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Abstract

The genus~ in Newfoundland is thought to be

differentiated i nt o two taxa, presently called M.....~

and rL..~. 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 s ampled on a finer sca l e. Four part i a l ly

diagnostic enzyme loci, £gm, .t.i.t" L§R, and bJ2 differentiated

two groups . Bot h groups were found at mos t sites .

Heterozygote deficiencies (re l at ive to Hardy Weinberg

Equilibrium) were found in one or mor e loci at all but one

s ite . However the presence of some heterozygotes suggests

that the two taxa interbreed. Egm , .tn, and .1&J2 genotypes

were sig ni fi ca nt l y associated and together were lls e f u l in

separating the two taxa .

Inner shell colour was correlated with enzyme genotype,

M....~ being relatively darker than M....~, 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.
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In troduct. i on

1 1 Mytllus t AXon omy

The smoo th- s he lled edible blue musse l s o f the genus

~ hav e be en cne c e nt r e of r ec ent cexono a rc debate.

They are b ivalve s f ound commonl y i n t he i nter tidal and

s hallow nearshore wa t ers i n many pa rts o f the ....orld . Early

classifications based on externa l s he ll mor phology tende d t o

be comp lex and c onfus ing . For example , Soot - Rye n (1 955 )

l i sts 17 species a nd va rieties or mussel r r om the ....e s t coast

of Nor t h Amer ica wh i ch ha d be e n defined on the basis of

externa l she ll mor phology an d proposed t ha t t hese a ll be

co ns idered a s M:it.1.lli.5.~. Many of the proposed va riet i es

or species wer e based on the collection or a few unu sual

i nd i vidu al s . Mytil1ds are known to be h igh l y plastic

phenotypically (S eed 1978, 1969a l . The she ll shape can be

influ enc ed prof oundly by var i ations in g r owth rates du e t o

b iologica l factors ( L. e , densities of lllus Hels) and

env ironmental factors (L e . temperature, sueeeraee) .

The view that all J.Sll!.lli-like muss els form one spec ies

persists . Th i s is largely ba s e d on ove rlap in mo r pho l oqlca l

c haract er s a nd on the f act tha t a l ong pla nkton i c larva l

stag e of 4- 6 weeks r es ults i n high dispe rsal. This s ho uld

resu l t in ex tensive genet i c exchange betwe en geo g r aphically

sepa r ated po pUl at i ons which would serve t o counte ract

ge ne t ic differentiation t hr oug h r a ndom ge ne t ic drift or

selection (Sche l tema 1971 ) .



Genetic evidence from protein electrophoresis suggests

that~~ c omprises three ge neti cally d istinct

taxa, r:L.. ed ulis L., M....... ga lloprovinc i a lis L. a nd M.:..~

Gould (Koe hn 1991, Varvio at 21 1. 198 8 ) . Th e s t a t us of thes e

taxa as species or eu bspec i ee i s s t i ll a matter of

co ntroversy (Gardner 1992, Gos ling 1984) . Sev era l parti al l y

diagnostic enzyme l oci have be en us ed t o map a rough world-

wide distribution (McDona l d at 21 1. 199 1, Koehn 199 1 , Varvio

at 211. 1988). A l ocu s i s co nsidered d iagnostic if a n

j ndivid u a l can be ass igned to the c orrec t s pecies , (as

defined by morpho log ica l or bioch emica l c ha rac ters or on t he

basis o f othe r d i agn ostic l oc i ) wi t h a proba bi lity of at

least 99% (Avise 1974) .

The species .lL.~ i s p ro posed f or the fo rm o f

~ f ou nd in t he North a nd South Atlant i c Oc e an, Ar ctic

Ocean , Whl ce Sea a nd Nor th Sea (Koehn 1991, McDonald et 21 1.

1991 ) . The s pecies M... ga lloprovincialis is proposed for the

form in t he Mediterranean a nd sout hward i n t he e astern

Atl an t ic r egion , northwar d in the Atlant ic a s f a r as

northe r n Franc e , sout hwes t Eng l " nd a nd s out he r n Ireland,

the west co ast o f North Ame r ica sout h of Oregon , i n the

Pacific Ocea n i n Japan , ch ine an d Australia , and i n the

I nd ian Ocean (c cuseeu et 211. 19 91 , Koehn 1991 , McDonald et

21 1. 1991 , McDonald a t 21 1. 19 90 , McDon a ld a nd Koehn 198 8 ) .

The pr oposed r an ge o f lL..~ i s t he North Atlantic in



Canada, Scandinavia and Russia , t he North Paci fic in Russia

and Canada and the Arctic Oc e a n (Varvio et a1. 1988 ,

McDonald a nd Koehn 1988 , Koehn at al . 1984, McDonald e t a l.

1989). The re i s a debate as t o whethe r t he~ - type

is also present in the Baltic Sea o r whether Baltic mussels

represent a JL..~ popu LatiLc n adapted to t he low salinity

conditions of the area (Varvio et e i . 1988, Johannesson et

a 1. 199 0 , Bul nheim and Gosling 1988) .

M...... trossulus i s the most recently name d taxon

(McDona ld and Koehn 1988) and the refore has not been

extensively stUdied. I t is considered to be a co ld water

sp ec ies in the northern hemisphere (Koehn 1991) , t hou gh very

l ittle is know n of i t s f i ne sca l e distribution or ecology .

The Atlantic provinces of Canada are a potential lthybr id

zone" between Ii:..~ and .11....~ (McDona ld et e i .

