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ABSTRACT 

Two musse4 species (Mytiius edulis L and Mytiius tro~sulus Gould) were found 

sympatrically in two locations (Bellevue and Chance Cove) in eastem Newfoundland. There 

was genetic evidence for naturaiiy occurring hybrids between M. edulis and M. trossulus. 

Mussels were classified as pure f o m  or hybnds (FI, F2 and fiom backcrosses) based on four 

diagnostic markers, two aiiozyme loci (Mpi and and two nuclear PCR-based DNA 

rnarkers (ITS and Gh-5). In addition, a PCR-based mtDNA marker (CoiII) was used to 

characterize the distribution of mtDNA mitotypes among pure and hybnd individuals. Al1 

fernales and males fiom pure species were found to be homoplasmic and heteroplasrnic, 

respectively, for the mtDNA genomic combination. Two individuals showed heterospecific 

combination of the F eduiis genome and the M tross~ius genome (both classified as F 1 

hybrids using four nuclear diagnostic markers). There were difEerences in the proportions of 

pure M. edzdis and M. trosdus and hybrids between sites within each location. M. edulis and 

hybrids were associated with protected sites, M. t r o ~ l u s  with exposed sites. Life history 

variation between species was also found, whereby M. t r o ~ ; ~ ~ l u s  was the predorninant form 

among small individuals (larvae, spat and juveniles) and M. edulis among the large individuals, 

suggesting a strong viability selection against pure M. trossulus and its hybrid backcrosses. 

The overall low fiequency of hybrids at the adult stage (7.28 %) and the results of artificial 

hybndization in the laboratory, which showed an ùicreased proportion of abnormal larvae 

among interspecific crosses, indicate strong selection against hybrids, and clearly showed 

them to be at selective disadvantage, supponing the tension-zone mode1 for the early stages 

of the musse1 life-history. M. rrowlus and hybrids spawned over a prolonged period of time 

(fiom late spring to early autumn), while most M. edirlis individuals spawned simultaneously 

in iate July. Hybrid mussels exhibited spawning activity intermediate between that of the 

parental species. M. trosrulus showed a higher reproductive output than M. edulis of similar 

shell length, while hybrids showed intemediate fecundity values between M. edulis and M. 

trossrtltcs. Post-spawning mortality in M. trossuitrs seems to be associated with reproductive 

stress, but further studies should be carried out to establish the cause of the sumrner mortaiity 

which affects main1 y M. trossirius. 
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I. INTRODUCTION 

1.1. GENERAL 

1.1.1. GENUS Mytiius Linné 1758 

The genus Mytilus belongs to  the family Mytilidae, which according to Soot-Ryen 

( 1969) orizinated in the Devonian era (about 400 mya). Mussets belonying to  the genus 

Myfilus are semi-sessile epibenthic bivalves which are attached to a hard substrate, or  

anchored to other mussels, with byssai tfveads secreted by the pedal glands in the foot (Seed 

and Suchanek, 1992). These byssal threads allow the musse1 to accomplish some degree of 

movement in order to migrate towards the outer edge of the clump (Harger, 1968). Mussels 

present separate sexes, though rare instances o f  hermaphroditism have been reported (Seed, 

1 976; Beaumont and Abdul-Matin, 1994; see Chapter 3). The reproductive cycle o f  any 

musse1 population is the result of a complex balance between exogenous factors such as food 

availability, temperature, sal'rnity, and position in the intertidal zone, and endogenous factors 

such as nutrient reserves and genotype (Seed, 1976; Sastry, 1979; Rodhouse et al., 1986; 

Hilbish and Zirnmerman, 1988; Seed and Suchanek 1992). interaction between these factors 

requires the synchrony of gamete development within the population. Such synchrony is 

important for an oviparous species and ensures that larvae are in the water at the optimum 

time for their çrowth and surcival (Sastry, 1979). For environments in which variations in 

physical factors are not large (especially in those factors that influence patterns of 

phy top ld~ ton  production), the reproductive cycte of the musse1 is less variable (Newell et 

al.. 1982). In estuaries and open bays where annual variations in environmental factors 

(salinity, temperature, inorganic nutrîents, etc,) are large, the reproductive cycle of  musse!s 

can be expected to Vary (Thompson, 1979, 1984b; Lowe et al., 1982). Spawning occurs 

when the  eggs and sperm are released directly into the water column, where fertilization 

occurs. Ln Mytihs ed<clis, males usually spawn first, and the presence o f  sperm in the water 



stimulates the females to stop filtering (Newell and Thompson, 1984) and start spawning. 

This synchronous spawning ensures that the sperm and eggs are in the water coiumn at the 

same time. Spawning may take the form of mass spawning, in which an individual mussel 

liberates most of its gametes over a short penod (Thompson, 1984a), but another type of 

spawning has been described in which gametes are continually ripening and are Iiberated in 

a "dribble" spawn (Seed and Suchanek, 1992). 

The meroplanktonic larval stage in mussels rnay last fiom 2 to 10 weeks, depending 

on the environmental conditions in the water colunui (Seed and Suchanek, 1992). During this 

stage musse1 larvae are passively canïed by water currents, sometimes over large distances 

(Scheltemq 1978). The large nurnber (7-40 x 1 o6 ) (Thompson, 1979) and smail sùe (60-90 

pm) of eggs (Seed and Suchanek, 1993) produced by mussels are typicai of the 

pIdrtotrophic reproductive strategy in which output is rnaxirnized but nutrient investment 

per egg is srnall (Bayne, 1976b; Strathann, 1985). This strategy rnay enhance dispersai, 

although it produces an egg with very low nutrient reserves, which may reduce the survivai 

of the musse1 larvae under certain conditions (e-g., hi& temperature, insufficient food or lack 

of a suitable substrate) (Bayne, 1965, 1976a; Bayne et al., 1982). 

Once the larva reaches the pediveliger stage it uses its foot to make contact with the 

substrate and starts searching for a filamentous material (Bayne, 1976b). If the substrate is 

suitable, the larva metamorphoses and becomes a juvenile form (plantigrade), which attaches 

with byssal threads (=primary settlement). It has been suggested that this primary settlement 

enables the juvenite mussel to grow in an environment fiee tiom the cornpetition for food and 

space which can occur in large mussel beds (Thorson, 1957). After the plantigrade reaches 

around 1 5 mm shell length on the filamentous substrate, it detaches itself and becomes 

planktonic (Bayne, 1976b). When this drifting plantigrade meets a musse1 bed, it is 

stimulated to generate new byssal threads and attach itself to the substrate or directly ont0 

the shell of another musse1 (=secondary settlement) (Bayne, 1976b). 

Growth rate in Myril~ls is highly variable and is influenced by exogenous 

(temperature, salinity, food supply and tidal exposure) and endogenous (genotype, 



reproduction) factors. lndividual mussels of similar size tiom a single cohort may show 

widely different growth rates under apparently identicai conditions, indicating that genotype 

may aiso play a role ( I ~ e s  and Haley, 1977; Singh and Zouros, 1978; Koehn and Gaffiiey, 

1984; Gentili and Beaumont, 1988; Beaumont, 1991; Hawkins et al., 1994; Hawkins and 

Day, 1996; Toro and Paredes, 1996% b). in some subtidal environments M. edulis can reach 

lengths of 60-80 mm within two years (Winter et al., 1984), whereas in the high intertidal 

zone growth is substantially reduced, and mussels rnay attain lengths of only 20-30 mm after 

1 5-3 0 years (Seed, 1976). In studies involving populations of M. eddis fiom different 

latitudes in the northem hemisphere, it has been found that the southern population has a 

much faster growth rate for the first two years and the maximum length attained is 55 mm 

afier 4-5 years (Rodhouse et al., 1986), while mussels fiom the northern population reach 

an asyrnptotic length of over 95 mm afier 1 1 - 12 years (Thompson, 1984a).This differential 

growth rate with latitude may be a consequence of the shorter feeding season for the 

northern population, and the increased longevity in high latitude populations may be a result 

of reduced metabolism (Seed, 1976). 

Mussels in temperate waters of the northem and southern hemispheres, growing 

continuously submerged in areas of high food availability such as those in raft-based 

mariculture operations, can grow as much as 50 mm per year (Incze and Lutz, 1980; Winter 

et al., 1984). Therefore, several environmental factors influence growth rate in Mytilirs in 

temperate waters. Shell growth is usually rapid between the spnng and autumn, and slow or 

absent in winter months (Seed and Suchanek, 1992). Flesh weight, by contrast, has more 

variable seasonal peaks associated with the annual reproductive cycle and food availability 

events such as the spring bloorn (Kautsky, 1982; Hilbish, 1986). Thompson (1984&b) 

reported that mussels in Newfoundland initially invest most of the available energy in shell 

and somatic growth, but as the animal grows older, more energy is diverted t o  reproductive 

tissue. Higher fecundity values in mussels have also been associated with more 

heterozygous individuals within a popuiation (Rodhouse et al., 1986). 



1.1.2. WORLDWIDE DISTRIBUTION OF Mytilus 

Mussels in the genus hi'jtiliis are abundant and widely distributed marine bivalves 

which occur in temperate and boreal waters of al1 oceans and major seas of both northem 

and southern hernispheres (Soot-Ryen, 1955). They represent an important component of 

the intenidai and subtidai communities and estuaries, in terms of the nurnber of individuals 

and of biomass and production, and are also of considerable economic importance to 

aquaculture in many regions of the world ( Hickman, 1992; Seed, 1992; Seed and Suchanek, 

1992; Aiken, 1993). Gosling (1 992a) and Seed ( 1992) give a detailed description of the 

world distribution of the most studied species within the genus Mytilus, based on 

electrophoretic and morphological evidence. Since then, more evidence on the macro-and 

micro-distribution of these species has become available, most of which is based on 

electrophoretic surveys and the use of new molecular tools such as mtDNA and nuclear- 

DNA markers, combined in some cases with analysis of shell morphology (Sarver and Foltz, 

1993 ; Sanjuan et al., 1994, 1996, 1997; Bates and Innes, 1995; Heath et al., 1995, 1996; 

Inoue et al., 1995, 1997; Mallet and Carver, 1995; Suchanek et al., 1997; Hunt and 

Scheibling, 1998; Toro, 1998). These studies have confirmed, extended or reduced the 

previously reported geographic ranges of some of the species within the genus Mytilus 

(Gosling, 1992a). For instance, the presence of M. trossrtfus in southeastern Nova Scotia 

(Mallet and Carver, 1 995; Hunt and Scheibling, 1998) and eastem Newfoundland (Bates and 

Innes, 1995) confirms the snidy of Koehn et al. (1 984), which describes musse1 populations 

as belonging to what they cailed "geneticaily distinct Group III" (Koehn et al., 1984). 

Furthermore, M. trossttfzis has now been described fiom northem Japan (Suchanek et al., 

1997; houe et al., 1997), extending its range south fiom that previously reported 

WcDonald et al., 199 1). However, so far no occurrences ofM. trosmlus have been reported 

below latitude 35" N or in the southem hemisphere. M. edulis occurs at similar latitudes as 

M. tros.su/irs, although M. e&ls is also found in the southern hemisphere (McDonald et al., 



199 1 ; Tora. 1998). M. gafloproviricialis, on the other hand, is restricted to warmer waters 

and the species has not been reported above 5 1" latitude in either hemisphere. 

1.1.3 ECONOMIC CMPORTANCE OF bfyti/us 

Mussels have a number of characteristics that make them ideal for intensive 

commercial mariculture. The high fecundity and recruitment of naturd mussel populations 

allow small mussels to be collected fiom naturai seed beds (Incze and Lutz, 1980; Hickrnan, 

1992). The plantigrades can also be collected directly on fibrous spat collectors which 

protide the fitamentous substrate needed for primary settlement (Mason, 1976). The ability 

of mussels to attach to surfaces such as filamentous ropes makes it possible to cultivate them 

easily in off-bottom systems such as rafts or long-lines (Lutz, 1980; Winter et al., 1984). This 

trait is very important to commercial mariculture because it reduces the amount of fouling 

fiom fèces and pseudofeces, lowers the incidence of pearls and, more importantly, enhances 

g-rowth and reduces mortality fiom benthic predators (Winter et al., 1984; Hickman, 1992). 

According to Lutz (1980) mussels grow faster than most traditional shellfish species, 

czenerate a higher ratio of meat to total weight, and are nutritionally superior. - 
Unlike that of most other aquatic species, wild mussel production is much lower than 

cultured musse1 production. in 1995, total mussel production -both capture and culture- was 

1.2 million MT, up fiom 950,000 MT in 1985 (New, 1997). The increase came aimost 

entirely fiom enhanced culture production. The musse1 capture fisheries have declined to 

2 1% of the total musse1 harvest in recent years. Musse1 capture fisheries peaked in 1992 and 

1994 at 277,000 MT and then dectined by 13% in 1995, as a result of lower production in 

Denmark and Thailand, the two major producing countries. Mytifus edufis (blue mussel) is 

the main musse1 taken in the wild. In the North Sea, it accounts for over one half of the total 

musse1 capture fishery. Mytilzus galloprov~r~ciuiis (Mediterranean mussel) is second in 

importance, with an annual average catch of 40,000 MT between 1985 and 1995. 



Arnong the leading countries in cultured mussel production, China produced about 

500,000 ;MT (includin~ various unidentifieci species) fiom 199 1 - 1993, decreasing to  4 1 5,000 

MT in 1995. Itaiy replaced Spain as the second major producer of cultured mussels in 1995 

with 95,000 MT. Other important producing countries are The Netherlands, Korea, France, 

New Zealand and Thailand. In Canada, Mytihs edriis is the predominant musse1 species 

cultivated. Production of mussels is concentrated in the Atlantic Provinces (Newfoundland, 

Prince Edward Island, Nova Scotia and New Brunswick). Musset production first became 

established in Prince Edward Island in the 1 9701s, and this province has become the leader 

in North America (approximately 8,000 MT in 1996, estirnateci to be 10,000 MT in 1997 and 

projected to be over 12,000 MT in 1998). 

Mussel culture in Newfoundland, Nova Scotia and New Brunswick did not begin 

until the mid 1980's. After a developmental penod, Newfoundland appears poised for rapid 

growth. In 1996 the eastem provinces produced 8,700 MT of mussels with value of  

S20,000,000 Canadian (PEI 86%, NS 5.8%, NF 5%, NB 2%, PQ 1.2%) (Kielley, 1997). 

While the physical geography varies in the Atlantic provinces, the environment of  

Newfoundland is particularly well suited for mussel culture. The shoreline topography 

presents many large, weli protected, shettered coves and inlets which provide ided growing 

conditions. Most sites are located in sparsely populated areas and are therefore Little affected 

by industrial, municipal or  domestic pollutants (Thompson, 1984b; Brown). However, a 

major concern for growers in Nedoundland is to avoid collection of M. trosmhs seed 

which rnay have inferior growth characteristics (Mallet and Carver, 1995). Further 

information on the distribution of the two species and their ecology is required. 

Despite the worldwide distribution of the genus Mflihs, as well as its scientific and 

commercial importance, the taxonomy and systematics of this genus are still uncertain 

(h4cDonald and Koehn, 1988; Varvio et al., 1988; Johannesson et al., 1990; Vainolii, 1990; 



Koehn, 1 99 1; McDonald et al., 199 1 ; Gardner, 1992; Gosling, 1992a; Seed, 1992; Toro, 

1998). Early classifications based on extemal shell morphology tended to be complex and 

confiising (Soot-Ryen, 1955; Seed, 1976). Shell shape is highly infiuenced by local 

environment, making identification very difficult when based only on shell morphology 

(Seed, 1969, 1978, 1980, 1992; h e s  and Bates, 1999). Moreover, the hybridization which 

occurs in areas where two species ofM)?Ïius are found sympatrically (Skibinski et al.. 1978; 

McDonald and Koehn, 1988; Coustau et ai., 199 1 ; Vainola and Hvilsom, 199 1 ; Sarver and 

Foltz, 1993; Bates and Imes, 1995; Mallet and Carver, 1995; Cornesana and Sanjuan, 1997; 

Inoue et al., 1997) fùrther confùses the taxonomy. Although M. cuii#ornÏanus and M. 

fru.wltt~'  on the West Coast of North America can be easily identified by shell morphology 

when larger than 20 mm shell length, they are indistinguishable when smaller than I O  mm 

(Suchanek, 1978). 

Mussel populations have been defined using allozyme characters instead of 

morphological characters (Koehn et ai., 1984; McDonald and Koehn, 1988; V m i o  et al., 

1988; Coustau et al., 199 i ; McDonald et al., 199 1 ; Sanjuan et al,, 1994; Viard et al., 1994; 

Bates and Imes, 1995; Sanjuan et al.. 1997), or, more recently, by usinç mitochondrid or 

nuclear DNA sequences (Edwards and Skibinski, 1987; Blot et al., 1990; Côrte-Real et al., 

1994a. 1994b; Heath et al., 1995; Geller et al., 1994; Heath et al., 1996; Inoue et al., 1997; 

Cornesafia et aI., 1998; Toro, 1998). These studies have shown that the genus Mytilus is 

composed of at least three morphologicdly similar but geneticdly distinct species which are 

dist ributed world-wide (McDonald et al-, 199 1 ; Gardner, 1992; Seed, 1 992; Beynon and 

S kibiski, 1 996), M. ed~rlis Limaeus, 1 75 8 (in eastern USA and Canada, northem Europe, 

Argentins, Chile, the Falkland Islands, and Kerguelen Island), M. gaiioprovirrcÏaZÏs Lamarck, 

18 19 (in the Mediterranean, western Australia, Tasmania, New Zealand, sympatrically with 

12.1. edtrlis in parts of Great Britain, Ireland and France, and introduced into Japan, Hong 

Kong, South M c a ,  and southem California), and M. trosnrlus Gould, 1850 (in the northern 

Pacific from Sibena to central California, the Canadian Atlantic provinces, and the Baltic 

Sea). M. californiams Conrad ( 1 83 7), another species within the genus Mytilus, is found 



only on the Pacific Coast of North Amenca (Seed, 1976). M. caiifomiarnrs has long been 

recognized as a distinct species (Soot-Ryen, 195 9, although its range overlaps those of M. 

tros~7drrs and M. gdoprovincialis. 

Other methodologies such as cytology, inmuno-electrophoresis and gamete 

ultrastructure have also been applied to inter- and intraspecific studies ofMyfi/us taxa. The 

eenus Mytiltrs is a cornplex of closely-related species which share the same basic karyotype - 
in terrns of chromosome morpholog (diploid number 2n=28) (Ahmed and Sparks, 1970; 

Thiriot-Quiévreux and Ayraud, 1982; Moynihan and Mahon, 1983; Thiriot-Quiévreux, 1984 

Dixon and FlaveU, 1986; insua et al., 1994), and the taxa cannot be differentiated by a single 

karyological character (Insua et al., 1994). The presence of five metacentric chromosome 

pairs in M. gaffoprovit~cialis can be used to differentiate this species fiom M. trossz~Itrs and 

fiom hl edrrlis, which both have six metacentrics. The location of Ag-NORs (silver stained 

chromosomal nucleolar organizer regions) is sirnilar in M. edulis and M. galloprovirrcialis, 

but not in M. ~~OSJ~IIUS, which also presents NORs on metacentric pair 4 (Martinez-Lage et 

al., 1995), although this character seems not to be fùlly diagnostic because it depends on 

NOR activity (Insua et al., 1994). The imrnuno-electrophoretic study of Brock (1985) 

i nd icated t hat M. eddis and M. gulloprovincialis were conspecific, although the author 

included M. iross~rlrrs fiom the Baltic Sea as ed~rlis in her analysis. Gamete ultrastnicture 

has also been used for solving various systematic and phylogenetic problems in the Metazoa. 

However, Hodgson and Bernard (1986) concluded that within the genus Mytiilrs, 

spermatozoon morphology alone is insufficient to designate M. edulis and M- 

gaf/upro~*~t~ciufis as separate species. Other studies have shown great intra-specific variation 

that precludes differentiation between species in the genus Myliizrs (Healy, 1996; Kafanov 

and Drozdov, 1998). 

The taxonomie status of these genetically andor morphologically distinguishable 

foms of Mytiitis has been the subject of considerable debate for a number of years. Some 

authors, such as Gosling (1 984) and Johanneson et al. (1 WO), have suggested that the 

members of the "M. edtdis cornplex" (M. eddis, M. gaiioprovir~ciuiis and M. trosuhs) are 



ecotypes or varieties, whiIe other authors, such as McDonald and Koehn (1988), Koehn 

( 199 1 ), MacDonald et al. ( 199 1 ) and Seed ( 1992) recognize them as separate species. M. 

&fis and M. irosst~lus coexist in the Baltic Sea, where hybridization and introgressioa are 

comrnon, leading Vainola and Hvilson ( 199 1 ) to suggest that these two taxa be considered 

as semispecies (defined as taxa intermediate between subspecies and species (Mayr and 

Ashlock, 1991)). The systematic position of M. gaIfoprovincialis has been controversial 

(Bayne, 1 976% Beaumont et al., 1 989; Gardner, 1992). In sorne studies M. gaffoprovi~ïciaiis 

is described as a species distinct fiom M. edidis based on a set of traits (Koehn et al., 1984; 

McDonald and Koehn, 1988; Koehn, 199 1 ; McDonald et ai., 199 1), while in other studies 

it is regarded as a subspecies (a replacement of the tenn "variety" in its meaning of 

"çeographic race" (Mayr and Ashlock, 199 1)) based on the sarne set of traits (Gosling, 1984; 

Vainola and Hvilson, 199 1 ; Gardner, 1 992). 

h y  debate about species-level taxonomy is largely dependent on the species 

definition which is used. However, most studies on the taxonomical status of mussels within 

the genus hijtihs have not mentioned or defined which species concept they have employed. 

Seed (1978, 1992) pointed out, in the context of the taxonomic status of M. 

g~zfloprovi~~cialis, that "the systematics of these rnytilids ernphasizes the problems inherent 

in obtaining a satisfactory and practical species definition, especially when the concept is 

extended geographically". Most of the work has been done on the systematic status ofM. 

e d ~ i I i s  L. and the Mediterranean musse1 M. galloprovincialis Lrnk. (review in Gardner, 

1994). lt is thought that M. edtdis is the ancestral fonn which may have evolved from the 

Modiomorp hidae, and that M. gaIIoprovir~ciaiis evolved in the Mediterranean Sea dunng the 

Pleistocene (Barsotti and Meluzzi, 1968; Skibinski et al., 1980; Fisher and Skibinski, 1990; 

Seed, 1992; Gosling, 1994). Recently a genetically distinct musse1 type fi-om the Baltic Sea, 

the Pacific coast of North Arnerica and the Atlantic provinces of Canada has been described. 

Koehn et ai. (1 984) believed that this mussel may constitute a separate species (as no 

evidence for hybridization was detected at that time) and they suggested the name M. 

I I - O S . ; I ~ / M S  Gould, 1850 for this taxon (McDonald and Koehn, 1988). According to Koehn 



( 199 1 ) M. tros~71lus, which inhabits colder waters in the northen hemisphere, may have 

evolved fiom some cold tolerant genotype during the PIeistocene glacial period. However, 

there is some evidence that its presence in the Baltic Sea is recent (Varvio et al., 1988; 

Vainola and Hvilson, 199 1). M. trosslrI~~s is widely accepted as a distinct species, based on 

both genetic and biogeographic criteria (McDondd et al., 199 1 ; Geller et al., 1994), while 

the st atus of M. galloprovincialis as a species separate fiom M. edulis is debatable (Gosling, 

1983; Koehn, 199 1 ; McDonald et ai., 199 1 ; Gardner, 1992). 

In areas where two members of the "Myt~lus edufis complex" are found 

sympatrically, there is always hybridization between them. This fact, and the resuhs of 

artificial hy bridization studies between M galIoprovirrcialis and M. edulis (Beaumont et al., 

1993) and between M. edulis and M. trosslhs (Zouros et al., 1992), indicate that there is 

little evidence of genetic incompatibility. Unfortunately, it is difficult to agree on how much 

hybridization two taxa are ailowed to exhibit and still be considered separated species, or 

conversely, how much hybridization is permissible between taxa before they are considered 

conspecific. This is again a problem when the biological or isoiation species concept is 

appiied to hybridization between allopatric taxa in a contact zone, as occurs in Mytilus. 

Gardner (1 992) has evduated various species concepts with respect to the taxonomie 

statu of hl. galloprovinciafis. According to the definition of the biological species concept 

(BSC), species are "groups of actually or potentially interbreeding populations, which are 

reproductively isolated From other such groups" (Mayr, 1970). For this species concept 

reproductive isolation (the two species do not interbreed in nature) is more important than 

any morphological differences that they may have. Therefore under the BSC hybridizing 

species such as those in the "Mytihs edtdis complex" are not true species. Although this 

concept is one of the most widely used, there are others which are perhaps more usefil to 

descri be the 'iMytifus edrrlis complex". The evolutionary species concept (ESC), for 

example, defines species as "a single lineage of ancestor-descendent populations which 

maintains its identity fiom other such lineages and which has its own evolutionary and 

historical fate" (Wiley, 1 978, 1 98 1 ). The important point for the ESC is that hybridization 



is permitted, but at the same time both species must maintain their separate identities. A 

number of authors (Woodruff et al., 1988; Liu et al., 199 1; Sarver et al., 1992), however, 

have used die ESC when two species are found sympatrically at a site (such as M. edrrlis and 

M. trosszrlus), and it is very difficult to separate them based on morphological traits alone. 

Moreover. until recently there was no single genetic marker (allozyme or DNA) that allowed 

differentiation between these "species". 

