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ABSTRACT: Species in the Mytilus edulis complex (M. edulis, M. galloprovincialis and M. trossulus)
hybridize in nature but, depending on the species pair involved, hybridization can range from mini-
mal to very common with extensive introgression. Since M. galloprovincialis has been introduced
within the geographic range of M. trossulus in several locations, this system provides the opportunity
to determine whether the propensity for hybridization and the resulting level of introgression
depends upon environmental circumstances in which the 2 species become sympatric. Contact
between these 2 species on the Northeast Pacific coast and within the Puget Sound results in low lev-
els of hybridization with little to no introgression. The present study examines the level of hybridiza-
tion and introgression between M. galloprovincialis and M. trossulus around Hokkaido, Japan,
where these species are also sympatric. We show that 2 independent hybrid zones exist in Hokkaido,
each having distinct genetic architectures. The hybrid zone formed along the northern coast of
Hokkaido is similar in structure to those reported in the northeast Pacific. The second hybrid zone
formed along the southern coast of Hokkaido differs markedly from these other hybrid zones by
exhibiting an exceptionally high propensity for hybridization, but, like other hybrid zones between
these 2 species, it generates minimal levels of introgression. The mechanism(s) producing high levels
of hybridization between M. galloprovincialis and M. trossulus in southern Hokkaido may include

some form of apparent outcrossing or hybrid vigor for survival but not for fertility.
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INTRODUCTION

Hybridization is a prevalent feature in the organiza-
tion of biological diversity with as much as 18 % of spe-
cies hybridizing in nature (Mallet 2005). Many cases of
hybridization have been attributed to species invasions
and other forms of ecological disturbances (Grant
1971, Avise 2004). Whether these invasions and distur-
bances were intentional or accidental, they have
allowed contact between species that were previously
allopatric. The degree to which hybridization takes
place in nature varies greatly. Hybridization can range
from a rare to a common occurrence and, depending
on the fitness of the F; and other hybrids, may result in
little to extensive introgression (Avise 2004). In some
cases, the level of hybridization that occurs between 2
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species depends upon the environmental circum-
stances in which they become sympatric (Grant 1971).

In the marine environment, hybridization among
species in the Mytilus edulis complex has been well
documented. Commonly known as blue mussels, this
complex consists of 3 species (M. edulis, M. gallo-
provincialis and M. trossulus) that have a worldwide
distribution (McDonald et al. 1991, Seed 1992) and
hybridize where they co-occur. M. edulis and M. gallo-
provincialis are the 2 more closely related of the 3
species (Rawson & Hilbish 1995). These 2 species
hybridize readily and form hybrid swarms in several
locations in the northeast Atlantic, despite strong
selection acting on these individuals. Selection in this
area typically favors M. galloprovincialis alleles (Gard-
ner & Skibinski 1988, Wilhelm & Hilbish 1998, Bierne
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et al. 2002). In addition, Rawson & Hilbish (1998)
showed that hybridization between these species has
led to extensive asymmetric introgression of mitochon-
drial genomes.

In contrast, Mytilus edulis and M. trossulus have
levels of hybridization that depend on location. These
2 species are sympatric and hybridize in the northwest
Atlantic (Comesana et al. 1999, Rawson et al. 2001,
Riginos & Cunningham 2005) and within the Baltic Sea
(Riginos & Cunningham 2005, Kijewski et al. 2006). In
the northwest Atlantic, hybridization between these
species is less than 30 % (Comesana et al. 1999, Riginos
& Cunningham 2005), F; hybrids are rare (Rawson et
al. 2001) and backcrossed individuals tend to favor M.
trossulus alleles (Riginos & Cunningham 2005). Fur-
thermore, evidence of reduced fertilization success
when interspecific mating occurs between these 2 spe-
cies has been reported in the northwest Atlantic (Raw-
son et al. 2003). In the Baltic, on the other hand, a high
level of introgression occurs between M. edulis and M.
trossulus; individuals with gentoypes consistent with
either of the pure species or F; hybrids are rare and
backcrossed individuals contain a preponderance of
M. edulis alleles (Riginos & Cunningham 2005, Kijew-
ski et al. 2006).

