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ABSTRACT

Mussels have two types of mitochondrial DNA (mtDNA). The M type is transmitted paternally, and the
F type is transmitted maternally. To test hypotheses of the molecular evolution of both mtDNA genomes,
50 nucleotide sequences were obtained for 396 bp of the COIll gene of European populations of Mytilus
edulis and the Atlantic and Mediterranean forms of M. galloprovincialis. Analysis based on the proportion
of synonymous and nonsynonymous substitutions indicate that mtDNA is evolving in a non-neutral and
complex fashion. Previous studies on American mussels demonstrated that the F genome experiences a
higher purifying selection and that the M genome evolves faster. Here we show that these patterns
also hold in European populations. However, in contrast to American populations, where an excess of
replacement substitution between F and M lineages has been reported, a significant excess of replacement
polymorphism within mtDNA lineages is observed in European populations of M. galloprovincialis. European
populations also show an excess of replacement polymorphism within the F but not within the M genome
with respect to American M. trossulus, as well as a consistent pattern of excess of rare variants in both F
and M genomes. These results are consistent with a nearly neutral model of molecular evolution and a
recent relaxation of selective constraints on European mtDNA. Levels of diversity are significantly higher
for the M than F genome, and the M genome also accumulates synonymous and nonsynonymous substitu-
tions at a higher rate, in contrast with earlier reports where no difference for the synonymous rate was
observed. It is suggested that a subtle balance between relaxed selection and a higher mutation rate
explains the faster evolutionary rate of the M lineage.

ECENT reports have challenged the axiom that mi-
tochondrial DNA (mtDNA) evolves under astrictly
neutral model of molecular evolution (reviewed in Bal-
lard and Kreitman 1995; Rand and Kann 1996). Most
of these reports on mtDNA also show a variety of com-
plex patterns of variation, suggesting that mtDNA evolu-
tion can be governed by many of the same selective
forces found to operate on the nuclear genome, but
also by factors that do not affect nuclear variation (Bal-
lard and Kreitman 1995). Tests of neutrality, beyond
simply giving evidence for or against selection, can pro-
vide insights into the other diverse processes that shape
and maintain genetic variation in nature.

Mussels of the genus Mytilus have an unusual mode
of mtDNA inheritance that provides a novel model for
investigating mechanisms of mtDNA evolution. Mussels
have two mtDNA genomes called F and M (Fisher and
Skibinski 1990). Females transmit the F genome to
both daughters and sons, whereas males transmit the
M genome to sons, thus the M genome is inherited
paternally and the F genome is inherited maternally
(Skibinski et al. 1994a,b; Zouros et al. 1994a,b). This
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mode of inheritance accounts for the high levels of
heteroplasmy for the M and F genomes in males (Fisher
and Skibinski 1990; Hoeh et al. 1991), and the high
sequence divergence (>20%) between these two lin-
eages (Skibinski et al. 1994b), whose separation pre-
dates current Mytilus taxa (Rawson and Hilbish 1995;
Stewartetal. 1995; Quesadacet al. 1996). Thus, Mytilus
mtDNA provides a potentially powerful model for de-
tecting the influence of natural selection because analy-
ses can be applied at several different levels of diver-
gence, between and within the F and M genomes, and
between and within the different forms or species of
Mytilus.

mtDNA s also noteworthy for evolving faster in Mytilus
than in other metazoans, a feature that has been attrib-
uted to a relaxed selective constraint associated with
biparental inheritance (Hoeh et al. 1996). Several stud-
ies have also suggested that the M genome is more
polymorphic and evolves faster overall than the F ge-
nome (Skibinski et al. 1994b; Rawson and Hilbish
1995; Stewartet al. 1995; Quesada et al. 1996), though
without statistical support. However, for American pop-
ulations of Mytilus edulis and M. trossulus, Stewart et
al. (1995, 1996) demonstrated a significantly higher re-
placement rate for the M than the F genome in the
COlll gene and in a mtDNA segment with no assigned
function. Stewart et al. (1996) also noted a higher
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replacement rate for the M than the F genome in non-
conserved regions, as well as a significant excess of re-
placement substitutions between M and F lineages when
applying the McDonald-Kreitman test. They interpreted
these observations as evidence for non-neutral evolution
of Mytilus mtDNA associated with relaxed selection on
the M genome. Because males carry both F and M ge-
nomes in their somatic tissue, but females usually only
have the F genome, the M genome should experience
more relaxed selection overall. While the departure
from neutrality for mtDNA in American Mytilus taxa is
opposite in direction to that reported in other non-
Mytilus taxa, where excesses of replacement polymor-
phisms within lineages have been usually reported (e.g.
Ballard and Kreitman 1995; Rand and Kann 1996),
American mussels are also noteworthy for having strong
nuclear/mtDNA incompatibilities leading to the break-
down of biparental inheritance in hybrids and to intrin-
sic barriers blocking mtDNA introgression between dif-
ferent species (Zouros et al. 1992; Rawson et al. 1996;
Saavedraecet al. 1996). The restricted mtDNA introgres-
sion between American Mytilus taxa is in clear contrast
to the extensive levels of mtDNA introgression observed
between European taxa (Quesada et al. 1995b, 1998),
raising the possibility of diverse evolutionary forces gov-
erning mtDNA polymorphisms.