1991 ) like ly t o be s imilar i n nature to the wel l documented

"h ybrid zon e" betwe en tL..~ a nd .!:L.. galloprovincialis i n

England a nd France (Skibinski e t a l 1983, Coustau et e r ,

1991 ) . The p r e s ent stUdy uses protein e lectrophoresis to

pr ovide f urther i nf or mat i on on the presence of M.:.~

and .l:L.~ in Newfound land .



1 2. Prote in e lec t ro phor esis as a popnlation genetics

J;QQl

Protein electrophoresis is a technique whereby proteins

are s epa r at e d by differential migration i n an electrical

field accord ing to the net charge and/or molecUlar size o f

t he molecule. This technique has become a usefUl tool in

popula tion genetics . Some mutations or alternative forms of

the protein may not be de t e c table by electrophoresis because

they do not a l t e r the net charge (Ha r t l 1988) . The

detectable differences in mobility c a n be used as genetic

markers because these differences are due to alternative

alleles at the structural loci which code for the production

of these proteins (MUrdock et; , a1. 1975) .

En:.lyme polyrnorphisms have been s hown to be heritable in

Mendelian fashion i n~ (Hvilsom and Theisen 1984), so

they can be used as genetic markers in the an a l ys i s of the

breeding structure of populations (Bryant 19 74 ) . The allele

frequencies can be tested for conformance to Hardy-weinberg

predictions. Deviation from predicted allele frequencies

i nd i c at es 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

ov er wide geographic ranges wi thin 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 (tor example the cline in An=.! polymorphism in !1...

~ on the United States east coast is thought to be

maintained by natural selection acting on biochemical

differences of the at!..=.l 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

structure is maintained as a result of random processes

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

Murdock et a1. 1975). It can be difficult to distinguish

between genetic drift and selection in a descriptive study -

primarilY because the selective factors and their strengths

wi l l not be known and most survey studies represent a

•snapshot· of the results of complex interactions

(Johanesson et ej . 1990). Th is can result i n widely

different interpretations of the same data (e .g . Varvio et

a1. 1988 ve J ohanes s on Qt a1. 1990)

1 3 Mytilus edulis - Mytilus galloprovincialis - a model

Protein electrophoresis has been used to address a

comp lex taxonomic issue in the differentiation of the two

taxa~ edul1s and Mytilus galloproyincialis in the

BritiSh Isles, France and spain - a similar situation t o



what i s no w thought to ex ist in Newfoundland between M.....

!Uhl.ili and r:L.~. lL..~ and M..... gallop royincialis

were f irst established as d istinct species based on

morphology (Seed 1978) but t he great phenot ypic variation

within each taxon and the pr esence of i nt er med i a t e forms,

especially in areas ....here both taxa occur , has l e f t the

qu estion o f the s tat us of the taxa as "d f.s t i nc t species"

unanswe r ed (Gosling 1984) . Genetic studies indicat e that

there are two distinct groups which do hy bridise where they

co -occur, but to a different extent i n different areas

(Cous t a u et aL 19 91 , Skibinski et aL 1983) . The me chani sms

which keep the t a xa separate in other areas are not well

understood though different spawning t imes ha ve been

demonstrated (Gardner and Skibinski 1988 , Seed 1971 ) . The

fact that no 100\ diagnostic c ha racter ha s ever been fo und,

despite the wide variety of techniques applied to the

pr ob l e m {L s e , mor ph ol ogy, ge l e l e ctrophoresis, cy t ology,

immuno logy an d artificial hybrid i zation) , led Gosl ing (1984 )

to co nclude that JL. g a llop r ov i ncia lis and JL.~ are too

simi lar to be considered separate species . The status of a

SUbspecie s of tL.~ has been suggested as the most

appropriate classification for qa lloprovincialis (Gardner

1992 , Gosling 1984 ) . I t is also argued t h at because the taxa

mainta in disti nct ge netic identit ies despite hybr i d i s at!o n

and introgression, i t is more appropriate to regard them a s



s e pa rate species (McDOnald et a1. 199 1) .

1. 4 Myt ilus ed uli s - Mytilus trossul us

On the northeast coast of North America . 11...~

....as not originally described on the basis o f morp hologica l

character s but r ather by ele ct r ophoretic dis crimina tion .

Based on al lo:zyme data from f ive en zyme l oci (Ag- 1 . AR, Q.a.1,

ggh, fgm) Koehn et a1. ( 1984 ) distinguished three

ge netically distinct groups ; Group I - Popu lations sou th of

Cape Cod; Group I I - populations thr oughout t he Gulf of

Mai ne , Gulf of St . Law-renee , areas o f both s outhe r n a nd

northern Newfo und land and southern Hudson Bay ; Gro up I II ­

Pop ulat ions in so ut heast ern Nova Sco tia, northern

Newfour.d land an d Hudson Strai t, Que bec .

The differ entiation Koeh n et a 1. (1984) fou nd be tween

Group I a nd Grou p II was due almost en tirely t o a s i ngle

l OCUS, All-l. Thi s was i nt e r pr e t ed as be ing a cline within a

single spe c ies maintaine d by na t ur al select ion ac ting on

b iochemical di ffe rences o f the AB- 1 electromo r phs in

different salinities and t e mperatures (Hilbish and Koe hn

1985) . This finding s upported e arlier wor k by Koeh n et e L,

(1976) .

Group II II a nd Gr oup III are par t ially di f ferentiated

a t several l oc i which wa s interpreted a s evide nce t h at t he

t wo groups r epr e s e nt d i stinct spec ies (KOehn e t 81 1 . 198 4).



