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A bstract
An experiment was conducted to evaluate the potential for using the genetic
measure of allozyme heterozygosity as a predictor of seed quality. A sample containing
two year-classes of Mytilus edulis (marine mussels) was taken from seed lines in St.
Peter’s Bay, Prince Edward Island and selected using either elevated water temperature
or air exposure. The purpose of the treatments was to determine if the survivors had a
detectable increase in heterozygosity. Increasing the level of heterozygosity in cultured
mussels may produce stocks that have increased growth and less mortality, traits that are
important in mussel aquaculture. Differences in mortality between the cohorts may
have been due to physiological condition, genetic characteristics or a combination of
these factors. The results of this study indicate that selective treatments of naturally
collected seed should be investigated as an option to increase productivity and that
heterozygosity can be used as a monitoring tool of mussel populations.
A second experiment involved selection techniques followed by a field trial
involving three bays in P.E.I. The effects of air exposure or elevated water temperature
treatments on samples of Mytilus edulis spat were examined. Selection treatments
resulted in a - 50% mortality from an 11-hour air exposure at 27°C and ~75% mortality
from a 6-hour exposure to 33°C water. After the initial treatment, survivors of the air
exposure treatment were significantly (P<0.01) larger than the controls while survivors
of the elevated water temperature treatment were smaller (P<0.01). The field study
showed that the treatments had a significant effect on size, growth and survival,
suggesting that relatively simple husbandry practices of weeding out weaker mussel
seed can affect productivity. Physiological analyses from field mussels showed that
controls had a higher metabolic rate than the treated groups. After ten months in the
field, the treated mussels were larger and had lower mortality in the field compared to
untreated control mussels. The results demonstrate that simple husbandry techniques
can be used to increase the productivity of mussel seed and heterozygosity measures can
be used to assess fitness.
Finally, a major problem for mussel aquaculture on P.E.I., Canada surfaced in
the late 1990’s with the introduction of a fouling organism, Styela clava. This organism
infests mussel cultivation equipment to the point where production is no longer viable.
This study examined the effects that two anti-fouling treatments, air exposure and acetic
acid, had on mussel populations. Socked seed were exposed to three treatment regimes
and subsequently placed on a long-line in New London Bay, P.E.I. The treatments were
a forty-hour air exposure, thirty-second and two-minute acetic acid immersion.
Treatment effects were measured after seven months in the field. Mussel quality was
assessed using mussel sock weights, length, condition index and changes in
heterozygosity. A significant decrease in sock weights was found for all treatments
compared to controls (P< 0.05), revealing that significant mortality occurred in the
treated populations. Results on the other characteristics used to assess mussel fitness
found no long-term effects on the health or genetic structure of the treated populations.
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1.0
General Introduction
1.1 General mussel biology
There are more than 50 000 described species of molluscs (Gosling, 2003).
They are soft-bodied but the majority of species secrete a hard shell for protection.
Shelled molluscs have a large tissue fold inside the shell called the mantle, which
encloses all the internal organs. Another distinctive feature of molluscs is a large
muscular foot, usually used for locomotion (Gosling, 2003).
Bivalves have evolved by flattening side to side with two mantle lobes that
secrete two shell valves. The opening and closing of the valves is controlled by the
adductor muscle(s). In bivalves, the role of acquiring sustenance has switched from the
mouth to the two gills, which are very large and deliver food to the mouth by ciliary
activity. In Mytilus edulis, filtration rates for 50-mm mussels have been calculated to be
around 4 1per hour in optimum conditions (Riisgard et al., 2003). The foot is no longer
flat for creeping but wedge-shaped. It has to extend out between the valves in order to
assist in locomotion. Often bivalves have a markedly reduced foot or have lost it
entirely. The last stage of bivalve larvae (pediveleger) also have a byssal apparatus.
This structure secretes threads that allow larvae to anchor themselves to a substrate. In
most species of oysters, clams and scallops the byssal function is lost in adulthood
(Gosling, 2003).
Mytilus (mussels) display what is referred to as a heteromyarian form. That is,
mussels have an extremely reduced anterior end and an enlarged posterior end where
both inhalent and exhalent siphons are located. This triangular shape is thought to have
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evolved from a more isometrically-shaped ancestor (Morton, 1992). Unlike the majority
of bivalves, which burrow and lose their byssal apparatus, mussels maintain this
function and live an epifaunal lifestyle, meaning mussels attach to a substrate but live
above it. They attach to substrates by secreting multiple threads. The byssal gland is
located at the base of the foot at the anterior end of the mussel. Mussels group together
in large colonies and their triangular form allows them to expose their posterior end to
the open water for feeding. Mytilus sp. are widely distributed in boreal and temperate
waters of both hemispheres (Soot-Ryen, 1955). They occur subtidally but typically are
intertidal due to competition and predation. For most rocky exposed shores worldwide
in the temperate zone, mussels form the foundation for the local ecosystem. Of the
mussel species, Mytilus edulis is the most widely distributed. It is a hardy species with
the ability to withstand wide variations in salinity, desiccation, temperature and oxygen
tension (Seed and Suchanek, 1992). Mussels are dioecious, having both male and
female individuals, and generally show a pattern of seasonal reproduction. Gametes are
released and fertilization takes place in the external environment. After fertilization,
eggs develop quickly into a planktonic larval stage, which may persist for weeks prior to
permanent settlement (Lutz and Kennish, 1992).
1.2 Global mussel aquaculture
Mytilids are an important marine food source, with viable consumer markets in
many parts of the world, having been cultured by humans for consumption for hundreds
of years. Mussels are sessile, fast-growing filter feeders, which naturally occur in large
monolithic communities (Seed and Suchanek, 1992), making them an ideal candidate
for large-scale sustainable aquaculture. They are a desirable protein source in many
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consumer markets across the globe and because they ean be produced efficiently in
large-seale aquaeulture operations, they are generally sold at a reasonable price when
compared to other seafoods and meat (Gosling, 2003).
Production of all mussel species world-wide reached 1.44 million tonnes in
2002, making up 9.1% of total mollusc landings. The vast majority of mussel
production (86%) is derived from aquaculture (FAQ, 2002). In 1998, the top five
producing countries were China (33%), Spain, the Netherlands, Denmark and Italy. The
European countries bordering the Atlantic Ocean made up 37% of world mussel
production while Mediterranean Europe produced 12%. However, there are more than
40 countries including Canada, which were listed as significant producers of mussels
(FAQ, 2000; Smaal, 2002). Most production comes from the two species Mytilus edulis
and Mytilus galloprovincialis (Spencer, 2002).
1.3 Mussel culture techniques
The teehniques used for mussel culture can be divided into two general
categories: bottom culture and suspended culture, which comprise 15% and 85% of
global mussel aquaculture production respectively (Spencer, 2002). Bottom culture is
largely a European practice, performed in the Netherlands, Germany, Ireland and the
UK. This type of culture consists mainly of transferring mussels from natural, exposed
beds to sheltered, less densely populated culture plots to improve growth.
There are three main types of suspended culture. Pole culture, popular in regions
of France with high tidal levels, uses poles or stakes driven into the ground. This
method is used in water where aceess is possible at low tide. Raft culture involves
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suspending mussels on ropes, often 8-10 m in length, from a moored raft using
cylindrical floats. This technique is used mainly in Spain (Spencer, 2002).
Long line culture is the third type of off-bottom culture and it is used around the
world. It is the most suitable method for use in exposed sites but is also widely used in
enclosed areas. In the late 1970’s, mussel aquaculture on P.E.I. began and the offbottom long line culture became the preferred and now sole method of culture on the
island. It consists of a line moored at both ends and floated with buoys in the middle.
Mussels are hung along the line in 3 m mesh socks (Mallet and Myrand, 1995;
PEIDAFA, 2003).
1.4 Mussel culture in Canada and Prince Edward Island
According to 1999 figures, Canadian mussel production of 17, 339 tonnes made
up 1.2% of global mussel production (FAO, 2002), and 3.5% o f Mytilus edulis
specifically (FIGIS, 2005). In that year mussels made up 63% of total shellfish
production in Canada. In 2004, Canada produced 22, 857 formes of cultured mussels,
approximately 80% (17, 576 tonnes) of which were produced in Prince Edward Island
(Office of the Commissioner for Aquaculture Development, 2004; Department of
Fisheries and Oceans, 2005). Production numbers by species vary depending on the
source and sometimes this comes from differences in species specification for a given
area (FAO, 2002; Gosling, 2003; FIGIS, 2005). The distinction among Mytilus species
and what ranges they inhabit continues to be in question. Progress in developing
definitive molecular markers has advanced significantly and appropriate field studies
may soon quell this longstanding debate (Comesana et al., 1999). For Prince Edward
Island, which contains predominantly Mytilus edulis, with a very low incidence of
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Mytilus trossulus (Tremblay et al., 1998b), the development of definitive molecular
markers for identification of these two species (Rawson et al., 1996) has direct relevance
for aquaculture. Transfers of mussel seed are common in the Martimes and P.E.I.
growers and processors do not want Mytilus trossulus brought onto the Island. Mytilus
trossulus is considered by P.E.I. growers to be an inferior species for aquaculture
because of a thinner shell (more prone to break in processing), and lower annual meat
yield and shell growth. These were the findings of a study by Mallet and Carver (1995)
in Nova Scotia.
Most estuaries on P.E.I. contain an abundance of mussels, specifically Mytilus
edulis. However, the low meat yields and presence of sediment in wild mussels make
them of little value for human consumption. In the 1980’s, long-line suspension mussel
culture developed into the largest aquaculture industry produced in P.E.I. with 2,000
tonnes produced in 1990. The industry continued rapid growth through the 1990’s with
a peak production level of 18,000 tonnes in 2000 (PEIDAFA, 2003).
1.5 Seed supply
Currently, most areas available for mussel culture are leased, i.e. 4 498 hectares
on 302 leases around P.E.I. (Department of Fisheries and Oceans, 2003). This means
that further expansion of production capability must come from improved farm
management. Seed supply is a crucial part of this industry, which in most areas,
including P.E.I. depends solely on natural spat collection. Until recently, in most areas,
wild mussel seed was plentiful enough to meet industry production demand, so
hatcheries have been unnecessary. Hatchery production of mussel seed only takes place
in Washington State, Australia and China (King and Cortes-Monroy, 2002). More
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recently, industry demand for mussel seed has increased, creating shortages. This is an
issue for mussel producers in Prince Edward Island as well as other parts of the world
(Keus, 1997; Department of Fisheries and Oceans, 2003).
The relative ease o f production has perhaps led to one of the industry’s leading
challenges, reliability of crop performance. Although the use of wild seed can be
positive in terms of lowering production costs, it leaves a gap in the development of
knowledge of the farmed species and as stated above, leads to uncertainty in terms of
supply. This lack of knowledge has been exposed with the periodic unexplained mass
mortality of farmed mussels (Incze et al., 1980; Mallet et al., 1990; Myrand and
Gaudreault, 1995). The steps that are taken to ensure that sufficient quantities of mussel
seed are available to an aquaculture operation will depend on many factors from
environmental to economical. These factors will range from those that apply more to
the industry in general (e.g. market supply and demand) to specific (e.g. can local seed
supply sustain production demand?). One factor that will always be important is the
quality of the mussel seed. It is of particular importance that mussels grow to market
size quickly with low mortality. Indeed, growth potential and survival aptitude are
identified as crucial factors for aquaculture species (Mahon, 1983).
1.6 Improvement of seed quality
Historically, in some areas, mass mortality has been a problem for growers in the
mussel aquaculture industry (Incze et al., 1980; Mallet et al., 1990; Myrand and
Gaudreault, 1995). Some studies suggest that the seed source (i.e. genetic quality) may
be a cause of these mortalities (Dickie et al., 1984; Mallet et al., 1990; Myrand and
Gaudreault, 1995) and that there is a genetic basis for rhussel stocks that are resistant to
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mortalities (Mallet et Myrand, 1995; Tremblay et al., 1998b; Tremblay et al., 1998c;
Myrand et al. 2002). Traditionally, it was believed that the main brood-stock
contributing to the seed production in a bay was the wild population. However, a recent
study in Tracadie Bay, P.E.I. indicated that the earliest and largest pulse of larvae came
from the cultured stock (Landry, per. comm.). This suggests that cultured stocks may
have a considerable effect on the gene pool, an important consideration, particularly
since it has been suggested that aquaculture techniques on mussels (Tremblay et al.,
1998b) and other bivalves (Boudry et al., 2002) may reduce genetic diversity, a possible
threat to population health.
Selection practices are commonly used in shellfish hatcheries with the objective
of obtaining a higher yield of crop. Selection is defined as survival of exposure to an
environmental stress or selection based on a morphological characteristic (Lestor, 1983).
Stress in this case is defined as an environmental stimulus, which by exceeding a
threshold value interrupts normal function. The reaction of the organism is called the
stress response (Bayne, 1984). In selection practices, the stress response is mortality in
some individuals of the population. Often the level of mortality studied in selection
experiments is an LT50 (Wallis, 1975; Cotter et al., 1982; Tremblay et al., 1998a), for the
purpose of detecting an effect of treatments. When dealing with responses to stress it is
important to keep in mind that often two types of tolerance are discussed as adaptation
(at individual or population level). Individual adaptation deals with physiological
changes that may affect the optimum performance but do not result in mortality of the
animals. Organisms show some ability to respond to stress by physiological and
biochemical changes which may cause a temporary reduction in fitness, the relative
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ability of an individual to survive and reproduce in a given environment. In this case
animals may be said to adapt to the stress but no genotypic selection takes place
(Pigliucci, 1996). In the genus Mytilus is gene expression of heat shock proteins, where
acclimation to different temperature levels changed the threshold response temperature
of the mussels (Buckley et al., 2001). The other type of adaptation at the population
level occurs when the stress is such that it causes mortality in a population. In this type,
selection from differential mortality based on phenotypes results in a genetic change in
the population (Bayne, 1984). In this study our interest is on the latter type of
adaptation. Ideally, survivors of the stress will show phenotypic selection that justifies
the selective treatment. Temperature is a crucial factor for many marine organisms and
along with salinity has actually been called one of the “master factors” that affects
growth and survival (Kinne, 1963). Both of these factors initially seem appropriate for
consideration as selection methods. However, M edulis shows an impressive adaptation
to high and low salinity, so much so that short term selection by this method is probably
not practical (Costa and Pritchard, 1978; Bailey et al., 1996). Temperature acclimation
(i.e. non-lethal adaptation discussed in paragraph above) with considerable efficiency
has been shown in the range of 10-20°C (Widdows and Bayne, 1971, Bayne et al.,
1973). Thompson and Newell (1985) found Mytilus edulis was generally able to
function normally between 5 and 20°C. They showed evidence of acclimation by
revealing differences in thermal sensitivity for mussel populations for two areas with
different temperature regimes (Newfoundland, Canada and New York, USA). In the
Gulf of St. Lawrence, Mytilus spp. are physiologically adapted to temperatures as low as
0 °C (Hatcher et al., 1997; Cusson et al., 2005). Mytilus edulis can in fact tolerate
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freezing temperatures of -20°C in the field (Kanwisher, 1955), with ice forming only in
extracellular spaces (Kanwisher, 1955,1966). It can survive with as much as 64% of its
body fluids as ice (Williams, 1970). Loomis (1995) found that Mytilus in Norway
possess antifreeze proteins. Studies on Mytilus edulis larvae have shown adaptive
capabilities over a fairly large range but that temperatures both low, less than 5°C
(Beaumont and Budd, 1982) and high, greater than 25°C (Brenko and Calabrese, 1969)
can inhibit growth and cause mortality. The effect of temperature on Mytilus edulis has
been studied in many ways. Examining the effect of temperature on the growth of
larvae (Brenko and Calabrese, 1969; Pechenik et al., 1990) and adults (Schulte, 1975;
Wallis, 1975) show that Mytilus edulis has a preferred temperature range somewhere
from 11-14°C to 20-22°C, depending on geography and acclimation.
In our experiment we will select, in a short period of time, those individuals that
possess phenotypic qualities for a high level of fitness. As such the selection treatment
would logically have to exceed normal acceptable parameters for the species. Wallis
(1975) reported that the ultimate upper incipient lethal temperature was 28.2°C for
Mytilus edulis. In the field, it has been found that M edulis cannot tolerate continuous
temperatures above 2T C (Gonzalez and Yevich, 1976). The same study reported 52%
mortality within 24 hrs of exposure to water temperatures between 28-30°C and 100%
mortality within 3 days. We must also keep in mind that mussel populations are
thermally adapted to their environments (Thompson and Newell, 1985; Buckley et al.,
2001) and consider water temperatures in P.E.I. This means that for short term
selection, our temperature should exceed threshold tolerances, but not by so much as to
permanently affect the production level of the population. The question of maximum
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temperature can be determined only when exposure time is also taken into account.
Combining temperature and exposure time will result in selective mortality of less fit
phenotypes. In our experiment, after a growth period o f several months, comparison to
controls will indicate whether stress treatments selected phenotypes with qualities that
mussel growers require, particularly size (growth) and survival, i.e. productivity.
Some stocks appear to be more susceptible to mortality from elevated water
temperatures (Tremblay et ah, 1998a) making this study even more important to
growers. Tremblay et al. (1998a) made these findings by examining mortalities in
stocks from different sources in the Magdalen Islands. They looked at two stocks (one
susceptible to summer mortality and one resistant) and found that the susceptible stock
was less able to acclimate their metabolic rates to habitat temperatures over 20°C.
Stocks that are more resistant to summer mortality because of better stress response
capabilities would be beneficial to mussel producers. Water temperatures in musselproducing bays in P.E.I. can often reach temperatures close to the incipient lethal
temperature (Bernard, 1999), therefore selection treatments with slightly higher than
tolerable conditions appear to be a sound method for selecting mussel seed.
We considered environmental factors that could practically be employed and
concluded that aerial exposure was appropriate to test as a selection technique.
Although M. edulis is an inter-tidal species, there is a finite limit to its aerobic capacity.
Physiological responses to inter-tidal air exposure include adjusting rates of ammonia
excretion (Widdows and Shick, 1985), reduction or even complete suppression of heart
rate (Coleman and Trueman, 1971). Mussels, along with a variety of other organisms,
can reach a level of complete metabolic depression, i.e. 100% reduction in basal
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metabolic rate (Widdows and Shick, 1985; Garcia-Esquivel et al., 2002; Guppy, 2004).
Furthermore, mussels adapted to an inter-tidal regime resume normal function more
quickly after aerial exposure than sub-tidal mussels (Widdows and Shick, 1985,
Guderley et al., 1994). Upon exposure M edulis has the ability to breathe by
maintaining a small gap in the mantle cavity but eventually will close the mantle and
switch to anaerobic metabolism (Eertman et al., 1993). Although inter-tidal mussels
survive longer than subtidal mussels when exposed to the air, they too can suffer mass
mortality when their limits are reached. Such has been the case in Japan when air
temperatures became unusually hot on the rocky shore of Mutsu Bay (Tsuchiya, 1983).
Therefore, life history, as well as maximal physiological limits, need to be considered
when designing the selection method.
Many studies have been conducted on the effects of hypoxia and anoxia on
bivalves (De Zwaan, 1977; Livingstone and Bayne, 1977; Widows and Shick, 1985).
Interest in survival can be because the organism is an unwanted invader such as the
zebra mussel (Matthews and McMahon, 1995; Paukstis et al., 1999). In other cases,
interest stems from wanting to ensure survival such as in the transport of rare mussel
species (Bartsch et al., 2000). Survival times for bivalves, including M. edulis vary
greatly depending on acclimation and various environmental factors such as temperature
and humidity (Tsuchiya, 1983; Guderley et al., 1994; Paukstis et al., 1999; Helmuth,
2002). When exposing mussels to the air in the laboratory, it is not difficult to have
them succumb within hours. Myrand et al. (2002) were able to achieve 50% mortality
of mussels in a few days in field conditions similar to those found in P.E.I. As with
water temperature, selection by this method may also help mussels survive periods of air
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exposure during proeessing. This possibility is reasonable sinee it has already been
found that during air exposure, suspension cultured mussels have a higher mortality than
wild inter-tidal mussels (Poirier and Myrand, 1982; Demers and Guderley, 1994).
1.7 Mussel production in response to treatment for the recently introduced
ascidian, Styela clava
In 1998, an invasive species established sueeessfully in P.E.I. waters. The
invasive species is the ascidian, Styela clava, commonly known as the clubbed tunicate.
Styela clava is a solitary-type ascidian (as opposed to colonial) originating from Korea
(Christiansen and Thompson, 1981; Whitlach et al, 1995). Its distinguishing feature is a
thick external covering called the tunic, which physically protects it from the
environment and acts as a barrier to infection (Di bella and De Leo, 2000). This species
is resistant to many types of stress including desiccation, temperature fluctuation
(Lutzen, 1999) and changes in salinity (Sims, 1984). It forms dense colonies, which
attach permanently to substrates and can reach levels of one thousand per square meter
(Minchin and Duggan, 1988). These colonies foul boat bottoms, ropes, mussel socks
and equipment (Jeffery and Swalla, 1997). Although they have a short larval stage (1224 hrs), unlike many ascidians, Styela clava has the ability to spread quickly over broad
geographic ranges (Osman and Whitlach, 1995). Also being filter-feeders, they are a
likely competitor for food resources with mussels (Daniel Bourque, DFO Moncton, per.
comm.).
Found first in the Brudenell River, it rapidly spread to several areas in eastern
P.E.I. and in 2002 was found in Malpeque Bay, in northwest P.E.I. S. clava has caused
significant expense to the mussel industry in areas where it has established large
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colonies that clump together in high densities. Initial data indicated that heavy
infestation of mussel socks by S. clava affected the condition of the mussels (Neil
MacNair, PEIDAFA, per. comm.). Also, high-level infestations can result in the
complete loss of aquaculture products by making processing economically unfeasible.
This has occurred in eastern areas of Prince Edward Island, along with disruptions to
seed transfer and mussel processing (Christiansen and Thomsen, 1981; Jeff Davidson,
UPEI/AVC, per. comm.).
Several experimental treatments have been used to treat tunicates in P.E.I.
including hydrated lime, brine, hot water, peroxide, mechanical removal, air exposure
and acetic acid (Davidson, per. Comm.). These treatments have been attempted using
different concentration levels and application methods, ex: dips and sprays. So far, 5 %
acetic acid has proved to be the most promising with dips giving more consistent results
than spraying in terms of tunicate mortality (Neil MacNair, PEIDAFA, per. comm.).
Therefore, acetic acid as well as one of the other treatments will be examined to
determine the effect on mussel productivity.
1.8 Methods used to determine the effects of selection and anti-fouling treatments
Several methods will be used in the following research to assess the effect that
treatments have on mussel productivity. This section will briefly introduce and provide
justification for the methods used.
1.8.1 Shell growth and size
Bivalve growth is usually described in terms of an increase in some dimension of
the shell valves. In mussels, length is most often the dimension of choice. Length in
mussels is measured from the umbo to the furthest point on the posterior edge (Gosling,
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2003). The mussel shell grows by producing new material along the mantle edge and by
thickening the entire surface. Several factors, including temperature and salinity affect
growth (Mallet and Myrand, 1995), but food supply and quality is considered to be the
most important (Seed and Suchanek, 1992). In our experiments shell size will be used
for several reasons. It allows for repeated measures of the same individual mussels
whereas determining flesh or absolute growth measurements require that the animal be
removed from the shell i.e. killed, in order to make accurate measurements. Also, flesh
and absolute size will vary depending on environmental history, because shell growth is
permanent it encapsulates growth history (Gosling, 2003). In our experiment we will be
using young mussels, which grow rapidly and expend little or no energy on reproduction
(Seed and Suchanek, 1992), therefore shell growth should be significant. Finally, shell
size is considered an important factor to monitor because it is the primary method used
by the mussel industry to determine when to harvest (Mallet and Myrand, 1995).
1.8.2 Survival
The number of mussels that survive to market size is obviously important to
producers. The selection experiments performed will quantify separately the mortality
that results from the selection treatments and the mortality that occurs in the field. This
is possible because mussels will be treated and then placed in individual compartments
in a cage. The long-line experiment on anti-fouling treatments will show the combined
effect of the treatments and exposure in the field. Measuring survival is particularly
important for mussel producers as mass mortalities have occurred in cultured mussels in
Atlantic Canada (Myrand and Gaudreault, 1995).
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1.8.3 Scope for growth
Besides direct measurements of growth, the physiological energetics of mussels
can be used as an indicator of fitness. Physiological energetics is the study of energy
balance within individuals, not only in terms of the acquisition and expenditure of
energy, but also with the efficiency with which it is converted from one form to another
(Bayne and Newell, 1983).
Measuring the physiological variables of mussels and combining them to
calculate a single energy equation was first applied to bivalves by Widdows and Bayne
(1971). The surplus energy available beyond metabolic demands had previously been
referred to as ‘scope for growth’ (Warren and Davis, 1967) and this became the popular
term when referring to bivalves as well (Bayne and Widdows, 1978). Since then Bayne
(1998) has suggested that ‘net energy balance’ may be a better term but scope for
growth continues to be the term most commonly used.
1.8.4 Condition index
Condition indices equate the amount of flesh relative to the quantity of shell
(Seed and Suchanek, 1992). Condition indices are generally regarded as useful
measurements of the nutritive status of bivalves (Crosby and Gale, 1990) and the ability
of an animal to withstand stress (Mann, 1978). Many methods exist to measure the
condition of bivalves, the method used in this research is dry meat/dry shell weight ratio
(Lucas and Beninger, 1985; Crosby and Gale, 1990). Condition indices in mussels have
been shown to vary according to body size, spawning cycle, season, level of parasite
infection and local environmental conditions, especially food availability and degree of
air exposure (Seed and Suchanek, 1992).
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1.8.5 Allozyme analysis
Studies by Tremblay et al. (1998a, 1998b), indicated that the degree of
heterozygosity measured on multiple polymorphic allozyme loci can be an indicator for
the performance of a mussel stock. The relationship between multiple locus
heterozygosity and physiological fitness indicators such as growth and fecundity have
been well documented in several taxa including bivalves (Koehn and Gaffiiey, 1984;
Rodhouse et al., 1986; Beaumont and Zouros, 1991; Hawkins and Bayne, 1991; Mitton,
1993; Bayne and Hawkins, 1997; Tremblay et al., 1998a). In all of these studies,
heterozygosity was determined through the examination of allozymes using protein
electrophoresis. Two theories were put forth to explain the relationship between
heterozygosity and physiological fitness, that of direct overdominance and that of
associative overdominance (reviewed in Gosling, 1992). The important difference
between the two hypotheses focuses on the question o f whether the
heterozygosity/growth correlation is caused by some intrinsic advantage of being
heterozygous (overdominance), mainly at the scored loci but possibly also at linked loci,
or by some disadvantage of being homozygous, mainly at linked loci (associative
overdominance). More recently the theoretical debate has split these theories into three
distinct hypotheses, termed direct, local and general effects (Hansson and Westerberg,
2002). The direct effect hypothesis is equivalent to overdominance, meaning that
heterozygosity fitness correlation is a result of a functional effect of the allozymes being
measured. The local effect hypothesis states that marker loci are in linkage disequilibria
with fitness genes. The general effect hypothesis states that marker loci act as indicators