In this study, we assess this possibility by examining
patterns of mtDNA evolution in European populations
of M. edulis and in the recently reported Atlantic and
Mediterranean forms of M. galloprovincialis (Quesada
1993). For comparative purposes, we examined the
COlll gene for a segment that covers the same region
thatwas analyzed previously in American mussels (Stew-
artet al. 1995, 1996). We ask the following questions:
Are patterns of mtDNA nucleotide variation compatible
with the expectations of a strictly neutral model when
a combination of neutrality tests are applied? If not, is
the high excess of replacement substitutions between F
and M lineages in American mussels also seen in Euro-
pean mussels? Is there variation between European taxa
in the degree of departure from neutral expectations?
Are an evolutionary rate and diversity higher for the
M than for the F genome general features of Mytilus
mtDNA, and, if so, what is the role of the differences
in mutation rate vs. relaxed constraint?

MATERIALS AND METHODS

Sampling: Mussels from the three Mytilus taxa were col-
lected from five European localities that are known (Gosling
1992; Quesada 1993) to contain pure M. edulis (Redcar and
MkK. Point, northeastern and southwestern Britain, respec-
tively), Atlantic M. galloprovincialis (Vigo, northwestern Spain),
and Mediterranean M. galloprovincialis (Pefiscola and Chiog-
gia, eastern Spain and northeastern Italy, respectively). Mus-
sels were sexed by microscopic examination of gonads. A total
of 50 individuals (24 males and 26 females) were chosen at

random from samples from these populations for sequence
analysis.

DNA preparation and sequencing: Template for PCR ampli-
fication was prepared from single mussels using a CTAB-based
method of mtDNA extraction (Fisher and Skibinski 1990).
Extractions from females were used for PCR amplification of
a 476-bp fragment of the F mtDNA COIIl gene using the
following Mytilus specific primers: forward FOR1 5'CCAAAC
CCGTCATCTACTAG-3' and reverse REV1 (Zouros et al.
1994b) 5'-ATGCTCTTCTTGAATATAAGCGTACC-3', which
correspond to nucleotide positions 805-824 and 1326-1301,
respectively, of segment 5 described in Hoffmannetal. (1992).
DNA from males was used for PCR amplification of the M
genome using the following set of M specific primers (Skibin-
ski et al. 1994b): forward FOR2 5’-AAACCCTTCGTCCAC
AAGG-3' and reverse REV2 5-AGCCTTTTTGTCATCATT
CTGT-3’, homologous to nucleotide positions 806-824 and
143-164 of segments 5 and 6, respectively. This 1.5-kb frag-
ment was purified from 1% agarose gels and cleaned with
Spin-X columns (Costar, Cambridge, MA). The eluted DNA
was subsequently used as a source for the amplification of the
same fragment as amplified from females using the primers
FOR2 and REV1 given above. PCR reactions and cycling condi-
tions were as described in Quesada et al. (1996), except that
a total of 25 cycles were used. Double-stranded F and M PCR
products were cleaned with the Quiaquick kit (Quiagen, Chat-
sworth, CA) before sequencing. Both PCR strands were se-
guenced using the Thermo Sequenase cycle sequencing kit
(Amersham, Arlington Heights, IL) on an ALF automated
sequencer (Pharmacia, Piscataway, NJ). About 200-300 ng of
PCR product and 10 pM of primer were used per sequencing
reaction.

Sequence analysis: Sequences were aligned using the Clus-
talW (Higgins et al. 1996) computer program. Nucleotide
sequences were translated into aminoacid sequences using the
Drosophila mtDNA genetic code, as described in Hoffmann et
al. (1992). Nucleotide diversity was calculated for each taxon
using the Fu (1994) estimator of 6. This new estimator has a
variance that is substantially smaller than that of any existing
estimator by making full use of phylogenetic information (Fu
1994). The proportion of synonymous (Ks) and nonsynony-
mous (K ») substitutions per site were calculated for all pairwise
combinations of sequences according to the method of Com-
eron (1995). This method minimizesstochastic errors by sepa-
rating the twofold degenerate sites into sites where only transi-
tional and transversional substitutions are synonymous. The
Poisson-corrected proportion of amino acid substitutions was
also calculated for all pairwise comparisons of sequences.

The sequences were tested for departures from neutral ex-
pectations using several tests as implemented in the DnaSP
package (Rozas and Rozas 1997). The McDonald and Kreit-
man test (McDonald and Kreitman 1991) was used to test
that the ratio of replacement to silent substitutions should
be the same within and between lineages. For their analysis,
Stewart et al. (1996) pooled sequences of different taxa
within the F and within the M lineages. Here we chose not
to pool our data in this way because such a procedure has the
potential to obscure any differences that might exist among
taxa. Probability values for contingency tables were calculated
by the Monte Carlo method (Roff and Bentzen 1989) using
10,000 permutations per analysis. To test for departures from
neutrality in relation to the frequency distribution of F and
M polymorphisms within each Mytilus taxon, we used the tests
of Tajima (1989) and Fu and Li (1993). This was done for
nondegenerate and fourfold degenerate sites to determine
whether patterns of variation among lineages are as predicted
by neutral theory (Gillespie 1991).

