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ABSTRACT

Frequent nonhomologous recombination has been previously postulated to explain the 1045-bp in-
sertion in one mitochondrial sperm-transmitted haplotype of Mytilus galloprovincialis. Such recombination
would lead to the disruption of gene order and so the existence of a specific mechanism for maintaining
the same gene order in both mitochondrial genomes of Mytilus has been proposed. Here the simpler
explanation of the observed structure, involving a tandem duplication and a deletion, is presented. Their
occasional occurrence in Mytilus mtDNA proves the similarity, not the difference, between animals with
and without DUI.

SPECIES of the mussel family Mytilidae have two
mtDNA genomes, one transmitted through the

egg (the F genome) and one transmitted through the
sperm (the M genome) (Skibinski et al. 1994a,b; Zouros

et al. 1994a,b). The system is known as doubly unipa-
rental inheritance (DUI). In a recent study published
by Mizi et al. (2006), authors give what they claim to be
the most parsimonious explanation of the origin of an
unusual sperm-transmitted haplotype of the Mytilus
galloprovincialis mussel originally described by Mizi et al.
(2005). The haplotype in question has one large in-
sertion of identifiable composition. Authors originally
interpreted it as the fragment of trnN, part of the con-
trol region (CR), complete trnY, part of cob, and the
fragment of trnG (GenBank AY363687 bases 14,968–
16,012). However, due to high homology between the
fragments at 14,912–14,978 and at 15,957–16,023 (both
comprising mostly fragments of trnG and trnN), it is
equally correct to say that the insert consists of a 39

fragment of trnG, 59 fragment of trnN, a large part of the
CR, complete trnY, and the 59 fragment of cob (bases
14,912–15,965). The proposed mechanism that pro-
duced the insertion involved three steps: short tan-
dem duplication comprising exactly two tRNA genes, a
nonhomologous recombination between two different
mtDNA genomes, and a deletion. Here I propose
another, more parsimonious explanation of the mech-
anism that might have generated this insertion and
show that no more than two events are necessary for it.

The first event involved a duplication (Figure 1A) in a
typical genome (a) that produced a long tandem repeat
spanning the region from trnG to cob (genome aa). The
second event was a deletion (Figure 1B) that removed
from the first copy of the tandem repeat the following
sequences: the large part of trnN, trnE, trnC, trnI, UR6,
trnQ , trnD, rnl, and the beginning of the CR producing
the genome (d) with the 1045-bp long insertion. The
alignment of the two parts of extant genome d span-
ning the region of duplication and deletion allows
identification of the exact insertion and deletion points
(Figure 1C). The insertion point was situated within
trnG gene. It was located within the nine-nucleotide
motif TAAATAACA repeated at the beginning and at
the end of the insertion. Motifs repeated at boundaries
of tandem repeats are not unusual—they may be in-
volved in, or be a product of, their generation. Here
the motif was almost certainly present in the genome
a as it is a part of both complete trnG and cob and
thus may have been involved in the generation of the
repeat. This motif is the same as one of the motifs
postulated by Mizi et al. (2006) as one of nonhomol-
ogous recombination points. The other nonhomolo-
gous recombination point was postulated to occur at,
or close to, the seven-nucleotide AGATAGT motif. Ac-
cording to my interpretation, this second motif marks
the beginning of the deletion and is also present in the
39 part of the deleted fragment. It is unlikely that the
homology between sequences at the deletion bound-
aries would be necessary for the deletion to occur,
and this seven-nucleotide homology could be a pure
coincidence.1Author e-mail: aburzynski@iopan.gda.pl
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Several arguments can be offered in support of the
proposed scenario for the insertion. This scenario calls
neither for the involvement of more than one genome
in the process nor for nonhomologous recombination
between them, yet it solves the order of genes in the
resulting genome as well as the original hypothesis of
Mizi et al. (2006), which does both. The relatively low
genetic distance between the insertion and the rest
of the genome (0.005) is better explained under this
scenario. Tandem duplications are usually very similar
sequence-wise, whereas similarity between arbitrary
genomes involved in recombination is an independent
condition that would have to be met. Relatively high
distances (0.087 on average, according to Mizi et al.
2006) between M genomes found at the present time in
M. galloprovincialis make recombinational origin of this
insertion even less probable. The only weakness of this
explanation is the postulated extinct genome aa hav-
ing very large duplication (�2770 bp), much larger than
the duplication postulated by Mizi et al. (2006) in the
extinct genome b. However, tandem duplications are
quite frequent in animal mtDNA and duplications
much .2770 bp have been shown to exist in other spe-
cies, sometimes also participating in intraspecies poly-
morphism—for example, in fish (Gach and Brown

1997), lizards (Moritz and Brown 1987), and scallops
(Gjetvaj et al. 1992). In Mytilus there have also been
reports on larger-than-typical mitochondrial genomes
(Wenne and Skibinski 1995) also having multiplicated
CR, trnY, and part of cob (Burzyński et al. 2006).