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

of genome-wide heterozygosity and therefore predict the negative effects of recessive
deleterious genes.
Although extensive research has been conducted, to date no definitive
explanation of the heterozygosity-fitness correlation has been forthcoming (Hansson and
Westerberg, 2002). Some studies produce results that favour a direct link to the
allozymes or closely linked genes (Rand et al., 2002; Borrell et al, 2004), while others
indicate that recessive deletrious alleles are responsible (Wang et al., 2002; Lesbarreres
et al., 2005). The expectation that the use of neutral genetic markers could quickly
resolve the issue has so far gone unfulfilled. This is likely the result of the complex
interactions between genetics and the environment as well as a lack of precise genomic
information including information about the markers used (Hansson and Westerberg,
2002; Rand et al., 2002; Bieme et al., 2003; Riginos and Cunningham, 2005). Further
complicating the issue is the possibility that direct and associative effects can both
occur, leading to an overlap of the heterzygosity fitness theories (Gaffney et al., 1990;
Heath at al., 2002).
Links of growth and survival to heterozygosity have been shown to increase
during periods of stress (Gentili and Beaumont, 1988; Borsa et al., 1992, Alfonsi et al.,
1995; Myrand et al., 2002; Hildner and Soule, 2004; Lesbarreres et al, 2005). The
studies by Gentili and Beaumont (1988) and Myrand et al. (2002) were performed on
Mytilus edulis and involved density related stress as well as air exposure and elevated
water temperature. These experiments indicate that the use of allozymes is appropriate
to monitor the effect of the selection experiments on mussels. In concert with growth
and survival data, allozyme data will be assessed as a predictor of seed viability.
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1.9 Allelic enzymes used for these experiments
Five allozymes will be used to test heterozygosity in the experiments performed.
Their enzymatic functions and some of their metabolic functions will be explained in
this section. The information provided here will be used to interpret results based on the
direct effect theory put forward for heterozygosity/fitness relationship.
1) Glucose-6-phosphate isomerase (EC 5.3.1.9) converts glucose-6-phosphate to
fructose-6-phosphate, and vice versa. The forward reaction occurs in glycolysis and the
reverse reaction occurs in gluconeogenesis (Noltmann, 1964).
2) Leucine aminopeptidase (EC 3.4.11.1) is an exopeptidase hydrolyzing the peptide
bond adjacent to a free amino group (i.e. removes N-terminal amino acids). It reacts
most rapidly with leucine compounds (Delange and Smith, 1971).
3) Mannose-6-phosphate isomerase (EC 5.3.1.8) converts mannose-6-phosphate to
fructose-6-phosphate, and vice versa. The forward reaction creates fructose-6-phosphate
which can be used in glycolysis or gluconeogenesis (Gracy and Noltmann, 1968).
4) Octopine dehydrogenase (EC 1.5.1.11) belongs to the family of opine
dehydrogenases, terminating anaerobic glycolysis in many marine invertebrates.
Similar to lactate dehydrogenase in vertebrate tissues, octopine dehydrogenase helps
maintain the redox balance during anaerobiosis. It is involved in the reductive
condensation of pyruvate, an amino acid and NADH to an opine, NAD^ and water
(Gade and Grieshaber, 1986).
5) Phosphoglucomutase (EC 5.4.2.2) converts glucose-1-phosphate into glucose-6phosphate and vice versa, however the formation of glucose-6-phosphate is markedly

18

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

favoured. Phosphoglucomutase has an important role in preparing glycogen and
fructose derivatives for glycolysis (Ray and Peck, 1972).
1.10 Objective of thesis
The thesis project began by testing whether two stress techniques, elevated water
temperature and aerial exposure, had a selective effect on mussels. The selective effect
was measured using heterozygosity, as well as size. The experiment tested whether by
exceeding tolerance limits for short time periods, weaker individuals would be selected
out and leave a generally more fit stock. The key result of the first experiment was an
increase in heterozygosity in a mussel population exposed to high water temperature.
Together with background information on the heterozygosity-fitness relationship (Bayne
and Hawkins, 1997; Tremblay et al., 1998a), this experiment provided evidence that
treaments could cause selective mortality in mussels and that this was detectable by our
method of determining heterozygosity. The study of selective treatments continued
using mussel seed. Mussels were exposed to the treatments mentioned above and placed
in a field experiment. Results on the growth, survival, genetics and physiology of the
selected mussels in the field were determined. The objective of these projects was to
determine if selective mortality treatments can result in mussel stocks that are more
productive, i.e. grow faster and/or more apt to survive the grow-out period on long-lines.
Another experiment was conducted to evaluate the effects on mussel populations when
longlines are treated for Styela clava. The effect on mussels must be examined due to
their proximity to the treatment. The overall objective of this thesis was to assess the
possible economical and ecological benefits resulting from the development of new
husbandry techniques on mussel aquaculture leases in Prince Edward Island.
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1.11 Publication of thesis chapters in journals
Chapter 2 of this thesis titled ‘The Effect of Elevated Water Temperature Stress
on the Mussel, Mytilus edulis. Survival and Genetic Characteristics’ is in preparation for
reporting in the Government of Canada, Department of Fisheries and Oceans, Technical
Report Series. Chapter 3, ‘The Effect of Elevated Air and Water Temperature on
Juvenile Mytilus edulis in Prince Edward Island, Canada’ is published in the journal
Aquaculture, 243 pp. 185-194. Chapter 4, ‘Use of Selective Treatments to Increase
Mussel Productivity {Mytilus edulis) by Modifications of Genetic and Physiological
Characteristics was submitted to the Journal of Experimental Marine Biology and
Ecology in Novemebr 2005. Chapter 5, ‘The Effects of Anti-Fouling Treatments for the
Clubbed Tunicate on the Blue Mussel, Mytilus edulis’’ was submitted to the journal
Aquaculture, found to have merit and is currently being prepared for publication.
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Appendix 1 - Taxonomy o i Mytilus edulis.
Superkingdom: Eukaryotae
Kingdom: Animalia
Subkingdom: Eumetazoa
Phylum: Mollusca
Class: Bivalvia
Subclass: Pteriomorphia
Suborder: Isofilibrancia
Order: Mytiloida
Superfamily: Mytilacea
Family: Mytilidae
Genus: Mytilus
Species: edulis
(Brands, 2004)
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2.0
The Effect of Elevated Water Temperature Stress and Aerial Exposure on the
Mussel, Mytilus edulis, Survival and Genetic Characteristics.
Abstract
Two size-classes of Mytilus edulis (marine mussels) were sampled from seed lines in St.
Peter’s Bay, Prince Edward Island and selected using either elevated water temperature
or air exposure. The objective of this study was to determine if the survivors had a
detectable increase in heterozygosity from the selective treatments. Increasing the level
of heterozygosity in cultured mussels may result in stocks with increased growth and
survival, traits that are important in mussel aquaculture. Variability on five polymorphic
allozymes was measured to determine the effect selective treatments had on the genetic
structure of the population. Survivors from the treatments and control samples were
characterized using allelic frequencies and multi-locus heterozygosity (MLH) to
evaluate possible selective mortality. In the aerial exposure experiment, the mortality
response was slow and difficult to assess, totaling nearly 100% by the end of the
reconditioning phase and therefore eliminating any possibility to perform genetie
analysis. Mortality level from the elevated water temperature stress was greater for the
larger size cohort compared to the smaller size cohort. The results suggest that the
difference in mortality may be due to physiological condition, genetic characteristics or
a combination of these factors. In the smaller size cohort, survivors of the elevated
water temperature stress were significantly smaller than mussels in the control. For both
cohorts, the elevated water temperature treatment had effects on Hardy-Weinberg
conformation and allelic frequency with selection occurring at the PGM and LAP loci.
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The results of this study show that selection methods of naturally collected seed can
increase heterozygosity.
2.1 Introduction
Previous research, including studies in the Magdalen Islands, found that the degree of
heterozygosity, measured on allozyme loci implicated in anabolic and catabolic
processes, can be an indicator for the performance of a stock (Tremblay et al., 1998a;
1998b). In fact the relationship between heterozygosity and physiological fitness
indicators such as growth, survival and fecundity has been well documented in several
taxa including molluscs (Koehn and Gaffney, 1984; Rodhouse et al., 1986; Beaumont
and Zouros, 1991; Hawkins and Bayne, 1991; Mitton, 1993; Bayne and Hawkins, 1997;
Myrand et al., 2002). Historically, large scale mass mortality events have been reported
in the mussel aquaculture industry on the temperate north-east coast of North America
(Incze et al., 1980; Mallet et al., 1990; Myrand and Gaudreault, 1995). When
comparing mussel stocks susceptable to summer mortality to those that are resistant,
Tremblay et al. (1998a,b,c) found several physiological and biochemical differences
among the stocks, including that susceptable stocks had lower heterozygosity. Results
from several studies suggest that seed quality is an important factor in relation to these
mortalities (Dickie et al., 1984; Mallet et al., 1990; Myrand and Gaudreault, 1995).
Selection practices are commonly used in hatcheries with the objective of
producing a higher crop yield. Selection is defined as survival of exposure to an
environmental stress or selection based on a morphological characteristic (Lestor, 1983).
Currently, the mussel aquaculture industry relies on wild seed collection. This limits
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methods for improving seed quality to seleetion techniques as opposed to breeding
programs (Gosling, 2003).
The seleetion techniques applied in this study are based on physiological
characteristics, including the ability to withstand elevated water temperature or air
exposure. In keeping with other research on use of lethal stress for seleetion purposes,
the level of mortality for this project was based on the LT50 (Wallis, 1975; Cotter et al.,
1982; Myrand et al., 2002). The objective of these experiments was to determine the
effect of elevated water temperature and air exposure selection treatments on the
heterozygosity of the surviving mussels, with the goal of eliminating the lower
heterozygotes for the purpose of improving the performance traits, i.e. growth rate in
aquaculture conditions. The information from this study will increase our understanding
of the relationship between heterozygosity and survival of mussels put under stressful
conditions.
2.2 Materials and methods
2.2.1 Sampling and size distribution
Juvenile mussels were collected, by diving, from commercial seed lines in St.
Peter’s Bay, P.E.I. Water temperature and salinity during sampling were -1.0±0.5°C
and 29.2 ppt, respectively. The specimens were immediately placed in coolers and
transported to the Biological Station in Ellerslie, P.E.I. within six hours of collection to
avoid temperature variation. At the station, samples were placed in an acclimation tank
(AT) with water at 1°C and 29.6 ppt. The tank dimensions were 99 cm by 113 cm and
filled to a height of 41 cm. The water supply was derived from the Bideford River
filtered at 1 micron and was aerated. Specimens were not fed and mortality remained
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low in the AT (< 5%) throughout the course of the experiments. The AT contained
separate compartments (upweller tubes) for each treatment and control. To reduce
thermal shock, acclimation of the mussels was performed by allowing water temperature
in the AT to rise gradually from 1°C to 19°C over a period of 96 hours
(0.19±0.19°C/hr).
The size distribution of a large sample of the mussels (n=2100) collected was
analyzed to determine whether the sample consisted of one or more cohorts. This
analysis was performed after the experimental procedures for selection and
heterozygosity. Size was determined by measuring the length of the shell, umbo to
farthest point on the posterior edge. Random sub-samples were selected from the large
sample for exposure to stress treatments and as controls for heterozygosity analysis.
2.2.2 Aerial exposure
The aerial exposure experiment was performed on five hundred mussels
randomly selected from original sample population. The experiment was started after
three days of acclimation, when water temperature in the AT had reached 15.3°C. To
ensure uniform conditions, all individual mussels were lightly dried with a paper towel
before being placed on the laboratory counter-top where experiment was carried out.
Mortality was determined by visual observations based on gaping and weak or non
response to tactile stimulation of the mantle. A weak response was defined as the
inability to completely close the valves. It was the expectation that after a period of
gaping, the valves would become closed with mussels surviving for several days until
the weaker mussels would start to die (Coleman and Trueman, 1971; Eertman et al.,
1993). Mortality checks were made twice daily for the first three days, after which
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checks were done three times daily. The air temperature during the experiment was
22.5°C ± 2°C and relative humidity was 61% ± 5%.
2.2.3 Elevated water temperature tolerance
The water temperature tolerance experiment was conducted after four days of
acclimation when temperature in the AT was 19°C. Four hundred and fifty mussels
were randomly selected and transferred into a stress tank supplied with water at
27±0.2°C. The salinity was maintained at approximately 30 ppt because it is considered
optimal for thermal tolerance (Wallis, 1975). Due to technical difficulties, temperature
could not be maintained and varied between 24°C and 31°C (Figure 2.1). Mortality was
determined by visual observations based on gaping and weak or non-response to tactile
stimulation of the mantle. Mortality checks were performed three times daily for the
eight days o f the experiment with dead individuals being immediately removed. The
tank was drained and sampled after eight days and mortality was calculated.
2.2.4 Gel electrophoresis
Random samples of mussels that survived the elevated water temperature stress
and control specimens were transported on dry ice to the MAPAQ marine lab in GrandeRivière (Québec) where they were stored at -80°C until they were processed.
As described in Tremblay et al. (1998b), mussels were thawed and measured (to
0.01 mm) from the umbo to the farthest point on the posterior edge. A small piece of
the digestive gland (all the tissue for small mussels) was homogenized in 200 ul (lOOul
for mussels <20 mm) of homogenization buffer [Tris-HCl, pH 8.0 with 30% sucrose, 5
mM DL-dithiolthreitol, 1% polyvinylpolypyrrolidone, ImM phenylmethylsulphonyl
fluoride, 0.1% B-nicotinamide adendine dinucleotide, 0.1% B-nicotinamide adendine
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dinucleotide phosphate] (Hebert and Beaton, 1989). The buffer/tissue suspension was
centrifuged at 15000 g at 4°C for 30 minutes. The supernatant was extracted and
applied to a horizontal cellulose acetate gel (Hebert and Beaton, 1989). The
polymorphic enzymes studied were mannosephosphate isomerase (MPI, EC 5.3.1.8),
phosphoglucomutase (PGM, EC 2.7.5.1), octopine dehydrogenase (ODH, EC 1.5.1.11),
glucose phosphate isomerase (GPI, EC 5.3.1.9), and leucine aminopeptidase (LAP, EC
3.4.11). Enzymes were stained using the method described by Hebert and Beaton
(1989). A standard of all possible alleles was prepared by mixing homogenates of
individuals until all genotypes were represented. The standard was used on each gel to
aid in exact allele identification.
2.2.5 Statistical analyses
The distribution of the mussel population was analyzed using length frequency
histograms and overlapping distribution curves (Chase and Bailey, 1999). Differences
in size among treatments were analyzed using a two-sample t-test and Mann-Whitney
tests (non-parametric).
Allelic frequencies and heterozygosity analyses, expected and observed under
the assumption of the Hardy-Weinberg equilibrium were determined using BIOSYS-1
software (release 1.7; Swofford and Selander, 1989). Allelic frequencies among
treatments were compared with multiple heterogeneity

Monte Carlo simulations

(Roff and Bentzen, 1989) using the REAP program (McElroy et al., 1991). Multiple
pairwise comparisons were carried out by the Bonferroni method.
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2.3 Results
2.3.1 Frequency distribution
Examination of the size frequencies of the mussel population revealed the
presence of two cohorts with mean lengths of 11.7 and 29.8 mm (Table 2.2, Figure 2.2).
The log normal distribution fit best on the smaller peak while the normal curve fit best
on the larger peak. Based on visual analysis 20 mm was selected as the separation point
between these two cohorts.
2.3.2 Aerial exposure
Shortly after emersion, some specimens gaped. Within 12 hours of their initial
exposure to the air, all mussels were closed tightly. After five days very little mortality
was detected based on permanent gaping. On day 6, a mortality count of the entire
sample was conducted, revealing only 12% mortality (59 mussels). Although an
additional 10% of specimens appeared dead (47 mussels) on day 7, the presence of
noxious odour lead us to suspect that gaping was not the best indication of mortality for
these small mussels exposed to air. Closer examination of 30 specimens, by opening
them, revealed that they were all dead. The remaining specimens were all placed in
water overnight and subsequent examination confirmed 100% mortality.
2.3.3 Water temperature stress
After the experiment commenced, visual inspection of mussels in the tank and
manual inspection found that mortality remained low (<10 mussels per day) during the
initial seven days. Water temperature only remained consistently above 27°C from day
six onwards (Figure 2.1). Dead mussels were removed immediately to avoid
contamination of the tank. Mortality levels inereased rapidly after the temperature rose
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above 30°C at the end of the seventh day. Specimens succumbed throughout the night
and into the morning of the eighth day of the treatment, before the experiment was
terminated (Figure 2.1). A comparison of the mortality levels of the two cohorts using a
test for a difference of proportions found that the larger size cohort had a significantly
higher mortality than the smaller size cohort (Z = 3.15, P = 0.002). The mortality results
for the two cohorts after exposure in the water temperature stress are presented in Table
2 . 1.