Phylogenetic relationships among sequences were esti-
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mated using the neighbor-joining method (MEGA version
1.02; Kumar et al. 1993). The analyses were repeated using the
Fitch-Margoliash method (PHYLIP 3.1; Felsenstein 1993).
Pairwise distances between sequences were calculated using
Kimura’s two-parameter correction for multiple hits. Gaps in
the sequences were removed in pairwise comparisons. The
level of support for the resulting phylogenetic trees was deter-
mined using 1000 bootstrap replications for the neighbor-
joining method and 100 replications for the Fitch-Margoliash
method. Similar topologies were obtained using the two meth-
ods, thus for brevity, the neighbor-joining tree alone is pre-
sented.

RESULTS

Phylogenetic relationships: A total of 50 sequences
(24 M and 26 F haplotypes) were scored for the same
segment of 396 bp of the COlIl gene. Polymorphic sites
are given in the appendix. There are 172 polymorphic
sites over the whole data set. For comparative purposes,
308 bp of these sequences were aligned against the
homologous 308 bp of the seven published COIIl se-
guences of the highly diverged American M. trossulus
M and F haplotypes (Stewart et al. 1995). The full 396
bp of the COIIl sequence was used in all those analyses
not involving American M. trossulus.

The neighbor-joining tree (Figure 1) indicates a pri-
mary division of American and European sequences
into highly diverged male (M lineage) and female (F
lineage) types. This result is consistent with earlier re-
ports in Mytilus (Rawson and Hilbish 1995; Stewart
et al. 1995). The main branch leading to the M lineage
is longer, as are secondary branches, compared with
corresponding branches in the F lineage. The Poisson-
corrected number of amino acid substitutions per site
between European sequences and the highly diverged
American M. trossulus sequences were significantly dif-
ferent (z-test, P < 0.001) between the F (0.018 = 0.015)
and M (0.100 = 0.015) lineages. These results corre-
spond with those published previously for American
taxa (Rawson and Hilbish 1995; Stewart et al. 1995,
1996), showing a higher evolutionary rate for the M
lineage. There is clear and substantial geographic struc-
ture evident in the variation between Atlantic and Medi-
terranean M. galloprovincialis (Quesada et al. 1995a,c).
In the present study, Mediterranean M. galloprovincialis
exhibit at least two highly diverged groups of F and M
haplotypes that are not linked to particular geographi-
cal sites. F and M haplotype assemblages are not always
concordant with the taxonomic identification of the
individuals in which they are found. Hybridization and
mMtDNA introgression among European Mytilus taxa
can explain these patterns of variation, as discussed else-
where (Quesada et al. 1995b, 1996).

Diversity and divergence for replacement and synony-
mous changes: Estimates of nucleotide diversity for both
F and M genomes, as measured by 6, are given in Table
1. Mediterranean M. galloprovincialis has the highest di-
versity value for both F and M genomes. Genetic diver-

sity is higher for the M genome than for the F genome
within all taxa, although the difference is never signifi-
cant (z-test). However, a two-tailed Wilcoxon sign rank
test applied for the five populations across the three
taxa does give a significant (P < 0.05) result (Table 2).
When synonymous and nonsynonymous substitutions
are analyzed separately, nucleotide diversity is signifi-
cantly higher (P < 0.05) for synonymous than for non-
synonymous substitutions (Table 2). Moreover, the M
genome shows a genetic diversity significantly higher
than the F genome for synonymous substitutions, but
not for nonsynonymous substitutions. A three-way analy-
sis of variance can be carried out on the data set of 20
values for nonsynonymous and synonymous substitu-
tions given in Table 2. The two two-way interactions
(population X type of substitution and genome X popu-
lation) are nonsignificant when assessed against the
three-way interaction. The interaction between genome
and type of substitution is, however, significant when
assessed against these other interactions pooled as error
(FLi; = 7.836, P < 0.025). These observations suggest
differences in the evolutionary factors operating on
each genome. However, stochastic factors could also
account for a higher diversity of the M genome because
local populations from the same taxa cannot be consid-
ered evolutionarily independent. However, synonymous
substitutions are intermingled with nonsynonymous
substitutions within both the F and M mtDNA mole-
cules. Thus, the two types of substitutions should not
show different patterns of variation between genomes
as a result of drift, the opposite of what is observed. In
addition, the above result is consistent with earlier
claims suggesting higher diversity for the M than the
F genome in populations not closely related to those
analyzed here, such as American M. edulis and American
M. trossulus (Stewart et al. 1995, 1996). These earlier
reports did not provide statistical support for higher
diversity for the M genome, nor did they consider the
role of drift as a potential explanation for the observed
differences between genomes. Consideration of all data
sources suggests strongly that a higher diversity for the
M genome is a general feature of Mytilus mtDNA—
contradictory observations have never been reported
(Skibinski et al. 1994b; Rawson and Hilbish 1995;
Stewart et al. 1995, 1996; Quesada et al. 1996, 1998).