Duplications may be involved in the evolution of
mtDNA (Lavrov et al. 2002), but to be effective at
changing the gene order they have to be both very large
and relatively frequent. A small evolutionary distance
between sequences of repeats permitted Mizi et al.
(2006) to postulate the generation of such rearranged
genomes at a high rate. However, tandem repeats in
mtDNA may have a tendency to maintain the sequence
identity throughout evolution (Kumazawa et al. 1996;
Eberhard et al. 2001; Abbott et al. 2005). Therefore,
the distance between sequences of repeats is not nec-
essarily a good measure of the time since their emer-
gence. A possibly better measure, giving at least a
reliable upper estimate, would be the distance between
extant genomes a and d. Unfortunately, identifying the
example of extant genome a is not trivial. Introgression
of mtDNA is so common in Mytilus mussels that proper
taxonomic identification of an individual does not

guarantee the identity of its mtDNA. Population studies
have shown that M-type mitochondrial genomes have not
crossed the Atlantic since�1 MYA (Riginos et al. 2004).
It is generally accepted that there have been two earlier
separation events (Rawson and Hilbish 1995). The
first one occurred after the opening of Barents Strait
(�3.5 MYA) and resulted in the speciation of M. trossulus
and M. edulis from their ancestor. The second one was
associated with the closing of the Mediterranean Sea
during the Pleistocene (.1 MYA), resulting in the
emergence of M. galloprovincialis from M. edulis. Each
of those events must have left signatures in both M- and
F-genome mtDNA. The signature should be more evi-
dent within the M lineage since the M genome appar-
ently evolves faster (Stewart et al. 1995) and is not as
prone to introgression (Riginos et al. 2004). There now
should be at least four distinct clades of M-genome
mtDNA in the M. edulis species complex: American M.
trossulus, American M. edulis, European M. edulis, and
M. galloprovincialis. Building a phylogenetic tree from
published sequences confirms the existence of those
four clades. For the region in question, sufficiently com-
plete GenBank records representing the three most
recent clades are the following: for American M. edulis:
AY350792, AY350791 (Cao et al. 2004), and AY823623
(Breton et al. 2006); for European M. edulis: AY115482
(Burzyński et al. 2003) and AY350794 (Cao et al. 2004);
and for M. galloprovincialis: AY629163 and AY629164
(Śmietanka et al. 2004). The average Kimura two-
parameter distance between the American and European
M. edulis is 0.031 (SE¼ 0.006) in the region correspond-
ing to the insertion. The average distance between the
rearranged sequence discussed here and the closest true
M. galloprovincialis sequences is 0.028 (SE ¼ 0.006).
Assuming the same rate of evolution for all M genomes
and using trans-Atlantic separation as a dating point, I
conclude that the duplication must have occurred not
earlier than 750 KYA (on the basis of the distance from
the M. galloprovincialis clade), and no later than �100
KYA (on the basis of the between-repeat distance). Even
though this estimate is very rough, it indicates that the
divergence between the rearranged genome and its
ancestor may be much greater than the average distance
between M. galloprovincialis M genomes, as postulated by
Mizi et al. (2006). Consequently, such large duplications
potentially disrupting gene order may be relatively rare.

The original interpretation implies that arbitrary
nonhomologous recombination, a process that would

Figure 1.—The two events that produced the insertion. The single-letter amino acid code denotes tRNA genes; CR is the major
control region; unassigned region 6 (UR6) is a 16-bp noncoding sequence; and rns, rnl, and cob indicate small rRNA, large rRNA,
and cytochrome b genes. (A) Tandem duplication: a is the standard gene order; aa is the gene order resulting from tandem
duplication of a region boxed in a. Two copies of each named sequence part are numbered 1 and 2, regardless of the completeness
of each copy. (B) Large deletion: open sections indicate the first copy and shaded sections indicate the second copy of the repeat
along with the rest of the genome. Genome d has the gene order of the examined genome. (C) The schematics of an alignment of
the first and second repeats. Bars indicate the three parts of alignment shown in detail. Boldface type indicates a sequence match.
Boxed nucleotides represent the motifs discussed in text. The numbers refer to nucleotide positions in the complete sequence of
the M genome of M. galloprovincialis containing the insertion.
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easily lead to dramatic changes in gene order, frequently
occurs in mtDNA of M. galloprovincialis, necessitating
particularly strong selection for gene order to explain
the stability of M-genome structure in DUI animals. But,
in my interpretation, no such postulate is needed.
According to Rawson and Hilbish (1995), the separa-
tion of M and F lineages in the M. edulis species complex
occurred 5.3–5.7 MYA. Partial duplications involving
large parts of coding sequences could have happened
only a few times during that period. Since such
duplications are less likely than arbitrary nonhomolo-
gous recombination to lead to a dramatic change of
the gene order, there is no reason to expect a different
order of genes in M and F genomes. Hence the selection
for the same gene order in animals with DUI may have
the same strength as in species without DUI. Instead, it
is tempting to speculate that generation of that kind
of polymorphism in mtDNA depends on speciation/
hybridization events, since they seem to coincide.
Should that be so, the very existence of such rearranged
haplotypes may indicate that the mechanisms of mito-
chondrial inheritance are not as different in animals
with DUI as in animals with normal mtDNA inheritance:
they both break at species boundaries.
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