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Protein microcapsules (PM) were developed as a tool for investigating
aspects of dietary protein utilization by mussels, Mytilus edulis trossulus.
Digestion of PM in vitro by protease, trypsin, amylase and extracts from the gut of
mussels varied significantly depending on the type of protein encapsulated or
whether carbohydrates were added to the capsule matrix. In contrast, digestion
and assimilation efficiencies of PM by mussels in vivo, as determined with
radiotracer techniques, did not differ among PM that varied in biochemical
composition. Therefore, in vivo digestion of PM by the mussel's digestive system
is poorly predicted by in vitro enzyme assays.

The effect of dietary protein content on the growth rate of juvenile M.
edulis trossulus was investigated. Dissolved concentrations of inorganic nitrogen
added to cultures of microalgae (Isochrysis galbana clone I-Iso) were manipulated
to produce algae that either contained 28 % or 43 % protein (of total dry weight).
Mussels fed high-protein (HP) algae grew nearly twice as fast as mussels fed an
isocaloric ration of low-protein (LP) algae. When PM were added to the LP algal

diet, however, mussels grew at rates equal to those of mussels fed HP algae alone;
whereas, growth rates of mussels given an extra ration of LP algae were not
similarly improved. Therefore, growth of juvenile M. edulis trossulus can be
limited by dietary protein content regardless of dietary energy content.

Seasonal variation in the utilization of dietary protein by adult mussels was
examined by measuring assimilation rates of 14(:-labeled PM and digestive
proteolytic activities of mussels collected from Yaquina Bay. Protein assimilation
rates and gut proteolytic activities were greatest during late winter and spring, just
prior to the mussel's peak reproductive condition in May. In addition, assimilated
protein was metabolically conserved from catabolism during May. As a result of
high springtime protein assimilation rates and metabolic conservation of
assimilated protein, protein accumulated in mussel tissues during March to May.
The seasonal pattern in the utilization of dietary protein by adult Mytilus edulis
trossulus may have been governed by seasonal changes in mussel physiology (eg.
protein requirements) associated with reproduction.
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Utilization of Dietary Protein by the Mussel,
Mytilus edulis trossulus (Linnaeus 1758)
INTRODUCfION
Suspension-feeding bivalves can be very important consumers in natural
ecosystems. In partially enclosed tidal embayments, for example, bivalve
populations have been estimated to daily filter a volume of water in excess of the
total tidal volume (Cloern 1982; Jordan and Valiela 1982). In addition, the biomass
of bivalves in aquatic food webs can frequently exceed that of all other consumer
organisms (Jordan and Valiela 1982). Consequently, suspension-feeding bivalves
can be keystone species that, by regulating the abundance of particulate material in
the water column and the degree of benthic-pelagic coupling, can have significant
impacts on ecological and biogeochemical interactions in aquatic systems (Kuenzler
1961a, 1961b; Dame et a1. 1980, 1984, 1985, 1989; Cloern 1982; Jordan and Valiela
1982; Bertness 1984; Kautsky and Evans 1987; Baird and Ulanowicz 1989; Asmus
and Asmus 1991).
For example, Jordan and Valiela (1982) suggested that the high primary
productivity associated with eastern U.S.A. salt marshes may be at least partially
supported by extensive populations of the mussel, Geukensia demissa, because its
filtration and biodeposition of nitrogen and phosphorous serve to retain nutrients
that would otherwise be exported from the marsh. Similarly, high rates of primary
productivity of phytoplankton may be facilitated by the rapid turnover of nutrients
by suspension-feeding bivalve populations (Asmus and Asmus 1991). Suspensionfeeding animals have been characterized as "living filters," which are essential for
maintaining high water quality (Officer et a!. 1982). For example, the decline of
oyster populations in the Chesapeake Bay has been linked to the decline in the
bay's water quality (Newell 1988). Apart from their ecological roles, bivalve
molluscs are also very important commercially as a source of protein for humans
worldwide (Stickney 1990).
Despite their ecological and commercial importance, very little is known
about the nutritional requirements of suspension-feeding bivalves, which limits our
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understanding of their natural trophic interactions and mechanisms for maintaining
population stability, and also inhibits formulation of optimal diets for use in
commercial shellfish operations. Most nutritional research with bivalves has
focused on the physiological energetics and quantitative energy /protein
requirements (for reviews, see Bayne and Newell 1983; Langdon and Newell 1992;
Newell and Langdon 1992). For example, we have a good understanding about
optimal particle concentrations and sizes necessary for efficient suspension-feeding
(Bayne and Newell 1983). Metabolic and growth requirements for energy have
been identified and compared to costs of energy uptake to derive complete energy
budgets (Newell 1979; Bayne and Newell 1983; Langdon and Newell 1992). The
importance of diet quality has also been examined preliminarily by comparing the
assimilation efficiencies and growth of bivalves fed on either nutritious algal diets
or natural diets (Newell and Langdon 1986; Bayne et al. 1987; Kreeger et al. 1988;
Crosby et al. 1989, 1990; Langdon and Newell 1990). In contrast, there has been
relatively little research into the qualitative nutritional requirements of bivalves for
specific dietary nutrients, such as protein.
There appear to be two reasons why diet quality (eg. balance of nutrients)
has received less attention than diet quantity (eg. ration) in bivalve nutritional
research. First, the natural diet of suspension-feeding bivalves traditionally has
been viewed as being comprised solely of phytoplankton (for review, see Jorgensen
1966), and because phytoplankton are known to support good growth in bivalves,
it has generally been assumed that bivalves are quantitatively food limited simply

by the abundance of phytoplankton. However, during the last ten years, many
researchers have reported that the natural diet of bivalves is not limited to
phytoplankton, and furthermore the food quality of phytoplankton and natural
diets is highly variable.
Non-algal components of natural seston are now known to be utilized by
bivalves, including microzooplankton (Mikulich and Tsikhon-Lukanina 1981;
Shumway et al. 1987; Kemp et al. 1990; Baldwin and Newell 1991), detritus derived
from macroalgae (Stuart 1982; Stuart et al. 1982), detritus derived from vascular
plants (Lucas and Newell 1984; Peterson et al. 1985, 1986; Newell and Langdon
1986; Kreeger et al. 1988, 1990), and bacteria {Birkbeck and McHenery 1982; Wright
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et al. 1982; Seiderer and Newell 1985; Lucas et al. 1987; Crosby et al. 1990; Kemp et
al. 1990; Baldwin and Newell 1991; Chalermwat et al. 1991), as well as dissolved
organic material (Manahan and Crisp 1982, 1983; Manahan et al. 1982; Wright 1982;
Rice and Stephens 1987, 1988a, 1988b; Wright 1988; Manahan 1989). These
alternative food sources are utilized by suspension-feeding bivalves with various
efficiencies, which are typically lower than the efficiencies with which
phytoplankton are utilized (Crosby et al. 1989; Kemp et al. 1990; Langdon and
Newell 1990).
The food value of cultured phytoplankton can vary interspecifically, as well
as intraspecifically (Sakshaug and Holm-Hansen 1977; Utting 1985, 1986; Enright et
al. 1986a, b; Whyte 1987). Furthermore, the composition of natural seston is known
to vary spatially and temporally (Burt 1955; Van Valkenburg et al. 1978; Chanut
and Poulet 1982; Berg and Newell 1986; Soniat et al. 1984; Mayzaud et al. 1989;
Asmus and Asmus 1991). Since both the composition and digestibility of natural
and laboratory-cultured foods of suspenSion-feeding bivalves are highly variable, it
is reasonable to conclude that qualitative dietary factors may be just as important
as the quantitative availability of food for the balanced nutrition of suspensionfeeding bivalves.
The second reason why qualitative factors of the bivalve diet have not
received much study is because of technical difficulties in manipulating the
biochemical composition of experimental diets for bivalves (for reviews, see
Langdon 1982; Langdon et al. 1985). Unlike macrophagous animals which can be
fed artificial, pelletized diets, suspension-feeders must be fed on micro particles
which are more difficult to prepare. Consequently, efforts to identify the specific
nutritional requirements of suspension-feeders have lagged behind those of fish
and crustaceans, for which the optimal diet composition, essential fatty acids, and
essential amino acids have already been elucidated (for reviews, see Kanazawa
1982; Wilson 1989).
Recent efforts to examine the effect of biochemical composition of foods for
bivalves have focused primarily on comparing the value of different microalgae
which either 1) differ interspecifically in composition (Epifanio 1979, 1982;
Langdon and Waldock 1981; Peirson 1983; Enright et al. 1986a; Whyte et al. 1989),
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or 2) differ intraspecifically in composition as a result of manipulation of culture
conditions (Sakshaug and Holm-Hansen 1977; Gallager and Mann 1981; Webb and
Chu 1982; Utting 1985; Enright et a1. 1986b). These approaches have been helpful
in identifying dietary nutrients that may be essential for bivalves; however, the
conclusions of diet-comparison studies are limited because they are often based on
correlative evidence.
Development and application of artificial diets is essential to further our
understanding of the specific nutritional requirements of bivalves because their
composition can be defined and controlled. For example, Langdon and Waldock
(1981) fed juvenile oysters (Crassostrea ~ on the alga Dunaliella tertiolecta,
which is deficient in 003 polyunsaturated fatty acids (PUFA), to which was added
fatty acid supplements encapsulated in gelatin/acacia particles. Langdon and
Waldock (1981) reported that oysters grew significantly faster when fed D.
tertiolecta supplemented with the 22:6003 fatty acid, and suggested that the 22:6(03
fatty acid was essential for juvenile oysters.
There is substantial evidence suggesting that dietary protein content is
important in the nutrition of bivalve molluscs. Dietary protein is a source of both
nitrogen and essential amino acids for animals. Growth of juvenile Tapes japonica
(Langton et a1. 1977), Crassostrea virginica (Webb and Chu 1982), and Ostrea edulis
(Enright et a1. 1986b) has been correlated with dietary protein content.
Furthermore, settlement of larval C. ~ has been improved by increasing the
protein content of algal diets (Utting 1986). The importance of dietary protein
content for bivalve growth is eqUivocal, however, as demonstrated by other reports
that diets with a higher weight percentage of carbohydrate than protein supported
greatest bivalve growth (Flaak and Epifanio 1978; Gallager and Mann 1981).
Nitrogen is known to frequently limit aquatic primary productivity (for
reviews, see Dugdale 1967; Riley 1972; Mann 1982), as well as secondary
productivity for deposit-feeders (Roman 1983; Rice et a1. 1986; Tenore and Chesney
1986). Clearly, a large portion of the nitrogen pool in marine systems can flow
through populations of suspension-feeding bivalves (Jordan and Valiela 1982;
Dame et a1. 1985; Kautsky and Evans 1987; Dame and Dankers 1988; Asmus and
Asmus 1991).
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Hawkins and Bayne (1985) demonstrated that the net nitrogen balance in
Mytilus edulis was negative during certain times of the year. In subsequent
research (for review, see Hawkins and Bayne 1991), they reported that mussels can
augment exogenous protein uptake with the efficient recycling of internal body
proteins when net nitrogen balance is negative. They suggested that because
mussels do not have a similar mechanism for recycling energy (eg. carbohydrate)
internally, that protein is likely to be less limiting nutritionally for mussels
compared to dietary energy.
It is not clear whether the natural availability of protein can be nutritionally

limiting for bivalves. The bioavailability of protein in natural waters may be less
than previously believed for suspension-feeders that live in detritus-laden habitats.
Newell (1965) first reported that the bivalve Macoma balthica is capable of utilizing
the microbial coating on detrital particles as a source of dietary protein, and this
potential protein resource has been cited repeatedly in the literature (for reviews,
see Fenchel 1972; Sieburth 1976; Tenore 1977); however, much of the nitrogen
associated with detritus is complexed in humic geopolymers, which are not easily
digested (Rice 1982; Crosby et al. 1990; Hicks et al. 1991). For example, Crosby et
al. (1990) recently reported that Crassostrea virginica is capable of assimilating
bacterial nitrogen with an efficiency of 57 %, but that detrital nitrogen was
assimilated with an efficiency of only 3 %.
In studying the relative significance of energy and protein limitation of
mussels, Hawkins and Bayne (1991) fed mussels defined algal diets of high
digestibility and protein content, but as previously mentioned, the natural diet of
bivalves is typically less digestible and lower in protein content compared to
laboratory-cultured phytoplankton. In addition, the metabolic protein requirements
of bivalves are generally estimated by laboratory measurement of nitrogen
excretion rates (eg. Bayne and Widdows 1978); however, bivalves may also excrete
urea (Hammen et al. 1966) and amino acids (Hammen et al. 1966; Bayne 1973a;
Gabbott and Bayne 1973; Bayne and Scullard 1977; Cockcroft 1990). Therefore use
of ammonotelic excretion rates may underestimate metabolic nitrogen
requirements, and alone they provide little information about optimal dietary
protein levels for rapid growth.
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The general objective of this study was to use microencapsulation
technology to obtain a better understanding of the importance of dietary protein
for a marine, suspension-feeding mussel, Mytilus edulis trossulus. One of the
primary reasons for developing artificial diets has been to alleviate the high costs
of commercial hatchery production of larvae and juveniles by replacing expensively
cultured live algal foods with inexpensive artificial feeds (for reviews, see Langdon
1982; Webb and Chu 1982; Langdon et al. 1985). Apart from their potential
commercial importance, artificial diets also have significant potential for use in
basic research on the nutrition of suspension-feeding animals. Development of a
satisfactory artificial diet for culturing bivalve molluscs will also ultimately be
based on knowledge of the nutritional requirements of these organisms.
Most research has therefore concentrated on solving technical problems
associated with artificial diets. Microcapsules have high surface area to volume
ratios and can be especially susceptible to leakage or bacterial breakdown in
seawater (Langdon 1989; Langdon and DeBevoise 1990). Recent reports (Langdon
1989; Langdon and DeBevoise 1990) indicate that rates of leakage and bacterial
breakdown of cross-linked walled protein microcapsules can be decreased by using
a trifunctional cross-linking agent or by adding nylon to the protein solution. The
first objective of this study was to determine the effect of microcapsule biochemical
composition on the ability of Mytilus edulis trossulus to ingest, digest, and
assimilate microencapsulated protein (Chapter D.
The hypothesis that suspension-feeding bivalves can be limited nutritionally
by dietary protein was evaluated in Chapter II. As previously mentioned, growth
of bivalve molluscs has been correlated with dietary protein content, but has never
unequivocally been shown to be determined by dietary protein content. The
approach taken in this study was to manipulate the biochemical composition of
microalgae so as to produce low-protein (LP) and high-protein (HP) algal diets.
Growth of juvenile Mytilus edulis trossulus was significantly lower when mussels
were fed LP algae than when fed HP algae. In a second experiment, LP algae was
supplemented with various concentrations of PM in a series of diets fed to juvenile
M. edulis trossulus, to conclusively test whether the difference in mussel growth
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when fed on either LP or HP algae was due either to differences in algal protein
content or perhaps differences in non-protein constituents of the algae.
Seasonal variation in the mussel's utilization of dietary protein is described
in Chapter III and related to either seasonal changes in food quantity and quality,
or to changes in the animal's nutritional/physiological state. The physiological
condition of adult bivalves varies temporally in relation to energy and nutrient
storage cycles associated with reproduction (for review, see Gabbott 1983). It is
reasonable to hypothesize that the protein requirements of adult bivalves may also
differ seasonally depending on their physiological condition. The ability of adult
mussels to utilize radio labeled PM was measured and compared among different
seasons of the year and associated natural and algal diets. The seasonal pattern in
the mussel's utilization of dietary protein was then compared to the seasonal
pattern in protein abundance in the seston and in the mussel's reproductive
condition to determine whether mussels may have been adapting their protein
ingestion rate or assimilation efficiency as a compensatory response to seasonally
changing protein abundance or nutritional/ physiological condition.
The taxonomy of mussels used in this study is currently under debate.
Recent evidence suggests that populations of Mytilus edulis sp. complex vary
widely in both genotype and phenotype (Gosling and Wilkins 1981; Gosling 1984;
McDonald and Koehn 1988; Varvio et al. 1988; Beaumont et al. 1989; Brooks 1991;
Koehn 1991; McDonald et al. 1991). It has become increasingly clear that mussel
populations also vary widely in their digestive physiology (Bayne 1987; Hawkins et
al. 1989a; Koehn and Bayne 1989). These findings have wide-ranging ramifications
for comparisons of results from different studies and strongly suggest that the
genetic homogeneity of experimental populations should always be determined in
physiological and nutritional research with M. edulis.
A sample of 54 mussels from the experimental population used in this
study was electrophoresed against known Mytilus edulis trossulus standards for
six enzyme systems, Beta-gus, Gpi, Odh, Ap, Pgm, and Aap (Dr. K.M. Brooks,
Pacific Rim Mariculture, Port Townsend, WA) to determine its genetic
homogeneity. Mussels used herein were determined to be M. edulis trossulus,
with no evidence of hybridization with M. edulis galloprovincialis within two
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parental generations (Dr. K.M. Brooks, personal comm.). The correct nomenclature
for genetic varieties of M. edulis sp. is being disputed, and it is not the intent of
the author to enter this taxonomic debate. Blue mussels were first described by
Linnaeus, 1758, and M. trossulus was later described (Gould 1850) as a separate
species. However, a subspecies designation is tentatively used herein because even
though mussels vary in genotype, morphology, and physiology among populations
that can be geographically sympatric, all members of this group (M. edulis edulis,
M. edulis galloprovincialis, M. edulis trossulus) can interbreed (Skibinski et al.
1978, 1983; McDonald and Koehn 1988).
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CHAPTER I

Digestion and assimilation of protein by
Mytilus edulis trossulus (Linnaeus 1758) fed
microencapsulated diets differing in biochemical composition
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Abstract

The effect of capsule biochemical composition on the ability of mussels
(Mytilus edulis trossulus) to utilize cross-linked walled protein microcapsules was
investigated in a series of in vitro enzyme incubations and in vivo feeding
experiments. The biochemical composition of capsules was manipulated by
varying the type of protein encapsulated (alga or crab protein) or by adding
carbohydrates to the capsule matrix (amylose, maltodextrin or dextran). In vitro
leakage rates from all types of capsules were low (eg. < 6% [24 hrI) compared to
previously reported leakage rates from protein capsules; however, in vitro
enzymatic digestibilities differed dramatically among capsules differing in
composition. Capsules prepared from crab protein (CP) were enzymatically
digested in vitro at significantly (p<0.05) greater rates (eg. 15-70 % [24 h]-I) than
capsules prepared from alga protein (AP) (eg. 3-50 % [24 h]-I). The in vivo
digestion efficiency of encapsulated

I~-labeled

protein was significantly (p<0.05)

greater in mussels fed CP capsules (36.5 %) than mussels fed AP capsules (25.4 %)
in December, 1990; however, in a repeat experiment during April, 1991, mussels
digested CP and AP capsules with similar efficiency (31.3 % and 28.5 %,
respectively). When data from these experiments were analyzed together, no
significant (p>0.05) difference was detected in the mussel's ability to assimilate
encapsulated

p~]protein

from CP and AP capsules.

Enzymatic breakdown of mixed protein/carbohydrate capsules (50/50 %
w /w) was similar to that of pure protein capsules when the encapsulated
carbohydrate was amylose, a straight-chain (a-l,4-linkage) polysaccharide;
however, capsules produced with branched-chain carbohydrates (a-l,6-linkage)
such as maltodextrin or dextran were not as readily digestible in vitro. In contrast
to results from in vitro enzyme assays, maltodextrin/protein capsules were utilized
in vivo by mussels with similar efficiencies to either pure protein or
protein/amylose capsules. These findings demonstrate that the ability of mussels
to utilize microencapsulated nutrients in vivo cannot be accurately predicted from
results of in vitro enzyme assays. Cross-linked walled microcapsules can be
manipulated in biochemical composition (eg. up to 50 % of the dry capsule weight
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can be comprised of carbohydrate) without significantly affecting their ability to be
ingested, digested or assimilated by M. edulis trossulus.
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Introduction
Suspension-feeding invertebrates can be dominant organisms in the trophic
ecology of marine and estuarine habitats due to their grazing of a substantial
portion of primary productivity and regulation of biogeochemical nutrient cycles
(Jordan and Valiela 1982; Officer et al. 1982; Dame et al. 1980, 1984, 1985, 1989;
Kautsky and Evans 1987; Baird and Ulanowicz 1989; Asmus and Asmus 1991).
Despite their ecological importance, the nutritional requirements of marine
suspension-feeders are poorly understood, primarily because of the difficulty in
defining and manipulating the biochemical composition of experimental diets.
Unlike macroconsumers such as fish and crustaceans which can utilize
pelletized, manipulable diets, suspension-feeders require micron-sized particles,
and artificial replacements for microalgae have not been fully developed.
Consequently, nutritional studies with suspension-feeding bivalves have been
limited to comparisons of the food value of different types of microalgae (Langton
et al. 1977; Epifanio 1979, 1982; Gallager and Mann 1981; Webb and Chu 1982;
Peirson 1983; Enright et al. 1986a, b; Utting 1986; Whyte et al. 1989). There are
constraints to how far the biochemical composition of living algal cells can be
manipulated, however, and it is impossible to manipulate specific nutrients
independent of others. Identification of the true nutritional requirements of
suspension-feeding bivalves will not be possible until artificial diets are formulated
in which specific nutrients can be added or deleted from an otherwise unaltered
particle.
Microencapsulation technology offers the most hopeful approach for
producing artificial diets for suspenSion-feeders in which the biochemical
composition can be manipulated in a defined manner, and several such diets have
been developed for bivalve molluscs (see reviews by Langdon 1982; Jones et al.
1984; Langdon et al. 1985). In particular, protein-based microcapsules have shown
significant promise in laboratory feeding trials with suspension feeders (Jones et al.
1974, 1976; Gabbott et al. 1976; Chu et al. 1982; Langdon et al. 1985; Laing 1987;
Langdon 1989; Langdon and DeBevoise 1990). Protein microcapsules are produced
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by interfacial polymerization, and were first described by Chang et al. (1966). An
aqueous protein solution is emulsified in an organic solvent forming microscopic
protein droplets which are cross-linked at their surface by acid dichloride.
Protein microcapsules can be produced in particle sizes that are efficiently
removed from suspension and digested by bivalves (Langdon 1989; Langdon and
DeBevoise 1990). The primary difficulty associated with these capsules, however,
is their high leakage rate in seawater, which results from their high surface area to
volume ratio. Leakage problems are exacerbated when bacteria are abundant in
the medium (Langdon and DeBevoise 1990). It has been a common practice to add
nylon in the form of diamine to strengthen the wall of protein capsules (Chang et
al. 1966; Jones et al. 1974), and Langdon and DeBevoise (1990) reported that the
leakage rates of nylon-protein capsules (14 % d- 1) were significantly lower than
protein capsules without nylon (38 % d-1). Langdon and DeBevoise (1990) used
radiotracer techniques to demonstrate, however, that protein capsules with nylon
were assimilated with lower efficiency (29 %) by the oyster Crassostrea gigas
compared to protein capsules without nylon (39 %).
Langdon (1989) reported an advance in his efforts to reduce leakage rates of
protein capsules without compromising their digestibility by bivalve suspensionfeeders. Protein microcapsules were produced using a mixture of cross-linking
agents, a bifunctional agent (sebacoyl chloride [SBC]) and trifunctional agent (1,3,5benzene tricarbony trichloride [BTC]), instead of the bifunctional agent alone.
Capsule leakage rates, in vitro enzymatic digestibilities, and in vivo assimilation
efficiencies by oysters were compared. Leakage rates of protein capsules were
reduced from greater than 15 % d-1 to lower than 5 % d- 1 by replacing 20 % of SBC
with BTC. Enzymatic breakdown in vitro was not different among capsule types
and oysters assimilated the 80%SBC:20%BTC capsules in vivo with an efficiency of
over 40 % (Langdon 1989).
In the present study, protein microcapsules were produced without nylon
and using only the trifunctional cross-linking agent, BTC. These capsules were
found to have low leakage rates «1 % d-1) in both sterile and non-sterile seawater,
regardless of whether nylon was included (Appendix A). A preliminary objective
of this study was therefore, to evaluate whether these low-leakage capsules are
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able to be broken down in vitro by digestive enzymes and assimilated in vivo by a
suspension-feeding bivalve.
For microencapsulation technology to be a valuable tool in identifying the
nutritional requirements of suspension-feeders, it is important that the capsule
composition be manipulable without severely affecting the ability of the consumer
organism to ingest and digest the capsule. Therefore, the primary objective of this
study was to determine whether ingestion, digestion or assimilation of
microcapsules by a suspension-feeding bivalve, the mussel Mytilus edulis trossulus
(Linnaeus 1758), is affected by variation in the biochemical composition of
microencapsulated particles.
The biochemical composition of protein microcapsules was adjusted in two
ways. First, protein derived from two different sources, algae (Isochrysis galbana,
clone T-ISO) and crabs (Cancer irroratus), was encapsulated. Second, three types
of carbohydrates of varying digestibilities were mixed with protein and
encapsulated. Leakage rates and enzymatic digestibilities of these different capsule
types were assessed using l4C-tracer and analytical assays for the loss of contents
from capsules incubated in vitro. Digestion and assimilation efficiencies of mussels
fed on these capsules were measured in vivo.
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Methods and Materials
It is generally believed that phytoplankton comprise most of the diet of

suspension-feeding bivalves (see review by Jorgensen 1966); therefore, protein
derived from microalgae should be highly nutritious for mussels. Algal protein
was labeled with 1~ and incorporated as a small constituent « 3 % wi w) in the
matrix of microcapsules. The leakiness and digestibility of different types of
capsules that varied in the composition of non-labeled constituents was directly
compared by monitoring 1~ losses from capsules and 1~ assimilation by mussels,
respectively.

