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Abstract Many marine species, including mussels in the
Mytilus edulis species group (i.e. M. edulis L., M. gal-
loprovincialis Lamarck, and M. trossulus Gould), have
an antitropical distribution pattern, with closely related
taxa occurring in high latitudes of the northern and
southern hemispheres but being absent from the tropics.
We tested four hypotheses to explain the timing and
route of transequatorial migration by species with anti-
tropical distributions. These hypotheses yield different
predictions for the phylogenetic relationship of southern
hemisphere taxa relative to their northern counter-parts.
The three Mytilus species were used to test these hy-
potheses since they exhibit a typical antitropical distri-
bution and representative taxa occur in both the Pacific
and Atlantic. Two types of mtDNA lineages were found
among populations of mussels collected from the
southern hemisphere between 1988 and 1996; over 90%
of the mtDNA lineages formed a distinct subclade
which, on average, had 1.4% divergence from haplo-
types found exclusively in northern Atlantic populations
of M. galloprovincialis. These data indicate that southern
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hemisphere mussels arose from a migration event from
the northern hemisphere during the Pleistocene via an
Atlantic route. The remainder of the southern hemi-
sphere lineages (<10%) were very closely related to
mtDNA haplotypes found in both M. edulis and
M. galloprovincialis in the northern hemisphere, sug-
gesting a second, more recent migration to the southern
hemisphere. There was no evidence that southern
hemisphere mussels arose from Pacific populations of
mussels.

Introduction

Many marine taxa have distribution patterns in which
closely related species occupy the temperate zones of
both the northern and southern hemispheres but are
absent from the intervening tropical regions. Ekman
(1953) called this a “bipolar” pattern of distribution,
whereas Hubbs (1952) termed it “antitropical”, to em-
phasize the absence of these taxa in the tropics. Anti-
tropical distributions are very common and include taxa
ranging from algae to seals (Ekman 1953; Raven 1963;
Pielou 1979). For example Santelices (1980) estimated
that over 18% of marine flora have antitropical distri-
bution patterns.

The geographical and historical origins of antitropi-
cal distribution patterns are unclear. Antitropical dis-
tributions may arise through vicariance processes where
a taxon was formerly distributed across the tropics or,
alternatively, through migration across the tropics. In an
extensive review of antitropical biotas Lindberg (1991)
rejected the vicariance model based on the fossil records
of many taxa, which show that the ancestral species
originated in higher latitudes but not in the equatorial
region. Also, the necessary geologic events for vicariance
hypotheses have not occurred within the period in which
the antitropic distributions of most of the near-shore
taxa arose (Lindberg 1991).

Transequatorial migration is the most likely expla-
nation for the origin of antitropic distributions of most
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near-shore marine taxa. Lindberg (1991) concluded that
at least two major periods of biotic exchange have oc-
curred. The larger of the two occurred during the late
Pliocene, about 3.1 million years ago (mya), and coin-
cided with the formation of the Isthmus of Panama. This
exchange was asymmetric with about 90% of the species
migrating from north to south. A smaller exchange oc-
curred during the Pleistocene and was much more
symmetrical (Lindberg 1991).

At least four hypotheses can be erected to account for
the origin and timing of antitropical distributions.

Hypothesis 1: the Pliocene-Pacific hypothesis. The
emergence of the Isthmus of Panama and the closure of
the Panamic portal about 3.1 mya caused rapid changes
in near-shore temperature and current patterns (Keigwin
1982; Weaver 1990) and occurred just before the larger
of the two biotic exchanges between the temperate re-
gions of the eastern Pacific (Lindberg 1991). Therefore
the antitropical distribution patterns in any given group
of marine species may arise during this time through
transequatorial exchange along an eastern Pacific route.
Since the Pliocene exchange was larger than subsequent
transequatorial exchanges that occurred in the eastern
Pacific (Lindberg 1991) it is reasonable to assume that
the antitropic distribution of any particular group arose
during the Pliocene. Also, Lindberg (1991) indicates the
Pliocene exchange was asymmetrical so it is also likely
that the southern hemisphere was invaded by species
from the northern Pacific.

Hypothesis 2: the Pleistocene-Pacific hypothesis.
A second pulse of transequatorial exchange occurred in
the Pleistocene and was coincident with the onset of
glacial cooling (Lindberg 1991). During glacial maxima
polar fauna expanded towards the equator, but there is
little evidence for contraction of the tropics (Moore
et al. 1981). Lindberg (1991) argued that glacial cooling
resulted in increased upwelling activity along the margin
of the eastern Pacific and that Pleistocene exchanges
across the equator may have occurred via a succession
cold-water refugia.