Later studies identified the s ame ge netic groups i n ver-Ieus

parts of the world . The allele frequenc ies characteristic of

Gro up I II were al s o found in musse j.s from t he North American

northwest coast (McDonald and Koehn 19 88 ) , the Balt ic

(Varvio et e i • 1988 , gu Lnhe Irn and Gosling 1988 ), and t he Sell

of Japan (McDonald et d . 1989). This widespread

distribut ion of t he same a l lele frequencies was taken by

Varvio et a1. (1988 ) as evidence that !L. trossulus and tL.

~ represent two distinct s pe c i e s . This view is

s upported by r ece nt work which s hows that the mtDNA prof H e s

of the two taxa a re significantly diffilrent (Zouros et a l.,

unpub l .) •

The name M....~ ha s histor ical p recede nce from a

va r iety named by Gou l d (185 0) on the nor thwest coast of

North America (McDona ld and Koeh n 1988) . This musse l was

distinguished from other mytil i ds morp ho logically. primarily

on s he l l ch arac t ers, it being described as more cylindrica l

t han 11... edults (GoUld 1850) . Although t he t yp e specimen nee

been lost , the name was revived by McDona l d and Koeh n ( 1988)

be cau s e muss els sampled today f r om the t ype l oc ality exhibi t

a llele frequencies c haracterist ic of I Group II I I f rom

pre v i ous studies (Koehn et a1. 1984 , va rvio et a1. 198 8 ) .

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

or eubepecfe e is still de bated (Bul nhe im an d Gos ling 1988 ,

J ohannesson e t a1. 1990). McDonald a nd Koeh n (1988) suggest



tha t M..... trossulus is a northern mussel with a distinct

hybrid zo ne with I:L.. galloprovincialis t o the south on t h e

North American wesv; c oast . (They do not c ons i d e r IL.~

t o be present at all on this coast .) There is a ge neral

implication i n t he li terature t hat~ is a ' no r t hern'

form (Koehn et a1. 19 84 , Varvio et a1. 1988, McDonald and

Koehn 1988, McDona ld et a1. 1989 ).

The extent of reproductive isolation, (if t her e is

any), of 11....~ from either M.....~ or I:L..

ga lloprov i nc i a lis has not been extensively studied . Koehn et

a1. (1984) report an "intermediate population samp le" from

Bel lewe, Newfoundlana. This sample was int ermediate because

it co ntained a simp le mixture of individuals f r om Group II

a nd Gr oup II I p opulations ra ther t han hy brids. The apparent

lack o f intermediate forms was t ake n as evidence that

i nterbreeding between groups II and II I does not occur .

However McDonald and Koehn ( 198 8) give evidence for

interbreedi ng bet we en 1L. ga l loprovincialis a nd !i...~

on the west c oast of North America . I nterb r eed i ng wi th lL.

e duHs in t he Ba ltic is imp lie d or sta ted by most

r e searche rs (Varvio et; a1. 198 8 , Bulnheim and Gosling 1988 ,

J oh ann e s s on at a1. 1990 ) . This is based on t he presence of

the ' wr ong ' combinat ions o f pa r t i a lly diagnost ic allozymes

( Le . an ind ividua l with an a llozyme c ha r act er i st i c o f tL.

~ at one l ocu s , but an a llozyme ch arac terist ic of 1L.



10

~ a t an other locu s) , as well a s loci ha ving

dif f er i ng pa tterns of var i a t ion (Johannesson et a1. 19 90) .

M....~ is always found i n a complex spatial

pattern wi t h e ither~~ or JL.. ga llQproyincialis ,

(wi t h t he pos s ible exception of the Balti c Sea ) . L. e , there

a re no c l ear cut b ou ndar i e s betwe en the d istributions of the

two taxa; i ns t e ad t here are pockets of the eve t ypes

i nte r s pe r s ed wi t h eac h ot her along a coast line . Two types

have also bee n found in the s ame bed (Koehn et a1. 1984 ,

McDonald a nd Koehn 1988). This is simila r t o the s ituation

wi th tL.~ and :L.. galloprovincialis in t he British I sles

(Sk i b i ns k i et; a1. 1983). There are no r eported cases of a ll

three taxa occurring at the same site . Th e s t udy of Koehn

et . a l (1 984) had t oo few sample s ites to draw any

conclusions about the spatial boundaries between populations

o f Groups II and III in the At lantic Provinces and Northern

Canada though both~ and ~§ forns were fo u nd in

Newfoundland and Nova Scotia .

Genetic variation within each t a xon ha s a lso been

reported . Differentiation of allele frequencies ha s been

found between mussel s amp l es t a k en wi thin t he s ame ba ys and

ev en within t ens of met ers of e a ch other (Levinton and

Sucha nek 1978, Gartner-Kepkay et al. 198 0 , 1983, Gosling and

McGrath 1990 , Murdock et al. 1975) . Various environmental

factors ha ve been s uggested as important inc lUding
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temperature (Hall 1985 Levinton and Lassen 1978) , s a lini t y

(x c enn and Mi tton 19 72 , .rcnenne escn et al. 1990) ,

exposure (Gosling and Mcgrath 1990, SkibinSki a t e i . 19 8 3 ) ,

tidal exposure (Gosling and Wilkins 198 1), and e xt r eme s of

conditions ove r the ye ar (Gar t n e r - Kepka y et aj . 198 0 , 1983) .