Preparation of p4C]Protein
The alga Isochrysis galbana (clone T-ISO) was labeled with

1~

by culturing

it in the presence of aqueous l~-sodium bicarbonate during exponential growth.
An initial inoculum of 1.5 x 109 cells was added to a 2 1 flask containing 1.5 1sterile
seawater and f/2 nutrient media (Guillard and Rhyther 1962). Prior to inoculation
and nutrient addition, all dissolved NaHC03 in the culture media was driven out
of solution by acidification (to pH<3.5) with 4.5 mIl M HCI, followed by
neutralization (to pH=8.3) with 6.25 ml 1 M NaOH. An amount of NaHC03
estimated to support two doublings of the initial algal cell biomass (37.5 mg C per
1.5 1) was then added to the medium in combination with 2 mCi of NaHP~]03'
The culture flask was sealed and algae were allowed to grow for three days during
which time the total cell number increased from 1.5 x 109 to 4.2

X

109, and 37 % of

the 14C-activity was incorporated into algal biomass.
Algal cells were concentrated by centrifugation in a sealed 40 ml test tube
and the pellet was washed with 10 ml 0.5 M ammonium formate to remove salts.
Lipid was extracted from the pellet with 20 mll:2 vIv chloroform:methanol
(repeated 3 X). The pellet was then washed with 10 ml 100 % ethanol to remove
the chloroform, and dried overnight at 20"C.
Proteins were extracted from the pellet in a two-stage procedure which
sequentially removed labile proteins, followed by more recalcitrant proteins. In the

16

first stage, the pellet was treated with 5 ml 2 % Na2C03 in 0.1 M NaOH at 60°C for
30 min (repeated 2 X). The two supernatants were combined and treated with
20 % v / v (final concentration) 1 M HCl followed by 5 % v / v (final concentration)
100 % trichloroacetic acid (TCA), after which proteins were allowed to precipitate
overnight at 4°C. In the second stage, the remaining pellet from the initial protein
extraction was treated with 5 ml 1 M NaOH at 600C for 30 min (repeated 3 X). The
supernatants were combined and treated with 20 % v /v (final concentration) 5 N
HCI followed by 5 % v /v (final concentration) 100 % TCA, after which proteins
were allowed to precipitate overnight as described for the first stage. Precipitated
proteins from both extractions were collected by centrifugation and combined, and
were then washed sequentially with 5 ml5 % TCA at 900C for 15 min (repeated 2
X), 5 ml 100 % ethanol to remove TCA (repeated 2 X), and finally were
resuspended in 5 ml dH20 for lyophilization.
The specific activity of [l"C]protein was 2.78 pCi mg- 1, as measured with
liquid scintillation counting (l.5C) procedures (Beckman l.S6000 TA). Because only
19 mg of [l"C]protein were produced, contamination of non-protein materials was
assessed using non-labeled protein, which had been prepared using the same
procedure as for the l"C-Iabeled protein. Carbohydrate contamination was
measured using the Dubois et al. (1956) procedure standardized with glucose
(Sigma 635-100). Lipid contamination was assessed gravimetrically after extraction
with 1:2 chloroform:methanol and standardized with tripalmitin (Sigma T-5888).
Preparation of Protein and Mixed Protein/Carbohydrate Microcapsules

The effect of biochemical composition on microcapsule leakage and
digestibility was assessed using the following five types of capsules; 1) algal
protein, 2) crab protein, 3) crab protein/amylose, 4) crab protein/maltodextrin and
5) crab protein/dextran. Capsule types 1 and 2 were used to ascertain whether
protein type affected capsule leakage and digestibility. The three types of
carbohydrates were encapsulated with protein in types 3-5 to assess whether
carbohydrate additions affected capsule leakage and digestibility.
Algal protein (non-labeled) was extracted using purification procedures
given above (for [l"C]protein) from Isochrysis galbana (clone I-ISO) paste collected
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with a plankton centrifuge (Kahl Scientific Instrument Corporation, Model
026WAI06) during exponential growth. Crab protein was extracted from Cancer
irroratus by Maine Lobster Farms (Prince Edward Island, Canada; see Castell et a1.
1989) and purified as described above (for [14C]protein).
Three types of carbohydrates, all commercially-purchased, were selected
based on anticipated differences in their digestibilities. Starch digestibility is
inversely related to the degree of branching (amylopectin:amylose ratio) in the
polymer (Wurzburg 1986). For example, amylose (Sigma Type IV, from potato) is
a straight-chain carbohydrate having only a-l,4-linkages, and is therefore easily
digested (Wurzburg 1986). In addition, a-amylase is known to be an abundant
extracellular enzyme in the gut of bivalves (for reviews, see Morton 1983; Langdon
and Newell 1992). Amylose was acid-hydrolyzed prior to encapsulation so that it
would be miscible with protein, which is important to insure that formed capsules
contained a mixture of protein and carbohydrate rather than only protein or
carbohydrate. For acid hydrolysis, amylose was suspended at 10 % w Iv in 10 %
v Iv Hel, heated (SOOC, 1 h), dialyzed to 1 KO (> 3 h), and collected by freezedrying.
Maltodextrin (Grain Processing Corporation, Type M040) consists of a
mixture of a-l,4- (-amylose) and a-l,6-linkages (-amylopectin), and was selected
from a preliminary screening of 11 different rnaltodextrins (Appendix B) as an
example of a branched-chain carbohydrate that is moderately digestible. Dextran
(Sigma 0-9260, molecular weight

= 9.4 KO) was selected as a relatively indigestible

carbohydrate because it is highly branched with a predominance of a-l,6-linkages
(Wurzburg 1986).
The five types of capsules were produced using the same methodology.
Capsules of the same type needed to be produced several different times during
this study to meet experimental demands; however, for each experiment, all
capsule types were produced concurrently. To produce each capsule type, a 20 %
solution of each substrate in 1 M NaOH was prepared initially, with the addition
of a small amount «5 % w/w) of

P4C]protein.

For capsule types 1 and 2, 5 mg of

P4C]protein was dissolved in 2.5 ml 1 M NaOH. After the labeled protein
dissolved, 620 mg of non-labeled protein (algal or crab) was added, resulting in a
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final protein content of 20 % w / v. Dissolution of protein was facilitated by
ultrasound (Braun-Sonic Model 2000; 2 min). After dissolution, 2 ml of the protein
solution was transferred to a 75 ml glass test tube for encapsulation.
Capsule types 3-5 were produced from mixed protein/carbohydrate
solutions. For each type, 625 mg of carbohydrate was dissolved in 2.5 ml 1 M
NaOH, forming a 20 % w / v solution. From this solution, 1 ml was transferred to a
75 ml glass test tube. Additionally, 1 ml of a mixture of 19.6 % w /v crab protein
and 0.4 % w /v

P4C]protein solution was transferred to each test tube containing 1

ml of the 20 % w /v carbohydrate solution (types 3-5) and mixed together with
sonication (Braun-Sonic Model 2000; 30 s). Therefore, each of the five capsule
types was produced using 2 ml of a 20 % w / v substrate solution in 1 M NaOH.
The amount of

p4C]protein and non-labeled protein used to produce mixed

protein/carbohydrate capsules (types 3-5) was one half of the amount used to
produce pure protein capsules (types 1,2).
The five aqueous solutions were encapsulated using methods described by
Langdon (1989). However, nylon was not added to capsules in this study because
preliminary tests (see Appendix A) suggested that nylon did not affect capsule
leakage or digestibility. Twenty milliliters of 2 % soy lecithin (Sigma, Type II-S) in
cyclohexane was added to each 2 ml aqueous solution to form an emulsion that
was then mixed vigorously for 60 s with a tissue homogenizer (Tekmar Company,
Ultra-Turrax Model SDT-1810). After mixing, the emulsion was poured into a 100
ml beaker and mixed with a magnetic stir-bar at 300 rpm. Immediately after
adding the emulsion to the beaker, 10 ml of 2 % soy lecithin in chloroform was
added, followed by 200 1I1 of the cross-linking agent, 1,3,5-benzene tricarbonyl
trichloride (Aldrich 14,753-2). The emulsion was stirred for 15 min at room
temperature, after which time the contents were divided between two 75 ml glass
test tubes and each portion diluted to 75 ml with cyclohexane. After allowing the
capsules to settle overnight, the supernatant was removed and the capsules then
washed twice with cyclohexane. The capsules were then transferred with 5 ml of
cyclohexane to a 20 ml vial, sonicated in an ultrasonic bath (Braun-Sonic Model 52)
for 10 min to disrupt clumps, rapidly frozen by submersion in methanol at -80°C,
and then freeze-dried in a container immersed in ice to ensure the capsules
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remained frozen. From each initial 2 ml of aqueous solution, approximately 350400 mg of microcapsules were recovered.
Langdon (1989) reported that freeze-dried microcapsules can be stored for
several months under refrigeration without compromising their integrity or
nutritional value. In this study, capsules were stored at -200C for up to a year (see
Chapter III) with no apparent consequences. For experimental use, capsules were
removed from storage and 100 mg portions were resuspended in 10 ml of 1 % w/v
polyvinyl alcohol (PVA; Sigma molecular weight, 10 KD) in a 15 ml glass screw-top
test tube. Because microcapsules were freeze-dried in an organic medium
(cyclohexane), they initially were hydrophobic and clumped together upon
resuspension in aqueous medium; therefore, capsule suspensions required
dispersion with ultrasound (Braun-Sonic Model 2000; 30 s). After disperSion,
capsules were separated from the PYA solution by centrifugation at 500 x g for 10
min and washed twice with 10 m1 0.5 M NaCI containing 100 ppm thimerosal
(Sigma T-S12S) to prohibit bacterial activity.
Effect of Capsule Composition on In Vitro Leakage and Enzymatic Breakdown

The effect of capsule composition on leakage and enzymatic breakdown was
assessed in a series of experiments by measuring dissolution of capsule contents
after incubation for 24 h with digestive enzymes. Two sets of experiments were
conducted. In the first set, dissolution rates were compared between algal and crab
capsules (types 1 and 2) to assess the effect of protein type on capsule integrity. In
the second set, dissolution rates were compared among capsule types 2-4 to
determine whether carbohydrate additions affects capsule integrity.
Enzymes used in this study included commercially purchased protease,
trypsin, and amylase, as well as extracts from the crystalline style and diverticula
of bivalves. All enzyme preparations were prepared in sterile seawater (0.2 }lffi
filtered, 100 ppm thimerosal) buffered to Ph 7.0 with Tris-Hcl (0.05 M Trizma Base;
Sigma T-1S03), except for diverticula extracts which were buffered to Ph 5.5 with
Tris-Hcl. A protease (Sigma, Type I, from bovine pancreas) solution was prepared
at 0.75 mg (=10 000 U) ml-t, trypsin (Sigma; Type III, from bovine pancreas) at
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0.86 mg (=10 000 U) mtl, and amylase (Sigma; Type II-A, from Bacillus sp.) at
0.24 mg (=500 U) mtl.
Gut extracts from mussels, Mytilus edulis trossulus, were collected
immediately before each trial. Ten adults were dissected on ice and their
crystalline styles were removed and combined in a pre-weighed vial. After
collection, the total wet weight of the styles was determined, and sterile seawater
at pH 7 was added to produce a 5 % w Iv style solution. The average wet weight
of each style was approximately 15 mg. Approximately 20 mg samples of
diverticula were excised from each animal and treated similarly to the style
preparation, except that the pH of the seawater was adjusted to 5.5, and diverticula
were chilled at all times with ice. Gut extracts were homogenized for 10 s (UltraTurrax Model SDT-1810), centrifuged at BOO x g for 10 min at 5°C (Beckman Model
TJ-6), and supernatants were collected for experimentation. Enzyme preparations
were divided, and one half was denatured by boiling for 15 min for use as controls
for leakage, as well as for assessing interference by enzymes in analytical
measurements.
In each experiment, microcapsules were resuspended (as described
previously) in sterile (0.2 llm filtered, 100 ppm thimerosal), pH buffered (pH 7.0,
Tris-HCl) seawater and dispensed in 1 rnl aliquots (=10 mg capsules) into 1.5 ml
mierocentrifuge tubes. A 100

J1l aliquot of an enzyme preparation was then added

to each tube. After sealing their tops, the tubes were placed on a rotator table
(Boekel Industries Inc., Orbitron Model 260200) and incubated for 24 h at 200C.
After incubation, all tubes were centrifuged at 1500 x g for 2 min (Beckman
Microfuge Model E) and the supernatants were analyzed for capsule breakdown
products.
Leakage rates were determined by measuring the percentage of total
capsule contents (measured in non-centrifuged standards) that was lost (measured
in the supernatant of centrifuged samples) into the seawater medium after 24 h of
agitation. In preliminary trials, leakage rates of capsule types 2 and 4 were
measured in both sterile and non-sterile seawater (see Appendix A) with no
significant difference (t-tests, a=0.05); however, the balance of the incubations were
conducted under sterile conditions.
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Capsule breakdown was assessed by measuring either dissolved
PX:]protein, total carbohydrate (CHO), or glucose in post-incubation supernatants.
Loss of encapsulated P4C]protein was determined by measuring the 14C-activity of
supernatants using liquid scintillation counting (lSC) procedures. A 500 pl aliquot
of each supernatant was added to 6 ml LSC cocktail (Beckman Ready Safe, PIN
158735) and analyzed using a Beckman LS6000 TA counter. Total CHO and
glucose concentrations were measured in treatments with mixed
protein I carbohydrate capsules (types 3-5) only, because preliminary experiments
verified that pure protein capsules do not release detectible levels of either of these
substances. Total CHO was measured using the Dubois et al. (1956) procedure,
standardized with oyster glycogen (Sigma Type II, G-8751). Conversion of
complex carbohydrates to glucose monomers was quantified with a diagnostic kit
(Sigma; Procedure #115).
Losses of protein, total CHO, or glucose in incubation supernatants were
expressed as a percentage of the total available encapsulated substrate measured in
standards dissolved with 1 M NaOH. Percentages were arcsine square root
transformed for statistical analyses. The effect of protein type on capsule integrity
was assessed by comparing capsule dissolution percentages with t-tests (a=0.05) for
each treatment. The effect of carbohydrate addition and type on capsules integrity
was assessed by comparing capsule breakdown rates with ANOV As (a=0.05; Sokal
and Rohlf 1969). If significant differences were detected, then a Tukey's HSD
multiple range procedure (a=0.05) was used to differentiate values.
Effect of Capsule Composition on In Vivo Utilization by Mussels

Digestion and assimilation of microencapsulated protein by Mytilus edulis
trossulus was quantified using l4C-tracer techniques in three feeding experiments
conducted under controlled laboratory conditions. The effect of protein type (algal
versus crab) on the mussel's ability to utilize encapsulated protein was assessed in
Experiments 1 and 2, conducted during December 1990 and April 1991,
respectively. The effect of carbohydrate addition (protein versus protein/amylose
versus protein/maltodextrin) on the mussel's ability to utilize encapsulated protein
was evaluated in Experiment 3, conducted during June, 1991.
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In each experiment, 30 adult mussels (shell height between 39 and 45 mm)
were collected from a mid-intertidal population in Yaquina Bay, Oregon. Mussels
were acclimated in the laboratory for 7 d in continuously flowing seawater at
ambient temperature. Throughout acclimation and experimentation, mussels were
subjected to simulated tidal cycles of submergence and aerial exposure (6h:6h) to
possibly avoid disrupting their natural digestive rhythms (Langton 1975, 1977;
Morton 1977, 1983; Hawkins et al. 1983). During periods of submergence, mussels
were fed a continuous supply of microalgae, Isochrysis galbana (clone T-ISO), at a
final concentration of 5 x HY' cells ml-1. During aerial exposure, mussels were
suspended on a mesh screen directly above a continual flow of ambient seawater,
which served to keep the mussels cool.
Mussels to be used in experiments were randomly selected from the
acclimation system at the end of a period of aerial exposure. The duration of each
experiment was 18 h, in which mussels were submerged for 6 h, exposed to air for
6 h, and submerged again for 6 h. The l4C-labeled diet was delivered to mussels
during the first submergence period, and a non-labeled diet was delivered during
the second submergence period to allow mussels to purge their guts of undigested
l~-capsules

(Figure 1.1). Utilization of the 14C-labeled capsules was assessed by

quantifying the 14C-activity in each component of the carbon budget of individual
mussels. This approach was modeled after earlier

l~-tracer

studies with the

ribbed mussel, Geukensia demissa (Kreeger et al. 1988, 1990). Preliminary
experiments showed that mussels fed on fluorescein isothiosulfate-stained protein
microcapsules during a 6 h submergence period defecated all intact (undigested)
capsules within 3 h of the following submergence period, indicating that mussels
purged their guts of undigested dietary material before the end of the experiment.
The feeding system is depicted in Figure 1.2. Individual mussels were
placed on plastic petri dishes glued to the side of 1 1 glass beakers. Quantification
of the entire 14C-budget of individual mussels is very labor and equipment
intensive; therefore, replication was limited to 5-8 mussels per dietary treatment,
with a maximum of 16 mussels (=beakers) per experiment. The entire series of
beakers was partially immersed in a recirculating water-bath, cooled with a chiller
(Forma Scientific Model 2067) to maintain experimental water temperatures at
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Figure 1.1. Protocol for submergence and aerial exposure of mussels in
Experiments 1, 2 and 3.

constant, ambient levels 02-15°C). Beakers were stirred with 1.5 cm stir-bars at a
uniform speed (Superior Electronic, Powerstat L116C Variable Autotransformer;
150 rpm).
During submergence of mussels, each beaker received a continuous flow of
seawater delivered at a rate of 0.58 1 h- I (50=0.05, n=41). Each experimental diet
was prepared every 20 min in by mixing capsules and algae together in 3 1 of
0.2-pm filtered seawater in a 41 flask, and then pumped to each beaker via a
peristaltic pump. During the first submergence period, I<l(:-labeled microcapsules
of high specific activity (> 50000 dpm mg- I) were delivered to mussels as a small
weight percentage component « 15 % w /w) of an algal diet. The same diet was
fed to mussels during the second submergence period except that non-labeled
capsules replaced 14(:-labeled capsules. Capsules were washed prior to the
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Figure 1.2. Diagram of the feeding apparatus used in Experiments 1, 2 and 3.

experiment as described above (capsule preparation methodology) and dispensed
in 5 ml aliquots (each containing 1.25 mg capsules) among replicate vials, one of
which was added to each 3 1 volume of seawater. Dietary 14(:-specific activity and
the total weight percentage of capsules in the diet were equal among dietary
treatments.
Microalgae were fed in combination with a small proportion of capsules to
reduce possible disruption of the digestive physiology of the mussels due to a
change in diet quality. To prevent recycling of 14(: products by algal cells in the
feeding system, microalgae were freeze-killed in advance of all experiments.
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Microalgae (Isochrysis galbana, clone T-ISO) were collected as a paste using a
plankton centrifuge and divided among eight pre-weighed vials, which were then
weighed to obtain the wet paste weight in each vial. Seven vials were then frozen
at -80"C. The non-frozen, eighth vial of algal paste was resuspended in 0.2 pm
filtered seawater, and diluted for determination of cell concentration using a
Coulter Counter (Model ZBl). One of the frozen vials was thawed after 30 d and
cell concentration determined to assess whether the freezing process destroyed
algal cell integrity. Approximately 82 % of the algal cells survived the freezing
treatment without cell rupture.
Just before each submergence period of an experiment, one vial of frozen
algal paste was thawed, resuspended in 6 ml 0.2 pm filtered seawater, and
vortexed (Scientific Industries, Inc., Vortex-Genie Model 12-812) for 15 s. The cell
concentration of the algal stock suspension was determined and the suspension
kept refrigerated during the experiment. For each 1.5 I volume of seawater used in
the experiment, 7.5 x 107 cells were added to give a final cell concentration of
50 000 cells ml· l .
The I-I(:-specific activity of each experimental diet was measured at least
four times during the first submergence period of each experiment. Two ml
samples of seawater were collected from the int10w of randomly selected beakers
and added to 4 mllSC cocktail (Beckman Ready Gel, PIN 158728) to form a gel,
which was then analyzed for 14C-activity by lSC. During both submergence
periods, four 500 ml seawater samples were also collected from inflowing seawater
of each diet type for analysis of the concentration of suspended particulate organiC
material using a standard weight-on-ignition procedure, which involved filtering
material onto a pre-baked (450°C, 2 d) Whatman GF/C glass fiber filter, rinsing the
filtered material with 10 ml 0.5 M ammonium formate, drying the sample (60°C for
2 d) and re-weighing, and then ashing the sample (450"C for 2 d) and re-weighing.
Filtration rates of mussels fed on 14C-Iabeled capsules were measured in
Experiment 1 to determine whether mussels cleared the two types of protein
capsules similarly. At hours 1,3, and 5, 2 ml water samples were collected from
the int10w (I), middle (M) and outt1ow (0) of each beaker, and their 14C-specific
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activities (dpm ml- I) were measured as described above. Rates of inflowing water
(ml min-I) were measured concurrently. Instantaneous filtration rates (FR) of the

14(:-labeled particles were then calculated (Hildreth and Crisp 1976) as follows:
FR (ml min-I) = [ (I - 0) I M] x flow rate (ml min-I).