Hypothesis 3: the Pleistocene-Atlantic hypothesis.
Transequatorial migrations may have occurred in the
Pleistocene during periods of glacial cooling but through
the Atlantic Ocean. Vermeij (1992) has argued that this
route is unlikely because the tropical zone in the Atlantic
remained relatively broad throughout the Pleistocene,
and temperate faunas of South Africa contain very few
species with origins in the northern Pacific, even though
many species from the North Pacific colonized the
northern Atlantic during a trans-arctic migration in the
middle Pliocene (Vermeij 1991). Vermeij (1992) con-
cluded that the temperate regions of the Atlantic have
been isolated from the Middle Pliocene (~3.5 mya) to
the present.

Hypothesis 4: introductions via human activities.
Human shipping activities have led to the introduction
of many marine species (Carlton 1989; Carlton and
Geller 1993). It is possible that human activity has
spread many northern hemisphere temperate species to

the southern hemisphere, and vice versa, generating
some relatively recent antitropical distributions.

We have tested these four hypotheses for the origin of
the antitropical distribution of the mussel species in the
Mpytilus edulis complex. This group exhibits a typical
antitropical distribution (see Fig. 1). Three species occur
in the northern hemisphere; M. trossulus in the Pacific,
the northwestern Atlantic, and the Baltic Sea, M. edulis
in the Atlantic, and M. galloprovincialis in the Medi-
terranean, and along the Atlantic coasts of southern
Europe and north Africa (Gosling 1984, 1992; Koehn
1991; McDonald et al. 1991; Suchanek et al. 1997).
M. galloprovincialis has also been introduced to the Sea
of Japan, Southern California, and Puget Sound (Mc-
Donald et al. 1991; Gosling 1992; Suchanek et al. 1997).
In the southern hemisphere, mussels that are closely
related to those in the M. edulis complex of the northern
hemisphere occur along the temperate Pacific and
Atlantic coasts of South America, the Kerguelen Islands
(McDonald et al. 1991), South Africa, Australia, Tas-
mania, and New Zealand (Grant and Cherry 1985;
Beaumont et al. 1989; McDonald et al. 1991).

Previous studies have determined the phylogenetic
relationships among the northern hemisphere Mytilus
spp., providing a background for testing the four hy-
potheses for the origin of the southern hemisphere
mussels. Northern hemisphere M. edulis and M. gal-
loprovincialis are sister taxa, probably began to diverge
about 2 mya, and have exchanged genes through hy-
bridization (Rawson and Hilbish 1995b, 1998; Quesada
et al. 1998). M. trossulus is more distantly related and
has probably been diverging from the other two species
for about 3.5 million years (Vermeij 1991; Rawson and
Hilbish 1995b, 1998).

The four hypotheses for the origin of southern
hemisphere mussels make distinct predictions about the
phylogenetic relationship between mussels from the
southern hemisphere and those from the northern
hemisphere. The Pliocene-Pacific hypothesis predicts
that southern hemisphere species of Mytilus will be most
closely related to Pacific populations of M. trossulus and
that this relationship is relatively old (~3 mya). The
Pleistocene-Pacific hypothesis predicts the same topolo-
gy but that the divergence between Pacific populations
of M. trossulus and southern hemisphere mussels is more
recent (~1 to 2 mya). The Atlantic-Pleistocene hypoth-
esis predicts that southern hemisphere mussels will be
closely related to species endemic to the Atlantic
(M. galloprovincialis or M. edulis). The human intro-
duction hypothesis predicts that southern hemisphere
mussels will be indistinguishable from northern hemi-
sphere species. Finally, phylogenetic information can
also be used to test the direction of the transequatorial
exchanges establishing the antitropical distribution of
Mpytilus spp. If the exchange was from north to south
then all southern hemisphere lineages are predicted to
diverge after the common ancestor of the northern
hemisphere species. If the exchange was south to north
then the reverse is predicted; northern hemisphere lin-



eages will have originated after the common ancestor of
southern hemisphere lineages.

We tested these predictions using two approaches.
First, we surveyed restriction site variation in the mito-
chondrial 16S rRNA gene to determine whether south-
ern hemisphere species exhibit patterns of variation
similar to those of northern hemisphere species (e.g.
Rawson and Hilbish 1995a). Second, to test the four
hypotheses for the origins of the antitropical distribution
of Mytilus spp. we sequenced a portion of the 16S rRNA
mitochondrial gene of mussels collected from the
southern hemisphere and compared these data with
mtDNA sequences previously obtained from the three
northern hemisphere species.