Mytilus galloprovincialis is highly invasive and has
been reported as one of the top 100 invasive species of
the world (Lowe et al. 2000). Native to the Mediter-
ranean, the Black Sea and the eastern Atlantic, M. gal-
loprovincialis has successfully invaded Australia
(Daguin & Borsa 2000, Hilbish et al. 2000), South Africa
(Grant & Cherry 1985), Chile (Daguin & Borsa 2000),
California (McDonald & Koehn 1988), the Puget Sound
(Anderson et al. 2002) and Asia (Wilkins et al. 1983,
Lee & Morton 1985, McDonald & Koehn 1988,
Suchanek et al. 1997, Skurikhina et al. 2001). M. gallo-
provincialis has been widely introduced through trans-
port in ship ballast water (Carlton 1992, Geller et al.
1994) and for aquaculture purposes (Heath et al. 1995).
Repeated introductions of M. galloprovincialis into dif-
ferent portions of the range of M. trossulus provide the
opportunity to test the hypothesis that the propensity
to hybridize and the consequent levels of introgression
depend upon the environment. In the northeastern
Pacific, separate introductions of M. galloprovincialis
to California and the Puget Sound have led to the for-
mation of 2 hybrid zones with low levels of hybridiza-
tion and little introgression (Rawson et al. 1999, Ander-
son et al. 2002). A third contact zone between these
species occurs in northern Japan, but this area has not
been examined closely. Previous research has indi-
cated that both M. galloprovincialis and M. trossulus
co-occur in northern Japan (Inoue et al. 1997,
Suchanek et al. 1997) and the western Sea of Japan
(Skurikhina et al. 2001) and are capable of hybridizing

(Inoue et al. 1997), but the extent of the hybrid zone
and the level of hybridization are unknown. The pre-
sent study examines whether the pattern of hybridiza-
tion between M. galloprovincialis and M. trossulus in
northern Japan is similar to that observed in other geo-
graphic locations where these species hybridize. Here
we show that contact between M. galloprovincialis and
M. trossulus has produced 2 independent hybrid zones
in northern Japan and there are extraordinary levels of
hybridization in one of these hybrid zones compared to
other regions where these species are sympatric.

MATERIALS AND METHODS

Mytilus edulis complex individuals were collected
from 9 sites around the island of Hokkaido, Japan, in
July 2004 and 25 sites in May 2006 (see Table 1).
Shosanbetsu (SHO) was the only site from 2004 that
was not resampled in 2006. Mussels were all collected
from intertidal locations, with one exception, Akkeshi,
where mussels were collected from both intertidal and
subtidal habitats. Once collected, mussels were mea-
sured from anterior to posterior ends and separated
into 5 mm size classes. A piece of the mantle edge tis-
sue was dissected from mussels >10 mm in length and
preserved in 95 % ethanol, while individuals <10 mm in
length were preserved whole. Total cellular DNA was
extracted following the protocol in Rawson et al. (1999)
with DNA resuspended in 25 to 150 pl of dH,O
depending on pellet size.

Extracted DNA was assayed utilizing 3 PCR-based
nuclear genetic markers. Reactions were performed in
12.5 pl volume containing 1x buffer, 0.2 mM dNTP,
1.5 mM MgCl,, 0.3 uM of each primer, 0.5 units of Taqg
polymerase (Promega) and 1 nl DNA. The first marker
utilized primers Me 15 and Me 16 (Inoue et al. 1995) to
amplify the 5" end of the polyphenolic adhesive protein
gene (Glu-5'). Thermal cycler conditions consisted of
initial denaturation at 94°C for 1 min followed by an
incubation of 30 cycles at 92°C for 30 s, 53°C for 60 s
and 75°C for 60 s with a final primer extension for
5 min at 75°C. This reaction produces size-specific
banding patterns that distinguish Mytilus galloprovin-
cialis and M. trossulus alleles (Inoue et al. 1995). The
second marker targeted the internal transcribed spacer
(ITS) region utilizing primers stated in Heath et al.
(1995). Amplification consisted of the same conditions
as Glu-5" except for the annealing step, which was
changed to 51°C for 30 s. Since the PCR products from
this reaction are equal in length for both M. gallo-
provincialis and M. trossulus, a restriction enzyme
digest was performed to obtain restriction profiles that
differentiate between M. galloprovincialis and M.
trossulus alleles (Rawson et al. 1996). The third nuclear
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marker amplified the Mytilus anonymous locus-I
(MAL-I) using the primers reported in Rawson et al.
(2001). Thermal cycler parameters consisted of initially
denaturing samples at 94°C for 2 min, followed by an
incubation of 30 cycles at 94°C for 30 s, 51°C for 30 s
and 72°C for 3 min, with a final primer extension for 5
min at 72°C. Since this marker also produces equal
length PCR product for both species, a restriction
enzyme digest was performed to produce species-spe-
cific restriction fragment profiles (Rawson et al. 2001).
DNA products were visualized on a 2% agarose gel
containing 0.08 pg ml~! ethidium bromide.