In the phylogenetic species concept (PSC), a species is considered as "the smallest 

diagnosable cluster of individual organisms within which there is a parental pattern of 

ancestry and descent" (Cracraft, 1989). The same author notes that "even if two sister-taxa 

hybridize, both can still be considered to be  species if each is diagnosable as a discrete 

taxon" Under this concept "reproductive isolation" is not important, but the presence of 

"diagnostic characters" is required. Recently, numerous new powerttl genetic markers have 

become available which ailow us to distinguish among taxa within the genus MytiZus (Heath 

et al., 1 995; 1996; Rawson et al., 1 996a; houe  et al., 1997; Comesaiïa et al., 1998)- 

However, a difficulty with this concept is that it is based mainly on the resolving power of 

the molecular tools available today or in the fkture. 

Finally, the cohesion species concept (CSC) concentrates on processes that cause 

groups of organisrns to be s i d a r  to one another (Templeton, 1989). This concept considers 

that "the species is the most inclusive population of individuals h a h g  the potential for 

phenotypic cohesion through intrinsic cohesion mechanisms" (sharing a comrnon 

developmental genetic system, physiology and ecology). The focus of this concept is on 

cohesion mechanisrns such as gene flow, stabilizing selection, and comrnon ecological factors 

that keep species homogeneous. There is little evidence that taxa within the genus Mytilus 

are cohesive, so according to the CSC criteria these are not good species. 

In conclusion, it can be stated that the different forms ofMytiZus may not at this stage 

merit fùll species status. According to the present evidence, these taxa could be in the 

process of early sympatric speciation or experiencing intergradation d e r  a penod of 

allopatry- According to Gardner (1992), we may treat each of these taxa as a semispecies 



(using the trinomial nomenclature), as component mernbers of the My~iîus edulis 

superspecies (note that we do not even agree on a species definition), or we rnay retain the 

binomial nomenclature and eventuaily accept the phylogenetic species concept. 

1.2. HYBRID ZONES 

1.2.1. EVOLUTIONARY MPORTANCE 

Wybrid zones are regions in which species that are genetically distinct meet and 

interbreed, producing offspring of mixed ancestry (Hanison, 1993). Recently, Harrison 

( 1990) pointed out that hybrid zones serve as "windows on evolutionary process", providing 

opportunities for studying the eRects of gene flow, linkage, and the strength and forms of 

selection on genetic systems. The study of hybrid zones has been invigorated by new theory 

(Harrison, 1993) and new techniques, especially the use of molecular markers, so that hybnd 

zones are now seen to be much more cornplex than was previously believed. 

Hybrid zones may be stable or unstable with respect to position and genetic 

dynamics. In ment decades, several authors have focused on the development of models to 

explain the stability and maintenance of hybrid zones. The literature cites two kinds of 

models, one which proposes that the fitness differences between hybrid and pure species 

genotypes are environrnentally mediated (exogenous selection) (Slatkin, 1973, 1975; Endler, 

1977) and the other which proposes that they are genetically mediated (endogenous 

selection) (Key, 1968, Barton and Hewitt, 1985). In the "environmental gradient models" 

the hybrids could be more or less fit as a consequence of their interactions 4 t h  their 

environment. In the "tension zone models" selection occurs against hybrids, which are 

intrinsically less fit than "pure" individuals owning to genetic incompatibilities, without an 

ecological component to selection (=endogenous selection (Moore and Price, 1993)). 

However, Wilhelrn and Hilbish (1998) pointed out that "in practice it is very difficult to 



distinguish between environmental gradient and tension zone models for the maintenance of 

any given hybrid zone, sinze they yield similar predictions". 

ln recent years, most efforts to explain the apparent stability of hybrid zones have 

focused on models based on endogenous hybrid uiferiority (Barton and Hewitt, 1985, 1989; 

Barton and Gale, 1993; Hamson, 1993; Shaw et al., 1993). Exogenous selection may be 

more difficult to demonstrate, but has been convincingly s h o w  by Harrison and Rand 

(1 989), Cruzan and Arnold ( 1993), Moore and Pnce (1993) and more recently by W~lhelm 

and Hilbish (1998). 

1.2.2. Mytilus EYBRID ZONES 

When two species of the "Myti/lrs ed~ïfis cornplex" are found syrnpatrically, there is 

dways hybridization between them (Gosling, l992a). The size of a hybrid zone depends on 

its location. In Europe the width of the hybrid zone between M. edulis and M. 

galluprovincia/îs is about 1400 km, while that between North Sea M. edulis and Baitic M. 

tr~s~vcl~ts is about 1 50 km (Vainiola and Hvilson, 199 1 ). In Atlantic Canada, there is limited 

information for the size and geographic location of the hybrid zone between M. edulis and 

M. r~~osszt/zrs, although recent studies (Bates and Imes, 1995; Saavedra et al., 1996; 

Comesaiîa et al., 1998) have made some progress in characterizing it. The size of the hybrid 

zone of M. trosstrlrrs and M. galloprovirzcialis on the Pacific Coast of North Amenca has 

been the subject of several studies (McDonald and Koehn, 1988; Sarver and Foltz, 1993; 

Geller et al., 1994; Rawson and Hilbish, 1995), and its range appears to extend from 

Vancouver Island (Heath et al., 1995) to San Diego Bay (Suchanek et ai., 1997). The recent 

discovery of a hybrid zone in nonhern Japan (Innoue et al., 1997) is not well documented, 

but the data available suggest that it is a very narrow zone in south-west Hokkaido. 

Most studies on mussel hybrid zones have focused on the exogenous and endogenous 

factors that maintain the genetic integrity of the species, despite the potential for 

hyb ridization and long-range larval dispersal. Results fiom electrophoretic, nuclear and 



mitochondriai DNA analyses have indicated that such zones are spatially cornplex, containing 

a mixture of pure, hybrid and introgressed individuais. 

1.2-2.1. Europe 

Europe is the most extensively studied region of mussel hybtidization (Gosling, 1984; 

Gosling, 199%; Seed, 1992; Cornesaila and Sanjuan, 1997; Comesaiia et ai., 1998). hQiiirrs 

galioprovitzcialis and M. edulis coexist and hybridize in different proportions in large areas 

of the British and Atlantic French coasts (Skibinski and Beardmore, 1979; Gosling and 

Wilkins, 198 1; Skibinski, 1983; Skibinski et ai., 1978, 1980, 1983; Coustau et al., 199 1). The 

patchy distribution pattern observed for the two musse1 species and their hybrids in these 

regions of contact and hybndization suggests that there are ecological differences between 

the species (Skibinski and Beardmore, 1979; McDonaid and Koehn, 1988; Hilbish et al., 

1994). There is some evidence fkom laboratory crosses ofM. ebrdis and M. galfoprovi~tciu/is 

that hybrid larvae have higher mortality rates than those of pure crosses (Seed, 1992; 

Beaumont et al., 1993). Furthemore, there is evidence that fecundity and timing of spawning 

of M. eduiis and M. gahprovirtcialis populations can differ at certain Iocalities (Gardner 

and Skibinski, 1990a; Gardner, 1992; Seed, 1 992), which can result in partial reproductive 

isolation. 

The distribution of the two species in most studied sites within the hybrid zone seems 

to be correlated with some environmental factors, whereby M. edzdis-like mussels occur at 

highest frequency in sheltered, less saline waters, and M. gulloprovinciaiis-like mussels 

occur at highest fiequency in more exposed waters of high saiinity (Comesaiia and Sanjuan, 

1997). There is a strong genotype-dependent viability within the hybrid zone, in which M. 

galhprovirrciaiis has a significantly higher sunival rate than M. edulis, while hybrids are 

intermediate in fitness (Skibinski, 1983; Gardner and Skibinski, 1988; Skibinski and 

Roderick, 199 1; Wilhelm and Hilbish, 1998). Several hypotheses have been advanced to 

explain the strong viability selection which occurs in this hybrid zone. Physiological 



differences like dserential susceptibility to thermal stress (Hilbish et ai., 1994) and 

differential resistance to parasitism (Coustau et al.. 199 1) have been found between the two 

species (Hilbish et al., 1994). It also seerns that the heterogeneity of the marine environment 

could be playing a role in the maintenance of the genetic integrity of the species. Studies on 

this hybnd zone have shown that in M. gaiioprovincialis-like genotypes a greater byssal 

attachrnent strength seems to be responsible for a relatively higher frequency of this species 

in more exposed environments (Gardner and Skibinski, 199 1 ; Willis and Skibinski, 1992). 

A recent study by Wilhelm and Hilbish (1998) indicated that the genetic structure of the 

hybrid population in south-west England is rnaùitained by a baiance between selection against 

M. rhrlis-like genotypes and their replacement through lamal immigration. 

1.2.2.2. Pacific coast of North America 

Recent studies have shown that mussels on the Pacific coast of North Arnerica are 

not M. edulis, as previously reported (Seed, 1976). McDonald and Koehn (1 988) identified 

M. g~lloprovirtcialis in southern California, M. trossulirs in northem California, and the 

presence of hybrids around San Francisco Bay. This finding was later confirmed by Rawson 

et al. ( 1996a) and Suchanek et ai ( 1997). The region of contact and hybridization between 

M. rrosS~rhrs and M. galloprovir~cialis in California is not as well documented as the 

European hybridization zone, aithough hybridization has been reported dong the Pacific 

coast of the U.S.A. (McDonald and Koehn, 1988; Koehn, 199 1; Sarver and Foltz, 1993; 

Geller, 1994; Geller et al., 1994; Rawson and Hilbish, 1995) and Canada (Heath et ai., 

1995). According to Sarver and Foltz (1 993), only 7 1 out of 1250 individuals (5.7%) fiom 

their collections of mussels dong the Pacific coast o f  the U.S.A. could be classified as 

possible hybrids on the b a i s  of 25 enzyme loci. Heath et al. (1995) used PCR-based nuclear 

markers to study mussels on the West coast of Canada and reported only 5.4% hybrids. 

Rawson and Hilbish (1995), using an mtDNA (PCR/RFLP) assay, conduded that 

hybridization of M. irossulus and M. galioprovir~cialis was rare in southern California. In 



~eneral, these are iow percentages of hybrids compared with those reported for the hybrid - 
zone in Europe, which are higher and may Vary from site to site, for instance 25-50% 

reported by Sanjuan et al. (1994), 80% by HiIbish et al. (1994) and 27-49% by Cornesdia 

and Sanjuan (1 997). Rawson et ai. (1 996a) reported 20.7% hybrids in San Francisco Bay, 

of which 66% were putative F 1 genotypes. However, in a more recent study dong the 

Pacific coast of North America, Suchanek et al. (1997) reported 55% hybrids, 34O/0 M. 

gnlIoprovi~~ciaIis and 1 1% M. tro~srrIr~s in mussel sarnples taken in San Francisco Bay, near 

the Golden Gate Bridge. These studies may irnpiy that the distribution of the two species and 

their hybrids is patchy. It also seems that the relationship between M. t r o s s u h  and M. 

gulloprovir~cialis in California is different fiom that between M. edulis and M. 

gnlloprovirrciaIïs in the contact zone in Europe, where M. edrrlis predominates in sheltered 

bays and estuaries and M. gai/oprovi,rcia/is is more common on wave-exposed shores 

(Comesaiïa and Sanjuan, 1997). In California the degree of exposure does not appear to be 

a significant factor influencing the distributions of M. trosmirrs and M. galloprovillcia/is 

(Sarver and Foltz, 1993), a situation which could be related to the presence of M. 

califon~ia,nrs. which out-competes other mytilids on exposed rocky shores (Harger, 1970a, 

b). 

1.2.2.3. Atlantic coast of North Arnerica 

The micro- and macrogeographic distribution of the genus Mytifrs on the Atlantic 

coast of North Amerka has been studied by examining genetic variation at severai 

polymorphic enzyme loci (Gartner-Kepkay et al., 1980; Koehn et al., 1984; Varvio et al., 

1988; McDonald et al., 1991; Bates and Innes, 1995). Early genetic studies of Mytilus 

populations on the east coast of North America suggested that Mytilzis edulis was the only 

species present (Koehn et al., 1976; Gartner-Kepkay et al., 1980), but later Koehn et al. 

( 1  984) showed that populations of Mytilis spp. in Atlantic Canada were composed of two 

genetically distinct forms found sympatrically at some locations. These two genetically 



distinct forms of Mytilus (groups II and III of Koehn et al., 1984) were later confirmed to 

belong to the species M. edulis and M. trossirlrrs, respectively (Varvio et al., 1988; 

McDonald et al., 199 1 ; Bates and Innes, 1995; Maliet and Carver, 1995; Saavedra et al., 

1996; Cornesaiïa et al., 1998; Hunt and Scheibling, 1998). In Atlantic Canada, there is 

limited evidence for interbreeding between M. eddis and M. trossttlus in nature (Koehn et 

al.. 1983: Varvio et al., 1988), despite the syrnpatric occurrence of both species and the 

successful production of viable hybrids in taboratory crosses (Zouros et al., 1992; f 994a, 

Saavedra et al., 1996). The lack of hybrids detected may in part be due to the faihre to use 

highly diagnostic allozyme markers and/or an insufficient sample size. A recent study on the 

genetic variation of these two species of mussels in Newfoundland showed that the 

distribution of a hybrid index based on three partially diagnostic loci (Est-D, Pgm, Lap) 

provided no evidence for hybridization (Bates and Imes, 1995). Two studies in Lunenburg 

Bay, Nova Scotia, estimated the degree of natural hybridization to be < 5% (Mailet and 

Carver, 1995) using the Mpi locus and 22.8 % (Saavedra et ai., 1996) using Mpi and Est-D 

loci. 

1.2.2.4. Japan 

houe et al. (1 997) used a PCR-based DNA marker (Inoue et al., 1995) to show that 

a hy brid zone of M. galfoprovinciaiis and M. iross~rlrts may be located in the region of Hiura 

and Hakodate, northern Japan. These authors also confirmed the study carried out by 

Wilkins et al. ( 1983) reporting the presence of M. galloprovirtcxalis dong the entire Coast 

of Japan (rather than M. edulis populations as previousiy reported (Seed, 1976)), including 

Hokkaido and the northem part of Honshu, indicating a more cold water distribution for this 

species. According to W h  et al. ( 1 983) M. gaI1oprovirzciaIis was accidentally introduced 

to Japan fiom Europe before 193 5 .  The other species, M. trossuius, is present in Hokkaido 

(although it was originally identified as M. edulis (Wilkins et al., 1983)), although Inoue et 

al. ( 1997) obsewed that "pure7' M. rrosmlits was not found at the northern tip of Honshu 



(which is only 20 km south o f  Hokkaido), despite the enormous marine traffic between the 

two islands, and suggested that Hokkaido may be the southern limit o f  the North Pacific M- 

fros.wluS. At Hiura and Hakodate, mussels having both M. galloprovincialis and M. 

tros7rlzrs type sequences were found, which were presumed by the authors to be caused by 

hybridization and introgression between the two species (houe  et al., 1997). Because this 

is a recent finding, more studies are required to establish a detaiIed distribution for the two 

species and their hybrids in aorthem Japan, 

1.3. OBJECTIVES 

The main hypothesis tested in this study is that there is no dflerences in the life 

hi st O ry of Mytiltis edtdis-M. trosmlrts. 

The following are the specific objectives to be addressed: 

- Determine whether there is micro-geographic genetic differentiation of  Mytilus 

dulis  and M. trossulus and detect the presence of  naturally occumng hybrids. 

- Estimation of the degree o f  naturai hybridization at two different locations and, at  

each location, for two different environments (one exposed and other more sheltered 

and protected fiom wave action). 

- Determine if both Mytihrs species and their hybnds are distributed differentially 

according to size. 

- Examine the possible intrinsic incompatibilities between edulis and rrossulus 

nuclear and rnitochondrial genomes in mussels of different size fiom different 

environments. 



- Estimation of  the fiequency distribution of  both Mytihs species and their hybnds 

at the larval and spat stages of the life-history. 

- Determine the timing of spawning of M. ed~dis and M. trossuius and their hybrids 

in t heir natural environment. 

- Determine spawning frequency and fecundity under naturai conditions for hfyfiilrs 

ed~lss, M. trossrrlus and their hybrids, using gonado-somatic index, qualitative 

histological staging, and quantitative stereology. 

- Evaluation of fertilization, viability and growth success of pure lines and hybrids 

of Ad ed1di.s and M. &ros.sdus during the crucial early stages of their devetopment, 

based on laboratory crosses using a factoriai design. 

- Evaluation of  sheli morphometrics as an approach to distinguish among M. edtlis, 

M. /rossuius and their hybrids using sympatric populations and a combination of 

individuals fiom three different sites. 



Applications o f  PCR-based nuclear markers to discriminate among Mytilus edulis, 

M. trassulus and their natural hybrids, and the analysis of their frequcncy 

distributions among geographic locations and stages of their life cycles 

Natural hybrid zones provide an opportunity to study the genetics of speciation and 

the origin of the ecological and genomic interactions which maintain the integrity of species 

(Arnold, 1992; Harrison, 1993). The hybrid zones are spatiaily complex, and in some areas 

their location is determineci by specifk enwonmental factors (Skibinski and Roderick, 199 1). 

In areas where species of the "Myfihs cornplex" are found sympatncally, there is always 

hybridization between them (Gosling, 1994). Some of these contact zones are located on the 

Pacific Coast of North Arnerica, benveen M. gal/oprovincialis and M. trosmlus (McDonald 

and Kohen, 1988; Heath et al., 1995), in southwest England, between M. edulis and M. 

gn//oprov~ticia(iis (Skibinski et al., 1978; Edwards and Skibinski, 1987; Gardner et al., 1993; 

Gardner, 1994), and in the Bdtic Sea, between M. edulis and M. trosmlus (Vainola and 

Hvilsorn, 1991). In Atlantic Canada, there is limited evidence for interbreeding between M. 

e d r l ~ s  and M. tross-rrlrrs in nature (Koehn et al-, 1984; Varvio et ai., 1988), despite their 

sympatric occurrence and the successful production of viable hybrids in laboratory crosses 

(Zouros et al., 1992; 1994a; Saavedra et al., 1996). Undetected hybrids may in part be due 

to the failure to use highly diagnostic allozyrne markers and/or an insufficient sample size. 

Several studies have suggested a potential hybrid zone between two species of mussels in 

Atlantic Canada (McDonald et al., 199 1 ; Freeman et al., 1994; Mailet and Carver, 1995). A 

recent study based on allozyme analysis has established the presence of two species of blue 

rnussels, Mytihs &lis and tro.~~tr/~rs, in eastem Newfoundland, aithough the distribution 



of hybrid index scores, based on three partidly diagnostic loci @SI, Pgm. Lap), provided no 

cIear evidence for hybridization (Bates and Innes, 1995). 

Most marine benthic invertebrates show spatial genetic heterogeneity, despite the 

long-lived planktonic stage which enhances dispersal and tend to homogenize the genetic 

structure of p o p u l ~ t i ~ ~ .  Selection or immigration of geneticdly diEerent larvae (Koehn et 

al., 1980; Gartner-Kepkay et al., 1983; Hilbish, 1985; Wilhelm and Hilbish, 1998) may 

counteract the dispersal capabilities of the lamae, resulting in spatial or temporal genetic 

heterogeneity. Several studies report that seiection seems to be most intense at larvai and 

spat stages (Hilbish, 1985; Hiibish and Koehn, 1985; Gosling and McGrath, 1990), because 

predation during the pelagic stage and larvai metamorphosis may increase the mortality rate 

(Wendell and Garton, 1995). 

For organisms with compiex life histories such as mussels (a prolonged, mobile, 

planktonic larval stage, two distinct phases of l a r d  settlement and a semi-sessile adult 

stage). it is particularly important that early life stages (such as the planktonic larval stage 

and spat) can be investigated, especiaily within hybrid zones. Untii recently, studies carrïed 

out on the relationship between benthic mussel communities and the planktonic distribution 

of mussel l m a e  have been based on detailed morphological anaiysis of plankton samples 

(Ramorino and Campos, 1983; Pulfish, 1997). When these investigations are carried out in 

areas where more than one musse1 species is sympatrically or parapatricaily present, some 

dificulties in identifjing larvae are often encountered (Olson et al., 1991; Cragg, I996), 

especially in temperate waters, where reproduction is highly seasonal (Bayne, 1976a, b) and 

most invertebrate species have overlapping spawning times (Olive, 1992; Minchin, 1993). 

Moreover. the size and shape of prodissoconch II shells of larvai bivalves vary considerably 

(Loosanoff and Davis, 1963; Bayne, 1 965; Pulfrish, 1997), making identification more 

dificult. AlIozyme electrophoresis techniques, in general, have been difficult to apply to 

larvae or spat of bivaives (Skibinski et al., 1 983 ;Gosling and McGrath, 1990) (but see Hu 

et al., 1992; Wendell and Garton, 1995). The polymerase chain reaction (PCR) (Mullis and 

Faloona, 1987; Buffery, 1993) is potentidly a su5ciently sensitive method for characterizhg 



invertebrate larvae at very early stages (Oison et al., 199 1), e.g., those of Mytilus edulis 

(Corte-Real et al., 1994b; Sutherland et al., 1998). This technique, using specific genetic 

markers, could be very usefùl in plmktonic surveys of bivalve larvae. In the present 

study, a static cohort analysis ofMyrilus spp. and two diagnostic PCR-based nuclear-DNA 

markers were used to investigate the micro-geographic distribution pattern of M. edtrlis and 

hl. b-os~-~rius, and to detect the presence and fiequencies of their naturai hybrids. Different 

stages of the We cycles of the species and hybnds, inciuding planktonic larvae, newly settled 

post larvae and spat were also exarnined, in order to investigate the existence and timing of 

any change in their fiequencies that may suggest that selection affects one or more of the 

species. 

II. 2. MATERIAL AND METHODS 

II. 2.1. STUDY SITES AND SAMPLING 

Adult mussels (M. edtriis Linnaeus, 1758; M. trossuius Gould, 1850) were collected 

subtidally by SCUBA at a depth of approximately 1.5 m below mean low tide at two 

locations, Chance Cove and Bellevue, located in Trinity Bay, east Coast of Newfoundland, 

in October 1995, June 1996, October 1996 and October 1997. At each location, two sites 

were sampled, one exposed to wave action, (Chance Cove exposed, CE; Bellevue exposed, 

BE) and another protected and sheltered (Chance Cove protected, CP; Bellevue protected, 

BP) (Figure 1 ). Representative samples (Hap hazzard) of approximately 200-300 mussels 

were taken f b m  each musse1 bed at each site, including a range of sizes fiom 15 mm to 98.6 

mm shell length. During June 1996 three random samples, each composed of 200-300 

niussels, were taken dong the longest axis of the mussel bed at each of the four sampling 

sites. This ailowed for the collection of a representative sample from each musse1 bed, which 

can contain several thousands of mussels. The mussels were brought alive to the laboratory, 

shell length was measured with an eiectronic caliper (0.0 1 mm), and the animals dissected. 
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Fig. 1. Map of sarnple sites in eastem Nedoundland: Bellevue Protected (BP), 
Bellevue Exposed (BE), Chance Cove Protected (CP), Chance Cove 
Exposed (CE). 



A small piece of mantle edge tissue (approximately 200 mg) was removed, pIaced in a 1.5 

ml Eppendorf tube, fixed with 95% ethanol and stored at -20°C to await analysis. 

Musse1 spat were collectai îrom brown filamentous algae in three consecutive years 

(0.6-1.9 mm, primary settlement) and from within musse1 clumps (2.0-14 mm, secondary 

settlement) at each of the sites descnbed in the above paragraph during the months of 

Oaober and December 1995, September, October, and December 1996, and September and 

December 1997. The samples were placed in 95% ethanot and refngerated until they coutd 

be analysed. Approximately 250 mussels from each site were collected on each sampling 

date. 

Planktonic larvae were qualitatively sampled in standard 10 minutes plankton tows 

(20 Pm mesh) at the same sites sampled for adult mussels at Bellevue and Chance Cove, 

Newfoundland, during June, July, August, September, October 1996, June and September 

1997, and August, 1998. Aiso, D-shape larvae obtained fiom pure crosses of M. eddis, M. 

tros.s'~~li~s and theïr reciprocal hybrid crosses (see Chapter 4) were obtained by rearing larvae 

from laboratory crosses ofthe two species (Scarpa et al., 1994; Toro and Sastre, 1995; Toro 

and Paredes 1996b). 

LI.2.2. DNA EXTRACTION 

U.2.2.1 Juvenile and adult mussels 

Approximately 50-100 mg rnantle-edge tissue was removed from each mussel, 

coarsely chopped and digested in 500 pl lysis buffer (50-rnM Tris-HCI , pH 8.0, 1 .O % SDS; 

25 mM EDTA) with 200 pg proteinase K (Signa) at 37 OC overnight. The solution was then 

extracted twice with 500 pl of an  equal volume of phenol-chloroform-isoarnyl alcohol 

(2424:  1) followed by 95% ethanol precipitation at -20°C. The extracted DNA was 

resuspended in 200 pl ultra-pure sterile distilled water. 



U.2.2.2 Spat 

For smaller mussels (< 5 mm in length), the whole flesh was dissected out of the shell 

and used. In recently settled spat and very smail individuais (< 2 mm in length), the whole 

anima1 was used. Totd  DNA extraction followed as described above. 

Totai DNA was extracted fiom around 200 individual larvae fiom each location at 

every sampling date. Furthemore, 60 D-shape larvae from each pure and hybrid larval 

culture ( s e  Chapter 4), were analyseci in order to see ifthere was any variation in the RFLPs 

among individual larvae of the same species. No vanation among larvae fiom "pure" crosses 

was detected with either DNA-marker. The DNA extraction procedure was sirnilar to that 

described for the mantIe tissue, except that each larva was first measured with a graduated 

eyepiece fitted to a Wild stereomicroscope at 40X magnification, and isolated using a 

Pasteur pipette. Each individuai larva was then pIaced in a separate 1.5 ml Eppendorf tube 

and washed twice in 0.5 mi distilled water before DNA extraction. Individual larvae were 

scored for genotype at each marker locus on the basis of diagnostic RFLPs. 

11.2.3 SPECIES MARKERS 

Two polymerase chain reaction (PCR) based nuclear-DNA species markers were 

used in the present study. Glu-5 and iTS are CO-dominant DNA markers producing two 

specific M. edulis and M. rrossuius patterns and distinct patterns for hybrids. 