Materials and methods

Mussels from the southern hemisphere were collected between 1988
and 1996 from Chiloe Island, Chile (Ci) (42°S; 74°W), Punta
Arenas, Chile (Pa) (53°S; 71°W), the Falkland Islands (Fa) (52°S;
58°W), the Kerguelen Islands (Ki) (49°S; 70°E), Perth, Australia
(Pe) (32°S; 116°E), Albany, Australia (Al) (34.5°S; 118°E), and Port
Philip Bay, Australia (Pp) (38°S; 145°E), Hobart, Tasmania, Aus-
tralia (Ta) (43°S; 147°E), Otago, South Island, New Zealand (Ot)
(46°S; 170°E), and Wellington, North Island, New Zealand (We)
(41°S; 174°E) (Fig. 1). Tissue samples were preserved in 70 to 90%
ethanol or freeze-dried prior to shipping.
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A 50 mg subsample of each tissue was digested for 3 h at 55 °C
in 300 pl lysis buffer (50 mM Tris-HCI, pH 8.0; 1% SDS; 25 mM
EDTA) with 100 pg of proteinase K. Total nucleic acids were
isolated by extracting the completely digested tissue once with
phenol/chloroform (1:1) followed by precipitation with 95% etha-
nol. The DNA was then washed in 70% ethanol, air-dried, and
resuspended in 100 pl of TE.

RFLP analysis

We amplified 527 nucleotides of the maternally inherited mito-
chondrial 16S rRNA gene by the polymerase chain reaction (PCR)
using primers described by Rawson and Hilbish (1995a,b) which
are specific for the female mtDNA 16S gene. Each PCR reaction
was conducted in a total volume of 12 pl using an amplification
cocktail containing 1.25 ul 10x PCR buffer, 0.75 ul 25 mM MgCl,,
0.25 pl 10 mM DNPTs, 10 ul DDH,0, 0.10 Tag DNA polymerase

Fig. 1 Mytilus spp. Antitropical global distribution of blue mussels.
Approximate distributions of mussels were compiled from various
sources, including Koehn (1991), McDonald et al. (1991), Gosling
(1992), Suchanek et al. (1997). Hatched areas (denoted “‘mixture”)
indicate regions of sympatry and hybridization between species pairs.
Dark stipling indicates the distribution of Mytilus spp. in the southern
hemisphere. Sampling sites in the southern hemisphere are identified
in “Materials and methods”. Northern hemisphere sites sampled for
the DNA sequence analysis are also given (Or Newport, Oregon,
USA; Ca San Diego, California, USA; De Lewes, Delaware, USA;
Wb Whitsand Bay, United Kingdom; Ex Exmouth, United Kingdom;
Sp Galicia, Spain; Fr Sete, France; It Venice, Italy; Ba Aland Island,
Finland)
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(Promega), and 0.125 pl of each of the female-specific PCR primers
JH-48 and PR-16 (Rawson and Hilbish 1995a). One microliter of
each DNA sample was used for amplification. Positive controls
containing DNA samples of known haplotype and blanks without
DNA were simultaneously amplified in an identical fashion.

The sample tubes were then placed into an MJ Research
Thermal Cycler where they were denatured initially for 3 min at
94 °C, and then incubated for 30 cycles at 94 °C for 20 s, 51 °C for
20 s, and 72 °C for 45s. The samples were then removed and
electrophoresed on a 1% agarose gel. Successfully amplified DNA
samples were then digested with the restriction enzymes EcoRV and
Spel as described by Rawson and Hilbish (1995a). This assay yields
three restriction patterns in members of the Mytilus spp. complex
(Rawson and Hilbish 1995a). M. trossulus is fixed for a female
mtDNA haplotype (designated B by Rawson and Hilbish 1995b),
M. edulis is fixed for a second pattern (haplotype A), and pure
populations of M. galloprovincialis have about equal frequencies of
haplotype A and a third restriction pattern (haplotype D). South-
ern hemisphere mussels were classified into one of these three
haplotypes based on their mtDNA restriction patterns; no new
restriction patterns were observed among southern hemisphere
mussels. Not all sample locations were included in the analysis of
restriction site polymorphisms.

