G

T
.

G
-

G
G

G
C

.
A

G
.

G
G

C
A

.

A
is

_1
6S

_d
8

1
T

.
.

A
G

T
A

A
A

.
.

A
C

A
.

.
12

7
bp

in
d

el
.

T
.

G
A

A
G

A
C

T
G

T
.

G
-

G
G

G
C

.
A

G
.

G
G

C
A

.

A
is

_1
6S

_d
9

1
G

.
.

A
G

T
A

A
A

A
.

A
C

A
.

.
12

7
bp

in
d

el
C

T
.

G
A

A
G

A
C

T
G

T
.

G
-

G
G

G
C

.
A

G
.

G
G

C
A

.

A
is

_1
6S

_d
10

1
G

.
.

A
G

T
A

A
A

.
.

A
C

A
.

.
12

7
bp

in
d

el
(p

os
35

4:
A

)
.

T
.

G
A

A
G

A
C

T
G

T
.

G
-

G
G

G
C

.
A

G
.

G
G

C
A

.

N
O

T
E.—

N
um

be
rs

in
di

ca
te

th
e

po
si

ti
on

al
on

g
th

e
lo

ng
es

t
fr

ag
m

en
t

(6
24

bp
).

5

Evidence of DUI in Arctica islandica (Bivalvia: Arcticidae) . doi:10.1093/molbev/msv224 MBE
 at A

lfred-W
egener-Institut fuer Polar- und M

eeresforschung on N
ovem

ber 20, 2015
http://m

be.oxfordjournals.org/
D

ow
nloaded from

 

http://mbe.oxfordjournals.org/


characteristic of the link, causative or associative, remains
under debate (Milani et al. 2013; Zouros 2013; Kyriakou
et al. 2015). Thus, Breton et al. (2011) suggested that DUI is
absent in hermaphroditic Unionidae and Margaritiferidae,
these species carrying an F-like mitochondrial genome only.
However, rare cases of hermaphroditism were revealed in
natural populations of A. islandica (Mann 1982;
Thorarinsdottir 2000) and sex change (sequential hermaph-
roditism) was proposed to support high longevity (Abele and
Philipp 2013). It suggests that the close link between sex de-
termination and M-mtDNA makes the conservation of DUI
in hermaphrodite individuals difficult but not impossible
(Zouros 2013). Closer investigations on these particular

hermaphroditic individuals belonging to a DUI species
could be promising to unravel the function of the M- and
F-genomes with respect to sex determination. Furthermore,
previous studies showed that the M-genome strongly influ-
ences the motility (Jha et al. 2008) and the COX activity of
Mytilus sperm (Breton et al. 2009). The M-genome can also be
detected and transcribed in somatic tissue of R. philippinarum
(Passamonti and Scali 2001; Milani, Ghiselli, Iannello, et al.
2014) suggesting that it might impact the cellular energetic
homeostasis and physiology. The M-genome may therefore
affect metabolism outside the sperm cell in some circum-
stances, thus creating a unique opportunity to study the
compatibility between nucleus and mitochondrial genomes

FIG. 2. Phylogenetic tree based on 16S partial sequences (498–624 bp). Sequences on the same branch with a p-distance<0.005 are collapsed together
and the corresponding haplotype name is indicated. Numbers above the branches indicate the posterior probability determined from the Bayesian
Inference analysis, and numbers below the branches refer to the bootstrap value estimated from the maximum-likelihood phylogeny. Dosinia exoleta
was used as outgroup.
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and the implication of mtDNA change occurring under nat-
ural conditions on bivalve physiology and ecology.

To conclude, we provide strong evidence of the existence
of the DUI system in A. islandica with the description of a new
“divergent” male genome specifically to male gonadic tissue.
Because DUI was found in A. islandica, the sole representative
of a family with a fossil history going back to the Cretaceous
(Morton 2011), and in other species of the super class
Autolamellibranchia, it suggests that this particular mtDNA
inheritance system may represent an ancient mechanism that
appeared more than 400 Ma (review in Zouros 2013). This
study also highlights the difficulties to determine the presence
of such particular but still not completely decrypted mito-
chondrial inheritance mechanisms, yet essential for the repro-
duction of these species. Further investigations of the DUI
mechanism will permit a better understanding of the crucial
role played by the mtDNA with respect to cellular physiology
and organisms’ adaptive capacities.

Materials and Methods

Origin of Samples

Mature A. islandica individuals were collected in July 2014 in
the BS in Kiel Bay and in August 2014 in NS around Helgoland
(see Begum et al. 2010 for the sample location map). They
were transported in cooling boxes at 10 �C to the Alfred
Wegener Institute Helmholtz Center for Polar and Marine
Research in Bremerhaven and held in 60-l aquaria with recir-
culating water and weekly fed with Nannochloropsis algae
(PhytoMaxx, Germany). Water parameters were adjusted to
match the natural conditions at the collection site, that is,
7 �C and 20 PSU for the BS individuals and 7 �C and 33 PSU
for the NS clams. Each individual was sexed through direct
light microscopic inspection of gonads for the presence of
mature eggs or sperm. The animals were dissected (BS ani-
mals n = 13; NS animals n = 26) and tissues (mantle, foot,
gonads) frozen in liquid nitrogen.