U.2.3.1 ITS 

This marker, developed by Heath et al. ( 1999, is based on the interna1 transcribed 

spacer (ITS) regions between the 18s and 28s nuclear rDNA coding region. The primers 

used were ITS 1 5'-GTTTCCGTAGGTGAACCTG-3' and ITS2 5'- 

CTCGTCTGATCTGAGGTCG-Y, with an expected PCR gene fragment size of 1250 bp. 

Primerç were synthetised at the Core facility for ProteidDNA chemistry at Queen's 

University and shipped as the ammonium salt, dry, in a sterile tube. Dissolution was carried 

out in ultra-pure distilled water, according to the manufacturer's instructions and the 

concentration needed. Working solutions of primers were kept at -20 OC (-70°C for Iong- 

term storage). 

11.2.3.1.1. PCR cycling 

Standard PCR ampiifications were carrieci out in 25-pl reaction mixtures (500 pl thin 

walled PCR microtubes, Gordon Technologies) containing 2 pl DNA template (1 : 10 

dilution), 0.3 mM each of the four deoxyribonucIeotide triphosphates (dNTPs) (Sigma), 2.0 

m M  MgCl, primers at 0.4 mM, 1 unit of Taq (73termu.s aquarictrs strain YT1) DNA 

polymerase (Promega), the manufacturer-supplied PCR buffer and sterile distilled water. The 

reaction mixtures were overlaid with a drop of mineral oil (Sigma) to prevent evaporation, 

and were then placed in a programmable thermocycler (MJ Research Inc.). The thermal 

cycler protocol consisted of an initial denaturation at 94°C for 3 min, followed by 35 cycles 

of 94°C for 20 s, 50°C for 20 s and 72°C for 2 min. Rigorous precautions were taken to 

prevent template contamination during the PCR procedure: positive displacement pipettes 

(Eppendorf) and autoclaved, sterile tips, tubes and reagents were used, and a negative 

control wit hout the DNA template was run with every batch of samples. 



U.2.3.1.2. Restriction analysis 

Five pl of each amplified PCR-product was digested for 12 h at 37°C with 0.5 unit 

of the restriction enzyme ffh I from krnophilrcs huemolyticus in a total volume of 1 5 pl, 

including 3 11 of buffer supplied by the manufacturer O>harrnacia) and 6.5 pl of ultra-pure 

distilled water. E-e inactivation was accomplished at 65 OC for 20 min in a water bath 

and the sample cooled for 20 min at room temperature. The digested products were 

electrophoretically fiactionated in 3 % agarose gels (2% Sigma and 1% NuSieve GTG 

agarose) with 0.5X Tris-borate-EDTA (TBE) buffer for 30 min at 1 12 V. A negative control 

with no PCR-product was run with every batch of samples. A 1Kb DNA ladder (GibcoBRL) 

was run on each gel for sizing the DNA fragments. The randorn fragment length 

polyrnorphisms (RFLPs) were visualized by placing the gels in a solution of ethidium 

b romide (0.5 pg ml-') and photographing them under ultraviolet illumination. Lndividual 

mussels were scored for genotype at each marker locus on the basis of diagnostic RFLPs. 

A second nuclear-DNA marker, Glu-5. developed by Rawson et al. (1 996a), targets 

the gene encoding the poIyphenolic adhesive protein produced by the pedal gland. The 

primer used was JH-5 5' -GTAGGAACAAAGCATGAACCA- 3' and the reverse primer 

JM54 5' -GGGGGGATAAGTTTTCTTAGG- 3'. 

n.2.3.2.1 PCR cycling 

Standard PCR ampiifications were carried out in 25-pl reaction mixtures containing 

approximately 50 ng of DNA template, 2.5 nmol dNTPs, 2.0 m M  MgCl,, 50 pmol of each 

primer, 1 U of Tfl DNA polymerase (Promega), the manufacturer-supplied PCR buffer, and 

sterile distilled water. The reaction mixtures were overlaid with a drop of mineral oil (Sigma) 



to prevent evaporation, and were then placed in the thennocycler. The thermal cycler 

protocol consisted of an initial denaturation at 94 OC for 3 min, followed by 30 cycles of 

94°C for 20 s, 53 OC for 20 s and 72 O C  for 45 S. PCR products were then directly resolved 

on 3 % agarose gels stained with ethidium bromide and scored for species using Polaroid 

photos taken under UV light. A negative control without DNA template was m n  with every 

batch of saniples. 

LI.2.4 S U E  FREQUENCY ANALYSE 

Shell lengths of al1 sampled mussels were measured to the nearest 0.01 mm with 

digital calipers, and each musse1 assigned to the appropriate size class (5 mm intervals) 

(Comesaïia et al., 1998). 

U .2.S STATISTICAL ANALYSES 

Cornparisons of genotype fiequency distributions were made with R X C G-tests of 

independence (Sokal and Rohlf, 198 1) using the Systat 5.1 (Wilkinson, 199 1) and Zaykin 

and Pudovkin (1993) computer prograrns. The probability estimates of nul1 hypothesis 

(homogeneity) were performed using Monte Carlo simulations as suggested by Roff and 

Bentzen ( 1989). Bonferroni-adjusted probabilities for mdtiple comparisons were applied 

(Le., divide the critical level, cr-0.05, by the number of comparisons) (Sokal and Rohlf, 1987; 

Wilkinson, 1991). Two way anâlysis of variance and nested analysis of variance (ANOVA) 

were performed on log transfonned values for shell length (Mallet and Carver, 1995), to test 

for differences among sites, arnong species 4 t h  sites and for the genotype x site interaction 

term, using the Systat 5.1 (Wilkinson, 1991) statistical package. 



LI.3. RESULTS 

L1.3.1 SPECCES MARKERS 

LI.3.1.1 ITS nuciear-DNA marker 

The restriction digestion of the 1S50-bp /TS PCR amptified product with Hhai 

produced three specific RFLPs. in M. rdrrlis, the 1250-bp tiagment was cut into two 450-bp 

Fragments and two 180-bp fragments. in M. fros.s7titcs the ITS-PCR product was cut into two 

280-bp fiagments, two 1 80-bp fiagments and several < 100-bp fiagments (Figure 2). This 

assay. using a CO-dominant marker, was also able to separate the hybrids, in which patterns 

from both species were present on the gel (Figure 2). 

CI.3.1.2. Glu-5 nuclear-DNA marker 

This PCR assay aiso produced species-specific patterns. In M. edufis, two different 

banding patterns were found, 92 per cent ofM. edidis mussels producing a single 350-bp 

band and 8 per cent producing one 350-bp band and one 380-bp band. In M. trosszcltrs this 

PCR assay produced only a single primary band of 210-bp. Hybrid musseis presented RFLPs 

patterns from both species (Figure 3). 

11.3.2 MICRO-DISTRIBUTION PATTERNS 

U.3.2.1 Larvae 

The data show that PCR is a sufficiently sensitive technique to permit genotyping of 

individual musse1 l m a e .  Figure 4 (A to D) shows that every site sampled contained 

individuals from each of the three mussel types (M. eduï~s, M. frossz~lus, hybrids). A higher 



Fig. 2. Photo negative of ethidium bromide stained 3% agarose gel 
transillurninated with ultraviolet light showing the RFLPs 
patterns produced by the iTS nuclear marker for Mytilus edulis 
(lines C and F). Mytilus trossulus (lines D and E) and the 
hybrid (line B). Molecular weight marker (Gibco BRL 1 Kb 
Iadder (line A). 



- - - 

Fig. 3. Photo-negative ofethidium brornide stained 3% agarose gel 
transillurninated with ultraviolet light showing the RFLPs 
patterns produced by the Glir-5 nuclear marker for Mytifus 
edulis (lines F and H). Mytilus trossulus (lines C. D. E and 
G )  and the hybrid (line B). Molecular weight marker 
(Gibco BRL 1 Kb ladder) (line A). 



frequency of M. trossulus, lower fiequency of M. rduiis and intermediate fiequencies of 

hybrids were found in aii samples (Figure 5). There was no difference in genotype fiequency 

among sites or between locations (pooling sites at each location) for the August 9 and 

September 3, 1996 samples (Table 1). Also, no significant differences in genotype 

frequencies for larvae were found between sites (,protected vs exposed) within locations 

(Table 1). The size range of the Iarvae analysed by this method ranged between 1 13 (s-d = 

8.57) pm and 298 (s.d. = 6.53) prn (Figure 4, E-H)- However, no atternpt was made to 

analyse size differences among species, due to the mixture of cohorts in each sample. 

No sigruficant differences (P>O.O 1) in the species fiequencies (M. eddis, M. frossuius 

and hybrids) for larvae were found arnong years at Bellevue protected, Chance Cove 

protected and Chance Cove exposed sites (Table 2). At Bellevue exposed a significant G 

value was obtained (PK0.0 1, G=16.3 1, dH). However, after excluding the hybrids fiorn the 

analysis, there was no difYerence among years (P>O.O 1, G=S -70, d+2), indicating that the 

d ifference among years at this site was the result of small fluctuations in the fiequency of 

hybrids. 

11.3.2.1 Spat 

The mussel spat cokted during the autumn of 1995, 1996 and 1997 were arbitrarily 

divided into three ske groups, one group including the spat collected from filamentous algae 

(0.6- 1.9 mm), the other hvo groups including spat with sue ranges between 2.0-9.9 mm and 

10.0-14.9 mm respectively. Figures 6, 7, 8 and 9 show the species fiequencies of the spat for 

each size range in three consecutive years. A higher fiequency of M. rrossulus, lower 

fiequencies of hybrids and intermediate fiequencies for M. eduiis are evident, especially at 

the exposed sites at both locations, while at the more protected sites the fiequency of M. 

fru.s~7rh~s is lower than at the exposed sites and the trequency of M. eduiis and hybrids shows 

no clear pattern (Table 3, Figures 6 to 9). There were no significant differences in the species 

frequencies for the smailest sue range of spat among sites, between sites within locations 



Fig. 4. Frequency distribution o f  Mytilus edulis, Mytilus trosmlus and hybrids 
larvae (A to D) and mean (*S.E.) sheii length (E to H) for each location (BP, 
BE, CP and CE) from plankton tows taken regularly during the summer- 
autumn 1996. ND=no data. Number of larvae in parentheses. 



Locations 

Fig. 5. Frequenq distribution ofMytifus edrrls- My~ifus b d u s  and hybrids larvae 
for each location (BP, BE, CP and BE) for samples taken dunng August 
WSeptember 3, (pooled) 1996 (A), September 2, 1997 (B), and luly 3 1 ,  1998 
(C). Number of individuals in parentheses. 



Tabte 1: Results of R X C G-tests of independence among genotype frequencies (M. erCuik, 
b1. h.ossulus and hybrids) at the larval stage, cornparing 1)  locations and 2) sites wittiin each 
location for sampIes taken on August 09 and September 03  1996. The critical values of the 
type 1 error were adjusteci using Bonferroni method. Significance level is indicated (ns = non 
significant, * = significant) 

August 09 P September 03 P 

Among sites (BP,BE,CP and CE) 
xZt6) = 12.59 G= 6.59 ns G=11.34 ns 

Between sites BP vs BE 
xZ(2) = 599 

CP vs CE 

Between locations BP+BE vs CP+CE G= 2.25 ns G= 5.47 ns 
f t 2 )  = 5.99 



Table 2: Results of R X C G-tests of independence among genotype frequencies (M. edulis. M. 
trussulus and hybrids) at the larval stage compriring arnong three years 1) at the four Iocations and 
2) sites within locations for samples taken in August 09, September 03 1996 (pooIed), September 02 
1997 and July 3 1 i 998. The critical values of the epe 1 error ar were adjusteci using the Bonferroni 
rnethod. Significance level is ïndicated (ns = non signifiant: * = sigruîïcant). 

Among years for BP 
x:4) = 9.488 

Among years for BE 
xz,,, = 9.488 

Among years for CP 
x2U) = 9.488 

Among years for CE 
xi4> = 9.488 

Amongyearsfor: BP+CP 
x ~ < ~ >  = 9.488 



Bellevue protected 

Fig. 6. 

0.6 - 1.9 2.0 - 9.9 10.0 - 14.9 
(44) (1 37) (641 

Shell length (mm) 

Frequency distribution of Mytiltrs edtrlis, Mytilzirs frossulrrs and hybrids at 
the spat stage, divided into three shell length ranges in Bellevue protected 
(BP) for sarnples taken during three consecutive years (1995, 1996 and 
1997). Number of individuals in each length class in parentheses. 



Bellevue exposed 

Fig. 7. 

0.6 - 1.9 2.0 - 9.9 10.0 - 14.9 
(51 (141) (70) 

Shell length (mm) 

Frequency distribution of Mytihts eddis, My!ihts trosmhs and hybrids at 
the spat stage, divided into three shell length ranges in Bellevue exposed 
(BE) for sarnples taken during three consecutive years ( 1  995, 1996 and 
1997). Number of individuals in each length class in parentheses. 



0.6 - 1.9 2.0 - 9.9 10-0 - 14.9 
(51 (1 20) (84) 

Shell length (mm) 

Chance Cove proteded 

1995 

A v.l wnds 

Fig. 8. Frequency distribution of Mytifris edrrlis, Myzlirs trossr</ics and hybrids at 
the spat stage, divided into three shell length ranges in Chance Cove 
protected (CP) for samples taken during three consecutive years ( 1995, 1996 
and 1997). Number of individuals in each length class in parentheses. 
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0.6 - 1.9 2.0 - 9.9 10.0 - 14.9 
(46) (121) (45) 

Shell length (mm) 

Fig. 9. Frequency distribution of Mytilm edulis, Mytiltcs trossulrcs and hybrids at 
the spat nage, divided into three shell length ranges in Chance Cove exposed 
(CE) for samples taken during 1995, 1996 and 1997. Number of individuals 
in each length class in parentheses. 



and between locations (Table 3). However, genotype fiequencies showed significant site 

differences in most G-tests for spat in the 2.0-9.9 and 10.0-14.9 mm size ranges (Table 31, 

with the exception of the cornparison between locations (BP+BE vs CP+CE), in which no 

significant differences in genotype Eequencies were found. 

There were no significant overall differences in species fiequencies among years for 

any of the  sites studied, with the exception of Bellevue exposed in the smallest size range 

(P<0.0 1 ) (Table 4). In generd, the genotype frequencies (M. edirlis, M. trossulus and 

hybrids) showed no differences arnong the years studied, indicating that the genetic 

composition of the mussels that recmit each year at each of these sites does not Vary 

significantly. 

11.3.2.1 Adults 

The relationships between the 6quencies of M. edulis, M. trossulus, and hybrids and 

shell length are shown in figure 10 for a sarnple taken in October 1995, figure 11 for a 

sarnple taken in June 1996, figures 12, 13, 14 and 1 5 for a sample taken in October 1996 and 

in figure 16 for a sample taken in October 1997. Mussels were considered to be adults when 

çonad development and gamete storage in the mantle tissue were first observed (age at first 

reproduction), which generally occurs at about 15-20 mm shell Iength in M. trossulus 

(Suchanek, 198 1) and 20-25 mm shell length in M. e d u h  (Seed, 1969; see also Chapter 3). 

The relative fkquency of each genotype was strongly dependent upon size class. M. 

~ross~rhrs \vas the predominant species in the smallest size classes for ali sarnples (Figures 10 

to 16). An increase in the fiequency of M. edirlis individu& and a decrease in fiequency of 

M. ~ros.szrI~rs individuals with shell lengh was observed at al1 sites and locations (Figures 10 

to 1 6). The change in fiequency of both species with increasing size was gradual, and the 

hybrid eequencies tended to decrease in the larger size classes, although no ciear pattern was 

observed. 



Table 3: Results of R X C G-tests of independence arnong genotype frequencies (M. edulist M. 
trossulus and hybrids) at the spat stage, cornparhg 1 )  Iocations and 2 )  sites within each location for 
thrcz size ranges ( 0.6 - 1.9 . 2 -0-9.9 and 1 0.0- 14.9 mm). for sarnples taken during 1995: 1 996 and 
1997. The critical values of the type 1 error a were djusted using the Bonferroni method. Significance 
Ievel is indicated ( * = significant). 

Arnong sites (BP,BE,CP and CE) 
xZf1)= 12.59 

0.6 - 1.9 mm G= 1 1.59 Gz 6.3 1 
2.0 - 9.9 mm G=13.35 G=35.04* G=18.65* 

10.0 - 14.9 mm G=19.44 * G=16.32 (5-20.44 * 

Between sites BP vs BE 
x : ~ ,  = 5.99 

0.6 - 1.9 mm 
2.0 - 9.9 mm 

10.0 - 14.9 mm 

Between locations BP+BE vs CP+CE 
xzp> = 5.99 

O - 1.9 mm G= 2.04 G= 1.39 
2.0 - 9.9 mm G= 2.89 G= 0.33 G= 3.56 

10.0 - 14.9 mm G= 0.24 G= 0.68 G= 2.3 1 



Table 4: Results of R X C G-tests of independence among genotype fiequemies (M. edulis, M. 
trossulus and hybrids) at the spat stage for three different size ranges (0.6- 1 -9. 2 -009.9 and 1 0.0- 14.9 

mm) among three different years (1995. 1996 and 1997), at the four locations and sites within 
locations. x2(,, = 9.488. The criticai values of the type I error a were adjusted using the Bonferroni 
method. Significance IeveI is indicated (ns = non signifiant). 

Size range (mm) G P 

0.6- 1.9 2.57 IZS 

h o n g  years for BP 2-0- 9-9 6.5 1 11s 

10.0- 14.9 6.19 IIS 

0.6- 1.9 
Among years for BE 2.0- 9.9 

10.0- 14.9 

0.6- 1.9 
Arnong ycars for CP 2.0- 9.9 

i 0.0- 14.9 

0.6- 1.9 

Among ?cars for CE 2.0- 9.9 
10.0- 14.9 

0.27 ns 
2.26 11s 

3.69 ~ l s  

0.6- 1.9 
Among years for: B P K P  2.0- 9.9 

10.0- 14.9 

2.43 lls 

9.13 11s 

1.35 ns 

- - -- 

0.6- 1.9 2.13 ns 
Among ycars for: BE+CE 2.0- 9.9 4.87 11s 

10.0- 14.9 5.19 tls 

0.6- 1.9 
Among ycars for: BP+BE 2.0- 9.9 

10.0- 14.9 

7.49 ns 

6.78 m 
6.13 lls 

0.6- 1.9 
Among years for: C P K E  2.0- 9.9 

10.0- 14.9 

o. 12 ZIS 

5.33 ns 
1-45 11s 



1 0 0  
j Bellesue exposed 

100 1 Chance Cove protected 

2 o j  O d.L?-i 3, , . w  . . - =  , V 

15-20 21-25 26-30 3135 36-40 41-45 46-50 51-55 S 6 0  61-65 66-70 71-30 81-100 
(24) (18) (13) (16) (22) 0 (1 1) (1 1) (5) (4) 

Shell knqth (mm) 

Fig. 10. Frequencies of M. edirlis (black circles), M. ~rossrtlirs (open circles) and 
hybrids (inverted black diamonds) plotted against shell length classes for 
four populations, fiom a sample taken in October 1995. in eastem 
Newfoundland. Number of individuals in each lenszth class in ~arentheses. 
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15-20 21-25 26-30 3 1 a  36-40 4 1 4  4650 51-55 56-60 61-65 66-70 71-80 81-100 
(27) (24) (21) (17) (19) (1  1) (12) (11) (3) 

Shell length (mm) 

Frequencies o f  M. edtdis (black circles), M. trosstrlr~s (open circles) and 
hybrids (inverted black diamonds) ploned against shell length classes for 
four populations, fiom a sample taken in June 1996, in eastern 
Newfoundland. Number o f  individuals in each length class in parentheses. 



Fig. 12. 

Shell length (mm) 

Frequencies of Myti/rs edd i s  (black circles), Myrihrs rrossihs (open 
circles) and hybrids (inverted black diamonds) plotted against shell length 
classes for random samples taken dong three sites of the musse1 bed at 
BeUewe protected location (BP) in October 1996. Number of individuals in 
each length class in parentheses. 



Fig. 13. 
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Shell lennth (mm) 

Frequencies of M y t i f ~ s  edufis (black circles), Mytilus ~rossirltrs (open 
circles) and hybrids (inverted black diamonds) plotted against shell length 
classes for random sarnples taken dong three sites of the mussel bed at 
Bellevue exposed location (BE) in October 1996.Number of individuals in 
each length class in parentheses. 



Fig. 14. 
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Frequencies of Myfihs eddis (black circles), Mytifzts trossulzrs (open 
circles) and hybrids (inverted black diarnonds) plotted against shell length 
classes for random samples taken dong three sites of the musse1 bed at 
Chance Cove protected location (CP) in October 1996. Number of 
individuals in each length class in parentheses. 
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Fig. 15. Frequencies of Myrilus edtrlis (black circles), Mytil~irs irossths (open 
circles) and hybrids (inverted black diamonds) plotted against shell length 
classes for randorn samples taken dong three sites of the musse1 bed at 
Chance Cove exposed location (CE) in October 1996. Number of individuals 
in eazh :ength class in parentheses. 



Fig. 16. 
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Frequencies ofMytiIi~~ edirlis (black circles), M. trossulus (open circles) and 
hybrids (inverted black diamonds) plotted against shell length classes for 
four populations, fiom a sarnple taken in October 1997, in eastem 
Newfoundland. Number of individuals in each length class in parentheses. 



Extensive sampling at both locations at each site was carried out in October 1996, 

in order to evaluate the possibility of a patchy distribution of genotype fiequencies (M. 

eui~lis ,  M. rrossiifus and hybrids) within each site. Three representative (hap hazzard) 

samples dong each of the mussel beds at these sites showed that there were no significant 

differences in genotype fiequencies among samples taken near the edge of the musse1 bed 

and at the centre of the same musse1 bed (PX-05; G= 4.72 for BP, G= 1.48 for BE, G=O.3 7 

for CP and G 4 . 2 9  for CE, de-4). Significant differences were found arnong al1 four sites 

(Pc0.05, G=107, dF6). The significant difference in species fiequencies between more 

exposed sites and more sheltered and protected sites is particularly interesting (Table 5 ) .  M. 

c'ci~riis showed a higher fiequency at the more protected sites (65 -4% and 5 1 -2% for BP and 

CP. respectively), while M. tross~~lus was predominant at the more exposed sites (50.3% and 

54.9% for BE and CEI respectively). The same significant difference in genotype fiequency 

was obtained by poohg data fiom both exposed sites (BE and CE) and both protected sites 

(BP and CP) (P<0.01, G= 78.15, dfX). A significant difference was found in the genotype 

fiequencies between the locations (Bellevue and Chance Cove), pooling both sites at each 

Iocation (PcO.0 1, G=22.38, de2). Myti111s edulis was predominant (55%) at Bellevue, while 

.M. rt-o.s.wiw was more fiequent at Chance Cove (47%). However, after pooling data (1 995 

i- 1997) from both sites at each location (BP+BE vs CP+CE), there were no significant 

diEerences in genotype fiequencies between locations. There was a significant diflerence in 

genotype fiequencies among years (1995, 1996 and 1997) for the Bellevue protected site 

only (Table 6). 

A two way ANOVA of shell Iength (log transformed) of mussels at the spat (>2.0 

mm) and adult stages showed significant effects of Site (F,,,=97.21, P<O.Ol), Species (F 

126154, = 1 O 12-24, P<O.OO 1 ) and Site x Species interaction (F ,,,,,, = 26.1 2, P c 0.0 1 ). This 

significant interaction indicated that the differences in shel length among the three groups 

of mussels varied among sites. However, the mean shell length of M. trossulus was lower 

than that of M. eddis at every site, while the mean shell length of hybrids showed 

intemediate values between the two "pure" Mytilus species (Figure 17). 



Table 5: Results of R X C G-tests of independence among species fiequencies (M. edulis, M. 
trossulus and hybrids) at the aduit stage (> 15 mm), comparing samples nithin sites, among sites, 
betsuxn locations and sites within each location for samples taken in October 1995: October 1996 and 
October 1997. The cnticai values of the t'pe 1 enor a were adjusted using the Bonferroni method, 
Significance level îs indicated ( = significant). 

- - - - - - -. - -- - - - - - - - -- 

Among sites (BP,BE,CP and CE) 
x : ~ ,  = 12-59 

G= 40.36 * G=lO7.5 1 * G=32.64 * 

Between sites BP vs BE 
x2(?) = 5.99 

Between locations BP+BE vs CP+CE G= 5.81 G= 22.86 * G= 0.11 
&) = 5.99 



Table 6: Results of R X C G-tests of independence for geno-pes fiequencies (M. edulis. M. 
trossulus and hybrïds) at the addt stage (>15 mm) among three ciiffirent years (1995, 1996 and 
1 997). zt the f9m.ir sites. behveen locations and h v e e n  sites within locations. f(n = 9.48 8. The critical 
valucs of the hpe 1 error a n-ere adjusteci using the Bonferroni method. Significance leve1 is indicated 
(ns = non signifiant: * = signrficant). 

h o n g  years for BP 36.35 * 

Among years for BE 6.88 ns 

Among years for CP 2.87 ns 

Among years for CE 3 . 5 5  ns 

Among years for: BP+CP 18.59 * 

h o n g  years for: BE+CE 4.94 ns 

Among years for: BP+BE 3 1.55 * 

Among years for: CP+CE 3 .O4 ns 



A nested ANOVA showed that the differences among mean lengths of the three species at 

each site were statisticaily significant ( F,,,,, = 286.89, P <0.01). 