The 3 molecular markers used in the present study
were assumed to represent single-copy nuclear gene
loci and to be diagnostically differentiated between
Mytilus galloprovincialis and M. trossulus. The Glu-5’
marker was originally described by Inoue et al. (1995)
and Rawson et al. (1996a) who showed that it is a sin-
gle locus marker and is diagnostically differentiated
among allopatric reference populations of M. gallo-
provincialis and M. trossulus. Subsequent studies have
confirmed that there are no shared alleles at this locus
between these 2 species except in areas where the 2
hybridize (Rawson et al. 1999, Toro et al. 2004, Braby &
Somero 2006). The MAL-I locus was developed by
Rawson et al. (1996b) and Southern analysis indicated
that the marker is single copy. Rawson et al. (1996b,
1999) found that there were no alleles at Mal-I shared
between allopatric populations of M. galloprovincialis
and M. trossulus. The ITS locus was developed by
Heath et al. (1995) and is shown to distinguish M. gal-
loprovincialis and M. trossulus in allopatric popula-
tions. Heath et al. (1995) found that ITS behaves as a
single Mendelian locus in the progeny of test crosses
between M. edulis X M. trossulus F, hybrids and M.
edulis, despite the fact that rDNA is generally multi-
copy (see discussion in Heath et al. 1995). Subsequent
studies have confirmed that ITS is diagnostically dif-
ferentiated among allopatric populations of M. gallo-
provincialis and M. trossulus and segregation of alleles
at this locus in hybrid populations is consistent with
that of a single-copy nuclear locus (Rawson et al. 1999,
Anderson et al. 2002, Braby & Somero 2006).

Individuals were genotyped at each locus separately
and then assigned to 1 of 4 genealogical classes:
Mytilus galloprovincialis, M. trossulus, F, hybrid and
other hybrid genotypes. Only individuals who were
successfully genotyped at all 3 nuclear loci were
assigned to one of these classes. MAL-I and ITS did not
amplify as readily as did Glu-5' despite repeated
attempts and, consequently, the results reported for
each gene locus separately may contain different sam-
ple sizes (see Table 1). Individuals were classified as
M. galloprovincialis or M. trossulus if they were
homozygous at all 3 loci for alleles diagnostic of each

respective species. Individuals were classified as F;
hybrids if they were heterozygous for alleles from each
of the 2 species at all 3 loci. The final category of other
hybrids consisted of individuals that exhibited multilo-
cus genotypes that do not fit into the 3 other categories.
These individuals were assumed to be the progeny of
hybrid crosses beyond F; hybrid (e.g. backcrosses and
F,). We recognize that there is error in assigning indi-
viduals into distinct genealogical classes in this fash-
ion. For example, among individuals which are hetero-
zygous at all 3 diagnostic loci, the majority probably
belongs to the F; genealogical class, but this genotypic
category may also contain a fraction of individuals
that belong to F, and first- and second-generation
genealogical classes (Nason & Ellstrand 1993). The
probability of misclassification depends upon the true
genealogical composition of a population but is gener-
ally small. We have ignored this source of error in the
initial description of this hybrid zone. Unless otherwise
specified, the term ‘hybrids’' refers to the combined
genealogical classes of F; hybrids and other hybrids.
A G-test of independence (Sokal & Rohlf 1995) was
used to determine whether there were significant dif-
ferences in allele frequencies at the same site for all 3
loci, between years at the same site for all 3 loci, and
for different size classes at the same site in the same
year at each locus. When examining size classes, the
ends of the distribution were condensed with neigh-
boring size classes until the total number of individuals
in the size class equaled or exceeded 10. Internal size
classes were not combined. This procedure was first
performed on the Glu-5"locus data and the resulting
size classes remained consistent for the other 2 loci.
Only sites containing more than 2 size classes were
tested for significance. Goodness-of-fit G-tests (Sokal
& Rohlf 1995) were performed for each locus at each
location to determine whether genotype frequencies
differed from Hardy-Weinberg equilibrium (HWE). For
populations where samples were collected in both
years, separate significance tests were performed for
each collection year. Populations where the allele fre-
quency for both alleles ranged from 0.1 to 0.9 were
tested. No significance tests were performed on popu-
lations if the total sample size was <20 individuals. For
all statistical tests, o was set at 0.05. A Bonferroni cor-
rection (Rice 1989) was applied to all significance tests.

RESULTS

The geographical distributions of Mytilus gallo-
provincialis, M. trossulus and their hybrids around the
island of Hokkaido were similar in 2004 and 2006
(Figs. 1 & 2, respectively). M. galloprovincialis individ-
uals dominated the western coast of Hokkaido with
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only a small proportion of M. trossulus alleles (8 %)
present at SHO in 2004. The northern coast of the
island was largely comprised of M. galloprovincialis
individuals except at Abashiri (AB) and the inner por-
tion of Lake Notoro (LNI), where populations con-
tained large proportions of M. trossulus and hybrid
individuals, respectively, and very few M. galloprovin-
cialis individuals. Mussel populations at the mouth
(LNM) and just outside (LNO) of Lake Notoro were
comprised of mostly M. galloprovincialis individuals,
74 and 72 % respectively, and only contained at most
5% hybrids (F; and other hybrids), while the LNI pop-
ulation mainly contained hybrid individuals (64 % in
2004 and 62% in 2006). Mussel populations on the
southern coast of Hokkaido contained high frequen-
cies of hybrid individuals ranging from 58 % at Toyako
Town (TY) to 82% at Shoya (SY) in 2004 (Figs. 1 & 2).
Populations on the western portion of this coast con-
tained high proportions of M. galloprovincialis individ-
uals compared to M. trossulus. East of Cape Erimo

48° N

(near SY), however, the frequency of hybrid and M.
galloprovincialis individuals decreased greatly and
populations at Akkeshi (intertidal, AI; subtidal, AS)
and Nemuro (NE) were dominated by M. trossulus
individuals.