Sequence analysis

After the RFLP analysis was completed, individuals representing
different mtDNA haplotypes were chosen for DNA sequence
analysis. Rawson and Hilbish (1998) previously reported 28 mt16S
rRNA sequences for female mitochondrial lineages for northern
hemisphere mussels, including allopatric populations of Mytilus
edulis, M. galloprovincialis, and M. trossulus. These sequences are
available from GenBank (Accession Numbers U22864 to U22886).
In the present study, we generated an additional 40 sequences from
southern hemisphere mussels either by cloning PCR products with
subsequent plasmid sequencing, or by direct sequencing of PCR
products.

For plasmid sequencing, PCR products (16S female mtDNA)
were re-amplified and gel purified using the Gene Clean II Kit (Bio
101, San Diego, California). The purified product was then resus-
pended in 12 pl H,O. The resulting products were gel purified using
the Gene Clean II Kit (BiolOl) and ligated into the vector
pGEM-T using the manufacturer’s protocol (Promega, Madison,
Wisconsin). The resulting plasmids were used to transform com-
petent Escherichia coli (JM109) provided with the vector, and
positive colonies were selected using the manufacturer’s protocol.
The presence of inserts in positive colonies was checked using
vector-specific primers T7 and Sp6 and the PCR method of Pal-
umbi and Baker (1994). The positive colony PCR products were
assayed by digestion with the restriction enzymes EcoRV and Spel
to ensure that the colonies contained maternal mtDNA inserts.
With this combination of enzymes female haplotypes are cut into
two or more bands resolvable on 1.5% agarose gels, while male
products remain undigested.

Clones were isolated and sequenced in one direction using a
Sequenase kit, the standard kit protocol, and the vector-sequencing
primers T7 and Sp6 (Amersham, Cleveland, Ohio). In addition,
sequences for both female mtDNA lineages from two Mytilus
californianus individuals, one from San Diego and one from Bod-
ega Bay (California, USA), were obtained using these same meth-
ods.

For direct sequencing, double-stranded amplifications were
performed using 25-pul volumes containing 67 mM Tris (pH 8.8),
6.7 mM MgCl,, 16.6 mM (NH4),SOy4, 10 mM 2-mercaptoethanol,
1 mM of each ANTP, 1 uM of each primer, 10 to 1000 ng genomic
DNA, and 0.5 units of Tag polymerase (Cetus Corp.). Primers used
were 16Sar-L (5-CGCCTGTTTATCAAAAACAT-3’) and 16Sbr-
H (5-CCGGTCTGAACTCAGATCACGT-3") (Palumbi et al.
1991) to obtain an amplification product of ~600 bp. Gel purifi-
cation (2.5% NuSieve-Agarose, in TAE buffer) of the double-
stranded product was followed by generation of single-stranded
DNA for both strands for direct sequencing, using asymmetric

PCR (Gyllensten and Erlich 1988). Single-stranded DNA was
concentrated and desalted in spin columns (Millipore: Ultrafree-
MC 30,000), and both strands were sequenced by dideoxy methods
using a commercial kit (Sequenase, United States Biochemical).
Direct sequencing potentially yielded both male and female mito-
chondrial lineages; only female lineages (as determined by com-
paring the sequence with those reported by Rawson and Hilbish
1995b) were used in this study.

The sequences generated in this study were aligned with those
reported by Rawson and Hilbish (1998) using the ESEE sequence
editor (Cabot and Beckenbach 1989). The alignment among all
northern and southern blue mussel sequences was unambiguous.
To align the Mytilus californianus sequences we used the BESTFIT
program in the University of Wisconsin’s GCG package (Devereux
et al. 1984). Genetic distances between pairs of sequences were
estimated using the Kimura two-parameter model which allows for
unequal transition and transversion frequencies and a neighbor-
joining phylogeny estimated from the resulting distance matrix
using PAUP*4.0 (Swofford 1998). The use of alternative substitu-
tion models had no effect on the topology of the neighbor-joining
phylogeny (data not shown). We used a bootstrap test (1000 iter-
ations) to test for the probability of internal branch lengths being
greater than zero).

Estimation of a maximum parsimony phylogeny was compli-
cated by the fact that of the 496 variable base pairs in our data set,
only 30 were parsimoniously informative. Thus, a heuristic search
with simple sequence addition and nearest neighbor interchange
swapping procedure in PAUP* generated over 100,000 trees, each
113 steps in length. To reduce the search time, we saved the first 100
trees, 113 steps in length, generated from a heuristic search with
random sequence addition. Each of the 100 trees was then input
into a tree bisection-reconnection swapping procedure to search for
optimal trees. The random sequence addition was itself repeated
100 times generating a total of 10,000 trees of length 113 steps from
which a majority-rule consensus phylogeny was estimated.
A bootstrap test with 1000 iterations and employing the FAST-
STEP option in PAUP* was used to place a confidence estimate on
each of the groupings within this maximum-parsimony phylogeny.
In addition, we used the reverse constraints approach to estimate
decay indices (Bremmer 1994) for each of the internal nodes in the
maximum-parsimony phylogeny. Due to the size and complexity of
the data set, no branch swapping was performed while estimating
the decay indices. Instead, for each constraint, 1000 replicate trees
were constructed by random sequence addition, and the length of
the shortest tree among these replicates, minus the length of the
maximum-parsimony tree, provided the support index for a given
node.