U.3.3 L E E  EIISTORY VARlATION 

There were signifficant differences in genotype frequencies among dl life-history 

stages at al1 four sites sampled dunng 1996 and 1997 (Table 7). In order to idemi@ the life- 

history stage(s) responsible for this high G value, genotypes for the eight life-history stages 

were painvise tested on ontogenetic sequence (Table 8). Larvae were significantly different 

corn the adult IV (over 6 1 mm) stage (P < 0.0 1 ) and the genotype fiequencies fkom adults 

1 ( 1 5 -0-3 0.9 mm) to adults 11 (3 1 -0-45.9 mm) were also statisticdly different (P < 0.0 1) 

(Table 8). The difference between adults and larvae was the result of fluctuations in the 

frequency of ~ross1hs and hybrid genotypes, these two genotypes being more fiequent at 

the larval stage. The increasing fiequency of M. edufis and decreasing fiequency of M. 

trosszrlrrs and hybrids among adult 1, adult II and adult III stages (Table 8) cm ctearly be 

seen in figures t O to 16. 

Surprisingly, only two of eight G-tests comparing larvae with spat 1 (0.6-1.9 mm) 

resulted in a sigdicant ciifference in the genotype fiequencies (Table 8), which indicates that 

in  general there is no strong selection against any particular genotype (M. eddis, M. 

tr-osmirrs or hybrids) at this very delicate stage of larval metamorphosis. However, when M. 

ed~riis and M. rrosstrlrrs genotypes were pooled and tested against hybrids, there was a 

significant difference between the fiequencies of larvae versus spat 1 (0.6- 1 -9 mm) (P<0.00 1 ) 

for sarnples taken in 1996 (G=16.08) and 1997 (G=20.25). The overall fiequency of hybrids 

for bath locations at the larval stage was 29.14 % for 1996, 4 1.1 1 % for 1997 and 3 1.65 % 

for 1998. There was no significant difference in the fiequency of M. edulis, M. rrosmfus 

(pooled) and hybrid larvae among ail four sites (P>0.0 1 ) for any of the three years analysed. 
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Fig. 17. Mean shell length ( S E )  of Mytius eddis, hybrids and M. rrossïi/trs 
individuals (size range 2.0 - 109.5 mm), scored using one or two PCR-based 
nuclear marken (ln, Gh-5). Pooled fiom samples taken during 1995, 1 996 
and 1997 for each site (Bellevue protected, Bellevue exposed, Chance Cove 
protected, Chance Cove exposed). Number in parentheses show the number 
of individuals scored. 



Table 7: Results of R X C G-tests of independence among species frequencies (M. edrrlis, 
M. trossulus and hybrids) among ail (8) size (We-history) stages during two consecutive years 
( 1996, 1 997). Each cornparison has 14 degrees of fieedom. Estimates of probability of nul1 
hypothesis (homogeneity) were camied out using a Monte Car10 simulation. Significance 
level is indicated. 



Table 8: Resuits of R X C G tests of independence among genotype frequencies (Mytilus edulis, M. 
trossulus and hybrids) for sequential sue-stages (life-history stages) during two consecutive years 
(1996. 1997). Spat 1 = 0.6-1 -9 mm: spat U= 2.0-9.9 mm: spat Ln= 10.0-14.9 mm: adult 1= 15.0-30.9 
mm: adult II= 3 1.045.9 mm: adult III= 46.0-60.9 mm and addt IV= over 6 1 mm. Each cornparison 
has 2 degçes of freedom. The crÏtical values of the t';pe 1 error a were adjusted using the Bonferroni 
methoci. Significance level is indicared (ns = non sipificant: * = significant). Estirnates of probability 
of nul1 h'pothesis (homogeneity) were canied out using Monte Car10 simulations. 

Spat I vs spat II 0.77 ns 0.33 ns 1.26 ns 6.80 ns 

Spat 11 vs spat III 1.21 ns 0 .77  ns 2.68 ns 0.09 tu 

Spat I I I  vs adult 1 6.45 ns 4.72 ns 1 . 9  ns 1.57 ns 

Adult 1 vs adult II 33.97 * 23.37 * 47.14 * 36.07 

Adult II  vs aduIt III 17.60 * 6.69 ns 6.84 ns 8.37 ns 

Adult [ I I  vs adult IV 6.06 ns 18-40 * 7.40 ns 7.24 ns 

Adulu IV vs l w a e  

Lrin-ac vs spat I 

Spat I vs qmt I I  

Spat I I  \+s spat III 

Spat I I I  vs aduit 1 

Adult 1 \?s adult II 

Adult II  vs adult III 

Adult III vs adult IV 



The spat stage showed a decrease in the fiequency of hybrids, especiaily at the 

exposed sites. The overall fiequency of hybrids for the protected sites (BP,CP) was 18-28 

% in 1995,20.26 % in 1996 and 18.8 % in 1997, while for the exposed sites (BE,CE) it was 

8.2 % in 1995, 6.34 % in 1996 and 7.8 % in 1997. 

ln the present study a total of 300 hybrids (including al1 adult musse1 samples) (7.28 

%) \vas identifiecl using the two PCR-based nuclear markers. A higher fiequency of hybrids 

seems to be associated with protected sites (Figures 10 to Io), since 8.91 % hybrids were 

found in the sarnples fiom the protected sites (BP and CP) while oniy 5.48 % hybrids were 

found at the samples fiom exposed sites (BE and CE). 

There was an overâll decrease in the relative tiequency of M. trossulus between June 

and October 1996 with significant (P<O.OS) G-tests at BP (G=22.22, d.f= 1); CP (G=S -6 1, 

d . f= l )  and CE (G4 .82 ,  d.f.=l), while at BE the G-value was almost significant (G=3.5 1, 

P=0.062). This significant change in the fiequency of M. tross~Ius, especially at the 

protected sites, indicates that there was a high mortality during summer which affected 

rnainly M. trosmlrrs. 

11.4 DISCUSSION 

Pld~tonic mussel larvae were observed fiom late June to mid- October 1996, which 

is in accordance with previous observations for the time of spawning in Newfoundland, 

within the Strait of Belle Isle (Gilkinson, 1983) and at Bellevue (Thompson, 1984b) (see also 

Chapter 3 ) .  Most of the larvae from which DNA was successfùlly amplified and identified 

were M. trossulus, which dominated throughout the entire sampling penod (Fig. 4). and was 

the only larva present during October and, at some sites, during September. M. edulis was 

the least common luva present during the sampling period, and at some sites was present 

for only a short time. Hybrid larvae (F1 and backcrosses) were present at intermediate 

frequencies and, like M. edulis, were present for a short period only, especially at the 

exposed sites. The most extended presence of M. trossuhs planktonic larvae could be due 



to a "dribble" spawning throughout the reproductive penod (Seed and Suchanek, 1992) or 

to a delay of metamorphosis (Bayne, 1965, 1976b). Given the size of the larvae (Figures 4, 

E-H), the former explanation seems to be the more plausible, because there was variation in 

the mean size of the larvae present (see aiso Chapter 3). 

Gene flow from the dispersal of long-lived planktotrophic lmae  is generally 

predicted to homogenize marine populations over long distances (Scheltema, 197 1, 1978; 

Edmonds et al., 1996). There is evidence supporting this prediction (Paiumbi, 1992), but 

some exceptions have been reported (Burton, 1983; Paiumbi, 1994). Larvaf dispersai could 

sometimes be restricted by behavioural mechanisms that may favour local recruitment 

(Burton and Feldman, 1981) or controlled by physical variables that affect water current 

patterns (Incze et al., 1990). Also, genetic differentiation may occur despite extensive 

dispersal due both to differential post-settlement mortality (Koehn et al., 1980) and to 

temporal variation in the genetic composition of larvae (Kordos and Burton, 1993). The 

pattern of relative fiequencies of M. trossrrlrrs, M. edtdis and hybrid larvae observed in this 

study indicated that there was little spatial (Table 1) or temporal (Table 2) variation in the 

composition of the ptanktonic lamae. 

There was also a high fiequency of M. trosstcim in musse1 spat at al1 sites sampled 

in the present study, a pattern that has also been reported in Nova Scotia (80 %; size range 

4-34 mm, Hunt and Scheibling, 1996; 7 1% ; size range CS-9.9 mm, Hunt and Scheibiing, 

1998; 77-9 1% ; size <1.0 min, Pedersen, 199 1). Primary settlement on filamentous 

macroalgae has been reported by several authors, including Bayne (1965), Seed (1969, 

1 976). Eyster and Pechenik (1 987), Seed and Suchanek (1 992) and Caceres-Martinez et al. 

(1  993). Tlus phenornenon has aiso ben observed in Newfoundland by Gilkinson (1983) and 

in the present study, in which spat within a size range of 0.6- 1.9 mm (some of the post- 

larvae still had the eye spot) were collected from filamentous macroalgae at each site. These 

small spat (also d e d  "post-larvae" by authors such as Seed and Suchanek, 1992; Hunt and 

Scheibling, 1 996, 1998; Caceres-Martinez and Figueras, 1998) of the two species and the 

hybrids showed no spatial variation in their fiequencies (Table 3), while at secondary 



settlement (sheli length > 2.0 mm) there was significant spatial variation in the fiequency of 

M. rro.~sti/~is, M. eduiis and hybrids, with a higher frequency ofM. trossulus at the most 

exposed sites (Table 3). This pattern was similar during the three consecutive years sampled 

(Table 4). Thus, according to this data, there is little evidence for temporal variation in 

recruitment in these areas. 

The fiequency of the three species showed no variation among the three different size 

ranges within the spat stage (Table 8). Post-settlement transport of juveniles can be attained 

by the production of long byssal threads which improve the passive hydrodynamic drag 

(Sigurdsson et ai., 1976; Lane et al., 1985). These juveniies may use threads to drift in the 

water column, at least until they reach -2.0 mm shell length (Sigurdsson et al., 1976; De 

Block & Tari-Maas, 1977; Lane et al., 1985). Bayne (1 964) demonstrated that M. edulis 

enters a secondary pelagic phase at a size of about 2 mm #y rnoving fiom subtrates such as 

filamentous algae to a more permanent attachent on adult musse1 beds. This secondary 

settlement may produce a redistribution of the spat in the intertidal and subtidal zones. 

However, since no variation in their fkequencies was detected while most of these spat (< 1 1 

mm) were still able to move (Sigurdsson et al., 1976; Beukema and Vas, 1989; Caceres- 

Martinez et al., 1994; Caceres-Martinez and Figueras, 1997), it can be assumed that there 

is little movement of post-larvae f i e r  secondary settlement, because spat >5mm shell length 

may disperse by crawling but are probably too heavy to drift on byssal threads (Hunt and 

Scheibling, 1996). 

The fiequency analysis showed littte variation in the proportion of M. rrosslrius, M. 

d d i s  and hybrids between the larval stage and primary settlement (Table 8), although a 

si-gificant decrease in fiequency ofhybrids was found at al1 sites sampled after pooling the 

data for number of both species, indicating that there is greater mortality in hybrids at this 

transitional stage fiom pelagic lama to spat. As Hilbish (1996) pointed out, "where larval 

dispersal is high there is virtually no capacity for populations to diverge by random 

processes, so signrficant genetic divergence among populations must be driven by selection". 

Hybrid zones are expected to create strong selection pressures because the production of 



individuals of rnixed ancestry increases variability in individual fitness @arton and Hewitt, 

1989; Mallet and Barton, 1989). Selection may therefore be only acting against some 

specific genotypes (Bert and Arnold, 1999, and selection against hybrids has been reported 

in the Mwcetlaria mercenaria and M. campchietisis hybrid zone (Bert et al., 1993; Bert and 

Arnold, 1 995; Arnold et al., 1 996) and also in the Stone crab (Merwipe mercenaria and M. 

ditla) hybrid zone (Combs et al., 1997). Two types of selection agzinst hybrids have been 

proposed for hybrid zones. F i  seiection operates intrinsically against hy brids (endogenous 

seiection) in the tension-zone mode1 (Barton, 1979, 1983; Barton and Hewitt, 1989), which 

predicts that the hybrid zone is maintained by a balance between production of and selection 

against hybrids resulting fiom the interspecific mixture. In this model selection will be 

homogeneous over the geographic space. Second, selection mediated by the environment 

(esogenous selection), proposed by the ecological selection-gradient model (Slatkin, 1973, 

1975; Endler, 1977; Moore and Price, 1993), predicts that the environment determines 

fitness relationships between hybrids and parental genotypes. 

In eastem Canada, there is an apparent scarcity of hybrids in adult mussels. Mallet 

and Carver (1 995) reported ~ 5 %  of hybrids identified electrophoretically using Mpi in Nova 

Scotia (but see Chapter 2). In the present study, the hybrids showed reduced viabiIity at the 

spat stage at al1 sites sampled, in contrast to the Iarval stage, supporting the tension-zone 

model. However, the reduction in the fiequency of hybrids also varies between sites among 

locations, showing lower viability at exposed sites (Figures 6-16), supporting the 

environmental gradient model. The overall low fiequency of hybrids at the adult stage (< 8 

%) and the results of artificial hybridization in the laboratory, which showed an increased 

proportion of abnomal larvae arnong interspecific crosses, indicate strong selection against 

hybrids, and show that these specific genotypes seem to be at a selective disadvantage, 

supporting the tension-zone model for the early stages of the musse1 life-history. 

The sympatric populations of M. edtdis and M. fross-uius studied exhibit a strong 

positive correlation between shell length of M. rdidis and its abundance, and a negative 

correlation between shell length of M. frosszhs and its abundance. The data indicate that the 



competing hypothesis that there is year to year variation in the relative fiequency of the 

species recmited can be ruled out. Strong intra-population length-dependent genetic 

variation has also been reported for most sympatric populations of M. edulis and M. 

galloprovit~cialis in England ( S  kibinski, 1 983; S kibinski and Roderick, 1 99 1 ). Alleles 

characteristically at high frequency in pure allopatric populations of M. gailoprovi,~cialis 

occur at highest fiequency among larçer rnussels of syrnpatnc populations. No c1ear 

evidence of growth differences between M. ed~dis and M. galloprovimcialis has been 

reported (Skibinski, 1983; Skibinski and Roderick, 199 1). Skibinski and Roderick (1 99 1) 

concluded that differential mortality was largely responsible for this length-dependent 

variation observed in S.W. England. Factors that have been reported as probable causes of 

this diEèrential Mabiiity in the M. eJdis-M. galloprovinciaiis hybrid zone in western Europe 

include allozyme thermosensitivity dEerences between these species (Gardner and Skibinski, 

1 990 b), predation mediated selection against M. rdulis (Gardner and Skibinski, 199 1 ), 

strengh of attachment to the substrate (Gardner and Skibinski, 1 99 1 ; Willis and Skibinski, 

1992). genotype-dependent dflerences in parasitism (Coustau et al., 199 1) and physiologiçd 

differentiation (Hilbish et al., 1994). In the present study, a strong sheil length-dependent 

species variation was also found. Differential growth between species may exptain, in part, 

the increase in the frequency ofM. edzïiis with increasing sheli length observed in this study. 

However, in a Nova Scotia mussel population Mallet and Carver (1 995) recorded only smdl 

differences in growth rate between M. rrosslrï~rs and M. edidis, which may suggest that the 

observed changes in species fiequency with shell length could be due to  differentid s u ~ v a l .  

Furthemore, the data available from the present study indicate that there is no year to year 

variation in the species settlement pattern, at least over a three year period. Thus selection 

seems to operate differentially on the two parental species within the zone. A similar trend 

was found at every site studied, but was more pronounced at the protected sites at both 

locations, suggesting that there may be differentiai mortaiity favounng M. edulis which could 

be enhanced by an environmental factor afEecting M. trossz~izrs, mostly at protected sites. 



Several factors may contribute to mortality in mussels, including biological factors 

such as senescence, predation, parasitism, poor nutrition, reproduction, and/or physical 

factors such as wave action, ice scounng, overcrowding silt, tidal currents, high temperature 

and low salinity. However, because viability is oniy reduced in M. trossufus found 

sympatrically with M. edulis, each of these factors could be acting differentiaily. 

Sheil thickness is an important component of fitness in bivalve molluscs, because the 

bivalve shell provides a defence against many potential predators (Bfundon and Kennedy, 

1982; Arnold, 1984). Other components of fitness, including age at first maturation and 

fecundity, are also directly or indirectly size-dependent. M. trossufus shells are lighter in 

weight and more fragile than M. eddis shells of the same length (Freeman et al., 1994; 

Maiiet and Carver, 1995), which may be significant where predation by crabs and sea stars 

occurs. 

In Mytilus, seasonal variation in mortality rate is common (Se& and Suchanek, 

1992). High mortalities in summer have been recorded in mussels fiom Maine (Lutz, 1980), 

Nova Scotia (Freernan and Dickie, 1979; Mallet and Carver, 1995) and the Magdalen Islands 

(Myrand, 1990). High mortalities often occur after spawning in southwest England (Worrall 

and Widdows, 1984), and soon after sexual maturity and spawning in native mussels (M. 

rros.szrhrs) fiom British Columbia (Emmert et al.. 1987; Bower, 1989). High mortality has 

also been observed in mussels fiom Newfoundland after spawning takes place in June-July 

(Thompson, 1991). In the present study a high sumrner mortaiity c m  b e  inferred fiom a 

drastic reduction in the relative Frequency of M. trossulrrs fiom June t o  October 1996 

(Figures 10 to 16), especially at the protected sites. This occurs predominantly in mussels 

over 15 mm in shell length, which are reproductively active (Suchanek, 198 1; see also 

Chapter 3), and may indicate that post-spawned M. h-ossulus are under considerable stress, 

considering the increased water temperatures during summer. Mallet and Carver (1995) 

reported that dunng summer ( d e r  spawning) the dry tissue weight of the two species 

differed. In a 30 mm mussel, the dry weight of M. edufis was 0.28 g and the dry weight of 

M. rros.szrhrs was only O .  1 g, while in a 5 5 mm mussel dry weight was 0.75 g and 0.46 g in 



M. rddis and M. irossulus, respectively. Spnng and autumn tissue weight values were 

simi1ar for the two musse1 species (Mallet and Carver, 1995). A similar trend in dry tissue 

wei& was found in the present study (see Chapter 3), and the mean gonadosomatic index 

(GSI) and gametic volume hct ion (GVF) also differed between the two species at the pre- 

spawxinç stage, being higher in M. trossulus for mussels of similar shell length (Chapter 3). 

Furthemore, there is some evidence that M. tros.mlrrs is reproductively active (spawning) 

at a shorter shell length than Ad eddis (Chapter 3 ). However, sexual maturity in Mytihs 

seems to be a fùnction of age rather than size (Seed, 1969; Seed and Brown, 1977). If there 

is some differential growth in favour of M. edrhs (Maltet and Carver, 1995), it may be that 

mussels of the same size are fiom different cohorts and that both species enter the 

reproduction stage at the same shell size but different age (Seed and Brown, 1977). 

The physiology of the musse1 is closely related to the reproductive cycle, which 

usually exhibits a discrete annual form, at least in eastern Canada (Thompson, 1984a). Like 

most bivalves, Mytilirs stores energy largely in the form of carbohydrate, particularly 

glycogen, which is synthesised during the spring phytopiankton bloom in temperate areas 

(Seed and Suchanek, 1992). This stored energy is then used in gametogenesis and ta support 

maintenance metabolism during winter, when less food is available (Hawkins and Bayne, 

1992). The variation in the content of this stored energy may explain in part some of the 

mortality observed in natural populations. M e r  spawning takes place, the musse1 usually has 

little or no carbohydrate reseme, since the supply of glycogen has been depleted by the v e v  

hi& metabolic dernands of gametogenesis (Bayne et al., 1982; Lowe et al., 1982). Bayne et 

al. (1 983) were also able to demonstrate that high reproductive costs are associated with 

high monality. More detailed studies on the physiology and biochernical composition of 

these two mussel species and their hybrids are necessary to determine if a "post-spawnhg 

stress" is the main cause of the very sharp fall in the frequency of M. trossuhs after they 

reach sexual maturity in these syrnpatric populations. 

The processes that maintain hybrid zones have been reviewed by Harrison (1990, 

1993). In the M. edulis -M.  gaZloprovincialis hybrid zone in Europe, Skibinski (1983) and 



Gardner and Skibinski (1988) have suggested that the zone is maintained by a balance 

between immigration of M. edulis spat and selection against M. edulis. Some evidence of 

differentiai M. edrrlis mortality and a possible mechanisrn o f  selection has been obtained f?om 

popdations in S. W. England ( Gardner and Skibinski, 199 1 ; Skibinski and Roderick, 199 1). 

According to Barton and Hewitt (1  989) and Hewitt (1989) the rnechanism that maintains 

most hybrid zones is a delicate equilibrium between dispersal and selection against hybrids. 

From the present study, there is evidence for the presence of "maJadapted hybrid 

recombinants" within this hybrid zone between M. edirlis and M. rrossuius (see aiso Chapter 

4). Hybrids produced by species which are genetically more divergent, such as M. edlrlis-M. 

rro~~s-zrltts (Koehn, 1991; McDonald et al., 199 1; Toro, 1998), are more likely to have 

reduced fitness than hybrids produced by species which are genetically very similar, such as 

edtriis-hl. ga/~oprovinciaiis (Gardner, 1 992). This may explain in part the lower level o f  

hybridization found between M. edtclis-M.tros~irhcss in the present smdy and between M. 

rrosstr lus-M. ga/ioprovir~ciaiïs on the Pacific Coast o f  North America (Sarver and Folu, 

1 993 ; Suchanek et al., 1 997) compared with the M. edirlis-M. gaf2oprovirtcialis hybrid zone 

in Europe, where levels of  hybridization range from 25-80 % (Hilbish et al., 1994;Sanjuan 

et al., 1994; Comesaiia and Sanjuan, 1997; Wilhelrn and Hilbish, 1998). 

In the present study, M. edufis is at a selective advantage, and one may expect that 

the structure of this hybrid zone is shifting towards this species, but the data indicate that this 

is not the case (although more evidence fiom long term data obtained fiom a dynamic cohort 

analysis are needed). The fact that M. eddis  is favoured in large size classes, but does not 

predominate in the population at large, may be because the effect of selection favouring M. 

edrriis in large individuals is counteracted by higher recmitment of  M. trossulus. In the 

present study M. trosstrltrs individuals as smalt as  10 mm were reproductively mature. 

AIt hough t hese smail mussels have a lower fecundity than Iarger individuals (Thompson, 

1984% b), they are found in larger numbers than M. eduiïs at the study locations (Figures 10 

- 16). Therefore, it is probable that the reproductive output o f  the population is dnven by the 

smaller size classes, where M. trossttlus is more abundant (see also Chapter 3). This effect 



could be magnifiecl by the "dribble" spawning observed in M. rrosmlics, which may produce 

large arnounts of  "pure" M. trossrrlrrs larvae, in contrast to M. edulis, which has a more 

restricted spawning period (Chapter 3). The other possibility is that the recmits observed at 

these sites are derived fiom other populations formed by "pure" M. trossulus individuals, 

although this is very unlikely, because most musse1 populations around Newfoundland 

contain individuals of both species (Bates and Innes, 1995; Imes  pers. co rn . ) .  A similar 

situation has been reported in the south-west England musse1 hybrid zone (M. edulis -M.  

ga~Ioprov~~~ciaIis) ,  in which a strong viability selection against M. edrrlis-like genotypes in 

Whi t sand Bay is baianced by immigration of  larvae from "pure" populations of  M. edulis 

(Gardner et al., 1993; Wilhelm and Hilbish, 1998). The M. edtrlis-M. trossulus hybrid zone 

in eastem Newfoundland is also very complicated. It appears that the tension zone mode1 for 

the maintenance of this hybrid zone is operating at very early stages of the life-history of 

these mussels and that strong selection favouring M. edtdis at later life-history stages is 

counteracted by massive recruitment of M. trossirlrrs. 

Finally, the present study applies molecular genetic techniques to early larval stages 

of marine bivalves, which may have implications for population genetic anaiysis of natural 

populations, because in exploiting PCR-techniques such studies can be extended to ail stages 

and age-classes. RFLPs analysis of PCR-amplified DNA was used to identie individual 

ethanol-preserved musse1 planktonic larvae, and the PCR primers used were highly specific 

to the ta%et species. The DNA fiom around 87 % of the larvae was successfùlly amplified 

and identified. Some technical problems that may have played a role in those cases where 

DNA Failed to ampli@ may include DNA degradation before preservation ( l a r d  death), 

technical errors, chernical impunties, and the possible inclusion of otner types of  bivalve 

larvae that may have been present in the area at the time of collection (e.g., Modiolus 

rndiuh~s,  Placopecten magellm~iars), but which cannot be identified with the primers used. 



A combined molecular approach to ecological and genetic interactions within a 

mussel (Mytifus edulis - M. trossulus) hybrid zone 

The situation in which two species of mussels (M. eedrrlis and M- trossulus) are found 

sympatrically in Atlantic Canada appears to be sirnilar to that found in southwest England 

and the Atlantic Coast of France, where two geneticdy distinct species of Myt ihs  (M. edulis 

and M. gu~loprovinckzi~s) have overlapping ranges and at some locations occur sympatrically 

(Skibinski et al., 1 978; Coustau et al., 199 1 ; Gardner, 1994). A recent study on the genetic 

variation of these two species of mussels in Nedoundland showed that the distribution of  

a hybrid index based on three partially diagnostic loci (Est-D, Pgm, Lap) provided no 

evidence for hybridization (Bates and Imes, 1995). Two studies in Lunenburg Bay, Nova 

Scotia, estirnated the degree of natural hybridiiation to be < 5% using the Mpi locus (Mallet 

and Carver, 1995) and 22.8 % using Mpi and &-D loci (Saavedra et al., 1996). in the latter 

study Mpi and Esî-D were used to classifi the mussels as "pure" M. edulis, "pure" M- 

fross~tlus, or hybrids, and mtDNA variation was used to characterize the gender-associated 

mtDNA present in each individual. No "pure" M. edrrlis mtDNA type was found in "pure" 

hl. rrossrrlus individuals and vice-versa, suggesting that no mtDNA introgression between 

the two species occurs in nature. Furthemore, the study provides evidence that introgression 

i s blocked early in the hybridization process, although the mechanism remains unknown. 