Table 3 gives the number of synonymous (K;) and
nonsynonymous (K,) substitutions observed between
European taxa in comparisons for the F or for the M
genome. Both estimates are higher for the M lineage
in five of the six comparisons, but the difference be-
tween M and F genomes is not significant, for K, or K,
in any one of these comparisons. The K,/K; ratio was
unusually high, e.g., compared with Stewartet al. 1996,
in all three taxa, and Fand M genomes displayed similar
ratios within each of the taxa. This observation implies
either that F and M mtDNA genomes are under asimilar
and dramatic relaxed selection, or that selective pres-
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sures of similar strength are operating on both genomes.
When pooled European sequences are compared with
the highly diverged American M. trossulus sequences, a
remarkably different pattern isapparent (Table 3). First,
both K, and K are significantly (P < 0.001) greater for
the M genome. Second, the K /K ratio is 3 times higher
for the M lineage. Third, the K, /K ratios are lower

Figure  1.—Neighbor-
joining tree of the 50 se-
quences from three Euro-
pean taxa, plus the seven
homologous published se-
quences from American
M. trossulus (Stewart et al.
1995). The tree is based on
308 nucleotides and is
rooted between the male
and female lines. Only boot-
strap values >50 are pre-
sented. Sequences are indi-
cated by an alphanumeric
code indicating the taxa
(ED, M. edulis; AG, Atlantic
M. galloprovincialis; MG,
Mediterranean M. galloprov-
incialis; TR, M. trossulus) fol-
lowed by the individual and
locality from which the se-
quence was obtained: M,
Mk. Point; R, Redcar; V,
Vigo; P, Pertiscola; C, Chiog-
gia; A, North America.

than those observed in European comparisons, 2 to 3
times lower for the M genome, but 11-19 times lower
for the F genome. These contrasting results, when we
compare closely related European sequences with
highly diverged M. trossulus sequences, suggest that pat-
terns of mtDNA variation are critically affected by the
time scale considered. Thus, in the long term, the M
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TABLE 1

Estimates of nucleotide variation for the F and M mtDNA genomes

. Tajima’s D® Fu and Li’s D"
Polymorphic
Taxa Genome N sites 0% + SE Zerofold  Fourfold Zerofold Fourfold
ED F 9 26 14.204 + 5.454 —1.633 —1.728* —-1.731 —1.943*
M 10 46 28.873 + 9.950 —1.383 —-1.709 —-1.634 —1.916
AG F 6 29 20.058 + 8.823 —1.453 —1.423 —1.490 —1.458
M 6 29 24.447 + 10.623 —1.299 —0.960 -1.228 —1.063
MG F 9 44 29.262 *+ 10.540 —1.505 —0.084 —-1.576 —0.298
M 10 69 32.512 + 11.074 —-1.174 —0.018 —-1.107 0.343

2 Estimate is from Fu (1994) and error includes stochastic variance.

® From Tajima (1989).
¢From Fu and Li (1993).

* A departure from neutral expectation at the 5% level.

genome accumulates more synonymous and nonsynony-
mous substitutions than the F genome, although the
nonsynonymous substitutions are accumulated at a
higher rate. This observation is consistent with previous
studies on American Mytilus taxa, suggesting a higher
evolutionary rate and relaxed constraint for the M ge-
nome (Stewart et al. 1996).

Tests of neutrality: Table 4 summarizes the number
of replacement and silent substitutions observed within
and between F and M genomes for each European
taxon. Because there has been some controversy about
the proper method for counting substitutions in the
McDonald-Kreitman test (Graur and Li 1991; Whit-
tam and Nei 1991), differences between lineages were
counted in three different ways. For method 1, a site
that is fixed in one lineage and polymorphic in another
is classified as a polymorphism (McDonald and Kreit-
man 1991). For method 2, a site fixed in one lineage
and polymorphic for different substitutions in another
is counted as a polymorphism and one fixed difference.

This method attempts to cope with situations in which
the observed polymorphism results from a single indi-
vidual, most likely reflecting a multiple mutation after
a fixed difference between the two highly diverged
(>20%) F and M lineages has occurred. For method
3, branches on the phylogenetic tree were used to
count mutations that appear on within-lineage branches
and between-lineages branches (Nachman et al. 1994).
These three methods resulted in similar patterns of
association, as shown by a log linear analysis for each
species (P > 0.85, for the three-way interactions). For
the three methods considered, F/M interlineage com-
parisons reveal that Atlantic and Mediterranean M. gal-
loprovincialis display a consistent pattern of excess re-
placement polymorphisms within mtDNA lineages over
that predicted under astrictly neutral model of molecu-
lar evolution. The departure is always statistically sig-
nificant for Atlantic M. galloprovincialis, and significant
or marginally significant for Mediterranean M. gallopro-
vincialis, depending on the method considered. By con-