2.3.4 Size of mussels exposed to elevated water temperature
In the smaller size cohort (< 20 mm), the control specimens were significantly
larger than the survivors of the elevated water temperature stress (T = 2.46, P = 0.01)
(Table 2.2). This was not the case for the larger size cohort (> 20 mm) in which no
difference was found between the control mussels and the survivors of the elevated
water temperature (T = 0.34, P = 0.73) (Table 2.2).
2.3.5 Genetic characteristics for the two cohorts
Comparing heterozygosity between the two cohorts was done by examining the
control samples firom each age group. The observed heterozygosity (Ho) for the smaller
size cohort was 0.416 and 0.327 for the larger size cohort (Table 2.3). Analysis using
degree of heterozygosity (mean heterozygosity calculated for each locus for each
mussel) found no significant difference between the two cohorts, although again the
larger size cohort had a lower value (1.58) than the small size cohort (2.04) (Table 2.4).
Significant deficits in heterozygosity (at the 5% level) at three loci (GPI, MPI, ODH)
were found in both cohorts. Possible allelic frequency differences were detected at two
loci, PGM and LAP between the two cohorts (Table 2.5).
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Selective mortality from the exposure to elevated water temperature had an
effect on the heterozygosity in both cohorts. Significant deficits (at the 5% level) at
three loci (GPI, MPI, ODH) in the control group for each cohort were not present in the
survivors of the elevated water temperature treatment. However in the larger size cohort
a deficit at the PGM locus was found in the survivors of the exposure to elevated water
temperature that was not present in the control group. The overall observed
heterozygosities for the treated mussels in both cohorts were closer to expected levels
than were the control groups (Table 2.3). Changes in mean heterozygosity were more
pronounced in larger size cohort compared to smaller size cohort after exposure to
elevated temperature treatment. However, analysis comparing degree of heterozygosity
revealed no significant differences between treatment and control within or between
cohorts (H = 4.19, DF = 3, P - 0.24, Table 2.4).
Frequency analysis among the four groups (treatment and control in both
cohorts) found differences at LAP locus and and possibly the PGM locus (Table 2.5).
As stated above, the control groups from the two cohorts differed significantly from
each other at the LAP locus (P = 0.004) and PGM locus (P = 0.004). Also, in the
smaller size cohort, survivors of the water temperature stress had significant differences
at the LAP locus (P = 0.04) and PGM locus (P = 0.04) compared to its control group
(Table 2.5).
2.4 Discussion
In the aerial exposure experiment only a small number of individual mussels
showed signs of mortality through gaping. The majority of mussels remained closed
throughout the course of the experiment and when checked after seven days, the
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mortality was 100%. Although Eertman et al. (1993) reported that mussels did not
always gape upon death and smell sometimes had to be used as an indieator, this was
reported to happen only oeeasionally. One explanation for the difference in gaping
experienced in this case comes from the aerial conditions used, which remained
relatively constant at a temperature of 22.5± 2°C and relative humidity of 61 ± 5%. In
comparison, the conditions Eertman et al. (1993) reported were constant temperature
and humidity of 18°C and 83% respectively. Coleman and Trueman (1971) did not
report the air temperature used but stated that air temperatures were the same as the sea
water temperatures where the animals were kept and the relative humidity was
maintained between 85-90%. The warmer, dryer experimental conditions in our study
may have had a desiccating effect on the mussels’ tissues which held the shell closed
even after the adductor muscles failed. This effect may have been particularly effective
because of the small size of the mussels used in this experiment and could be
responsible for the lack o f gaping in moribund individuals. Clearly, relying on gaping to
indicate mortality is unreliable under the conditions employed and may always be
suspect, especially in low humidity. The results from this experiment suggest that under
certain environmental conditions such as low humidity and relatively high temperature,
gaping may not occur when the mussel becomes moribund.
Although not measured for statistical analysis, monitoring mortality in the water
temperature exposure experiment demonstrated that death occurred when temperatures
were at or above 27°C. This result agrees with other elevated water stress experiments
on marine mussels (Read and Cumming, 1967; Gonzalez and Yevich, 1976). As water
temperature approached and surpassed 30°C, mortality inereased dramatically within a
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few hours. Comparison between the smaller size and larger size cohorts revealed a
significant difference in mortality. The smaller cohort survived the elevated water
temperature exposure better than the larger cohort. This result does not agree with
Wallis (1975) who reported that at any lethal temperature, smaller mussels succumbed
more quickly than larger mussels. In that experiment smaller mussels were less than 3
cm and larger mussels were greater than 5 cm. This differs from the current experiment
where all the mussels were under 5 cm in length. This finding by Wallis (1975) does
not agree with Bayne (1984) who found that smaller individuals were at an energetic
advantage in responding to the elevated temperature. In coming to this conclusion
Bayne (1984) performed physiological measurements to determine scope for growth
analyses while Wallis (1975) did no genetic or physiological tests that could explain his
results. The reason for the survival advantage of the smaller cohort may be two-fold.
The smaller cohort may have had a genetic advantage as well as a physiological one.
The evidence of this is its higher heterozygosity compared to the larger cohort. The
smaller cohort had an overall observed heterozygosity (Ho) of 0.416 while the larger
cohort’s overall Ho was 0.327. Although not statistically significant (likely due to
relatively small sample size of larger cohort control group), the largest gap in degree of
heterozygosity was found between these two groups: the smaller cohort control group
had an average score of 2.04 and the larger cohort control group had an average score of
1.58. This indicates that the smaller cohort may have been genetically more robust and
could better survive the stress of exposure to elevated water temperature.
Aside from the initial difference in heterozygosity mentioned above, the two
cohorts differed in other genetic characteristics. Comparison of allelic frequencies
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between the control groups for each size class found differences at two loci, LAP and
PGM. Differences in allelic frequencies among mussels from the same area occurs
(Lassen and Turano, 1978). The differences in frequency may have arisen from
selection that occurred on the older size class before the younger cohort was present.
Variation in salinity has been shown to have a selective effect at the LAP locus, causing
large changes in allele frequency (Koehn and Hilbish, 1987). Furthermore, both PGM
and LAP loci have heat-sensitive allelomorphs (Theisen, 1978; Gardner and Skibinski,
1990). As with salinity, selective thermal conditions could have affected the older
cohort before larval development and settlement of the younger cohort or at a time when
the smaller cohort had a physiological advantage in survival due to smaller size.
Another possibility is that the younger cohort experienced selective mortality in the pre
settlement stage.
Within the cohorts, a survival advantage for smaller sized mussels was not found
in the larger size cohort. There was no difference in size between mussels exposed to
elevated water temperature and those from the control. There was a difference in size in
the smaller size cohort. The survivors of the elevated water temperature stress were
significantly smaller than the control sample. These results, along with those of Wallis
(1975), suggest that there may be size ranges over which differences in thermal
resistance exist. Our results found that the advantage was always present in smaller
mussels. However, the findings in Wallis (1975) which used a broader size range found
the opposite. Although this study was designed to look at the effect of treatments based
on the quantitative genetic characteristics of mussel stocks, our results show that single
factors such as size or age can have significant impacts on the effects of selection
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treatments. The difference in mortality rate from the elevated temperature treatment
between the cohorts along with the effect on size within the smaller size cohort strongly
indicates that individual mussel size is an important factor in determining survival time
in elevated water temperature. A recent study by LeBlanc et al. (2005) had similar
results. In a population of seed mussels (less 10 mm in length), smaller mussels
survived longer in lethal elevated water temperature than larger mussels.
This study found that there was a link between heterozygosity and survival in
elevated water temperatures. Heterozygous mussels have been found to have lower
protein turnover which results in energy conservation (Bayne and Hawkins, 1997).
Survival of mussels in stressful conditions has been attributed to the higher fitness of
heterozygotes due to lower metabolic needs resulting in better stamina under stress
(Myrand et al., 2002). In our study, the more heterozygous individuals survived the
elevated water temperature stress. This is evident by the increase in overall
heterozygosity, in both cohorts, compared to the Hardy-Weinberg expected values. In
both cohorts, significant deficits at three loci (GPI, MPI, ODH) disappeared after the
elevated water temperature treatment (Table 2.3). The results indicated that there was a
selective effect against homozygotes under elevated water temperature stress. Thus,
heterozygotes appear to have an advantage under this stressful condition. Aside from
Myrand et al. (2002), Beaumont and Toro (1996) found that in Mytilus ec/w/w juveniles
under copper stress the heterozygotes survived longer than their homozygote
counterparts.
So far the results discussed show that the elevated water temperature stress had
different effects on the cohorts based on size but similar genetic results. However some

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

genetic results were cohort specific. In the larger size cohort a deficit in heterozygosity
developed at the PGM locus after the treatment. In the smaller size cohort the elevated
water temperature treatment caused significant frequency shifts in the LAP and PGM
loci. The reasons for these different effects are unknown. They indicate that even with
a relatively simple treatment, it will take time and effort to recognize all the important
impacts selection may have on a mussel population.
One result that was different ft-om what has often been expressed in the literature
is the larger Ho of the smaller sized cohort compared to the larger sized cohort. Under
the general theory of underdominance for the pre-settlement stage and overdominance
after metamorphosis (Gosling, 1992), the expectation would be that because of longer
exposure to natural stresses the older population would be more heterozygous. There
has been one study in the region that has found decreasing heterozygosity in cultured
mussel populations (Tremblay et al., 1998c). The explanation hypothesized in that
article was that heterozygotes move to the outside of the cluster of mussels on the longline and are therefore more susceptible to loss hrom falling off. The decrease was found
for a single population. In this study, two separate cohorts were present but they were in
a suspended environment. The difference in heterozygosity may result from the smaller
size class being produced after summer high temperatures and therefore not having been
naturally culled. Also the two size classes may simply have produced genetically
different offspring. It is possible that one or more of these factors may have contributed
the difference in these populations. Furthermore, the younger cohort was old enough to
have lost any deficiency that may have been present at settlement.
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The results of this study are important to the mussel industry, especially when
considered along with other experiments. As previously mentioned, Tremblay et al.
(1998c) found that cultured mussel populations tended to become more homozygous
than their wild counterparts. The explanation for the loss in heterozygosity relates to the
long-line culture method. The theory is that the more heterozygous mussels move to
better feeding positions on the outside of the mussel sock and are more susceptible to
fall-off during bad weather. Further, Tremblay (1998a & b) and Myrand et al. (2000,
2002) determined that homozygous populations are more susceptible to summer
mortality, which has been a problem in the mussel culture industry. Also Myrand et al.,
2002 found that artificial stress could increase heterozygosity in adult mussels (50-60
mm). As mentioned before, the theory for this difference in survival is that
heterozygous populations have more energy to survive stressful conditions. This study
found specifically artificially induced stress can increase the heterozygosity of juvenile
mussel stocks. These findings reveal the importance of genetic characterization and the
need to further study selection techniques that can increase or maintain suitable levels of
genetic variation in cultured mussels.
The selection technique of elevated water temperature had an effect on the
genetic structure of mussel populations. In elevated water temperature stress,
physiological factors as well as genetics play a role in survival. These findings are
important to the mussel aquaculture industry because it proves that it is possible to
manipulate the seed population without using a hatchery. Furthermore, this study found
that both genotype and phenotype are important factors in determining the outcome of
selection using elevated water temperature.
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Table 2.1 Mortality of mussels exposed to elevated water temperature.
Replicate

N

No. of Live

No. of Dead

Specimens after

Specimens after

Treatment

Treatment

% Mortality (S.E.)

Cohort < 20 mm

84

51

33

39.2 (5.3)

Cohort > 20 mm

366

154

212

57.9 (2.6)
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Table 2.2 Mean size of surviving mussels, exposed to elevated water temperature and
controls, from two cohorts (< 20 mm, > 20 mm).
Group

N

Mean Size (mm)

Median (mm)

Standard error

Control < 20 mm

163

11.7

10.9

0.3

Temperature < 20 mm

51

9.9

8.3

0.7

Control > 20 mm

287 29.8

29.7

0.3

Temperature > 20 mm

154 30.0

30.0

0.4
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Table 2.3 Number of individuals used for analysis, allelic frequencies, observed (Hj and
expected (H,) heterozygosities at five polymorphic loci from two cohorts before and
after exposure to elevated water temperature.
Cohort

< 20 mm

Treatment

eontrol

< 20 mm
Elevated
temp.

> 20 mm
control

> 20 mm
Elevated
temp.

GPI
41
0.085
0.024
0.195
0.537

100
0.11
0.015
0.155
0.455

0

0.012

0.111

0.146

0.035
0.23

0.639
0.662

0.537
0.653

0.69
0.706

-0.034

-0.178

-0.023

40

42
0.167
0.821
0.012
0.167
0.301
-0.446

95
0.132

36
0.083
0.042
0.25
0.514

E

107
0.117
0.019
0.22
0.364
0.014

F

0.266

H„

0.561
0.734
-0.239

N
A
B
C
D

He
D

M PI
N
A
B
C
H„
He
D

110
0.105
0.877
0.018
0.191
0.22
-0.133

0.125
0.85
0.025
0.2
0.265
-0.244

95
0.032

39
0.013

0.895
0.074

0.936
0.051
0.128
0.123
0.043

0.098
0.146
0.222

38
0.079
0.368

42
0.06
0.321

0.526
0.026
0.605
0.588
0.029

0.583
0.036
0.381
0.558
-0.318

0.853
0.016
0.232
0.257
-0.098

ODH
N
A
B
C
Ho
He
D

0.147
0.194
-0.241

41
0.024
0.878

-0.34

99
0.03
0.934
0.035
0.111
0.125
-0.114

LAP
N
A
B
C
D
Ho
He
D

116
0.177
0.453
0.366
0.004
0.681
0.632
0.077

100
0.095
0.29
0.595
0.02
0.61
0.555
0.099

PGM
N

90

38

42

98

A

0.183

0.053

0.048

0.107

B
C
D

0.539
0.278
0
0.5
0.599

0.684
0.263
0
0.342

0.738
0.214
0
0.405
0.412

0.658
0.224
0.01
0.408
0.507

Ho
He

0.466
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Cohort

< 20 mm

Treatment
control
_D _________________ -0.17
All loci
Ho

< 20 mm
> 20 mm
> 20 mm
Elevated
Elevated
temp.
control
temp.
-0.266
-0.017________-0.196

0.416

0.383

0.327

He________________ 0.477

0.421

0.429_________0.430

0.410

*Bold indicates significant difference at the 5% level.
^GPI-glucose phosphate isomerase, MPI-mannose phosphate isomerase, ODH-octopine
dehydrogenase, LAP-Leucine aminopeptidase, PGM- Phosphoglucomutase.
’‘N = sample size, A-F are isozyme designations based on the relative distance travelled
on the electrophoretic gel, F being the farthest.
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Table 2.4 Degree of heterozygosity for mussels treated with elevated water temperature
and those untreated for two cohorts.
Treatment/cohort

N

Degree of heterozygosity

Standard error

Control/> 20 mm

40

1.58

1.08

Control/< 20 mm

73

2.04

1.03

Temp./> 20 mm

92

2.01

1.14

Temp./< 20 mm

33

1.94

1.27
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Table 2.5 Multiple heterogeneity
tests caleulated with Monte-Carlo simulations to
compare the allelic frequencies of mussels treated with elevated water temperature and
controls from the two cohorts.
Locus

Cohort

Treatment

X"

P

M PI

small
small
large
large

control
temp.
control
tem p.

3.21

1.00

PGM

small
small
large
large

control
temp.
control
temp.

19.31

0.08

GPI

small
small
large
large

control
tem p.
control
temp.

20.87

0.28

ODH

sm all
small
large
large

control
temp.
control
temp.

4.70

1.00

LAP

small
small
large
large

control
temp.
control
temp.

22.01

0.04

PGM

small
large

control
control

11.47

0.004

LAP

small
large

control
control

16.84

0.004

PGM

small
large

temp.
temp.

3.61

0.8

LAP

small
large

tem p.
tem p.

I.5 I

1.00

PGM

small
small

control
tem p.

9.02

0.04

LAP

small
small

control
temp.

9.47

0.04

PGM

large
large

control
temp.

3.73

1.00

LAP

Large
Large

control
temp.