The majority of the hybrid individuals along both the
northern and southern coast had F; hybrid genotypes,
but there was also a low frequency of individuals with
genotypes characteristic of other hybrids. The fre-
quency of other hybrids was greater among popula-
tions on the southern coast of Hokkaido compared to
populations on the northern coast, but individuals
with other hybrid genotypes were never common
(Figs. 1 & 2). The greatest frequency of other hybrids
observed was only 17 % at Muroran (MR). Numerous
populations exhibited significant departures from
HWE (Table 1). Populations along the southern coast
generally had significant excesses of heterozygous in-
dividuals, while populations on the northern coast had
significant deficiencies of heterozygous individuals
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Fig. 1. Mytilus galloprovincialis and M. trossulus. Distribution in 2004 of homozygous M. galloprovincialis (black, G), homozy-

gous M. trossulus (white, T), F; hybrid (cross-hatched, F;) and other hybrid (gray, O) individuals around the island of Hokkaido,

Japan. Data represent a multi-locus composite of genotypes from 3 nuclear PCR assays (GIu-5', ITS and MAL-I). Site names and
codes are listed in Table 1
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(Table 1). LNI was the only site on the northern coast
that deviated from this trend: this population contained
a significant excess of heterozygous individuals at all 3
loci in 2004 and only at the Glu-5'locus in 2006.

Saruru (SR) and Niikappu (NP) were the only popu-
lations that had significant differences in allele fre-
quencies between the 2 collection years. Both popula-
tions had significantly higher proportions of Mytilus
galloprovincialis alleles in 2004 at all 3 loci in compar-
ison to 2006 (p < 0.001). When we compared allele
frequencies between years within comparable size
classes, the differences between years remained sig-
nificant at both sites. Since we observed a significant
difference between the 2 collection years at these 2
sites, all data collected for both years were kept sepa-
rate. There was no significant difference in allele fre-
quency among the 3 loci at any site in either year.

In 2004 there were no significant allele frequency
differences among size classes for any locus at any
location. In 2006 some locations displayed significant

differences in allele frequencies among size classes. In
the south, Toi (TI) and TY showed significant differ-
ences in allele frequency in reference to size (Table 2).
TI showed significantly fewer Mytilus galloprovincialis
alleles at both 0 to 5 mm and 10 to 15 mm size classes
but only at GIu-5" and ITS. TY showed a significantly
higher frequency of M. galloprovincialis alleles within
the 10 to 20 mm size classes, but only at ITS. In the
north, LNI, LNO, Utoro (UT), Sarufutsu (SA) and SR
had significantly greater proportions of M. gallo-
provincialis alleles among smaller size classes
(Table 2). LNO and SR showed higher proportions of
M. galloprovincialis alleles in individuals <10 mm,
while UT and SA showed this same trend in individu-
als <15 mm. The LNI population displayed signifi-
cantly fewer M. galloprovincialis alleles in individuals
20 to 35 mm in length. Individuals <20 mm in length
were not found at LNI. All of these sites showed similar
significant differences at all 3 loci, except at SA where
the difference was only significant at the Glu-5"locus.
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Fig. 2. Mytilus galloprovincialis and M. trossulus. Distribution in 2006 of homozygous Mytilus galloprovincialis (black, G),

homozygous M. trossulus (white, T), F; hybrid (cross-hatched, F;) and other hybrid (gray, O) individuals around the island of

Hokkaido, Japan. Data represents a multi-locus composite of genotypes from 3 nuclear PCR assays (Glu-5', ITS and MAL-I). Site
names and codes are listed in Table 1
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DISCUSSION

Mytilus galloprovincialis dominates the western por-
tion of Hokkaido within the Sea of Japan, while M.
trossulus is only common in samples from eastern
Hokkaido. Hybridization occurs along both the north-
ern and southern coast of the island where both species
come into contact (Figs. 1 & 2). Hybrid populations on
the northern and southern coasts have considerably dif-
ferent genetic structures. There is a relatively smooth
genetic cline along the southern coast, with western
populations composed almost exclusively of M. gallo-
provincialis individuals and eastern populations com-

posed almost solely of M. trossulus individuals. Within
this cline, the frequency of hybrid individuals (F; and
other hybrids) often exceeds 50 %. In contrast to the rel-
atively smooth genetic cline in southern Hokkaido, hy-
brid mussel populations in northern Hokkaido form a
mosaic pattern with radical shifts in genetic composi-
tion over small distances, especially near the eastern
portion of the coast (Fig. 2). Hybridization levels along
the northern coast of Hokkaido almost never exceed
15%, except at LNI where >60% of the population
were hybrids in both sample years (Figs. 1 & 2).

