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Abstract

The genus Mytilus in Newfoundland is thought to be
differentiated into two taxa, presently called M. trossulus
and M. edulis. In the present study a survey of the
distribution of these two taxa was undertaken. Ten sites
along the east coast of Newfoundland were sampled; two of
these sites were sampled on a finer scale. Four partially
diagnostic enzyme loci, Pgm, Est, Lap, and Ap differentiated
two groups. Both groups were found at most sites.
Heterozygote deficiencies (relative to Hardy Weinberg

Equilibrium) were found in one or more loci at all but one

site. the p of some yg
that the two taxa interbreed. Pgm, Est, and Lap genotypes
were significantly associated and together were nuseful in
separating the two taxa.

Inner shell colour was correlated with enzyme genotype,
M. trossulus being relatively darker than M. edulis, but
this failed to be a robust taxonomic character across all
sites. In a fine scale analysis at Traytown, genotype
frequency was found to be correlated with increasing shell
length. This suggests variation in recruitment, growth

and/or mortality between the two taxa.



Acknowledgements

I would like to thank my supervisor, Dr. David J. Innes for
his support and guidance in all matters throughout this thesis. In
addition thanks to Dr. Ray Thompson and Dr. Pat Dabinett for input
and suggestions. A special thank-you to friends and family for
their support throughout this degree.

This research was funded in part by a Fellowship from Memorial

University and through grants to Dr. D. J. Innes.

iii



Contents
ABSTRACT
ACKNOWLEDGEMENTS
TABLES
FIGURES
APPENDICES

Chapter 1 INTRODUCTION
1.1 Mytilus taxonomy
1.2 Protein electrophoresis as a population
genetics tool
1.3 Mytilus edulis - galloprovincialis :a model
1.4 Mytilus edulis - trossulus
1.5 Morphological - genetic correlations
1.6 Size dependent variation in allele frequencies
1.7 Objectives

Chapter 2 MATERIALS AND MRTHODS
2.1 Samplin
2.2 Electrophoretic Methods
2.2.1 Buffers and Stains Used in Electrophoresis
Shell Colour
Statistical Analysis
2.4.1 Survey Sample:

2.
2

W

2.4.1.1 Genetic variation within sites

2.4.1.2 Genetic differentiation among sites

2.4.1.3 Association among loci

2.4.1.4 Shell colour - genotype association
2.4.2 Random Traytown Samples

2.4.2.1 Genetic variation among size classes

Chapter 3 RESULTS
3.1 Enzyme variation

3.1.1 Pam
3.1.2 Est
3.1.3 Ap
3.1.4 Lap
3.2 statistical Analysis
3.2.1 Survey Samples
3.2.1.1 Genetic variation within sites
3.2.1.2 Genetic differentiation among sites
3.2.1.3 Association among loci
3.2.1.4 Shell colour - genotype association
3.2.2 Genotypic and Size Var;acion at Traytown

iv




3.2.2.1 Variation among size classes
3.2.2.2 Size-genotype association in random
Traytown samples

Chapter 4 DISCUSSION
4.1 Macrogeographic variation
2 Population structure
3 Multilocus associations
4 Evidence of interbreeding
5 Inner shell colour variation
6 Genotypic variation with length
7 Conclusions

Literature Cited
Appendix 1
Appendix 2
Appendix 3

Appendix 4

107
113
117
120



List of Tables

1. Range, mean and standard deviation of lengths of 43
mussels sampled at each survey site.

2. Pgm allele frequencies for the survey samples. 44
3. Est allele frequencies for the survey samples. 45
4. Ap allele frequencies for the survey samples. 46
5. Lap allele frequencies for the survey samples. 47
6. Deviations from Hardy-Wa2inberg equilibrium for the 48

survey samples.

7. Monte Carlo X? tests of heterogeneity among all 49
survey samples.

8. Frg, Fyp and Fgp for all alleles in the survey 50
samples, mean Frg, Fyp and Fgy for all loci in the
survey samples and grand means of Fyg, Frp and Fgp.

9. Test of independence between each pair of loci for 51
the survey samples using Monte Carlo X2 tests.

10. Spearman Rank correlation coefficients used in 52
principal components analysis.

11. Component loadings for first two axes from the 54
principal component analysis on survey samples.

12. Tests of independence of inner shell colour with 55
each locus genotype using Monte Carlo X“ tests.

13. Number of individuals recorded in 5mm size classes 56
at Traytown.

14. Pgm allele frequencies for size classes at Traytown. 57
15. Est allele frequencies for size classes at Traytown. 58
16. Ap allele frequencies for size classes at Traytown. 59
17. Lap allele frequencies for size classes at Traytown. 60

18. Heterogeneity among size classes at Traytown. 61

vi



19. D-values (deficit of heterozygotes) for combined
random Traytown samples.

20. component loadings for first two axes from principal
component analysis on Traytown samples.

62

63



1.
2A.
2B.

3.

]

9.

10.

11.

i2.

13.

14.