Isolat ion due to hyd r ographic features ove r what woul d

otherlolise be considered homogenous areas may a lso lead to

differentiation throu gh genetic drift .

1 5 Morpholog ical - genetic c orrelat i o n s

Exter na l s he l l morphology ha s been e xte nsive ly studied

i n~ in an att empt t o find diagnost ic characters. Some

of the characters l i s t ed by Seed (19 78 ) as the most use fu l

in dist inguishing R&. galloproyincialis and .l1£.~ are as

f o llows :

1) Le ngt h of adductor muscle scar. tL.. galloprovincialis has

sma l ler anterior and posterior adductor scars . Des pite s ome

overlap t his d ifference is quite pr ono u nced in some

populations.

2 ) Length a nd shape of hinge plate . The hinge plate of Ii..

~ tends to be shaped as a gent le c urve , while H.....

qa lloproyincia lis tends to have a tight arc . The hinge plate

is also l onger i n Ii,.~.

The s e characters tend to show max i mum dif f e rent iation

be tween t he t wo types When the mussels are growing in pure
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(only one type) pop ulations in uncro.....ded co nditions , wi t h

the majority of mussels of a r ela tive ly yo ung age/small

s ize . I n a reas where both t ypes oc cur t he y t e nd t o

interbreed, (Skibinski e t a l . 1983) , produc i ng i ntermed i a te

forms (Seed 1978). Musse ls which are crowded t e nd to grow

more elonga ted . Also a s musse ls incr e a s e in size (age ) t heir

growth ra te decreases causing them to become ....ider an d often

i ncurved giving the s hall a hooked a ppearance (seed 1978,

1969a). All of t hese factors result in a convergence o f

shapes which can make i t impossible to accurate ly s co re

mussels on the basis of a sing le mor phologica l character

(Gosling 1 9 8 4 ) .

co nsequent lY there have be e n a t tempt s to use

mUltiva ria te t echn i qu e s to d i s tinguish species based on

mor phology . r es-s en et a1. ( 198 5) used an e lliptic Four i er

ana l ysis on a tw o dimens iona l ima ge of t h e whole va l ve i n an

attempt t o d istinguish 11... ed ult s an d tL..~. Th i s

yie lded 40 normalis ed coefficients which descri bed t he

image . These coefficients can t he n be treated a s i ndividu a l

mor pho logica l c ha racters in a mul tivar i a t e ana l ys i s s uc h a s

principa l compo n en ts a nd discrimina nt analysis . Samples from

Sunnyside and Bellevu e , Newfoundla nd were c olle ct ed and

ge no typed us ing fgm and .GR1 a llozymes. Two group s were then

cons truct ed ; Group 1 co nt aining a ll indivi dua ls whi ch ha d

eit her a fgml\l o r f.!J..i91 allele in a he ter oz ygous or a
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homoz ygous combination , p resumably l'L.~ a nd Group 2

co n t;"ining all othe r i ndividuals , p resum a bly tL..~. The

mea n s hell s ha pe indicated an overall s ignif i cant d i fferenc e

i n the shape of the valve outline of the two groups . A

discriminant a na lys is i nco r r ec t l y assigne d a musse l to

ge notype based on she ll shape at a r ate of 15 - 18\ . While

t his i nd i c a t e s a fai rly good abil ity to separate t he

e lectrophoretic groups by shape alone , it i s not sensitive

enough to rep lace e lectropho resis , which is estimated to

have an a pp roximate error r ate of 7\ (Farson at a1. 1985) .

A worldwide s t u dy o f all t hree taxa, M...... Will , l'L.

ga lloproyi ncja lis a nd tL..~. used a multivar i ate

ana lysis of 18 morphometr ic vari a bles (McDona ld a t a1.

199 1) . S i tes wer e specif i cally ch os en a s sing le species

s i t es ba s ed on a llozyme va r i a t i on in an attempt to fi nd the

characters or comb i nations which would be mos t useful i n a

more in depth s t Udy . It was f ound tha t n o single characte r

pr ovided good discrimi nat i o n , bu t the c anonica l va riates

f r orn an a nalys i s of all 18 cha racters separated each s pecies

pair very well . I1... tros sulus and Ii.. ga lloprovincialis s howed

some mor pho l og ica l over lap an d souther n hemisphe re tL.~

were somewhat intermed i at e between northe rn hemisphere tL..

GY..l.ia. and M...~ bu t creeer t o the northern tL.

~. I t i s n o t know n however , i f t he s e resu l ts woul d

app l y i n an area of hybrid i sat i on an d ther e a re no data on
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whether the differences are genetic, envi ronmental or the

result of genetic-environment interaction .

Sperm ultrast ructure is another morphologica l character

which may be usefu l in discriminating among the t hr e e

species . Hodgson and Bernard (1986) found differences i n the

length and width o f the acrosome and i n the nuc leus shape in

sperm of M.~ and fL. galloproyincialis. An allozyme

study by McDonald et a L, (1990) confirmed an earlier report

of t he elCistence of two separate species in the Sea of Japan

and the Avancha In l et based on d ifferences in sperm

ultrastructure (Drosdov and Reunov 1986 cited in McDonald et

a t , 19 90 ). concluding that mussels f rom t he White Sea are M.....

~, whi le those from Pet e r t he Great Bay, t h e Sea of

Japa n a nd t he Ava ncha I n l et a re .lL.~. Fu rther

studies on these microstructural differen ces between t h e

mussel types a re requ ired to determine i f t he y are

consistent from region t o region .