The Kuril Island chain extends off the eastern coast
of Hokkaido (Fig. 3) and appears to separate the north-

Table 1. Mytilus edulis complex. Sample sizes (n) and genotype frequencies for Glu-5, MAL-I and ITS loci for populations
collected around Hokkaido, Japan, in July 2004 (10 populations) and May 2006 (25 populations). Only populations containing
hybrid individuals were tested for goodness-of-fit to Hardy-Weinberg equilibrium (HWE). GG: mussels homozygous for M.
gallprovincialis alleles; TG: mussels containing both M. galloprovincialis and M. trossulus alleles; TT: mussels homozygous for
M. trossulus alleles. —: population was not tested for HWE. Significant departures from HWE (p < 0.05) are indicated by an asterisk
(*, for significant excess) or a star (x, for significant deficiency). ns: the sample did not significantly (p > 0.05) depart from HWE

Site Abbre- Glu-5' ITS MAL-I
viation n GG TG TT HWE n GG TG TT HWE n GG TG TT HWE
2004
West Shosanbetsu SHO 29 86.2 13.8 0 - 28 857 143 0 - 28 833 16.7 0 -
Hamamasu HA 7 857 0 143 - 6 100 O 0 - 6 100 O 0 -
Yoichi Cape YO 51 100 O 0 - 51 100 O 0 - 51 100 O 0 -
South Tomakomai TO 50 56 42 2 ns 50 56 38 6 ns 50 56 44 0 ns
Niikappu NP 43 674 30.2 2.3 ns 43 69.8 209 9.3 ns 43 67.5 30.2 2.3 ns
Shoya SY 11 0 81.8 182 - 1 0 727 273 - 11 0 818 182 -
Akkeshi subtidal AS 49 4.1 82 87.8 - 49 41 41 918 - 49 42 42 916 -
Akkeshi intertidal Al 52 0 0 100 - 52 0 0 100 - 52 0 0 100 -
North Lake Notoro inner LNI 42 24 619 377 * 42 23.8 59.5 38.1 * 42 2.6 63.2 342 *
Saruru SR 20 80 5 15 % 20 80 5 15 % 20 80 5 15 %
2006
West Hamamasu HA 29 100 O 0 - 25 100 O 0 - 28 100 O 0 -
Yoichi Cape YO 98 100 O 0 - 98 100 O 0 - 95 100 O 0 -
Furubira FR 50 100 O 0 - 40 100 O 0 - 48 100 O 0 -
Kamoenai KA 116 100 O 0 - 105 100 O 0 - 92 100 O 0 -
Suttsu SU 104 100 O 0 - 102 100 O 0 - 94 100 O 0 -
Motoura MO 100 100 O 0 - 97 100 O 0 - 93 100 O 0 -
Kaminokuni KM 105 100 O 0 - 104 100 O 0 - 78 100 O 0 -
Fukushima FK 78 100 O 0 - 75 98.7 1.3 0 - 56 100 O 0 -
South Toi TI 36 77.8 139 83 % 35 714 20 86 ns 34 794 147 59 ns
Toyako Town TY 123 35 569 83 ns 119 31.1 53.8 15.1 ns 96 39.6 51 94 ns
Muroran MR 102 33.3 64.7 2 * 101 27 67 6 * 85 40 56.5 3.5 *
Tomakomai TO 105 32.4 66.7 1 * 103 33.7 625 39 * 94 404 585 1.1 *
Niikappu NP 101 27.7 693 3 * 99 26.3 72.7 1 * 99 283 70.7 1 *
Shoya SY 33 9.1 72.7 182 * 33 9.1 727 182 * 33 9.1 727 182 *
Akkeshi subtidal AS 12 83 41.7 50 - 12 83 417 50 - 10 10 40 50 -
Akkeshi intertidal Al 98 1 4.1 949 - 97 1 3.1 959 - 79 12 3.7 951 -
Nemero NE 101 O 2 98 - 101 O 4 9% - 86 0 23 9727 -
North Utoro uT 98 55.1 21.4 235 % 98 51 26.5 225 % 98 55.1 23.5 214 %
Abashiri AB 185 32 38 93 - 185 1.6 49 935 - 168 3.6 4.2 926 -
Lake Notoro outer LNO 87 81.5 0 185 * 53 79.1 22 187 % 69 781 0 219 %
Lake Notoro mouth LNM 39 71.8 5.1 231 % 39 744 26 231 % 40 72.5 5 225 %
Lake Notoro inner LNI 72 51 709 241 * 74 8.1 58.1 332 ns 54 10.7 554 339 ns
Saruru SR 76 64.2 12.3 235 * 73 627 12 253 % 70 58.5 13.8 27.7 %
Hamatonbetsu HM 54 889 37 74 - 54 944 0 56 - 51 941 0 59 -
Sarufutsu SA 47 76.6 106 128 % 50 872 64 64 % 43 837 93 7 %
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Table 2. Mytilus galloprovincialis. Allele frequency by size classes for all 3 nuclear loci (Glu-5', MAL-I and ITS) for individuals

collected around Hokkaido, Japan, in May 2006. Only populations showing significant allele frequency difference in reference

to size for at least 1 locus are shown. Total number of alleles present in each size class is indicated in parenthesis. —: no individu-

als collected in that size class; *: significant differences in allele frequency (p < 0.05). G: G-test of independence. See Table 1 for
site abbreviations