List of Figures
Sample localities in Eastern Newfoundland.
Sample localities at Bellevue.
Sample localities at Traytown.
Multidimensional scaling diagram summarising
allozyme information with Minimum Spanning Tree
superimposed.
Multidimensional scaling diagrams showing
contribution of each locus with Minimum Spanning
Trees superimposed.
Covariation of alleles.
Scatter plot of first two principal components for
all survey sample individuals scored for all four
loci.

Histogram of first principal component values for
all survey individuals with all four loci scored.

Histograms of first principal component scores by
sample locality.

Association of colour with first principal
component score; Survey and Traytown analysis.

Number of individuals used in Traytown size
class analysis.

D-values as a function of size class for all
four loci in combined random Traytown samples.

Covariation of loci at Traytown.

First principal component scores for ail
individuals sampled from Traytown and comparison of
TT1, TT2, TT3 results from each principal
component analysis.

Values of first principal component for combined
random Traytown samples presented by size class.

viii

65
67
67

69

71

73

77

79

81

85

87
89

91



List of Appendices

Appendix 1A : Tables used in Monte Carlo tests of
heterogeneity for all survey samples using all
individuals.

Appendix 1B : Tables used in Monte Carlo tests of
heterogeneity for Bellevue sites BVO, BV1,
BV2, and BV3.

Appendix 1C : Tables used in Monte Carlo tests of
heterogeneity among Traytown sites TT1, TT2
and TT3.

Appendix 2A : Contingency table of Est - Lap genotypes
used in Monte Carlo X? test. (McElroy) N=302.

Appendix

2B : Contingency table of Ap - Est genotypes
used i

in Monte Cario X* test. (McElroy) N=306.

Appendix 2C : Contingency table of Pgm - Est genotypes
used in Monte Carlo X? test. (McElroy) N=468.

Appendix 2D : Contingency table of Lap - Ap genotypes
used in Monte Carlo X° test. (McElroy) N=310.

Appendix 2E : Contingency table of Pgm - Ap genotypes
used in Monte Carlo X* test. (McElroy) N=314.

Appendix 2F : Contingency table of Pgm - Lap genotypes
used in Mon*te Carlo X? test. (McElroy) N=310.

Appendix 3A : Contingency table of genotype versus
inner shell colour used in Chi-square tests of
association using a Monte Carlo technique
(Reap, McElroy 1991).

Appendix 4A : Tables used in Monte Carlo tests of

heterogeneity among size classes in the random
Traytown samples.

ix

113

1i6

119

120



E
E
:

Int tiol

1.1 lu; a

The smooth-shelled edible blue mussels of the genus
Mytilus have been the centre of recent taxonomic debate.
They are bivalves found commonly in the intertidal and
shallow nearshore waters in many parts of the world. Early
classifications based on external shell morphology tended to
be complex and confusing. For example, Soot-Ryen (1955)
lists 17 species and varieties of mussel from the west coast
of North America which had been defined on the basis of
external shell morphology and proposed that these all be
considered as Mytilus edulis. Many of the proposed varieties
or species were based on the collection of a few unusual
individuals. Mytilids are known to be highly plastic
phenotypically (Seed 1978, 1969a). The shell shape can be
influenced profoundly by variations in growth rates due to
biological factors (i.e. densities of mussels) and

envir 1 (i.e. e, substrate).

The view that all edulis-like mussels form one species
persists. This is largely based on overlap in morphological
characters and on the fact that a long planktonic larval
stage of 4-6 weeks results in high dispersal. This should
result in extensive genetic exchange between geographically
separated populations which would serve to counteract
genetic differentiation through random genetic drift or

selection (Scheltema 1971).
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Genetic evidence from protein electrophoresis suggests
that Mytilus edulis comprises three genetically distinct
taxa, M. edulis L., M. galloprovincialis L. and M. trossulus
Gould (Koehn 1991, Varvio et al. 1988). The status of these
taxa as species or subspecies is still a matter of
controversy (Gardner 1992, Gosling 1984). Several partially
diagnostic enzyme loci have been used to map a rough world-
wide distribution (McDonald et al. 1991, Koehn 1991, Varvio
et al. 1988). A locus is considered diagnostic if an
individual can be assigned to the correct species, (as
defined by morphological or biochemical characters or on the
basis of other diagnostic loci) with a probability of at
least 99% (Avise 1974).

The species M. edulis is proposed for the form of
Mytilus found in the North and South Atlantic Ocean, Arctic
Ocean, White Sea and North Sea (Koehn 1991, McDonald et al.
1991) .The species M. galloprovincialis is proposed for the

form in the Medi and d in the eastern

Atlantic region, northward in the Atlantic as far as
northern France, southwest England and southern Ireland, on
the west coast of North America south of Oregon, in the
Pacific Ocean in Japan, China and Australia, and in the
Indian Ocean (Coustau et al. 1991, Koehn 1991, McDonald et
al. 1991, McDonald et al. 1990, McDonald and Koehn 1988 ).

The proposed range of M. trossulus is the North Atlantic in
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Canada, Scandinavia and Russia, the North Pacific in Russia
and Canada and the Arctic Ocean (Varvio et al. 1988,
McDonald and Koehn 1988, Koehn at al. 1984, McDonald et al.
1989) . There is a debate as to whether the trossulus - type
is also present in the Baltic Sea or whether Baltic mussels
represent a M. edulis population adapted to the low salinity
conditions of the area (Varvio et al. 1988, Johannesson et
al. 1990, Bulnheim and Gosling 1988).