(1)

Instantaneous rates of 14(:-filtration (ml min-I) for hours 1, 3, and 5 were
averaged for each mussel, multiplied by the total time during which the labeled
diet was administered (6 h), and multiplied by the average inflowing dietary 14C_
activity (dpm mtl), for calculation of the total amount of 14C cleared per animal
(dpm). Average 14C-filtration rates were not found to be significantly different,
compared to an independent estimate of HC-ingestion (method described below).
Therefore, mussels in Experiment 1 did not appear to reject dietary capsules in
pseudofeces, which confirms visual observations of an absence of pseudofecal
production in these experiments. No production of pseudofeces was evident in
Experiments 2 and 3; therefore, direct measurements of filtration rates (as described
above) were discontinued.
During both submergence periods, feces were collected hourly and
transferred to 20 ml vials containing 5 ml sterile (0.2 pm filtered, 100 ppm
Thimerosal) seawater. Less than 1 ml of culture water was transferred with feces
to each sample vial, and preliminary findings indicated that 14C contamination
associated with this transfer of water could be ignored because its 14(:-activity was
negligible in relation to the high 14C-activity of feces. Fecal samples from
individual mussels and sampling times were kept separate and stored at 4°C for no
longer than 3 d until analysis.
Upon analysis, each fecal sample was diluted to a total volume of 10 ml
with sterile seawater and sonicated for 15 s to disperse fecal clumps. Immediately
after mixing each sample for 10 s (Scientific Industries, Inc., Vortex-Genie Model .
12-812), 2 ml of the fecal suspension was removed and added to 4 ml LSC cocktail

for measurement of 14(:-activity. Total fecal l 4C-activities were calculated by
extrapolation of subsample (2 ml) 14C-activities to the entire sample (10 mI). The
14(:-activity of hourly fecal samples was summed for the experiment to calculate
each mussel's total l 4C-defecation.
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Hawkins and Bayne (1984, 1985) recently reported that up to 30 % of fecal
organic material is post-metabolic and excreted in the alimentary canal, which
challenges the assumption that fecal material is a loss of unabsorbed dietary
material. Although absorption efficiencies were not measured in this study,
digestion (and assimilation) efficiencies were calculated, and feces were
fractionated to determine the proportion of defecated 14(: that was rendered
soluble. Solubilized 14C associated with the feces was assumed to have been
digested by mussels.

Solubilized fecal 14C was measured by vacuum filtering (5 psi) the

remaining 8 ml of each fecal sample through a 0.2lffi1 membrane filter (Nuc1epore,
polycarbonate) and determining the 14(:-activity of the filtrate with LSC techniques
(described above). The proportion of total fecal 14(: that was solubilized was then
conservatively corrected for possible leakage of 14C from undigested capsules in the
feces. During the l4C-feeding period of each experiment, eight 50 ml samples of
each type of diet were collected and fixed with 100 ppm thimerosal. Four of these
samples were immediately filtered through 0.2 pm membrane filters (as with the
fecal samples) and capsule losses due to filtration procedures were determined by
expressing the filtrate 14C-activities as a percentage of total initial 14C-activities. The
other four diet samples were stored, filtered, and analyzed for filtrate 14(:
concurrently and under the same conditions as with the fecal samples.
The total proportional loss of initial capsule 14C as a result of both storage
(leakage) or filtration (breakage) was then multiplied by the total fecal 14(:-activity
of each sample to estimate the maximal solubilized 14(: that could have originated
from undigested capsules in the feces. The maximum soluble 14(:-activity that
could have resulted from capsule leakage was then subtracted from the total
solubilized 14(: measured in each fecal filtrate to calculate the proportion of fecal 14C
that had been liberated by passage through the mussel's digestive system.
Effluents from each beaker were collected separately in 4 1Nalgene carboys.
Every hour during submergence, effluents were "fixed" to arrest bacterial activity
by adding 667 pi 10 % w/v Thimerosal (final concentration

= 100 ppm).

Secondly,

400 pI 25 % NaOH was added to effluents hourly to increase the pH (>10), which
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increased retention of dissolved CO2 in solution (as measured in preliminary tests
using NaHP4(:103).
After each submergence period, the total volume of each effluent was
measured, and a 500 ml sample was collected and stored at room temperature until
analysis (fixed previously with Thimerosal). Within 3 d, 100 ml of each effluent
sample was vacuum-filtered (5 psi) through a 0.2 vm membrane filter and the
filtrate 14(:-activity was measured using LSC procedures (described above) to
determine the total amount of dissolved 14(: in each effluent. Dissolved 14C in each
effluent (E) potentially included 14(: respired by mussels (E RM ), 14(: respired by
bacteria (E RB), 14C leaked from capsules (E L), and 14C solubilized by mussel digestive
activity (E5):
E

=

ERM + ERB + EL + Es

(2).

The 14(:-activity of each of these components was calculated as follows. The
remaining 400 ml of each effluent sample was used to determine the total amount
of 14C02 (respired 14C, ER

= ERM + ERS> produced

from each beaker using a

previously described CO2-trapping technique (Kreeger et al. 1988, 1990)
standardized with NaHP4(:102. Microbial l4C-respiration (E RB ) was determined by
measuring the increase in 14(:02 concentration in experimental beakers just after
mussels were removed at the end of the first submergence period. Effluents were
subsampled when the mussels were removed (6 h) and again after 30 min (6.5 h)
and differences in 14C02 levels (as measured using the trapping technique above)
were used to calculate the rate of microbial 14(: respiration per 30 min, which was
then extrapolated over the entire 6 h 14C-feeding period and subtracted from total
effluent 14(:02 levels to conservatively estimate 14C-respiration by mussels with
equation 3:
ERM

=

ER - ERB

(3).

Bacterial respiration was not significantly (p>0.05) different from zero in all
experiments in this research.
Capsule leakage (E L) was conservatively estimated by multiplying the rate
of capsule leakage (measured as described above for measurement of solubilized
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in feces) by the time interval between the experiment and analysis and by the

total non-respired dissolved l4C in the effluent as follows:
EL

=

[E - ER] X [(Leakage rate, % dol) x (days until analysis) ]
The proportion of effluent l~ that had been solubilized by mussel digestive

(4).

processes was indirectly calculated as the proportion of total dissolved l4C in each
effluent that was not directly associated with either capsule leakage or respiration:
Es

=

E - [ ERM + ERB + EL ]

(5).

This fraction (E 5) is hereafter termed the "solubilized effluent" l4C, which was
assumed to have been digested but not assimilated by mussels. It is possible that a
portion of this fraction represented post-metabolic excreta (eg. Hawkins and Bayne
1984, 1985; Hawkins et al. 1990), but unfortunately there was no possible method

in this study to determine the proportion of l4C-digestion that had been absorbed
and then excreted.
At the end of the first 6 h submergence period, mussels were rinsed with
clean, sterile seawater, and transferred to sealed 1 I polycarbonate jars for a 6 h
period of aerial exposure. Each jar received 2 ml of seawater to maintain a humid
atmosphere. Respiration of 14C by mussels during this exposure period was
assessed by trapping evolved 1~02 in NaOH-filled vials, as described by Kreeger
et al. (1988). Trapping efficiencies were determined using

NaHP~]03

standards.

At the end of each 18 h experiment, mussels were sacrificed, and their
tissues were dissected from shells and added to pre-weighed vials for
lyophilization. Byssal threads were not produced in sufficient amounts for
collection and analysis of their

l~-activity.

Preliminary tests showed that the

amount of 14C incorporated into the shell matrix was also negligible within the
short duration of these experiments, and so

1~

was not routinely analyzed in

shells. After lyophilization, mussel tissues were weighed and ground to a powder
with a mortar and pestle. Approximately 50 mg of powdered meat from each
mussel was weighed and dissolved overnight in 5 rnl 0.5 N quaternary NH 40H in
toluene (Beckman BTS-450), from which 500 l1.l was added to 6 rnl l.SC cocktail
(Beckman Ready Organic with 1 % glacial acetic acid added to reduce quenching)
and analyzed for l~-activity as described previously. Since mussels were found to
fully purge their guts of undigested l4C before the end of each experiment, 1~ in
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mussel tissues was considered to have been assimilated and incorporated.
Approximately 200 mg of each powdered mussel tissue was weighed, ashed
(450°C, 2 d), and reweighed for calculation of each mussel's ash-free dry tissue

weight (AFDTW).
A complete 14C-budget was constructed for each mussel as follows:
I

=

T+F+R+5

(6),

where ingestion (I), tissue incorporation (T), defecation (F), respiration (R), and
solubilized effluent (5) components were expressed as weight specific 14C-activities,
with units of disintegrations per minute per gram ash-free dry tissue weight (dpm
[g AFDTWll). As previously reported, filtration rates (measured directly) and
ingestion rates (calculated indirectly) in Experiment 1 were not significantly
different (t-test, a=O.OS) for either crab or algal capsules, which indicates that all
dietary 14C filtered by mussels was recovered in the various carbon budget
components.
Digestion efficiencies (DE) were calculated as the proportion of ingested 14C
that had been either incorporated into tissue (T), respired (R), or solubilized in the
effluent (5) or feces (FJ, as follows:
DE

=[

(T + R + 5 + Fs) / I] x 100 %

(7).

Assimilation efficiencies (AE) were estimated as the proportion of ingested 14(: that
had been either incorporated or respired, as follows:
AE

=

[(T + R) / I] x 100 %

(8).

Ingestion, digestion and assimilation of 14(:-labeled capsules varied markedly
among mussels within the same dietary treatment, a result that was not surprising
since rates of physiological activity are known to vary widely among individual
bivalves. Despite variability in the amount of capsules taken up and utilized
among different individual mussels, the proportional distribution of 14(: among the
components of the energy budget did not vary nearly so much among mussels in
each treatment. Because variability in digestion and assimilation efficiencies were
significantly lower than the absolute 14C-activities, each component of the mussel's
14(: budget was expressed as a percentage of 14C-ingested to allow a more accurate
comparison of how 14C from each capsule type was utilized by mussels.
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Statistical differences in each 14e-budget component were compared
between algal and crab protein capsules (Experiment 1 and 2) using t-tests, and a
two-way ANOV A was used to determine whether results differed between these
two experiments (Sokal and Rohlf 1969). In the third experiment, which compared
capsules types containing carbohydrates, one-way ANOV A procedures were used
to test for significant differences among capsule types. If significant differences
were detected among capsule types, then Tukey's HSD multiple range procedures
were used to determine the statistical significance of differences among individual
treatments. Percentage values were arcsine square root transformed before
statistical analyses (Sokal and Rohlf 1969).
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Results
Preparation and Encapsulation of

P4C]Protein

Protein extracted from l~-labeled algae had a specific activity of 2.78 pCi

mg- l, and a dry weight of 19 mg; therefore, 2_6 % of the initial

14e used to label

algae (2 mCn was recovered_ Algal protein was contaminated with only 0_9 %
(±0.3 % SO) w /w carbohydrates, and no measurable lipid was detected.
The l~-specific activities of microcapsules produced in this study and used
for in vivo Experiments 1, 2 and 3 were as follows: 1) algal protein capsules (3.33
x lOS dpm mg- l), 2) crab protein capsules (1.25 x 105 dpm mg- l), 3) crab
protein/amylose capsules (6.91 x 104 dpm mg- l), 4) crab protein/maltodextrin

capsules (7.39 x 104 dpm mg- I ), and 5) crab protein/dextran capsules (2.00 x 104
dpm mg- I ). Different batches of all capsule types were produced for different in
vitro experiments; therefore, the l4C-activities given above are examples of those
used for in vitro experimentation.
In preliminary experiments, crab protein obtained from Maine Lobster
Farms (Prince Edward Island, Canada) was encapsulated either before or after
purification, and it was found that the in vitro enzymatic digestibility differed
significantly (p<0.05) between pure and impure crab protein capsules (eg. 75.5 %
and 91.5 %, respectively, when the enzyme was protease; Appendix C). Only
purified crab protein was used in the production of capsules in the main
experiments of this research.
Effect of Protein Type on Capsule Leakage and Digestibility

In Vitro Leakage and Digestibility
The effect of protein type on rates of microcapsule leakage and enzymatic
breakdown was examined in four in vitro trials conducted during 1990 and 1991
(see Appendix D). In each trial, capsule breakdown was assessed as the proportion
of [14C]protein that was dissolved during a 24 h incubation period. Leakage rates
were compared between algal and crab capsules from the same production batch in
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Trials 2, 3 and 4 (Figure 1.3; Appendix D), and in each case, algal capsules lost a
greater proportion of encapsulated

14C

than crab capsules; however, this difference

was significant (t-test, p=0.007) only in Trial 2. Leakage rates were below 6 % dol
in all cases, which were lower than typical leakage rates (eg. 5-25 % dol) produced
in earlier studies (Langdon 1989; Langdon and DeBevoise 1990).
Both algal and crab protein microcapsules were digestible by both
commercially obtained enzymes (Figure 1.4) and gut extracts from mussels (Figure
1.5). However, in every enzyme assay, crab capsules were more readily degraded
than algal capsules, and in 8 of the 10 separate comparisons this difference was
significant (Appendix D). Net 14C dissolution rates for capsules exposed to various
digestive enzymes were calculated as the difference between active and inactive
(boiled) enzyme treatments. Boiling effectively lowered rates of capsule
breakdown to levels similar to their leakage rates in most experiments. In all trials
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in this study, the activity of active enzymes was confirmed by substantial releases
of dissolved azure from either hide powder azure (Sigma H -6268; used to test for
proteolytic activity) or starch azure (Sigma 5-7629, from potato; used to test for
carbohydrase activity).
Net rates of P4C]protein dissolution from crab capsules treated with
commercial protease ranged from 44 to 69 % d- I; whereas, protease liberated
between 28 and 51

%

d- I of algal capsule 14C (Figure L.4; Appendix D). Trypsin

was not as effective as protease in breaking down either capsule type (19-25 % d-I)
(Figure L.4). Interestingly, a-amylase was capable of dissolving a substantial
proportion of P4C]protein from both algal and crab capsules (Figure L.4). The
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magnitude of amylolytic breakdown differed markedly between two separate trials
conducted under identical conditions. This difference may have been due to interbatch variability in the susceptibility of the capsules to a-amylase.
The reason for the breakdown of crab and algal protein capsules by
a-amylase was investigated, and it was learned that a-amylase used in this study
(Sigma Type II-A, 4X crystallized) possessed proteolytic activity. In order to
demonstrate this proteolytic activity, algal capsules were incubated with either
amylase, protease, amylase plus a protease inhibitor (0.15 mM phenyl methyl
sulfonyl fluoride; Sigma P-7626), or protease plus the protease inhibitor.
Dissolution of p4C]protein from capsules incubated with protease alone (44 % [24
h]-I) was significantly greater than from capsules incubated with protease plus the
protease inhibitor (11 % [24 h)-I), which verified that the inhibitor was active (Table
1.1). Dissolution of

p4C]protein from algal capsules by a-amylase (26

%

[24 h)-I)

was significantly (p<O.OOl) reduced when the protease inhibitor was present (8 %
[24 h]-I), which indicated the presence of proteolytic activity in the a-amylase used

Table 1.1. Dissolution of 14C from [14C]proteinlalgal microcapsules incubated for
24 h with either 1) amylase, 2) amylase plus a protease inhibitor, 3) protease,
or 4) protease plus a protease inhibitor. Values reported are mean (± SD; n=3
per treatment) net (active enzyme - inactive control) dissolution rates. Inhibition
of proteolytic activity in each enzyme treatment was assessed by t-test
comparisons of l4C-dissolution rates with or without the presence of the
inhibitor.

Enzyme
Treatment

Dissolution of [14C]Protein

(%

[24 hP)

t-test
p-value

With
Protease Inhibitor

Without
Protease Inhibitor

Amylase

8.1 ± 0.1

25.9 ± 1.3

p<0.OO1

Protease

11.4 ± 1.1

44.4 ± 0.8

p<O.OO1

n.s. = not significant
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for in vitro enzyme assays in this study. Furthermore, in a second test, enzymatic
dissolution of a defined protein substrate, hide powder azure (keratin), by
a-amylase and protease was 57.4 % (24 htl and 94.0 % (24 ht 1, respectively, which
clearly indicated that the a-amylase used here was contaminated with protease.
Extracts from digestive systems of mussels released significantly greater
amounts of l~ from crab protein capsules compared to that from algal protein
capsules in each of the four trials (Figure 1.5; Appendix D). Although proteolytic
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activities in bivalve molluscs are reported to be a greater intracellularly in the
digestive diverticula (for reviews, see Reid 1982; Morton 1983), in this study,
greater breakdown of protein capsules was observed in extracts of mussel
crystalline styles (extracellular) than in diverticula (intracellular) preparations.
A two-way ANOV A (Table 1.2) comparing net dissolution of

P4C]protein

versus main effects of capsule type (n=2) and enzyme incubation trial (n=10)
suggested that overall digestion by various types of enzymes was significantly
greater (p<O.OOl) with crab protein capsules as compared to algal capsules. There
was also significant (p<O.OOl) variation among trials in the dissolution rates of
protein capsules by mussel style extracts (Table 1.2).
In Vivo Digestion and Assimilation by Mussels
The effect of capsule protein type on the mussel's ability to ingest, digest,
and assimilate encapsulated P~]protein (Experiments 1 and 2) is summarized in
Table 1.3. Mussels readily ingested approximately 66 % of available P~]protein
capsules, regardless of whether capsules were primarily composed of algal or crab
protein. Algal and protein capsules used in Experiments 1 and 2 were from the

Table 1.2. Results of a two-way ANOV A comparing net enzymatic dissolution
rates of 14C from algal and crab protein microcapsules containing P4Qprotein
(arcsine square root transformed percentages from Appendix D), with main
effects represented by type of protein encapsulated (algal versus crab) and
enzyme trial number. No interactions between main effects were detected in
this model.
Source of
Variation

Sum of
Squares

d.£.

Mean
Square

F-Ratio

p-value

Main Effects
Microcapsule Type
Trial Number

1724
11020

1
9

1724
1224

66.46
47.19

p<O.OOl
p<O.OOl

Residual Effects

1272

49

25.94

14010

59

Total
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same batch used in in vitro Trials 2,3 and 4. Weight-specific l~-ingestion did not
differ significantly (t-test, p>O.OS) between capsule types in either Experiment 1 or
2 (Table 1.3). Furthermore, He-ingestion did not differ between Experiments 1 and
2, because no significant (p>O.OS) effects were detected with a two-way ANOV A
comparing 1~ -ingestion with main effects represented by experiment number and
capsule type.

Table 1.3. Components of the 14C-budget of mussels fed either algal or crab
microcapsules which contained P4 C]protein in a) Experiment 1 (December 1990)
and b) Experiment 2 (April 1991). Mean (± standard deviation) 14C-activity in
each component is expressed as a percentage of ingested 14C (actual weightspecific 14C-activities are given in parentheses). Differences between groups were
assessed with t-tests (percentages were arcsine square root transformed before
analysis).
a)

HC-Budget
Component

Percentage of Ingested HC
(dpm x 1<t [g AFDTW]"l)

t-test
p-value

Group Fed
Algal Capsules
(n=5)

Group Fed
Crab Capsules
(n=5)

Ingestion

100
(1877 ± 224)

100
(1923 ± 295)

Defecation

78.0 ± 2.9
(1464 ± 170)

71.7 ± 2.3
(1378 ± 469)

0.014

Solubilized in Feces
(Digested)

3.4 ± 1.1
(64 ± 38)

8.2 ± 1.5
(157 ± 50)

0.012
0.011

Solubilized in Effluent
(Digested)

0.1 ± 0.0
(1.0 ± 2.3)

1.8 ± 0.3
(34 ± 15)

<0.001
0.001

Respiration1
(Assimilated)

14.0 ± 1.4
(263 ± 75)

14.4 ± 0.5
(278 ± 49)

n.s.
n.s.

Incorporation
(Assimilated)

7.9 ± 2.4
(149 ± 81)

12.1 ± 1.0
(233 ± 55)

n.s.
n.s.

Total Digestion

25.4 ± 2.7
(477 ± 191)

36.5 ± 2.9
(702 ± 134)

0.007
0.014

Total Assimilation

22.0 ± 5.3
(412 ± 89)

26.5 ± 1.4
(511 ± 99)

0.041

-

n.s.
n.s.

n.s.
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b)

14C-Budget
Component

Percentage of Ingested HC
(dpm x lW [g AFDTW]"l)

t-test
p-value

Group Fed
Algal Capsules
(n=8)

Group Fed
Crab Capsules
(n=8)

Ingestion

100
(1568 ± 568)

100
(1608 ± 562)

n.s.