The colour of the mant le edge has been us ed by many

dif ferent au t ho r i ties, i nc l u d i ng Seed (1971, 19 72 ) , as a

diagnostic character f o r dist inguishing between fLo

galloprQvinc::ialis an d H...~. M..... qa llop r ov i n c::ia lis

typically has a dark purple-violet mantle edge while ria.

~ is typica llY a light ye llow-brown.~~

fou nd growi ng in di r ec t or s t rong s unligh t had a greater

abundance of darker th icker s hells which may be a protective
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mechan i sm ag a inst t he ef fect o f s unligh t on t he tissue ( Se ed

1969b) . Gosling- (19 8 4 ) d i scount s the u s e f u l n e s s of mant le

col our a s a disting u i shi n g cha r a c t er between t he s e t wo tie xe

s t at i ng that in s ome popu lations ove r 60\ of i ndividua l s

would h a ve been misc l as s i f i ed if co l our a l on e had been u s ed

as a d i a g nos t ic cha racte r .

The di v is i on bet ween body col our a nd s hell colour i s

artificial , t h e c o l o ur of t he she ll be i ng c o r r e l a t ed wi t h

t hat o f t he s hell s ecr et i ng organs (Co mfort 1951) . Ext ernal

s he ll colour s a re c ons id e red to be of gr ea t i ntere s t as t he

ostrac um is sec r eted by t h e mant le edge and a s su c h the

c olours o f t he os t r a c ull r e pr es ent a linea r record of pigment

d epos it i o n . This co n trasts wit h t he fo n at ion of t he

n a cr eou s layer whi c h is s e crete d co nt i nual l y by t he wha l e

ou t er l a y er of t he mantl e (Meg l i t sh , 1912 ) . As va r i atio n i n

mantle col our has been dem onst rat ed in~. i nner s h e ll

c o lour may he a us e f ul c haracte r f or d i stinguiSh i ng spe c ies

provided t hat i t i s n ot under s trong en v i r o nmenta l

influe n c e . I t s hou l d t he refore b e pos sible to keep the

s hells o f in dividuals us e d i n an alloz yme study , t o sc ore

the s he l ls f or c olou r and dete rm i ne Whet he r t here is a

c ons ist e nt differe nce i n shell colour among a llo z yme

g e not ype s .
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.1. 7 S i ze depE!.ndent variat ion in allele frequenc ies

Ch a nge s in e i r ete frequencies with increasing size have

be en used a s natural markers to follow cohorts of mussels

(Milkman and Koehn 1977 ) and ha ve been interpreted as

support for the hypothesis of natural selection (Gardner and

Sk i b i n s k i 1988 , Boyer 19 74 ) . Gardner and Skibinski (1988)

give s everal e xplanat ions for this phenomenon in .!L..

galloprovincialis and M..... edulis . If t he two types of mussels

e xper ience d i f ferential mor t ality after settlement, then one

would expect allele f r eque nc i e s to change with time .

Oepending on the reproductive parameters of each t ype this

could also result in a " h i s t or i c a l change" of t he population

ove r time with one type rep lacing another. Fur thermore if

one t yp e has a greater growth rate or attains a greater

max imum size causing a change in the relative proportions of

the two t ypes with increasing size, t hen one wou ld expect a

change in the allele f r equ enc i e s with increasing size.

There are t hus two levels on which size,. dependent

variation can be e xa mine d . Cha ng e wi thin a size c lass over

time (indicating different cohorts growing through and

possible rep lacement of one type with another) a nd

constant(consistent) ch ange of allele frequencies with

i ncreasing s i ze ( indicating a f aster growth rate or

differential morta lity) . I n t h i s s tU dy ev idence i s presented

of changing alle le frequencies with size . Howe ve r . c hange
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within s i ze class e s over t i me was not e xami ne d.

1 . 8 Ob j e c t i ves

This thes is provides f urther information on the

population structure of~ and on the presence /abse nce

o f t h e mytil i d t ax on M.....~ fram s ev e r a l s i t es 1n

e astern Newfoundland . The re is an i ncreasing amoun t of

literature suggesting that .M.....~ i s a s e par a t e

no rthern taxon which may be ecolog ically different from the

'traditional' L~. (McDonald e t al 1991, Va rv i o et al.

198 8 , Koehn et e i . 1984) . At l a nt ic Ca na da i s thought to be a

potential hybrid zone between tL.. edulis and .11......~

making it an area of interest for further s tudy (Koehn e t

a 1. 1984 , McDona ld at e L, 1991 ) . The possibility of an

inferior aquaculture product if M......~ is collected

(due t o de creased meat weights a nd thin shells (Thompson ,

pers . ccmn. } also suggests that further i nformation on the

distribution o f the two species should be collected .

population structure was examined on t hree levels using

data collected by protein e l e c t r ophor e s i s . Fi r s t , i t was

examined on a macrogeographic scale (hundreds of k ilometers)

f r om Notre Dame Bay t o Trinity Bay . Secondly micro geograph i c

differentiation on a scale o f tens to hundreds of meters was

examined at Bellevue and Traytown . Third ly differentiation

within a bed at Traytow n was examined wi t h emphasis on
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di f fe rentiation within and amon g size classes. This prov i des

informa tion on the ab unda nc e of the~ type an d give s

some o f t he base line data neede d to ex amine fi ner s c a le

eco l og ica l proc e s s es a f fect i ng d i stri butions and d ifferences

in grow th or mor tality rates.