A maximum-likelihood phylogeny was also estimated using
PAUP*. A comparison of several substitution models indicated that
the simplest model that best fit the data was one with two substi-
tution types, the transition to transversion ratio estimated from the
data and a molecular clock enforced (data not shown). A boot-
strap analysis with 100 iterations was used to test whether internal
branch lengths in the maximum-likelihood phylogeny were > 0.

Results

Frequencies of female haplotypes in Mytilus spp. from
the southern hemisphere are given in Table 1 along with
previously determined haplotype frequencies from the
northern hemisphere. With the exception of the Ker-
guelen Islands, all southern hemisphere mussels had very
high frequencies of the D female 16S mtDNA haplotype.
One individual with an A haplotype was observed from
Otago, New Zealand. In the northern hemisphere, the D
haplotype is unique to M. galloprovincialis and mussel
populations with hybrids of this species (Rawson and



Table 1 Mytilus spp. Frequency (%) of female 16S rRNA RFLP
haplotypes in mussel populations from the northern and southern
hemisphere. Northern hemisphere data (Rawson and Hilbish 1998)
are haplotype frequencies in representative populations of Mytilus
edulis, M. trossulus, and M. galloprovincialis (n sample size at each
location)

Location n Haplotype
A B D
Northern hemisphere
Cape Ann, Massachusetts, USA 36 100 0 0
Mytilus edulis
Newport, Oregon, USA 54 0 100 0
Mytilus trossulus
Portofino, Italy 46 60 0 40
Mytilus galloprovincialis
Southern hemisphere
Castro, Chile 35 0 0 100
Kerguelen 5 100 0 0
Port Phillip Bay, Australia 13 0 0 100
Hobart, Tasmania, Australia 17 0 0 100
Wellington and Otago, New Zealand 25 4 0 96

Hilbish 1998). Only five individuals were successfully
assayed from the Kerguelen Islands and all of them had
haplotype A.

Forty southern hemisphere mussels were successfully
sequenced. There were 20 unique southern hemisphere
sequences (GenBank Accession Numbers AF179443 to
AF179462) and none were identical with sequences
observed in the northern hemisphere. The results from
all three phylogeny estimates were quite similar. They
indicated that there were two types of southern
hemisphere female 16S mtDNA sequences (Figs. 2, 3, 4).
The first type clustered together into a single clade whose
closest northern hemisphere relative is the D clade of
haplotypes found in Mytilus galloprovincialis. This clade
includes sequences from all southern hemisphere loca-
tions (Table 2), except the Kerguelen Islands. Indeed,
haplotype SH2 (Table 2) was found in Chile, the Falk-
lands, Tasmania, and New Zealand. Although all three
phylogenetic estimates found this clade, the bootstrap
analysis did not strongly support the branch leading to
this clade in the neighbor-joining analysis. The parsi-
mony and maximume-likelihood analysis, however, both
found that the northern hemisphere D clade is signifi-
cantly distinguished from southern hemisphere D hap-
lotypes. This southern hemisphere clade is, on average,
1.4% divergent from the next closest D clade of
M. galloprovincialis.

We rearranged the maximume-likelihood phylogeny
so that the closest relative of this southern hemisphere
clade was the B clade found in Mytilus trossulus. We
used the DNAMULK algorithm in Phylip 3.5¢ to estimate
the likelihood of the rearranged phylogeny which was
compared to the likelihood of the original phylogeny.
The rearranged phylogeny, which forces the southern
hemisphere clade to be a sister group with M. trossulus,
was significantly less likely (P < 0.05) than the original