Defecation

67.6 ± 8.1
(1060 ± 484)

64.7 ± 5.6
0041 ± 382)

n.s.
n.s.

Solubilized in Feces
(Digested)

5.3 ± 0.9
(83 ± 32)

5.3 ± 0.5
(85 ± 26)

n.s.
n.s.

Solubilized in Effluent
(Digested)

4.0 ± 1.6
(62 ± 42)

4.0 ± 2.0
(64 ± 66)

n.s.
n.s.

Respira tionI
(Assimilated)

17.1 ± 4.2
(268 ± 159)

17.9 ± 4.0
(288 ± 237)

n.s.
n.s.

Incorporation
(Assimilated)

11.4±3.5
(178 ± 83)

13.4 ± 3.2
(215 ± 58)

n.s.
n.s.

Total Digestion

37.8 ± 7.4
(591 ± 233)

40.6 ± 4.7
(652 ± 252)

n.s.
n.s.

Total Assimilation

28.5 ± 5.9
(446 ± 192)

31.3 ± 5.1
(503 ± 245)

n.s.
n.s.

-

n.s. = not significant
1 Respiration is the sum of measurements during submergence and aerial
exposure.

Defecation comprised from 65 to 78 % of the total ingested 14C (Table 1.3).
Most 14(: defecation occurred during the first submergence period while mussels
were being fed 14(:-labeled diets; however, a pulse of 14(: in the feces typically
followed resubmergence of mussels during hours 12 to 15 in each experiment
(Figure 1.6). Greater than 95 % of total defecated 14C was produced prior to hour
16, which confirmed that mussels were given enough time to purge their guts of
14C-Iabeled material. The proportion of fecal 14C that had been digested by mussels
remained low during the first submergence period, but rose appreciably in the
second period of submergence (Figure 1.7).
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Figure 1.6. Hourly defecation of 14C (% of total fecal 14C produced for the
experiment) by Mytilus edulis trossulus fed either P4 Clproteiniaigai protein or
P4Clproteinicrab protein microcapsules in Experiments 1 and 2. The average
defecation pattern for the four groups of mussels is depicted with a solid line.

Mussels fed both algal and crab capsules assimilated a significant (p<O.OS)
proportion of ingested P4C]protein (Table 1.3). Incorporation of 14C into mussel
tissues accounted for between 7.9 and 13.4 % of ingested 14C. Respiration of 14C by
mussels comprised between 14.0 and 17.9 % of the mussel's 14C-budget, which
clearly demonstrated that both capsule types were able to be metabolized
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significantly by Mytilus edulis trossulus. Bacterial respiration of 14C was not
significantly different from zero in all experiments (measured in each experiment
with t-tests comparing 14C02 levels in experimental chambers immediately after
and 30 min after removal of mussels, p>O.OS).
Although mussels ingested 14C-labeled algal and crab capsules similarly in
Experiment 1, the capsule types were utilized with different efficiencies (Table 1.3a).
The proportion of ingested 1~ that was defecated was significantly greater
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Figure 1.7. Hourly defecation of solubilized 14C (% of hourly fecal 14C that was
soluble [digested]) in the feces by Mytilus edulis trossulus fed either
P4C]proteinialgal protein or P4 C]proteinicrab protein microcapsules in
Experiments 1 and 2. The average defecation pattern for the four experimental
groups of mussels is depicted with a solid line.
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(p=0.014) in mussels fed algal capsules (78.0 %) compared to mussels fed crab
capsules (71.7 %). The digested proportion of fecal 14C by mussels fed algal
capsules was significantly lower (3.4 %; p=O.Oll) than mussels fed crab capsules
(8.2 %). Similarly,

14C

was not solubilized in effluents (net dissolved fraction

resulting from digestion by mussels) of mussels fed algal capsules; whereas, 1.8 %
of

14C

ingested by mussels fed crab capsules was measured as solubilized

(digested) in effluents.
Mussels digested and assimilated

P4C]protein from crab capsules with

significantly (p<O.OS) greater efficiency than from algal capsules in Experiment 1
(Table I.3a, Figures 1.8, I.9). These results support evidence from in vitro Trials 2, 3
and 4, which suggested that crab capsules were more readily digested than algal
capsules by gut extracts of mussels.
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trossulus fed either r4CJproteinialgal protein or P4CJproteinlcrab protein
microcapsules in Experiments 1 and 2. Digestion efficiency was calculated as the
proportion of ingested 14C that was either respired, incorporated, solubilized in
feces, or solubilized in seawater.
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However, in Experiment 2, which was conducted 5 months later but
otherwise was identical to Experiment 1 (eg. same diets), no significant differences
were found in the manner with which mussels digested and assimilated algal or
crab capsules (Table I.3b, Figures 1.8, I.9); therefore, the manner with which
mussels utilized algal and crab capsules differed temporally. Further evidence for
this temporal effect on the way in which mussels processed algal and crab capsules
was obtained by expressing the assimilated 1'X: component relative to the digested
1-1(: component. During Experiment I, mussels fed algal capsules assimilated 88 %

of digested 1'X:, which was significantly (t-test, p=O.006) greater than the proportion
of digested

14C

assimilated by mussels fed crab capsules (73 %). However, in

Experiment 2 mussels fed crab capsules assimilated a slightly greater proportion of
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Figure 1.9. Assimilation efficiencies (mean ± 95 % cn of 14C by Mytilus edulis
trossulus fed either P4C]proteinlalgal protein or P4C]proteinlcrab protein
microcapsules in Experiments 1 and 2. Assimilation efficiency was calculated as
the proportion of ingested 14C that was either respired or incorporated.
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digested 1<1(: (77 %) than mussels fed algal capsules (75 %), but this difference was
not significant (t-test, p>0.05). Greater than 70 % of digested

14C

was assimilated

by mussels in all treatments of Experiments 1 and 2.
A two-way ANOVA, which main effects of capsule type and experiment
number, suggested that digestion efficiencies were significantly different (p=0.018)
overall (for both experiments) between algal and crab capsules (Table I.4a), but
assimilation efficiencies (Table lAb) were not significantly different (p>0.05).

Table I.4. Two-way ANOVA table comparing main effects of 1) date of
experiment (Experiment 1 or 2) and 2) treatment (algal or crab microcapsules) on
the a) digestion efficiency and b) assimilation efficiency of HC from
microcapsules containing r4 C]protein. Statistics were performed on arcsine
square root transformed percentages. No significant (p>O.OS) interactions
between main effects were detected in the model.
a)

Source of
Variation

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Capsule Type
Expt. Date

111.9
17904

1
1

111.9
17904

6.57
4.10

0.018
0.055

Residual Effects

600.6

23

47.51

Total

912.8

25

Source of
Variation

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Capsule Type
Expt. Date

38.82
87.85

1
1

38.82
87.85

3045
1.53

0.077
0.230

Residual Effects

560.0

23

25.46

Total

687.0

25

b)
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Effect of Carbohydrate Additions on Capsule Leakage and Digestibility

In Vitro Leakage and Digestibility
The effect of adding carbohydrate to protein capsules was determined in a
second series of in vitro incubations (Trials 5 to 10; Appendices E and F). The
leakiness of mixed protein/carbohydrate microcapsules was determined in TrialS
(Appendix E), in which the loss of

p4C]protein and total carbohydrate from

capsules incubated in sterile seawater was measured. Leakage of total
carbohydrate and P~]protein were not significantly (p>O.OS) different among
protein/amylose (PA), protein/maltodextrin (PM) and protein/dextran (PO)
capsules, but leakage rates of carbohydrate and protein were significantly (p<O.OS)
greater in mixed protein/carbohydrate capsules compared to pure crab protein (P)
capsules (Appendix E).
The enzymatic digestibilities of PA, PM and PO capsules were compared in
TrialS (Figure 1.10; Appendix E), in which was measured the conversion of
complex carbohydrates to glucose monomers following treatment by a-amylase. In
addition, non-encapsulated amylose (A), maltodextrin (M) and dextran (D) were
incubated with a-amylase and the release of glucose was then measured. Dextran
was not converted to glucose by a-amylase regardless of whether it was nonencapsulated (D) or encapsulated (PO) (Figure II.10). Indeed, the concentration of
soluble glucose actually decreased during the incubation period, resulting in
"negative" percentages solubilized (Figure II.10). In contrast, approximately 8 % of
non-encapsulated A and M (not significantly different at a=O.OS) was converted to
glucose after exposure for 24 h to a-amylase. Encapsulation with protein rendered
maltodextrin less susceptible to a-amylase (0.8

%

[24 h]-I); whereas, greater than

12 % (24 hyl of encapsulated amylose was converted to glucose by a-amylase
(Figure 1.10).
Selected results from additional in vitro Trials 6-10 (complete data
summarized in Appendix F) are depicted graphically in Figure 1.11. Dissolution of
I~

from

p4C]protein encapsulated in P, PA or PM capsules by a-amylase was

compared in Trial 10 (Figure 1.11), and as indicated by several other trials
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(Appendices E and F), amylolytic breakdown of P capsules was significantly
(p<0.05) greater than from mixed protein/carbohydrate capsules. As previously
discussed, a-amylase used in this study possessed proteolytic activity. No
significant (p>0.05) differences in rates of dissolution of either total carbohydrate
(Trial 9) or l~ (Trial 10) were measured between mixed protein/carbohydrate
capsules prepared with either amylose (P A) or maltodextrin (PM) capsules (Figure
I.11; Appendix F), which supports similar results from Trial 5. As found in Trial 5,
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the dissolution rate of carbohydrate from a-amylase treated PD capsules 0.7 % [24
h]-I) was significantly (p<O.OS) lower than from PA (8.3 % [24 h]-I) or PM (6.4 % [24
h]-I) capsules (Figure I.11; Appendix F).
The relative statistical differences in amylolytic dissolution rates of
carbohydrate from P A, PM and PD capsules were identical between Trials 5
(Appendix E) and 9 (Appendix F), but the magnitude of capsule breakdown was
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approximately four time greater in TrialS than in Trial 9. The reason for this
variability in results among seemingly identical in vitro trials is unclear, but as will
be seen, similar variability was a common characteristic of all in vitro enzyme
assays.
Trypsin liberated a significantly (p<0.05) greater proportion of encapsulated
P4(:]protein from P capsules compared with PA or PM capsules (Figure 1.11;
Appendix F). The type of carbohydrate encapsulated did not significantly affect
the susceptibility of mixed protein/carbohydrate capsules to trypsin (Figure 1.11).
Unlike a-amylase, which was found to be contaminated with proteolytic activity
and was capable of degrading pure protein capsules, no detectible carbohydrase
activity was measured in protease and trypsin preparations (Appendix F).
The type of carbohydrate encapsulated did significantly affect capsule
susceptibility to crystalline style extracts from Mytilus edulis trossulus (Figure 1.11),
however. Protein/amylose capsules were solubilized by gut extracts from M.
edulis trossulus at equivalent or greater rates than from pure protein capsules
(Figure 1.11; Appendix F). For example, dissolution rates of 14(: from encapsulated
P4(:]protein in PA and P capsules by crystalline style extracts were 5.8 and 6.6 %
(24 ht1, respectively, in Trial 10 (not significantly different; p>0.05). Furthermore,
significantly (p<0.05) greater carbohydrate and 14C in Trials 9 and 10, respectively
(Figure 1.11), was solubilized from PA capsules than from PM or PD capsules by
treatment with mussel style extracts.
The reason for the difference in in vitro digestibility among mixed
protein/carbohydrate capsules was explored in further experiments. As reported
earlier (Figure 1.10; Appendix E), maltodextrin that was encapsulated with protein
was not as easily digested as non-encapsulated rnaltodextrin; whereas, amylose
was digestible before and after encapsulation with protein. To determine whether
encapsulated protein affected the digestibility of encapsulated rnaltodextrin, pure
maltodextrin capsules 000 % carbohydrate) were produced and their digestibility
by carbohydrases was compared to non-encapsulated maltodextrin in in vitro Trial
11 (Table 1.5). Maltodextrin was reduced to glucose monomers at a significantly
(p<O.OO1) lower rate when encapsulated as compared to non-encapsulated
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Table 1.5. Net dissolution (mean ± SD; n=3 per treatment) of glucose from nonencapsulated and encapsulated maltodextrin which were incubated for 24 h with
either a) amylase, b) amylase and maltase, or c) amylase, maltase and
dextranase during in vitro Trial 11. Statistical differences between glucose
dissolution rates from non-encapsulated or encapsulated maltodextrin were
analyzed with t-tests.

Enzyme
Treatment
Background
Amylase
Amylase + Maltase
Amylase + Maltase +
Dextranase

n.s.

Dissolution of Glucose (w/w % [24 h]"l)

t-test
p-value

Non-encapsulated
Maltodextrin

Encapsulated
Maltodextrin

0.6 ± 0.0

0.5 ± 0.1

n.s.

9.9 ± 0.1

-0.3 ± 0.1

<0.001

9.6 ± 0.2

-0.1 ± 0.0

<0.001

18.7 ± 1.0

18.0 ± 2.1

n.s.

= not significant

maltodextrin, regardless of whether the substrates were treated to either a-amylase
or a combination of a-amylase and the disaccharase, maltase (Sigma M-3145; 50
units sample-I) (Table 1.5). Breakdown of maltodextrin capsules to glucose was
only achieved by treatment with dextranase (Sigma D-5884; 400 units sample-I),
which specifically attacks a-l,6-linkages in complex starches (Table 1.5).
The low dissolution rates of carbohydrate and

P4C]protein from PM

capsules by gut extracts from Mytilus edulis trossulus in comparison to rates for
PA or P capsules (Figure 1.11; Appendix F) may, therefore, be explained by mussels
lacking digestive enzymes capable of hydrolyzing a-l,6-linkages of maltodextrin
(Wurzburg 1986). This hypothesis was investigated in in vitro Trial 12 wherein
dissolution rates were measured for amylose azure (a-l,4-linkages; Sigma A-3508)
and amylopectin azure (a-l,6-linkages; Sigma A-4640) that were incubated in
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Table 1.6. Net dissolution (mean ± SD; n=3 per treatment) of azure from
amylose and amylopectin azures incubated for 24 h with gut extracts from
Mytilus edulis trossulus during in vitro Trial 12. Dissolution rates were
calculated by expressing the amount of azure solubilized by each treatment
during 24 h (absorbance in experimental supernatants) as a percentage of the
total possible azure that could have been solubilized (absorbance in supernatants
of azure standards solubilized by 25% w/v NaOH). Dissolution rates were
compared between azure types using t-tests after arcsine transformation.
Azure Dissolution Rate (% [24 hP)
Treatment

t-test
p-value

Amylose Azure

Amylopectin
Azure

Leakage 1

0.2 ± 0.1

0.3 ± 0.1

n.s.

Mussel Style 1

50.1 ± 0.0

0.0 ± 0.0

<0.001

Mussel Diverticula2

50.6 ± 0.1

0.0 ± 0.0

<0.001

n.s. = not significant
j
Leakage was measured in sterile seawater (0.2 pm filtered, 100 ppm
thimerosal).
2 Gut enzyme extracts were prepared as described for other in vitro
experiments in the methods.

crystalline style and diverticula extracts from M. edulis trossulus. Both crystalline
style and diverticula extracts solubilized approximately 50 % of the azure from
amylose azure, but were incapable of solubilizing azure from amylopectin (Table
1.6).

In Vivo Digestion and Assimilation by Mussels
In contrast to the results of in vitro enzyme assays which suggested that
addition of maltodextrin to protein capsules reduced their digestibility, no
significant differences in in vivo protein utilization were found among Mytilus
edulis trossulus fed either protein (P), protein/amylose (P A) or
protein/rnaltodextrin (PO) capsules, which contained

P4C]protein (Table 1.7).
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Table 1.7. Components of the 14C-budget of mussels fed either protein,
protein/amylose, or protein/maltodextrin microcapsules which contained
[14C]protein in Experiment 3 (June 1991). Mean (± SO) 14C-activity in each
component is expressed as a percentage of ingested 14C (actual weight-specific
14C-activities are given in parentheses). Differences among groups were assessed
with ANOVA procedures (percentages were arcsine transformed before analysis).

Percentage of Ingested 14C
(dpm x lW [g AFDMW]"l)
Group Fed
Protein
Capsules
(n=5)

Group Fed
Protein!
Amylose
Capsules
(n=5)

Group Fed
Protein!
Maltodextrin
Capsules
(n=5)

100
(593 ± 150)

100
(482 ± 129)

100
(463 ± 140)

n.s.

Defecation

76.7 ± 6.0
(455 ± 149)

61.6 ± 11.5
(297 ± 96)

70.6 ± 2.8
(327 ± 104)

n.s.
n.s.

Solubilized in Feces
(Digested)

3.2 ± 0.4
09.2 ± 7.6)

3.5 ± 0.8
06.9 ± 11.0)

3.0 ± 0.7
03.7 ± 12.8)

n.s.
n.s.

Solubilized in Effluent
(Digested)

17.2 ± 3.6
002 ± 21)

29.9 ± 9.6
(144 ± 121)

22.5 ± 2.1
(104 ± 27)

n.s.
n.s.

Respiration!
(Assimilated)

1.7 ± O.IB
00.0 ± 3.2)

3.3 + 0.6A
05.9 ± 9.7)

1.9 ± 0.2B
(9.0 ± 4.1)

0.012

Incorporation
(Assimilated)

4.4 ± 0.6
(26.0 ± 7.9)

5.2 ± 0.9
(24.8 ± 11.2)

5.0 ± 1.6
(23.1 ± 18.3)

n.s.
n.s.

Total Digestion

26.5 ± 4.0
057 ± 23)

41.9 ± 9.1
(202 ± 120)

32.2 ± 2.0
(149 ± 51)

n.s.
n.s.

Total Assimilation

6.1 ± 0.7
(36 ± 10)

8.5 ± 1.3
(41 ± 19)

6.9 ± 1.6
(32 ± 21)

n.s.
n.s.

14C-Budget
Component

Ingestion

ANOVA
p-value

-

n.s.

n.s. = not significant
1 Respiration is the sum of measurements during submergence and aerial
exposure.
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14(:-activities of ingested, defecated, solubilized (digested), and incorporated
fractions of the mussel's 14(:-budget were not significantly (p>O.OS) different among
capsule types. As in Experiments 1 and 2, mussels defecated undigested

14C

within

hour 16 and the proportion of fecal 14C solubilized by mussel digestive processes
increased during the second submergence period. Mussels fed P A capsules
digested and assimilated encapsulated

n.s.
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Figure 1.12. Digestion and assimilation efficiencies (mean ± 95 % cn of 14C by
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either respired, incorporated, solubilized in the feces, or solubilized in seawater.
Assimilation efficiency was calculated as the proportion of ingested 14C that was
respired or incorporated.
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than mussels fed P and PM capsules (Table 1.7, Figure I.12); however, these
differences were not significant (p>O.OS). No significant (ANOVA on arcsine
square root transformed percentages, p>O.OS) differences were found in the
proportion of digested
or PO capsules.

14C

that was assimilated among groups of mussels fed P, PA
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Discussion
The type of protein used in producing protein microcapsules had a marked
effect on capsule leakage rate and enzymatic digestibility in an extensive series of
in vitro assays. Protein microcapsules prepared using protein from the nutritious
microalga, Isochrysis galbana (clone T-ISO), had greater leakage rates when
suspended in sterile seawater and lower dissolution rates when exposed to
digestive enzymes compared to protein microcapsules produced from crab protein
(Appendix D). For example, in three separate in vitro trials with crystalline style
~xtracts

from mussels (Mytilus edulis trossulus), 15, 44 and 18 % of encapsulated

14(: was solubilized from p4(:]protein/crab protein (CP) capsules in 24 h, which
although variable among trials, was consistently greater (significant, p<0.05) than
that solubilized from P4(:]protein/algal protein (AP) capsules (4, 3, and 4 %,
respectively).
It is commonly believed that protein breakdown in bivalves occurs

intracellularly, and extracellular enzymes consist mainly of carbohydrases (for
reviews, see Reid 1982; Morton 1983). It is possible that crab protein contained a
higher glycoprotein content than algal protein, which could have rendered CP
capsules more susceptible to extracellular carbohydrases in mussel crystalline style
extracts as compared to algal protein. Both AP and CP capsules were readily
digested by commercially purchased a-amylase; however, this result is of
questionable value in interpreting these findings because the amylase used in this
study possessed proteolytic activity.
Given that most proteolysis occurs intracellularly (Reid 1982; Morton 1983),
it was interesting that preparations from mussel diverticula liberated less than 5 %
of p4C]protein from either CP or AP capsules during a 24 h incubation period;
whereas, up to 40 % was solubilized by crystalline style extracts. Perhaps
intracellular digestion in the diverticula requires that dietary substrates be
preliminarily degraded extracellularly. Results from in vitro treatment of capsules
with diverticula extracts should be viewed cautiously, however, because nondigestive, autolytic lysozymes may have been released from diverticula samples
and degraded intracellular digestive proteases (Morton 1983).
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Leakage rates for protein capsules tested in this study were low « 5 %
[24 h]-I) in comparison to typical leakage rates for protein capsules (5-20 % [24 h]-I)
reported elsewhere (Langdon 1989; Langdon and DeBevoise 1990). Furthermore,
capsule leakage rates did not increase when bacteria were not controlled with the
bacteriocidal agent Thimerosal (Appendix A), which suggests that capsules used in
this study possessed greater integrity than capsules used by Langdon and
DeBevoise (990) who reported higher leakage rates from capsules when bacteria
were present in the medium.
Diamine (nylon) has been commonly added to the matrix of protein
microcapsules (Chang et al 1966; Jones et al. 1974, 1976) to decrease wall
permeability and leakage, and Langdon and DeBevoise (1990) confirmed that
leakage from nylon-protein capsules was lower than from pure protein capsules;
however, they also reported reduced digestibility of capsules containing nylon by
juvenile oysters (Crassostrea ~). In the present study, leakage rates and
enzymatic digestibilities of several types of microcapsules were compared between
capsules which either did or did not contain nylon (Appendix A), and no
significant effects of nylon were found. This is interesting because the procedures
used for encapsulating and evaluating protein and nylon-protein capsules were
similar between this study and the work of Langdon and DeBevoise (1990). The
only apparent difference in the methodologies of these studies was that Langdon
and DeBevoise (1990) prepared their capsules using crab protein that had not been
purified by precipitation with trichloroacetic acid (TCA).
As a test of the importance of protein purification on capsule integrity,
leakage rates were compared between crab capsules prepared from either "impure"
or TCA-purified protein, but were found to be not significantly (p>0.05) different
(Appendix C). A significant (p<0.05) difference was detected, however, in the
enzymatic digestibility of these capsules, wherein CP capsules prepared with nonpurified protein were digested more efficiently than CP capsules prepared with
TCA-precipitated protein (Appendix C). Precipitation with TCA can affect the
tertiary structure and amino acid profile of protein by hydrolyzing sulfide bonds
(Allen 1981; Chapter II), which could subsequently affect the manner with which
protein molecules are cross-linked during wall formation.
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Enzymatic dissolution rates of encapsulated protein in this study often
differed widely among in vitro incubation trials. Variability among trials in the
breakdown of capsules incubated with gut extracts from mussels is not surprising
since proteolytic activity in the mussel's gut has been shown to vary temporally
(Chapter III). However, when incubated with commercially obtained enzymes
such as amylase, protease, and trypSin, capsule dissolution rates also varied
significantly among trials even though every attempt was made to maintain
constant experimental conditions. This variability may have been partly attributed
to the use of different batches of capsules because the greatest variability among
trials typically occurred when capsule batch differed. The use of different batches
of capsules was necessitated by the unforeseen large number of experimental trials.
However, even when capsules from the same production batch were incubated
with standard preparations of commercial enzymes, variation in the enzymatic
digestibility between trials still occurred, which suggests that results from in vitro
enzyme trials are inherently poorly reprodUcible.
Digestion and assimilation of encapsulated P<I(:]protein in vivo by Mytilus
edulis trossulus did not differ between CP and AP capsules to the same extent as,
perhaps, would be predicted by differences in the in vitro digestibilities of these
capsule types. For instance, although CP capsules were digested (36.5 %) and
assimilated (26.5 %) by mussels in vivo with greater efficiency than AP capswes
(25.4 % and 22.0 %, respectively) during December, 1990 (Experiment 1), in a