1.82

1.00

'‘Bold indicates significant difference at the 10% level.
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Figure 2.1 Daily average water temperature in elevated temperature stress tank.
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Figure 2.2 Frequency distribution of mussels (n = 2100, measured in mm).
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3.0
The Effect of Elevated Air and Water Temperature on Juvenile Mytilus edulis in
Prince Edward Island, Canada
Abstract
Mussel aquaculture on Prince Edward Island, Canada is an important but
relatively new industry. Although seed manipulation using hatcheries for mussel culture
occurs on the west coast of North America, seed supply on the east coast of Canada,
including Prince Edward Island (P.E.I.), is based solely on wild collection. Two
techniques for selecting seed (<10 mm) were studied in this experiment to look at the
effect on productivity, measured as size, growth and survival. The separate effects of air
exposure or elevated water temperature treatments on a sample of Mytilus edulis spat
were examined in the lab and in the field. The selection treatments resulted in a - 50%
mortality from an air exposure of 11 hours at 27°C and -75% mortality from a 6 hour
exposure to 33°C water. Survivors of each treatment (n=l 152) were measured, along
with controls (n=2304) and randomly placed in compartmentalized (condo) cages.
Cages were deployed on a mussel farm in each of three bays on Prince Edward Island,
Canada (Figure 3.1). Size, growth and survival were monitored over a 10 month period.
After the initial treatment, survivors of the air exposure treatment were significantly
(P<0.01) larger than the control. Survivors of the elevated water temperature treatment
were smaller than the control (P<0.01). Results from the field study showed that the
treatments had a significant effect on size, growth and survival. These results suggest
that relatively simple husbandry practices of weeding out weaker mussel seed can affect
productivity. Given the limited availability for lease expansion in P.E.I. bays, new
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husbandry practices are an important avenue to investigate, in order for the mussel
industry to maximize production capability.
3.1 Introduction
Over the past decade the mussel aquaculture industry has become an important
part of the economy in Prince Edward Island (P.E.I.), Canada. Seed supply is a crucial
part of this industry, which depends solely on natural spat collection. Traditionally, it
was believed that the main brood stock contributing to the seed production in a bay was
the wild population. However, a recent study in Tracadie Bay, P.E.I. suggested that the
earliest and largest pulse of larvae comes from the cultured stock (T. Landry, DEO,
personal communication). This study, therefore, suggests that from a quantitative
standpoint, cultured stocks are self-sufficient. The experience in Japan with the cultured
scallop, Patinopecten yessoensis indicates that cultured stocks of bivalves can indeed be
self-sustaining if managed properly (Gosling, 2003).
Historically, in some areas, large scale mass mortality has been a problem for
growers in the mussel aquaculture industry (Incze et al., 1980; Mallet et al., 1990;
Myrand and Gaudreault, 1995). Studies suggest that the seed quality or genetics may be
a cause of these mortalities (Dickie et al., 1984; Mallet et al., 1990; Myrand and
Gaudreault, 1995). Seed source along with other factors such as stocking density, have
been studied in areas of large-scale mussel culture. These studies have found that the
seed used has a significant effect on production (Puentes et al., 1992; Puentes et al.,
1994; Molares and Puentes, 1995). Selection practices are commonly used in hatcheries
with the objective of achieving a more productive crop by selecting stronger individuals
to use as stock (Lestor, 1983). Air exposure and elevated water temperature are stresses
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that cultured mussels are often exposed to during the farming process, particularly in
P.E.I.
During the summer, waters in the shallow bays of P.E.I. often reach temperatures
of 25°C (Bernard, 1999). These temperatures come close to reaching a lethal
temperature for Mytilus edulis, which has been reported in Australia to be 28.2°C
(Wallis, 1975). It should be noted that since publication of the article by Wallis (1975),
Australia has been reported to have M galloprovincialis, rather than M. edulis (Gosling,
1992). Field experiments in Rhode Island showed that continuous temperatures above
27°C have been found to be lethal to Mytilus edulis (Gonzalez and Yevich, 1976). Read
and Gumming (1967) found that at 27°C, 50% mortality occurred in about three days.
Since temperature stress is a reality on mussel farms in P.E.I., a process that removes
mussels susceptible to elevated water temperature was investigated. The farming of
mussels requires that mussels be exposed to air for periods of time throughout the
harvest cycle. Although mussels are an intertidal species, they will eventually die from
air exposure, especially at high temperatures (Tsuchiya, 1983). For this reason,
selecting for mussels that can better cope during emersion was the other selection
technique investigated in this study.
The objective of this study was to examine whether the selection practices
employed can result in a higher quality mussel seed for the grow-out phase. The study
examined the productivity measures, size and survival, to assess the effects the stress
treatments had on mussel seed immediately and over time in the field.
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3.2 Materials and methods
3.2.1 Specimen manipulation
3.2.1.1 Sampling
Wild seed was manually collected from aquaculture gear in St. Peter’s Bay,
P.E.I. Approximately 30,000 individual spat were retained. Seed was transported to a
hatchery in Prince Edward Island. The sample was divided in half and placed into two
upwellers (40 cm diameter) in a 1.2 m^ tank. Mortality in these upwellers remained low
(<3%) throughout the course of the experiments. Flow rate of unfiltered tidal river
water varied from 0.1-0.5 L/sec, with an average temperature of 24.3°C and average
salinity of 28.2 ppt. In keeping with other literature, a minimum level of mortality of
50% was targeted (Wallis, 1975; Cotter et ah, 1982; Tremblay et al., 1998), for the
purpose of detecting any effect of treatments.
3.2.1.2 Air exposure
An air exposure trial was conducted with approximately 5,000 individuals taken
from the upwellers and placed on a layer of brown paper towel and spread over a
counter top in the lab. The individuals were left exposed for 11 hours at an average
temperature of 27.2°C+0.5°C and average relative humidity of 55.6%+10%. They were
then placed in a recovery tank (average water temp. 25.8°C, salinity 27.8 ppt), except
for three samples of one hundred specimens each, which were placed in separate
identical tanks (with water flow, average temp. 26.1°C, salinity 27.7 ppt). Three other
tanks were set up with one hundred control specimens each. The control specimens
were untreated mussels taken from the two control upwellers. The three samples of one
hundred specimens were used to calculate the mortality level after 10 hours in the
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recovery tanks (Table 3.1). Mortality was determined by response to mantle
stimulation. After 10 hours, the live specimens from the large sample were placed in an
upweller identical to the upwellers holding the original sample. Survivors of the three
air exposure samples used for calculating mortality and the controls were placed in two
identical tanks for an additional three days. No further mortality was observed in either
group. Standard errors for proportions were calculated from the binomial distribution.
3.2.1.3 Elevated water temperature tolerance
Approximately 8,000 individuals were exposed to a constant water temperature
of 32.6°C and salinity of 27.6 ppt for six hours. Mortality was calculated in two stages
due to the slow progressive nature of the population to succumb to the treatment. Three
samples of approximately 100 specimens each of the treatment and control were placed
in tanks with water flow (average temp. 23.2°C and salinity 28.3 ppt). Mortality was
calculated from the samples after 20 hours. The sample tanks were then stocked with
mussels that were still alive after 20 hours, then mortality was calculated after another
50 hours at 23°C. Combining the two mortality calculations provided the overall
mortality (Table 3.2). The mortality was calculated as l-pip2, where pi and p%are the
proportions of survivors after 20 and 50 hours, respectively. Standard errors (SE) for
proportions were calculated from the binomial distribution, and the SE for the overall
mortality was computed by the formula, (SE)^ = (Var pi + pi ^)(Var pa + p%^) - pi^
3.2.2 Field study
Seventy-two condo cages (with thirty-two individual compartments in each cage)
were filled with individual mussels from the air exposure treatment, elevated water
temperature treatment and control treatment. Individual mussels were measured (umbo
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to furthest point on the posterior edge) and plaeed in a fine mesh soek divided into two
sections, with one individual per seetion. Eaeh sock was placed into a compartment of a
condo to which it had been randomly assigned. Therefore, the set-up consisted of two
mussels per compartment, however the placement of each mussel in a section of sock
kept them separated as individuals. Eight air exposure socks, eight elevated water
temperature and sixteen control socks were plaeed in each condo. Condos were filled
one at a time then plaeed in one of the three holding tanks. Condo eages were left in
holding tanks for two weeks so all the specimens would have a chance to acclimate to a
similar state before being deployed in the field. Temperature and salinity conditions in
the holding tanks averaged 22.8°C and 28.5 ppt. Flow rate in the holding tanks was
approximately 0.2 L/sec. Dimensions of the holding tanks were 2.13 m long x 1.22 m
wide X 0.91 m deep.
Six cages (containing four condos) were placed into each of St. Peter’s, New
London and Traeadie Bay; all three bays are used extensively for mussel aquaeulture.
Although the bays are similar in depth, temperature and salinity (Fisheries, 2001; Crane,
2003), three different field sites were used to deteet any interaction between the
treatments and the environment. All were attaehed to mussel long lines in the bays at a
point where the depth was 4.6-4.96 m (15-16 feet). The cages were sunk to a depth of
1.8-2.1 m (6-7 feet). Water temperature in all three bays were slightly lower (20.521.5°C) but similar to the temperature in the experimental tanks, so no temperature
acclimation was necessary (Fisheries, 2001).
After four months, mussels in each of the bays were measured for length and
mortality was counted. Final measurements and mortality counts were done at the ten
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month period. The experiment was initiated approximately six weeks prior to the
normal seed transfer time on P.E.I. This was neeessary for practieal purposes, such as
the availability of facilities and technical support, including industry partners.
3.2.3 Species determination
A random sample of one hundred and ten mussels was taken for species
characterization as M edulis or M trossulus according to the PCR technique developed
by Rawson et al. (1996).
3.2.4 Statistical analyses
The effect of the treatments on initial mussel size was assessed by one-way
ANOVA using the length measurements from the specimens placed in condos for the
field study.
The models used for analyzing the field data used treatment and bay as fixed
factors with condo as a random factor to account for potential clustering within condo
cages. Mixed ANOVA models were used for length data (software SAS 8.2; Littell et
al., 1996). Random effects binary logistic regression was used to analyze mortality
(software MLwiN 1.2 ; Rasbash et al., 2000). In the analyses missing specimens were
treated as dead. The mesh socks kept the mussels separated within in the condo
compartments and prevented them from falling out when they were small enough to fit
through spaces in the condo cage. A small percentage of specimens (< 3%) which
showed negative growth were not used, although their inclusion in the analyses did not
affect the significance of the results. Shell deposition is permanent, thus negative
growth indicates an error in measuring, recording, sampling, etc.; therefore removal of
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such data is appropriate. All statistical tests were interpreted using a 5% error level, and
multiple pairwise comparisons were carried out by the Bonferroni method.
3.3 Results
3.3.1 Laboratory selection experiment
3.3.1.1 Eleven hour air exposure
The mortality level was 47.8% from a sample size of two-hundred and ninetynine specimens (Table 3.1). The vast majority of the dead specimens were floating after
ten hours in the recovery tanks. Thirty floating specimens were physically examined
first by exposing to the air to observe gaping, then gently prying to test valve funetion
and finally opening the animal to inspect the soft tissue. None of the mussels that were
floating after ten hours in the recovery tank were found to be alive. Only a few dead
specimens (<10%) were found on the bottom of the tanks with the live individuals.
Mortality in the control groups was low (Table 3.1).
3.3.1.2 Six hour elevated water temperature immersion
Mortality determination for the elevated water temperature was more
complicated because death occurred over a longer period of time compared with the air
exposure (50+ hours compared with 10 hours) (Table 3.2). Also the vast majority of the
dead specimens in the air exposure treatment floated, facilitating separation, this was not
the case for this treatment. Due to the time lag, mortality determination for this
treatment was done in two steps, so that dead specimens could be removed from the
upwellers and decomposing mussels did not contribute to mortality.
Mortality from the treatment was 76% while the mortality in the control groups
remained low (Table 3.2).
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3.3.1.3 Size of mussels after treatments
Significant differences in mean size were present between all three treatments
(P< 0.01). The stress treatments had opposite effects with the smaller mussels surviving
the temperature treatment and larger ones surviving the air exposure (Table 3.3).
Although selection for mussels placed in each bay was random, the mussels that went
into New London Bay were significantly smaller than mussels in the other two bays
(p<0.05). This effect may have arisen from New London Bay being prepared last. With
the initial sizes being quite small, there may have been an unconscious tendency to
select the larger mussels for measurement.
3.3.2 Field study
3.3.2.1 Size and growth
Analysis was performed to determine the effect of the treatments on the size of
the mussels at each time period and the growth over that time period. Size was
preferred over growth in the analysis because there was no significant correlation
between the initial size of the mussels and the size at each time period. In other words,
differential growth of the mussels during the experiment eliminated any size differences
at the outset.
Data showed a substantial variation among the condo cages, indicating that the
set-up procedure of randomly placing treatment and control (s) within each condo was
prudent.
3.3.2.2 Size after four months
The ordering of the treatments with respect to size did not change from the initial
measurements: the air exposed mussels were the largest and the elevated temperature
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exposed mussels the smallest, however, air exposed mussels were no longer
significantly larger than control mussels (Table 3.3).
Mussels in St. Peter’s Bay were significantly larger than mussels in Tracadie
Bay, whereas, mussels in New London Bay were not different from either of the other
two bays in size (Table 3.3).
3.3.2.3 Size after ten months
Size differences were seen between treatments and between bays, as well as in a
significant interaction (P= 0.03, Figure 3.2). The air exposure treated mussels were
significantly larger than the mussels in the elevated water temperature treatment and
control groups, averaged across bays (Table 3.3). Among the bays, mean mussel size in
New London was significantly larger than mussels in Tracadie Bay, averaged across
treatments (p<0.05).
Pairwise comparisons for size between the treatments in specific bays showed
that air-exposed mussels in New London Bay were larger than each of the treatments in
Tracadie Bay including controls, as well as control mussels in New London and St.
Peter’s Bay. Also the elevated water temperature treated mussels in New London Bay
were larger than the elevated water temperature treated mussels in Tracadie Bay.
3.3.2.4 Mortality
Mortality was analyzed over the ten-month period of the experiment (Table 3.4).
Significant differences among the treatments were found (Table 3.5). The air and
temperature exposed mussels had significantly lower mortality than the control mussels
at the 5% level but were not significantly different from each other.
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Although there are larger differences in mortality among the bays than in the
treatments (Table 3.4), the random variability of the condo cages prevents any
statistically significant results. Treatments Avere nested within the condo cages so the
variability within the condos did not affect the findings for the treatments as it did for
the bays.
3.3.3 Species determination
The Gulf of St. Lawrence is an area where the distributions of M edulis and M
trossulus are known to overlap (Gosling, 1992), however the level of M trossulus in
Prince Edward Island has been found to be quite low (Mallet and Carver, 1995). The
results fi'om the specimens tested in this study found that this population was 100% M.
edulis.
3.4 Discussion
The laboratory experiment was designed to eliminate weaker mussels through
selective mortality resulting fi'om exposure to the stressful conditions of elevated water
temperature or air exposure. The selective effect of the treatments was determined by
measuring the size and mortality of treated and control mussels over a ten-month period
in the field. The important factors for the selection treatments are: the ability to remove
weaker mussels, the surviving mussels must be able to fully recover from the treatment,
and the treatments must be feasible on a large scale. By choosing relatively simple
natural factors that affect mussel populations, all the above criteria were met.
Mytilus is an intertidal species. The most important factors in determining the
upper limits for Mytilus on rocky intertidal shores are physiological intolerance to
temperature extremes and desiccation (Suchanek, 1985). Given that Mytilus has
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evolved to be a successful intertidal species (Lewis, 1977), often to avoid predation
(Ebling et al., 1964; Paine 1974), it is more likely that desiccation would not
permanently harm the animals. As for elevated water temperature, in this region water
temperatures can reach and even exceed 25°C (Bernard, 1999; Myrand and Gaudreault,
1995). The hope was that exposure to temperatures less than six degrees Celsius above
lethal temperatures for a short time period (6 hours) would not permanently harm the
mussels that survived the selection treatments. An effective treatment needs to be
practical in terms o f time to complete the procedure and it must have a minimal long
term effect on the productivity of the survivors.
In both cases the stress treatment did not appear to permanently harm the
surviving mussels, although growth may have been stunted for some period of time.
With less mortality and comparable, if not greater, size than the controls, the treated
mussels at the end of the ten month field experiment appeared to suffer no permanent
damage. However, it still makes sense to perform a selection treatment when the effect
on mussel growth would be minimal, perhaps in late fall when growth is already
retarded by natural conditions of declining food and temperature.
The major observation on the immediate effect of the treatments besides the
level of mortality was the selection for size. Clearly, smaller mussels better survived the
elevated water temperature treatment and larger mussels were more resilient to air
exposure. A previous study by Bayne (1984) found that although small mussels
{Mytilus edulis) have a higher maintenance energy requirement and lose more weight
during starvation, small individuals were at an energetic advantage in responding to
elevated temperature. The energetic advantage was calculated using scope for growth or
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the energy available for growth and reproduction. As temperature was increased,
smaller mussels (< 0.6 g dry weight) maintained positive scope for growth while larger
mussels (up to 2.0 g dry weight) did not. The results here indicate that smaller mussels
also had an advantage during acute exposure to lethal elevated water temperature.
The survival from the air exposure treatment of the larger mussels immediately
seems to make it a more favourable selection, as they immediately seemed to have an
advantage in getting to market size. The survival in air of certain shellfish species,
including Mytilus (de Zwaan, 1977; Livingstone and Bayne, 1977; Widdows and Shick,
1985) has been examined for different reasons (Matthews and McMahon, 1995; Paukstis
et al., 1999; Bartseh et al., 2000) including long line culture (Guderley et al., 1994).
Survival times in air for bivalves, including M. edulis varies greatly depending on
acclimation and various environmental factors such as temperature and humidity
(Tsuchiya, 1983; Paukstis et al., 1999). These studies on Mytilus dealing with air
exposure and mortality (Tsuchiya, 1983; Eertman et al., 1993; Guderley et al., 1994) did
not mention a physiological advantage larger mussels had in surviving air exposure.
However, this advantage was seen in the freshwater bivalve, Dreissena polymorpha,
commonly known as the zebra mussel (Matthews and McMahon, 1995; Paukstis et al.,
1999). Paukstis et al. (1999) stated that larger zebra mussels (shell length > 16 mm)
were significantly more likely to survive exposure for 36 or 60 h at 20°C than were
smaller individuals.
The field study was set-up to monitor the long-term effects the treatments had on
the mussels’ size and mortality. Statistically, the treatments had an effect on size but
there was interaction between treatments and the bays. In New London Bay, the air-
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exposed mussels had significantly larger size than all other bay/treatment combinations
while in Tracadie Bay, the elevated temperature exposed mussels were smaller than
elsewhere. The results suggest that the environment will in part determine the effect of
treatments. The air exposure treatment had an advantage in size in some circumstances
and never had a negative interaction with location, suggesting it may be the better
candidate as a selection technique.
There was no correlation between the initial size of the mussels and the
subsequent size measurements. However measurements from the four month and ten
month periods were highly correlated. This raises the question: why does the size of the
mussel at the start of the experiment have no bearing on its size later on? The genotypic
factors related to fitness in mussels are thought to be minor compared with
environmental factors (Seed and Suchanek, 1992). Under heavy settlement growth in
individuals has been found to vary by as much as ten-fold (Trevelyan, 1991). It is
hypothesized that the initial sizes were based mainly on environmental factors (position,
crowding, food availability) and that once placed in similar conditions, genotypic factors
played more of a role in growth.
The treated mussels showed lower mortality than the controls. This indicates
that the mussels that survived the selection were more fit than those that were not
exposed to any stress treatment. There is an important issue regarding the nature of the
fitness advantage that needs consideration. Did the differences seen in the treated
mussels result from weaker specimens being eliminated from the population or did the
treatments condition the survivors to better withstand environmental stress? Currently,
the answer to this question is unknown. The long-term modification of mussel
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populations to different thermal regimes has been suggested (Newell and Branch, 1980),
and fits the basic premise of evolution. What about individual modification? It appears
there is some evidence that Mytilus can adjust itself after experiencing a thermal shock.
Buckley et al. (2001) found that the expression of heat shock proteins changes in
Mytilus based on the previous thermal history. This study by Buckley puts forward the
possibility that husbandry practices being developed should investigate conditioning as
well as selection treatments as a potential tool for improving the growth and survival of
farmed mussels.
This study found that in mussel seed from St. Peter’s Bay, P.E.I.:
1) larger seed survived air exposure and smaller seed survived exposure to elevated
water temperature;
2) exposing M. edulis to the air or elevated water temperatures affected growth but there
was an interaction between the treatments and the environment;
3) mussel samples exposed to the air or elevated water temperature had lower mortality
than mussels that had not undergone such treatments;
4) the experimental husbandry practices examined in this study affect the productivity
of mussels and this type of work has the potential to benefit mussel aquaculture; this is
especially true in a place like Prince Edward Island where additional leasing areas are
not available to increase production.
5) this study showed an interaction between treatments and the environment therefore
further research on mussel seed husbandry should take into account as many
environmental parameters as possible.
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Table 3.1 Mortality of mussels from 11 hour air exposure with SE for overall estimates.
Dead
specimens
49
48
46
143

% mortality

SB

Air exposure
Air exposure
Air exposure
Overall

Live
specimens
51
52
53
156

49.0
48.0
46.5
47.8

2.9

Control
Control
Control
Overall

97
100
99
296

3
0
1
4

3.0
0.0
1.0
1.3

0.7

Treatment
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Table 3.2 Mortality of mussels from 6 hour exposure to elevated water temperature with
SE for overall estimates.
Treatment

Time

Live
specimens

Dead specimens

% mortality

Sub-samples
Elevated Temp.
Elevated Temp.
Elevated Temp.
Total
Elevated Temp.
Elevated Temp.
Elevated Temp.
Total
Overall
Control
Control
Control
Overall

20 hours
20 hours
20 hours
20 hours
50 hours
50 hours
50 hours
50 hours
70 hours
70 hours
70 hours
70 hours
70 hours

57
41
41
139
39
58
37
134

35
59
56
150
42
60
32
134

146
158
97
401

5
8
2
15

38.0
59.0
57.7
51.9
51.9
50.8
46.4
50.0
76.0
3.3
4.8
2.0
3.6
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SE

2.1

0.9

Table 3.3 Adjusted treatment and bay mean mussel sizes (mm; with SE), initially and
after 4 and 10 months.
Size (mm)
Four months
(n=843)

Initial (n=4608)

Ten months*
(n=394)

Treatm ent
Air exposure
8.07(0.05)'
26.55(0.41)'’
35.06(0.60)"
Elevated water
6.49(0.05)“
24.54(0.41)“
32.96(0.63)“
temp.
6.81(0.03)'’
Control
25.93(0.33)"
31.69(0.56)“
Bay
7.14(0.04)'’
30.91(0.57)“
Tracadie
24.69(0.37)"
New London
6.90(0.05)“
25.86(0.52)“"
35.60(0.76)"
7.10(0.04)'’
33.20(0.85)“"
St. Peter’s
26.47(0.42)“
*Statistical differences within each time period for treatment and bay are indicated using
superscripted letters. Categories indicated by the same symbol are not statistically
significant at the 5% level.
^Comparisons for treatment and bay refer to average effects, due to significant
interaction (Figure 3.2).
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Table 3.4 Mortality of mussels after 10 months in the P.E.I. bays with SE.

Treatment
Air Exposure
33°C H2O
Control
Bay
Tracadie
New London
St. Peter’s

N

% mortality

234
228
451

56.8(3.2)
58.3(3.3)
71.8(2.1)

529
148
236

69.4(2.0)
55.4(4.1)
59.7(3.2)
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Table 3.5 Random effects logistic regression analysis of mussel mortality after ten
months with respect to bay and treatments.
Variable
Intercept
Bay

Comparison
Reference (Tracadie, Control)

Estimate
1.369

SE
0.304

Odds Ratio

St. Peter’s vs. Tracadie
New London vs. Tracadie

-0.557
-0.844

0.535
0.545

0.573
0.430

Air Exposure vs. Control
Elevated Water Temperature vs.
Control
Reference (Tracadie, Control)

-0.762
-0.690

0.179
0.181

0.467
0.502

0.724

0.281

Treatment

Variance (condo)
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P-value
0.25
0.30
0.12
<0.001
<0.001
<0.001

Figure 3.1 Map of Prince Edward Island, Canada indicating the three bays used as field
sites.

New London Bay
Tracadie Bay

Peter’s Bay

♦Locations of the study sites in the bays were as follows: New London Bay (46°29.756 N, 63°28.185 W), Tracadie
Bay (46=23.355 N, 62=59,440 W), St. Peter’s Bay (46=26.231 N, 62=41.599 W).
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Figure 3.2 Mean size of mussels after ten months in P.E.I. bays with SB.