phylogeny.
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CALFEM

Fig. 2 Mytilus spp. Neighbor-joining phylogeny for the Mytilus mt
16S rRNA maternal mitochondrial lineage sequences from northern
and southern hemisphere populations. Northern hemisphere se-
quences have previously been reported (Rawson and Hilbish 1998).
These sequences are labeled as in Rawson and Hilbish (1998) with E-
De for M. edulis mussels from Lewes, Delaware, USA (De); G-Ca, G-
Fr, G-It, or G-Sp indicating M. galloprovincialis mussels from San
Diego, California, USA (Ca); Sete, France (Fr); Venice, Italy (17); or
Galicia, Spain (Sp), respectively (see Fig. 1). T-Or designates
sequences obtained from M. trossulus mussels sampled from Newport,
Oregon, USA (Or). T-Ba indicates putative M. trossulus obtained
from Aland Island in the Baltic Sea (Ba). Sequences for M. edulis/
M. galloprovincialis hybrid mussels from Whitsand Bay (Wb) and Ex
River (Ex), United Kingdom are indicated by E/G-Wb and E/G-Ex.
The three RFLP haplotype patterns (4, B, and D) to which the DNA
sequences correspond are indicated by dashed lines. Southern
hemisphere sequences which have been added to the phylogeny are
indicated in bold with CH, FA, K, AU, and NZ indicating sequences
for mussels sampled from Chile (Chiloe Island and Punta Arenas), the
Falkland Islands, Kerguelen Island, Australia (Perth, Albany, Port
Philip Bay and Hobart, Tasmania), and New Zealand (Wellington
and Otago), respectively. In some cases we obtained identical
sequences from individuals sampled from different locations; these
sequences are indicated as A1*, A2* A3* DI* SHI1* SH2* SH3*
and B1*. The locations from which these sequences were obtained are
given in Table 2. Bootstrap support values (>50%) for branches with
length >0 are indicated above their respective branches. A female
mitochondrial sequence from M. californianus (CALFEM) was used
to root the tree.

The second type of southern hemisphere female 16S
rRNA mtDNA sequence is more closely allied with the
RFLP haplotype A found in Mpytilus edulis and
M. galloprovincialis in the northern hemisphere. These
sequences were found in individuals from the Falkland
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Fig. 3 Mytilus spp. Parsimony phylogeny for female mt16S rRNA
sequences sampled from northern and southern hemisphere blue
mussels. Sequence designations are the same as in Fig. 2. Groupings
present in >50% of bootstrap replicates indicated by numbers above
a given branch. The number of steps along internal branches followed
by the decay index are indicated below each branch

Islands, Kerguelen Island, Perth, Australia, and Wel-
lington, New Zealand. None of these sequences were
identical to those found in the northern hemisphere but
neither were they very divergent. None of the three
phylogenetic analyses suggested that the southern hemi-
sphere A haplotypes form a distinct clade (Figs. 2, 3, 4).
On average these sequences are 0.3% divergent from
other A haplotypes found in the northern hemisphere.

Discussion

Two types of mtDNA lineages were found among
populations of mussels from the southern hemisphere.
Over 90% of the southern hemisphere mtDNA lineages
formed a subclade within the D restriction haplotype,
which is found exclusively in populations of Mytilus
galloprovincialis in the northern hemisphere. The re-
mainder of the southern hemisphere lineages were very
closely related to the A restriction haplotype, which is
found in both M. edulis and M. galloprovincialis in the
northern hemisphere. There was no evidence that

—Ki1
[ SH3*

E-Det
— E/G-Wb2
—E/G-Wb4
—E/G-Wb3
A"

5 T-Bad
E-De3
—T-Ba3

1%

CALFEM

Fig. 4 Mytilus spp. Maximum-likelihood phylogeny for northern and
southern hemisphere blue mussel female mt16S rRNA sequences.
Sequence designations are the same as in Fig. 2. Bootstrap support
values (>50%) indicated above their respective branches

southern hemisphere mussels and M. trossulus were sis-
ter taxa. Indeed, we attempted to rearrange the maxi-
mum-likelihood phylogeny so that the closest relative of
the southern hemisphere clade was the B clade found in
M. trossulus but this resulted in a significantly worse
phylogenetic estimate. Our results reject both hypotheses
proposing routes of transequatorial migration through
the Pacific. The greater affinity of southern hemisphere
mussel mtDNA lineages with those found in M. edulis

Table 2 Mytilus spp. Identical female mtDNA rRNA sequences
observed in multiple individuals. Sample location and haplotype
designations follow the schemes described in Fig. 2. The number of
individuals observed at a location with the same sequence (if > 1) is
given in parentheses

Haplotype Hemisphere Locations

Al* Northern E-De(4), E/G-Wb, T-Ba(2)
A2* Northern G-Sp(3), T-Ba, E/G-Wb(4)
A3* Northern G-Ca(2)

B1* Northern T-Or(2)

DI1* Northern G-Ca(2), G-Fr, E/G-Ex(2)
SH1* Southern AU, CH, NZ(3)

SH2* Southern AU(6), CH4), FA, NZ(3)
SH3* Southern AU4)




and M. galloprovincialis indicate an Atlantic route of
migration for colonization of the southern hemisphere.