M. trossulus is the most recently named taxon
(McDonald and Koehn 1988) and therefore has not been
extensively studied. It is considered to be a cold water
species in the northern hemisphere (Koehn 1991), though very
little is known of its fine scale distribution or ecology.
The Atlantic provinces of Canada are a potential "hybrid
zone" between M. edulis and M. trossulus (McDonald et al.
1991) likely to be similar in nature to the well documented
"hybrid zone" between M. edulis and M. galloprovincialis in
England and France (Skibinski et al 1983, Coustau et al.
1991) . The present study uses protein electrophoresis to
provide further information on the presence of M. trossulus
and M. edulis in Newfoundland.



Protein electrophoresis as a population genetics
tool

Protein electrophoresis is a technique whereby proteins
are separated by differential migration in an electrical
field according to the net charge and/or molecular size of
the molecule. This technique has become a useful tool in
population genetics. Some mutations or alternative forms of
the protein may not be detectable by electrophoresis because
they do not alter the net charge (Hartl 1988). The
detectable differences in mobility can be used as genetic

these diff are due to alternative

alleles at the structural loci which code for the production
of these proteins (Murdock et. al. 1975).

Enzyme polymorphisms have been shown to be heritable in
Mendelian fashion in Mytilus (Hvilsom and Theisen 1984), so
they can be used as genetic markers in the analysis of the
breeding structure of populations (Bryant 1974). The allele
frequencies can be tested for conformance to Hardy-Weinberg
predictions. Deviation from predicted allele frequencies
indicates that one of the assumptions of the model is being
violated (Hartl 1988). The use of hierarchial F-Statistics
can yield information on the population structure of mussels
over wide geographic ranges within and among populations.

There are two general theories used to explain how

protein polymorphisms can be maintained in populations of



mussels: 1) The selectionist school - The variation is

selectively maintained through, for example, physiological
variation (for example the cline in Ap-1 polymorphism in M.
edulis on the United States east coast is thought to be
maintained by natural selection acting on biochemical
differences of the Ap-1 electromorphs in different
salinities and temperatures (Hilbish and Koehn 1985) or 2)
The neutralist school considers most variation

physiologically irrelevant and that variation in enzyme

gt

structure is maintained as a result of random processes

(i.e. mutation and random drift) (Levinton and Lassen 1978,

Murdock et al. 1975). It can be difficult to distinguish
between genetic drift and selection in a descriptive study -
primarily because the selective factors and their strengths
will not be known and most survey studies represent a
'snapshot' of the results of complex interactions
(Johanesson et al. 1990). This can result in widely
different interpretations of the same data (e.g. Varvio et

al. 1988 vs Johanesson ét al. 1990)

1.3 Mytilus edulis - Mytilus galloprovincialis - a model

Protein electrophoresis has been used to address a
complex taxonomic issue in the differentiation of the two
taxa Mytilus edulis and Mytilus galloprovincialis in the

i British Isles, France and Spain - a similar situation to



what is now thought to exist in Newfoundland between M.
edulis and M. trossulus. M. edulis and M. galloprovincialis
were first established as distinct species based on
morphology (Seed 1978) but the great phenotypic variation
within each taxon and the presence of intermediate forms,
especially in areas where both taxa occur, has left the
question of the status of the taxa as "distinct species"
unanswered (Gosling 1984). Genetic studies indicate that
there are two distinct groups which do hybridise where they
co-occur, but to a different extent in different areas
(Coustau et al. 1991, Skibinski et al. 1983). The mechanisms
which keep the taxa separate in other areas are not well
understood though different spawning times have been
demonstrated (Gardner and Skibinski 1988, Seed 1971). The
fact that no 100% diagnostic character has ever been found,
despite the wide variety of techniques applied to the
problem (i.e. morphology, gel electrophoresis, cytology,
immunology and artificial hybridization), led Gosling (1984)
to conclude that M. galloprovincialis and M. edulis are too
similar to be considered separate species. The status of a
subspecies of M. edulis has been suggested as the most
appropriate classification for galloprovincialis (Gardner
1992, Gosling 1984). It is also argued that because the taxa
maintain distinct genetic identities despite hybridisation

and introgression, it is more appropriate to regard them as



separate species (McDonald et al. 1991).

1.4 Mytilus edulis - Mytilus trossulus

On the northeast coast of North America, M. trossulus
was not originally described on the basis of morphological
characters but rather by electrophoretic discrimination.
Based on allozyme data from five enzyme loci (Ap-1, Ap, Gpi,
odh, Pam) Koehn et al. (1984) distinguished three
genetically distinct groups; Group I - Populations south of
Cape Cod; Group II - Populations throughout the Gulf of
Maine, Gulf of St. Lawrence, areas of both southern and
northern Newfoundland and southern Hudson Bay; Group III -
Populations in southeastern Nova Scotia, northern
Newfourdland and Hudson Strait, Quebec.