I n a dd ition, d ata are pre sen t ed on co rrelation s betwe en

mor ph o logy ( i nner s he l l c o lour ) a nd genotype in an attternpt

t o find a diagnostic morpho logica l c ha racter distinguishing

the t wo t a xa .
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Materials a nd Me thod s

2 1 Sarn n] ing

Ten sites wer e sa mpled a l ong the coast of eastern

Ne wf oun d land during a n 18 month period in 1 98 9- 1 9 9 0 ( Fig u r e

1) . Samp l es c onsist ed of approximately 50- 100 individuals

taken f r om t he intert ida l or v e ry s ha l l ow subtidal (L e.

approximately O. !5m of water at loW tide) wi t h the exception

o f one o f the Bellevue s ites (evo) , whe re mussel s were

retr ieved by SCUBA at a d e pt h of ap pr oxim ately Jm. Ni ne of

the s ites wer e on l y s amp l ed once but t wo sites , Be llev ue a nd

Traytown , we r e sampled more extensively ( Figure 2 ) . Th e

sixteen s amp l e s taken from the ab ove s ites wi ll be

collectively referred to as the s urvey samples .

Individua l mus sels we re p icked by hand from throughout

a musse l bed rather than rem oving a ll individuals from

within a qu ad rat . Th i s allowed for the collect ion of a

r epr e s e nt a t i ve sample f rom a mussel bed which c a n contain

t h ous ands of musse ls . All musse ls used in t he allozyme study

were me a s ur e d f or shell length (greatest a nterior-poste rior

a xis). Mussels used ra nged from 16mm - 89mm with a grand

mean of 40 . 51mm (Table 1).

Fr om the prel iminary results of the survey, Traytown-J

was found to have a relatively h i gh propo rtion of~,

though it was not a pure~ site as reported by Koeh n

et a1. (1984 ) . On August 22 1990 , this site was resampled to
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take random samp les an d d et e r mi ne the relat i ve frequenc ies

of t he~ type a nd t he~ type as a function of

shell l en gt h .

The Traytown -3 si te consis t s of a r e l atively l ong and

na r r ow (17m by 1m) bed o f mussels on a mud / gravel subst rate .

Mus s e l s were found on t he su rface or part ial l y buried i n t he

sediment . Three 1/1 6ml samples were taken f rom three areas

o f the bed (Figure 2b ) t o e nsu re a ra ndom co l lection of a ll

sizes. All mussels within the quadrat wer e r emov ed a nd t aken

to the Ocean sciences Centre for ho lding . Sh e l l length was

measured to the nearest mi l limeter and ind i v i dual s were

placed in 5mm s ize classes . A subs ample o f individuals f rom

each size cla s s were electrophoretically typed.

2 .2 El ectroph oretic Method s

Mus s els were he ld i n ambient sea wat er tanks at t he

Ocean s ciences Centre unti l t hey c ou ld be a na lyzed . The

number t yped f rom each loc a li t y varied f rom 19 - 8 6 wi t h a

mean of 29 .

Mussels > 30mm in length were dissected a nd a smal l

piece o f digest ive gland and adductor muscle tis sue t aken

a nd poo led for homogenisation . In smaller mussels, m- aonn

i n l e ngth , the who l e body was d i s s e ct ed out of t h e she l l a nd

used. I n ve ry s mall individuals , <lOmm i n l e ngth , the whole

animal, she l l a nd soft tis s ue, was used . The r e was
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difficulty i n resolution in the electroph oretic analysis of

the tw o smal lest size classes (O-Smm and 6- 10mm). This is

co ns istent w .~.th previous s t udies whe re res o l ut i on was f ou nd

not t o be possible in animals wi th a shell l e ngth <10 mm

(Gosling and McGr ath 1990, Skibinski a t e L, 198 3 ) .

An app roximately equal volume or homoqe nisation bu ffer

( Tris-Hel, pH B. O wi th 20% gly c e r ol ) was added to each

sample . The sample was homogenised wi th a glass r od fo r

ap proximately 30 seconds and c e ntr i fuged at O~C a nd 10 000

rpm for approximately 5 minutes . The supernatant was then

app lied t o horizontal starch g e l s using f ilter paper wicks

(McDonald 1985 ) .
of

Fou r enzyme loci were inve st i gate d - Phosphog l ucomutase

(PGM E.C. 5 . 4.2 .2), Es terase (EST, E.C. 3.1.1 .1) ,

Leuc ineaminopeptidase (=aminopeptidase-1l (PEP , 3.4 . - . - j ,

ca lled.ldU! i n th i s s tUdy , a nd aminopeptidase (PEP, :;.4 . -.- ) ,

cal led AR in this s tUdy . These l oci ....e re c hosen be cause t hey

a re k no....n to be pa r tially diagnost i c be t ....een M.... edu lis a nd

t:L..~ (Koehn e t a l. 1984 ) . Ma n nos e ph os pha t e

isomerase (Mn, E.C . 5 . 3. 1. 8) , the most diaqnostic locus for

s epar a t i ng M...~ and .M.... ~!i , (McDona ld and Koe hn

1988), was not us ed du e to d i f fi c ulty i n ob tain ing c lea r

r e s olut i o n .

T....O of the enzymes , emn an d ~ were r un immediately

af t er dissect ion to a void the problems a s s oc iated .... ith the
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degradation of proteins dur Lnq freezing (e .g . ghost bands or

extra bands making t he interpretati on of gels difficUlt ).

f9.m was oc c a s i ona l l y found to develop ghost bands after

samples were froze n and ~ could usual ly no t be resolved

after sample freezing. The remainder of t he samph, was

s t o r e d at -eaoe for l a t e r comparisons of .f9l!I a nd tor

analysis of the other two enzyme s y s t ems, ae. a nd 1&.R .