TABLE 2

Fu (1994) estimates of diversity per population

0 = SE
Population (taxa) Genome N Total Nonsynonymous Synonymous
Mk. Point (ED) F 4 5.802 = 3.359 1.161 + 0.916 4.247 = 2,561
M 4 9.022 = 4.995 0.576 = 0.566 8.619 = 4.791
Redcar (ED) F 5 11.508 * 5.696 3.442 + 1.991 5.925 * 3.137
M 6 26.309 = 11.387 3.688 = 1.988 19.859 + 8.738
Vigo (AG) F 6 20.058 * 8.823 5.322 = 2.694 10.314 * 4.795
M 6 24.447 * 10.623 6.580 = 3.229 15.229 + 6.823
Chioggia (MG) F 3 11.663 + 7.164 7.584 + 4.796 3.394 + 2.343
M 4 19.150 = 10.091 5.048 *= 2.973 14.089 * 7.549
Pefiiscola (MG) F 6 20.734 * 9.101 5.402 *= 2.728 14.392 + 6.487
M 6 32.174 = 13.753 12.097 + 5.515 19.650 + 8.619
Two-tailed Wilcoxon test (F vs. M) P < 0.05 P > 0.60 P < 0.05

aThe null hypothesis is also rejected (P < 0.05) for the 10 comparisons between synonymous and nonsyn-

onymous substitutions.
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TABLE 3

Jukes-Cantor corrected estimates of synonymous (K;) and
nonsynonymous (K ,) substitutions (Comeron 1995)

Compared taxa Genome Ka Ks KaZKs
ED to MG F 0.011 + 0.009 0.098 + 0.031 0.112
M 0.012 = 0.010 0.130 * 0.012 0.092
ED to AG F 0.009 *+ 0.008 0.046 =+ 0.027 0.196
M 0.008 + 0.005 0.062 = 0.036 0.129
AG to MG F 0.013 = 0.008 0.083 = 0.031 0.157
M 0.017 += 0.010 0.120 + 0.110 0.142
EUROPE to TR F 0.007 = 0.006 0.670 = 0.050 0.010
M 0.038 =+ 0.006*** 1.000 = 0.063*** 0.038

ED, M. edulis; MG, Mediterranean M. galloprovincialis; AG, Atlantic M. galloprovincialis; TR, American

M. trossulus; EUROPE, pooled European taxa.

*** Departure (P < 0.001) from the null hypothesis of no difference in K, or K between F and M genomes

(z-test).

trast, M. edulis shows good agreement with neutral ex-
pectations. The ratio of polymorphic to fixed differ-
ences is up to two times higher for nonsynonymous than
for synonymous substitutions for the two M. galloprovin-
cialis taxa for all three methods.

Additional McDonald-Kreitman tests can be per-
formed for each genome by comparing the two major
branches separating American M. trossulus and Euro-
pean taxa (Figure 1), taking advantage of the prediction
that the ratio of polymorphic to fixed differences should
be the same in each partition of a neutral genealogy
(Ballard and Kreitman 1994). In each of these further
tests involving F/F or M/M intralineage comparisons,
the three counting methods produced similar results,
thus only those for method 1 are given (Table 5). For
this analysis, a significant excess of replacement poly-
morphism is observed within the F genome (P = 0.002),
and inspection of the data reveals that all these polymor-
phisms occur in European populations. By contrast, a
nonsignificant result is obtained for the M genome
(P = 0.296). This contrasting pattern between genomes
receives additional support from a log linear analysis
(P = 0.008 for the three-way interaction). A similar
excess of replacement polymorphism within the Euro-
pean F genome (P = 0.010), but not within the Euro-
pean M genome (P = 0.867), is observed if European
M. edulis sequences alone are compared with American
M. trossulus sequences. This indicates that M. edulis con-
tributes to the contrasting pattern between genomes in
F/F and M/M intralineage comparisons, despite the
conformity of M. edulis to neutral expectations in F/M
interlineage comparisons. These results imply either a
stronger selection for adaptive mutations or a more
relaxed selection for the F genome in European taxa
with respect to American populations. Divergence in the
genetic background, following the isolation of Amer-
ican and European populations, could account for such

differences in evolutionary factors operating on each
mtDNA lineage.

Results of the Tajima (1989) and Fu and Li (1993)
testsare givenin Table 1. Consistent results are obtained
with both methods. There is an indication of an excess
of rare nucleotide polymorphisms within F and M lin-
eages, as revealed by the consistently negative D esti-
mates. However, the only significant (P < 0.05) result
is for the F genome of M. edulis at fourfold degenerate
sites. In all three Mytilus taxa, the F genome displayed
more highly negative D values, consistent with higher
levels of purifying selection for this genome. Several
observations support the hypothesis that the significant
D value in M. edulis almost certainly results from the
pooling of sequences from geographical regions dif-
fering in haplotype frequencies. First, the two M. edulis
populations included in this study (Redcar and MKk.
Point) are heterogeneous (P < 0.001) for haplotype
frequencies, as revealed by a geographical survey based
on Rsal and Ddel restriction patterns (C. Gallagher,
unpublished results). Second, when the two M. edulis
samples are analyzed separately, D values are substan-
tially less negative in all cases (D < —0.10) and are
not significant (P > 0.10). Third, the pooled M. edulis
sample shows higher excesses of rare polymorphisms at
fourfold than zerofold sites, but the opposite occurs
in each single sample, in agreement with the pattern
observed in the two other European taxa (Table 1).