repeat experiment (same capsule batch used) during April 1991 (Experiment 2), no
significant differences were found in the mussel's ability to digest and assimilate
these capsule types. Results of two-way ANOV A tests to discern if there was an
overall effect of capsule composition for both experiments were equivocal since
digestion efficiency differed significantly between AP and CP capsules, but
assimilation efficiency and the proportion of digested 14C that was assimilated were
not significantly different.
P~]Protein microcapsules were readily ingested by Mytilus edulis

trossulus, and all ingested 14C radioactivity was fully accounted for in the various
components of the mussel's 14C-budget. Furthermore, microorganisms did not
significantly utilize encapsulated P4C]protein or recycle 1<1(: solubilized by mussels,
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probably because dietary suspensions were prepared in 0.2 pm filtered seawater
immediately prior to delivery to mussels. Leakage rates of 14(: from all types of
capsules were less than 2 % [24 h]-I, which meant that mussels could not have
utilized significant amounts of leaked, dissolved p4(:]protein.
Non-utilized P4(:]protein was purged from the guts of mussels well before
the conclusion of each experiment. Hawkins and Bayne (1985) found that up to
30 % of fecal material can be post-metabolic. Interestingly, solubilized fecal 14C
comprised up to 60 % of fecal 14C during hourly intervals of the purge period.
Although this solubilized fecal fraction was assumed to have been digested by
mussels, it was not possible to differentiate whether this digested fecal material
was indeed post-metabolic.
Mixed protein/ carbohydrate microcapsules prepared using crab protein and
either amylose or maltodextrin were found to be digestible in vitro by both
commercially obtained enzymes as well as by extracts from the digestive system of
mussels. In contrast, protein/dextran capsules were poorly digested enzymatically.
Although carbohydrates have been encapsulated with proteins previously using
different procedures (Levy and Andry 1991), this is the first report to demonstrate
that mixed protein/ carbohydrate capsules can be digested in vitro by gut extracts
from a bivalve mollusc, Mytilus edulis trossulus.
Capsules containing carbohydrates were not as readily digested by
commercially purchased enzymes as compared to the digestibility of capsules
containing protein alone, even when treated with the carbohydrase, a-amylase.

Results from amylase treatments should be interpreted with caution, however,
because the amylase used in this study was contaminated with proteases
(Appendix D). Levy and Andry (1991) similarly reported that cross-linked walled
protein/carbohydrate microcapsules were less digested by commercially obtained
enzymes, pepsin and pancreatin, compared with protein microcapsules.
In contrast to commercially obtained enzymes, crystalline style extracts from
Mytilus edulis trossulus were capable of releasing P~]protein from
protein/amylose (PA) capsules at equivalent or greater rates than from CP
capsules. As previously mentioned, it is commonly believed that extracellular
digestive enzymes in bivalves are primarily represented by carbohydrases (Morton
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1983). Extracellular carbohydrases of M. edulis trossulus are probably more
capable of hydrolyzing the wall of PA capsules than of CP capsules. Crystalline
style extracts from mussels were not as effective, however, in digesting
protein/maltodextrin (PM) and protein/dextran (PD) capsules compared to CP and
P A capsules.
Amylose is a straight-chain polymer with only a.-l A-linkages; whereas,
maltodextrin and dextran are branched-chain carbohydrates with both a.-l,4 and a.1,6 linkages (Figure 1.14). Wurzburg (1986) reported that many physical properties
of starches are dependent on the proportion of a.-l,6-linkages, and that generally in
the animal kingdom, enzymes required to hydrolyze these branch points are less
common in comparison to amylolytic activity. For example, crystalline style
extracts from mussels were not capable of breaking down amylopectin azure,
which contains a high proportion of a.-l,6-linkages, but they readily digested
amylose azure.
The cross-linking process may form bonds that interfere with amylolytic
digestion. During encapsulation, reactive groups (chloride ions) of the acid
trichloride cross-linking agent react with amino and carboxyl groups on side chains
of amino acid residues in polypeptides and with hydroxyl groups of glucose
monomers in carbohydrates (Santo and Abend 1971) (Figure L14). The high degree
of branching in complex starches such as maltodextrin and dextran (Figure 1.14),
may sterically interfere with the interaction between the a.-l,4-linkages and active
sites of digestive enzymes <Wurzburg 1986). For instance, maltodextrin was readily
digested by a.-amylase before being encapsulated, but was poorly digested after
encapsulation (pure carbohydrate capsules), unless an additional enzyme capable
of hydrolyzing a.-l,6-linkages (dextranase) was added.
Significantly, CP, P A, and PD microcapsules fed to Mytilus edulls trossulus
were equally ingested, digested and assimilated in vivo, despite evidence from in
vitro experiments which suggested that PD capsules would be less digestible. The
discrepancy between in vitro enzyme assays and in vivo feeding experiments
suggests that in vitro enzymatic digestibility is a poor predictor of the actual
digestibility that can be realized in the gut. Digestion in suspension-feeding
bivalves is a complex and poorly understood process that includes treatment of
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Figure 1.13. Chemical structures of benzenetricarbonyl trichloride (cross-linking
agent), polypeptides and carbohydrates (capsule components). The relative
degree of branching (proportion of a-[1,6]-linkages) in the three types of
polysaccharide polymers encapsulated in this study is also depicted.
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ingested particles to enzymatic (eg. extracellular and intracellular enzymes) as well
as physical (eg. grinding action of the style against the gastric shield) processes (for
review, see Bayne and Newell 1983; Langdon and Newell 1992). Because the
production of digestive enzymes is much more energetically costly than physical
digestive processes in bivalves (Widdows and Hawkins 1989), perhaps the
production of extracellular digestive enzymes is regulated so as to minimize energy
losses by only producing enough enzymes to facilitate the physical breakdown of
food particles. Whereas in vivo experiments measure both the enzymatic and
physical breakdown of the capsule wall and contents, in vitro enzyme assays only
measure enzymatic digestion of the capsule wall.
Assimilation efficiencies for encapsulated P4C]protein by Mytilus edulis
trossulus (eg. <35 %) were significantly lower than typical assimilation efficiencies
of microalgae by bivalves (eg. 75 %; Bayne and Newell 1983), but are similar to
efficiencies reported for bivalves fed natural seston (eg. 36 %; Bayne and Widdows
1978). Langdon (989) and Langdon and DeBevoise (1990) reported that cross-

linked walled protein capsules were also assimilated by oysters, Crassostrea ~
with low efficiency (eg. 25-40 %).
The reason for the low assimilation efficiency of encapsulated protein has
not been determined. Of course, the wall and contents of protein capsules may
simply be less digestible than microalgae when exposed to enzymatic and physical
breakdown processes in the bivalve gut. However, low assimilation efficiencies of
encapsulated protein could also reflect a difference between the consumer's
nutritional demand for protein and its demand for some non-protein constituent
(eg. energy, lipids). Under conditions of nutrient limitation (eg. diet is not
balanced properly in composition and is not energetically limiting, see Chapter II),
bivalves may take up various constituents of the diet (proteins, lipids) at different
rates, and a truly optimal digestive strategy would operate so as to satisfy, but not
exceed, the nutritional requirements for separate and specific biochemical
components.
For example, findings from Chapter III suggest that Mytilus edulis trossulus
in Yaquina Bay may be nutritionally stressed by insufficient bioavailability of
dietary protein during the spring spawning period; whereas, at other times of the
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year, protein is sufficiently available to meet the mussel's nutritional requirements.
High ingestion rates and assimilation efficiencies of protein microcapsules were
found only during the spring when it appeared that the mussel's protein
requirements were not being met. Indeed, assimilation efficiencies for

P4C]protein

in CP capsules in this chapter (l) decreased from 30 % in April to 6 % in June.
Further research will be necessary to determine whether the low assimilation
efficiency of dietary protein from protein capsules results from the fact 1) the
capsules are not readily digested, or 2) the experiments were conducted at a time
when the animals may have low protein requirements and associated low protein
assimilation efficiencies.
In summary, Mytilus edulis trossulus was able to digest and assimilate
microcapsule types that varied widely in biochemical composition. Although
capsule biochemical composition significantly affected its in vitro susceptibility to
enzyme digestion, the combined enzymatic and physical in vivo digestion of
encapsulated protein was similar among capsule types of different biochemical
composition. These results suggest that M. edulis trossulus is well adapted for
assimilating protein from different dietary substrates. Cross-linked walled
microcapsules are useful for delivering dietary protein and carbohydrate to bivalve
molluscs.
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CHAPTER II

Effect of Dietary Protein Content on Growth of
Juvenile Mytilus edulis trossulus (Linnaeus 1758)
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Abstract
The effect of dietary protein content on the growth of juvenile mussels,
Mytilus edulis trossulus, was investigated under controlled laboratory conditions in
two experiments. In Experiment 1, mussels were fed for three weeks on ten
different rations (range, 0.1-12 mg ash-free dry weight [AFDW] i 1) of the alga,
Isochrysis galbana (clone T-ISO), which had its protein content varied by
manipulation of culture nitrogen concentration. For every ration, the shell height,
wet weight, and ash-free dry tissue weight (AFDTW) of mussels fed low-protein
(LP; 28 % protein w I total w) algae increased at significantly (p<O.OS) lower rates in
comparison to those of mussels fed high-protein (HP; 43 % protein wltotal w)
algae. At the highest two rations (6 and 12 mg AFDW i 1 ), the growth curve of
mussels reached an asymptote regardless of dietary algae type. However, the
growth curve of mussels fed LP algae did not converge with that of mussels fed
HP algae, which suggested that mussels fed LP algae were not energy limited;
rather, LP algae were qualitatively inferior in nutritional value compared with HP
algae.
In Experiment 2, mussels were fed a fixed ration of 27.5 % body weight
(bw; AFDW I AFDTW) per day of LP algae for three weeks, supplemented with one
of three different rations (8, 16 and 24 % bw d· 1) of protein microcapsules (PM).
Growth rates in terms of shell height, wet weight, and AFDTW of Mytilus edulis
trossulus increased proportionally to ration of supplementary PM, and growth
rates were not significantly different between the diet of HP algae alone and the
diet containing LP algae with the highest ration of PM supplementation. Growth
rates of mussels fed only LP algae were not improved by further additions of LP
algae, which indicated that the positive growth response in mussels fed PM
supplements was caused by an increase in dietary protein content and not simply
energy content. In addition, mussels fed protein-poor diets had high 0 IN ratios
(e.g. >18), indicating that mussels were conserving dietary protein from catabolism
compared to mussels fed protein-rich diets (O/N ratios <10). These results suggest
that dietary protein content can qualitatively limit the growth rate of juvenile
M. edulis trossulus.
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Introduction
The availability of nitrogen frequently limits productivity in marine systems
(Dugdale 1967; Riley 1972; Mann 1982; Roman 1983; Tenore and Chesney 1985;
Asmus 1986; Rice et al. 1986), and a large portion of the nitrogen pool in marine
habitats can cycle through populations of suspension-feeding animals such as
bivalve molluscs (Jordan and Valiela 1982; Dame et al, 1984, 1985; Kautsky and
Evans 1987; Dame and Dankers 1988; Asmus and Asmus 1991). The importance of
nitrogen and protein availability for suspension-feeding bivalves is poorly
documented, and few studies have investigated whether dietary protein can be a
limiting nutrient for bivalves (for review, see Hawkins and Bayne 1991).
The bioavailability of protein may be lower than previously believed for
bivalves which partially feed on suspended detritus. Newell (1965) first reported
that the bivalve Macoma balthica utilizes the microbial coating of detrital particles
as a source of dietary protein, and this potential protein source for
macroinvertebrates has been cited repeatedly (for reviews, see Fenchel 1972;
Sieburth 1976; Tenore 1977); however, most of the nitrogen associated with detritus
is now known to consist of non-microbial humic geopolymers, which are
indigestible (Rice 1982; Crosby et al. 1990; Hicks et al. 1991). For example, Crosby
et al. (1990) reported that oysters, Crassostrea virginica, were able to assimilate
nitrogen from bacteria with an efficiency of 57.2 %, but their assimilation efficiency
of detritus-associated nitrogen was only 3.4 %. Crosby et al. (1990) estimated that
94 % of detrital nitrogen was unavailable to the oyster.

Most research on bivalve nutrition has focused on their quantitative
requirements for energy rather than qualitative requirements for specific nutrients
such as protein (for reviews, see Newell 1979; Bayne and Newell 1983; Langdon
and Newell 1992; Newell and Langdon 1992). The relative importance of carbon
versus nitrogen limitation in the nutrition of bivalves has not been clearly
established. Hawkins and Bayne (1991) measured nitrogen and carbon budgets of
Mytilus edulis which were fed 15N_ and 14(:-labeled Phaeodactylum tricomutum
and concluded that mussels may be more limited by carbon than nitrogen,
primarily because mussels were found to have a very efficient system for recycling
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nitrogen. In support of this conclusion, Flaak and Epifanio (1978) reported
increased growth of oysters, Crassostrea virginica, when fed on algal diets
containing a greater proportion of carbohydrate than protein. In contrast, dietary
protein content has been positively correlated with growth of juvenile Manila
clams, Tapes japonica (Langton et al. 1977; Gallager and Mann, 1981), C. virginica
(Webb and Chu 1982) and Ostrea edulis (Enright et al. 1986b). Settlement by
larvae of Crassostrea ~ has also been improved by increasing the protein
content of algal diets CUtting 1986).
The primary reason why so little work has been done to identify the specific
nutritional requirements of suspension-feeders is that it is technically difficult to
define and manipulate the composition of their diet for determination of
relationships between diet quality and physiological state. Unlike macroconsumers
that are commonly fed pelletized artificial diets, suspension-feeders require
microscopic particles which are more difficult to prepare. Consequently, for
suspension-feeders, the nutritional demand for protein has had to be inferred by
correlating an animal's growth and survival with the protein content of its natural
foods (eg. differences in algal species and algal composition), even though it is
uncertain whether variation in undetermined, non-protein constituents of algal
diets could have caused the response.
In this study, protein microcapsules were used to manipulate dietary
protein content, which allowed direct measurement of the effect of dietary protein
content on growth of a suspension-feeding bivalve, the mussel Mytilus edulis

trossulus. The advantage of using microencapsulated diets is that their biochemical
composition can be accurately measured and controlled, unlike living algal diets
that can have variable composition with changing culture age and conditions
(Sakshaug and Holm-Hansen 1977; Webb and Chu 1982; Fabregas et al. 1985, 1986;
Utting 1985; Martin-Jezequel et al. 1988; Fernandez-Reiriz et al. 1989; Thompson et
al. 1989, 1990). Protein microcapsules (PM) have been shown to be filterable and
digestible by oysters, Crassostrea virginica (Chu et al. 1982) and Crassostrea ~
(Langdon 1989; Langdon and DeBevoise 1990), and mussels, M. edulis trossulus
(Chapter I); however, the nutritional value of PM for bivalves had not yet been
evaluated in growth trials.
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Methods and Materials
Growth rates were measured and compared among groups of juvenile
mussels, Mytilus edulis trossulus, that were fed on diets differing in protein
content. Growth was first compared between mussels fed on algae cultured under
nitrogen-limited conditions or non-limited nitrogen conditions. Algal diets were
isocaloric but differed qualitatively in protein content. Results from this
experiment indicated whether growth of M. edulis trossulus was correlated with
the protein content in live algae, as had been shown for other bivalve species
(Langton et al. 1977; Gallager and Mann 1981; Webb and Chu 1982; Enright et al.
1986b).
Direct evidence for the importance of dietary protein (irrespective of nonprotein dietary constituents) was then obtained by comparing growth of mussels
fed on either low protein (LP) algae, which was supplemented with various rations
of microencapsulated protein, or LP algae or high protein (HP) algae alone. In
order to hold non-protein diet quality constant among the various diets having LP
algae, equal rations of algae were administered for all diets, which meant that
capsule-supplemented rations varied in caloric value, depending on the level of
supplementation. The effect of variable caloric content was examined in a separate
control treatment by increasing the ration of LP algae to make it isocaloric with the
highest capsule-supplemented ration.
Diet Preparation

Microalgae
The alga, Isochrysis galbana (clone T-Iso), is widely cultured as a nutritious
food for suspension-feeding bivalves (Epifanio 1979; Ewart and Epifanio 1981;
Webb and Chu 1982; Enright et al. 1986a; Whyte 1987; Whyte et al. 1989) and was
used for all experiments in this study. Cultures were non-sterile but monospecific.
Algae were initially cultured at 18°e, aerated (no CO2 enrichment) with £/2
nutrients (Guillard and Ryther 1962), in 1.5 I flasks which were then used to
inoculate 20 1 carboys. The nitrogen content in the nutrient medium of 20 1 carboy
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cultures was manipulated to provide either 200 % (non-limited nitrogen) or 40 %
(nitrogen limited) of the f/2 medium. High nitrogen (HN) and low nitrogen (LN)
cultures contained 150 and 30 ppm

(=

1.765 and 0.353 mg-at N i 1) NaN03,

respectively.
Manipulation of the nitrogen concentration of algal culture media has been
shown to appreciably lower cellular protein content during both exponential and
stationary growth phases (Utting 1985; Enright et al. 1986b); however, the
biochemical composition of microalgae cultured even under normal conditions is
known to vary during the culture period, and cellular protein can either increase or
decrease with culture age (Utting 1985; Whyte 1987; Fernandez-Reiriz et al. 1989).
Therefore, it was necessary to characterize changes in the protein content of LN
and HN algae during the entire culture period to be able to harvest algae when
there were greatest differences in protein content. A wide variety of biochemical
and physical characteristics was measured for both LN and HN algae throughout
both exponential and stationary phases, including cell concentration, volume, ashfree dry weight, and proximate biochemical composition.
Algal cells were enumerated (# rnl- 1) in triplicate with a Coulter Counter
(Coulter Electronics Model ZB1) after dilution of the samples to provide final
concentrations of between 1<r and 5 x 104 cells ml- 1• A Channelyzer (Coulter Model
256) was used to examine the particle size spectrum of each triplicate subsample
during enumeration, and if cell sizes were normally distributed (appeared to be in
all healthy cultures), then their modal cell volume (pm3) was estimated by finding

the volumetric channel with the greatest number of particles (precision
approximately ± 0.411m3). Algal ash-free dry cell weight (AFDW) was routinely
measured by filtering four samples containing known numbers of algal cells on
four replicate pre-weighed and pre-ashed (450"C, 2 d) Whatrnan GF/C filters,
rinsing each with 10 ml 0.5 M ammonium formate to remove salts, and conducting
weight-on-ignition analyses (dried 60°C, 2 d; ashed 450°C, 2 d).
The size and AFDW of algal cells was found to vary with culture age and
conditions, and because diets used for the growth experiments required careful
control of energy content, diets could not be fed to mussels simply on a cell
number basis. The ash-free dry weight of organic material is more closely related
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to caloric content than either wet or dry weight (Brey et a1. 1988), and so algal diets
were rationed daily according to AFDW using a linear regression to predict algal
AFDW from the easily measured cell volume. The caloric content of equivalent
AFDW of LN and HN algae was assumed to be isocaloric (Utting 1985).
Algal protein content was routinely measured in triplicate. A known
volume of culture containing 108 cells was centrifuged (800 x g, 5 min) to form a
pellet which was rinsed with 10 ml 0.5 M ammonium formate to remove salts and
dried at 60"C for 2 d. The pellet was resuspended in 2 ml 0.5 M NaOH, sonicated
for 10 s (Braun-Sonic Model 2000) to disrupt cell walls, heated at 90°C for 30 min,
and allowed to stand overnight at room temperature. The extracted pellet was
then centrifuged (1500 x g, 15 min), and 100 p.l of the supernatant was transferred
to an acid washed (10 % HN03) and baked (450"C) 5 ml test tube. The protein
content was analyzed spectrophotometrically using a test kit based on the
procedure of Lowry et a1. (1951) (Pierce BCA 23225), and standardized with
purified algal protein (see Chapter I for purification method). Color development
in this protein assay was rapid and continuous over at least a 24 h period;
therefore, the absorbance was measured with the spectrophotometer twice and a
linear correction factor was calculated for each sample to correct for differences in
time intervals between samples and standards.
The carbohydrate content of centrifuged and dried (as described above) LN
and HN algae was measured using the Dubois et a1. (1956) procedure, which was
standardized with oyster glycogen (Sigma G-87S1, Type

II).