■ air exposure
■ high water temperature
□ control

N ew London

St. Peter’s

Tracadie

Bay
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4.0
Use of Selection Treatments to Increase Mussel Productivity {Mytilus edulis) by
Modifications of Genetic and Physiological Characteristics
Abstract
This study examined the effects of two selection treatments (elevated water
temperature and air exposure) on the genetic and physiological characteristics of the
juvenile marine mussel, Mytilus edulis (<10 mm). Genetic effects were measured using
multi-locus heterozygosity. The level of heterozygosity was determined by
differentiating five allozymes using electrophoresis. Fitness was assessed using
physiological tests to estimate energy balance (scope for growth) as well as size, growth
and survival. The in vitro treatments resulted in 48% mortality from an air exposure of
11 hours at 27°C and 76% mortality from a 6-hour exposure to 33°C water. Survivors
(n=l 152) of each treatment along with controls (n=2304) were measured and randomly
placed in compartmentalized cages. Mussels were deployed to three bays in Prince
Edward Island, Canada and monitored over a ten-month period. Initially, both of the
treatments had an effect on mussel size and increased the heterozygosity of the
surviving mussels. Physiological analyses after three months in the field showed that
control mussels had a higher metabolic rate than either of the two treated mussel groups.
After ten months in the field, the treated mussels were larger and had lower mortality
than the untreated control mussels. Unexplained environmental interaction in each of
the bays had an effect on allelic frequencies and heterozygosity. Overall, the results
demonstrate that simple husbandry techniques can be used to increase the productivity
of mussel seed and heterozygosity measures can be used to assess fitness. However,
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more field data is needed to determine the consistency of the increased productivity and
if the increased productivity justifies the costs of a selective treatment. Furthermore,
because the level of heterozygosity in juvenile mussel populations can vary
considerably, both spatially and temporally, it may be effective as a warning of future
natural mass mortality when overall heterozygosity levels are found to be low.
4.1 Introduction
A positive correlation between multi-locus heterozygosity (MLH) and various
fitness characteristics has been documented for several species including Mytilus edulis
(Mitton, 1994). Characteristics o f Mytilus species that have been examined include
growth, survival and metabolic rate (Koehn and Gaffney, 1984; Bayne and Hawkins,
1997; Myrand et al., 2002). Although considerable research has been conducted on the
link between MLH and fitness and many explicative hypotheses have been developed,
there is still no single explanation of the relationship. Several theories have been
postulated but none encompass the wide variety of results seen in different experiments
(Koehn, 1991; Mitton, 1994; Hedgecock et al., 1996). The two functional theories used
in explaining the relationship are overdominanee and associative overdominance. In the
former, scored loci are directly involved in the fitness relationship, while in the latter the
scored loci act as neutral markers for either balanced polymorphisms or deleterious
alleles (Gosling, 1992). Two explanations for associative overdominance have been
postulated. The first theory o f associative overdominance states that the association is
caused by linkage disequilibrium, i.e. markers are physically linked to nearby fitness
genes. The second assumes that genetic variability at the marker loci represent
variability across the genome (Tsitrone et al., 2001).
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Attempts to distinguish which theory explains the heterozygosity-fitness
correlation (HFC) have been aided by the development of various genetic markers,
however there is still no definitive explanation. Pogson and Zouros (1994)
demonstrated the theory of a direct relationship of the scored allozymes and growth
based on the positive correlation between growth in giant scallops (Placopecten
magellanicus) and the level of heterozygosity at seven scored allozymes and the lack of
relationship between growth and eight random cDNA fragments derived using
restriction fragment length polymorphisms. A study on Atlantic salmon using
allozymes and microsatellites found similar results, where fitness traits (length, weight,
and fluctuating asymmetry) were found to be related to allozyme heterozygosity but not
microsatellite heterozygosity (Borrell et al., 2004). Other studies suggest that
associative overdominanee best explains HFCs or at least heterozygosity is not evidence
of direct selection (Waldmann, 2001; Bieme et al., 2003). Waldmann (2001) used
breeding experiments on the plant Scabiosa canescens to show that fluctuating
asymmetry (FA) was correlated to the level of inbreeding, while a previous experiment
he performed found no link between FA and allozyme heterozygosity. Bieme et al.
(2003) found that in a Mytilus hybrid zone, neutral markers can show high variation
similar to allozymes, which casts doubt on selection theories. Others have questioned
the universality of the relationship between heterozygosity and fitness (Jorgensen, 1992;
Britten, 1996) and suggest that when all the research is considered, evidence of a
positive relationship between heterozygosity and fitness is sparse and inconclusive.
More recent studies have examined the role of metabolism and protein turnover in
explaining HFC (Bayne and Hawkins, 1997; Tremblay et al., 1998; Bayne et al., 1999;
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Myrand et al., 2002) but distinguishing between competing theories explaining HFC is
still difficult (Bieme et ah, 2000). The complexity of the interaction between genetic
factors and the environment may be the reason why no conclusive explanation has been
elucidated. Evidence is mounting to suggest that more than one of the theories of HFC
may be valid and they can differ spatially, temporally and overlap (Heath et al., 2002;
Myrand et al., 2002; Rand et al., 2002; Veliz et al., 2004).
The relationships between several physiological responses to stress and MLH
have been investigated including the effect of elevated water temperature, anaerobic
exposure, copper exposure, starvation, and crowding (Gentili and Beaumont, 1988;
Beaumont and Toro, 1996; Tremblay et al, 1998; Myrand et al., 2002). These studies
found that heterozygote mussels had an advantage in surviving under stressful
conditions but also that specific loci can undergo direct selection under certain types of
stress. Research on the leucine aminopeptidase (LAP) locus in Mytilus edulis found
dominant selection for salinity (Koehn et al., 1976) but not for some sympatric species
(Gardner and Kathiravetpillai, 1997). Results such as this partially reveal why a
definitive explanation for HFCs has been elusive. MLH and maintenance metabolism
(basic metabolic rate needed to remain alive) in Mytilus edulis have been found to be
negatively correlated (Tremblay et al., 1998; Myrand et al., 2002), and increase when
stressful conditions were present (Gentili and Beaumont, 1988). The HFC has increased
or become apparent with stress in other species as well (Scott and Koehn, 1990; Pluess
and Stdcklin, 2004). These findings suggest that exposing mussels to levels of lethal
stress should remove homozygotes or conversely heterozygotes should have an
advantage in surviving.
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Our experiment exposed mussels to stressful environments with the purpose of
causing mortality in a certain proportion of the population. The survivors were then
sampled and compared to control mussels to test the MLH-fitness hypothesis. The
objectives were to determine if the survivors had a higher MLH score related to their
survival from stressful conditions, the relationship between treatments, MLH and
metabolism, and whether treated mussels had higher productivity (growth and survival)
which could be detected by examining MLH.
4.2 Materials and methods
4.2.1 Specimen manipulation
Mussels used for the physiological and genetic measurements came from the
experimental set-up presented in LeBlanc et al. (2005). Briefly, approximately 30,000
individual spat were manually collected from suspended oyster cages in St. Peter’s Bay,
P.E.I. and transported to a laboratory facility. Experiments were conducted to expose
mussels to the air or elevated water temperature. In keeping with other literature, a
minimum level of mortality of 50% was targeted (Wallis, 1975; Cotter et al., 1982;
Tremblay et al., 1998), for the purpose of detecting any effect of treatments.
Approximately 5,000 individuals were exposed to ambient air for 11 hours at an
average temperature of 27.2°C+0.5°C and average relative humidity of 55.6%+10%
(LeBlanc et al., 2005).
Approximately 8,000 individuals were exposed to a constant water temperature
of 32.6°C and salinity of 27.6 ppt for six hours (LeBlanc et al., 2005).
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4.2.2 Field study
Survivors from the air and elevated water temperature exposures, as well as
untreated control mussels, were placed in cages for individual monitoring in St. Peter’s,
New London and Tracadie Bays. All three bays are used extensively for mussel
aquaculture. Although the bays are similar in depth, temperature and salinity (Fisheries,
2001 ; Crane, 2003), three field sites were used to detect any interaction between the
treatments and the environment. All the cages were attached to mussel long lines in the
bays at a water depth of 1.8-2.1 m (LeBlanc et al., 2005).
4.2.3 Gel electrophoresis
The initial sample (time 0 after treatment) was comprised of 80 mussels each
randomly selected from survivors of the air exposure, elevated water temperature
selection treatments and control specimens. Control mussels had been kept in an
upweller at ambient temperature. A second sampling was performed after the mussels
had spent ten months in the field and on mussels following physiological
characterization. Random samples of the air exposure, elevated water temperature
treatments and control (n = 30 per treatment per bay) were taken from all three bays and
stored at -80°C until analyzed.
Allozyme analysis was carried out using the Hebert and Beaton (1989) method.
Mussels were thawed and immediately a small piece of the digestive gland (all the tissue
for small mussels) was homogenized in 200 ul (100 ul for mussels <20 mm) of
homogenization buffer [Tris-HCl, pH 8.0 with 30% sucrose, 5 mM DL-dithiothreitol,
1% polyvinylpolypyrrolidone, ImM phenylmethylsulphonyl fluoride, 0.1% 13nicotinamide adenine dinucleotide, 0.1% P-nicotinamide adenine dinucleotide
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phosphate]. The homogenate was centrifuged at 15,000 x g at 4°C for 30 minutes. The
supernatant was extracted, applied to a horizontal cellulose acetate plate and allozymes
were differentiated using electrophoretic migration. The polymorphic enzymes studied
were mannose phosphate isomerase (MPI, EC 5.3.1.8), phosphoglucomutase (PGM, EC
2.7.5.1), octopine dehydrogenase (ODH, EC 1.5.1.11), glucose phosphate isomerase
(GPI, EC 5.3.1.9), and leucine aminopeptidase (LAP, EC 3.4.11). A standard of all
known isozymes was prepared by mixing homogenates of individuals of different
genotypes. The standard was used on each gel for comparison to aid in exact allele
identification.
4.2.4 Physiological measures
After three months in the field, physiological tests were performed on 58
mussels from St. Peter’s Bay and 49 mussels from New London Bay to calculate scope
for growth, an energy balance equation used to calculate the energy available for growth
and reproduction (Widdows and Johnson, 1988). In order to calculate scope for growth,
the physiological measures for oxygen consumption, absorption efficiency and clearance
rate were performed on 47 mussels from the control group, 28 from the air exposure
group and 32 from the elevated temperature stress group.
After being sampled in P.E.I., mussels were sent the same day (in insulated
iceboxes with sea-ice) for the physiological testing at the Centre Aquacole Marin de
Grande-Rivière (Québec, Canada). Upon arrival, mussels were placed separately in
individually numbered plastic mesh cages (vexar, mesh-size 9 mm) and kept in flow
through 1,000 L tanks. The individual cages allowed the transfer of mussels to
physiological chambers without severing their byssus (Tremblay et al., 1998; Myrand et
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al., 2002). Mussels were held in untreated and unfiltered seawater (similar to P.E.I. field
conditions) for one month to allow for acclimation of laboratory conditions.
After acclimation (temperature = 5°C, salinity = 30 ppt), clearance rate, oxygen
consumption and absorption efficiency were measured to estimate the scope for growth
of each mussel. With excretion representing less than 5% of the total energy budget in
mussels (Tremblay et al., 1998; Bayne et al., 1999; Honkoop et al., 2003), it was not
considered in this study. Each day, a total of eight mussels were chosen at random from
each of the treatment groups and control for measurements until all specimens had been
analyzed. Five metabolic chambers were used simultaneously including one blank.
Oxygen uptake was measured in a closed respirometry chamber (500 ml) filled
with oxygen-saturated filtered (0.45 pm) seawater, held in a temperature controlled
water bath at 5°C. Each mussel was acclimated to the respirometry chamber for 1 h.
The chamber was then tightly closed for 1 hour for individual measurements. Partial
oxygen pressure was greater than 100 torr and water was kept well-mixed using a
magnetic stirrer. Oxygen uptake was determined by measuring the decrease in oxygen
in the seawater with an YSI (5331) polarographic analyser and electrode coupled to a
chart recorder. Under normal feeding conditions, oxygen consumption represents
routine metabolism (Thompson and Bayne, 1972). After performing the physiological
tests for calculating scope for growfh, the mussels were starved for 8 days (in filtered
seawater at 1 pm) at the same temperature and salinity conditions following which
oxygen uptake was measured to quantify their standard metabolism, an estimate of
maintenance or basal metabolism (Myrand et al. 2002).
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Clearance rate is defined as the volume of water cleared of suspended particles
per unit time and biomass (Widdows and Johnson, 1988). Clearance rates were
measured using a static system (experimental chamber of 500 ml), in which the rate of
decrease in particle density (algal depletion) in the metabolic chamber was monitored
(Jorgensen et al., 1990; Riisgârd, 1991; Navarro et al., 2000). Feedinf was continuous
and consisted of a mixture of Isochrysis galbana and Chaetoceros gracilis (10^ cells ml'
^). These measurements were carried out using a particle Beckman coulter-counter Z1,
fitted with a 100-pm orifice tube. The experimental medium was kept homogeneous by
gentle aeration and the clearance rate was evaluated at 10- minute intervals for one hour
using visual inspection of valve position. Following Gilek et al. (1992), the greatest
difference between two consecutive measurements during this period was assumed to be
the clearance rate.
Assimilation represents the product of ingested energy and absorption efficiency
(Widdows and Johnson, 1988). Absorption efficiency was measured by the Conover
(1966) ratio that consists of (F - E)/[(l - E)F], where F = ash-free dry weight:dry weight
ratio of food and E = ash-free dry weight:dry weight ratio of the faeces. Samples of the
diet mixture were collected during the experiments, as well as faeces in each container.
Faeces from individual mussels were collected, making sure that no pseudofaeces (i.e.
rejected suspended particles) were produced and mixed with faeces (Iglesias et al., 1998;
Honkoop et al., 2003). Samples were filtered through pre-ashed, pre-weighed 47-mm
glass fiber filters, rinsed with isotonic ammonium formate (3.2%), dried at 80°C for 48
h, cooled to room temperature in a desiccator, weighed, combusted at 450°C overnight.
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cooled to room temperature in a desiccator and finally weighed to estimate the organic
and inorganic fraction contained in the food and faeees.
Seope for growth was measured by subtracting the energy respired and excreted from
the energy absorbed from the food as follows (Widdows and Johnson, 1988; Gilek et ah,
1992):
P = A - R where P = energy incorporated into somatie growth and gamete production.
A is the energy absorbed from the food, caleulated multiplying clearance rate (Lg'^h'*)
and Absorption efficiency. Absorption efficiency is calculated by the equation: POM
(mgL‘*) X 23 J mg'* ash-free dry mass where POM = particulate organie matter. R is the
energy catabolized. It is derived by multiplying oxygen consumptiom [V02 (ml Oig'^h'
*)] by the accepted energy standard for mussels 20.33 Jmf* 0% (Widdows and Johnson,
1988).
Following measurements of seope for growth and standard metabolism, a given
mussel was divided in two seetions, which were weighed. From one section, a piece of
digestive gland between 100 to 200 mg of wet mass was frozen at -80°C for
electrophoretie analyses and 100 mg of mantle tissue was preserved for speeies
determination. The other seetion was dried at 65-70°C for 72 h. The total dry tissue
mass of the complete mussel was estimated from dried section and the relative wet mass
of the two sections. Physiological measures were standardized for 1 g mussel using the
allometric relationship as described by Tremblay et al. (1998).
4.2.5 Species determination
All the mussels used in this experiment were identified as M. edulis or M
trossulus according to the PCR teehnique (Glu-5 marker) developed by Rawson et al.
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(1996) following DNA extraction with Qiagen DNeasy protocol kit for animal tissues
(Moreau et al., 2005).
4.2.6 Statistical analyses
Allelic frequencies and heterozygosity analysis - expected and observed under
the assumption of the Hardy-Weinberg equilibrium - were determined using BIOSYS-1
software (release 1.7) from Swofford and Selander (1989). Degree of heterozygosity
was determined by scoring a mussel between 0-5 based on the number of heterozygous
loci. The effect of the treatments on heterozygosity was performed using KruskalWallis and Mann-Whitney tests because of the discrete nature of the response variable.
Comparison of initial degree of heterozygosity and degree of heterozygosity after 10
months was performed using t-tests, Mann-Whitney tests and Chi-Square analysis. The
analysis was performed using Minitab version 14. Comparisons of allelic frequencies
for each locus between treatments were carried out with