The differentiation Koehn et al. (1984) found between
Group I and Group II was due almost entirely to a single
locus, Ap-1. This was interpreted as being a cline within a
single species maintained by natural selection acting on
biochemical differences of the Ap-1 electromorphs in
different salinities and temperatures (Hilbish and Koehn
1985). This finding supported earlier work by Koehn et al.
(1976) .

Group I/ II and Group III are partially differentiated
at several loci which was interpreted as evidence that the

two groups represent distinct species (Koehn et al. 1984).
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Later studies identified the same genetic groups in various
parts of the world. The allele frequencies characteristic of
Group III were also found in mussels from the North American
northwest coast (McDonald and Koehn 1988), the Baltic
(varvio et al. 1988, Bulnheim and Gosling 1988), and the Sea
of Japan (McDonald et al. 1989). This widespread
distribution of the same allele frequencies was taken by
Varvio et al. (1988) as evidence that M. trossulus and M.
edulis represent two distinct species. This view is
supported by recent work which shows that the mtDNA profiles
of the two taxa are significantly different (Zouros et al.,
unpubl.) .

The name M. trossulus has historical precedence from a
variety named by Gould (1850) on the northwest coast of
North America (McDonald and Koehn 1988). This mussel was
distinguished from other mytilids morphologically, primarily
on shell characters, it being described as more cylindrical
than M. edulis (Gould 1850). Although the type specimen nas
been lost, the name was revived by McDonald and Koehn (1988)
because mussels sampled today from the type locality exhibit
allele frequencies characteristic of 'Group III' from
previous studies (Koehn et al. 1984, Varvio et al. 1988).

The use of this name is recent and its status as a species

or es is still (Bulnheim and Gosling 1988,

Johannesson et al. 1990). McDonald and Koehn (1988) suggest



that M. trossulus is a northern mussel with a distinct
hybrid zone with M. galloprovincialis to the south on the
North American west. coast. (They do not consider M. edulis
to be present at all on this coast.) There is a general
implication in the literature that trossulus is a 'northern'
form (Koehn et al. 1984, Varvio et al. 1988, McDonald and
Koehn 1988, McDonald et al. 1989).

The extent of reproductive isolation, (if there is
any), of M. trossulus from either M. edulis or M.
galloprovincialis has not been extensively studied. Koehn et
al. (1984) report an "intermediate population sample" from
Bellevue, Newfoundlana. This sample was intermediate because
it contained a simple mixture of individuals from Group II
and Group III populations rather than hybrids. The apparent
lack of intermediate forms was taken as evidence that
interbreeding between groups II and III does not occur.
However McDonald and Koehn (1988) give evidence for
interbreeding between M. galloprovincialis and M. trossulus
on the west coast of North America. Interbreeding with M.
edulis in the Baltic is implied or stated by most
researchers (Varvio et al. 1988, Bulnheim and Gosling 1988,
Johannesson et al. 1990). This is based on the presence of
the 'wrong' combinations of partially diagnostic allozymes
(i.e. an individual with an allozyme characteristic of M.

edulis at one locus, but an allozyme characteristic of M.



trossulus at another locus), as well as loci having
differing patterns of variation (Johannesson et al, 1990).

M. trossulus is always found in a complex spatial
pattern with either Mytilus edulis or M. galloprovincialis,
(with the possible exception of the Baltic Sea), i.e. there
are no clear cut boundaries between the distributions of the
two taxa; instead there are pockets of the two types
interspersed with each other along a coastline. Two types
have also been found in the same bed (Koehn et al. 1984,
McDonald and Koehn 1988). This is similar to the situation
with M. edulis and M. galloprovincialis in the British Isles
(Skibinski et al. 1983). There are no reported cases of all
three taxa occurring at the same site. The study of Koehn
et. al (1984) had too few sample sites to draw any
conclusions about the spatial boundaries between populations
of Groups II and III in the Atlantic Provinces and Northern
Canada though both trossulus and edulis forms were found in
Newfoundland and Nova Scotia.

Genetic variation within each taxon has also been
reported. Differentiation of allele frequencies has been
found between mussel samples taken within the same bays and
even within tens of meters of each other (Levinton and
Suchanek 1978, Gartner-Kepkay et al. 1980, 1983, Gosling and
McGrath 1990, Murdock et al. 1975). Various environmental

factors have been suggested as important including



b % ¥
temperature (Hall 1985 Levinton and Lassen 1978), salinity
(Koehn and Mitton 1972, Johannesson et al. 1990), wave
exposure (Gosling and Mcgrath 1990, Skibinski et al. 1983),
tidal exposure (Gosling and Wilkins 1981), and extremes of
conditions over the year (Gartner-Kepkay et al. 1980, 1983).
Isolation due to hydrographic features over what would
otherwise be considered homogenous areas may also lead to

differentiation through genetic drift.

1.5 Morphological - genetic correlations

External shell morphology has been extensively studied
in Mytilus in an attempt to find diagnostic characters. Some
of the characters listed by Seed (1978) as the most useful
in distinguishing M. galloprovincialis and M. edulis are as
follows:
1) Length of adductor muscle scar. M. galloprovincialis has
smaller anterior and posterior adductor scars. Despite some
overlap this difference is quite pronounced in some
populations.
2) Length and shape of hinge plate. The hinge plate of M.
2dulis tends to be shaped as a gentle curve, while M.
galloprovincialis tends to have a tight arc. The hinge plate
is also longer in M. edulis.