Our results also support the conclusion that the an-
titropical distribution of Mytilus spp. is the result of
transequatorial migration from the northern to the
southern hemisphere and not the reverse. All of the
mtDNA sequences examined from southern hemisphere
populations were nested within the clades found in the
two Atlantic northern hemisphere sister-taxa, M. edulis
and M. galloprovincialis. M. trossulus is clearly an out-
group compared to the southern hemisphere haplotypes.
If the antitropical distribution pattern had formed in this
group by migration from the southern to northern
hemisphere we would have expected the mtDNA lin-
eages from the southern hemisphere to be more basal in
the phylogenetic estimates, but this was not the case.

The two types of mtDNA lineages found in the
southern hemisphere are consistent with one, possibly
two migrations from the North Atlantic during the
Pleistocene. The southern hemisphere D haplotypes are,
on average, 1.4% divergent from the next closest D
haplotype from northern hemisphere Mytilus gallo-
provincialis. Previously estimated rates of sequence
evolution in the 16S rRINA gene (Rawson and Hilbish
1995b) suggest a time of divergence between northern
and southern hemisphere D clade haplotypes of about
1.2 million years. This is consistent with a migration of
mussels from the North Atlantic to the southern hemi-
sphere during the Pleistocene. Shells of Mytilus spp.
have been found among late Pleistocene fossil materials
in New Zealand, and mainland Australia and Tasmania
(Fleming 1959; Hope et al. 1977; Donner and Jungner
1981; Colhoun et al. 1982), supporting a Pleistocene
origin of Mytilus spp. in the southern hemisphere.

The remainder of the mtDNA lineages found in the
southern hemisphere, with restriction haplotype A, are
very closely related to haplotypes found in populations
of both Mytilus edulis and M. galloprovincialis in the
northern hemisphere. These haplotypes were compara-
tively rare but were the only mtDNA lineages observed
in the five mussels from the Kerguelen Islands. These
haplotypes suggest the possibility of a second migration
or human transport of Mytilus spp. to the southern
hemisphere. Haplotype A is found in both M. edulis and
M. galloprovincialis (Rawson and Hilbish 1998) so it is
not possible to determine with confidence the origin of
this second introduction. The close relationship between
the A restriction haplotypes in the northern and south-
ern hemispheres suggests that this introduction is very
recent, perhaps even contemporary, but the fact that the
southern hemisphere A haplotypes are not identical in
sequence to any of those observed in the northern
hemisphere indicates that their introduction could pre-
date human activity. Information from faster evolving
portions of the mitochondrial genome may clarify the
affinity of these haplotypes but with the present data the
close relationship of A haplotypes in the two hemi-
spheres precludes any firm conclusions about the timing
of this migration.
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Alternatively it is possible that all of the haplotypes
observed in the southern hemisphere may have arisen
from a single migration event. Such a hypothesis would
have to account for the discrepancy between the fre-
quency of A haplotypes observed in northern hemi-
sphere populations of Mytilus galloprovincialis (>50%)
and those observed in the southern hemisphere (<5%,
excluding the Kerguelen Islands). Two variants of this
hypothesis could reconcile these observations: (1) mi-
gration could have occurred recently, and during or
following introduction of the A haplotype its frequencies
could have drifted to low levels compared to those ob-
served in the northern hemisphere, and (2) migration
occurred earlier in the evolutionary history of M. gal-
loprovincialis before asymmetric migration led to high
frequencies of A haplotypes within northern hemisphere
populations of this species. The first variant of this hy-
pothesis predicts that both the A and D haplotypes
observed in the southern hemisphere will be very closely
related to or identical with those found in the northern
hemisphere. The second variant predicts that the A and
D haplotypes in the southern hemisphere will be equally
and appreciably divergent from those found in the
northern hemisphere. Neither of these predictions is
supported; D haplotypes in the southern hemisphere
cluster together and appear to be distinct from those
found in the northern hemisphere, whereas southern
hemisphere A haplotypes appear to be much more re-
cently derived from northern hemisphere A haplotypes.
Overall, these results support the hypothesis of two
migration events better than they support one migration
event.