Monte Carlo simulation

(Ruff and Bentzen, 1989) using the REAP program (McElroy et al. 1991). The models
used for analysing growth, mortality and physiological measures in the field data used
treatment and bay as fixed factors with cage as a random factor to account for potential
clustering within cages.
4.3 Results
4.3.1 Size and mortality after ten months
Mussel size analysis (length; umbo to furthest point on the posterior edge) was
performed on the mussels sampled for genetic analysis in this study. The analysis
determined that air exposed mussels were significantly larger than the control or
elevated water temperature exposed mussels and that location had an effect on mussel
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size (Table 4.1). LeBlanc et al. (2005) also looked at the length of the same mussels
after ten months. The mussels measured for the current study are in fact a subset of the
one used in LeBlanc et al. (2005). All of the data from mussels sampled for genetic
analysis (n -231) are included in the dataset from Leblanc et al. (2005) (n = 394). A
comparison between the datasets found only one difference in the results. In the smaller
dataset, mussels in New London Bay were found to be significantly larger than those in
St. Peter’s and Tracadie Bay. In the larger dataset, mussels in New London Bay were
only found to be larger than those from Tracadie Bay (Table 4.1).
Mussels from the control group had significantly (p<0.05) higher mortality
(72%) during the ten month period in the field than mussels from either treatment group.
Mussels from the air-exposed group had a mortality of 57% while those exposed to
elevated water temperature had 58% mortality (LeBlanc et al., 2005).
4.3.2 Genetic characteristics between treatments
The genetic characteristics of the mussels from the two treatment groups along
with the control are described in Table 4.2. The initial control mussels had significant
deficits in heterozygosity at the MPI, ODH and PGM loci and a large overall deficit in
heterozygosity. The elevated water temperature treatment had significant deficits in
heterozygosity at ODH, LAP and PGM loci. However these deficits were not as large
as in the control mussels and overall observed heterozygosity (Ho) was only slightly
lower than expected by Hardy-Weinberg principles. Immediately after the air exposure
treatment there were no deficits in heterozygosity at any loci.
After ten months in the field two loci, GPI and LAP, did not show significant
heterozygote deficits in control or treatment mussels in any of the three bays. A
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significant deficit at the ODH and PGM loci remained in control mussels placed in
Tracadie Bay and a significant deficit at the PGM locus of control mussels persisted in
St. Peter’s Bay. The elevated water temperature treated mussels in St. Peter’s Bay
continued to exhibit a deficit at the ODH locus, while in Tracadie and New London Bay
a significant deficit remained at the PGM locus for the same group. The air treated
mussels only showed a significant deficit at the MPI locus in New London Bay.
The overall Ho scores reveal that in each bay the air treated mussels always had
the highest observed heterozygosity. The control mussels had the lowest overall Ho in
St. Peter’s and New London Bays; however in Tracadie Bay, the control group had a
higher observed heterozygosity than the elevated water temperature treated mussels.
Also only in the control sample, where there was a large overall deficit in heterozygosity
initially, was there observed a consistent increase from the initial overall Ho.
Initially, the treatments may have an effect on the frequency at three of the loci
examined (MPI, ODH, PGM) (Table 4.3). At all three loci, allelic frequencies between
the temperature and air treatments differed from each other (MPI, x^ = 10.11, p < 0.01;
ODH, x^ = 7.64, p = 0.06; PGM, x^ = 12.80, p < 0.01), however there were no
significant differences between either of the treatments and the control. The field
experiment showed that frequencies were affected by the bay location as well as the
treatment (Table 4.3).
The initial treatments had an effect on degree of heterozygosity (measured 0-5
by scoring each locus). Non-parametric ANOVA (df = 2, h = 57) and t-tests, found that
compared to mussels in the control group both stress treatments (elevated temperature,
w = 4285 and air exposure, w = 5298) had the effect of significantly raising the degree
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of heterozygosity from the initial control sample (all p-values < 0.01, Table 4.4). Also,
the air exposure caused an increase in heterozygosity significantly larger than that of the
elevated water temperature exposure (w = 7616, p < 0.01).
To account for the non-normal distribution of degree of heterozygosity data,
results from the field analysis were pooled into means for each condo cage and the
means were run in a two-way ANOVA (treatment and Bay). This model improved the
normality of the distribution of the response variable and accounts for variability among
the condo cages. Treatment was found to be a significant factor (df = 2, f = 4.31, p =
0.02), but not bays, therefore the data presented are pooled from all three bays (Table
4.4). The degree of heterozygosity in the air-exposed mussels was significantly higher
than in control mussels (t = 2.6, p = 0.03) and those exposed to elevated water
temperature (t = 2.5, p = 0.05, Table 4.4).
Within treatments, comparisons were made to determine changes resulting from
ten- months of field exposure. In the elevated water temperature treatment no difference
in degree of heterozygosity was detected over the ten-month period. The air exposure
treatment may have had a small decline in degree of heterozygosity, with a significant ttest (p-value = 0.05). No differences were noted by the Mann-Whitney test or the ChiSquare analysis. The control sample had a significant increase in heterozygosity over
the ten-month period with significant p-values in all three analyses (Table 4.4).
4.3.3 Relationship between size, growth and survival with heterozygosity
Pearson correlations for degree of heterozygosity and initial lengths reveal a
significant correlation in the control sample (p-value = 0.01) with a value of 0.276 but
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not for the treated mussels (Table 4.5). No significant correlations were observed
between heterozygosity and length of mussels after ten months in the field.
General linear models on length after ten months in the field with degree of
heterozygosity and initial length as covariates, using bay and treatment as fixed factors
and condo cages as a random variable, showed that degree of heterozygosity (df = 1, f =
0.96, p = 0.33) and initial length (df = 1, f = 0.07, p = 0.79) were not significant factors
in predicting length after ten months. The differences in size at the beginning of the
experiment were completely compensated for by differential growth in the field. A
second model was run to check for possible interaction between treatment and degree of
heterozygosity. There was no significant interaction (df = 2, f = 1.43, p = 0.24).
Heterozygosity was altered by the two types of mortality stress that mussels were
subjected to in this experiment. Both initial treatments caused substantial levels of
mortality and resulted in higher levels of heterozygosity in the surviving mussel groups
(Table 4.2 & 4.4). In the field, the control mussel group suffered significantly higher
mortality than either of the treated mussel groups, and was the only one of the three
groups to see a significant increase in heterozygosity (Table 4.2 & 4.4).
4.3.4 Relationship between metabolism and degree of heterozygosity
After three months in the field, mussels ANOVA indicated significant
differences in routine metabolism (VO2) among the three treatment groups (Table 4.6).
However, these differences were only significant in St. Peter’s Bay. The control had a
significantly higher routine metabolic rate than mussels that were exposed to the air (t 4.1, p < 0.001) and for mussels exposed to elevated water temperature (t = 2.8, p =
0.05).
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Significant differences among the groups of mussels from both St. Peter's and
New London Bay were found when comparing their standard metabolism. The air
exposed mussels and the mussels exposed to elevated water temperature were both
found to have significantly lower basal metabolic rates than the mussels in the control
group. The t-values were 3.12 and 3.2 respectively with P-values < 0.01 (Table 4.6).
The two treatment groups and the control group had similar filtration rates,
absorption efficiencies and scope for growth measurements (Table 4.6) and no
significant differences were found between bays.
In the mussels used for physiological measurements, a difference in
heterozygosity, measured by the degree of heterozygosity (0 to 5 in relation to loci), was
found among the treatment groups. Mussels from the group exposed to the air had a
mean heterozygosity of 3.25, compared to 3.13 for mussels exposed to temperature
stress and 1.41 for the control group (Table 4.6). Both treatment groups were
significantly different from the control group with t-values of 6.3 and 5.7, w-values of
1534 and 1763 respectively, and all p-values < 0.01. The relationship between the
physiological measurements affected by the treatments and heterozygosity was analyzed
using a model with treatment and bay as fixed effects, cage location as a random
variable and degree of heterozygosity as a covariate. In order for the model to fit the
normal distribution, the model was collapsed into means calculated for each cage.
Routine metabolism and scope for growth did not show any significance in the general
linear model. Degree of heterozygosity was significant in the model run on standard
metabolism (df = 1, f = 10.9, p < 0.01).
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4.3.5 Species determination
Mussels were determined to be 100% Mytilus edulis.
4.4 Discussion
This paper presents genetic and physiological results acquired from selection
experiments conducted on Mytilus edulis in three bays in Prince Edward Island, Canada
(physiology data only involved two bays). A previous paper (Leblanc et al., 2005)
covered in detail the survival and size analysis from the initial stress treatments and field
study. This previous study revealed that the air exposure treatment caused a mortality of
47.8% and the elevated water temperature exposure caused a mortality of 76%. The
treatments resulted in surviving populations that had different mean lengths. The mean
length of the air- exposed mussels was 8.1 mm, the mean length of the elevated water
temperature exposed mussels was 6.5 mm and the mean length of control mussels was
6.8 mm. Over the ten month period treated mussels had significantly lower mortality
than untreated mussels; air exposure - 56.8%, elevated water temperature - 58.3%,
control - 71.8%. Although there was a fairly large difference in the amount of mortality
among the three bays (Tracadie - 69.4%, New London - 55.4%, St. Peter’s - 59.7%),
variation in the cages prevented statistically significant results.
In the present study survival was utilized to measure fitness and evidence of the
heterozygosity-fitness correlation (HFC) is present from the allozyme analysis of both
mussel groups that were exposed to stress treatments. The surviving mussels from both
treatments had a significantly higher degree of heterozygosity compared to the untreated
control spat (Table 4.4). Along with lower degree of heterozygosity, the untreated
control mussels had a significant deficit in overall heterozygosity. No significant
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overall deficit was observed for the two treated groups, indicating that the stress
treatments did selectively remove more homozygous mussels. This finding is consistent
with other studies that found the HFC in mussels increases during times of stress
(Gentili and Beaumont, 1988; Myrand et al., 2002). Other studies have found the HFC
is only present or accentuated under stress. They cover a variety of species and stresses:
Rana temporaria (common frog) and food availability (Lesbarreres et al, 2005),
Scabiosa columbaria (perennial plant) and competition from other species (Pluess and
Stocklin, 2004), Mytilus edulis (marine mussel) and crowding (Gentili and Beaumont,
1988). In our study, the strongest evidence of HFC came from survivors of the stress
treatments.
Another factor that may have contributed to the large difference in degree of
heterozygosity between the treated mussels and the control is the regular occurrence
among mussel spat of a population-wide heterozygote deficiency (Gosling and Wilkins,
1985; Gosling and McGrath, 1990). Electrophoretic studies of marine bivalves,
including those on mussel spat and juveniles, have often found lower numbers of
heterozygotes than expected from the Hardy-Weinberg model (Fairbrother and
Beaumont, 1993). The cause of these deficiencies is generally unknown and likely
varies with circumstances and species. In some cases, Wahlund effect (the effect from
combining subpopulations causing an apparent heterozygote deficiency) or selective
mortality at larval or early post-settlement stages has been suggested as the cause of
heterozygote deficiencies (Volckaert and Zouros, 1989).
Differences in allelic frequencies at the MPI and PGM loci and possibly the
ODH locus between the two treatment groups immediately following exposure to
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elevated water temperature or emersion also suggest the possibility of direct selection in
response to different environmental stresses. A strong body of evidence has developed
showing direct selection related to salinity on the LAP locus in Mytilus edulis, however
this was not found for the closely related species, Mytilus galloprovincialis (Gardner
and Kathiravetpillai, 1997). Several studies on mussels and other species provide
evidence of direct selection at various allozyme loci (Hummel et al, 1995; Planes and
Romans, 2004; Riginos and Cunningham, 2005) but results can be inconsistent
(Zhukovskaya and Kodolova, 2003) and strong evidence of direct selection is rare and
groundbreaking (Bieme et al., 2003). Often the environment plays an important role. In
some environments, allozymes appear to act as neutral markers (i.e. the isozymes have
no differentiated effects, thus their distribution results from random recombination),
while in other environments the same markers show evidence of direct selection (or
linked locus). This phenomenon has been noted in at two least different studies of the
acom barnacle, Semibalanus balanoides (Rand et al., 2002; Veliz et al, 2004), with
selection differing among locations. Shifts in allozyme behaviour occured on micro and
macro geographic scales. In Rand et al. (2002), the GPI locus was found to be neutral in
Maine and selective in Rhode Island. Furthermore, selection at the MPI locus was
opposite in Maine and Rhode Island with respect to high and low tide habitats. Because
of the complex environmental interaction that can occur in the field, repeated lab
experiments involving selection treatments, should be considered to detect selection at
specific loci from quantifiable stress.
The results from mussels sampled immediately after the stress treatments
indicated that the air exposure treatment was the more effective selection technique for
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seed quality. Although it had a significantly lower mortality than the elevated water
temperature treatment, the survivors of the air exposure were more heterozygous than
the elevated water temperature treatment and the control. Survivors of the air exposure
displayed an excess of heterozygosity compared to Hardy-Weinberg expectations and
were significantly larger than mussels from the elevated water temperature treatment or
control. Furthermore, the elevated water temperature mussels did have deficits at three
individual loci (ODH, LAP and PGM), particularly ODH. It is interesting that the
control mussels and the elevated water temperature treated mussels had large deficits at
the ODH locus, while the air exposed mussels had no significant deficit. This is worth
noting because the ODH locus is involved in the anaerobic metabolism of bivalves
(Carroll and Wells, 1995). This result complements that of Myrand et al. (2002), which
suggested that direct selection on this locus from anaerobic stress favoured
heterozygotes.
Mussels decrease their metabolism in response to air exposure (Shick and
Widdows, 1981), sometimes retarding or completely suppressing heart rate to reduce
metabolic requirements (Coleman and Trueman, 1971) and in turn increase their
survival rate (Famme et al., 1981). Myrand et al. (2002) hypothesized that homozygotes
may not be able to reduce their basal metabolism as well as heterozygotes during air
exposure, a logical possibility given the higher maintenance metabolic rates that were
associated with homozygous mussels in that study. Similar results have been found in
another experiment on Mytilus edulis (Tremblay et al., 1998), as well as in our study.
Under stressful conditions the maintenance metabolism of mussels increases greatly
(Koehn and Bayne, 1989). The reason for this is hypothesized to be an increase in
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protein turnover (Hoffman and Somero, 1995), which is required to make the necessary
adjustment in maintaining the internal environment under aerobic stress (Hoffman and
Parsons, 1991 as cited by Myrand et al, 2002). Therefore the negative correlation of
metabolism to heterozygosity may also explain the selective mortality of the
homozygous spat in the elevated water temperature treatment in this study. The general
increase in heterozygosity following the two stress treatments, even at loci where
selection may have occurred, provides evidence supporting the theory of heterozygote
superiority under stressful conditions.
A theory for the heterozygosity-fitness relationship is that lower protein turnover
of heterozygotes (Hawkins et al., 1986) gives them more energy for somatic grovyth and
a metabolic advantage to dealing with stressful conditions (Myrand et al., 2002).
Metabolic tests on respiration in the three groups were consistent with this theory.
Mussels from the three groups were examined using scope for growth measurements in
the laboratory under optimal environmental conditions. The clearance rates and
absorption efficiencies (Table 4.6) were similar among the three groups, but oxygen
consumption was different. Thus, mussels from the control had similar energy absorbed
from the food (clearance rate x absorption efficiency) compared to mussels from the
stress experiments, but more energy was catabolized to maintain the organism. The
control mussels used more energy than mussels from the stress experiments but did not
compensate by absorbing more food, thus these mussels showed a trend toward lower
scope for growth values (energy incorporated into somatic growth and gamete
production), although not statistically significant at the 5% level (Table 4.6). Under the
stressful condition of starvation, maintenance metabolism was lower in the treated
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mussels which had a higher degree of heterozygosity. This fits the hypothesis that
heterozygosity-fitness correlations are more readily observed when animals are more
stressed. It is important to note that these experiments took place in late Fall and that
these responses may change in relation to season and gametic cycles. The tests were
conducted in November, a time when mussels in P.E.I. are not normally stressed, being
several weeks after spawning, with moderate temperatures and ample food supply from
a fall algal bloom. These factors could minimize the differences observed in metabolic
tests.
In samples taken at the beginning of the experiment only the control showed a
significant correlation of MLH and size. In the survivors of the elevated water
temperature treatment and air exposure the relationship may have been confounded by
the presence of physiological factors related to the type of stress experienced by the
mussels. Also, the relatively homogenous size frequency of the mussels could have
made any correlations difficult to detect. In the elevated water temperature treatment,
smaller mussels from this experiment were found to be more resistant to the stress,
while larger mussels tolerated air exposure better (LeBlanc et al., 2005). Bayne (1984)
found that although small mussels (Mytilus edulis) had a higher maintenance energy
requirement and lost more weight during starvation, small individuals were at an
energetic advantage in responding to elevated temperature. The energy level was
determined using scope for growth measurements (the energy available for growth and
reproduction). Scope for growth is simply an energy equation that calculates the amount
of energy an organism possesses which can be allocated to cell production (reproductive
or somatic). Bayne (1984) found that as temperature was increased, smaller mussels (<
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0.6 g dry weight) maintained positive scope for growth while larger mussels did not.
This countervailing physiological factor may explain why any possible size-MLH
relationship is not apparent and why deficits at individual loci remained after the
elevated water temperature treatment. It is less apparent why the correlation
disappeared after air exposure, as this treatment selected out smaller mussels. No other
report of larger juvenile mussels surviving air exposure was reported for Mytilus edulis,
however Sukhotin et al. (2003) found that in adult M. edulis survival in air for large
mussels was reduced compared to small and medium sized adults. The lack of
similarity in size and age and conditions of exposure make it difficult to draw any
conclusions by comparing the seemingly opposite results of these two studies. One
could speculate that when mass is very low, as in our study, desiccation is the primary
factor causing death but when mussels get larger and older other factors such as
metabolism and tissue composition are more important for resistance to air exposure.
How the physiological response to anoxia may interrupt the size-MLH correlation is
unknown. Aside from the ODH locus, the MLH-size relationship may stem from a
metabolic advantage unrelated to other factors involved in the survival from desiccation.
For instance, this may result from fluid retention and the strength of the adductor
muscle, which overshadowed MLH-size correlation. Other results from anoxic
experiments on bivalves reveal that no distinct pattern of survival with size has emerged.
In the freshwater zebra mussel, Dreissena polymorpha larger mussels (as determined by
shell length) have been found to survive anoxic stress longer than shorter mussels
(Matthews and McMahon, 1995; Paukstis et al., 1999). In both of those studies, the
mussels used were larger than those in the present study, with shell length ranging from
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12-34 mm in Matthews and McMahon (1995) and larger specimens were greater than 16
mm in Paukstis et al. (1999). Matthews and McMahon (1995) also studied the
freshwater Asian clam, Corbicula fluminea (10-30 mm shell lengths) and in that species
larger clams showed significantly lower survival to anoxic stress.
In this experiment the degree of heterozygosity, as measured, was not a good
predictor for size. Pearson correlations and one-way ANOVAs revealed that neither of
the two stress treatments nor the control showed any significant relationship between
degree o f heterozygosity and length. The lack o f MLH-length relationship may result
from the experimental design in these experiments and the use of only five loci.
Mussels were tracked individually throughout the course of the field trials resulting in
the need to house them in separate compartments, in other words at very low density.
Another experiment that reared Mytilus edulis in individual compartments in the field
found no correlation between growth and multi- or single-locus heterozygosity
(Gaffney, 1986). Further, an experiment by Gentili and Beaumont (1988) found no
correlation between degree of heterozygosity and growth for M edulis reared at low
densities but did find a significant correlation when mussels were kept at high densities.
The MLH-fitness relationship is usually weak (Pecon Slattery et al., 1993; Bayne and
Hawkins, 1997) and even though mortality in the field was high, perhaps specific
stressful conditions are needed to accentuate or reveal the MLH-growth relationship.
Two factors may explain why the correlation between heterozygosity and length
was not apparent after ten months in the field. First, differential mortality increased the
heterozygosity in the controls and HFCs are often more apparent when heterozygosity is
low (Zouros and Foltz, 1987 as cited in Pecon and Slattery et al., 1993; Myrand et al..
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2002). This factor may also explain the lack of MLH-size correlations in the treated
mussels both initially and in the field. Second, smaller mussels grew faster than larger
mussels in the field experiment. The biology behind this equalization process is
unknown but it is possible that the low-density experimental structure provided better
opportunity to smaller mussels compared to a high-density arrangement where
competition for space may favour larger individuals.
Aside from the elevated water temperature mussels initially being slightly
smaller but more heterozygous than control mussels, among the groups, larger size and
higher heterozygosity tended to coincide, significantly in the case of the air exposure
treatment. Initially, air exposed mussels were significantly larger and more
heterozygous than both elevated water temperature treatment and controls. In the field,
air-exposed mussels had higher heterozygosity and were larger than the other two
groups, despite the fact that smaller mussels grew faster. In the field, the control and
elevated water temperature treated mussels were not different in size or degree of
heterozygosity. Given all the factors involved, no hard conclusions can be drawn but
these results can be viewed as supporting the general effects model, as the MLH-size
correlation is seen among groups but not individuals (Wang et al., 2002). However, the
result of the MLH-size correlation with the initial control mussels could result from
general or local effects.
Although some studies have questioned the MLH-fitness link (Jorgensen, 1992;
Britton, 1996), many studies have found evidence to support its existence in Mytilus
(Mitton, 1994; Bayne and Hawkins, 1997; Tremblay et al., 1998; Myrand et al., 2002).
These studies vary in the strength of the correlation found and the reasons for this are
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numerous. Due to the complex nature of relating factors from genetics, physiology and
ecology, it will likely take many more studies to elucidate clearly the cause(s) of any
MLH-fitness relationships. As for the current discussion as to whether overdominance
or associative overdominance is the basic premise for explaining the link, it appears that
the two may not be mutually exclusive. The deficit at the ODH locus found in the initial
elevated water temperature treatment and control but not in the air exposed mussels
supports the theory of overdominance; as does the difference in allelic frequencies at
three loci following the two different stress regimes. The apparently more random
nature of the shifts in allelic frequencies at the GPI and LAP loci is consistent with the
quantitative associative overdominance hypothesis. If in fact both processes are
involved, this may explain why results show a large degree of variation from study to
study. It is also worth noting that even with the vast array of genetic analysis techniques
now available to scientists, in most experiments genetic analyses only provide a
snapshot of information for a population or organism, so caution must be exercised
when employing and interpreting different techniques. Dewoody and Dewoody (2005)
warn that using allozymes, microsatellites, and SNPs to estimate genetic variability for
the whole genome is inappropriate and Dufresne et al. (2002) fbtmd that supposed
neutral markers, i.e. mierosatellites, may not always behave in a neutral way.
This study supports the theory that there is a link between heterozygosity and
survival. An association with quantitative traits such as size, growth and metabolic
function was less readily observed but was found in some of the analyses. Finally, the
heterozygosity-fitness relationship was more clearly observed from mussels under
stress. The field experiment demonstrated that beyond a certain level of heterozygosity.
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the fitness link is not apparent. Therefore the value of heterozygosity analysis may lie in
its ability to determine susceptibility to mass mortality caused by periods of
unfavourable environmental conditions.
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Table 4.1 Adjusted treatment and bay mean mussel sizes after 10 months, for dataset
used by LeBlanc et al. (2005) and the subset used in the genetic analysis performed in

the current study.
Size (mm with SE)
Full Dataset* (n=394) Subset for Genetic Analysis
(n=231)
Treatment
Air exposure
35.1(0.6)''
36.7(0.7)"
Elevated water temp.
33.0(0.6)'
33.8(0.7)'
Control
31.7(0.6)'
32.2(0.7)'
Bay
Tracadie
30.9(0.6)'
32.9(0.7)'
New London
36.9(0.7)"
35.6(0.8)''
St. Peter’s
33.2(0.9)"'
33.0(0.7)'
*a,b,c, - in each column, categories indicated by the same symbol are not statistically
significant at the 5% level.
^Comparisons for treatment and bay refer to average effects, due to significant
interaction.
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Table 4.2 Number of individuals used for analyses, allelic frequencies and observed (Ho)
and expected (He) heterozygosities at five polymorphic loci for mussels initially from
Locus

Populations

GPI

C-initial

A-initial

T-initial

C-SPB

A-SPB

T-SPB

C-TB

A-TB

T-TB

C-NLB

A-NLB

(n)

80

80

80

38

32

29

30

30

30

30

30

A

0.094

0.112

0.100

0.092

0.047

0.052

0.100

0.167

0.150

0.083

B

0.075

0.200

0.162

0.197

0.141

0.138

0.267

0.083

0.233

0.183

0.1830.

067

C

0.287

0.275

0.262

0.303

0.313

0.276

0.233

0.317

0.183

0.333

0.2670.

283

D

0.412

0.287

0.313

0.289

0.250

0.345

0.300

0.267

0.333

0.250

0.2830.

400

E

0.038

0.044

0.056

0.000

0.109

0.034

0.017

0.017

0.017

0.000

0.0330.

050

F

0.094

0.081

0.106

0.118

0.141

0.155

0.083

0.150

0.083

0.150

0.1330.

117

0.1000.

T-NLB
30
083

Ho

0.575

0.887

0.887

0.711

0.969

0.897

0.733

0.933

0.900

0.700

0.9670.

800

He

0.723

0.781

0.783

0.763

0.786

0.758

0.767

0.771

0.771

0.763

0.7860.

732

D

-0.209

0.130

0.127

-0.081

0.213

0.162

-0.060

0.190

0.148

-0.098

0.2090.

074

M PI
A

0.138

0.225

0.069

0.211

0.359

0.138

0.233

0.200

0.150

0.150

0.2000.

400

B

0.819

0.731

0.894

0.789

0.641

0.810

0.767

0.783

0.833

0.833

0.7830.

517

C

0.044

0.044

0.038

0.000

0.000

0.052

0.000

0.017

0.017

0.017

0.0170.

083

Ho

0.150

0.463

0.188

0.263

0.469

0.310

0.400

0.367

0.200

0.233

0.1670.

433

He

0.309

0.413

0.195

0.332

0.460

0.322

0.358

0.346

0.283

0.283

0.3460.

D

-0.517

0.114-

0.045

-0.219

0.002

-0.052

0.099

0.042

-0.305

-0.189

A

0.019

0.094

0.025

0.039

0.016

0.103

0.050

0.067

0.000

0.017

B

0.925

0.844

0.813

0.895

0.984

0.879

0.767

0.917

0.950

0.967

0.8500.

967

C

0.056

0.063

0.162

0.066

0.000

0.017

0.183

0.017

0.050

0.017

0.1000.

017

Ho

0.075

0.237

0.188

0.184

0.031

0.034

0.133

0.167

0.100

0.067

0.2330.

067

He

0.141

0.275

0.313

0.194

0.031

0.216

0.376

0.155

0.095

0.065

0.2650.

065

D

-0.471

-0.143-

0.404

-0.061

0.000

-0.843

-0.651

0.057

0.035

0.009

-0.1340.

009

-0.526

566
-0.247

ODH
0.0500.

017

LAP
A

0.075

0.144

0.131

0.171

0.156

0.034

0.167

0.133

0.183

0.033

0.150

B

0.369

0.438

0.331

0.408

0.344

0.414

0.417

0.350

0.333

0.333

0.3830.

250

C

0.556

0.412

0.525

0.421

0.484

0.552

0.400

0.500

0.483

0.617

0.4500.

650

D

0.000

0.006

0.013

0.000

0.016

0.000

0.017

0.017

0.000

0.017

0.0170.

017

0.463

0.637

0.525

0.632

0.719

0.517

0.600

0.600

0.500

0.500

0.6000.

500

0.6280.

508

Ho
He

0.549

0.618

0.597

0.627

0.623

0.523

0.638

0.609

0.622

0.507

D

-0.163

0.026-

0.126

-0.006

0.136

-0.028

-0.076

-0.032

-0.209

-0.031

-0.060

0.083

-0.032

PGM
A

0.112

0.175

0.094

0.132

0.063

0.121

0.250

0.067

0.083

0.100

0.1170.

100

B

0.587

0.444

0.688

0.461

0.500

0.552

0.583

0.550

0.667

0.667

0.5670.

667

C

0.300

0.381

0.219

0.408

0.438

0.328

0.167

0.383

0.250

0.233

0.3170.

233

Ho

0.200

0.663

0.375

0.263

0.656

0.621

0.400

0.533

0.267

0.367

0.4000.

267

He

0.552

0.627

0.471

0.604

0.555

0.574

0.569

0.546

0.486

0.491

0.5650.

D

-0.640

0.050-

0.208

-0.570

0.165

0.063

-0.309

-0.040

-0.461

-0.266

A ll Ho

0.293

0.577

0.432

0.411

0.569

0.476

0.453

0.520

0.393

0.373

0.4730.

413

All He

0.458

0.546

0.475

0.511

0.499

0.487

0.551

0.494

0.459

0.429

0.5270.