These characters tend to show maximum differentiation

between the two types when the mussels are growing in pure
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(only one type) populations in uncrowded conditions, with
the majority of mussels of a relatively young age/small
size. In areas where both types occur they tend to
interbreed, (Skibinski et al. 1983), producing intermediate
forms (Seed 1978). Mussels which are crowded tend to grow
more elongated. Also as mussels increase in size (age) their
growth rate decreases causing them to become wider and often
incurved giving the shall a hooked appearance (Seed 1978,
1969a). All of these factors result in a convergence of
shapes which can make it impossible to accurately score
mussels on the basis of a single morphological character
(Gosling 1984).

Consequently there have been attempts to use
multivariate techniques to distinguish species based on
morphology. Ferson et al. (1985) used an elliptic Fourier
analysis on a two dimensional image of the whole valve in an
attempt to distinguish M. edulis and M. trossulus. This
yielded 40 normalised coefficients which described the
image. These coefficients can then be treated as individual
morphological characters in a multivariate analysis such as
principal components and discriminant analysis. Samples from
Sunnyside and Bellevue, Newfoundland were collected and
genotyped using Pgm and Gpi allozymes. Two groups were then
constructed; Group 1 containing all individuals which had

either a Pam'' or Pgi® allele in a heterozygous or a
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homozygous combination, presumably M. trossulus and Group 2
containing all other individuals, presumably M. edulis. The
mean shell shape indicated an overall significant difference
in the shape of the valve outline of the two groups. A
discriminant analysis incorrectly assigned a mussel to
genotype based on shell shape at a rate of 15 - 18%. While
this indicates a fairly good ability to separate the
electrophoretic groups by shape alone, it is not sensitive
enough to replace electrophoresis, which is estimated to
have an approximate error rate of 7% (Ferson et al. 1985).

A worldwide study of all three taxa, M. edulis, M.
galloprovincialis and M. trossulus, used a multivariate
analysis of 18 morphometric variables (McDonald et al.
1991). Sites were specifically chosen as single species
sites based on allozyme variation in an attempt to find the
characters or combinations which would be most useful in a
more in depth study. It was found that no single character
provided good discrimination, but the canonical variates
from an analysis of all 18 characters separated each species
pair very well. M. trossulus and M. galloprovincialis showed

some morphological overlap and southern hemisphere M. edulis

were i ate northern hemisphere M.

edulis and M. trossulus but closer to the northern M.
edulis. It is not known however, if these results would

apply in an area of hybridisation and there are no data on
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whether the differences are genetic, environmental or the
result of genetic-environment interaction.

Sperm ultrastructure is another morphological character
which may be useful in discriminating among the three
species. Hodgson and Bernard (1986) found differences in the
length and width of the acrosome and in the nucleus shape in
sperm of M. edulis and M. galloprovincijalis. An allozyme
study by McDonald et al. (1990) confirmed an earlier report
of the existence of two separate species in the Sea of Japan
and the Avancha Inlet based on differences in sperm
ultrastructure (Drosdov and Reunov 1986 cited in McDonald et
al. 1990), concluding that mussels from the White Sea are M.
edulis, while those from Peter the Great Bay, the Sea of
Japan and the Avancha Inlet are M. trossulus. Further
studies on these microstructural differences between the
mussel types are required to determine if they are
consistent from region to region.

The colour of the mantle edge has been used by many
different authorities, including Seed (1971, 1972), as a
diagnostic character for distinguishing between M.
galloprovincialis and M. edulis. M. galloprovincialis
typically has a dark purple-violet mantle edge while M.
edulis is typically a light yellow-brown. Mytilus edulis
found growing in direct or strong sunlight had a greater

abundance of darker thicker shells which may be a protective
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mechanism against the effect of sunlight on the tissue (Seed
1969b) . Gosling (1984) discounts the usefulness of mantle
colour as a distinguishing character between these two taxa
stating that in some populations over 60% of individuals
would have been misclassified if colour alone had been used
as a diagnostic character.

The division between body colour and shell colour is
artificial, the colour of the shell being correlated with
that of the shell secreting organs (Comfort 1951) . External
shell colours are considered to be of great interest as the
ostracum is secreted by the mantle edge and as such the
colours of the ostracum represent a linear record nvf pigment
deposition. This contrasts with the formation of the
nacreous layer which is secreted continually by the whole
outer layer of the mantle (Meglitsh, 1972). As variation in
mantle colour has been demonstrated in Mytilus, inner shell
colour may be a useful character for distinguishing species
provided that it is not under strong environmental
influence. It should therefore be possible to keep the
shells of individuals used in an allozyme study, to score
the shells for colour and determine whether there is a
consistent difference in shell colour among allozyme

genotypes.
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1.7 size varjation in allele fr ie

Changes in allele frequencies with increasing size have
been used as natural markers to follow cohorts of mussels
(Milkman and Koehn 1977) and have been interpreted as
support for the hypothesis of natural selection (Gardner and
Skibinski 1988, Boyer 1974). Gardner and Skibinski (1988
give several explanations for this phenomenon in M.
galloprovincialis and M. edulis. If the two types of mussels
experience differential mortality after settlement, then one
would expect allele frequencies to change with time.
Depending on the reproductive parameters of each type this
could also result in a "historical change" of the population
over time with one type replacing another. Furthermore if
one type has a greater growth rate or attains a greater
maximum size causing a change in the relative proportions of
the two types with increasing size, then one would expect a
change in the allele frequencies with increasing size.