Saavedra et al. (1996) did not provide any information about the environmentai 

characteristics of the sites sampled or the size of the mussels sampled. It is possible that these 

two factors play an important role in detemuning the proportions of the pure f o m s  and theû 

hybrids present in the sample. 

The objective o f  the present study was to increase the chances of detecting F1, F2 

and backcrosses between M. edtrfis and M. i r o s d u s  by using four molecular markers (two 



PCR-based nuclear DNA markers and two ailozyme markers) and to test for 

microgeographic differentiation. Mussels within a range of shell lengths were sarnpled to 

determine if both Mytihs species and their hybrids are distributed differentially according to  

size. A final objective was to examine fùrther the possible intrinsic incompatibilities between 

ea'zr1i.s and rrosstdus nuclear and mitochondrial genomes in mussels of different sizes fiom 

different environments. 

111.2. MATERIALS AND METECODS 

III.2,1, STUDY SITES AND SAMPLLNG 

Musse1 populations (M. edirlis Linnaeus, 17%; M. trosmlzts Gould, 1850) were 

sarnpled subtidaiiy (approximately 1.5 m below mean low tide) by SCUBA at two locations 

(Bellevue and Chance Cove) on the east Coast of Newfoundland, Canada (Fig. 1) during 

July, 1997. At each location, mussels were representatively sampled (hap hazzard) fiom a 

wave-exposed environment and tiom a protected, sheltered one. Mussels with shell lengths 

tiom 15 to 92 mm were used in the genetic analysis. The mussels were brought dive to the 

laboratory. dissected, and the sex of each individual d e t e d n e d  by rnicroscopic examination 

of the gonad. Gonad and digestive gland were stored separately at -80°C for PCR and 

ailoqtne analysis. A smail piece of the mantle border tissue was stored in ethanol(95%) at 

-20 OC for PCR analysis. 

ILI.2.2. ALLOZYME ANALYSIS 

Horizontal starch-gel electrophoresis was carried out on 1 1% gels (Sigma starch) at 

4°C. The digestive gland was homogenized in an equai volume of 0.01 M dithiothreitol and 

centnhçed at 8000 x g for 7 min. The supernatant was used as the source for five enzyme 

loci that show different levels of diagnostic power for the two Mytihs taxa: esterase-D (Est- 

D; E.C. 3.1.1 .), mannose-6-phosphate isomerase (Mpi; E.C. 5.3.1.8), leucine aminopepidase 



(Lap;E.C. 3.4.1 1. l), octopine dehydrogenase (0dh;E.C. 1.5.1.1 1 ) and phosphoglucomutase 

(Pgm; E.C. 5.4.2.2). Electrophoretic procedures were conducted following Bates and innes 

(1995) for Est-D, iq and Pgm, and Vainota and Hvilsom (1991) for O& and h.lpi. Allele 

tenninology was that used by McDonald and Koehn (1 988) and McDonaid et ai. (1 99 1 ). The 

Mpi locus appears to be completely diagnostic between M. eduiis and M. trossulus, and Est- 

D is also a highly diagnostic locus for these two taxa (see McDonald and Koehn, 1988; 

VaMo et al., 1988; McDonaid et al,. 1 99 1 ; Vainola and Hvilson, 199 1 ). Nevertheless, O& 

does not appear to be diagnostic as in Saavedra et al. ( 1996), perhaps because a different 

buffer system was used in the present study. 

KII.2.3. DNA ANALYSIS 

Mantle border tissue from each musse1 was used for total DNA extraction as 

descnbed in the Material and Methods section of Chapter 1. Two nuclear markers (Glu-5 

and ( T a  and one mitochondrial DNA marker (COI(I) were employed f i e r  PCR 

amplification. Similar DNA amplification conditions for both Glu-5 (Rawson et al., 1996a) 

and /TS (Heath et ai., 1995) markers were used (see Chapter l), except that the initiai 

denaturation period was 3 min (modified from Heath et ai., 1995; Rawson et al., 1996a)- 

The mtDNA marker (COlll) is based on an 860-bp fiagment of the cytochrome c 

osidase subunit III gene, and the amplification protocol used was rnodified from Zouros et 

al. ( 1  994a). Approximately 0.2 pg total DNA was incubated for 30 cydes at 94°C for 1 min, 

54°C for 10 sec, and 72°C for 1 min. The initial denaturation period was 2 min and a final 

extension period was not used. The primer set used (FOR1 and REVI) amplifies the 

corresponding mtDNA fragment from the F and M types of both species. Aliquots of  the 

amplification product were digested with EcoW restriction enzyme to i d e n t e  the various 

mtDNA genomes in males and females (Zouros et al., 1994a; Saavedra et al., 1996). For 

those males in which it was not possible to identiQ the M genome in m a d e  tissue, the 

previously frozen gonad was used for total DNA extraction. 



111.2.4. CLASSIFICATION OF MUSSELS 

The two ailozyme loci (Mpi and Est-D) and the two nudear DNA markers (Glu-5 

and ITS) were used to ciassify the mussels as "pure" edulis, "pure7' h.ossulus or hybrids (Fl- 

like. F2-like, backcross-Ne). The allozyme alleles 90 and 100 at the Mpi locus and allele 100 

at the Esr-D locus (typical alleles for M. edulis) and 84, 94 and 104 at the Mpi locus and 

allele 90 at the &-LI locus (typical alleles of M. a os su lus) were used to classi@ individuals 

fotlowing Saavedra et al. (1996). The restriction analysis of the ITS PCR product with H M  

and the Glu4 PCR assay produced species-specific banding patterns (see Chapter 1). 

Individuals with alleles at four loci belonging to the same taxon were classified as pure 

species. Hybrids were classiiied as follows: when an individual was found to be heteroqgous 

for one d d i s  and one fross11lus allele at al1 four diagnostic markers, it was considered to be 

an F,. When aileles for two of the four loci were tiom one species, but aileles for the 

remaining two loci were fiom the other, the individuai was considered an F,. When alleles 

at one, two, or three loci belonged to one species, but the fourth locus contained an allele 

from each species, the individuai was classified as a backcross biased towards one or the 

other species. This classification, based on the four markers, provides reliable information 

about the identity of any particular pure or hybrid musse1 (see Saavedra et ai., 1996; 

Boecklen and Howard, 1997). 

111.2.5. S U E  FFWQUENCY ANALYSE 

Shell lengths of al1 sampled mussels were measured to the nearest 0.01 mm using 

electronic digital calipers. Size classes consisted of 5 mm shell length intemals. A species- 

specific hybrid index was used to study the relationship between genotype and size. The 

index was cdculated according to Sanjuan et ai. (1994) using the four markers for the 

Myfilrcs species. For al1 markers, each typical trossultrs allele was Qiven the value - 1, each 

eddis allele the value +1 and ail other alleles, i-e. those found in those species, the value O. 

The hybrid index value for each individual consists of the sum of the eight values (two aileles 



for each of four diagnostic markers). The index ranges between -8 (pure trossulus) and +8 

(pure rdzdis). individuais with value O (but oniy those tetra-heterozygotes) were considered 

as F,. Those individuais with values between -8 and O were dassified as trossulirs-biased 

backcrosses, and those between O and +8 were classified as eddis-biased backcrosses. Al1 

genetic analyses were performed with BIOSYS-1 (Swofford and Selander, 198 1) and 

Zaykin and Pudovkin ( 1  993) computer programs. 

The allele fiequencies of the most diagnostic loci (fit-D and Mpi) varied arnong the 

four populations. The typical M. rrosmfzts aileles (Mpi 94 and Esf-D 90) reached the highest 

fiequencies in the Chance Cove exposed sample (CE) (Table 9). For example, the frequency 

of the Mpi 94 allele was 0.390 for Bellevue protected and 0.765 for Chance Cove exposed. 

For Esr-D' hfpi and Pgm loci, al1 sarnples showed a significant deficit of heterozygotes 

(significant positive F values) (Table 9), which suggests a Wahlund-like effect because it 

occurs in the enzyme loci where the differences in ailele fiequencies between pure MytiIus 

edulis and pure M. trosslrlus are larger. 

The allele fiequencies for al1 enzyme loci in each genotypic group for each sample 

are shown in Table 10. In ail populations, the hybrid class had intermediate ailete fiequencies 

for Eh-t-D. Mpi, and Pgm loci for those alleles which had larger differences in frequency 

between pure edzrlis and pure trossulirs, even when two allozyme and two non-ailozyme 

markers were used. For example, in Bellevue protected, the allele Mpi 94 had a frequency 

of 0.960 and 0.000 in pure iro~~trhîs and pure edtrlis, respectively, while its fiequency in the 

hybrid class was 0.636. At Bellevue there was no significant difference (G= 2.38, df= 2, 

p>0.05) in the occurrence of the two species and hybnds between the protected and exposed 

sites. 



Table 9: Allele frequenciw at &GD, Lap, Slpi, Odh iuid Pgm loci in four My& populations in aistem 
Neu-tbundland: BP, Bellevue protected: CP, Chance Cove protrct~&; BE, Beiitsue exposd,  CE, Chancc Cove 
esposcd. N: sample s i x ,  F: coetficirnt tbr heterozvpote deticiency or excess. 

Locus 

Population 

BP CF' BE CE 

PcO.0 5 ;  ** PcO.0 1 ; *** PcO.00 1 (significance fevels for x ' test) 



At Chance Cove, however, there was a signifiant difference (Gz7.22, d f - 2 ,  p<O.OS) 

between the frequencies of the two species and hybrids, with M. ~rosslrlus most fiequent 

(6 1 %) at the exposed site and M. edrrlis most fiequent (44%) at the protected site. There 

was aiso a significant ciifference (G-30.53, df-2, p<0.00 1) in the frequencies of both species 

and hybrids between Chance Cove and Bellevue, pooling samples fiom exposed and 

protected sites. M. tross1dus was most fiequent (53%) at Chance Cove, M. edulis was most 

frequent (46%) at Bellevue and the fiequency of hybrids was similar (26%, 24%) at both 

locations. 

The distribution of rntDNA mitotypes among pure M. edulis and M. trossulus 

individuais fiom ali sites combined is shown in Table 1 1. Mussels were first classified as pure 

forms or hybrids based on Mpi and Est-D, in order to permit cornparisons with the results 

reported by Saavedra et al. (1 996), and then classified using both allotyme loci plus the ITS 

and Glir-5 DNA markers (numbers in parentheses). The rnussels were then characterized by 

one or two rnitotype syrnbols (F-ed, F-tr, M-ed, M-tr) (Stewart et al., 1995) if they were 

found to be homoplasmic or heteroplasmic, respectively (Figure 18). The sex ratios 

(males : fernales) were 1 : 1 -23 (M eduiis) and 1 : 1 -26 (M. rross-rrlus) when classification was 

based on the four markers (ITS, GLU-5, Mpi and Est-D). Al1 M. edufis and M. t r o s d u s  

fernales were found to  be homoplasmic (F-ed or F-tr, respectively) (Table 1 1). All M. edulis 

rnaies were heteroplasmic for F and M edulis genome combinations (F-ed/M-ed), although 

two individuais (classified using the two ailozyme loci) showed a heterospecific combination 

of F 4 r l i . s  genome and M i?-ossuit~s genome (F-ed/M-tr) (Figure 18, line F). One of these 

heterospecific rnaies was hybrid for both ITS and Gh-5  nuclear-DNA markers, while the 

other was hybrid only for the ITS marker (Table 1 1). Both individuals were then reclassified 

as hybrids instead of pure forms when classification was based on four diagnostic markers. 

Al1 84 pure M. trossulus femaies classified according to two ailozyme loci were homoplasmic 

for the F-tr rnitotype. However, based on the ITS and Glu-5 nuclear-DNA markers, three 

individuais were hybrid for ITS, 1 1 were hybrid for Glu -5. one was hybrid for both ITS and 

Gh-5, and two were M-edulis for the Glu-5 marker. Therefore, fiom the four markers, 15 



Tohk 10: Nele hquacies at fit-D, Lap, rLf';, Odr and P p  loci for mussels fkorn 4 locations classifieci as "pure" My& 
ed& (edct}. "pure" M. ~ossulvr (BOS), or hybrids using four diapiostic markers (Est-D. .Cipi. ITS, Glu-5). N: sample size. 

Belle~ue protected 
e d u l  tros hybr 

Odh 
?O 0,000 0.060 0.000 
9 5  0.000 0.000 0.000 

100 0.962 0.920 0.886 
1 0 5  0.0iC 0.000 0.000 
110 0.020 0.020 0.114 
120 0.030 0.000 0.000 
( N I  5 2  2 5 2 2  

Bellevue exposai Chance Cove protected 
edul tros hybr edul tros hybr 

Chance Cove exposed 
edul tros hybr 



Table II: Distribution by sex of the mtDNA genotypes among "pure" Mytilus edulis and M. 
h.assulus as established by two allozyme loci (Mpi, Esi) or as estabiished by the two allozyrne 
loci and the two nuclear DNA markers (in parentheses), pooling four populations. 

Mtotype Pure Mytifus etlulis Pure -IMytilus trossulus 

female male fernale male 

" From thc tlvo "pure" Mytifus edufis males that showed the heterospecific combination one was 

Iixbnd for ITS and the other was hybrid for both nuclear-DNA markers 
This individual \vas edrrlis for both nuclear-DNA markers. 

C This individual was hybrid for the ITS nuclear-DNA marker 



Fig. 18. Photo-negative of ethidiurn bromide stained 3 5% agarose gel 
transilluminated with ultraviolet light showing the mtDNA 
RFLPs profiles of the 860-bp COfff  gene segment after 
digestion by the EcoRI restriction enzyme. B and 1. Mytiius 
frossulus male scored as F-trl/M-trl; C. D. and E Mytilus 
frossulus male scored as M-trO; F. hybrid male (backcross 
to M. edulis) scored as F-ed l/M-trl; G and H. Mytiius eduîk 
male scored as F-ed l/M-ed 1 .  Molecular weight marker 
(Gibco BRL 1 Kb ladder) (line A). 



individuals were reclassified as hybrids. Of the IO8 pure trossulus males (based on two 

alIozyrne loci), 64 were heteroplasmic for the F-tr/M-tr combination, and the remaining 42 

showed a mitotype of only one 860-bp band for EcoRI and were classified as M-trû 

according to Saavedra et al. (1 996). One individual showed the heteroplasmic combination 

of F and M edulis genomes (F-ed/M-ed), and was dso foond to be edulis for both ITS and 

Glu-5 nuclear-DNA markers, and this individual was reclassified as an F2 hybrid using the 

four diagnostic markers (M. t r o s s ~ ~ h s  for hlpi and Est-D and M. edulis for ITS and Glu-5). 

Another individual showed the heterospdc combination F-ed/M-tr and was found to be one 

of the three individuals classified as hybrids by the ITS marker. With the use of four 

diagnostic markers, no pure M. edrrlis or 1LL trossltlz~~ contained F or M mitochondrial DNA 

from the other species. Neverthetess, if the classification were based only on two altozyme 

toci. four male individuals would be identified as "pure" species having a heterospecific 

nuclear and mtDNA combination. 

The distribution of mtDNA mitotypes among the hybrid individuals fiom al1 the 

samples is shown in Table 12. Of the three FI-Uie female individuals (based on two diagnostic 

allozyme loci), one had a pattem that could be an M-edK-ed homospecific combination or 

a heterospecific combination (type F-ed/M-trO) (see Saavedra et al., 1996). This femaie had 

the edzriis pattem for both 1i5 and Glu5 markers. Another two (one with F-ed and one with 

F-tr mitochondrial rnitotypes) were edrrlis and îrosmlm for /TS and Glu-5 nuclear markers, 

respectively. Thus according to the four markers these females were backcrosses. Al1 five 

males classified as F, hybrids using Mpi and Est-D were also hybrids for /TS and Glu-5 

markers. Two of them had a clear heterospecific combination of F and M genomes O;-ed/M- 

tr, see Saavedra et ai., 1996), whereas the other had oniy one 860-bp and for EcoM This 

pattem could be considered as heterospecific, combining the fiossulus F genorne and the 

edzriis M genome, a pattern with only one 860 bp band (Saavedra et al., 1996). 



Table 12: M9'Ius spp. hybrids. Distribution of mtDNA genotypes by sex, based on Mpi and 

Esr-D or using four diagnostic markers (in parentheses) for four populations pooled. Bc-tr, 

trossulus-biased backcross; Bc-ed, edulis-biased backcross. 

rntDI\IA gcnohpc fernale male femaie d e  fernale male fernale male 

- -  -- 

" This individual could be M-uO and not M-cd because it is hybrid for the ITS and Glu-5 nuclear-DNA 
markers 
b Onc indhidual is a male, hybnd for [TS,  trossulus for GLU-5 and M-ecüFed, backcross trossulus 

biascd: the other is a male. edulis for borh nuclear-DNA markers. M M - e d  and backcross 
trosm lus biascd. 

C This indkidual is edulis for both nuclear-DNA markers 



Thus of al1 mussels sarnpled (400 individuais) only five could be considered as tnie F, hybrids 

based on four diagnostic loci and one mtDNA rnarker. Among male individuals considered 

F,-like and backcrosses to edu/is and trossidiis, only five had a heterospecific M and F 

mtDNA genome combination. There was one backcross to rrosmlus that had the 

homospecific F and M eddis mtDNA genome combination. The remaining F, and backcross 

ind ividuals had the same species combination of mitochondrial and nuclear DNA. 

Nevertheless, it is worth noting the significant increase in the number of trosmliis-biased 

backcrosses when classification of individuais was based on four diagnostic markers rather 

than two (Table 12). Most of these came fiom individuals classified as pure ~rossrrlus 

according to the two allozyme loci. 

Among male individuals identified as backcrosses or FZ, an equal number of 

heterospecific and homospecific M and F mtDNA types is expected (Saavedra et al., 1996). 

Of the 44 backcross and F2 males identified, only five were heterospecific for F and M 

mtDNA ( ~ 1 2 6 . 3 .  d e l ,  p<0.001). Backcross femaies have a 0.25 chance of having a 

mitotype different fiom the majority of their nuclear yenes (Saavedra et al., 1996). Of the 50 

backcross fernales identified, 12.5 were expected to have a discordance between mtDNA and 

the majority of their nuclear genes, but none were observed ( ~ k 8 . 3 3 ,  d e l ,  p=<0.005). A 

similar anaiysis for 24 backcross males carrying homospecific F and M mitotypes found one 

discordance where six were expected ( ~ L 2 . 7 8 ,  df= 1, p>0.05). 

The relationship between frequency of the M. edulis. M. rrosmlus, and hybnd 

individuais (based on 4 markers) and shell Iength fiom the four populations is shown in Figure 

19. M. trossulus was again the predominant species in the srnailest size classes for al1 samples. 

At the Bellevue site M. trossrrlus was most frequent only in the smdlest size categories 

(between 15 and 26 mm), whereas it was the predorninant species in almost al1 sue  classes 

at Chance Cove. An increase in frequency of M. edulis individuais and a decrease in 

frequency of M. trosscrltis individuals with sheH length was observed in both environrnents 

at both Bellevue and Chance Cove. 
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Fig. 19. Mytil~is spp. Frequencies o f  putative Mytilus edtilis (circles), M. trossr<lris 
(triangles) and hybrids (diamonds) plotted against shell length classes for 
four populations in eastem Newfoundland, fi-om a sample taken in July 
1997. Number of individuals in each length class in parentheses. 



The change in tiequency o f  both species was also gradua1 with increasing size (see Chapter 

l ) ,  but at the Bellevue exposed site there was an abrupt change in the frequencies between 

the 26-3 0 mm and 3 1-35 mm size classes (Figure 19). The frequency of hybrids tended to 

decrease in the larger size classes (see also Chapter l ) ,  although no clear pattern was 

O bserved . 

The relationship between the hybrid index values and shell length for al1 individuals 

in four samples pooled is shown in Figure 20. Pure M frosslrltrs individuals (hybrid index 

value -8) were represented in smail size classes, as were al1 the trossulus-biased backcrosses 

(values between -7 and 0). Pure M. edtdis individuals (value of +8) and eduiis-biased 

backcrosses (values benveen O and 7) were dist ributed throughout the entire size- range, and 

pure A4- edlr1i.s dominated the Iargest size classes. When this size range was  divided into two 

parts (from 15 to 35 mm and from 36 to  80 mm), there was a significantly different 

(G=4 1 .5 1, d e  1, p<O.OO 1 ) distribution of the number of edulis-biased backcrosses (values 

between O and8) and trossulzrs-biased backcrosses (values between -8 and O). Most of the 

backcross individuals (80% of  the total backcross individuais) were clustered in the smallest 

size classes (< 35 mm), and of these, 88 % were tro.sszrlus-biased backcrosses. In the largest 

size classes (> 35 mm), 89% of  the backcrosses were edd i s  biased. The six dots with a value 

of zero in the hybrid index correspond to 5 FI and 1 F2 individuais. 

III. 4. DISCUSSION 

Hybrid zones provide unique opponunities to study evolutionary processes that 

maintain reproductive isolation between species (Barton and Hewitt, 1985; Harrison, 1990). 

Hybrid zones between pairs of species within the Mjtïlus edulis species complex (M. edulis, 

M. fros~7rhrs, and hl. galloprovincialis) have received an increasing amount of attention, 
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Fig. 20. Mytifus spp. Species-specific hybrid index values for dl individuais (four 
populations pooled) plotted against sheil length. Individuals with a value -8 
were regarded as M. tros~71/ics, those with a vaiue +8 M. eddis and those 
with a vaiue O (and tetraheterozygotes) as F,. Individuals with values from 
-8 to O and O to 8 were regarded as trosmhs-biased backcrosses and edirlis- 
biased backcrosses, respectively. 



particularly after the recent discovery of  double uniparental ideritance (DUI) of the 

rnitochondrial genome and the occurrence of separate maternai and patemal mtDNA Lineages 

(Zouros et al., 1992;Skibinski et ai., 1994; Zouros et al., 1994a, 1994b; Stewart et  ai., 1995; 

Saavedra et al., 1996). Düi adds an additionai layer of  complexity to assessing the fitness of 

hybrid individuais in which fitness may be reduced due to incompatible mixtures o f  genetic 

matenal fiom two species in the nuclear genome, between F and M mitotypes tiom different 

species in males, and incompatibility between mitochondrial and nuclear gemmes derived 

From different species in both sexes. -4 cntical requirernent for such studies is the ability to  

identifL individuai species and their hybrids. Boecklen and Howard (1997) examined the 

relationship between the number of genetic markers and the error in discriminating among 

pure species, F,, and backcross individuals within a hybrid zone. They concluded that as few 

as four markers were usefùl for most applications, with about 5% of backcross individuals 

being misclassified as either F, or pure species. In the present study, the addition o f  the two 

DNA markers to the two enzyme markers resulted in about 13 % of those individuals initially 

assigned to pure species being reclassified as hybrids. The largest change was a 

reclassification o f  pure M. trossulus individuais to trossdus-biased backcrossed individuais. 

Based on the four diagnostic markers, the BellevudChance Cove area had a greater 

fiequency of M. trosm/us (4 1 %) than of  M. edulis (33 %), with about 26 % of  individuah 

of hybrid orion. This compares with a value of 23 % hybrids between M. edtrlis and M. 

rros~wlrrs deteçted by Saavedra et al. ( 1996) for a site in Nova Scotia, which may, however, 

be an underestimate since only two diagnostic markers were used. In these areas of Atlantic 

Canada, hybridization and introgression appear to be much lower than between M. edulis and 

M. galloprovirtcialis at various locations in Europe. For instance, Sanjuan et al. (1994) 

reported 25-50 O h  hybrids, Hilbish et  al. (1994) about 80 % and Cornesaila and Sanjuan 

(1  997) between 27 and 49 % (see also Coustau et al.(l99 1) and Gardner (1 994). Low levels 

of hybridization have also been reported for M. trosmlus and M. gafloprovincialis o n  the 

Pacific Coast of  Nonh America (about 5.7% in Sarver and Foltz (1 993); between 4-29% in 

Suchanek et al. (1997). However, in generai it is difficult to make comparisons among studies 



which use different numbers of markers which Vary in their power to discriminate between 

pure species and hybrids. 

Bates and Imes (1995) smpIed mussels fiom the intertidal zone and found the 

highest fiequency of M. frossmir~s at two wave-exposed sites and a higher fiequency of M. 

edicli'v at several sheltered sites. In the present study, there was no consistent pattern in the 

distribution ofM. trowlus or M. edldis according to wave exposure. Although M. trossufus 

was more common at the exposed Chance Cove site, no difference in the relative fiequency 

of the two species was found between exposed and sheltered sites at Bellevue (but see 

Chapter 1). Al1 samples were collected subtidally, which may decrease the likelihood of 

detecting any differences due to wave exposure. Furthemore, the observed differences 

between the two environrnents at Chance Cove may simply reflect the high degree of 

rnicrogeographic variation in the occurrence of these species observed in a previous study 

(Bates and Innes, 1995). 

None of the 281 individuals classified as pure species, based on four markers, 

contained mtDNA fiom the opposite species. This observation is consistent with the data of 

Saavedra et al. (1996) for a hybnd population of M. edulis and M. trossrrlus in Nova Scotia. 

The eariy block to the introgression of mtDNA between these species was also detected when 

only two markers were used, since only four males that were misclassified as members of a 

pure species contained mixtures of nuclear and mitochondrid genomes corn each species. 