480

l o c a ti o n s = St. P eter’s Bay (SPB), Tracadie Bay ( IB ), and N ew London B ay (NLB).
^''Bold indicates significant heterozygosity deficit at the 5% level.
^''^GPI-glucose phosphate isom erase, M Pi-m annose phosphate isom erase, O D H -octopine dehydrogenase, LAP-Leucine
am inopeptidase, PGM - Phosphoglucom utase.
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-0.304

491
-0.466

Table 4.3 Comparison of allelic frequencies of mussels using multiple heterogeneity X
tests calculated with Monte-Carlo simulations.
Sample

Locus

Comparison

Initial

GPI

Temperature
Air
Control
Temperature
Air
Control
Temperature
Air
Control
Temperature
Air
Control
Temperature
Air
Control

LAP

MPI

ODH

PGM

Field
(ten months)
Control

GPI

LAP

MPI

ODH

PGM

Air

GPI

LAP

MPI

Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon

Monte-Carlo
x=“
P
1.00
9.00

6.70

0.93

10.35

0.09

14.01

0.06

13.32

<0.01

26.6

0.24

24.71

<0.01

10.84

0.90

21.41

<0.01

25.21

<0.01

24.71

0.54

3.38

1.00

12.85

0.12
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Sample

Locus

Comparison

Air cont’d

ODH

Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon
Initial
St.Peters
Tracadie
NewLondon

PGM

Temperature

GPI

LAP

MPI

ODH

PGM

Monte-Carlo
19.04

P
0.12

12.33

0.42

23.01

0.66

20.61

0.06

47.63

<0.01

38.00

<0.01

5.71

1.00

Bold indicates significant heterozygosity deficit at the 10% level

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 4.4 Two sample t-test, Mann-Whitney test and Chi-Square analysis comparing
initial degree of heterozygosity and degree of heterozygosity (scored 0-5) after 10
months.
Treatment

n-initial

n-Field

Initial
Mean(se)

Field
Mean(se)

t-value

p-value

0.86

p-value
MannWhitney
0.94

p-value
ChiSquare
0.419

Elevated
water temp.
Air exposure

80

89

2.16(0.12)

2.14(0.10)

-0.18

80

92

2.90(0.12)

2.59(0.11)

-1.97

0.05

0.07

0.437

Control

80

98

1.46(0.11)

2.07(0.10)

4.15

<0.001

0.0001

<0.001
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Table 4.5 Pearson correlation of degree of heterozygosity (5 scored loci) and initial
length & degree of heterozygosity and length after 10 months.
Treatment - sample

Pearson Correlation

p-value

Elevated water temperature-initial

0.069

0.54

Air exposure- initial length

0.073

0.52

Control-initial length

0.276

0.01

Elevated water temperature-field

0.160

0.15

Air exposure- field length

0.048

0.68

Control-field length

0.140

0.23

length

length
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Table 4.6 Physiological measurements and degree of heterozygosity for mussels sampled after three months from
New London and St. Peter’s Bay.

5.7

0.01

64.0(2.7)

2.1

0.15

2.5

0.09

32

3.78(0.34)

0.5

0.49

0.1

0.90

28

47

0.46(0.04)

63.0(2.1)

26

64.3(2.3)

43

55

3.70(0.26)

28

3.93(0.35)

49

58

0.39(0.03)

Absorption

46

60.4(1.9)

53

Filtration

48

3.79(0.27)

i

0.6

N

N

3*

CQ'

Treatm ent
p-value

Control

St. Peter’s

Routine

f

N

N

N

Bay pvalue
0.46

A ir
Exposure
0.29(0.04)

N ew
L ondon
0.33(0.03)

M eaurement

8

32

Elevated
Tem perature
0.28(0.02)

58.7(2.3)

30

43

3.95(0.31)

f

3

CD

SPG

46

69.99(6.4)

50

73.97(7.4)

26

82.59(9.6)

40

61.28(7.4)

30

77.32(8.5)

0.8

0.39

2.0

0.14

"n
c
3.
3

Standard

49

0.14(0.01)

58

0.15(0.01)

28

0.12(0.01)

47

0.17(0.01)

32

0.12(0.01)

0.02

0.90

7.2

<0.01

CD

Heterozygosity

49

2.60

58

2.41

28

3.25

47

1.41

32

3.13

0.17

0.68

27.2

<0.01

*

CD

1, -K

■D

O
Q.
C
a

Standard metabolism (ml

_i_____

TT

Standard errors are in brackets, DF for bay = 1 and treatment = 2.

o
3
■D

O

CD

Q.

■D

CD

(/)
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5.0
The Effect of Anti-Fouling Treatments for the Clubbed Tunicate on the Blue
Mussel, Mytilus edulis
Abstract
A major problem for the mussel aquaculture industry on Prince Edward Island, Canada
surfaced in the late 1990’s with the introduction of a fouling organism commonly
known as the clubbed tunicate, Styela clava. This organism has the ability to infest
mussel cultivation equipment to the point where productivity is severely compromised.
This study examined the effects two anti-fouling treatments, air exposure and acetic
acid, had on experimental mussel populations. Socked mussel seed obtained from a
mussel farm on Prince Edward Island was exposed to three treatment regimes and
subsequently placed on a long-line in New London Bay, P.E.I. The treatments were a
forty-hour air exposure, thirty-second acetic acid immersion and a two-minute acetic
acid immersion. Treatment effects on mussels were measured after seven months in the
field, along with untreated controls. Mussel quality was assessed using mussel sock
weights, length, condition index and changes in genetic characteristics measured at
allozyme loci. A significant decrease in mean sock weights was found for all three
treatments compared to control sock weights (P< 0.05). Sock weights for the air
exposure, thirty-second acetic acid dip and two-minute acetic acid dip were reduced by
38%, 67%, and 74% respectively compared to control sock weights. This revealed that
significant mortality occurred in the treated mussel populations. However, results on the
other characteristics used to assess mussel fitness found no long-term effects on the
health or genetic structure of the mussel populations that survived the treatment regimes.

134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Although air exposure is now considered an inefficient method to kill post-larval Styela
clava, these results provide preliminary evidence for the prudent use of the acetic acid
treatment regimes tested.
5.1 Introduction
The cultured mussel, Mytilus edulis,, industry started in Prince Edward Island
(P.E.I.) in the late 1970’s. New culture techniques such as the long-line off-bottom
technique of growing mussels have allowed the mussel aquaculture industry to flourish
in P.E.I. The long-line off-bottom technique of aquaculture reduced the size and amount
of pearls found in naturally grown mussels and increased meat weight, making the
production of edible mussels economically viable (Mallet and Myrand, 1995). The
production of mussels increased steadily through the 1990’s at a rate of 15% per year.
At just over 2000 tonnes in 1990, production peaked in the year 2000 at 18, 000 tonnes
(PEIDAFA, 2003). Nevertheless, since 1998 an important invasive species, Styela
clava, has established itself in P.E.I. waters with the capacity to decrease mussel
productivity and foul equipment. S. clava is an ascidian and is commonly known as the
clubbed tunicate. S. clava was first reported in January 1998 by a mussel grower in the
southeast region of P.E.I. The origin of this invader is not known but the leading theory
is that it arrived on the hull of an incoming ship. By 2001,5'. clava had well-established
populations in eastern P.E.I. including the Brudenell River, Montague River, Murray
River, St. Mary’s Bay as well as Orwell Bay. In 2002, S. clava was also found in
Cardigan River and in Malpeque Bay, a large bay in the northwest region of P.E.I.
(Figure 5.1).
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s. clava causes significant expense to the mussel industry. Colonies of S. clava
clump together in high densities and foul ropes, socks, buoys and other equipment.
Also, this biofouling can impact the health and yield of aquaculture species (Braithwaite
and McEvoy, 2005). Although there has been some question regarding the impact of
biofouling on mussel health (LeBlanc et al., 2003), preliminary studies show that
although mussels continue to grow on socks with a heavy infestation of S. clava, their
condition index is reduced significantly (Neil MacNair, PEIDAFA, per. comm.).
Furthermore, heavy biofouling can make processing aquaculture products difficult or
economically unfeasible (Christiansen and Thomsen, 1981; Taylor et al., 1997;
Mortensen et al, 2000). S. clava has spread across much of the globe in the last fifty
years and has successfully established populations in northern climates (Lutzen, 1999).
No method of eradication is available; hence a practical method for removing S. clava
infestations on mussel aquaculture gear in P.E.I. is needed. Several laboratory and field
trials have been conducted in P.E.I. using a variety of treatment agents and techniques
with varying degrees of success. Some of the treatments include NaOH, acetic acid,
citric acid, formalin, detergents, UV light, steam, hot water, lime, electricity, and
puncturing. As yet no method has arisen as the obvious choice for treating tunicates,
however acetic acid does appear to be one of the more promising treatments (Neil
MacNair, PEIDAFA, per. comm.).
The general health of the mussel population studied will be determined using
condition indices. Condition indices are generally regarded as useful measurements of
the nutritive status of bivalves (Crosby and Gale, 1990) and the ability of an animal to
withstand stress (Mann, 1978). Condition indices in Mytilus sp. have been shown to
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vary according to body size, season, spawning cycle, level of parasite infection and local
environmental conditions, especially food availability and degree of air exposure (Seed
and Suchanek, 1992). While condition indices are useful in monitoring health (note:
spawning state must always be considered), measurements of allozyme variability are
used to monitor the genetic structure of mussels. Studies by Tremblay et al. (1998a,
1998b), in the Magdalen Islands indicate that the degree of heterozygosity measured on
multiple polymorphic allozyme loci can be an indicator of the ability of a stock to resist
to stressful events. The relationship between multiple locus heterozygosity and
physiological fitness indicators such as growth and fecundity have been well
documented in several taxa including molluscs (Koehn and Gaffney, 1984; Rodhouse et
al., 1986; Beaumont and Zouros, 1991; Hawkins and Bayne, 1991; Mitton, 1993; Bayne
and Hawkins, 1997; Tremblay et al., 1998a). In all of these studies, heterozygosity was
determined through the examination of allozymes using protein electrophoresis.
By examining mussel populations that undergo treatments for tunicates,
information can be gathered on how these stressful treatments affect mortality,
productivity and the genetic characteristics of the mussels. The allozyme analysis in
conjunction with the other fitness measurements, such as condition indices and gross
observations (size, sock weight) will provide a monitoring tool for assessment of the
health of mussels following treatment. Such tools are useful to help evaluate the
efficacy of treatments for tunicates by providing crucial information on how the socked
mussel populations respond to different treatment regimes.
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This study examined the effeet aeetic aeid and air exposure treatments had on the
productivity and genetics of M. edulis. This information is critical in determining
whether or not such treatment regimes can be applied practically.
5.2 Materials and methods
Forty 1.8 m mussel socks were obtained from a mussel plant in Stanley Bridge
P.E.I. The mussels originated from artificial collectors in Orwell Bay, P.E.I. (Figure
5.1) and were sorted for size greater than 1.3 cm and socked in running seawater
(3.5±1.0°C) at a density of 200-225 mussels per 30 cm of sock. All treatments were
performed in a mussel plant in Stanley Bridge except for the air exposure treatment,
which was conducted at the Atlantic Veterinary College in Charlottetown, P.E.I.
5.2.1 Treatments
Ten socks were taken from storage containers where they had been kept cool and
moist for twenty-four hours (by periodic spraying of seawater). The socks were laid out
on paper towel for forty hours. Socks were turned four times over the course of the
treatment to evenly distribute exposure to air. Mean temperature in the lab was 21±2°C
with an average relative humidity of 34±8%. Socks were transported to New London in
covered dry tubs, then placed in running seawater (3.5±1.0°C) overnight in the mussel
plant before deployment 24 hours later on a long-line.
Ten socks were taken from storage tubs where they had been kept cool and moist
for twenty-four hours. The socks were immersed one at a time in 5% acetic acid for 30
seconds. The socks were rinsed for 10 seconds with seawater then placed in tubs with
running seawater (3.5±1.0°C) overnight in the mussel plant before deployment 24 hours
later on a long-line.
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Ten socks were taken from storage tubs where they had been kept cool and moist
for twenty-four hours. The socks were immersed one at a time in 5% acetic acid for 2
minutes. The socks were rinsed for 10 seconds with seawater then placed in tubs with
running seawater (3.5±1.0°C) overnight in the mussel plant before deployment 24 hours
later on a long-line.
Ten socks were placed in tubs with running seawater (3.5±1.0°C) overnight in
the mussel plant before deployment 24 hours later on a long-line.
5.2.2 Deployment
All forty socks were deployed on a mussel line in New London Bay P.E.I., a
tunicate-free area (Figure 5.1). Socks were systematically staggered on lines in the
following order: 2 min acetic acid immersion, control, 30 second acetic acid immersion,
40 hour air exposure.
5.2.3 Field sampling
All forty socks were sampled seven months after deployment. The socks were
removed from the long-line and weighed with a spring balance. Sampling consisted of
removing the bottom 0.3 m of sock and discarding (due to extreme variability and low
yield on the bottom section of the mussel socks), then removing a sample consisting of
the adjacent 0.61 m of sock.
5.2.4 Laboratory sampling
5.2.4.1 Productivity
All 0.61 m sections of sock were weighed. Finally, a random sample (pooled
from all ten socks) of approximately five hundred individuals per treatment were
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sampled. These samples were measured for length, umbo to longest point on the
posterior edge.
S.2.4.2 Gel electrophoresis
For genetic analyses on allozymes, ten mussels were randomly collected on five
randomly selected socks of each treatment (including control) for a total of 50 mussels
for each treatment. Samples were stored at -80°C prior to analysis.
Mussels were thawed and a small piece of the digestive gland (all the tissue for
small mussels) was homogenized in 200 ul (100 ul for mussels < 20 mm) of
homogenization buffer [Tris-HCl, pH 8.0 with 30% sucrose, 5 mM DL-dithiothreitol,
1% polyvinylpolypyrrolidone, ImM phenylmethylsulphonyl fluoride, 0.1% Bnicotinamide adenine dinucleotide, 0.1% B-nicotinamide adenine dinucleotide
phosphate] (Hebert and Beaton, 1989). The homogenate was centrifuged at 15000 g at
4°C for 30 minutes. The supernatant was extracted, applied to a horizontal cellulose
acetate plate and allozymes were differentiated using electrophoresis (Hebert and
Beaton, 1989). The polymorphic enzymes studied were mannose phosphate isomerase
(MPI, EC 5.3.1.8), phosphoglucomutase (PGM, EC 2.7.5.1), octopine dehydrogenase
(ODH, EC 1.5.1.11), glucose phosphate isomerase (GPI, EC 5.3.1.9), and leucine
aminopeptidase (LAP, EC 3.4.11). Enzymes were stained following Hebert and Beaton
(1989). A standard of all known alleles was prepared by mixing homogenates of
individuals of different genotypes. The standard was used on each gel for comparison to
aid in exact allele identification.
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5 2.4.3 Condition index
Condition indices equate the amount of flesh relative to the quantity of shell
(Seed and Suchanek, 1992). Many methods exist to measure condition, in this instance
the dry meat/shell weight ratio was used to equate the condition indices (Lucas and
Beninger, 1985; Crosby and Gale, 1990). For condition index measures, five specimens
were sampled from six randomly selected socks of each treatment for a total of 30
mussels for each treatment. Criterion for selection was a length of approximately 40 cm
from umbo to longest point on the posterior edge. Condition Index analysis (dry meat
weight/dry shell weight) was performed on the mussels within two hours of sampling.
Drying time was 24 hours at 60°C. Although there is no standard index used in shellfish
and several are available, the method chosen is used widely and has been found to be
one of the best overall static methods of monitoring condition (Lucas and Beninger,
1985; Crosby and Gale, 1990).
5.2.5 Statistical analyses
The effect of the treatments on length and weight was assessed using one-way
ANOVA, and Kruskall-Wallis tests when the data was not normally distributed. Nonparametric analysis was included when the response variable was categorical. Allelic
frequencies and heterozygosity analyses, expected and observed under the assumption
of the Hardy-Weinberg equilibrium were determined using BIOSYS-1 software (release
1.7) from Swofford and Selander (1989). Allelic frequencies between treatments were
compared with multiple heterogeneity Chi-square Monte Carlo simulations (Roff and
Bentzen, 1989) of the REAP (restriction enzyme analysis package) program (McElroy et
al. 1991).

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

All statistical tests were interpreted using a 5% error level, and multiple pairwise
comparisons were carried out by the Bonferroni method, unless otherwise indicated.
5.3 Results
5.3.1 Yield from mussel socks
Based on the weight of the socks and the 0.61 m sections (considering no
difference was found in growth and condition index), there was a clear effeet of the
treatments on the biomass productivity of the soeks, suggesting the treatments had a
negative effect on the survival of the mussels (Table 5.1). For total sock weights, one
way ANOVA (F=93.54, df= 3, p < 0.001) found a signifieant treatment effect. Tukey
pairwise comparisons (family error = 0.05) indicated the control socks were heavier than
all of the treatments. Also, air-exposed mussels had higher sock weights than either
acetic acid treatments. The soek weights from the two acetic acid treatments were not
significantly different from each other (Table 5.1). Similar differences between
treatments and control were found for the 0.61 m sections of sock (F = 98.47, df=3, p <
0.001; Table 5.1). Pearson correlation between the total soek weights and the 0.61 m
section weights was 0.93 with a p-value <0.01. These results suggest that all three
treatments caused significant mortality with the aeetic acid immersion treatments being
more severe than the air exposure.
The effect of the line position of the socks in the field was analyzed using twoway ANOVA (explanatory variables: treatment, blocks of four consecutive socks).
Using total sock and 0.61 m sock section weights as response variables, the block
variables were not significant with p-values of 0.25 and 0.56 respectively, indicating
that the position of the socks on the long-line had no effect on productivity.

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

One-way ANOVA on the length data was performed on rank values using
Kruskal-Wallis, as the length for each of the treatments was left-skewed and did not fit
the assumptions of normal distribution, even after transformations. The analysis
revealed no significant difference in length among any of the treatments including the
control, with a p-value of 0.23 (h=4.27, df=3; Table 5.1).
One-way ANOVA of the condition index score revealed no significant
difference among any of the treatments (F=2.32, df=3, p - 0.08; Table 5.1).
5.3.2 Genetic analysis
The degree of heterozygosity measured on 5 polymorphic loci did not change
significantly from the initial score for any of the treatments or the control over the seven
month period in the field. Also, none of the treatments or the control were significantly
different from one another (Table 5.2). The p-value for the parametric one-way
ANOVA was 0.7 (F=0.59, df=4) and for the non-parametric the p-value was 0.8
(h=1.46, df=4).
Examination of heterozygosity at individual loci revealed that, at the 5% level,
the initial sample was only significantly deficient at the PGM loci (Table 5.3). This
remained true after seven months for all of the treatments except the two-minute acetic
acid immersion, which had a deficit that was not significant. An excess of
heterozygosity was found at the GPI locus in the control and the two acetic acid
treatments. Deficits occurred at the ODH locus in the air exposure and thirty-second
acetic acid dip as well as at the LAP locus in the control sample (Table 5.3).
Chi-square tests revealed possible changes of allelic frequencies at two loci, LAP
and PGM (Table 5.4). Compared to the control sample there are changes in allelic
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frequencies at the LAP locus in the thirty-second acetic acid dip. At the PGM locus, no
frequency changes were detected compared to the control (Table 5.4). At the LAP
locus, the allele frequency differences consisted of a sharp reduction in the C-allele
(fastest moving common allele) in the 30-second acetic acid treatment compared to the
control sample, concordant mostly with a higher B-allele frequency in the acid treatment
but also with an increase in the A-allele.
5.4 Discussion
The significant decrease in sock weights of 40% or more from the three
treatments (40-h air-exposure, thirty-second acetic acid immersion, two-minute acetic
acid immersion) suggests that the treatments caused (directly or indirectly) mussel
mortality. The similar size and physiological condition of mussels from the treated and
control socks suggest that individual mussel sizes and weights were not the cause of this
difference in biomass. Also, visual inspection revealed that there was not any other
organic or inorganic matter that could account for the differences in sock weight.
Allozyme analysis revealed that no selection was made based on the multi-locus
heterozygosity (MLH). There was no increase in the degree of heterozygosity in any of
the treatments when compared to the initial degree of heterozygosity of the population
or the mussels on the long-line in the control socks. The strength of MLH-fitness link
has been variable between different experiments. In many studies the link was not very
strong and explained less than 10% of the variance in growth and survival in marine
bivalves (Pecon Slattery et al., 1993; Bayne and Hawkins, 1997). In other experiments,
the link was more important and explained up to 75% of basal metabolism (Myrand et
al. 2002). It appears that acute stress may best accentuate this relationship particularly
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when the population is highly homozygous (Pogson and Fevolden, 1998; Myrand et al.,
2002). Deficits in heterozygosity are a common phenomenon in marine molluscs
(Raymond et al, 1997). In this case the socked mussels had already been graded for
size, i.e. there were no mussels less than 1.3 cm in the socks used in the experiments.
This grading culled out all the smaller seed, which may have been more homozygous.
This may partially explain why no differences in degree of heterozygosity were found
between initial samples and the other groups or why deficiencies were not found
initially at four loci. However, this grading did not remove a large heterozygosity
deficiency at the PGM locus, so at the very least its effect was not universal in selecting
out homozygotes.
Analysis of the heterozygosity according to Hardy-Weinberg expectations also
shows that genetic selection did not appear to have taken place, except possibly for the
ODH allele in the air exposure treatments. This result was unexpected and will be
discussed later. The overall heterozygosity scores were similar for all the treatments,
with little or no change in overall heterozygosity compared to the initial control. Also,
although there were sporadic deficits that appeared in the treated mussels there was no
indication that an increase in heterozygosity for a given locus gave an advantage in
surviving any of the treatments. A change in heterozygosity in the treated mussels may
not have occurred due to the initial heterozygosity level being relatively high with no
significant deficits, except at the PGM locus. Riginos and Cunningham (2005) found
that PGM is a locus that has a high probability of being under selection (likely for
salinity). Therefore, it is possible that the initial population was subjected to and
perhaps continued to be under conditions of selection at the PGM locus, which did not
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occur at other loci. It is also possible that changes in heterozygosity occurred but were
not detectable in the five loci analyzed or the number of loci used was too small to
provide sufficient resolution to detect a change. Finally, it is possible the treatments
used were not selective against homozygotes.
Frequency analysis at each locus found that acetic acid treatments may have
created a selective stress. Chi-square analysis found that the thirty-second acetic acid
treatment affected frequency at the LAP locus, but the two-minute acetic acid treatment
did not. Allelic frequency at the PGM locus (Table 5.4) were not different when
comparing treatment groups to controls. The significant P-value for the PGM locus
must therefore be assumed to result from random shifts among the groups or some other
unknown factor. However, given the relatively high chi-square values for both acetic
acid treatments and the conservative nature of the bonferroni method, the PGM locus
should continue to be analyzed in relation to acetic acid treatments on mussel lines. The
mechanisms causing any such LAP selection are unknown and these results should be
investigated further, especially if acetic acid continues to be used as a pest control agent
for S. clava on mussel farms. Certainly, allelic selection has been found in mussels
previously. Koehn et al., (1990) found allelic selection for the LAP enzyme along a
salinity dine. One question that does arise from the results at the LAP locus is why is
there selection for the shorter treatment and not for longer one? LAP is responsible for
releasing free amino acids into the cellular matrix, often as a method of osmotic
regulation. It is possible that an advantage of an allele over the shorter period is
eradicated by a longer more lethal exposure time. Different LAP alleles possess
different catalytic efficiencies (Koehn and Siebenaller, 1981). More efficient catabolism