The lipid content was

determined gravimetrically after two extractions with 7.5 ml 1:2
chloroform/methanol followed by 5 ml 0.7 % w /v NaCl (Folch et a1. 1957);
tripalmitin (Sigma T-5888) was used as a standard.
Six replicate samples of each of LN and HN algae were also analyzed for
their elemental carbon, hydrogen and nitrogen (CHN) composition by R.L. Petty at
the Marine Science Institute Analytical Lab, University of California, Santa Barbara,
using a Control Equipment Corporation (Model 240XA) CHN analyzer.
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Protein Microcapsules
Approximately 10 g dry weight of protein microcapsules (PM) were
produced from purified crab protein using the technique described in Chapter

r.

The proximate biochemical composition of these capsules was assessed using
techniques also described in Chapter I to confirm that they consisted mostly of
protein and lacked significant carbohydrate and lipid contaminants.
The amino acid composition of PM was also analyzed to assure that
sufficient essential amino acids would be delivered to support growth of juvenile
mussels and that the encapsulation process did not selectively destroy amino acids
of the encapsulated protein. For comparison, non-encapsulated crab protein was
also analyzed to determine whether the encapsulation process affected the amino
acid profile. Furthermore, purified protein from Isochrysis galbana was similarly
analyzed to compare the amino acid composition of a protein of proven nutritional
value for mussels to that of the protein microcapsules. Finally, the amino acid
composition of each of these dietary proteins was compared to the amino acid
composition of protein purified from tissues of Mytilus edulis trossulus.
Amino acids were analyzed by B. Robbins at the Central Services
Laboratory, Center for Gene Research and Biotechnology, Oregon State University.
Two analyses were performed. First, proteins were hydrolyzed in 1 % phenol in
6 N HCl for 24 h at 110°C and then dried. Hydrolysates were reconstituted in
"Sodium DiLuent" (Beckman PN 239440), separated in a Spherogel ion exchange
column (Beckman 126), derivatized with ninhydrin reagent (Beckman Trione) and
the absorbance detected at 570 nm with a tungsten lamp (Beckman 166). Second,
hydrolysates were dried under a vacuum and hydrolyzed in 0.2 % 3-(2-arninoethyl)
indole HCl in 4 N methane sulphonic acid (MSA) for 20 h at 110°C under vacuum,
after which samples were dried and separated as described above. The MSA
procedure allowed analysis of the tryptophan content of proteins, tryptophan being
lost in the first procedure. Amino acid analyses were standardized with Pierce
Standard "H" (Pierce 20089), and for tryptophan with Pierce Standard "B" (Pierce
20087).
The elemental CHN composition of PM was also analyzed as described
above for microalgae.
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Effect of Ration on Growth of Mussels Fed Low-Protein or High-Protein Algae

The purpose of Experiment 1 was to ascertain a) whether the growth rate
of juvenile mussels differed between groups fed either low-protein (LP) or highprotein (HP) algae, and b) the effect of algal ration on mussel growth, to allow
selection of rations which would not limit mussel growth for use in later
experiments.
One week prior to Experiment 1, which was conducted during March 1992,
600 juvenile Mytilus edulis trossulus (shell height = 9-16 mm) were collected from
a genetically characterized (see Thesis Introduction) population in Yaquina Bay,
Oregon. Juvenile mussels were used in this study rather than adults so that tissue
production would be somatic and not gonadal, thereby precluding any seasonal
variability in the utilization of dietary protein in relation to the mussel's
reproductive cycle (eg. see Chapter liD.
Juvenile mussels were acclimated in a continuous flow of sand-filtered
(approximately 50 llm) seawater at ambient temperature (13-16°C). During
acclimation, mussels were fed 104 cells ml- I (approximate final concentration) of
high-protein (HP) Isochrysis galbana (T-ISO) until 24 h before experimentation. At
the start of the experiment, 480 active mussels were removed from the acclimation
system, cleaned of epiphytes and byssus threads, and randomly divided into 24
groups of 20 individuals. The shell of each mussel was dried and numbered with
a diamond-tipped etching pen. Individual shell heights (anteroposterior axis) and
live (wet) weights were measured.
Mussels were reared for three weeks at 16-18°C in a series of twenty-four 4 I
polycarbonate beakers, with each beaker containing a group of 20 mussels in 3 I of
seawater. The rearing system is diagramed in Figure ILl. Sand-filtered ambient
seawater was cartridge-filtered to 0.711m and delivered under constant pressure to
a 200 I reservoir tank, which had a float valve at its inflow to maintain a constant
tank volume (=head pressure). Seawater was then directed by gravity to each of
the experimental beakers at a constant rate of 1 I h- I beaker-I, controlled with needle
valves at the inflow of each beaker. Water exited experimental beakers through
outflow ports and was directed to a common waste drain. Beakers were aerated to
facilitate mixing.
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Of the 24 experimental groups of mussels, four groups were starved. The
diet of each fed group of mussels (n=20) was delivered continuously at 125 ml hol
from a 3 I culture flask to the inflow of each beaker using one of 20 separate
peristaltic pump channels (Figure II.1). Diet stock cultures were mixed daily and
dispensed into twenty 3 I culture flasks, each of which was continuously mixed
with a magnetic stir-bar.

Replicated

en =24)
A

Figure 11.1. Diagram of the continuous flow rearing system used in Experiments
1 and 2, where S = seawater, C = cartridge filters, F = float valve, R = reservoir
tank, D = experimental diets, M = magnetic mixers, P = peristaltic pump, V =
needle valve, A = air, B = bivalves, and E = effluents.
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The experimental design was to feed mussels either LP or HP algae, each of
which was delivered at 10 different rations. In this first experiment, algal rations
were calculated so as to be constant in concentration throughout the experimental
period, and so were not adjusted according to increases in mussel weight. Algal
concentrations in inflowing seawater were 0.10, 0.20, 0.40, 0.67, 1.0, 1.5,2.0,3.0, 6.0,
and 12.0 mg ash-free dry weight (AFDW) ti. The four starved groups were used
as controls for uptake of naturally-occurring particles or dissolved organic material.
A random number table was used to assign positioning of tanks on the laboratory
bench.
During each day of the experiment, cell concentrations in LP and HP algal
cultures, which were between 5 and 7 days old, were enumerated, modal cell
volumes determined and volumetric cell concentrations calculated. The volumetric
concentration (units = ~m3 x 107 ml- i) was then used to predict the concentration of
algal AFDW, based on a highly significant (p<O.OOOl) linear regression between cell
volume (units
AFDW

= ~m3 cell-i) and AFDW (units = mg x 10-8 cell-i), as follows;
=

(0.258 x Cell Volume) - 0.146

0).

The appropriate volume of concentrated LP or HP algal culture was dispensed into
stock flasks in the feeding system and diluted to a total volume of 3 I with 0.7 ~m
filtered seawater.
At the start of the experiment, 50 additional juvenile mussels were removed
from the acclimation system, and their live weights and shell heights were
determined. Each mussel's tissue was dissected into an individual pre-weighed
and pre-ashed (450°C) vial for analysis of its ash-free dry tissue weight (AFDTW),
using standard weight-on-ignition procedures (dried at 60°C, 2 d; ashed at 45O"C,
2 d). Since AFDTW is a better measure of organic caloric content than live or dry
weight (Brey et al. 1988), linear regression procedures were then used to derive
predictive formulae for mussel AFDTW from measures of live weight and shell
height, and these formulae were then used to estimate the initial AFDTW of each
mussel used in Experiment 1.
Live weights and shell heights of individual mussels were measured
weekly. On the final week, mussels were individually measured and their tissues
were dissected from shells for weight-on-ignition analysis and determination of
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their final AFD1W (as described above for the initial sample of mussels). The
change in shell height, live weight and AFD1W over the 3 wk period was then
calculated for each mussel. For measures of live weight and AFD1W, each
mussel's instantaneous growth rate nGR) was calculated as follows:
IGR

=[

(In W f

-

In W)] / 21 d

(2),

where W f and Wi refer to final and initial mussel weight, respectively.
Growth in shell height was expressed as a percentage change. For each
growth parameter, a two-way ANOV A was used to examine differences in growth
rates of mussels fed on either LP or HP algae and among the ten algal rations
(percentages were arcsine square root transformed).
Growth of Mussels Fed Low-Protein Algae Supplemented with Protein
Microcapsules
Diet Description
In Experiment 2, juvenile mussels were fed on eight different diets among
which the ration of algae was equal, except for a diet having no algae (starved) to
control for the uptake of dissolved material and a diet having a greater ration of
algae to control for the effects of diet caloric content. A Significant modification in
Experiment 2 was to deliver diets proportional to mussel ash-free dry tissue weight
(AFD1W) per day (% body weight [bw] d· l ), rather than as a constant ration per
liter as in Experiment 1. A regression predicting mussel AFD1W from wet weight
was, therefore, used weekly to determine total mussel AFDTW per beaker, and
rations were adjusted accordingly. In Experiment 1, greatest differences in mussel
growth between groups fed either low-protein (LP) or high-protein (HP) algae
(without causing mussels to produce appreciable pseudofeces) were observed at an
algal ration of 6 mg ash-free dry weight (AFDW) per liter, which was
approximately equal to 27.5 % bw dol. Therefore, an algal ration of 27.5 % bw d· l
was used in Experiment 2 for six of the eight diets.
Diets 1 and 6 replicated the LP and HP diets used in Experiment 1,
respectively (27.5 % bw dol). Diet 2 consisted of LP algae fed at a higher ration of
37.1 % bw d- l , as a control for variation in dietary caloric content due to capsule
supplementation of the LP diet (see below). Diets 3, 4 and 5 consisted of LP algae
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fed at 27.5 % bw d· I, supplemented with three different rations of protein capsules
at; 8.07 %, 16.1 %, and 24.2 % bw d-I, respectively. Diet 7 consisted of HP algae fed
at 27.5 % bw d- I, which was supplemented with 8.07 % bw d- I of protein capsules.
Diet 8 was the starved control. For each dietary treatment, there were three
replicate beakers, each containing 20 mussels at the start of the experiment.
The ration of protein microcapsules (PM) delivered to mussels in Diet 4
(medium capsule supplemented ration) was calculated to approximately replace the
protein deficiency of the LP algae diet (Diet 1) in comparison to the HP algae diet
(Diet 6), so that the total usable (potentially assimilated) protein in Diet 4 (protein
in algae and PM) was equivalent to that in Diet 6 (Appendix G). Since the
assimilation effiCiency of PM by Mytilus edulis trossulus is lower than the mussel's
efficiency for microalgae (Chapter I), the calculation of the ration of PM in Diet 4
included an adjustment for assimilation efficiency. The difference in potentially
assimilated protein between LP (Diet 1) and HP (Diet 6) algae was termed the
"replacement protein level" (RPL) (Appendix G). Having set the capsule ration in
Diet 4 to equal 1 RPL, capsule rations for Diets 3 and 5 were calculated based on
0.5 RPL and 1.5 RPL to allow for error in the RPL estimate (Figure 11.2), and
perhaps exceed optimal dietary C/N ratios. Similarly, capsules were added at
0.5 RPL to HN algae in Diet 7 to determine whether capsule supplements could
further increase mussel growth, even when the algal food possesses high protein
content (Figure II.2). Although algal and capsule rations used in this experiment
were based on the potentially assimilated protein values in Figure II.2, the actual
rations differed slightly and are given in Table 11.1.
This experimental design was chosen so that growth differences among
mussels fed diets containing protein capsule supplements could be attributed only
to the encapsulated protein and not to qualitative variation in non-protein
attributes of the diet. However, this approach precludes holding diets isocaloric
because the ration of algae would have to be reduced, and the quality therefore
altered, in capsule-supplemented diets. To assess whether mussels were utilizing
encapsulated protein to satisfy their caloric requirements, Diet 2 consisted of the
normal ration of LP algae (27.5 % bw d-I; as in Diet 1) to which was added
supplemental LP algae. The supplementary ration (9.6 % bw d-I) of LP algae was
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calculated (Appendix H) to approximately balance the potentially assimilated
energy of the highest capsule-supplemented ration, 1.5 RPL (24.2 % bw dol of
capsules), which was termed the "replacement energy level" (REL) (Figure II.2;

Table 11.1. Estimation of the ration of dietary protein (% bw dot, w/w ash-free
dry) potentially assimilated (PA) by Mytilus edulis trossulus (Experiment 2).
Delivered
Algal
Ration

PA
Algal
Ration'

PA
Algal
Protein
Rationb

Delivered
Capsule
Ratione

PA
Capsule
Ration d

PA
Capsule
Protein
Ratione

Total
Dietary
PA
Protein
Ration!

27.5

20.6

5.73

-

-

-

5.73

2) LP +
LP

37.1

27.8

7.73

-

-

-

7.73

3) LP +
0.5 RPL

27.5

20.6

5.73

8.07

2.42

2.03

7.76

4) LP +
1.0 RPL

27.5

20.6

5.73

16.1

4.84

4.07

9.80

5) LP +
1.5 RPL

27.5

20.6

5.73

24.2

7.26

5.80

11.53

27.5

20.6

8.78

-

-

-

8.78

27.5

20.6

8.78

8.07

2.42

2.03

10.81

Diet

1) LP

6) HP
7) HP +

0.5 RPL

a

b
C

d

e
f

It is assumed that 1sochrysis galbana is assimilated with an efficiency of 75 %,
which is a typical value for bivalves fed microalgae (for review, see Bayne and

Newell 1983).
The protein content of LP and HP 1- galbana is given in Table II.7.
Rations of protein capsules were calculated to balance the protein difference
between LP and HP 1- galbana when fed at 27.5 % bw dol (Appendix G).
The assimilation efficiency of protein microcapsules by juvenile mussels is
assumed to be equivalent to that of adult mussels, measured to be 30 % during
the spring (Chapters I and ITl).
Protein microcapsules were composed of approximately 84 % protein (Table 11.9).
The total potentially assimilated (PA) protein ration in each diet was calculated
by summing the PA protein rations from algae and capsules.
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Appendix H). This calculation included adjustment for differences in the mussel's
potential assimilation efficiencies for microalgae and PM (Table lI.2). The relative
potentially assimilated caloric contents of Diets 1-7 are summarized in Figure 11.2.

Table 11.2. Estimation of the ration of dietary energy (joules [mg ash-free dry
mussel tissueP dol) potentially assimilated (PA) by Mytilus edulis trossulus
(Experiment 2).

Diet

Delivered
Algal
Ration

PA
Algal
Ration"

PA
Algal
Energy
Ration b

Delivered
Capsule
Ratione

PA
Capsule
Ration d

PA
Capsule
Energy
Rationb

Total
Dietary
PA
Energy
Ratione

1) LP

27.5

20.6

474

-

-

-

474

2) LP +
LP

37.1

27.8

640

-

-

-

640

3) LP +
0.5 RPL

27.5

20.6

474

8.07

2.42

55

529

4) LP +
1.0 RPL

27.5

20.6

474

16.1

4.84

110

584

5) LP +
1.5 RPL

27.5

20.6

474

24.2

7.26

166

640

27.5

20.6

474

-

-

-

474

27.5

20.6

474

8.07

2.42

55

529

6) HP
7) HP +

0.5 RPL

a

b

C

d

e

It was assumed that Isochrysis galbana is assimilated with an efficiency of 75 %,

which is a typical value for bivalves fed microalgae (Bayne and Newell 1983).
The energy content of 1- galbana and protein microcapsules was assumed to be
equivalent to 23 and 24 kJ go!, respectively, which were approximate values for
algae and protein by Gnaiger and Bitterlich (1984).
Rations of protein microcapsules were determined to balance the difference in
protein between LP and HP 1- galbana when fed at 27.5 % bw do! (Appendix G).
The assimilation efficiency of protein microcapsules by juvenile mussels was
assumed to be equivalent to that of adult mussels, measured to be 30 % during
the spring (Chapters 1 and III).
The total potentially assimilated (PA) energy ration in each diet was calculated
by summing the PA energy rations from algae and capsules.
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Dietary C/N ratios of the potentially assimilated diets were calculated using results
from elemental analysis of protein microcapsules and LN and HN algae (Table

II.3).

Table 11.3. Estimates of the C/N ratios of the portion of Diets 1-7 potentially
assimilated (PA) by Mytilus edulis trossulus (Experiment 2).

PA
Algal
C
Ration'

PA
Algal
N
Ration'

PA
Capsule
C
Rationb

PA
Capsule
N
Ration b

Total
Dietary
PA
C Ratione

Total
Dietary
PA
N Ratione

Diet
c/N
Ratio

12.0

0.801

-

-

12.0

0.801

15.0

2) LP +
LP

16.2

1.08

-

-

16.2

1.08

15.0

3) LP +
0.5 RPL

12.0

0.801

1.06

0.142

13.1

0.943

13.9

4) LP +
1.0 RPL

12.0

0.801

2.11

0.283

14.1

1.08

13.0

5) LP +
1.5 RPL

12.0

0.801

3.17

0.425

15.2

1.23

12.4

11.6

1.55

-

-

11.6

1.55

7.51

11.6

1.55

1.06

0.142

12.7

1.69

7.51

Diet
1) LP

6) HP
7) HP+
0.5 RPL

a

b

C

The elemental composition of the potentially assimilated (PA) ration of algae was
calculated by multiplying the PA algal ration (from Table ILl) by the elemental
carbon (C) and nitrogen (N) weight percent composition of the algae (from
Table II.7).
The elemental composition of the PA ration of protein microcapsules was
calculated by multiplying the PA capsule ration (from Table II.}) by the
measured C and N weight percentage content (from Table II.9).
Total diet C and N contents were calculated by summation of algal and capsule
values.

78

,,-....
I

u

8

~

..0

~

'--'

'"'"a

C

10

<l)

6
4

~ Algae

II!!II

Capsules

-1--------------One "RPL"

_J

-+oJ

0

\....

0..

2

...........

700

~

I

u
()'l

E

J

'--'

'"

'"a
>..

600
500

--r----

------------

One "REL"

_J

400

()'l
\....

c

300

0

16
14
12
10

<l)

w

-+oJ

0

~

Z

'"'"a

'-....
U

8

6
4

2

a
Diet

LP

LP+
LP
(REL)

2

LP+
0.5
RPL

3

LP+
1.0
RPL
4

LP+
1.5
RPL
5

HP

6

HP+
0.5
RPL

7

Figure 11.2. Protein content, energy content, and ON ratio of the proportion of
eight experimental diets estimated to have been assimilated by Mytilus edulis
trossulus in Experiment 2. RPL refers to the replacement protein level and REL
refers to the replacement energy level (see text and Appendices G, H).
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Growth Rates
Experiment 2 was conducted during May 1992. Juvenile mussels were
collected, acclimated, and subsampled at the start of Experiment 2 and an initial
AFDTW Iwet weight regression determined for individual mussels as described for
Experiment 1. The duration, rearing system, rearing temperature, and growth
measurement protocol of Experiment 1 were also repeated in this experiment. At
the end of Experiment 2, mussels were weighed, measured, and dissected as
described for Experiment 1; however, only approximately one-half of the surviving
mussels were actually analyzed for their AFDTW. The other mussels were
analyzed for their proximate biochemical composition to determine whether dietary
protein level affected the protein content of mussel tissues (see below).
Instantaneous growth rates (IGR) were calculated as in Experiment 1 for both
measures of mussel weight (wet weight and AFDTW). Variability among
individual mussels in growth of shell height, wet weight and AFDTW during the 3
week experiment was compared statistically among tank replicates (n=3) and diet
treatments (n=8) using nested ANOV A procedures (Sokal and Rohlf 1969). In
every analysis, there was no significant variation among replicates, and so they
were pooled and analyzed with one-way ANOV A and Tukey's multiple range
procedures (Sokal and Rohlf 1969).
O/N Ratios