Furthemore, no F, hybnd females were detected and only five males were identified as F, 

h ybrids, having heterozygous genotypes for the four nuclear rnarkers and heterospecific 

mitotypes. Two of the F, hybrids had an M. edrrlis mother and an M. trossuhs father, and 

three came from reciprocal matinss. Only one F2 hybrid was detected, probably due to the 

low frequency of matings expected arnong the very rare F, hybrids. Most of the hybrid 

individuals (94/100) were classified as backcrosses. This would be expected if o d y  a few F, 

hybrids survive to reproduce and suggests that backcrossed individuals have a greater sunival 

than F, individuals. M. trossulus biased backcrosses were more than twice as common as M. 



rdtriis biased backcrosses, which probably reflects the great er fiequency of pure M. rrossulus 

in this area. Among the backcross individuais, maies with heterospecific mitotypes and 

s pecies-specific discordances between mitotype and the nuclear genome of both sexes 

occurred less fiequently than would be expected if there were equal fertiiity and survival 

among ail classes. These observations are consistent with those of Saavedra et al. (1996), 

w ho found approximately equal fiequencies of bo th M. eddis-biased and M. ~ossrrlus-b iased 

backcrosses in a sarnple, again probably a tùnction of the approximately equd fiequencies of 

the two species in their sample. 

Samples fiom coexisting populations of M. gaiioprovincialis and M. edtrlis show a 

consistent pattem in which M. galloprovir~cialiJ: is more frequent amonrg larger individuals 

and M. rdlrlis more frequent among smailer individuais (Gardner and Skibinski, 1988; 

Gardner et al., 1993). Higher growth and survival o M  eduiis compared with M. trossulus 

may explain the increase in the fiequency of M. edulis with increasing shell length observed 

in the Ne~vfoundland populations. Mallet and Carver (1 995) recorded only small differences 

in growth rate between M. frossfhs and M. edulis, suggesting that the observed changes in 

species fiequency with shell length may reflect differential survival. The various size classes 

inciude different cohorts of larvae settling in the area over several years. The observed 

increase in fiequency of M. edt~lis with increasing shell length may simply reflect a much 

higher fiequency of M. edrtlis in the oldest cohort at the time of settlement. Although the 

fiequency of each species in the newiy settled spat may v a q  from year to year and fiom site 

to site, the consistency of the pattern in each of the four sarnples, the distribution of M. cdulis 

and edzrl~s-biased backcrosses in the whole sue range (Figure 20) and the regular occurrence 

of both species in this area (Koehn et al., 1984; Bates and Innes, 1995) do not support this 

explmation. Bates (1992) also found a higher fiequency of M. edrtiis in the larger size classes 

and a higher fiequency ofM. trossz111rs in the smailer size classes at a different site in eastern 

Newfoundland. Interestingly, the presence of backcross individuals with a nuclear gene 



composition biased towards one species or the other supports the trends observed in the pure 

species. 

Factors responsible for blocking the introgression of mtDNA between M. edulis and 

M. frosmizrs in Atlantic Canada do not appear to be operating as strongly in the European 

h&[ihrs species hybrid zones. Populations of  both M. trossulzrs and M. gaiioprovinciufis 

contain individuals with M. ediriis mtDNA (Rawson and Hilbish, 1 998). The asymmetnc 

introgression of mtDNA between M. edulis and M. galloproviiiciaits has been explained by 

previous observations of directionai selection in the hybrid zone favouring alleles of  M. 

ga/loproviricialis (Gardner and S kibinski, 1 9 8 8; S kibinski and Roderick, 1 99 1 ; Gardner e t  

al., 1993). Thus hybrid individuals with M. eh i i s  mtDNA and a predominance of  M. 

gnlloprovir~ciaiis nuclear alleles would be favoured over hybrid individuals with M. 

gc~//oprovirlcialis mtDN A and a predominance of M. edzdis nuclear alleles. This mec hanism 

might predict that any introgression of mtDNA in Atlantic Canada musse1 populations would 

be in the direction of M. trosmlus into M. edzrlis. Moreover, in smal! individuals we would 

expect a greater nurnber of backcrosses with a rros~dus nuclear genome and an edulis 

mtDNA çenome (introgression in the direction of M. edulis into M. trossrrius). Thus it seems 

that the incompatibility between mitochondd and nuclear genomes is greater between M. 

fr-omclzrs and M. edrrlis than between M. edidis and M. galloprovirtcralis. The greater degree 

of mtDNA introgression observed in Europe than in North America may be due to  a longer 

period of contact between these Mytilus species compared with the Atlantic Canada M. edulis 

and M. trosslrli~s, o r  simply to a different degree to which natural selection is acting against 

each species on each continent. In addition, the different degree of  divergence between the 

MjtiZus species results in a different relationship between mitochondrial DNA and nuclear 

genomes for each Mytihs taxon (see also Discussion in Chapter 1). Further long-term studies 

are required of the dserent  life history stages of  both trossulris and M. edulis in relation 

to the environment, in order to identiQ the factors responsible for rnaintaining the integrity 

of each species. 



IV. CHAPTER 3 

Analysis of the reproductive cycles of Mytilus edulis, M. trussulus and their natural 

hybrids in eastern Newfoundland 

IV. 1. INTRODUCTION 

Most Myrilirs populations, Iike those of many temperate water bivalves, have a 

seasonal pattern of reproduction. The seasonai reproductive penod starts with a garnetogenic 

phase, followed by the release of garnetes (spawning) in which the reproductive follicIes 

become partiaily or completely emptied. Apart corn a few hermaphrodites the sexes in 

,bIjtiizrs are separate and most populations contain approximately equal numbers of males and 

females ( Seed, 1976; Kautsky, 1982; Sprung, 1983). In M y t h s  the gametogenic process 

occurs mainly in the mantle tissue, but reproductive tissue can also be found in the visceral 

mass and mesosorna (Bayne et al., 1978; Lowe et al., 1982; Newell et al., 1982;). 

Several studies have been carried out on the reproductive cycle of Mytilus edufis 

(Thompson. 1979, 1984% 1984b; Newelt et al., 1982; Gilkinson, 1983; Hilbish and 

Zimrnerman, 1 988) and frosszrft~s (Suchanek, 1 98 I ; Emmert et al., 1 987; Blanchard and 

Feder, 1997) on the east and West coasts of North America. Previous studies of mussels on 

the northern Pacific coast were presumed to investigate the life history of M. edidis, but 

recent literature indicates that it is M. rrosmhs rather than M. edtrlis that ranges dong the 

Pacific coast fiom California to Alaska (Heath et al., 1995; Suchanek et ai., 1997). 

Several authors have mentioned the importance of detecting the spawning events 

between two species of bivalves in a hybrid zone (Ahmad and Beardmore, 1976; Skibinski 

et al., 1980; Seed and Suchanek, 1992; Gardner, 1994; Eversole, 1997; Grant et al., 1998). 

It is known that any shïfl in the spawning events within a species or between two species will 



significantiy affect the fertilization success (Babcock et al., 1992; Levitan and Petersen, 

1 9 95 ). Garnetogenic cycles in marine invertebrates are generaily believed to be strongly 

iduenced by seasonal variation in temperature (Seed, 1976). Therefore, musse1 populations 

dong a latitudinal (temperature) gradient are expected to show differences in their 

reproductive cycles (Sastry, 1979). Musse1 populations inhabiting high latitudes are expected 

to have more synchronous spawnings. because of the less extended period of high water 

temperature. However, variation in nutrient supply (Neweil et al., 1982; Arsenault and 

Himmelman, 1998) and the genotype of the individual (Rodhouse et ai., 1986; Hilbish and 

Zirnmerrnan, 1988) may also have a signifiant influence upon gametogenic cycles in many 

species of marine invertebrates. Moreover, extemal fertilization (such as in Mytilrrs) may 

create hrther problems in hybridization because higher gamete dispersal can reduce the 

chances of fertilization (Hodgson, 1988). 

Severai studies in which spawning events fiom several species are synchronous have 

been reported (McEuan, 1988; Gardner and Skibins!ci, 1990a; Babcock et al., 1992; Van 

Veghel, 1993). Among the main factors that can reduce the amount of hybridization in closely 

related species are habitat separation and the timing of spawning (Strathmann, 198 1 ; Gardner 

and Ski binski, 1990a;Uehara et al., 1990; Gardner, 1992). Also, gametic barriers to 

hybridization are particularly important as reproductive isolating mechanisms (Lessios and 

Cunningham, 1990; Palumbi and Metz, 1991; Grant et ai., 1998; see also Chapter 4). Despite 

al1 these possible isolating mechanisms, invertebrate hybrids are abundant at some locations, 

e. S., the quahogs Mercmaria mercenaria and M. campchierrsis (Dillon and Manzi, 1 989; 

Bert et al., 1993) and the sea urchins Echirri~s esctrlentus and E. aczIt1c.s (Hagstrom and 

Ldnning, 196 1 ), composing 3 1-88% and 1 O-20% of the populations, respectively. Coustau 

et al. (199 1)  and Viard et al. (1 994) aiso described the genetic structure of the M. edtrlis-M. 

g~lloprovincialis hybrid zone on the Coast of France, and found that the degree of 

hybridization varied tremendously, depending on the site studied. More stable genotypic 



structures have been determined for MytiItrs hybrid zones in southwest England (Gardner and 

Skibinski, 1988; see also Chapter 1 and 2). 

Studies camed out in S.W. England report the presence of asynchrony in the 

spawning events between M. edrclis and M. gaffoprovit~ciaIis at certain sites within the hybrid 

zone (Skibinski et al., 1980; Skibinski, 1983; Gardner and Skibinski, 1990a). This asynchrony 

in the spawning activity of these species is more drastic in syrnpatric populations localized in 

the northern extrernity of the hybrid zone (Gardner and Skibinski, 1990a). This observation 

may therefore explain why some studies within the S.W. England hybrid zone found a 

significant asynchrony in the spawning activity between the two musse1 species, while others 

found very little difference in the timing of spawnine (see review by Gardner, 1994). Lubet 

(1957) and Hrs-Brenko (1971) noted that the spawning activities of the two mussel types in 

France occurred simultaneously, which together with a high fiequency of morphologicaily 

intemediate forms dong the Atlantic coast of France (Seed, 1972) suggests that 

hybridization is common between these two species. 

Several studies on the east coast of North Amerïca have described the presence of M. 

trosszrlus (Koehn et al., 1984; Bates and Innes, 1995; Malet and Carver, 1995; Saavedra et 

al.. 1996; Comesaiia et al., 1 W8), rather than M. eriirfis alone, as previously thought (Seed, 

1976). M. edzrlis and M. frosstlzrs are found living syrnpatricaily in Nova Scotia and 

Newfoundland, although information on the reproductive timing for M. edzdis, M. trossulus 

and their hybrids on the east coast of North America is lirnited. 

The objectives of the present study were to analyze and compare the reproductive 

cycles ofM. eduiis, M. ~rossulus and their hybrids at four sites in eastern Newfoundland. The 

gonadosomatic index was determined and, using stereological techniques, histological 

sections from the females and male gonads were studied by means of image anaiysis. 



IV.2. MATERIAL AND METHODS 

IV.2.1. STUDY SITES AND SAMPLING 

At approxirnately 15 day intervals fiom May - October 1996, a representative sampie 

of about 300-500 mussels was collected subtidaily by SCUBA divers fiom each site at 

Bellevue (BP, BE) and Chance Cove (CP, CE) (Fig. 1). Mussels were immediately 

transported to the laboratory, where they were maintaineci in running filtered sea water within 

0.5"C of the arnbient temperature at Belleme (Thompson, I984b). During the three days 

following each field sampling, 40 mussels (38-42 mm shell length) fiom each site (BE, CP 

and CE) were then dissected carefùlly to separate the mantle (and in some cases the 

mesosorne) (male and female) fiom other soft tissues. This size range was chosen to  increase 

the chance of including both species and some of  the hybBds (see Chapter 2). Mantles fiom 

100 mussels fiom BP (shell length 4-22 to 10 1 mm) were carehlly separated from the rest 

of the body tissues. This size range was chosen in order to relate gamete production to body 

size. In order to establish the genotype of the mussels (M. ed~dis, M. trossuius or  hybrid), a 

very small piece of m a d e  border (approxirnateiy 20-30 mg) ftom each individual was stored 

in 95% ethanol at -20°C for later DNA anaiysis (see chapter 1). 

IV.2.2. LABORATORY ANALYSIS 

ZV.2.2.1. Histological analysis 

One of the mantle lobes from each dissected musse1 was subsampled by cutting a 

transverse section midway dong the anteroposterior axis. This piece of the mantle was 

weighed and preserved in Bouin's fixative according to Lowe et ai. (1982). The sample was 



dehydrated in an ascending alcohol series, cleared in xylene and embedded in paraffin wax. 

Senai sections (7-pm) were cut, stained with hematoxylin and counterstained with eosin. 

Only one section of the mantie tissue from each individual was used, since previous studies 

have shown that the made inMytilus is relatively homogeneous (Lowe et al., 1982; Neweil 

et al., 1982; Bayne et al., 1985). 

Terminology for stages of gametogenesis was adapted fiom King et al. (1989) and 

Kiyomoto et al. (1996) &er partial modification. Gonadd cells were classified into the 

following four stages: Developing (follicles occupy a large part of the mantle; individuais 

restoring their gonads afier a partial spawn are included in this category), ripe (follicles full 

of oocytes in female and packed lameilae of ripe spermatozoa in male), spent (follicles begin 

to collapse and degenerate), and resorbing-resting animals. 

IV.2.2.2. Gonadosomatic index (GSI) 

Following the removal of the tissue section for histologicai analysis, the remainder of 

the m a d e  was weighed, re-weighed after drying at 80" C to constant weight for 48 h and 

cooled in a desiccator. The ratio of wet to dry weight for this portion of the mantle was used 

to correct for the weight of the tissue section which had been removed for histological 

purposes. This adjustment allowed the total mantle dry weight to be estimated. The portion 

of the body excluding the mantle was also dt-ied and weighed. The sum of body and m a d e  

weights was used to calculate whole-musse1 dry weight. The GSI of an individual was then 

calculated by dividing the gonad dry weight by the whole-musse1 dry weight and multiplying 

by 100. A male GSI (MGSI) and a female GSI (FGSI) were ais0 calculated. 

IV.2.2.3. Stereological methods 

In Mytilrrs the m a d e  tissue is composed of c o ~ e c t i v e  tissue (storage cells), blood 

spaces and germinal ceils during the reproductive season (Lowe et al., 1982). AU these cells 



infiltrate the mantle tissue homogeneously (Bayne et ai., 1985). In order to apply 

stereological techniques it is important that the tissue sections analyzed are representative of 

the whole tissue mass (Lowe et ai., 1982). Therefore, the spatial hornogeneity of the ce11 

types within the mantle signifies that a section From any part of the mantle lobe is equaiiy 

representative o f  the overail celtular cornposition- 

The fiactional area of the tissue that is composed of gametes (gamete volume fiaction, 

GVF) was measured quantitatively using Optima 6.2 image analysis software and a Nikon 

stereomicroscope, foliowing standard stereological methods (Lowe et al., 1982). The colour 

image acquired was analyzed after adjusting the threshold by sampling area screen objects set 

by the operator (Heffernan and Walker, 1989). A threshold is a set of intensity values that 

separates pixels of interest from the rest of the image. The percentage of m a d e  volume 

occupied by the oocytes was calculated fiom the relation between the number o f  pixels 

occupied by the oocytes and the total pixels in the field. Five sections of 1,295,000 pm' taken 

randorniy fiom each individual (histological slide) were measured. This procedure provided 

an estimate of the volume of the mantle that is composed of gametes. GVF can Vary between 

zero, for a reproductively inactive individual, to values approaching 100 % for maximal 

reproductive condition, and provides a measure of the relative maturity of the gonad. 

However, it does not provide a quantitative estimate of reproductive output (Le., an 

individual with very few gametes may have a hi& GVF if the gonad is small). To  correct this 

problem, the proportion of the total weight devoted to gametes was aiso caiculated. Total 

mant le dry weight was multiplied by the GVF to provide an estimate of the dry weight of 

çametes for each individuai. 

For each individual, 50 to 60 individual oocytes with nucleolus (10 from each 

histological section) were also analyzed using the image analyzer. For each oocyte, the area 

and longest axis were recorded. For direct measurements of eggs, mussels were induced to 

spawn. The mussels were washed in cold sea water (Sv, placed in a shailow tray of filtered 

SW and subsequently exposed to rising temperatures (up to 22 OC). Once spawning was 

initiated, the individuals were placed in separate containers with sterile SW for completion 



of spawning (see also Chapter 4). Any eggs r e l d  were collected, put into 10-ml tubes and 

fixed with 95% ethanol. The mussels fiom which eggs were collected were then genotyped 

and then the eggs fiom M. edulis, M. trosszrIus and hybrids measured using the image analysis 

system. These measurements produced an egg size-fiequency distribution for each individual. 

These results may be affected by two types of error, systernatic and statisticai. 

Systematic errors occur dunng fixation, tissue processing, or measurernent of areas. The 

Bouin's fixative, 'cytene and ethanol do not cause signïficant change in oocyte profiles, but 

small sections of tissue (with or without oocytes) are generally lost in the dewaxing process. 

It is difficult to quanti@ this loss, but it should be constant because dl samples were treated 

similady. StatisticaI errors are normaily rninirnized when sufficient measurements are taken. 

In this case 50 to 60 individual oocytes provided minimal errors, depending on the state of 

ripeness of the gonad and the degree of synchronization between individuais. 

IV.2.3. STATISTICAL ANALYSIS 

Observed sex ratios were tested against a 1:  1 ratio with the Chi-Square statistic. 

Normality of variables was detennined using the Liilifors K-S (WiIkinson, 1991). Anaiysis 

of gonadosomatic index (GSI) values was performed by ANOVA (u =O.OS) and Tukey's 

Studentized Range Test (SRT; a = 0.05). GVF and proportional gamete weight values were 

arcsine-transformed and analyzed by two-way analysis of variance (AN0VA)- The two main 

e ffect s were date of collection and genotype (M. edrrlis. M. trossulus). lf there is a di fference 

in the timing of reproductive events among the two species, the interaction between the two 

main effects in this anaiysis will be sigruficant. Oocyte and egg size differences among species 

were tested using two way M O V A  (main effects: date of collection and genotype). Ail 

statistical analyses were carried out with Systat 5.1 (Wilkinson, 199 1). 



IV.3. RESULTS 

IV.3.1. REPRODUCTIVE CYCLE 

The histological sections of the male and femde gonads for M. edulis, M. trossulus 

and their hybrids showed advanced gametogenesis at the first sarnpling (May 20). From iate 

May to late furie very iëw mussels were observed in the active spawning stage. Histologicai 

sections of female and male hybrids of M. edrcfis and M. trossufus showed normal gonadal 

developrnent, ripening and spawning (Figures 2 1, 22). Ripe animals for both sexes were 

dominant in June for M. edttlis and hybrids, while M- trossrrl!is showed a more extended 

period of spawning (Figure 23). A Iarge peak of spawning mussels was registered in late July 

at al1 sites sampled. Indeterminate M. edtdis and hybrid mussels with no gametogenic activity 

predominated in late September and October. These gonad sections showed no follicles at 

all or oniy a few very contracted foilicles between comective ceus, and resorption of the 

undischarged eggs in follicles of the fernales. Some gonad sections fiom M. frossirlus and 

some hybrids during August and September showed partially spawned female and male 

follicles. By the time of the final sarnpling in October, more than 50% of mussels were in the 

resorbing-resting stage. 

IV.3.1.1. Mytilus edir lis 

Females outnumbered males. A total of 698 ehl i s  mussels was sampled, of which 

342 (39.0%) were females, 299 (42.8%) were males, six were hermaphroditic (0.86%) 

(Figure 24), and 5 1 (7.3%) were undEerentiated. The sex ratio (1.14F: 1 M, n = 64 1) did not 

differ significantly (P>O.O 1) fiom the expected ratio of 1 : 1. 



Fig. 2 1 .  Photomicrographs of  gonadal stages of the hybrid female between M. edulis and 
M. trossulus. (A) Stage 1; development of ova to maturity. (B) Stage 2; ripe stage. 
(C) Stage 3; active spawning where reproductive follicles are partially empty of ova. 
(D) Stage 4; spawned out condition where follicles are empty of ova and resorption 
of unspawned garnetes is occuning. Scale bar (+,) = 100 Fm. 



Fig. 22. Photomicrographs of gonadal stages of the hybrid male between Mytilus edulis and 
M. trossulus. ( A )  Stage 1 ; spermatogenesis in the folIicles. (B) Stage 2; mature 
spennatozoa in the follicles. (C) Stage 3;  partially spent. (D) Stage 4; spawned out 
condition where follicles are empty and resorption of unspawned garnetes is 
occurring. 



hybrids 

Fig. 23. Frequency distribution o f  gonadal maturation stages in M y t i l i ~ ~  edidis, 
hybrid and M. t r m r / i l s  mussels including both sexes during the 1996 
reproductive season. For details of each stage see Material and Methods. 



Females again outnumbered males. A total of 782 M. frossufus mussels was sampled, 

of which 4 12 (52.7%) were femaies, 34 1 (43 -6%) were males, five were hermaphroditic 

(0.6%), and 24 (3.1%) were undïerentiated. The sex ratio (1.2F: IM, n = 753) did not differ 

significantly (P>O.O 1) fiom the expected ratio of 1 : 1. 

CV.3.1.3. Eybrîds 

In the hybrids males outnumbered females. A total of 280 M. rrosstrlus mussels was 

sarnpled, of which 109 (38.93) were females. 143 (5 1.07%) were d e s ,  and 28 ( 1 0.0%) were 

undifferentiated. The sex ratio (1 -3 1 F: 1 M, n = 252) did not differ significantly (PO.0 1) fkom 

the expected ratio of 1 : 1. 

IV.3.2. GONADOSOMATIC UNDEX 

This index is primarily affected by the accumulation and release of gonadal material 

as well as the utilization of stored eneryey products during the winter months. Both the male 

(MGS 1) and femaie (FGSI) in M. ecirrlis, M. ~rosszrlrrs and hybrids showed a steady decline 

in this index after the spawning in July (Figure 25), although M. edrrlis showed an increase 

during early auturnn, afler a more abrupt spawning occurred in late July, which may indicate 

storage of nutrients in the gonad (Blanchard and Feder, 1997). 

IV.3.3. GAMETE VOLUME FRACTION 

The reproductive condition (GVF) of male and female mussels fiom each genotype 

was anaIyzed separately to determine the synchrony of their cycles. Cornparison of the 



Fig. 24. Photomicrogaph of gonad section fiom a hermaphrodite mussel. 
(Mytilus edulis from Chance Cove protec ted). 



Chance Cove protacid - f6mries ! 
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1 

Chance Cove exposed - males 

Fig. 25. Gametosornatic index (female = FGSI; male = MGSI) in Myfihrs (M. eddis, 
hybrids, M. ~rosszihs) during the 1996 reproductive season at three different 
sites in eastern Newfoundland. 



relative volume fiaction for each species indicated that gonadal development in M. edzîlis 

was difEerent tiom M. trosstrlirs and the hybrids (Figure 26). In mature female rnussels (June 

27). ripe sex cells made up comprised about 85% of  the gonad in M. îrosmius, which was 

significantiy different fiom M eddis and hybrids, in which GVF was generally less than 70% 

(Figure. 26). Subsequent reductions in mean GVF in August and September supported the 

observation of  spawned individuals o f  these species. The GVF in October was nearly zero, 

indicating that the resorption of gametes was nearIy complete. 

Two way ANOVA (Table 13) indicate that there are significant differences (P < 

0.00 1 )  among species (M. edrriis, M. trosm/us and hybrids) in the proportion of  gonad 

occupied by gametes.GVF was higher in M. rrossirtirs than in the hybrids o r  M. edidis (Fig. 

26) .  There was also a significant date x species interaction (P < 0.001), indicating that the 

reproductive cycle, as indicated by GVF, diEered among the species (Table 13, Figs. 23, 25, 

26),  owing to a more graduai spawning over several weeks by M. trossulirs and some of  the 

hybrids at al1 sites, while M. edidis showed an abrupt spawning dunng late July (Fig. 33). The 

difference in mean GVF between female M. trosszrltts and M. ediriis (and their hybrids) was 

considerable (Fig. 26). On June 27, the mean GVF of 86.2% for M. tross~ritis was 

significantly greater (t-test, P < 0.001) than that of  67.9% for M. edzrlis. 

A cornparison arnong species between the dry weight of gametes just before spawning 

(June 27) (Fig. 27), revealed that M. trossdzrs had a significantly higher gamete weight per 

gonad than M. ediiiis (t-test, Pc0.05) and hybrids (P<O.OS), with the exception of the Chance 

Cove exposed site, in which no significant differences @>O.OS) were found among the 

species. The significant differences found during July 19 are due to the fact that M. trossulus 

and some hybrids spawned graduaily over several weeks in cornparison with M. eduiis. 

IV.3.4. OOCYTE DIMENSIONS 

The longest axis of the mature oocyte (June 27) in histological sections ofM. edulis 
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Fig. 26. Mean reproductive condition (GVF) S.E. for female and male Mytrilits (U. 
edztlris, hybrids, M. tross~tlus) at three different sites in eastem 
Newfoundland during the 1996 reproductive season.. 
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Fig. 27. Cornparison of the dry weight of gametes arnong M. edtdis, hybnds and M. 
rross~dus at three sampling dates dunng the pre-spawning and spawning 
stage at three sites in Newfoundland. Number in parentheses indicates the 
number of mussels analyzed. 



varïed between 52.0 and 82.9 pm, with a mean of 62. t Pm. On the same sampting date M. 

frossulus mature oocytes ranged between 43.7 and 58 pm with a mean of 55.3 Fm. The 

nested ANOVA carried out on values for egg areas measured from histological sections 

duriny the ntro sampling dates before spawning occurred showed in most cases a significant 

variation among mussels within species. The variation among species, however, is still 

significant. notwithstanding differences among mussels (Table 14, Figure 28). 

There were significant differences (P<0.00 1 ) among species in the Iengths and areas 

of eggs obtained by inducing spawning in the laboratory (Figures 28 C,D). M. edulis 

presented the largest eggs (Figure 28, Table 14)- 

IV.3.5. SlZE AT FIRST MATURATION 

The age at first potential reproduction was deterrnined by direct observation and 

measurement of gonad weights for rnussels of various sizes from the Bellevue protected site. 