Site Locus Size class (mm) G
0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50 50-55
TI Glu-5' 0.75(28) 0.94(34) 0.72(46) 0.97(35) 0.97(36) 0.94(18) 0.92(24) - - - - 22.89*
ITS 0.33(6) 0.80(10) 0.78(18) 0.86(22) 1.00(22) 1.00(6) 0.85(20) - - - - 18.15*
MAL-I  0.50(4) 0.83(12) 0.71(14) 0.94(22) 0.96(26) 0.93(14) 0.92(24) - - - - 10.69
TY Glu-5' 0.60(42) 0.61(38) 0.83(40) 0.77(22) 0.56(36) 0.59(34) 0.53(34) - - - - 12.20
ITS 0.42(36) 0.58(36) 0.76(40) 0.99(18) 0.53(34) 0.56(34) 0.50(32) - - - - 24.14*
MAL-I  0.63(24) 0.56(34) 0.85(40) 0.77(22) 0.61(36) 0.56(18) 0.50(18) - - - - 13.49
SA Glu-5' - 0.90(20) 0.89(52) 0.59(22) - - - - - - - 8.90*
ITS - 0.90(20) 0.94(52) 0.82(22) - - - - - - - 2.53
MAL-I - 0.90(20) 0.92(50) 0.75(16) - - - - - - - 2.95
SR Glu-5' - 0.99(77) 0.56(54) 0.27(30) - - - - - - - 74.78*
ITS - 0.99(62) 0.56(55) 0.27(30) - - - - - - - 66.18*
MAL-I - 0.98(53) 0.57(54) 0.27(30) - - - - - - - 56.48*
LNO Glu-5' 0.94(32) 0.89(104) 0.58(48) - - - - - - - - 21.56*
ITS 0.93(32) 0.89(104) 0.54(48) - - - - - - - - 25.74*
MAL-I  0.92(24) 0.87(74) 0.58(48) - - - - - - - - 17.19*
LNI Glu-5' - - - - 0.27(22) 0.13(24) 0.20(10) 0.56(16) 0.50(22) 0.53(30) 0.50(34) 18.41*
ITS - - - - 0.27(22) 0.05(22) 0.20(10) 0.50(16) 0.56(18) 0.39(28) 0.47(34) 20.65*
MAL-I - - - - 0.27(22) 0.13(24) 0.20(10) 0.63(16) 0.60(10) 0.50(4) 0.50(22) 17.83*
uT Glu-5' - 0.94(70) 0.83(46) 0.40(20) 0.30(10) 0.22(18) 0.31(32) - - - - 80.63*
ITS - 0.94(70) 0.78(46) 0.35(20) 0.40(10) 0.17(18) 0.31(32) - - - - 81.33*
MAL-I - 0.94(64) 0.87(52) 0.40(20) 0.40(10) 0.22(18) 0.32(32) - - - - 78.84*

ern and southern hybrid populations. The Kuril Islands
also separate the northeastward flow of the East
Sakhalin Current (ESC) from the southwestward flow
of the Oyashiro Cold Current (OCC); consequently,
transport across the Kuril Islands between Okhotsk
Sea and the Pacific Ocean is likely minimal (Kono
1997) and seasonally dependent (Ohshima et al. 2002).
Given the different genetic structure of hybrid mussel
populations in northern and southern Hokkaido and
their probable oceanographic isolation we conclude
that these represent 2 separate hybrid zones.