DISCUSSION

Excess of replacement polymorphisms within Euro-
pean mtDNA lineages: Sequence data for Mytilus mt-
DNA show a significant excess of replacement poly-
morphisms in F/M interlineage comparisons for M.
galloprovincialis and for the European F genome in in-
tralineage comparisons between American M. trossulus
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TABLE 4

Number of synonymous and nonsynonymous polymorphic (P) and fixed (F) substitutions between

F and M mtDNA lineages of European Mytilus taxa using three different counting criteria
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Method 1 Method 2 Method 3

Taxa F P P/F F P P/F F P P/F

ED Nonsynonymous 12 21 17 14 18 13 14 17 12
Synonymous 47 53 11 51 50 1.0 57 61 11
P 0.227 0.416 0.683

AG Nonsynymous 11 23 2.1 13 20 15 12 22 18
Synonymous 46 42 0.9 52 37 0.7 57 39 0.7
P 0.040 0.037 0.009

MG Nonsynonymous 8 45 5.6 10 42 4.2 11 42 3.8
Synonymous 31 79 25 42 69 1.6 44 86 19
P 0.050 0.012 0.073

Probabilities from the Monte Carlo method (Roff and Bentzen 1989).

and European taxa. Nonsignificant results are obtained
in other comparisons. These results provide evidence
for both neutral and nonneutral evolution of Mytilus
mMtDNA, suggesting different evolutionary histories for
each taxon.

In the recentwork by Stewartetal. (1996) on Ameri-
can M. trossulus and American M. edulis, rejection of the
null hypothesis was attributed to an excess of replace-
ment substitutions between the F and M lineages. Our
data show a departure from neutrality in the opposite
direction. Several questions need to be addressed: (1)
What factors are responsible for the observed excess of
replacement polymorphisms within mtDNA lineages?
(2) What accounts for the reversal of the pattern in
American mussels? (3) What are the origins of the differ-
ent patterns observed among European taxa and among
genomes in relation to the extent of departure from
neutral expectations?

It appears unlikely that the observed patterns could
be generated by nonequilibrium conditions, in spite of
good evidence supporting recent variation in popula-
tion size and mtDNA introgression among European

TABLE S

Number of synonymous and nonsynonymous
polymorphic (P) and fixed (F) substitutions between
American M. trossulus and pooled European Mytilus

taxa at F and M mtDNA lineages

F genome M genome
F P F P
Nonsynonymous 0 21 4 29
Synonymous 27 48 18 77
P 0.002 0.296

Probabilities from the Monte Carlo method (Roff and Bent-
zen 1989).

taxa (Quesada et al. 1995b, 1998). Such violation of equi-
librium conditions might affect the validity of Tajima’s
and Fu and Li’s tests, but not the McDonald-Kreitman
test (McDonald and Kreitman 1991; Brookfield and
Sharp 1994). On the other hand, mtDNA introgression
should lead to significant excesses of polymorphism
within European mtDNA lineages for both synonymous
and nonsynonymous substitutions, not just for nonsyn-
onymous substitutions, as observed here (Tables 4 and
5). Similarly, mtDNA introgression should generate sig-
nificant excesses of polymorphisms within F and M ge-
nomes in intralineage comparisons of European se-
guences with American M. trossulus, not just within the
F genome, as observed (Table 5). F and M lineages
exhibit very similar ratios of replacement to silent substi-
tutions across the three European taxa (Table 3) consis-
tent with similar levels of introgression across genomes
(Quesada et al. 1998). Conversely, the rejection of an
equilibrium neutral model for M. galloprovincialis but
not for M. edulis in F/M interlineage comparisons (Ta-
ble 4) cannot be explained by introgression alone.
Another possibility is that excess replacement poly-
morphism within European mtDNA lineages could be
caused by some form of balancing selection. However,
under this hypothesis, an excess of high-frequency poly-
morphism within European mtDNA lineages should be
observed. The data are not consistent with this predic-
tion because both Tajima’s D and Fu and Li’s D' show
a consistent excess of low frequency polymorphisms.
A more likely explanation for excess replacement
polymorphisms is that replacement variants are mildly
deleterious and persist within mtDNA lineages as short-
lived polymorphisms, but they do not persist long
enough to become fixed between F and M lineages
or between American and European populations. This
explanation is supported by the dramatic decrease in F
and M K,/K; ratios when the closely related European
sequences are compared with the highly diverged Amer-
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TABLE 6

Variances for the frequency distributions of the number of nucleotide substitutions
per synonymous and nonsynonymous polymorphic sites

F genome M genome
Synonymous Nonsynonymous Synonymous Nonsynonymous F
ED 0.0094 (17) 0.0013 (9) 7.23** 0.0057 (38) 0.0050 (8) 1.14
AG 0.0083 (18) 0.0001 (11) 83.00*** 0.0075 (20) 0.0039 (7) 1.92
MG 0.0179 (27) 0.0050 (17) 3.58** 0.0127 (49) 0.0076 (19) 1.67

2 F-test for the null hypothesis of no differences in variance between synonymous and nonsynonymous sites.

**p < 0.01,
***p < 0.001.

The number of sites are indicated in parentheses. Sites with both synonymous and nonsynonymous substitu-

tions were excluded.