The smallest mussels with differentiated sex were M. irossztli~~, a male of 6.9 mm and a 

Female of 8.9 mm shell length, together with several other mussels less than 10 mm long 

which were observed during June at the Bellevue protected site. For hybrids and M. edulis, 

earliest gonad developrnent and gamete storage in the m a d e  tissue occurred at about 12- 15 

mm shelI Iength. The shell size at first maturation seems to be lower in M. trossuhs than in 

hybrids and hi. edtdis at these locations. 

IV.3.6. FECUNDITY AND DRY WEIGHT OF THE SOFT TISSUES 

Fisure 29 shows that there was a significant relationship (P < 0.01) between the dry 

weight of the gonad and the total dry weight of the animal at four sampling dates fiom 

mussels (al1 species pooled) fiom the Bellevue protected site. 



Table 13. Results of two way ANOVA for testing variation in the gamete volume fiaction 
(GVF) in females and males among Mytilus species (M. edulis, hybrids and M. trossulus) during 
the 1996 reproductive season at three sites (Believue exposed: BE; Chance Cove protected: CP; 
Chance Cove exposed: CE) in eastem Newfoundland.. 

Site Sex Source df SS F-ratio P 

fernales Date 
S pecies 
Date x species 
Error 

maies Date 
Species 
Date x species 
Error 

fernales Date 
S pecies 
Date x species 
Error 

males Date 
S pecies 
Date x species 
Error 

females Date 
S pecies 
Date x species 
Error 

males Date 
S pecies 
Date x species 
Error 



Table 14. Results of nested ANOVAs for testing variation in egg area and egg length among 
Mytihs species (M. edulis, hybrids and M. hossulus). 

Date Factors Source df SS F-ratio P 

June 07 Egg area 

Egg !ength 

June 27 Egg area 

Eçg length 

Spawning Egg area 

Egg length 

S pecies - 7 

Musse1 f species) 6 
1341 Error 

S pecies 
Musse1 
Error 

{ species 

Species 2 
Musse1 (species) 6 
Error 1331 

Species 2 
Musse1 { species) 6 
Error 1341 

S pecies 2 
Musse1 {species) 12 
Error 73 5 

Species 2 
Musse1 {species) 12 
Error 73 5 



Fig. 28. Comparison of rnean * I S. D. of egg area pm' (A) and egg length pm (B) 
among M. ed~dis, M. trosst1111s and hybnds determined at two dates during 
the pre-spawning stage 6om histological slides and the determination of egg 
area (C) and egg length @) fiom laboratory spawned eggs. Number in 
parentheses hdicates the number of musse1 used (50 eggs fiom each musse1 
were measured). 
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Fig. 29. Relationship between fecundity (estimated as the dry weight of the gonad) 
and the dry weight of the soft tissues in pooled Mytdtis sp. From Bellewe 
protected, dunng the 1 996 reproductive season. Lines show 95% C. 1. 



1V.J. DISCUSSION 

The sex ratio of M. edirlis, M. trossulus and their hybrids in eastern Newfoundland 

does not significantly deviate tiom 1: 1, as stated by Lubet (1959). The low frequency of 

herrnaphroditism also agrees with Sunila (198 1) and Lubet (1959). 

Mussels tiom al1 three sites sampled showed a similar reproductive cycle, with 

gantetogenesis progressing rapidly through spnng and early surnmer and spawning taking 

place in late July. Similar observations were made on Bellevue mussels by Thompson 

(1 984b), who also found that these mussels do not undergo gametogenesis throughout the 

winter and that reserves accumulated in the previous year do not appear to play a role in 

gamete development. Other populations of M. trossz~hs also present the same pattern in 

which gonad is synthesized in late winter and early spnng in the Baltic (Kautslqr, 1982) and 

in British Columbia (Emmett et J., 1987). Thus subtidal Baltic Sea mussels (Kautsky, 1982) 

and Newfoundland mussels (Thompson, 1984b) demonstrate an opportunistic reproductive 

strategy, as aiso observed for mussels fiom British Columbia (Emmett et al., 1987), where 

gametogenesis does not proceed dunng the winter months. However, Blanchard and Feder 

( 1997) found that mussels (M. trosmhs) fiom populations in Port Vaidez, Alaska, follow a 

more conservative strategy, with garnetogenic development throughout winter, while the 

spawning period is similar to that found in the present study. 

No study of reproductive cycles of M. edtrlis and M. frossulus in tems of their 

importance in hybridization has been undertaken on the northeast Coast of North Amerka. 

The results of the present study indicate that M. trosstrlus was spawning over a prolonged 

penod of tirne while M edulis mussels presented a major spawning event in late July. Similar 

studies carried out few years earlier showed also that M. edrrlis is a synchronous spawner 

in Newfoundland (Thompson, 1984b). Hybrid mussels in this study exhibited spawning 

activity which was more similar to M. trosmlrrs. Lubet et al. (1 984) studied reproductive 

cycles of hybrids obtained fiom intra- and inter-specific crosses of M. edulis and M. 

gafloprovinc~a/is and found asynchmny in spawning. M. edulis spawning was more restricted 



in time, while M. gu~loprovinciaiis showed a more prolonged spawning over several months 

and hybrids an intermediate pattern. 

Results fiom Chapter 1 indicate that most hybrids are backcrosses, which is in 

accordance with the timing of the spawning events, where there is a small overlap in which 

some F 1 hybrids could be produced. As already discussed in C hapter 1, only a few F 1 hybrids 

are needed to spawn to form a large number of backcrosses with their parental species, 

especially when hybrids have an intermediate spawning with respect to the pure species. 

The present study provides evidence that M. trosstrZz4s has a greater reproductive 

output than M. edrdis in mussels between 38-42 mm shell length. (Figures 26, 27), which is 

consistent with the observations of Mallet and Carver (1  995) for two mussel populations in 

Nova Scotia. However, the present study also suggests that the mean oocyte size is larger in 

M dulis than in M. tros.szdus, with intermediate values in hybrids. Mussels produce a large 

number (up to 8 X 10'"eggs per individuai M. eduiis; (Bayne et al., 1978) of small eggs 

(around 70 pm diameter)). This may imply that M. trossulus, which produces a greater dry 

weight of gametes (Figure 27), releases larger numbers of eggs. The implications of this 

finding, besides a larger egg output by M. rrosmlrrs dunng spawning, are not clear. Musse1 

eggs have a relatively small amount of yok (ça. 0.08 pg dry mass per egg; Bayne et al., 1978) 

representing a minimum investment per egg, in contrast to eggs which undergo direct or 

lecit hotrop hic development. 

In the present study, M. tros.wlrrs was reproductively active at a relatively smailer 

shell length than M. edrrlis, the former devoting energy to reproduction earlier in the life 

cycle, although maturation size depends on rate of growth (Seed, 1969) and therefore may 

differ among species and locations. Nevertheless, this smailer size at first maturation in M. 

rrus.srt/i~s relative to M. edulis and hybrids may have some implications for growth and 

perhaps higher mortalities caused by predation (Theisen, 1968; Seed, 1969; Dare, 1976; Seed 

and Brown, 1978). 

Previous studies have shown that the balance between reproductive output and 

growth in an individual animai changes with increasing age. The youngest mussels divert most 



of their energy to growth, while most of the energy in older mussels is used for 

eametogenesis (Thornpson, 1979). The results fiom Chapters 1 and 2, which show that - 
musse1 populations are composed mostly of tros~7rlus in small s u e  classes and M. edulis 

in large size classes, with a shifi at approximately 30 to 40 mm, seems to  be difficult to 

explain considering that Iarge M. edzdis are more fecund than smail ones (Thompson, 1979). 

Furthermore, the significant relationship found in the present study between fecundity 

(estimated as a dry weight of the gonad) and the dry weight of the soft tissues represents 

more evidence of this general relationship between size and fecundity (Figure 29). However, 

t here is a large number of small M. rrosmf~rs compared to a reduced number of large M. 

edrrlis (Figures 1 O to 16). 

Gardner and Skibinski (1990a) found that mean genotypic fecundity of M. 

plloprovirtcialis was 2.8 times that of  M. edrrlis at Croyde and 2.2 times greater at at 

Whitsand. because M. galloprovir~cicrlis has both greater mean length and greater mean 

fecundity per unit length than M. edrrlis. However, the study also estimated that the total 

population fecundity of M. edrrlis was 5 and 1 7 times that of M. gafloprovincialis at Croyde 

and Whitsand, respectively; owing to the presence of larger numbers of  small M. edrlis 

compared with fewer large M. gaIfoprovir~cialis. A similar musse1 population structure in the 

present study, in which Iarge numbers of  M. i ros~7hs  are found in small s u e  classes and 

lower numbers of  M. edzdis found in Iarge size classes (Figures 10 to 16), is in accordance 

with the higher proportion of M. trossirlz~s in the l a r d ,  spat and juvenile stages (Figures 4 

to 9). 

Surnmer mortalities in populations of sexually mature mussels on the West Coast of 

North h e r i c a  have been observed by several authors (Hentage, 1 983 ; Skidmore and C hew, 

1985; Emett et al., 1987). A hi& mortality ofM. trosstrhs was observed in the present study 

at ail sites during late summer and earIy autumn (Chapter 1)- Intense surnrner spawning 

activity in these populations coincides with the time of high mortality. Some of these 

mortalities may be caused by predation, although sorne studies have shown that metabolic 

stress, especiaiiy after spawning, could be partially responsi ble. Worrall and Widdows ( 1 984) 



studied the relationship between spawning and mortality in a population of mussels in the 

Lynher estuary, southwest England, which showed reduced "scope for growth" foliowing 

spring spawning. The authors reported that mortality was detected after one month of  

spawning and that the mortality rate was greater in those mussels that showed higher 

reproductive effort. It is therefore possible that the late summer mortalities of M. trossulus 

observed in the present study, by Heritage (1983) and by Emmett et al. (1987) in Btitish 

Columbia, and by Skidmore and Chew (1985) in Washington, are caused by reproductive 

stress. Further research is required on the effects of predation, disease and parasites on 

reproductive effort, reproductive value and reproductive cost (Bayne et al., 1983; Thompson, 

1983b), combined with the determination of physiological variables such as "scope for 

growth" in these mixed popuiations of M. edrriis, M. trossrrltrs and hybrids, in order to 

understand the possible causes for these late summer mortalities in M. trossulus. 



V. CHAPTER 4. 

Fertilization success and eariy survival in pure and hybrid lawae o f  Mytilus edulis 

and M. trossulus 

V. 1. INTRODUCTION 

There is no evidence in the literature for the presence of unfit hybrid recombinants 

within Myfilzts hybrid zones (Zouros et al,, 1992; Beaumont et al., 1993). As discussed in 

Chapter 1 ,  the degree of natural hybridization is generaily higher in the M. edulis - M. 
ga//oproiiirtcais hybrïd zone in Europe than in the M. edrr/is -M. trosstdus hybrid zone on  

the east Coast of North Arnenca. According to Harrison (1993) and Banks et al. ( 1994) the 

more çenetically divergent the parental types, the lower will be the fitness of  the hybrids 

produced. This diflierence in natural hybridization in these two musse1 hybrid zones implies 

that M. edulis and M. galloprovincialis are more closely related (Gardner, 1994) than are 

Ad cdrlis and M. trossdzrs (Rawson et ai., 1996b). This has been corroborated by successfil 

intehreeding between M. edzdis and Ad ga/loprovinciaIis, the production of  viable offspring 

in back-crosses of  F 1 hybrids (Lubet et ai., 1 984; Beaumont et ai., 1993) and the suggestion 

made by Gardner (1996) that M. galloprvvir~cialis may be a subspecies of M. edulis, 

proposing the use of  the trinomial form M. edzdis galZoprovincia/i.s. 

Zouros et ai. (1 992) were the first to hybridize Myiilus edulis and M. t r o s d u s  

successtully, although no data were provided on the percentage of  eggs which developed 

into larvae, the percentage of abnormal l m a e  and/or survival arnong the reciprocal crosses. 

Information on such variables in artificial hybridization between M. edufis and M. trossuZtîs 

is therefore limited. 

The objective of the present study was to compare in preliminary laboratory trials the 

success of pure lines and hybrids of M. edttlis and M. trossultrs during the crucial early stages 

of t heir development. 



V.2. M A T E R L U  AND METHODS 

V.2.1. MUSSELS AND EXPEFUMENTAL DESIGN 

Ripe mussels (Myrilus sp) (29-54 mm sheil length) were collected fiom the Bellevue 

exposed site (Fig. 1) during the last week of May 1997 and held in ambient running sea water 

until required for spawning. Four spawning trials (June 9, June 16, fune 30 and July 1 7) were 

camed out, using a factorial design to permit fùll reciprocal crosses. 

Twenty mussels were exposed to air for about 1 h, then placed in filtered seawater 

at ambient temperature, one musse1 per beaker, for induction of spawning by thermal shock. 

In some cases, eggs and sperm were held for about 45 minutes at 1 SOC before use to allow 

as many mussels as possible to spawn, thereby helping to synchronize the egg stage (Scarpa 

and Allen. 1992). Eggs fiom each female were rinsed with filtered (1 pm) W irradiated sea 

water (FSW) and then resuspended in 1000 ml FSW at 18°C for fertilization. Sperm 

concentration was determined with a hemocytometer. The sperrn to egg ratio used for 

fertilization was approximately 100: 1 in all trials (Sprung and Bayne, 1984). Eggs fkom each 

cross and each pure line were rinsed afier 10 min to remove excess sperm and resuspended 

in two 2-1 glass flasks (pseudo-replicates) containing 1500 mi at a density 70- 120 eggdml 

(Toro and Sastre, 1995). The larval cultures were then maintaineci at 16°C and after 72 hours 

a 15 ml sample was taken from each culture and fixed with 95% ethanol. The fixed sample 

was later examined in order to determine (a) the percentage of eggs which had developed 

into larvae and (b) the percentage of these larvae which exhibited any abnormality. Both 

assessments were derived fiom 3 samples fiom each replicate flask, counting the numbers 

of developed larvae and the number of morphologically normal and abnonnal larvae within 

one field of view (IOOX magnification). 

Veliçer larvae were reared at 16°C (28-33 ppt salinity) in dupiicate 2-1 g las  beakers 

at a concentration of 10-20 larvae/ml for a minimum of 8 days (in one trial on July 17 up to 

18 days), using standard techniques, except that beakers were not aerated (Bayne, 1965; 



Beaumont and Budd, 1983; Mallet et al., 1985; Toro and Sastre, 1995). Sea water was 

Htered, s te r i l i i  with UV light and changed every other day. At each seawater change, the 

contents of each beaker were passed separately through a 44 pm Nitex screen (empty 

beakers were treated with a dilute bieach solution and then rinsed with FSW). Lawae 

retained on the screen were rinsed with ueated seawater and back-washed into the cleaned 

beakers. which were then re-filied with fiitered seawater. At each water change, larvae were 

fed Isochrysisgaihuz at 25000-30000 ceUs/ml (Pechenk et al., 1990). The number of living 

larvae in the cultures was monitored before addition of food, and the volume of the water 

used in each culture was adjusted in order to maintain a density close to 10- 15 larvae/ml- On 

the 6h day after fertilàation (the 14" day in trial 4), the percentage of live veligers in each 

culture (the mean of 4 counts) was estimated within one field of view under the microscope 

at 100X magrufication. The mean shell length of veliger larvae on the 16" day in trial 4 was 

estimated by measuring 3 0  randomly chosen larvae from each culture with image analyzer 

software (Optimas 6.2) (see Chapter 3). 

Spawnings (20 mussels) and crosses were performed on June 9 (M. edulis: 1 fernale 

and 2 males; M. iro~sul~ts: lfemale and 1 male), June 16 (M. edttlis: 2 females and 2 males; 

~ro~sztfrts: 1 fernale and 2 males), hne 3 0  (M. edldis: 2 femdes and 1 male; M. trossu~us: 

2 femdes and 2 males) and July 17 (M. edttlis: 1 fende and 2 males; M. frosmhs: 2 females 

and 4 maIes). The spawned mussels were typed using two PCR-based nuclear markers 

(C hapter 1 ) and two allozyme loci, Mpi and E-st (Chapter 2), which are diagnostic for M. 

edrrlis, M. trossrtlrrs and the hybrids. 

V.2.2. STATISTICAL ANALY SIS 

Before analysis, percentage abnormaiity and sunival data were arcsine transformed 

and pooled between beakers and within pure and cross-fertilized groups, because these were 

pseudo-replicates (not true replicates). The non-parametric Kniskal-Wallis test was used to 

analyze the percentage abnomdity at day 3 and the percentage survival at day 6 (day 14& 



in trail4), because these data showed significant heterogeneity of variance (Cochran's test). 

L a r d  shell length data at day 16 were tested by nested analysis of variance, which 

confirmed that there were no significant differences in larval shell length between pseudo- 

replicates within groups (P>O. 05). 

V.3. RESULTS 

Fertilization occurred in al1 crosses and cleavage was observed within 30 to 40 

minutes following mixing of eggs and sperm. No significant differences between pure lines 

and hybrids were detected in the percentage of eggs which developed into larvae (Table 15). 

However. the percentage of Iarvae which were abnormal by day 3 and the proportion of 

normal veliçers which subsequently died during the eariy stages of growth were significantly 

greater in the hybrid crosses (Table 15). 

Figure 30 shows photornicrographs of normal Iarvae at D-stage and also the presence 

of abnormal larvae (which were more common in hybrid crosses) at the third day of culture. 

Most larvae of pure lines in al1 trials were healthy at day 6 (Figure 30), but most larval 

cultures fiom the first three trials only S U M V ~ ~  until day 9. In trial 4, al1 cultures were reared 

in good condition until day 18, but owing to contamination of the aigai culture by ciliates, 

larvae fiom most crosses then died (Figure 30). The few larvae that survived in the different 

crosses were combined, cultured until day 25 (Fig. 30) and then discarded. 

ln trial 4, afier an initially higher mortality, hybnd larvae fiom both reciprocal crosses 

grew significantly faster than those fiom pure lines (Table 16). There was, however, a 
Lr 

significant difference in growth between hybrid larvae of the two reciprocal crosses, the M. 

edrrlis (female) crossed with M. trosstrltrs (male) hybrids being the faster growing larvae 

(Table 16). 



Table 15. Reciprocai crosses between M. edulis and M. hossulus. Percentage of eggs which 
developed into larvae at day 3, the percentage of abnomai larvae at day 3 and the percentage of 
veliger larvae which s u ~ v e d  to day 6 (day 14 in trial 4). E = pure M. edufis, T = pure M. 
trossulus, E x T = M. edulis female crossed with M. trossuIus male, T x E = trossulus female 
crossed with M. edulis male. H = Kruskal Wallis test statistic between the mean performance of 
pure lines and that of hybrids. ns = non significant, ** = P<0.01. 

Trial Pcrcentage development (day  3) Percentage abnormalify (day 3) Perccntage sunival (day 6) 

E T E x T  T x E  E T E s T  T x E  E T E s T  T s E  



M~rilrrs larvae: D-stage day 3 Presence of abnormal larvae at day 3 

M ~ t i l i i s  larme: day 6 Dead larvae: ciliate contamination 

Mutilris: surviving Iarvae at day 24 Mytilus: surviving larvae at day 24 

Fig. 30. Myi lus  larvae: different stages showing normal. abnormal and dead 
larvae during the rearing of the larme of pure and interspecific crosses in 
the laboratory trials, 



Table 16. Mean shell length (pm + SE) of pure and hybrid veligers of Mytilus afler a period 
of growth in the laboratory (16 days), and results o f  nested ANOVA and Tukey's HSD test. 
For abbreviations, see Table 15. ns = non significant, *** P<O.OOl. Underline indicate 
homogeneity of means. 

E T ExT TxE 

Factor Source df SS F-ratio 

- - - 

Shell length Cross 3 12.502 99.856 *** 

Replicate (cross) 4 0.0 19 0.1 16 ns 

Error 1072 



V.J. DISCUSSION 

Reports of naturaily occuning hybrids between M. eduiis and M. trossulus (Mallet 

and Camer, 1995; Saavedra et ai., 1996; Cornesaila et ai., 1 W8), the results of previous 

expenmental crosses (Zouros et ai., 1992) and the data reported here dl, c o & m  that the 

species are interfertile. In fact, there was no significant difference between pure lines and 

hybrids in the percentage of eggs which developed into iarvae. However, hybrid crosses 

showed a higher mortality than pure iines crosses. This lower suwivorship may reflect subtle 

differences in the tirne of sexuai maturity or çarnete quaiity in the two species, and one 

explmation, according to the results obtained in Chapter 3, may be that they have different 

optimum spawning times. However, the lower survivorship in F1 hybrid individuais could 

also be due to the incompatibility between mitochondriai and nuclear genomes, which seems 

to be greater between M. trosszdrrs and M. edrrlis than between M. edulis and M. 

gafloprovNiciaiis (Cornesaila et al., 1998). The results fiom Chapter 2 clearly show that 

naturally O C C U ~ ~ ~  hybnds consist mostly of backcrosses, which are M. trossulus-biased 

among small rnussels and M. edulis-biased among large ones. 

The progressively higher s u ~ v a l  values in successive trials suggests that poor 

parentai condition can adversely affect larval success, and emphasizing the need for choosing 

broodstock which is in good condition in order to camy out laboratory crosses. If most 

mussels of one species spawn even a few days before those of the other, species identity will 

be maintained into the next generation. A slight overlap of spawning times, or a few 

individuals of either species or just very k w  F 1 hybrids spawning with the other, would 

explain the existence of naturally occumng hybrids and the presence of backcrosses. The 

results of Mallet and Carver (1995) and those fiom Chapter 1 and 2 suggest that 

hybridization between M. edîrlis and M. trossirkcs is not very comrnon in the Atlantic 

Provinces compared with that between M. edrrlis and M. gailoprovincialis in Europe. 

The cumulative mortaiity of larvae after day 10 in trials 1, 2 and 3 may indicate 

inferior gametes (immature), particularly since none of the larval cultures were contarninated 



with bacteria or ciliates. The production of large numbers of immature gametes by these 

mussels is aiso corroborated by the number of individuals which spawned mature garnetes 

in each trial (5, 7, 7 and 9 out of 20, for trials 1,2, 3 and 4 respectively). Sorne variation was 

evident among triais with respect to the percentage of developing eggs, land abnormalities 

and s u ~ v a i  in both pure and reciprocd crosses, although the patterns observed within trials 

were generaily consistent. 

Hybnd larvae fiom both reciproçal crosses grew significantly faster than larvae fiom 

pure lines, although the shell length values are within the range of those reported for pure 

M. cidulis in trials carried out by Mallet et al. (1985) and trials under different feeding 

regirnes undertaken by Bayne (1965). Because of the significantly higher size reached by 

hybrid larvae compared with pure lines of M. edtrlis and M. frossulus, hybrid vigour is 

suggested, although it is not clear what advantages this may impart. Similar results have been 

reported by Beaumont et al. (1 993) for crosses between M. edrrlis and M. gczf~oprovirlcialis 

and by Freeman et al. (1994) for crosses between M. edufis and M. trossulus. Growth of 

bivaIves seems to be reiated to the genetic conformation of the individual (Newkirk, 1980, 

1983). High levels of homozygosity due to inbreeding can significantly reduce growth rate 

(Beaumont and Abdul-Matin, 1994) and, conversely, high degrees of heterozygosity in 

artificia. induced triploids (Beaumont and Budd, 1983; Beaumont and Kelly, 1989; 

Beaumont and Fairbrother, 199 1) may enhance growth rate. Hybridization should increase 

the heterozygosity of individuals, which may in part explain the higher growth observed in 

hybrid larval cultures in the present study. Nevertheless, this faster growth of hybrid larvae 

has to be balanced against survivorship, which in most of the hybrid crosses was very low. 

The results of this study provide evidence that there are no differences in the 

percentage of fertilized eggs between pure line crosses and hybrid crosses. However, the 

frequency of abnormal larvae significantly higher in the hybrid crosses. These observations 

suggest that there is little or no evidence of physiological barriers to fertilization, but that 

incompatibilities between mitochondrial and nuclear genornes may be causing a higher 

fiequency of abnorrnaiities and lower survival among F 1 hybrid larvae (Rawson et al., 1 996b; 



Quesada et al., 1998). The data also suggest that F1 hybrid veligers may metamorphose 

earlier than pure line crosses. 

Further research is required, including the study of pure line and reciprocal crosses, 

to assess the relative fitness of iarvai and juvenile hybrid mussels under different 

environmental conditions. 



VI. CaAPTER 5 

Morphological variation in the shell among Mytilus edulis, M. bossulus and their 

natural hybrids 

VI. 1. INTRODUCTION 

Early systematic taxonomical studies in mussels of the genus Mytiius have been 

largely based on shell morphological and morphometric characters (Gosling, 1992a; Seed, 

1 992). However, several studies on mussels have shown the enormous environmentai 

plasticity of shell morphology (Seed, 1968, 1973) which may preclude the use of these 

characters in systematic studies. Recentiy, the availability of new moIecular techniques has 

permitted the use of a combination of morphological attributes of the shell and allozyrne 

zenetic markers (; Beaumont et ai., 1989; Coustau et al., 199 1 ; Koehn, 1991 ; McDonald et - 
al., 199 1 ; Sarver and Foltz, 1993; Sanjuan et al., 1994, 1997;Bates and Imes, 1995; 

Gardner, l 996), nuclear andor mtDNA markers (Inoue et al., 1995, 1997; Steward et al., 

1 995; Saavedra et al., 1996; Sanjuan et al., 1996; Suchanek et al., 1997; Toro, 1998) or a 

combination of allozyrne and DNA markers (Beynon and Skibinski, 1996; Rawson et al., 

1 996a). 

The main objective of the present study was to examine shells sampied from three 

different sites (Bellevue exposed, Chance Cove exposed and Chance Cove protected) in 

eastern Newfoundland (Fig. l), in order to determine the degree of morphological 

differentiation between M. eduiis, M. trosmitrs and their hybrids, coexisting (exposed to a 

common environment) at these habitats. 