There are thus two levels on which size dependent
variation can be examined. Change within a size class over
time (indicating different cohorts growing through and
possible replacement of one type with another) and
constant(consistent) change of allele frequencies with
increasing size (indicating a faster growth rate or
differential mortality). In this study evidence is presented

of changing allele frequencies with size. However, change



within size classes over time was not examined.

1.8 Objectives

This thesis provides further information on the
population structure of Mytilus and on the presence/absence
of the mytilid taxon M. trossulus from several sites in

eastern Newfoundland. There is an increasing amount of

literature suggesting that M. trossulus is a separate
northern taxon which may be ecologically different from the
'traditional' M. edulis. (McDonald et al 1991, Varvio et al.
1988, Koehn et al. 1984). Atlantic Canada is thought to be a
potential hybrid zone between M. edulis and M. trossulus
making it an area of interest for further study (Koehn et
al. 1984, McDonald et al. 1991). The possibility of an
inferior aquaculture product if M. trossulus is collected
(due to decreased meat weights and thin shells (Thompson,
pers. comm.)) also suggests that further information on the
distribution of the two species should be collected.
Population structure was examined on three levels using
data collected by protein electrophoresis. First, it was
examined on a macrogeographic scale (hundreds of kilometers)
from Notre Dame Bay to Trinity Bay. Secondly microgeographic
differentiation on a scale of tens to hundreds of meters was
examined at Bellevue and Traytown. Thirdly differentiation

within a bed at Traytown was examined with emphasis on
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differentiation within and among size classes. This provides
information on the abundance of the trossulus type and gives
some of the baseline data needed to examine finer scale
ecological processes affecting distributions and differences
in growth or mortality rates.

In addition, data are presented on correlations between
morphology (inner shell colour) and genotype in an atttempt
to find a diagnostic morphological character distinguishing

the two taxa.
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Materials and Methods

2.1 sampling

Ten sites were sampled along the coast of eastern
Newfoundland during an 18 month period in 1989-1990 (Figure
1) . Samples consisted of approximately 50-100 individuals
taken from the intertidal or very shallow subtidal (i.e.
approximately 0.5m of water at low tide) with the exception
of one of the Bellevue sites (BVO), where mussels were
retrieved by SCUBA at a depth of approximately 3m. Nine of
the sites were only sampled once but two sites, Bellevue and
Traytown, were sampled more extensively (Figure 2). The
sixteen samples taken from the above sites will be
collectively referred to as the survey samples

Individual mussels were picked by hand from throughout
a mussel bed rather than removing all individuals from
within a quadrat. This allowed for the collection of a
representative sample from a mussel bed which can contain
thousands of mussels. All mussels used in the allozyme study
were measured for shell length (greatest anterior-posterior
axis). Mussels used ranged from 16mm - 89mm with a grand
mean of 40.51mm (Table 1).

From the preliminary results of the survey, Traytown-3
was found to have a relatively high proportion of trossulus,
though it was not a pure trossulus site as reported by Koehn

et al. (1984). On August 22 1990, this site was resampled to
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take random samples and determine the relative frequencies
of the trossulus type and the edulis type as a function of
shell length.

The Traytown-3 site consists of a relatively long and
narrow (17m by 1m) bed of mussels on a mud/gravel substrate.
Mussels were found on the surface or partially buried in the
sediment. Three 1/16m’ samples were taken from three areas
of the bed (Figure 2b) to ensure a random collection of all
sizes. All mussels within the quadrat were removed and taken
to the Ocean Sciences Centre for holding. Shell length was
measured to the nearest millimeter and individuals were
placed in 5mm size classes. A subsample of individuals from
each size class were electrophoretically typed.

2.2 El ic

Mussels were held in ambient sea water tanks at the
Ocean Sciences Centre until they could be analyzed. The
number typed from each locality varied from 19 - 86 with a
mean of 29.

Mussels > 30mm in length were dissected and a small
piece of digestive gland and adductor muscle tissue taken
and pooled for homogenisation. In smaller mussels, 10-30mm
in length, the whole body was dissected out of the shell and
used. In very small individuals, <10mm in length, the whole

animal, shell and soft tissue, was used. There was
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difficulty in resolution in the electrophoretic analysis of
the two smallest size classes (0-5mm and 6-10mm). This is
consistent with previous studies where resolution was found
not to be possible in animals with a shell length <10 mm
(Gosling and McGrath 1990, Skibinski et al. 1983).