Rates of oxygen consumption and nitrogen excretion were measured for
each group of mussels in Experiment 2 for calculation of O/N ratios. O/N ratios
are useful indicators of the relative catabolism of dietary protein (ratio < 10) versus
carbohydrate (ratio> 20) thereby suggesting whether protein is primarily being
catabolized or spared from catabolism. After mussels were added to experimental
beakers on the first day of the experiment, they were allowed to purge their guts
for 18 h during which time they only received 0.7 pm filtered seawater. For each
group of 20 mussels, routine rates of oxygen consumption and ammonia nitrogen
excretion were then measured during the same day. The same procedure was
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repeated on the final day of the experiment when mussels again were allowed to
purge their guts over an 18 h period.
Rates of oxygen consumption were measured for each group of mussels by
transferring the group from their experimental beaker to a 400 ml respirometer
chamber (Strathkelvin RC 400) which contained 0.7 pm filtered seawater. The
respirometer chamber was partially immersed in a recirculating water bath (Forma
Scientific Bath and Circulator, Model 2067) which maintained a constant water
temperature of 15°C. After adding mussels to the chamber, the chamber was
sealed, all air bubbles were removed, and an oxygen probe from a Strathkelvin
oxygen meter (Model 781) was used to monitor internal O 2 concentration. The
oxygen meter was calibrated with air-saturated water and zero oxygen
concentration was determined with a freshly prepared solution of 200 mg sodium
sulfite (anhydrous) in 100 ml 0.01 M disodium tetraborate.
Mussels rapidly opened their shell valves after being placed in the chamber,
and after all appeared active, the oxygen concentration (ml 1-1) and time were
recorded, and again recorded after 15-30 min. This procedure was repeated for
each group of animals. In addition, at five different times during the day, the
oxygen consumption of microorganisms (associated with the seawater used these
respiration measurements) was measured using a group of dummy mussels (empty
shells that had been glued together with silicone) which had previously been held
in the acclimation tank. Rates of oxygen consumption (ml h- I) were calculated
using standard procedures, corrected for microbial activity, and expressed in gramatomic units per AFDTW (pg at O h-I g-I) for the group of mussels. Seawater in
2

the respirometer chamber needed to be replaced between each measurement to
prevent accumulation of excreta and to prevent oxygen concentrations from falling
below 60 % saturation.
Excretion of ammonia-nitrogen was measured by transferring mussels to
sealed 1 I Nalgene jars containing 500 ml of 0.7 pm filtered seawater for an
incubation period of 2-4 h. Initial and final times were recorded to calculate total
elapsed time for each chamber. Three additional chambers without mussels
received NH3S04 standards of known concentration. Three chambers also
contained dummy mussels (shells glued together). At the start of the incubation
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period, 50 ml was subsampled from each of the 6 control chambers and fixed with
2 ml 10 % w Iv phenol in 95 % ethanol to which was added 500 JII of 1 M HCI to
lower the pH « 8), which facilitated retention of ammonia in solution. After the
incubation period, a 100 ml sample was removed from each chamber to which was
added 1 ml 1 M HCl. Each sample was then vacuum filtered (5 psi) through a
0.45 pm membrane filter to remove any particulate material (a small amount of
feces were produced by a few mussels). After filtration, 50 ml was removed from
each sample and fixed with phenol as described above.
The concentration of ammonia in each sample was analyzed
spectrophotometrically using the method of Solorzano (1969), standardized with
samples which contained known levels of NH 3S04• Increases in the gram-atomic
weight of ammonia produced in chambers with living mussels were then corrected
for background levels of ammonia and for microbial activity, using ammonia
concentrations measured in chambers containing dummy mussels. Rates of
ammonia excretion by each group of mussels were then calculated specific to the
total group AFDTW (JIg at NH/-N h- 1 g-l).
Gram-atomic and weight-specific rates of oxygen consumption and
ammonia-nitrogen excretion were directly compared for each group of mussels. At
the start of Experiment 2, oxygen consumption rates, nitrogen excretion rates and
O/N ratios were averaged among the three replicate groups in each dietary

treatment and compared statistically among treatments with one-way ANOV A
techniques to determine whether there were any initial differences in these
physiological parameters among treatments of mussels. This analysis was repeated
at the conclusion of the experiment to determine whether dietary protein content
affected the manner with which mussels utilized protein.
Proximate Analysis
At the end of Experiment 2, approximately five randomly selected tissue
samples from each group were combined and freeze-dried. After drying, tissue
samples were ground to a powder with a mortar and pestle and the powder was
weighed. Each tissue sample was resuspended in 4.5 ml (final volume) dH20 and
homogenized for 15 s at maximum speed (Ultra Turrax, Model SOT 1810).
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From each homogenate, 2 ml were transferred to a second vial for lipid
extraction and analysis using a modified method from Folch et al. (1956). Lipids
were twice extracted with 7.5 ml 1:2 chloroform/methanol and 2 min bath
sonication (Braun-Sonic Model 52). Supernatants were collected by centrifugation
(800 x g, 10 min), combined, treated with 5 ml 0.7 % NaCI, vortexed at maximum
speed for 30 s and allowed to stand overnight at 4°C. After settling, the lipid
samples were centrifuged (800 x g, 15 min), and 4 ml of the lower phase was
carefully withdrawn by pipet and added to a baked (450°C, 2 d) and pre-weighed
7 ml vial. The samples were then dried for 2 d at 600C to remove organic solvents.
Vials were weighed after drying and the amount of lipids in the original sample
were calculated, after correction for losses with tripalmitin (Sigma T-5888)
standards which were treated to the same process of lipid extraction and drying.
The remainder of each tissue homogenate (2.5 ml) was treated with 4 ml
5 % trichloroacetic acid (TCA), vortexed for 30 s (Vortex-Genie, Model 12-812),
heated at 900C for 30 min, cooled in an ice bath for 30 min, and centrifuged at
1500 x g for 20 min. The supernatant was withdrawn and 1 ml used for
spectrophotometric determination of carbohydrate using the procedure described
by Dubois et al. (1956), standardized with oyster glycogen (Sigma Type IT, G-8751)
that had been subjected to the same process. The pellet was further treated with
3 ml 0.5 M NaOH, vortexed for 10 s, heated at 900C for 30 min, and allowed to
stand overnight at room temperature. Samples were then centrifuged (1500 x g,
10 min), and the protein concentration of the supernatant determined
spectrophotometrically using a test kit based on the procedure of Lowry et al.
(1951) (Pierce, BCA 23225). The protein content of the initial tissue homogenate
was calculated from standard absorbances of mussel protein (see Chapter I for
purification procedure) that had been treated identically to the samples.
Average protein, lipid, and carbohydrate contents in mussel tissues from
each beaker were calculated from arcsine square root transformed data and
compared statistically among treatments using ANOVA and Tukey's HSD multiple
range procedures (Sokal and Rohlf 1969).
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Results
Diet Characteristics
Microalgae
The alga, Isochrysis galbana (clone T-ISO), was successfully cultured in lownitrogen (LN; 40 % of the nitrogen in f/2 media; 30 mg NaN03 tl) and highnitrogen (HN; 200 %; 150 mg NaN03 tl) media. Further reductions in the nitrogen
concentration of the culture medium caused collapse of algal cultures after 6 d of
growth. Temporal changes in the cell concentration in LN and HN cultures are
shown in Figure II.3a. Both types of algae grew exponentially during the first
week of culture (Figure II.3a). After seven days, LN algae reached stationary
phase; whereas, HN algae grew exponentially until about day 10, when they also
reached stationary phase (Figure 11.3a). The cell concentration of LN algae was
consistently lower than that of HN algae (Figure II.3a). Both culture age and
culture nitrogen level were highly Significant (p<O.OOOl) predictors of cell
concentration as determined with a multiple regression procedure (Table II.4).

Table 11.4. Results of a multiple regression analysis for predicting cell
concentration (10' ml-t ) of Isochrysis galbana (clone T-ISO) from 1) nitrogen
concentration of culture medium (high or low) and 2) age of culture (d).

Variable

Coefficient

Standard
Error

t-value

p-value

Constant

1.181

0.157

7.53

<0.0001

Culture Nitrogen Concentration

1.143

0.127

9.00

<0.0001

Culture Age

0.094

0.017

5.64

<0.0001

Adjusted R2 = 0.377
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During the culture period, both LN and HN algae increased in cell size, and
LN algal cells were usually larger than HN algal cells of similar culture age (Figure
II.3b). A multiple regression for predicting cell volume indicated that both culture
nitrogen level and culture age were significantly (p<O.OOOl) influential (Table 11.5).
The average (± SE) cell volumes of LN and HN algae were 18.0 ± 2.3 llm3 (n=127)
and 17.6 ± 1.5 (n=93) pm3, respectively.
Similar to cell volume, cell ash-free dry weight (AFDW) also increased with
culture age and nitrogen level, and averaged (± SE) 28.0 ± 13.1 pg cello! (n=33) and
29.3

±

12.9 pg cello! (n=29) for LN and HN algae, respectively. Since LN and HN

algae differed in cell concentration, volume and AFDW at a given point in the
culture period, a highly significant (P<O.OOOl) linear regreSSion was developed for
predicting cell AFDW from cell volume (Table II.6), which allowed daily
calculation and delivery of equivalent weight-specific rations of LN and HN algae
to mussels in growth experiments.
The biochemical composition of algae cultured on LN and HN media is
summarized in Table II.7. No significant differences (p>0.05) were found between
LN and HN algae in their percentage (w/total w) composition of ash; however, LN
algae had significantly (p<O.OOOl) lower protein (27.8 % w/w) than HN algae (42.6
% w/w). Carbohydrate and lipid contents were significantly (p=0.OO2 and p=0.OO6,

Table 11.5. Results of a multiple regression analysis for predicting the cell
volume (pm3) of Isochrysis galbana (done T-ISO) from 1) nitrogen concentration
of culture medium (high or low) and 2) age of culture (d).

Variable

Coefficient

Standard
Error

t-value

p-value

Constant

14.00

0.294

47.56

<0.0001

Culture Nitrogen Concentration

-0.832

0.238

-3.49

<0.0001

Culture Age

0.469

0.031

15.07

<0.0001

Adjusted R2 = 0.514
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Table 11.6. Results of a linear regression analysis for predicting ash-free dry cell
weight (mg x 10~) from cell volume (pm3) of Isochrysis galbana (clone T-ISO).

Estimate

Standard
Error

t-value

p-value

Intercept

-0.146

0.403

-0.362

0.724

Slope

0.258

0.020

12.84

<0.0001

Parameter

R-squared = 94.3 %
Correlation Coefficient = 0.971

Table 11.7. Biochemical composition (percentage total dry weight) of Isochrysis
galbana (T-ISO) cultured in low-nitrogen (LN) or high-nitrogen (HN) media.
Statistical differences between algae types were assessed using t-tests on arcsine
square root transformed percentages.
Percentage Composition (Mean ± SE)
LN Medium

HN Medium

t-test
p-value

Ash

23.8 ± 1.1
(n=5)

19.7 ± 1.4
(n=6)

n.s.

Carbohydrate

25.1 ± 0.6
(n=7)

20.2 ± 0.3
(n=7)

p=0.002

Lipid

22.0 ± 0.6
(n=7)

17.1 ± 0.6
(n=7)

p=0.006

27.8 ± 0.8
(n=25)

42.6 ± 1.1
(n=26)

p<O.OOOl

Carbon

58.4 ± 3.5
(n=6)

56.5 ± 5.9
(n=6)

n.s.

Nitrogen

3.89 ± 0.27
(n=6)

7.51 ± 0.22
(n=6)

p<O.OOOl

CJN Ratio

15.0 ± 1.5
(n=6)

7.52 ± 0.87
(n=6)

p<O.OOOl

Parameter

Protein

n.s.= not significant (a=O.05)
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respectively) greater in LN algae (25.1 % and 22.0 %, respectively) than in HN
algae (20.2 % and 17.1 %, respectively). Cell protein content is plotted as a
function of time in Figure II.3c for algae cultured on LN and HN media. A
multiple regression analysis (Table II.8) with variables culture age and nitrogen
concentration, suggested the protein content of algae was not significantly (p>0.05)
correlated with the age of the culture. However, separate linear regressions for LN
and HN algae indicated that the protein content of HN algae significantly
(p=0.0002) increased with culture age; whereas, the protein content of LN algae
was not significantly (p>0.05) correlated with culture age. Only 5 to 7 day-old
cultures of LN and HN algae were harvested for mussel growth experiments.
Protein Microcapsules
The biochemical composition of protein microcapsules used in this study is
summarized in Table II.9. The average protein content (% w /w) was determined
to be 83.7 %. Carbohydrate contamination was less than 1 % w /w, and no
measurable lipid was recovered gravimetrically. Ash accounted for 4.2 % of the
capsule weight.

Table II.S. Results of a multiple regression analysis for predicting cell protein
content (percentage dry weight) of Isochrysis galbana (clone T-ISO) from
1) nitrogen concentration of culture medium (high or low) and 2) age of culture
(d).

Variable

Coefficient

Standard
Error

t-value

p-value

Constant

34.85

4.36

7.99

<0.001

Culture Nitrogen Concentration

15.18

3.88

3.91

0.003

Culture Age

-0.125

0.310

-0.403

0.695

Adjusted R2 = 0.526
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The nitrogen content of the capsules was 12.3 % (Table II.9), which if
multiplied by the standard protein/nitrogen conversion factor of 6.25 gives a
slightly lower estimate of capsule protein content (76.9 %) than that measured
analytically above (83.7 %). The reason for this discrepancy is unclear; however, it
is possible that capsule samples used for elemental analysis could have been
contaminated with inorganic residue in the sample vials. Alternatively, the test kit
for protein (Pierce BCA) may have overestimated capsule protein content (for a
discussion of error in this method, see lamer et al. 1989), perhaps because of
chemical differences between encapsulated and non-encapsulated protein. The
carbon content of the protein capsules was measured to be 45.9 % (Table II.9),
which when expressed relative to the nitrogen content produced a C/N ratio of
3.52.

Table 11.9. Biochemical and elemental composition (percentage dry weight) of
protein microcapsules.

Parameter

Sample Size

Percentage Composition"
(Mean ± SE)

Ash

3

4.18

Carbohydrate

11

0.49 ± 0.15

Lipid

5

n.d.

Protein

10

83.7

Carbon

5

45.9 ± 1.8

Nitrogen

5

12.3 ± 0.2

ClN Ratio

5

3.52 ± 0.05

±

±

1.49

3.9

n.d.= not detected
except for C/N ratio, which is the percentage carbon composition divided by
the percentage nitrogen composition.

a
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The amino acid composition of mussel protein, algal protein, non-purified
crab protein, purified crab protein, and crab protein microcapsules is given in Table
11.10. All amino acids were present in all samples with the exception of cysteine
which was poorly represented in both purified crab protein and crab protein
microcapsules, but is not deemed to be essential (see Discussion). The essential
amino acid requirements of suspension-feeding bivalves have not been clearly
identified, but are probably those that are denoted with asterisks in Table 11.10 (see
Discussion). To facilitate comparison of protein quality between crab protein
capsules and algal protein, the amount of each amino acid in either protein type
was expressed relative to the amount measured in mussel tissue protein (Table
lI.lO). The relative concentration of each essential amino acid in both algal protein

and crab protein microcapsules was estimated to be greater than 85 % of the
relative concentration in mussel protein, except for lysine, which was only present
in algal protein at a concentration equivalent to 67 % of that in mussel protein.
Growth of Mussels Fed Low-Protein and High-Protein Algae at Various Rations
Juvenile Mytilus edulis trossulus grew much faster in shell height, wet
weight, and ash-free dry tissue weight (AFDTW) when fed high-protein (HP)
1sochrysis galbana (clone T-1SO) than when fed low-protein (LP) 1. galbana,
regardless of ration (Table lI.ll). Mussel shell heights and wet weights did not
differ significantly (ANOV A, p>0.05) among the 24 experimental beakers at the
outset of the experimenti however, within one week, differences in mussel growth
between groups fed LP and HP algae were established, and the patterns of growth
versus ration level and algae type did not change over the 3 wk period. Therefore,
only growth rates calculated for the three week period are given. Growth of
starved mussels over the three week period did not differ significantly (ANOV A,
p>0.05) among replicate beakers and so data were pooled for presentation.
Mortality was variable (Table 1I.11), but was not correlated with either algae type
or ration.
At the highest rations (6 and 12 mg ash-free dry algae weight [AFDW] it),
mussels grew at maximum rates under the tested culture conditions. Mussels fed
HP algae at 6 mg AFDW it increased in shell height by 19.8 % and wet weight by
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Table 11.10. Amino acid composition (percentage relative concentration) in
protein hydrolysates from mussel tissue, microalgae, crab tissue, and crab protein
microcapsules. The proportion of each amino acid in crab protein microcapsules
and microalgal protein is also expressed as a percentage of the relative
concentration in mussel protein.

Amino
Acid

I

Relative Concentration in Protein
Hydrolysate

Percent Relative to
Mussel Protein

Mussel
Protein

Algal
Protein

Pure
Crab
Protein

Crab
Protein
Capsules

In
Algal
Protein

In Crab
Protein
Capsules

THR'

8.16

7.13

8.23

7.34

87.4

90.0

VAL"

4.30

4.88

5.07

4.65

>100

>100

MET

2.01

2.40

1.68

2.03

>100

>100

ILE'

4.17

4.20

4.59

6.90

>100

>100

LEU

6.98

9.26

6.19

7.17

>100

>100

PHE'

3.32

4.53

3.98

3.80

>100

>100

LYS'

7.82

5.21

6.85

10.3

66.6

>100

HIS'

1.74

1.96

2.23

2.06

>100

>100

TRP'

0.467

0.761

0.544

0.567

>100

>100

ARG'

5.11

4.38

4.75

4.47

85.7

87.5

ASP

15.7

13.0

15.89

15.3

82.8

97.5

SER

8.53

6.78

6.72

6.34

79.5

74.3

GLU

11.8

9.62

14.72

12.0

81.5

>100

PRO

4.20

4.74

3.14

2.24

>100

53.3

GLY

5.68

8.67

6.03

5.72

>100

>100

ALA

5.81

9.05

6.51

6.09

>100

>100

CYS

1.39

0.697

0.270

n.d.

50.2"

0-

TYR

2.85

2.77

3.14

2.99

97.2

>100

n.a.- not aetectea .
. Essential amino acids (see text).
a Cysteine was suspected to have been lost during purification of algal and crab
protein (see Discussion).
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Table 11.11. Increase in shell height, wet weight, and ash-free dry tissue weight
(AFDTW) of juvenile Mytilus edulis trossulus fed either low-protein (LP) or
high-protein (HP) Isochrysis galbana at concentrations ranging from 0.1 to 12 mg
ash-free dry weight (AFDW) Z-l in Experiment 1. Values are means ± SE.

Ration
(mg
chambef1
dayl

Diet
Concen.
(mg 1'1)

Final
n
(of 20)
LP

Instantaneous Growth Rate (lo-J d'l)
Wet Weight

Fed

Fed

HP

Fed
LP
Algae

15

AFDTW
Fed

Algae

Fed
HP
Algae

Fed

Algae

LP

Algae

Algae

10.0
±0.7

16.8
±0.7

16.1
±1.6

25.5
±1.4

54.3
±4.1

77.8
±2.1

HP

LP

HP

288

12

144

6.0

16

11

11.1
±0.9

19.8
±0.7

17.8
±1.9

28.8
±1.9

56.3
±3.9

77.3
±2.8

72.2

3.0

18

19

9.43
±O.66

11.3
±1.2

14.1
±1.6

16.4
±2.1

41.9
±3.2

41.6
±4.6

48.2

2.0

19

18

7.92
±0.78

11.5
±0.6

13.9
±1.4

17.0
±1.7

38.3
±2.4

37.5
±2.1

36.1

1.5

15

15

6.99
±0.82

9.87
±0.88

13.1
±2.1

15.5
±1.5

31.8
±3.7

31.7
±2.3

24.1

1.0

17

17

3.78
±0.39

7.27
±0.79

7.41
±0.90

11.9
±1.6

17.1
±1.6

29.0
±5.7

16.1

0.67

16

16

2.17
±0.38

2.88
±0.40

6.43
±0.76

5.66
±1.01

12.4
±1.8

11.4
±1.6

9.62

0.40

14

20

0.43
±0.09

2.81
±O.49

3.41
±0.48

7.32
±0.87

0.08
±1.9

11.1
±2.0

4.83

0.20

18

19

0.01
±0.02

0.10
±0.06

4.38
±0.52

3.07
±0.42

-4.22
±2.1S

2.26
±1.60

2.41

0.10

20

18

-0.02
±0.O2

0.08
±O.O5

2.20
±O.42

2.05
±0.41

-4.69
±1.13

-5.45
±1.SO

Starved"
a

16

Shell
Growth
(% Increase)

76"

1.79 ± 0.54

2.96 ± 0.35

-2.97 ± 1.12

There were four replicate starved control tanks initially containing 20 mussels
each. No significant differences among replicate controls were found (ANOV A,
p>O.OS) for each growth parameter; therefore, they were pooled for data
presentation.
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92.7 %; whereas, mussels fed LP algae at 6 mg AFDW

t 1 increased in shell height

by 11.1 % and wet weight by 46.0 %. Growth rates for mussels fed on either algae
type were greatest at a ration of 6 mg AFDW

t 1 ration, which suggested that

further increases in food exceeded their requirements (Table 11.11). Pseudofeces
were produced by mussels fed algae at 12 mg AFDW tl.
The pattern of mussel growth as a function of algae type and ration was
similar for each of the three growth parameters: shell height, wet weight, and
AFDTW. Growth curves for mussel shell height and AFDTW are shown in Figure
11.4. Shell growth was greater in mussels fed HP algae than those fed LP algae at
all ration levels (Figure II.4a); whereas, AFDTW of mussels differed primarily at
the highest rations (Figure II.4b). Multiple regression analyses for each growth
parameter indicated that both algae ration and type (LP or HP) were highly
significant (p<O.OOO1) predictors of mussel growth (Appendix D. After three weeks,
shell heights of starved mussels were not significantly (t-test, p>O.05) different from
the start of the experiment, and starved mussels lost AFDTW, which suggests
that background levels of dissolved organic material and/or particulate matter did
not significantly contribute to mussel growth in this experiment. The maintenance
ration for LP and HP Isochrysis galbana can be estimated from Table II.6 to be
approximately 0.40 and 0.15 mg AFDW 1-1, respectively.
Growth of Mussels Fed Low-Protein Algae Supplemented with Protein
Microcapsules
Growth rates of juvenile Mytilus edulis trossulus (summarized in Table
11.12) varied significantly among groups fed the eight different diets in Experiment
2. Nested ANOV A procedures indicated that mussel growth rates were statistically
similar among the three replicates in each dietary treatment (Appendix J);
therefore, shell height, wet weight, and ash-free dry tissue weight (AFDTW)
measures of growth were combined among individuals from each set of three
replicates and analyzed among diet treatments with one-way ANOV As and
Tukey's HSD multiple range tests.
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Table 11.12. Increase in shell height, wet weight, and ash-free dry tissue weight
(AFDTW) of juvenile Mytilus edulis trossulus fed Diets 1 to 8 in Experiment 2
(see Figure 11.2 for overview of diets). For each growth parameter, statistical
differences among dietary treatments are denoted with superscripted letters (see
Appendix J for statistics). Values are means ± standard errors (n=3 per value).
Diet
(see text for
description)

%

Survival
(%)

Increase
in Shell
Height

Instantaneous Growth Rate
(x 10-3 dol)
Wet Weight

AFDTW

1) LP

9004 ± 3.6

5.81 ± 0.2~

9.73 ± 0.59 0

28.0 ± 1.95c

2) LP + LP (REL)

87.8 ± 6.4

5.90 ± 0.3~

10.3 ± 0.71 co

29.9 ± 2.23c

3) LP + 0.5 RPL

93.5 ± 2.3

7.92 ± 0.31 BC

13.4 ± 0074 c

36.8 ± 2.86BC

4) LP + 1.0 RPL

82.2 ± 9.7

7.30 ± O.38 c

13.8 ± 1.lOBC

48.0 ± 4.85 AB

5) LP + 1.5 RPL

99.4 ± 5.0

10.8 ± O.46AB

17.0 ± 0.87AB

47.1 ± 3.SSAB

6) HP

87.4 ± 5.1

11.5 ± 0.42 A

17.5 ± O.86A

53.3 ± 3.23A

7) HP + 0.5 RPL

95.8 ± 8.1

11.4 ± 0.52 A

17.6 ± 1.W

54.7 ± 4.35A

8) Starved

94.4 ± 8.6

0.02 ± 0.010

1.49 ± O.46E

-15.5 ± 2.490

As found in Experiment 1, mussels fed low-protein (LP) Isochrysis galbana
(T-ISO) (Diet 1) in Experiment 2 grew at a significantly (p<O.05; Appendix J) lower
rate than mussels fed high-protein (HP) 1. galbana (Diet 6), when delivered at a
ration of 27.5 % bw dol. In Experiment I, growth rates in terms of shell height, wet
weight, and AFDTW, for mussels fed LP algae were 56,62, and 73 %, respectively,
of growth rates for mussels fed HP algae. Similarly, in Experiment 2, shell height,
wet weight and AFDTW growth of LP-fed mussels were 51,56, and 53 %,
respectively, of corresponding growth of HP-fed mussels. Similar growth patterns
among diet treatments were observed among the three growth parameters (Table
11.12). Starved controls (Diet 8) failed to grow which demonstrated again that
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mussels were unable to derive sufficient nutrients from their culture medium (eg.
dissolved organiCS, background particulate matter), and thus the growth differences
observed among treatments were due to the composition of experimental diets.
Mortality did not vary significantly (ANOV A, p>0.05) among dietary treatments.
Growth rates of mussels fed LP algae were significantly improved when the
LP algal ration was supplemented with protein microcapsules (Table II.12).
Furthermore, there was a proportional increase in mussel growth rate with
progresSively higher supplements of capsules to the LP algal diet. The
instantaneous wet weight growth rate of mussels fed LP algae with the highest
supplement of protein microcapsules (Diet 5; 17.0 x 10-3 dol) was statistically
equivalent to that of mussels fed only HP algae (Diet 6; 17.5 x 10-3 dol). Similarly,
instantaneous AFDTW growth rates were not significantly (p>0.05) different among
groups of mussels fed either LP algae with a 1.0 RPL capsule supplement (Diet 4;
48.0 x 10-3 dol), LP algae with a 1.5 RPL capsule supplement (Diet 5; 47.1 x 10-3 dol),
or HP algae alone (Diet 6; 53.3 x 10-3 dol) (Table II.12).
Mussels which were fed LP algae at a ration of 37.1 % bw dol ("LP+LP"; Diet
2) did not grow significantly faster than mussels fed LP algae at 27.5 % bw dol
(Table II.12). Supplements of capsules to HP algae (Diet 7) did not improve mussel
growth rates as compared to mussels fed only HP algae (Diet 6) (Table II.12). This
is not surprising since in Experiment 1, the growth curve of LP algae fed mussels
reached an asymptote at rations above 6 mg AFDW

r (Figure II.4), which
l

corresponded to the weight-specific ration of 27.5 % bw dol used here. This is
important because it clearly demonstrated that further increases in algal ration did
not improve the growth of mussels fed on LP algae (ie. mussels were fed satiation
rations).
The instantaneous wet weight growth rate OGR-) of mussels is plotted
versus the estimated C/N ratio of the assimilated portion of each diet (C/Nass
ratio) in Figure II.5. C/Nass ratios were different than C/N ratios of the diets
actually delivered to mussels (C/Ntot ratio) in Experiment 2 because protein
microcapsules are assimilated with lower efficiency (eg. 30 %; Chapter I, III)
compared to living microalgae (eg. 75 %; Bayne and Newell 1983). C/Ntot ratios
were 15.0, 15.0, 11.0,8.4, 7.2, 7.5 and 6.3 for Diets 1-7, respectively; whereas,
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estimated C/Nass ratios were 15.0, 15.0, 13.9, 13.0, 12.4, 7.5 and 7.5 for Diets 1-7,
respectively (Table II.3). Mussel growth rates were inversely related to the
estimated C/Nass ratio if this ratio was approximately between 12 and 18; whereas,
growth rates appeared to be independent of C/N.ss ratio if the ratio was between 8
and 12 (Figure II.5). A linear regression of IGRvw as a function of C/N.ss ratio was
highly significant (p<O.OOOI) for the range of C/Nass ratios used (7.5-15.0).
Additional regressions indicated that IGRww was also significantly (p<O.Ol)
correlated with C/Ntot as well as the estimated total and assimilated protein ration
in the mussel's diet.
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lW dol) of juvenile Mytilus edulis trossulus as a function of the estimated CIN

ratio of the assimilated proportion of Diets 1 to 7 in Experiment 2.