Canonical discriminant analysis of morphometric variation and two PCR-based 

nuclear DNA markers were used to test if M. edrdis, M. trossrtlz~~ and their hybrids have a 

sirnilar shell morphology when exposed to a common environment. 



VI.2. MATERWL AND METHODS 

VI.2.1. STUDY SITES AND SAMPLiNG 

Musse1 sheiis fiom adult mussels (M. edulis, M. trossulus and hybrids) that had been 

genotyped for two PCR-based nuclear markers fiom individuais coîlected and analysed in - 
Chapter 3 were labeled for morphometric analysis. The mussels (3842 mm shell tength) 

were collected fiom June - October 1996 6om the Bellevue exposed (n=280), Chance Cove 

protected (n=280) and Chance Cove exposed sites (n=280). 

Vl.2.2. MORPEOMETRIC ANALYSE 

The 8 morphometric sheii characters used to distinguish among three different forms 

of hlyrilm (M. edulis, M. trosslrlirs and hybrids) were as follows: (i) shell height; (ii) shell 

width; (hi) length of anterior adductor muscle scar; (iv) distance between the anterior edge 

of the posterior adductor muscle scar and the posterior margin of the sheii; (v) distance 

between the v e n d  edge of the posterior adductor muscle scar and ventrai shell margin; (vi) 

distance between the pallia1 iine and the ventrai sheU margin midway dong the sheii; and (vii) 

distance between the urnbo and posterior end of the ligament (Figure 3 1) (McDonaid et al. 

1 99 1 ; Mallet and Carver, 1 995). Each character was fùrther standardized (shell Iength range 

of sarnpled individuals: 38 - 42 mm) by transforming the value to log,,, and divided by log,, 

shell length (McDonald et al., 199 1;Ma.Net and Carver, 1995). A canonical discriminant 

analysis was used to denve a canonid function that separated the three musse1 types, using 

S ystat V5.1 (Wilkinson, 1 99 1 ). 



b Shell Iength - 

Fig. 31. The 7 morphomehic musse1 shell characters used in the 
canonical discriminant analysis: (i) shell height; (ii) shell width; 
(iii) length of anterior muscle scar; (iv) distance between the 
anterior edge of the posterior adductor muscle scar and the 
posterior margin of the shell; (v) distance between the ventral 
edge of the posterior adductor muscle scar and the ventral shell 
margin; (vi) distance between the pallia1 line and the ventral 
sheii margin midway along the shell; and (vii) distance between 
umbo and posterior end of the ligament. (Modified fiom 
McDonald et al., 1991). 



VI.2.3. DNA ANALYSIS 

DNA extraction and use of both DNA nuclear markers (ITS and Glu-5) to ;dent@ 

hl rdulis, M. irossuhs and their hybrids followed procedures descnbed in Chapter 1. 

VI.3. RESULTS 

The seven sheil characters used in the discriminant fiinction were able to distinguish 

between the two species of mussels (M. edul~s, M. rrossuhs) previously identified using the 

PC R-based markers (Wilk's lambda: P < 0.00 1 ) (Figure 3 2, Table 1 7). The hybrids were 

scattered on the canonical plots, although a few of them were clustered between the two 

species (Figures 32, 3 3 ) .  The morphologicai differences were consistent between the two 

species over the three different sites (Figure 32), and maintained in most cases separate 

clusters despite a common environment within each site. In order to test if any micro- 

environmental dserences were affecting shell morphology, canonical discriminant analyses 

which included M. cldulis, M. trossltlrrs and hybrid individuals fiom daerent sites were 

carried out (Figure 3 3 ,  Table 18). The results showed similar morphological differences 

among the two mussel species and their hybrids, despite the fact that in these analyses each 

species was collected fiom a different micro-environment (site) (Figure 33, Table 18). 

Conversely, a canonical discriminant analyses was carried out for each species (M. edrrlxs, 

Ad tros~7rl~w and hybrids) at al1 sites. There was no significant difference in the morphology 

of each species fiom the different sites (Figure 34). 

The standardized canonical coefficients showed that the characters shell heigbt, 

distance between palliai line and the ventral shell margin, and shell width contributed most 

t O discriminating arnong the three M y r i h  forms (Tables 1 7, 1 8). Standardized canonical 

coefficients (Tables 1 7, 1 8) represent the amount by which canonical variates change for 

each change of one standard deviation in the individual character, and the character with 



Fig. 32. 

Chance Cove protecled 

First and second canonical variates of  morphometnc data from musse1 
populations sampled in Bellevue exposed, Chance Cove exposed and 
Chance Cove protected in eastern Newfoundland. 



Table 17. Standardized canonical coefficients of the seven morphometric characters used in the 
discriminant anatysis. Standardized çoefficient for the first (St can 1 )  and second (St. can 2) canonical 
variaie and the probability fiom the F statistic (P) for the three groups analyzed (Mytilus eduiis, M. 
 uss su lus and hybrids) at Bellevue exposed, Chance Cove exposed and Chance Cove protected. P 
< 0.05; ** P < 0.01; *** P < 0.001. 

Chwicter S t  can 1 St .can2P 

ShcH height 4.627 
Shell u-idth 0.561 
Lcngth of anterior muscIe scar 0.0 13 
Distance betwtxn anterior edge of the posterior adductor muscle 

scar and posterior margin of the shell -0.077 
Distance bet\veen ventral edge of the posterior adducror muscle 

scar and ventral shell mugin 0.200 
Distance betmxcn paIlial line and the ventral shell margin -0.555 
Distance bettvcen the urnbo and the postaior a d  of the ligament 0.366 

Charactcr St can 1 S t c a n 2 P  

Shell height 0.805 
Shell lvidth 0.074 
Length of anterior muscle swr 0.224 
Distancc bctwwn anterior edge of the posterior adductor muscle 

scar and posterior rniirgin of the shelI 0.181 
Distance bet\vcen ventral edge of the postaior adductor muscle 

scar and ventral shel  mar@ 0.25 1 
Dtstancc bet\vcen pallia1 line and thc ventral shell margin O. 276 
Distance benvtxn the umbo and the postaior end of the ligament -0.518 

Chance Cove prot~xted 

Charactcr SL can 1 SL can 2 P 

Shcll hcight 0.726 0.067 
Shell tvidth -0.5 18 0.029 
Lrngth of anterior muscle scar 0.171 1 .O35 
Distance bct\vtu.n mtcrior d g e  of the posterior adductor muscle 

scar and posterior margin of the shell 0.075 4.70 1 
Distance between ventral edge of the posterior adductor muscle 

s u r  and ventral shell margui 4-48 1 0.033 
Distance between palliai linc and the ventral shcll margin 0.497 -0.376 
Distance bct\vccn the u r n b  and the posterior end of thc ligament -0.270 -0.07 1 



Canonical vanate 1 

Fig. 33. First and second canonical variates of shell morphometric data from (A), M. 
e h f i s  fiom Chance Cove exposed (CE), M. trosslcfus corn Bellevue 
exposed (BE). hybrids fiom Chance Cove protected (CP); (B), M. edirlis 
from CP. M. tross~dtcs fiorn C E  and hybrids from BE, and (C), M. edufis 
fiom BE, M. trossths fiom CP, and hybnds fiom CE. 



Table 18. S tandardïzed canonical coefficients of the seven morphometric characters used in the 
disciminant anatysis. Standardized coefficient for the first (St can 1 )  and second (St cm 2) canonical 
variate and the probability fiom the F statistic (P) fkom the analysis of mixed individuals (Mfl'Ius 
eduf',  M. &ossulus and hybrids) fiom dïfïferent populations (BeUevue exposed (BE), Chance Cove 
exposed (CE) and Chance Cove protected (CP)). * P < 0.05; ** P < 0.01; *** P < 0.001. 

M. rdulis tiom CP: M. trossulus fiom CE and hybrids fiom BE. 

C huacter St. can 1 S t c a n Z P  

Shell height 0.879 -0.163' 
Shell lvidth O. 127 0.644 II+ 
Length of anrerior muscle scar 0.209 -0.182 L++ 
Distance between anterior d g e  of the posterior adductor muscle 

scar and posterior mar* of the shell O- 197 0.482 * * O  

Distancc bet~vctn ventral edge of the posterior adductor muscle 
scür and ventral shell rnargin -0.162 -0.027 +*+ 

Distance betu-iun pallia1 line and the ventral shell m g i ~  O. 152 0.276 *** 
Distünce behvlsn the umbo and the postaior end of the ligament -0.628 0.367 **a 

M. edulis fiom CE: ,M. ~~OSSYIUS from BE and hybrids î?omCP 

C haracter SL can 1 St. canZ P 
- - -  - 

Sheli height 0.120 0.205 O ** 
Shell \i-id~h -1.017 0.141 O * *  

Lrngtti of an t~no r  muscle scar -0.085 -0.705 r 

Distance bet~veen antenor edge of the posterior adductor muscle 
scar and posterior m g i n  of the shelI -0.067 0.377 i1s 

Distance bct\vtrn ventrd idge of the posterior adductor muscle 
scar and ventral shell rnargin 0.079 -0.824 +O 

Distancc bet\v~u.n pallia1 line and the ventral shell margin 0.326 0.6 12 *O 

Distrtncc bctn-tu.n thc urnbo and the postenor end of the ligam~nt 0.097 0.068 *+1 

-- 

M. eduk tiom BE: M. trossulrcr tiom CP and hybrids from CE. 

Charactcr 

Shell hcight 
Shcll \vidth 
1-ength of antenor muscle scar 
Distance twt\vilt'n anterior edge of the posterior adductor muscle 

scar and postaior margin of the shell 
Distance bctwtwn ventral dge of the posterior adductor muscle 

s a r  and ventral shell rnargin 
Distance bet\veen pallial line and the ventral shell m g i n  
Distance bet\veen the umbo and the posterior end of the ligament 

SL can 1 St. can2 P 



Fig. 34. 

3 1 

i Hybrids c m  
2 .  O O3 

Canonical variate 1 

Chance Cove exposed 
Chance Cove protected 
Bellevue exposed 

First and second canonical variates of shell morphometric data from (A), M. 
edrrlis from Chance Cove exposed (CE), Chance Cove protected (CP), 
Bellevue exposed (BE), (B), M. trosmf~~s from CE, CP, BE and (C) hybnds 
fiom CE, CP and BE. 



the highest standardized coefficients contributes the most to the canonical firnction. For most 

inditiduals there is in general great overlap in canonical variates Figure 32, 33, 34), but in 

sites such as Chance Cove protected and Beilewe exposed some individu& do provide non- 

overlapping clusters for each species. 

Figure 35 shows the sheU morphology and the colour of the inner surface of the shell 

for selected mussels with the most extreme canonical variate values for M. edulis and M. 

t r o s ~ d u s  (sample coilected at Bellevue protected in October 1995). The more elongated 

shell shape and the darkest colour of the imer surface of the shell in M. trossulus are the 

most obvious characteristics in this non representative (biased) sample of mussels. 

VI.4. DISCUSSION 

Despite a cornmon environment the three forms of Mytilzis (M. edulis, M. trossulus 

and hybrids), differ in their shell morphology when described by a multivariate analysis of 

several shell characteristics, confirming previous claims that M. edulis and M. trosmlus are 

morphologicaily difEerent (McDonald et ai., 199 1 ; Mallet and Carver, 1 995). However, these 

previous studies found a greater degree of morphological separation between M- edulis and 

M ~os~-z i i t ls  than was apparent in the present study. Two main factors may account for the 

lower discriminatory power of the present study: the number of shell characters used, 7 

rather than the 18 used by McDonald et al. (1 99 1 ) and, perhaps more importantly, the 

sympatric origin of the populations in contrast to the allopatric single-species populations 

anaiyzed by McDonald et al. (1991). The enonnous shell plasticity in mussels is well known 

(Seed, 1973, 1992), which in ailopatric populations c m  be enhanced (Gardner, 1996) to 

produce larger differences in shell morphology due to specific local environmental 

conditions. Al1 the sites sampled in the present study contained a mixture of both species, 

thus the exposure to cornmon environmental conditions and hybridization (Chapter 1) may 

have resulted in an increase in morphoiogical similarity. However, Mallet and Carver (1 995) 



Fig. 35. S m p l e  of the shell morphology from selected most extreme 
canonical varirite values for Mytilus edulis and M. trossulus for 
a sample taken at Bellevue protected in October 1995. also 
showing the colour of the inner surface of the shell. First row: M. 
edulis. second row: hybrids. third row: M. trossulus. 



reported a higher degree of discrimination between the two species (M. edufis - M. rrossufus) 

using almost the same shell traits as those used in the present study, and their sample 

populations, which contained both species and hybrids, were reared in a common local 

environment (£tom a commercial rnussel farm). According to Falconer (1 989) the growth of 

individuals in a similar environment reduces the variabiiity in quantitative traits. 

In the present study, the incidence of M. edidis-M. trosstdus hybrids is lower than 

t bat of M edufis-M. gdoprovinciafis hybrids in sout hwest England (Sanjuan et al., 1 994; 

Hilbish et ai., 1994). Nevertheless, the identified hybrids in most samples in the present study 

show the importance of these individuais (most of them having intermediate values between 

the two musse1 species) in rnorphologicai studies, based exclusivety on variation in shell 

traits, because they may produce a canonical variates plot showing a single cluster for a 

Mvrilrrs hybrid zone. Furthermore, morphologicai studies, based exclusively on shell trait 

variation. may occasionaliy be used to identie musse1 species on a local basis, when the 

rnussels are sharing the same environment, but such studies are less reliable over larger 

geographical scales (Gosling, 1 WZa, l992b). 

Recent studies of geographic variation in sheii morphology in mussels, M. eddis and 

bil. rras~7iltis (Imes and Bates, 1999), and in the bay scallop, Argopecterr irradians (Wilbur 

and m e y ,  1997), recognized the effect which any dserence in size arnong individuais may 

have where the aim is determining variation in morphology. Innes and Bates (1999) pointed 

out that if the shells anaiyzed differ in length between the species, this may accentuate 

differences among species, even f ie r  standardization of length by log transformation. The 

morphoIogica1 separation among the three forms of Mpilus found in the present study is not 

confounded by differences in shell size of the mussels, because the size range of the 

individuais sampled for the study was restricted to 38-42 mm, and any fiirther differences in 

size were correctesi by the log-transformeci length s tanddi t ion  (Mdlet and Carver, 1995). 

The multivariate analysis was able, to a certain degree, to distinguish between M. 

edrilis and M. rrossrrltrs. Simitar results were obtained when M. edulis, M. trosstrlus and 

hybrids were sampled fiorn different sites, indicating that local environmentai conditions 



between the locations sarnpled were not large enough to influence shell morphology among 

the species. 



VU. GENERAL DISCUSSION 

Previous studies on the M. dulis  -M. ffossrrl~rs hybrid zone on the Atlantic coast of 

North America (McDonald et al., 199 1 ; Bates and Innes, 1995; Maiiet and Carver, 1995; 

Saavedra et al., 1996) have confirmed the presence of the two species of mussels detected 

initially by Koehn et al. (1 984). Some of these studies (Mailet and Carver, 1995; Saavedra 

et al., 1996) found that the degree of hybridization within Lunenburg Bay, Nova Scotia, was 

rnuch less than the extent of hybridization occurring in the S.W. England hybrid zone 

between M edidis and M. galloprovimialis Bates and Imes ( 1 995) showed that most 

populations of mussels on the east coast of Newfoundland consisted of a mixture of M. 

edlriis and M. i r o m l ~ ~ ~ ,  although, the distribution of a hybrid index based on three partially 

diagnostic loci (Esl-D, Pgm, Lap) provided no evidence for hybridization. 

The present study, using four diagnostic markers (two allozyme loci and two PCR- 

based DNA markers), provided additional evidence for a mixture of the two species in 

populations fiom four sites in eastern Newfoundland. Furthemore, natural hybrids (F 1, F2 

and backcrosses) were detected at fiequencies similar to those reported for Nova Scotia by 

Saavedra et al. (1996), and much lower than the values descnbed for the M. edrrlis and M. 

gn/Ioprovrticiafrs hybrid zone in Europe (Hilbish et al., 1994;Sanjuan et al., 1994; Comesaiia 

and Sanjuan, 1997). This lower incidence of hybrids in Newfoundland could be partially 

related to differences found in the timing of spawning between the two species. M. edulis 

had a major spawning event in late July while M. trossrrius showed a "dribble" type of 

spawning, resulting in a srnalier chance for hybrid offspring to be produced than if spawning 

between the two species were synchronized.However, more importantly, interspecific 

crosses ofM. edtrlis and M. tirossulus c h e d  out in the Iaboratory showed that although the 

percentage of activated eggs after fertilization did not show significant differences between 

any hybrid crosses and within species crosses, the percentage of abnormal larvae was higher 

in the former, suggesting also that hybnds are less fit than any of the pure species lawae. 

There have also been studies (Rawson et ai., 1996b; Quesada et ai., 1998) claiming that 



some incompatibiiities between mitochondrial and nuclear genomes in mussels could be 

causing a higher Erequency of abnonnahies and lower sunrival among F1 hybrid larvae. This 

suggestion is in accordance with results from the present study, in which most natural 

hybrids were backcrosses, Ad trom~hrs-biased in small mussels and M. edulis-biased in large 

mussels. .a1 these observations suggest that this (M. edzrlis-M- trossufus) hybrid zone is 

maintaineci by a balance between dispersal and selection against hybrids at early stages of the 

musse1 life-cycle, which supports the tension zone mode1 (Barton and Hewitt, 1985). 

Another interestkg finding of the present study, similar to the S. W England hybrid 

zone between M. e d u l ~ s  and M. gaf~oprovittciuIis, is that the relative fiequency of each 

species is strongly dependent upon size class. An increase in the fkequency of M. cidulis 

individuals and a decrease in the frequency of M. trosslrfus individuals with shell length was 

observed at al1 sites and locations sampled. This pattern could be attributable in part to a 

differential growth rate, but this aspect was not studied in the present investigation. 

However, Mallet and Carver (1 995) reported only small differences in growth between M. 

dulis  and M. tros~71It~s in Nova Scotia, which may suggest that the observed changes in 

species frequency with shell length are due to differential selection. Differential survival was 

obsewed between June and October that affected mostly M. trossirlus, which may be reiated 

to the post-spawning mortality ofien reported in mussels (Heritage, 1983; Worrall and 

Wicidows, 1984; Skidmore and Chew, 1985; Emmett et al., 1987). The dominance ofM. 

tros~7rlrrs in the smallest size classes for al1 samples suggests that the larger number of 

recruits of this species may be indicative of a greater reproductive output. Indeed, a larger 

GVF \vas found in MI rrosmizrs individuals than in M. edrriis (hybrids being at intennediate 

values). Nevertheless, fùrther studies should be canied out in order to establish any 

relationship between differentid mortality between the species and reproductive a d o r  

physiological aspects of their life-cycles. 

The life-history variation study showed that at the l a r d  and early juvenile stages o f  

these mussels (M. edzrlïs, M. tross~~lrrs and hybrids) there were no significant differences in 

micro-distribution (between locations or between sites within location). However, at the 



adult stage significant differences in the frequency of these species were found, which may 

indicate differential sunival of M. edulis, M. trosm lus and hy brids related to environmental 

factors at these sites. These observations are in accordance with the environmental gradient 

model for the stability and maintenance of hybrid zones (Endfer, 1977; Harrison and Rand, 

198% Cruzan and Arnold, 1993; Wilhelrn and Hilbish, 1998). Therefore, it seems that both 

the tension zone model and the environmental gradient model are acting towards the stability 

and maintenance on this hybrid zone, but operating at different times within the life-history 

of these musseis. Fmally, it is clear fiom multivariate anaiysis of shell morphometrics and two 

PCR-based markers that M. edulis and M. tros~-zchs are two genetically and morphologically 

different fonns. As discussed by other authors, this distinctness warrants taxonomie 

recognition at the species Ievel based in the phylogenetic species concept (Koehn, 1991; 

McDonaid et ai., 1991). 

In cornparison with the European hybrÏd zone between M. edldis and M. 

gcrllopr-c~vir~cialis the information available on the Atlantic Coast of North America hybrid 

zone between M. edclis and M. trossrcltrs is very limited. Further studies on this hybnd zone 

should include an analysis of growth in the two species and their hybrids to support or 

disprove the hypothesis that the change in relative fiequency of each species with size is due 

to differential mortality. A h ,  physiological evaluation, especially the "scope for growth and 

biochemical examination of the soft tissues at different stages of the life cycle of these species 

should be analyzed to find evidence for any ecological differences, including nutrient storage 

cycles. reproductive effort, and differential tolerance to environmental variables. Carefùlly 

designed artificiai crosses with larval, spat and juvenile rearing under controlled conditions 

\-vil1 also be important to detect any differential survival and/or growth patterns at different 

stages of the life-cycle ofM. eddis, M. ~ros~mhrs and their hybrids. 



LX. CONCLUSIONS 

I .- The presence of two pure mussel species M. eduiis L. and M. irossulus Gould 

and their hybrids ( F I ,  F2 and backcrosses) was detected using genetic markers a t  al1 

sampling sites. Hybrids consisted mostly of backcrosses that were M. frossulus- 

biased among small mussels and M. edz~lis-biased among large ones. 

2.- A signifiant decrease in the fiequency of hybnds was found fkom larvae to  

juveniles at ail sites sarnpled (afier pooling the number of  both species against 

hybrids) indicating that there was selective mortality against hybrids at this 

transitional stage from pelagic larva to  spat, supporting the tension-zone modeL 

However, hybrids also showed a lower viability at exposed sites, supporting the 

environmental gradient model. The overall low frequency of hybrids at the adult 

stage (< 8%) and the results of  artificial hybridization in the laboratory, which 

showed an increased proportion of abnormal lantae among interspecific crosses, 

indicate strong selection against hybrids, and clearly show that these specific 

genotypes seem to be at a selective disadvantage, supporting the tension-zone model 

for the early stages of the musse1 life-history. 

3.- Significant spatial variation in the fiequency of M. eduiis, M. trossulz~s and 

hybnds was found, with a higher fiequency ofM. irossuh at the most exposed sites. 

This pattern was similar during the three consecutive years sampled, thus there was 

little evidence for interannual variation in recruitment in these areas. 

4.- Five individuals were identifieci as FI hybnds, having heterozygous genotypes for 

the four nuclear markers and heterospecific mitotypes, and only one F2 hybrid was 

detected, due to the low frequency of  mating expected among the very rare FI 

hybrids. 



5 .- None of the 28 1 individuals (scored with the PCR-based mtDNA rnarker (COI10 

classified as pure species, based on four markers, contained mtDNA fiom the other 

s pecies. Thus it seems that the incompatibility between mitochondriai and nuclear 

genomes is greater among hi. ~ros~rrlus and M. edulis than M. eduiis and M. 

gdoprovincialis. This greater degree of mtDNA introgression observed in Europe 

than in North America may be due to a more extended period of  contact between 

these A@ihs species compared with Atlantic Canada M. edrrlis and M. rrossulirs, a 

greater divergence between these Myriltrs species o r  perhaps that selection is 

operating differently against each species on each continent. 

6.- The use of  four diagnostic markers reduced the number of  individuals 

misclassified. The addition of  the two DNA markers to the two enzyme markers 

resulted in about 13 % o f  those individuais initially assigned to pure species being 

reclassitïed as hybrids. The largest change was a reclassification of  pure M. trossulrrs 

individuds to trossulus-biased backcrossed individuals. 

7.- In Atlantic Canada, hybridization between M. edzrlis and M. trossulus is much 

Iower (8-26%) than between M. eduirs and M. galloprovimialis at various locations 

in Europe (25-80%). 

8.- The pre-spawning values of the gamete volume fiaction and fecundity were 

significantly higher in M. rrosszrlus than in M. eduiis and hybrids. The spawning 

activity differed between species. M. ~rossulus spawned over a prolonged penod 

(from early surnmer t o  early autumn) while most M. eduiis individuais spawned 

simultaneously in late July. Hybrid mussels exhibited spawning activity which was 

more similar to M. trosstrlus than to M. cdulis. 



9.- Histological sections of female and male hybrids o f  M. edtdis and M. frossrrlus 

sho wed normal gonadal development, ripening and spawning, and in interspecific 

crosses, the percentage of activated eggs &er fertilization did not show significant 

differences with pure line crosses. 

1 0.- The relative fiequency of each species was strongly dependent upon size. M. 

tross11lrrs was the predominant species in the srnaiiest size classes for al1 samples- An 

increase in the 6equency of M. edulis individuals and a decrease in the fiequency of 

M. trrossrrlm individuais with shell length was observed at al1 sites and locations 

sarnpled. The change in fiequency of both species with increasing size was gradual, 

and the hybnd fiequencies tended to decrease in large size classes. Other studies 

show only small differences in growth rate between M. frossuhs and M. edzdis, 

which may suwest that the observed changes in species fiequency with sheIl length 

could be due to differential survival. 

1 1 .- High surnrner mortaiity c m  be inferred fiom a drastic reduction in the fiequency 

ofM. trosslrlzrs fiom June to October, especially at the protected sites. This occurs 

predominantly in mussels over 15 mm in shell length which are reproductively active, 

and may indicate that post-spawned M. ~rosszdus are under considerable stress. 

1 2.- This study demonstrates the feasibility o f  applying molecular genetic techniques 

to early larvai stages of marine bivalves, which has implications for population 

senetic analysis of natural populations, because using PCR-techniques such studies 

can be extended to al1 stages and age classes. 



I L  Both intrinsic genetic factors at early stages of the musse1 Life-history and 

e?rtrinsic environmentai factors at later stages influence the relative tiequency of M. 

edulis, M. trosszdus and their hybrids at these locations in eastern Newfoundland. 

14.- The nul1 hypothesis that there is no differences between M. tossufus and M. 

eddis  life-history is refùted. 
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