An approximately equal volume of homogenisation buffer
( Tris-HCl, pH 8.0 with 20% glycerol) was added to each
sample. The sample was homogenised with a glass rod for
approximately 30 seconds and centrifuged at 0°C and 10 000
rpm for approximately 5 minutes. The supernatant was then
applied to horizontal starch gels using filter paper wicks
(McDona}ld 1985) .

I-:z;ur enzyme loci were investigated - Phosphoglucomutase
(PGM E.C. 5.4.2.2), Esterase (EST, E.C. 3.1.1.1),
Leucineaminopeptidase (=aminopeptidase-1) (PEP, 3.4.~.-),
called Lap in this study, and aminopeptidase (PEP, 2.4.-.-),
called Ap in this study. These loci were chosen because they
are known to be partially diagnostic between M. edulis and
M. trossulus (Koehn et al. 1984). Mannose phosphate
isomerase (MPI, E.C. 5.3.1.8), the most diagnostic locus for
separating M. edulis and M. trossulus, (McDonald and Koehn
1988) , was not used due to difficulty in obtaining clear
resolution.

Two of the enzymes, Pam and Est were run immediately

after dissection to avoid the problems associated with the
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degradation of proteins during freezing (e.g. ghost bands or
extra bands making the interpretation of gels difficult).
Pam was occasionally found to develop ghost bands after
samples were frozen and Est could usually not be resolved
after sample freezing. The remainder of the sample was
stored at -80°C for later comparisons of Pgm and for
analysis of the other two enzyme systems, Ap and Lap.
Samples still gave good results for Ap and Lap after one

year of storage at -80°C.

2 1 Buffers and Stains Used in the Electrophoretic
Analysis
All buffers and stains used are after McDonald (1985)

and Selander et al. (1971). Gels were made of 11% (18.7g in
160 ml gel buffer) Sigma starch (hydrolysed for
electrophoresis), and were l4cm x l4cm X 6mm.

Pgm was separated on a tris maleic buffer pH 7.4
(12.12g Tris, 11.61g maleic acid, 3.72g EDTA, disodium salt,
2.03g MgCl, in 11 water). The gel buffer was a 1:9 dilution
of the electrode buffer. Electrophoresis was carried out at
50 - 60 mA for approximately 5 hours at 5°C. The stain was
an agar overlay of stain mixture as given in McDonald 1985.
All agar overlay stains were saved by placing a sheet of
filter paper over the stain and lifting the stain onto the

paper. The paper was then dried in an oven overnight. This



stained paper overlay provided an accurate record which
could be stored indefinitely.

Est was separated on an acetate buffer pH 5.6, (27.2g9
sodium acetate in 11 water, acetic acid to pH 5.6). The gel
buffer was a 1:19 dilution of the electrode buffer.
Electrophoresis was carried out at 50-60 mA for
approximately 4 hours at 5°C. This enzyme was resolved with
4-methyl-umbelliferyl acetate dissolved in acetate buffer
which was poured over a piece of filter paper placed on the
gel (McDonald 1985). After several minutes the paper was
removed and the gel viewed under U.V. light. This stain
could not be preserved so gels were sketched to provide a
permanent record.

Both Lap and Ap were separated on a LiOH buffer, (LiOH-
A 1.26g LiOH, 11.75g boric acid in 11 water pH 8.1; LiOH-B
6.10g Tris, 1.54 g citric acid in 11 water, pH to 8.4 with
NaOH) . The gel buffer was a 1:9 dilution of LiOH-A and LiOH-
B (McDonald 1985). Electrophoresis was carried out at 50-60
mA for approximately 3-4 hours at 5°C. Lap was stained using
an agar overlay consisting of 15ml acetate buffer, 10mg L~
leucine-B-napthylamide, and 2mg fast garnet GBC salt. Ap was
stained using an agar overlay of 15ml Tris-HCl, pH 8.0, 20mg
DL-leucylglycine, 20mg peroxidase, 10 mg L-amino acid
oxidase and 10 my O-dianisidine (McDonald 1985). The agar

overlays were saved as described above.
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2.3 shell colour

The inner shell colour of the individuals used in the
electrophoretic survey varied in a continuum from white to
dark grey; many shells had spots or patches of pinks and
purples. The outer border of the inner shell was always very
dark and was easily distinguished in white and lighter
coloured shells but was virtually indistinguishable by
colour in the darkest of shells. From the preliminary
results of the survey, this internal shell colour seemed to
be correlated with genotype - edulis being relatively
lighter than trossulus.

All shells used in this analysis were laid out in a
continuum from white to dark on a white background in front
of a well lit window. One of the most difficult tasks in
dividing the shells into groups was to make evenly spaced
intervals between the groups. The Munsell Neutral Value
Scale (1971 edition) was used in an effort to score shells
as objectively as possible. Four groups were cr2ated; white,
grey and dark, which were continuous, and pink which
contained shells which were entirely purple, pink, red or
brown and as such could not be placed into one of the other
three groups (see below). The white, grey and dark groups
were defined on the Munsell Neutral Value Scale (1971) as

follows: White 9.5
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Many shells had a varying degree of red to purple to
brown coloration ranging from small stripes or blotches to
covering the entire inner surface of the shell. These
colours were easily seen in shells with a light background
colour, and although still present, were difficult to
distinguish in darker shells. Shells with an obviously
white/light background and any amount of pigment
stripe/coverage were classified as white.