ican M. trossulus sequences (Table 3), suggesting that
a substantial proportion of the replacement polymor-
phism found within European mtDNA lineages never
become fixed. This nearly neutral argument has been
used to explain a similar pattern of excess replacement
polymorphism in the mtDNA of Drosophila melanogaster
(Kaneko et al. 1993; Rand and Kann 1996), mice
(Nachman et al. 1994), and humans and African apes
(Nachman et al. 1996). One prediction of the nearly
neutral theory (Ohta 1992) is that because silent poly-
morphisms are more likely to be governed by neutral
forces than replacement polymorphisms, there should
be a lower variance in the frequency of replacement
variants. Data for European taxa are consistent with this
prediction (Table 6). Synonymous sites always show a
higher variance in frequency than nonsynonymous sites,
although this difference is only significant for the F
genome. This result suggests higher levels of purifying
selection for the F genome. This conclusion is rein-
forced by two further observations: (1) excess of low-
frequency polymorphisms greater within the European
F than the M genome revealed by Tajima’s D and Fu
and Li’s D’ estimates (Table 1) and (2) the lower K,/
K ratios for the F genome in American M. trossulus—
European comparisons (Table 3). Other features of the
dataalso fitthe nearly neutral model. For both genomes,
the nucleotide diversity is greater for synonymous than
for nonsynonymous substitutions (Table 2), and ex-
cesses of rare substitutions are larger for zerofold than
for fourfold degenerate sites in M. galloprovincialis (Ta-
ble 1) and in individual M. edulis samples (see results).

Our data contrast with those of Stewart etal. (1996),
where an excess of replacement substitutions between
Fand M lineages in American mussels for the same COlII
gene region was reported. Nevertheless, both could be
explained under the nearly neutral model. In a nearly
neutral scenario, the magnitude of negative selection
coefficients acting on mtDNA vary according to the re-
ciprocal of the effective population size (Ohta 1972,
1992). Thus, repeated founder events or bottlenecks

associated with glacial fluctuations could have led to a
striking relaxation of selective constraints on slightly
deleterious mutations in European mtDNA. This relax-
ation of constraints would have a more dramatic effect
on the F lineage, given a higher level of purifying selec-
tion operating on this genome. This would explain the
high and similar K,/K ratios for both F and M lineages
in European taxa and the significant excess of replace-
ment polymorphisms within the European F genome
with respect to American M. trossulus. In the long term,
most slightly deleterious mutations would not persist,
but the more relaxed selection for the M lineage would
generate an excess of replacement substitutions be-
tween M and F lineages, as observed by Stewart et al.
(1996). In conclusion, the deviations from neutrality
opposite in direction for European and American mus-
sels might have more to do with the time scale of selec-
tion than with a difference in the nature of evolutionary
forces operating on mtDNA.

Similarly, the different patterns among European
taxa with respect to the extent of deviation from neutral
expectations may be related to differences in effective
population size and levels of constraint. mtDNA genetic
diversity is negatively correlated with latitude in Euro-
pean Mytilus populations, suggesting larger effective
population sizes and more deme-structured populations
in southern taxa (Quesada et al. 1995b). Thus, replace-
ment mutations that might be neutral or nearly neutral
in small Northern taxa populations (M. edulis) could
be deleterious in Southern taxa (Mediterranean M. gal-
loprovincialis).

However, despite the apparent fit of the data to the
nearly neutral model, it is difficult to exclude the alter-
native hypothesis of a recent relaxation of selection on
mtDNA that has occurred, not through a reduction in
effective population size, but through a reduction in
the magnitude of selection coefficients acting on mt-
DNA. This would result in some previously deleterious
mutations becoming neutral and remaining within
mtDNA lineages as polymorphisms. Support for this



mtDNA Evolution in Mytilus 1519

explanation is provided by the increasing evidence of
complex nuclear-mtDNA interactions that restrict the
exchange of mtDNA between hybridizing American
Mytilus taxa (Rawson et al. 1996; Saavedracet al. 1996),
which contrasts clearly with the extensive levels of
mtDNA introgression observed in European taxa (Que-
sada et al. 1996b, 1998). It is difficult to account for the
compatibility between a single mtDNA genome and very
different nuclear backgrounds in highly introgressed
European populations, unless such a relaxation of selec-
tion is operating. Assumptions that need to be made in
relation to variation in effective population size (N,)
and selective coefficient (s) to make this explanation
consistent with a nearly neutral model seem by contrast
to be more unrealistic because a general criticism of
such models is that they require a very narrow range of
s and N, to fit data (Gillespie 1991, 1994). Alternative
models and combinations of models, both selective and
neutral, e.g., Gillespie 1994, may better account for
the data as a general explanation of similar excesses of
mtDNA replacement polymorphism in taxa as divergent
as Drosophila, humans, and mice.

Differential evolutionary rates of male and female
mtDNA lineages: This study demonstrates a higher di-
versity for the M than the F genome, and that the M
lineage evolves faster than the F lineage in European
populations of M. edulis and M. galloprovincialis. These
results are consistent with earlier reports in Mytilus us-
ing both RFLP (Skibinski et al. 1994b; Quesada et al.
1996, 1998) and sequence data (Rawson and Hilbish
1995; Stewart et al. 1995, 1996), and thus support the
universality of this difference between genomes. What
factors might be responsible? Our data suggest a combi-
nation of relaxed constraint and an increased mutation
rate for the M genome.