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

is useful for osmotic regulation but the activity puts higher demand on energy reserves
(Hilbish et al, 1982). One or both of these two factors may explain why mussels
exposed to the shorter acetic acid treatment period experienced selection while mussels
exposed to the longer exposure did not. It is possible that the selected allele in the
shorter period was simply not effective over the longer period in maintaining osmotic
control and keeping acetic acid outside the cellular matrix, or in the longer time period
the energy required for enzyme activity was not available.
Two theories have been put forth to explain the relationship between
heterozygosity and physiological fitness, that of direct overdominance and that of
associate overdominance (Gosling, 1992). The important difference between the two
hypotheses, as Beaumont (1991) pointed out, focuses on the question of whether the
heterozygosity and growth correlation is caused by some intrinsic advantage of being
heterozygous (overdominance), mainly at the scored loci but possibly also at linked loci,
or by some disadvantage of being homozygous, mainly at linked loci (associative
overdominance). This debate continues with some experiments indicative of direct
selection (Borrell et al., 2004), others of indirect selection (Wang et al., 2002) and still
others suggesting that both direct and indirect selection can occur (Véliz et al, 2004).
These experiments were not designed to directly test the veracity of either of these
theories and the results do not seem to favour one theory over the other.
Overall, the majority of the results suggest that mortality or loss (more treated
mussels may have fallen off socks) caused by the treatments was not based on the
individual fitness traits of the mussels. It is hypothesized that the main factors
contributing to mortality were circumstantial, in particular, location in the sock, position
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of the valves or both when the treatment was performed. However, it cannot be
discounted that acetic acid could somehow affect attachment and therefore mussels may
have fallen off the sock and did not die. The effect on sock productivity in either case is
the same. A previous study found that heterozygosity increased when mussels were
exposed to the air, but this was for mussel populations that started out with a deficit
(Myrand et al., 2002). Of the three treated populations, mussels exposed to the air
suffered the least amount of mortality, evidenced by the sock yield measurements (Table
5.1). Recently, this method has largely been abandoned as a method of treating mussel
socks for tunicate infestation. In P.E.I., subsequent tests on Styela clava have found that
the organism is able to survive considerable periods of air exposure (Neil MacNair,
PEIDAFA, per. comm.), as have other studies on Styela clava (Holmes and Coughlan,
1975; Lutzen and Sorensen, 1993). The results from this experiment were not consistent
with published results on the ODH allele (Myrand et al., 2002). The ODH allele is the
only enzyme measured in this study that is implicated in anaerobic metabolism. In
Myrand et al. (2002), heterozygosity at the ODH locus increased after exposure to the
air. In this experiment, a large deficit appeared in the air exposed mussel population
(Table 5.3). No clear explanation for this discrepancy has been forthcoming but it may
result at least partially from the different methods employed. One major difference in
the methods was, in Myrand et al. (2002), individual mussels were exposed to the air,
while in the current study the mussels were exposed while in socks. Another
noteworthy difference is that in the other experiments the mussels came straight out of
the water while the mussels in this study had been kept moist for the previous twentyfour hours and had probably been gaping during that time period. This possibility of air
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gaping periodically over a long period of time will have an impact on the use of
anaerobic metabolism, perhaps allowing mussels to adjust their metabolism and
maintain better redox balance (Carroll and Wells, 1995) and possibly create selection
pressures on an ODH genotype particular to the conditions described above. Another
difference between this study and the others mentioned is the level of mortality. In
Myrand et al. (2002), 50% mortality was obtained and in this study we observed
approximately 25%-38% mortality. It is possible that the mortality was not sufficiently
intensive in the current study to cause selective mortality on homozygotes and the ODH
genotype.
For the acetic acid treatments, the hypothesis is that mortality results when the
soft tissue of the mussels is exposed directly to a certain quantity of acetic acid. This
hypothesis can be supported by the facts of this experiment, particularly the lack of
difference in mortality (by comparing sock weight) between treatments even though one
of the treatments was four times longer than the other. It is proposed that the vast
majority of mussels which were gaping or had incomplete valve seals (possibly caused
by declumping) at the time they were exposed to the acetic acid died. Many of the
mussels in this experiment were in anaerobic respiration because of the way they were
exposed to the air prior to the experiment. The slightly higher (not significant) mortality
in the longer immersion can be explained by mussels that were exposed to a small
quantity of acetic acid initially but could survive the shorter exposure time. Those that
were gaping slightly, were exposed to some acetic acid but could survive the thirty
seconds before expelling the small quantity of acid. Also mussels that cannot make a
perfect seal of the valves may be able to survive for the thirty seconds but the two
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minute exposure allowed too much acetic acid to enter the soft tissue mass. Shell shape
has been shown to vary in bivalves and this can affect the quality of the valve seal (Balia
and Walker, 1991). This hypothesis is also supported by other experiments on P.E.I.
mussels with a two-minute acetic acid immersion, which had mortality far less (in the
range of 10-20%) than found in this experiment for either immersion time. In these
experiments, the procedure involved disturbing the mussels by shaking so they close
their valves prior to exposure to the acetic acid solution (Neil MacNair, PEIDAFA, per.
comm.).
This experiment revealed that, in mussels, the effect of air exposure on degree of
heterozygosity is still not well understood. As for the treatment method that is still
actively being investigated as a tunicate pest control, there are two important findings
from this study. The first is that it appears that acetic acid treatment does not have long
term negative consequences in mussels that survive in terms of productivity and most
genetic characteristics. The second is that an exact procedure for the exposure to acetic
acid must be developed because it can have dramatic effect on the survival rate of
mussels. Particular attention must be made on the valve position of the mussels, as this
is likely a critical factor in mussel survival.
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Table 5.1 Mean soek and 0.61 m soek section weights, length and condition index
measured after seven months in the field, on mussels subjected to air exposure, 30
second acetic acid immersion (30s a.a.), 2 minute acetic acid immersion (2min a.a.) and
control.
Treatment
Air exposure

Sock wt, kg, (n*)
4.1 (1 0 )'

0.61 m section, g, (n*)
1 1 5 2 (1 0 ) '

Length, mm, (n)
30.6 (5 6 1 )'

0 .1 7 (3 0 )'

30s a.a.

2.2 (10)"

406 (10)"

32.2 (6 4 3 )'

0 .1 5 (2 9 )'

2min a.a.

1.7 (10)"

214(10)"

31.6 (5 1 0 )'

0 .1 6 (3 0 )'

Control

6 .6 (1 0 )'

1559(10)"

3 0 .3 (5 2 0 )'

0 .1 8 (2 9 )'

*represent replicates not individual mussels
^(d^ meat weight)/(dry shell weight)
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Condition index^ (n)

Table 5.2 Degree of heterozygosity for mussels initially and seven months later after
being subjected to air exposure, 30 second acetic acid immersion, 2 minute acetic acid
immersion and control.
Treatment
Initial

N
49

Degree of heterozygosity
2.08

Standard error
0.12

Air exposure

49

2.16

0.14

30 second a.a.

44

2.05

0.10

2 minute a. a.

47

2.26

0.14

Control

49

2.00

0.15

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 5.3 Allelic frequencies at five loci (GPI, MPI, ODH, LAP, PGM) for mussels
initially and seven months later after being subjected to air exposure, 30 second acetic
acid immersion, 2 minute acetic acid immersion and control.
Locus

Initial

Control

Air Exp.

49
0.092
0.133
0.245
0.357
0.051

49
0.061
0.204
0.214
0.347
0.01

30 sec.
a.a.

2 min.
a.a.

44
0.102
0.136
0.205
0.352
0.034

47
0.064
0.138
0.213
0.319
0.074

0.17

0.191
0.894

GPI
N
A
B
C
D
E
F

0.122

0.163

49
0.133
0.194
0.255
0.286
0.02
0.112

Ho

0.714

0.837

0.918

0.955

He
D

0.769

0.762

-0.08

0.088

0.785
0.158

0.218

0.787
0.123

0.204
0.796
0
0.367

0.143
0.847
0.01
0.245
0.262
-0.075

0.235
0.765
0
0.388
0.359
0.068

0.148
0.83
0.023
0.227
0.29
-0.224

0.319
0.67
0.011
0.426
0.449
-0.062

0.061

0.023
0.898

0.775

M PI
A
B
C
Ho
He
D

0.325
0.119

ODH
A
B
C
Ho

0.02

He
D

0.135
0.049

0.051
0.816
0.133
0.265
0.313
-0.162

A
B
C
D

0.235
0.408
0.337
0.02

0.163
0.367
0.449
0.02

Ho

0.653

0.469

He
D

0.665
-0.027

0.636
-0.27

A
B
C
Ho

0.122
0.633
0.245
0.204

0.051
0.684
0.265
0.184

He
D
All
loci

0.525
-0.615

0.46
-0.604

Ho

0.416

0.400

He

0.489

0.492

0.929
0.051
0.143

0.255
-0.604

0.187
-0.4

0.011
0.915
0.074
0.17
0.157
0.071

0.255
0.388
0.347

0.273
0.659
0.068
0

0.191
0.468
0.319
0.021

0.545

0.511
0.642

0.857
0.082
0.102

0.08
0.114

LAP

0.01
0.571
0.664
-0.148

0.487
0.108

0.02
0.704
0.276
0.184
0.428
-0.575

0.011
0.795
0.193
0.205
0.33
-0.387

0
0.766
0.234

0.433
0.503

0.409
0.418

0.451
0.484

-0.213

PGM

0.255
0.359
-0.295

*Bold indicates significant heterozygosity deficiency at the 5% level.
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Table 5.4 Multiple heterogeneity
tests calculated with Monte-Carlo simulations to
compare the allelic frequencies of treated mussels with control and initial samples.
Locus

Treatment

X'

P

M PI

Initial
control
30 sec. a.a.
2 min. a. a.
air exposure

16.2

0.24

PGM

Initial
control
30 sec. a.a.
2 min. a.a.
air exposure

28.24

0.004

GPI

Initial
control
30 see. a.a.
2 min. a.a.
air exposure

17.42

1.00

ODH

Initial
control
30 sec. a.a.
2 min. a.a.
air exposure

11.06

0.76

LAP

Initial
control
30 sec. a.a.
2 min. a.a.
air exposure

44.06

0.004

LAP

Control
Initial

2.99

1.00

LAP

Control
30 sec. a.a.

40.75

0.004

LAP

Control
2 min. a. a.

3.64

1.00

LAP

Control
air exposure

3.61

1.00

PGM

Control
Initial

3.15

1.00

PGM

Control
30 sec. a.a.

5.03

0.16

PGM

Control
2 min. a a.

5.88

0.20

1.33

1.00

Control
air exposure
* B o ld in d ic a te s s ig n if ic a n c e a t th e 5 % le v e l
PGM
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Figure 5.1 Map of Prince Edward Island, Canada.
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6.0
Conclusion
Mussel {Mytilus edulis) aquaculture in Prince Edward Island is a relatively new
industry but has quickly become the largest member of the aquaculture sector. The
research included in this thesis investigates two areas of particular importance to mussel
producers: improving juvenile mussel (seed) quality and the effect of anti-pest treatment
on mussel quality in relation to a recent invading tunicate species, Styela clava. The
purpose of our research was to examine the use of selective mortality to improve seed
quality and determine the effect pest control had on mussel populations. Among
analytical methods employed in this study, the use of heterozygosity was evaluated as a
predictive tool for mussel performance.
The first experiment conducted was designed to develop selection methods and
monitor any genetic effects or physical effects of two experimental treatments, elevated
water temperature and air exposure. Previous research indicated that more heterozygous
individuals are better able to survive under stressful conditions (Myrand et al., 2002). A
sample of mussels comprising two size cohorts was used in the study. Mussels were
exposed to an elevated water temperature stress that resulted in approximately 50%
mortality. The results showed that based on the allozymes studied, selection treatments
could remove homozygotes from the mussel population. This study showed the
potential of the allozymes studied to record genetic changes and the potential for
heterozygosity to be used as a fitness indicator. The selection experiments also revealed
some of the challenges faced in the development of new husbandry techniques. An air
exposure experiment was performed which resulted in 100% mortality, revealing the
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difficulty in devising and assessing treatment effects. Different levels of mortality
resulted from the elevated water temperature treatment between the two cohorts. An
effect of mussel size (i.e. smaller mussels had a survival advantage) and allelic selective
effects on LAP and PGM loci of the elevated water temperature treatment in the smaller
cohort revealed the ehallenge of developing and understanding the total effect that
manipulation techniques can have on mussel populations. However, the hypothesis that
homozygotes could be eliminated by selection treatments was not rejected and therefore
a larger scale field experiment on juvenile mussels using the five allozymes as genetic
markers was made.
The larger scale experiment successfully selected mussels using air exposure or
elevated water temperature treatment, leaving enough survivors for analysis of the
effects of selection on productivity using grovHh and survival in a field experiment
(Chapter 3). The two seleetion techniques had clear and opposite effects on the mussels,
with smaller ones surviving the elevated water temperature treatment and larger ones
surviving the air exposure. After ten months in the field, treated mussels had lower
mortality than control mussels and air-exposed mussels on average were larger than
control mussels.
Both selection techniques increased overall heterozygosity and selection may
have occurred at three loci (MPI, ODH, PGM) (Chapter 4). Allelic frequencies shifted
as a result of the stress treatments and conditions in different field sites. Heterozygosity
increased more from the stress treatments in the air exposed mussels even though their
mortality was much less than in the elevated water temperature treatment. After three
months in the field, physiological tests showed lower metabolic rates for selected
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mussels under normal conditions and starvation. Through selective mortality, only the
heterozygosity of the control mussels increased in the field, providing evidence that the
selective treatments had removed some mussels that would have died in the field
otherwise. A heterozygosity-fitness correlation (HFC) was indicated in the mortality
data from the initial treatments. In the field, an HFC was found only in the control
sample where initial heterozygosity was low. No HFC was indicated from the growth
data. Overall the results show that the treatments do affect the genetic make-up of the
population and selection treatments can affect productivity. However, measuring
allozymes does not provide information on how the genetic structure is affected beyond
the specific change in allozymes. This results from a lack of theoretical knowledge on
why heterozygosity and allelic frequencies shift.
Further investigation is warranted into seed manipulation techniques in order to
determine what, if any, selective methods can be employed to benefit aquaculture. Two
specific areas that warrant study include investigating the less drastic step of
conditioning rather than selection based on mortality and the longterm effect of
insulating seed stocks from the forces of natural selection. First, conditioning (i.e.
exposing mussels to sub-lethal stress) would have much less drastic genetic effects but
may provide benefits such as resistance to future stressful conditions. Experiments on
Mytilus found that changes in natural conditions and artificial acclimatization to
different water temperatures affected the expression of heat-shock proteins (HSP).
Mussels acclimated to lower water temperatures expressed HSPs at lower temperatures
and vice versa (Buckley et al., 2001). These experiments showed that physiological
adaptation to environmental conditions could affect physiological responses in the
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future, supporting the possibility that mussels can be conditioned to resist stressful
environments. Second, as it stands now, the industry uses all the mussel seed it collects.
The act of domestication invariably affects natural selection and it is important to
investigate the longterm potential of mussel aquaculture weakening mussel populations.
From seed collection methods to grow-out procedures, it is important to gauge the effect
aquaculture has on population genetics. At least one study has already suggested that
longline mussel aquaculture may dilute genetic diversity in cultured mussel populations
Tremblay et al., 1998). It is altogether possible that both conditioning and selection
techniques could have an important role in longterm productivity and mussel stock
maintenance.
Mussel farms in P.E.I. are always susceptible to a multitude of challenges
resulting from the unpredictable nature of operating open aquaculture systems. One
potential problem is the impact of competition and fouling from an invading species,
which became a reality in P.E.I. with the introduction of the filter-feeding clubbed
tunicate, Styela clava. One method currently employed for dealing with S. clava, is
acetic acid. Regardless of what treatment is used for the tunicate or any other pest, it
will always be important to monitor the effect on the mussels. The use of
heterozygosity or other genetic markers can supplement conventional health assessment
measures and possibly detect otherwise unseen changes in the population. In the case of
acetic acid, our preliminary results show that beyond the mortality from exposure to the
acid, productivity was not affected nor was the genetic structure of the population based
on the allozymes analyzed.
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Overall, the results of these experiments demonstrate the complexity of the
relationships between genotypes and phenotypes such as heterozygosity and
physiological fitness. In some cases homozygosity may be reflective of the genome or
important linked genes while in other situations selection may occur at the alleles
studied with various factors involved in maintaining or eliminating polymorphisms.
Enzyme function and genomic structure need to be elucidated before genetic markers
will be able to have strong predictive capacity in terms of population health.
These experiments showed that husbandry practices can affect production and
population genetics, either by design (grading mussels or selective treaments), or
consequence (transplanting mussel lines leaving mussels exposed to the air).
Regardless, as more information is obtained on mussel ecology, management practices
can be designed and modified to maintain stocks that grow and survive optimally under
aquaculture conditions. These experiments show positive results in the areas of farm
management and health evaluation. The experiments to improve seed quality produced
mussel stocks that were larger and had less mortality than an untreated control stock.
These results indicate that farm management practices can be developed to improve
upon production levels and decrease biomass input from aquaculture activity. The study
on acetic acid as a pest control treatment provided preliminary data on the effect of its
use on farmed P.E.I. mussel populations. In the area of health evaluation, combining
traditional health assessment techniques with physiological and molecular analyses is a
step forward in the development of test procedures beneficial to understanding and
maintaining healthly mussel populations.
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Current analytical procedures for stock assessment have not solved the problem
of unpredictable mortality in cultured Mylitidae. Health assessment tools such as
condition indices and scope for growth are readily available and effective tools for
monitoring general health however, they do not provide the information necessary to
make long-term forecasts of population health. The nature of the aquaculture industry,
as with life in general, will always contain some degree of uncertainty. The acquisition
of information on factors affecting crop success is an important element of research for
the mussel industry. In the case of mussels, their position as a sentinel marine organism
provides an opportunity to combine species and commercial management with estuarine
ecosystem health assessment. The dual role of mussels as a food source and
environmental indicator means that some procedures for various levels of health
assessment already exist. More detailed knowledge on mussel biology will lead to
benefits for science and ecosystem management as well as for industry by providing
information on how to develop and maintain a productive, predictable, safe food
product. Mussels, especially edible species, have social and economic relevance to the
global market in general and particularly to the area where they are produced. Prince
Edward Island is a clear example where mussel production has both economic and
social effects on the community. Some of the issues the island community has to deal
with include food safety, the effect of aquaculture on the ecosystem health and water use
(leasing) in vital estuarine habitats.
As of today, the phenotypic and genotypic characteristics of the genomes of
mussels are not well-understood. Many years of research has led to the elucidation of
variation in many biochemically active molecules in mussels, but the understanding of
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the complex functions of these molecules in mussel physiology is often unknown. This
lack of understanding makes explanations for shifts in biochemical content, such as the
regular occurrence of homozygous mussel populations, difficult to explain (Raymond et
al. 1997). Even for the many molecules where the specific function is known, the
difference caused by variation in the alleles has often not been quantified. The clear
delineation of enzyme functions under relevant conditions would allow them to be used
much more effectively as health assessment diagnostics and as stock predictors.
Looking at the LAP dine example of the eastern US in terms of a relay operation of
mussel seed expounds this point. In mussel aquaculture the movement of large
quantities of seed from one location to another is common. Since certain LAP alleles
can be associated with success at high or low salinity (Riginos and Cunningham, 2005),
knowledge is gained as to what locations are suitable for import of specific seed sources.
A library of enzymes of known function could be a critical tool for aquaculturists,
administration, and research scientists alike.
Molecular tools need to be developed, in conjunction with other research. A
broad range of information derived from various analytical procedures could provide
assistance in predicting possible genetic-environmental interaction that can lead to a
stock failure. More genomic knowledge will certainly lead to useful applications for
both anthropogenic activities and general ecosystem health. The development of
molecular techniques such as polymerase chain reaction, restriction fragment length
polymorphism (RFLP), blots, microsatellites, and micro-arrays provides procedures for
finding crucial information. Applying molecular methods in conjunction with other
areas of science relevant to Mytilids is necessary in order to have a full comprehension
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of how mytilids function in their environment. Research that has taken this approach
include those where simultaneous examination of RFLP, microsatellites and allozyme
data in the same experiment (Borrell et al., 2004).
The building blocks are in place to construct a useful array of diagnostics that
can provide enough information about mussel stocks such that they have significant and
consistent predietive capacity. The future ealls for the refinement of eertain predictive
tools, such as standardization of condition indices and scope for growth to allow for
meaningful meta-analysis across many studies. In terms of biochemistry, an in depth
functional analysis of specific molecules could result in effective tools for health
monitoring at various levels. The isolation of proteins of interest, determination of their
sequenees, identifieation and the tracking of genes of interest must be performed in
conjunction with the identification and characterization of RLFPs, microsatellites and
electrophoretic analysis on proteins. Indeed as research and technology advances the
field of proteomies (the study of proteins expressed by a genome or tissue) its role in
mussel research will expand as well (Lopez, 2005). Refining, developing and
integrating molecular biology with other existing and emerging knowledge of Mytilids
will vastly increase the potential for produeing a diagnostic array capable of predicting
population health.
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