The inside surface of most shells was glossy, although
some were characterised by a 'chalky' (easily scratched)
finish. This difference was not investigated but it should
be noted that the classification of some of the chalky
shells was troublesome as a darker colour could be seen
through the lighter chalky layer. Such shells were usually
classified as grey.

There were a few shells which showed a discrete change
in colour from a light/white colour near the umbo to a
darker colour near the margin. As these were rare and
difficult to classify by colour they were excluded from the
analysis. There were no shells which showed the opposite

change in coloration.
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2.4 Statistical Analysis
2.4.1 Survey Samples

2.4.1.1 Genetic Variation Within Sites

For each of the sites studied, deviations from the
Hardy-Weinberg equilibrium (HWE) were calculated using
Levene's correction for small sample size (Biosys-1;
Swofford and Selander 1989). Heterozygote deficiencies (D)

were calculated as D=H~-1

H,
significance values for D were calculated using X’ tests of
the observed number of genotypes versus the number expected
for HWE. These measures give an indication of the level of
deviations within a sample.

2 Genetic Differentiation Among Sites

Randomised X’ tests (Monte Carlo program, REAP, McElroy
et al. 1991) were carried out on allele frequencies,
(expressed as the number of each allele found in each sample
- see Appendix 1), to determine whether there was
significant genetic differentiation among samples. The three
samples at Traytown, TT1, TT2, and TT3 and the four Bellevue
sites BVO, BV1, BV2, and BV3 were also tested for allele
frequency differences on smaller scales - tens and hundreds
of metres respectively.

Wright's Hierarchical F-Statistics were calculated for
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each sample using the Biosys program (Swofford and Selander
1989). There are three F-Statistics which are related by the
following equation:

Fis = (Fp = Fqr) / (1-Fg)

Fgr is a measure of variation among subdivisions,
independent of allele frequency. Fy; is a measure of the
deviation from HWE in the compound population obtained by
pooling all subdivisions. It is calculated for each allele
by pooling all other alleles of that locus into a synthetic
allele. Fis is a measure of deviation from HWE for an
individual subdivision and is therefore related to D, the
measure of the deficiency of heterozygotes relative to HWE
(Skibinski et al. 1983). Defining a statistical test of
significance of Fg is difficult so the numbers are
generally used as an indication of the magnitude of
differentiation while the X! test outlined above provides a
test for significant differentiation among samples.

Non-metric Multidimensional Scaling (MDS) was used to
summarise the pattern of genetic differentiation among
localities (Koehn et al. 1984). The analysis was carried out
on a matrix of Nei's genetic distance (Nei 1972), based on
allele frequencies, in which only individuals for which all
four loci had been scored were used. The resulting figures
were shown with a minimum spanning tree (MST) superimposed

to represent the amount of distortion involved in reducing
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the data to two dimensions. A MST connects sites using the
original distance matrix such that the total length of the
tree is minimised (Sneath and Sokal 1973). NTSYS was used to
produce Nei’s genetic distance matrix, the MDScale plots and

the MST (Rohlf 1988).

2.4.1.3 Association Among Loci

Association among each of the four loci was tested
using randomised X! tests (REAP, McElroy et al. 1991). A
contingency table was constructed by recording the number of
individuals of a two locus genotype and a X! value
calculated (see Appendix 2). The Monte Carlo procedure then
randomised the table 1000 times, keeping the row and column
totals constant, and calculated a X’ value each time. A
probability value was calculated as the number of times the
program randomly generated a X’ value greater than or egual
to the observed X! value. This procedure avoids the
necessity of making assumptions about the distribution of
the data and allows for a test when some cell sizes are < 5.
All possible 2-way comparisons of loci were made. (i.e. Pam
- Est, Pagm - Lap, etc.). Interlocus associations were also
displayed graphically by plotting allele frequency vs. site
because correlated loci should show a similar pattern of
allele frequency variation.

Pattern in the allozyme data was explored further in a



principal component analysis carried out on the same
individuals (all four loci scored). Individuals were coded
for each allele at each locus as 2, homozygous for that
allele, 1, heterozygous for that allele and 0, having no
copy of that allele (McDonald and Koehn 1988). These data
were used to generate the Spearman's rank correlation
coefficient matrix which was the basis for the principal
components analysis. The data were plotted on the first two
principal axes. Histograms of the first principal component
values were then plotted for the whole data set as well as

for samples from each site.

2.4.1.4 Shell Colour - Genotype Association

A randomised X? test (REAP program, McElroy et al.
1991) was used to test independence of genotype and colour
at each locus. The contingency table was set up as locus
genotype vs. colour. Shell colour was then examined in
relation to the observed differentiation of individuals in
the principal component analysis based on the allozyme data.
The two extreme groups of the colour analysis, dark and
white, were qualitatively assessed for correlation with the
groupings of individuals for the first principal component
values. Colour was also assessed separately at Traytown
because this was a site with relatively even proportions of

edulis and trossulus.
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