In the earlier work of Stewart et al. (1996), a rate
of replacement substitution significantly higher for the
M than the F genome, but no significant difference for
the synonymous rate, was reported. It was suggested that
the higher rate for the M genome could thus only be
the result of relaxed constraint for replacement substitu-
tions; a role for differences in mutation rate was disre-
garded. In the present study, substantial differences in
both the synonymous rate and, to a greater extent, the
nonsynonymous rate are observed between genomes in
American-European comparisons (Table 3). This result
is clearly supportive of a higher mutation rate for the
M genome, although it can also be explained under a
nearly neutral model if the effective population size for
the M genome is smaller, as suggested by Stewart et
al. (1996). However, levels of diversity lower for the M
than the F genome are expected under the assumption
of a smaller effective population size for the M genome
(Kimura 1983), but the opposite is observed (Table 2).

If similar levels of constraint were operating on both
genomes, then differences in the synonymous but not
in the nonsynonymous rate would reflect primarily dif-

ferences in mutation rate. The striking and similar relax-
ation of constraints for both F and M genomes in Euro-
pean taxa, leading to no substantial differences of con-
straint between genomes, provides a test of this predic-
tion. First, nucleotide diversity is significantly higher for
the M than the F genome for synonymous substitutions,
but not for nonsynonymous substitutions (Table 2). Sec-
ond, the ratios of nonsynonymous to synonymous substi-
tutions within the F and M lineages are very similar in
European taxa (Table 3), but this ratio was always
smaller for the M genome because of an increased syn-
onymous rate. Third, no differences are observed be-
tween the F and M genomes in the number of sites
showing replacement substitutions, but both M. edulis
and Mediterranean M. galloprovincialis show a significant
(Monte Carlo test, P < 0.01) increase in the number
of sites with synonymous substitutions for the M genome
(calculated from the data of Table 6).

Several alternative hypotheses fail to account for the
observed differences in diversity and divergence be-
tween genomes. Genome-specific population bottle-
necks in the recent history of the species could reduce
variability of the F genome, but they should increase
sequence divergence, as diversity becomes converted to
divergence. However, this pattern is the opposite of that
observed in the data. Hitchhiking on the F genome
associated with a selective sweep could cause the ob-
served reduction in diversity, as reported for Drosophila
mtDNA (Ballard and Kreitman 1994; Rand et al.
1994). However, the hitchhiking effect predicts no par-
ticular change in the rate of substitution of unselected
mutants (Birky and Walsh 1988; Kaplan et al. 1989)
and, hence, cannot explain the lower divergence for
the F genome. Another possibility is that hybridization
and introgression between European Mytilus taxa (Gos-
ling 1992; Quesada et al. 1995b) have caused higher
polymorphism for the M than the F genome because of
more relaxed taxonomic boundaries for the M genome.
However, this should lead to lower sequence divergence
among taxa for the M genome, the opposite of that
observed.

In conclusion, the results presented here suggest that
relaxed selection coupled with a higher mutation rate
enhance each other’s effect to generate a higher evolu-
tionary rate for the M lineage. A higher level of oxidative
damage in sperm mtDNA (see Skibinski et al. 1994b;
Quesada et al. 1996) might cause the reported higher
mutation rate for the M genome, as might an increase
in the number of replications in the male germ line of
mussels (Stewart et al. 1995; Rawson and Hilbish
1995). The increase in mutation rate for the M genome
might be small, but the accumulated effect could be
very dramatic on lineages that are evolving indepen-
dently over a long period (Rawson and Hilbish 1995;
Stewart et al. 1995; Quesada et al. 1996). In fact, the
underlying differences among genomes in K, and K
are statistically significant only in comparisons including
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the highly diverged M. trossulsus sequences. How gen-
eral is the conclusion of a higher mutation rate for the
M genome remains to be seen. It is possible that the
contrary results of Stewart et al. (1996) could result
from a difference in mutation rate stemming from dif-
ferent American and European thermal habits, e.g.,
Rand 1994. However, it is also possible that divergence
of genetic background after the isolation between Amer-
ican and European populations, or differences of statis-
tical power between both studies, given the higher num-
ber of sequences analyzed here, could explain these
contrasting results.

In summary, many factors are affecting the levels of
mMtDNA polymorphism in Mytilus, from rates of molecu-
lar evolution to population history. Depending on the
particular interaction of these factors, it appears that
levels of mtDNA polymorphism within and between spe-
cies deviate from a neutral equilibrium model, and that
natural selection is in part responsible for the overall
patterns of nucleotide variation. The data presented
here suggest that the balance between mutation and
selection may be very subtle, and that different histories
of adaptive and neutral evolution can lead to complex
differences between populations. However, the excesses
of replacement polymorphisms reported here in mus-
sels are similar to those observed in species as divergent
as mice, Drosophila, and humans, raising the possibility
of a general mechanism governing mtDNA evolution.
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