Samples still ga ve good results for Ae and tID;;!: after one

ye ar o f stor a ge at - SO°C.

2 2 .] Buffers and Stain s Used i n the ElectrophQretic

~

All buffers and stains used are after McDonald ( 198 5)

and Selander a t a L, ( 1971) . Gels were made of 11 % (18 .79 i n

160 m1 gel bUffer) Sigma starch (hYdrolysed for

erectircpncreef s) , and were 14cm x 14cm x eam,

f.gm was separated on a tris maleic buffer pH 7 . 4

( 12 . 1 2g Tris , 11 . 61g maleic acid, 3.729 EDTA, disodium sa lt,

2 .039 MgCIJ i n 11 water) . The ge l bu ffe r was a 1 :9 dilution

of t h e electrode bu f f er . Electrophoresis was carried ou t a t

50 - 60 1lIA for ap pr o x i ma t ely 5 hours at 5°C. The stain was

a n agar overlay of stain mi xt ur e as given i n McDonald 1985.

All agar overlay stains were sa ved by p lacing a sheet of

f ilte r paper over t h e stain an d l i f t in g the s t a i n onto t he

paper . ThQ pap Qr was t h en dried in a n oven overnight. This
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stained paper overlay provided an acc urate record whf ch

co uld be stored indefinitely .

,g§!. was separated on an acetate buffer pH 5. 6 , (2 7 .29

sodium a c e t a t e in 11 water , ac etic acid to pH 5. 6) . The gel

buffer wa s a 1 :19 d ilution of the electrode buffer .

Electrophoresis was carried out at 50-60 mA f or

approximately 4 hours at SoC. This e nzyme was r e s o l ved with

4-methyl-umbell iferyl acetate dissolved in acetate buffer

which was po ured over a piece o f f ilter paper placed on the

gel (Mc Donald 1985) . After several minutes the paper was

removed and the gel v i ewed under U. V. light. This stain

could not be preserved so gels were sketched to provide a

permanent record .

Both ~ and AP. were separated on a LioK buffer, (L iOH ­

A 1.26q LiDH, 11. 759 boric acid in 11 water pH 8.1; LioH-B

6 . 109 Tris, 1.54 9 citric acid in 11 wa t e r , pH to 8 .4 with

NaOH) . The gel buffer was a 1 :9 diluti on of Li OH- A and LiOH­

B (McDonald 1985). Electrophoresis was ca rried out at 50- 60

rnA for approximate ly 3-4 hours a t 5°C• .I&R was s t a i ned using

an agar overlay consisting of ISml acetate buffer, 10mg L­

l eucine-B-napthylamide, and 2mg fast ga rnet GBC salt . AIl ....as

stained using an agar overlay of 15ml Tris-HCI , pH 8.0 , 20mg

DL-leucylglycine, 20mg peroxidase, 10 mg L- ami no acid

oxidase and 10 mg Q-dianisidine (MCDOnald 1985) . The aga r

overlays were saved as described ab ove .
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2.3 Shell Colour

The inner shell co lour of the individua ls used in t he

electrophoretic s urvey varied in a continuum f rom ....hite to

dark grey; many shells had spots or pa tches of p inks and

pu r ples . The ou ter border of the inner she l l was a lways very

dar k an d was e a s i l y distinguished in wh i te and lig h ter

coloured shells but was virtua lly ind i stingu i sh ab l e by

colour i n the darkest of shells. From the preliminary

results of the s urvey, this interna l shell co lour seem ed to

be correlated with genotype -~ being relat ively

lil?hter t h a n~.

Al l s hel l s used in t h i s ana lysis were la id out in a

continuum f rom white to dark on a whi te backg ro und in front

o f a well lit win dow. One of the most difficult tasks in

dividing the shells into groups was t o make evenly spaced

interva ls be tween the groups . The Muns el l Neutra l Value

Scale ( 1971 edition) was us ed in an effort t o score s he lls

as objective l y as pos s i ble . Fou r gr oups were ,:r ~ated; White ,

g r ey an d dark . which were continuous , a nd pink ...h ich

contained shells which were en tirely purple, pink, r ed or

brown an d as su ch co uld not be p laced i nto one of the other

t hr ee group s (see below). Th e whi te, grey a nd dark groups

wer e defined on t he Muns el l Neu t ra l Value Scale ( 1971) as

fo llows : White 9 .5 - 8.0
Gr ey 7 . 5 - 6 . 0
Dark 5. 5 - 3 . 0
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Many she lls h ad a va rying de g ree of red t o purple to

br own color a t i on ranging from smal l s tripes or b lotches to

covering the entire inner surface o f the s hell. These

co lours we re easily seen i n shells with a l i ght backgro u nd

Colour , a nd although st i l l present, were difficult t o

d ist in gu i sh in da rker shells. Shells wi th a n obvious ly

wh i t e /light bac kgrou nd an d any amoun t of p igment

stripe/coverage were c lassified as white.

The inside su rface of most she l ls was g l os s y . al t houg h

s ome were ch aracterised by a 'cha lky' (easi l Y scratched)

fi n ish. Th i s difference was not i nve s tigate d bu t it s hou l d

be noted t hat t he c lassif i ca tion o f some of t he c ha l ky

shells ...a s troub lesome as a dar ke r co lour c ou ld be seen

t h rough the lighter cha lky l aye r . Such sh e l ls were us ua lly

c lassif ied as g r e y .