It is possible that, following its introduction, Mytilus
galloprovincialis displaced and may be continuing to
displace M. trossulus. Thus, the distribution of these 2
species and their hybrid zones may still be in flux and
consequently the former may not relate to any environ-
mental variable. We find this possibility unlikely. Blue
mussels were first recorded in Honshu, near
Hiroshima, in 1934 (Ishida et al. 2005). Blue mussels
subsequently spread rapidly throughout Honshu
(Ishida et al. 2005) where they have become a preva-
lent part of the marine fauna. Wilkins et al. (1983) first
identified these invasive mussels to be M. galloprovin-
cialis. All subsequent samples of blue mussel from
Honshu have been confirmed to be M. galloprovin-
cialis. Thus, M. galloprovincialis rapidly invaded Hon-
shu and other portions of the Sea of Japan. In contrast,
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Fig. 3. Coastal currents influencing the northern and southern
Hokkaido coastline, with sea surface temperature (SST) con-
tours for 12 July 2006. SST data were obtained from the New
Generation Sea Surface Temperature (NGSST) Development
Group from Tohoku University (Kawamura 2008). TsWC:
Tsushima Warm Current; SWC: Soya Warm Current; ESC:
East Sakhalin Current; TWC: Tsugaru Warm Current; OCC:
Oyashiro Cold Current
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blue mussels were reported prior to 1919 from
Hokkaido and, based upon morphology, these speci-
mens were confirmed to be M. trossulus (Wilkins et al.
1983). Subsequent genetic studies have confirmed that
M. trossulus does not occur south of Hokkaido
(McDonald et al. 1991, Inoue et al. 1997, Suchanek et
al. 1997). Inoue et al. (1997) concluded, and we concur,
that given the close proximity of Hokkaido and Hon-
shu and the large volume of maritime traffic between
the 2 islands, it seems likely that Hokkaido is the
southern limit of M. trossulus in the northwest Pacific.
In addition, the position of the hybrid zone between
M. trossulus and M. galloprovincialis in southern
Hokkaido appears to have been relatively stable for at
least a decade. Inoue et al. (1997) reported the pres-
ence of hybrid mussels from 3 locations within the pre-
sent position of the hybrid zone in southern Hokkaido.
Thus, it appears that the present distribution of M. gal-
loprovincialis, M. trossulus and their hybrids has been
in place for a substantial period of time. Thus, it is
likely that environmental factors determine the bio-
geography of these species and the position of the 2
hybrid zones in Hokkaido.

The distribution of the 2 species is correlated with
sea surface temperature (SST). Mytilus galloprovin-
cialis predominates in the Sea of Japan, which is gen-
erally warmer than the waters surrounding eastern
Hokkaido. On the other hand, M. trossulus is found in
portions of the western side of the Sea of Japan
(Ivanova & Lutaenko 1998, Skurikhina et al. 2001), and
we found M. galloprovincialis in northern Hokkaido
where SST is seasonally very cold and sea ice regularly
forms during the winter (Fukamachi et al. 2006,
Ohshima et al. 2006). Thus, while the distribution of
the 2 species is roughly correlated with SST, it is
unclear whether and how temperature may control
their distribution.

The distribution and structure of the 2 hybrid zones,
however, appear to be related to the complex coastal
circulation patterns around Hokkaido. In the south, the
Tsugaru Warm Current (TWC) flows eastward through
the Tsugaru Strait between the islands of Hokkaido
and Honshu (Ohshima 1994, Rosa et al. 2007) (Fig. 3).
The OCC travels southwestward along the eastern
coast of the Kuril Island chain to contact the southeast-
ern coast of Hokkaido (Kono 1997) (Fig. 3). This circu-
lation pattern establishes a gradient of warm water in
the western portion of southern Hokkaido to cold
water in the eastern portion of the coast. These cur-
rents also provide vectors of transport of Mytilus gallo-
provincialis from the Sea of Japan and M. trossulus
from the Kuril Islands, where this species is prevalent
(Wilkins et al. 1983, Kawahara 2001), to the southern
coast of Hokkaido. The TWC and OCC converge at
Cape Erimo (near SY) and are deflected to the south

away from the coast (Conlon 1982, Rosa et al. 2007),
which likely explains the noticeable shift in frequency
of M. galloprovincialis and M. trossulus individuals
observed around Cape Erimo (Figs. 1 & 2). With these
data it is not possible to separate the roles of the SST
gradient from the directional physical transport in
establishing the structure of the southern hybrid zone,
but it does seem likely that coastal circulation plays a
significant role in its architecture.

Similarly, coastal circulation patterns likely con-
tribute to the mosaic genetic pattern observed in the
northern hybrid zone. In this region, the ESC transports
cold water southward down the eastern coast of
Sakhalin Island which is displaced eastward by the
Soya Warm Current (SWC) traveling eastward through
the Soya Strait between Hokkaido and Sakhalin Island
(Watanabe 1963, Ohshima 1994) (Fig. 3). The interac-
tion of the 2 currents causes turbulent mixing along the
northern coast of Hokkaido until the conjoined currents
flow northward along the western margin of the Kuril
Islands (Fig. 3). The 2 currents likely transport mussels
from different sources, Mytilus galloprovincialis from
the Sea of Japan and M. trossulus from Sakhalin Island
(Wilkins et al. 1983), and the turbulent mixing of these
currents likely contributes to the mosaic structure of the
hybrid zone in northern Hokkaido (Figs. 1 & 2). Again,
whether this is due to the formation of a mosaic distrib-
ution of thermal habitats, heterogeneous mixing of lar-
vae from different sources or both cannot be deter-
mined with data from the present study.