DNA Extraction, Polymerase Chain Reaction
Amplification, and Sequencing

Total DNA was extracted from gonads, mantle, and foot using
the Qiagen DNeasy Blood & Tissue Kit, quantified using
Nanodrop D-1000 and stored at �80 �C.

Partial cytochrome b sequence amplifications were carried
out in 15ml reaction volume comprising 1.5ml 10� Taq
buffer (5Prime), 0.3ml dNTP mix (10 mM), 0.075ml of each
primer (100mM, forward primer: 50-TAA TAA TTG CTT
TCA CTG G-30, reverse primer: 50-CTA TTA TAA TAA
AAA TTC CAA CTA G-30), 0.09ml Hot Master Taq DNA
polymerase (5 U/ml; 5Prime, Hamburg, Germany), and 2ml
DNA extract (10 ng/ml). Reactions were performed on
Eppendorf MasterCycler with the following polymerase
chain reaction (PCR) conditions: 2 min at 94 �C initial dena-
turation, 38 cycles of denaturation for 20 s at 94 �C, anneal-
ing for 20 s at 52 �C, and extension for 50 s at 65 �C. The
amplification was completed with a final extension (65 �C,
8 min) according to the manufacturer’s instructions.

The universal 16S primers 16SAR (50-CGCCTGTTTATCAA
AAACAT-30) and 16SAB (50-CCGGTCTGAACTCAGATCACG-
30) yielded different fragment from total DNA extraction
(Palumbi 1996). PCR was conducted in 15ml reaction
volume comprising 1.5 ml 10� Taq buffer (5Prime), 0.3 ml
dNTP mix (10 mM), 0.075ml of each primer (100mM),
0.15ml betain (5 M), 0.09ml Hot Master Taq DNA polymerase
(5 U/ml; 5Prime), and 2ml DNA extract (10 ng/ml). Reactions
were performed on Eppendorf MasterCycler following the
PCR conditions: 2 min at 94 �C, followed by 36 cycles of de-
naturation for 20 s at 94 �C, annealing for 10 s at 52 �C, and
extension for 50 s at 65 �C. The amplification was completed
with a final extension (65 �C, 8 min) according to the manu-
facturer’s instructions.

All PCR products were sent to Eurofins Genomics GmbH
(Ebersberg, Germany) to be sequenced on both strands using
the primers that were used during amplification.

DNA Cloning and Sequencing

The amplified products from male gonads that revealed a co-
amplification of different variants were cloned using the
TOPO TA Cloning Kit (Invitrogen) to confirm the presence
of each form. Recombinant clones were sent to Eurofins
Genomics GmbH to be sequenced using M13 universal pri-
mers (M13 Forward: 50-GTAAAACGACGGCCAG-30; M13 re-
verse: 50-CAGGAAACAGCTATGAC-30).

Sequence Analysis

Cytochrome b and 16S sequences were aligned using the
ClustalW algorithm of CodonCode Aligner program (version
4.2.5; CodonCode Corporation, Dedham, MA). Amino acid
composition for cytochrome b was deduced using the inver-
tebrate mtDNA genetic code. MEGA 6 (version6.06; Tamura
et al. 2013) was used to calculate p-distance between se-
quences (with bootstrap analysis 1,000 replicates) and esti-
mate the transition/transversion ratio. Maximum likelihood
(using MEGA 6) with bootstrap analysis (1,000 replicates) and
Bayesian phylogenies (using BEAST, version 1.8.2; Drummond
and Rambaut 2007) were performed on cytochrome b and
16S sequences with Dosinia exoleta (Bivalvia, Veneridae,
GenBank accession number: cytochrome b—GQ166609.1;
16S—JF808184.1) as outgroup (closest sequence according
to BLAST [Basic Local Alignment Search Tool] search) using
Hasegawa–Kishino–Yano with Invariable site nucleotide sub-
stitution model as determined by jModelTest2 (version 1.6;
Guindon and Gascuel 2003; Darriba et al. 2012). FigTree (ver-
sion 1.4.2; Rambaut and Drummond 2012) was used to edit
the phylogenetic tree for better readability. Sequences on the
same branch with a p-distance <0.005 were collapsed into a
single group. DNA haplotype networks for both genes were
realized using Haplotype Viewer (Ewing 2012).

Supplementary Material
Supplementary files S1 and S2, figures S1–S7, and table S1 are
available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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