McDonald et al. (1991) previously examined allo-
zyme variation among southern and northern hemi-
sphere populations of Mytilus spp. They found evidence
for two distinct populations in the southern hemisphere;
one group was similar to M. galloprovincialis and was
found in Australia and New Zealand (i.e. the “Austra-
lian group’’), while the second group was intermediate in
allele frequency between M. edulis and M. gallo-
provincialis and occurred in Castro and Punta Arenas,
Chile and the Falkland Islands (i.e. the “South Ameri-
can group”). Both groups, however, contained alleles
that were rare or absent in the northern hemisphere.
Based on the present data, the two groups, separated on
the basis of allozyme frequencies, are dominated by the
southern hemisphere D haplotype clade. Furthermore,
both allozyme groups contained mtDNA haplotypes
that were identical at the sequence level; haplotype SH2
(Fig. 2) occurred at a frequency of 38% in both the
Australian and South American groups.

The nuclear population genetics of the South Amer-
ican group (excluding the Kerguelen Islands) identified
by McDonald et al. (1991) is consistent with our
mtDNA results. The allozyme frequencies indicate they
are intermediate between Mytilus edulis and M. gallo-
provincialis, and the mtDNA results indicate they are
derived from mussels sharing a common ancestor with
M. galloprovincialis 1.2 mya. For mussel populations in
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Australia and New Zealand the results of the allozyme
analysis of McDonald et al. (1991) are not entirely
consistent with the mtDNA data; the mtDNA results
indicate an ancient relationship between northern hemi-
sphere M. galloprovincialis and the Australian group,
while the allozyme data indicate a much greater simi-
larity. One possible explanation for this difference is that
the second migration may have had a greater effect on
the composition of the nuclear genome than it did on the
mitochondrial genome of the Australian group, and had
little effect on either genome of the South American
group. Such patterns are not unprecedented, particularly
where two taxa can hybridize (Arnold 1997). Many
species, including two examples from bivalve mollusks
(M. edulis/M. galloprovincialis, Rawson and Hilbish
1998; Quesada et al. 1998; and Mercenaria mercenaria/
M. campechensis, O Foighil et al. 1996), exhibit patterns
of cyto-nuclear disequilibria that have probably arisen
through hybridization (Arnold 1997). If this explanation
is correct, it indicates that the second and more recent
migration event also originated from northern hemi-
sphere populations of M. galloprovincialis since these
mussels most resemble the Australian group in their
mtDNA sequences.

Mussels from the Kerguelen Islands were distinct
from other populations of the southern hemisphere.
Mussels from the Kerguelen Islands have previously
been described as a distinct species, Mytilus desolationis
(Lamy 1936). While we only obtained sequence infor-
mation from five mussels from the Kerguelen Islands, all
of them were A haplotypes. At the allozyme level mus-
sels from the Kerguelen Islands are very similar to the
South American group (McDonald et al. 1991). Blot
et al. (1988) reported that the composition of the nuclear
genomes of mussels in the Kerguelen Islands showed
strong evidence of having been subject to genetic drift.
Based on RFLP analysis of the whole mitochondrial
genome, Blot et al. (1990) also concluded that the
mtDNA genomes of mussels from the Kerguelen Islands
were distinct from those in mussels from southwest
England and south Wales (Edwards and Skibinski
1987). The distinctiveness of the Kerguelen Islands
population may be due solely to genetic drift since they
are 3500 km from the nearest continental land mass
making it one of the most isolated areas on Earth (Blot
et al. 1988) (Fig. 1). More work is required on mussels
from the Kerguelen Islands before their taxonomic sta-
tus and evolutionary history is clear.

In summary we conclude that the mtDNA data
support the hypothesis that there have been two intro-
ductions of Mytilus spp. from the northern hemisphere
into the southern hemisphere. The vast majority of
mtDNA lineages found in the southern hemisphere ap-
pear to be the result of an ancient migration event that
probably occurred in the Pleistocene through the At-
lantic. A few mtDNA lineages appear to be the result of
a second and more recent migration that also occurred
through the Atlantic. There was no evidence that mus-
sels invaded the southern hemisphere via a Pacific route.

Lindberg (1991) concluded that most antitropical dis-
tributions of marine species arose through transequa-
torial migration through the Pacific. Vermeij (1992)
further argued that transequatorial migration via routes
through the Atlantic was highly unlikely. Phylogenetic
analysis of other taxonomic groups exhibiting antitrop-
ical distribution patterns could determine whether the
route and timing of the transequatorial migrations in
Mpytilus spp. is atypical or whether the history of for-
mation of antitropical distributions is more heteroge-
neous that previously thought.
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