The Northern and Southern Hokkaido hybrid zones
both have low frequencies of other hybrids, similar to
previous reports of low levels of introgression in con-
tact zones between Mytilus galloprovincialis and M.
trossulus (Rawson et al. 1999, Anderson et al. 2002).
However, the hybrid zones in Hokkaido differ
markedly from each other in the observed frequency of
F; hybrids. The northern hybrid zone, with exception
of LNI, exhibited heterozygote deficits in every popu-
lation (Table 1) and low frequencies of F; hybrids
(Figs. 1 & 2). In stark contrast, populations in the south-
ern hybrid zone exhibited exceptionally high levels of
hybridization with the frequency of F; hybrids fre-
quently exceeding 50 % (Figs. 1 & 2) and typically con-
tain far more heterozygous individuals than expected
under HWE (Table 1, Fig. 4). This level of hybridization
is several times greater than levels reported from other
locations (Fig. 4). Previous studies on hybrid popula-
tions from the northeast Pacific have reported on aver-
age 10 to 20 % hybridization between M. galloprovin-
cialis and M. trossulus (McDonald & Koehn 1988,
Sarver & Foltz 1993, Rawson et al. 1999). A few cases of
hybridization levels exceeding these ranges have been
reported in the northeast Pacific (Anderson et al. 2002,
Wonham 2004, Schneider & Helmuth 2007), but these
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Fig. 4. Mytilus galloprovincialis. Comparison of the frequency
of M. galloprovincialis (G) alleles in relation to the frequency
of heterozygotes for populations collected around Hokkaido,
Japan (@: southern hybrid zone; B: northern hybrid zone), to
previously reported data from the northeast Pacific (A: Raw-
son et al. 1999; O: Braby & Somero 2006) and within Puget
Sound (V: Anderson et al. 2002). Data represents frequencies
at the Glu-5"locus except Braby & Somero (2006), where plot-
ted heterozygote frequency represents the average for Glu-5’
and ITS loci. —: expected frequencies of heterozygotes under
Hardy-Weinberg equilibrium for all possible M. galloprovin-
cialis allele frequencies

are rare and isolated incidences and do not reach the
levels seen in Hokkaido. Hybrid zones in California
and the Puget Sound generally have frequencies of
heterozygous individuals that are far below HWE
(Fig. 4), which results from these populations being
largely composed of mixtures of the 2 parent species.

The exceptionally high levels of hybridization ob-
served in populations around southern Hokkaido sug-
gests the presence of a hybrid swarm with relatively
free interbreeding which would lead to virtually every
individual being the result of some type of mating
among hybrids. This, however, is not the case; the vast
majority of hybrids are heterozygous at all 3 nuclear
genes, consistent with their being F; hybrids. The low
frequency of other hybrid genotypes found around
Hokkaido is consistent with that observed in the
Mytilus galloprovincialis and M. trossulus hybrid
zones in California and Puget Sound (Rawson et al.
1999, Anderson et al. 2002). Thus, the unique feature
of the 2 hybrid zones in Hokkaido is the exceptionally
high numbers of F, hybrids without the apparent free
intercrossing found in some hybrid swarms between
other pairs of species of Mpytilus (e.g. Wilhelm &
Hilbish 1998).

Why is the frequency of F; hybrids in southern
Hokkaido so much greater than observed in other loca-
tions where Mytilus galloprovincialis and M. trossulus

are sympatric? There are 2 general possibilities:
enhanced outcrossing and F; hybrid vigor. If mating
between the 2 species is more likely than mating
within a species this would generate an excess of F;
hybrids in the progeny. It would require exceptionally
strong outcrossing to produce the high frequency of F,;
hybrids observed in some populations in southern
Hokkaido. At NP, for example, approximately 75 % of
all progeny would have to have been produced by
interspecific crosses to account for the observed fre-
quency of F, hybrids. Alternatively, strong preferential
survival of individuals with F; hybrid genotypes
(hybrid vigor) is another possible explanation for the
extremely high levels of hybridization observed be-
tween M. galloprovincialis and M. trossulus in south-
ern Hokkaido. Matson et al. (2003), however, did not
observe any evidence of F; hybrid vigor for growth or
survival of larvae produced by crossing M. gallo-
provincialis and M. trossulus. Regardless of whether
outcrossing and/or hybrid vigor generate such high
frequency of F; hybrid genotypes in these populations,
the mechanism(s) must be environmentally dependent
because extremely high frequencies of F; hybrid geno-
types have not been observed in other hybrid zones
between these 2 species.

Despite the high frequency of F; hybrids observed in
populations in southern Hokkaido, the frequency of
other hybrid genotypes is very low, similar to that ob-
served in other populations, suggesting that either F, hy-
brids have relatively low fertility and consequently F,
and backcross hybrids are rarely formed, or individuals
with other hybrid genotypes have poor survival (hybrid
breakdown). Both mechanisms have been widely docu-
mented in other hybrid zones (Harrison 1993), but nei-
ther has been reported in mussels. Testing these hy-
potheses will require detailed analyses of the
propensity of Mytilus galloprovincialis and M. trossulus
to interbreed in Hokkaido and the relative vigor and re-
productive potential of F; and other hybrid progeny.
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