The re were a f ew she l ls Which s howe d a dtccre ee cha nge

i n co lour from a ligh t / white co lour near t h e umbo t o a

darke r colou r nea r the mar gin. As these we r e rar e a nd

difficult to c lassify by colou r they were ex cluded from the

a nalysis. There were no shells whi c h showed t he op pos i t e

c ha nge i n c o loration .
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2.4 stat istical Analysis

4 1 Su rve y Samp l es

2 4 1 1 Ge netic variat ion Wi t hi n Sites

For each o f t he s i t e s studied , d eviat ions from the

Ha rdy- Wein berg equilibrium (HWE ) wer e calcu lated using

Levene e s correction for small sa mpl e size (BiosYS-l i

Swofford an d Seland e r 1989 ) . Het erozygot e defic iencies (D)

were ca l culated as o = H. - 1
H,

significance va l ue s for D were c a l cu l ated us i ng Xl tests of

the observed number of ge notypes v er su s the number expected

f or HWE. These measures g i v e an i nd i c a t i on of the level o f

deviations withi n a sample .

2 4 1 2 Genet ic Differentiation AmOng S i tes

Randomised X2 tests (Monte Carlo program, REAP, McElrQ¥

at a j . 1 9 91 ) we re carried o ut on a lle le f reque nc ies ,

(expressed as the nu mber o f each al lele foun d in e a ch s ampl e

- s ee Ap pendix 1) , t o determine whe t he r t here was

sign ifica nt gen etic dif f ere ntiat ion among samples . The t hre e

s amples a t Tr ay t own , TTl, TT2, a nd TTJ and the f our Belle vu e

sites BVO, BV1 , BV2, and BVJ were a l s o tested f or allele

frequency differences on sma ller scales - tens and hu ndreds

o f metre s respect ive ly .

Wrig ht's Hie rarchica l F- Stat istics were ca l c u lated for
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each samp le us i ng t he a t cev s prcqr'em (Swof ford a nd Se l ande r

1989) . Th e r e are three F-s tatlstics whi ch are r e lated by the

following equation:

Fs'!' is a measure of variation among SUbdivisions ,

ind ep ende nt o f allele f requency. Frr is a measure o f t he

deviation f rom HWE in t he compound popu lation obta ined by

pooling all subdivisions . It is calculated fo r each a llele

by poo ling al l o ther alleles of th;at locus into a synthetic

a llele . Frs is a measure of deviation f rom HWE for a n

individua l s ubdivision and is therefore related to 0, t he

measure of t he de ficiency of heterozygo tes r ela t i ve to HWE

(Sk i bi ns k i at a l. 1983). Defining a statistica l tes t o f

s i g nificance o f t'ST is difficult so the numbers ar e

generally us ed as a n ind i cat i on o f the magn itUde o f

different i at i on while t he x' test outlined above provi des a

t est f or s igni f i cant dif fe rentiation among samples.

Non-metr ic Mul t idimens ional scaling (MDS) was us ed to

s ummarise t he pattern of ge netic d iffe r en t iat ion among

localities (Koehn e t a1. 1984). Th e analysis was ca r ried out

on a matrix o f Nei' s g enet ic d istance (Nei 1972), ba s ed on

a llele f reque nc i es, i n Which only i ndividua ls f or which al l

f our l oc i had bee n scor ed were us e d . The resulting figure s

were s hown wi t h a min imum spanni ng t r ee (MST) s upe rimposed

to r epres en t t h e amou nt of distort ion i nvo lved in reducing
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the data t o tw o dimens i on s. A MST connects s i t e s using t he

orig i nal distanc e matrix such t hat the total l e ng t h of the

t ree i s mi nimised (Sn e a t h a nd Sa kal 1 9 7 3 ) . NTS YS wa s u s ed t o

produ c e Nei ' s gen etic distance :natrix, the xoseeie plot s and

the MST (Roh lf 198 8 ).

2. 4 1 3 As s ociation Among Loci

xasoc .tec Lcn among ea c h of t he fo ur loci wa s t e s t ed

usi ng ra ndomi sed x2 tests (REAP, Mc El r oy et al . 19 91) . A

conting e ncy t a ble was cons t r uc t e d by record ing the number of

indiv idual s of a two locus genotyp e and a Xl va l ue

calculated (see Appe nd i x 2) . The Monte Carlo procedure t hen

randomised the table 1000 t ime s, keeping the row an d column

totals constant, a nd calculated a x' va l ue each time. A

probability value was calculated as the nu mbe r of times the

program randomly generated a X1 value greater than or equal

t o the observed x1 va l ue. This procedure avoids the

necess ity of maki ng assumptions about the distribution of

t he da ta and al lows for a test when some c el l size s are < 5 .

All possible 2 -way c omparisons of loc i were made . (Le . E9I!l

- E.§.t. E.Q!!! - LA.!;!, eee . } . Interlocus associations were a l so

displayed graphically by p lotting allele frequency ve , site

be ca use correlated l oc i should sh ow a s i milar pattern of

allele frequency v ar i a t i on .

Pattern in the allozyme data was explored further in a
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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 AssociatioD

A randomised X' test (REAP program, McElroy et al.

1991) was used t o test independence of genotype and colour

at each locus . The contingency table was set up as locus

genotype vs . colour . Shell co lour 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 thCl first principal component

values. Colour was also assessed separately at Traytow n

because this was a site with relatively even proportions of

~ and trossulus.
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