97

Despite highly significant differences in growth rates of mussels fed
different diets, their tissue biochemical composition was not appreciably altered.
Initially, the protein content of all mussels was 53 % (Table 11.13). After three
weeks, the protein content of mussel tissues varied significantly (p<0.05) among
dietary treatments from 34 % to 56 %; however, tissue protein content did not
clearly correlate with dietary protein content, and differences were only marginally
significant. The lowest protein contents were measured in mussels which were fed
LP algae (Diet 1) and the highest protein content was measured in mussels fed LP
algae with either 0.5 RPL or 1.0 RPL of protein capsules (Diets 3 and 4). Lipid
content was significantly (p<0.05) greater in tissues of mussels fed LP algae alone
(Diet 1) than in mussels fed any other diet including the starved controls (Table

Table 11.13. Proximate biochemical composition of the tissues of juvenile
Mytilus edulis trossulus after mussels were fed for three weeks on Diets 1 to 8
and at the start (initial) of Experiment 2. Significant differences in protein, lipid
and carbohydrate contents (% dry weight) among the 8 dietary treatments are
denoted with superscripted letters (see Appendix K for statistics).

Diet
Initial
1) LP
2) LP + LP (REL)
3) LP + 0.5 RPL

Percentage Composition (Mean

SE; n=3)

Protein

Lipid

Carbohydrate

53.3 ± 4.5
34.1 ± 2.7B

n.m.

8.00 ± 0.20

29.7 ± 3.2A
17.1 ± 0.6B

10.86 ± 0.20

44.3 ± 2.6AB
50.0 ± 1.6A

5) LP + 1.5 RPL

55.7 ± 3.1A
43.6 ± O.7AB

6) HP

41.1 ± O.gAB

7) HP + 0.5 RPL

47.5 ± 1.4AB

8) Starved

43.7 ± 2.1AB

4) LP + 1.0 RPL

±

11.36 ± 1.30

19.2 ± 0.4B
17.1 ± O.7B

10.12 ± 0.17

16.8 ± O.3 B
16.8 ± O.2B

8.39 ± 0.84

16.3 ± O.4B
16.8 ± O.1 B

9.56 ± 0.34

n.m.= not measured properly (standards lost).

10.23 ± 0.06
8.08 ± 0.92
9.03 ± 0.32
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lI.13), a result that is questionable given the high error associated with the lipid
value for mussels fed Diet 1 compared to lipid values for mussels fed other diets.
No significant differences were found in carbohydrate content among mussels fed
different diets (Table II.13). Statistical procedures used to examine differences in
mussel composition among dietary treatments are summarized in Appendix K.
Rates of oxygen consumption by mussels at the start of Experiment 2 did not
differ significantly (ANOVA, p>0.05) among the 24 groups and averaged 116 J.lg-at
O 2 h- 1 [g AFDTW]-l (Table II.14). After the 3 wk rearing period, however, rates of
oxygen consumption were lower in all groups (9.3-75.3 J.lg-at O 2 h- 1 g-l). Mussels
fed low protein diets generally had higher rates of oxygen consumption than
mussels fed high protein diets, but due to high error in those measurements,

Table 11.14. Rates of oxygen consumption and nitrogen excretion and O/N ratios
of juvenile Mytilus edulis trossulus at the start and end of Experiment 2. For
each parameter, significant differences among groups fed Diets 1 to 8 are
denoted with superscripted letters (see Appendix L for statistics). Values are
means ± SE (n=3 per measurement, except n=24 for initial readings).
Oxygen
Consumption
(pg at <Y h-1
[g AFDTWJ-1)

Nitrogen
Excretion
(pg at NH4+-N h-1
[g AFDTWJ-1)

Initial

116 ± 9.8

1) LP

72.8 ± 11.7A

6.14 ± 0.39
3.44 ± 0.38 B

19.2 ± 1.0
22.1 ± 5.5A

2) LP + LP (REL)

66.8 ± 15.4AB
75.3 ± 25.7A

3.60 ± 0.08AB
6.68 ± 1.3QAB

18.7 ± 4.8A
11.8 ± 4.3 AB

6.06 ± 1.02AB

7.28 ± 1.36AB

5) LP + 1.5 RPL

41.8 ± 3.7AB
51.2 ± 9.4AB

7.01 ± 0.91A

6) HP

31.5 ± 8.6AB

6.09 ± O.sQAB

7.47 ± 1.S3AB
5.41 ± 1.81 B

7) HP + 0.5 RPL

54.5 ± 7.1 AB

5.43 ±

O.O~B

10.1 ± 1.4AB

8) Starved

9.30 ± 7.38B

4.97 ± 0.38AB

1.79 ± 1.3~

Diet

3) LP + 0.5 RPL
4) LP + 1.0 RPL

OIN

Ratio
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differences were not significant (p>O.OS) among groups fed Diets 1-7 (Table I1.14;
for statistics, see Appendix L). Starved controls consumed only 9.3 llg-at O2 h- 1 g-I,
which was significantly (p<O.05) lower than the rate of oxygen consumption by
mussels fed Diets 1 (72.8 llg-at O h- I g-I) and 3 (75.3 llg-at O h- 1 g-I).
2

2

Rates of ammonia nitrogen excretion were greatest in mussels fed Diet 6 (6.1
llg-at NH/-N h- 1 g-I), which had the highest level of capsule supplementation. The
only significant (p<O.OS; Appendix L) difference in nitrogen excretion among
treatment groups was between Diet 6 and Diet 1 (3.411g-at NH/-N h- I g-I), the LP
algae diet. Interestingly, the rate of nitrogen excretion by starved mussels was
higher than that of mussels fed only LP algae (Diets 1 and 2), although not
significantly (p>O.05) different.
Even though rates of oxygen consumption and nitrogen excretion did not
differ substantially among groups of mussels fed different diets, differences in their
O/N ratios were more discernible (Table II.14; Figure II.6). At the beginning of

Experiment 2, no significant differences were detected in the O/N ratio among the
24 groups of mussels, and the initial mean O/N ratio was 19.2, indicating that at
the outset of the experiment, dietary carbohydrates and perhaps lipids were being
preferentially catabolized. However, after the three week rearing period, O/N
ratios of mussels fed diets rich in protein (eg. Diets 4-6) were reduced to less than
8, reflecting greater catabolism of protein than carbohydrates (Figure 11.6).
Due to high variability among replicates, statistical resolution of differences
in O/N ratios among treatments was poor, however (Table II.14; Appendix L). The
O/N ratios of Diets 1 and 2 (LP algae only) were statistically (p<O.05) greater than

the O/N ratio of Diet 6 (HP algae only). Due to very low levels of oxygen
consumption, starved mussels had a very low O/N ratio of 1.8, which was
statistically (p<O.05) lower than the other seven groups.
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Figure 11.6. O/N ratios (means ± 95 % cn of juvenile Mytilus edulis trossulus
after being fed for three weeks on Diets 1-8 (see text) in Experiment 2.
Statistically significant differences among treatments are denoted with letters.
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Discussion
Ihe effect of manipulating culture nitrogen concentrations on the alga
Isochrysis galbana (clone I-ISO) and the subsequent nutritional value of nitrogenlimited algae for supporting growth of a commercially and ecologically important
bivalve, the mussel Mytilus edulis trossulus, were investigated in this study.
Nitrogen limitation of the culture medium of 1. galbana was very effective in
reducing cell protein content regardless of the age of the culture. Algae cultured
on f/2 medium (Guillard and Rhyther 1962) in which the nitrogen concentration
was reduced by 80 % (0.353 mg-at NaN03-N tl), contained only 65 % of the protein
of algae grown in a medium having twice the normal nitrogen concentration (1.765
mg-at NaN03-N tl). Similarly, Utting (1985) reported a 30 % reduction in the cell
protein content of 1. galbana (clone I-ISO) when the nitrogen concentration in the
culture medium was lowered by 94 %. Attempts in the present study to further
reduce nitrogen concentrations in culture media resulted in crashes of 1. galbana.
Other researchers have reported that the biochemical composition of algae
varies with the age of cultures (Sakshaug and Holm-Hansen 1977; Femandez-Reiriz
1989; Fabregas et al. 1985, 1986; Utting 1985; Whyte 1987). In particular, the
protein content of algal cells can either decrease or increase with culture age
depending on species and conditions (Utting 1985; Whyte 1987; Femandez-Reiriz et
al. 1989). In this study, the cellular protein content of high-protein (HP) 1. galbana
significantly increased during the first twelve days of culture. High-protein algae
did not reach stationary phase until about the tenth day of culture, which may
explain why its protein content remained high. The protein content of low-protein
(LP) algae tended to decline after stationary phase was reached on day 7, but this
decrease was not significant.
Cell volumes (14-2111m3) of Isochrysis galbana (clone I-ISO) were generally
smaller than those reported by other workers (eg. 46-74 llm3, Enright et al. 1986a;
14-34 J1ID3, Riisgard 1988). Algal cells cultured under low-nitrogen conditions were
always slightly larger than those of the same age that were cultured under highnitrogen conditions. Furthermore, cell volumes of both LP and HP algae increased
significantly with age.
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The purpose of measuring cell volume in this study was to allow accurate
prediction of algal ash-free dry weight (AFDW). Cell volume was measured with
high precision (low coefficients of variation), and the linear regression equation
relating algal volume to AFDW was highly significant. Since cell volume and
AFDW varied temporally, it was important to dispense algal rations for
suspension-feeders consistently and based on either cell volume or AFDW and not
simply on cell concentration; otherwise the diets may have differed substantially in
energy content. Algae were routinely harvested for delivery to experimental
mussels between days 5 and 7 of culture because during this period LP and HP
cultures consistently appeared healthy, as judged visually by the normality of their
cell size distributions. Utting (1985) reported that LP and HP algae contained
equivalent AFDW-specific potential energy; therefore, equivalent rations of LP and
HP algae used the present study were assumed to be isocaloric. The range of cell
volume, 14 to 21 llm3 , corresponded to a range in cell AFDW of between 3.5 and
5.3 pg cell-I. Therefore, if rations were based only on cell numbers, dietary energy
contents could have varied by up to 50 %.
The growth rate of juvenile Mytilus edulis trossulus was significantly
greater when mussels were fed HP Isochrysis

~albana

as compared to equal rations

of LP 1. ~albana. For example, in Experiment I, maximum growth rates were
measured for mussels fed algae at a concentration of 6 mg i l (AFDW;
approximately equivalent to 27.5 % body weight [bw] per day); however, at this
ration, increases in shell height (% increase), wet weight (instantaneous growth rate

[IGR],

X

10-3 d- I), and AFDTW (ICR, x 10-3 d- I) of mussels fed LP algae (11.1, 17.8,

56.3, respectively) were only 56-73 % of corresponding growth measures for
mussels fed HP algae (19.8,28.8, 77.3, respectively). Similarly, in Experiment 2,
mussels fed only LP algae grew in shell height, wet weight, and AFDTW at rates
(5.8, 9.7, 28.0, respectively) that were only 50-55 % of those of mussels fed an
equivalent ration of HP algae (11.5, 17.5,53.3, respectively).
Starved control mussels in both of Experiments 1 and 2 either did not grow
or lost weight, which suggests that experimental mussels derived food primarily
from their experimental diets. Based on the instantaneous growth rate of mussel
AFDTW (approximately

= 11.4 mg mussel-I) in Experiment I, the maintenance
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ration (zero growth) for mussels fed on LP algae was estimated to be 2.5 times
greater (0.40 mg AFDW rl; approximately equal to 4.2 % bw dol) than that for
mussels fed on HP algae (0.15 mg AFDW rl; approximately equal to 1.6 % bw dol).
The growth curve of mussels reached an asymptote at higher algae
concentrations in Experiment 1, regardless of whether algae were high or low in
protein content. It is important to note that the growth curve of mussels fed LP
algae did not converge with that of mussels fed HP algae because this clearly
demonstrates that LP algae were inferior to HP algae in terms of overall
composition (ie. proportional concentration of energy and nutrients) and not due to
deficiencies in the absolute quantity of energy or specific nutrients available to
mussels. Growth rates of juvenile Mytilus edulis trossulus were significantly
correlated with protein content of their diet, which supports previous and similar
findings for other bivalve species (Langton et al. 1977; Gallager and Mann 1981;
Webb and Chu 1982; Enright et al. 1986b). For example, Gallager and Mann (1981)
reported that algae with low protein contents, reduced by culturing in media with
low concentrations of nitrogen, were inferior to normally cultured algae in
supporting growth of juvenile Manila clams, Tapes japonica. Increases in the
protein content of algal diets has also been shown to improve settlement by larvae
of Crassostrea ~ (Utting 1986).
As with all previous studies in which bivalve growth is correlated with
algal composition, it is not conclusive whether differences in dietary protein
content were directly responsible for differences in mussel growth, because other

undetermined, essential constituents in these diets may have co-varied with protein
content.
Although bivalves are important ecologically and commercially worldwide,
we know little about their specific nutritional requirements relative to that of
macrophagous organisms such as many species of shrimp and fish. Much is now
known about the effect of diet quantity and energy content on feeding, assimilation
efficiency, and growth of bivalve molluscs because quantitative aspects of bivalve
diets (eg. algal cell concentration) are easily manipulated (for reviews, see Bayne
and Newell 1983; Langdon and Newell 1992; Newell and Langdon 1992). The
results discussed above, as well as previous findings by other researchers (Gallager
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and Mann 1981; Langdon and Waldock 1981; Langdon 1982; Webb and Chu 1982;
Enright et a1. 1986,; Utting 1986) suggest, however, that qualitative aspects of the
bivalve diet are at least equally important in determining an animal's nutritional
condition. For example, it has commonly been observed that bivalves which are
fed mixtures of several algal species grow faster than when fed monospecific diets
(Epifanio 1979, 1982; Webb and Chu 1982), presumably because the quality of
mixed-species diets is more "balanced." The reason why so little is known about
the qualitative nutritional requirements of suspension-feeding animals in
comparison to macrophagic marine animals, is because of technical difficulties in
manipulating the composition of microparticulate diets.
The effect of diet quality on suspension-feeding bivalves has previously
been studied primarily by comparison of microalgae that vary in biochemical
composition. Two related approaches have been used. Firstly, bivalves have been
fed algal species that vary in biochemical composition, and their assimilation or
growth has then been correlated with qualitative attributes of the diet. For
example, Enright et a1. (1986a) compared growth rates of juvenile oysters, Ostrea
edulis, that were fed 16 different species of phytoplankton, and oyster growth was
correlated primarily with levels of essential fatty acids in the algae. Webb and Chu
(1982) found no correlation between total lipid or carbohydrate contents of several
species of algae and growth of larval Crassostrea virginica, but suggested that
certain fatty acids must be present in the diet. Whyte et a1. (1989) reported a high
correlation between algal carbohydrate content and growth and survival of larval
Patinopecten yessoensis. Algal species that contained a greater proportion of
protein than carbohydrate have been reported to enhance growth of C. virginica
(Flaak and Epifanio (1978).
Effects of diet quality on bivalve growth have also been investigated using a
second approach whereby the composition of monospecific algal diets is altered by
manipulation of algal culture conditions. Algal composition can be manipulated
qualitatively by variation in 1) nutrient concentrations in the culture media
(Sakshaug and Holm-Hansen 1977; Gallager and Mann 1981; Utting 1985; Enright
et a1. 1986b; this study), 2) availability of inorganic carbon (Pruder and Bolton
1979), 3) light intensity and wavelength (Gallager and Mann 1981; Thompson et a1.
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1989, 1990), and 4) age at which cells are harvested (Sakshaug and Holm-Hansen
1977; Fabregas et al. 1985, 1986; Utting 1985; Whyte 1987; Fernandez-Reiriz et al.
1989).
Comparisons of the performance of bivalves fed on algae of variable quality
have been useful in identifying potentially important elements in the nutrition of
bivalve molluscs; however, this approach is unable to yield more than correlative
evidence for the importance of specific dietary constituents, such as protein.
Furthermore, as reviewed above, studies comparing the relative nutritional
importance of various dietary components have yielded equivocal results. Part of
the reason for this ambiguity could be that bivalves differ ontologically and
interspecifically in their nutritional requirements. However, it is also possible that
these inconsistent findings have resulted from the use of diets that differed
qualitatively in essential, but as yet unidentified growth factors, as mentioned
previously. To unequivocally determine the value of a specific nutrient in the diet
of an animal, the concentration of that nutrient in the diet must be varied
independently of the other dietary components.
In Experiment 2, the ration of protein in the diet of Mytilus edulis trossulus
was manipulated by supplementation of microencapsulated protein to LP and HP
algal diets to determine whether observed differences in mussel growth were truly
due to differences in dietary protein content between LP and HP algae, and not
due differences in the concentration of an unidentified, non-protein constituent.
This approach is not new, and is widely used to examine the nutritional

requirements of macrophagous animals (Kanazawa 1982; Wright 1989). Few
researchers, however, have applied this approach to suspension-feeders (Gabbott et
al. 1976; Langdon and Waldock 1981; Chu et al. 1982; Langdon 1989; Langdon and
DeBevoise 1990).
Protein microcapsules used in Experiment 2 were comprised of
approximately 84 % protein, and have been previously been shown to be filtered,
digested and assimilated by mussels (Chapter D. To be of value as a growth
supplement, it is important that encapsulated protein not only be sufficiently
available quantitatively, but it must also contain sufficient essential amino acids to
meet the qualitative protein requirements of the consumer. For many higher
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animals, the essential amino acids have been identified to be; threonine (THR),
valine (VAL), methionine (MET), isoleucine (lLE), leucine (LEU), phenylalanine
(PHE), lysine (LYS), histidine (HIS), tryptophan (TR) and arginine (ARC)
(Lehninger 1976; Deshimaru 1982; Bishop et a1. 1983). Unfortunately, the essential
amino acid requirements of bivalve molluscs have not been fully ascertained, due
primarily to problems in developing a defined diet for suspension-feeders. The
essential amino acid requirements of bivalve molluscs are generally believed to be
similar to those of higher animals (Bishop et a1. 1983). For example, Harrison
(1975) reported that the California mussel, Mytilus californianus, has a dietary
requirement for the same ten amino acids listed above.
Of the ten amino acids that are considered essential for bivalves, all were
substantially present in both algal protein and protein microcapsules made from
crab protein. The only amino acid that was apparently deficient in the capsules
was cysteine (CYS), and it was suspected that CYS residues were oxidized during
purification of the crab protein (Allen 1981) because the post-purification CYS
concentration was only one-sixth of the pre-purification CYS concentration. The
loss of CYS was not considered crucial because Mytilus edulis is reported to be
capable of converting MET into CYS (Allen and Awapara 1960). In general, a
nutritious diet will contain an amino acid profile that is similar to that of tissues of
the consumer organism (Phillips and Brockway 1956). In comparison to the amino
acid profile of protein purified from M. edulis trossulus, both algal protein and
crab protein capsules contained comparable relative concentrations of essential
amino acids and therefore were assumed to be of sufficient quality to support
mussel growth.
An algal ration of 27.5 % bw d-1 was used in Experiment 2 based on the
finding in Experiment 1 that growth of mussels was maximal and significantly
different between LP and HP algae when fed on algae at a concentration of 6 mg
AFDW

1-1

(approximately equal to 27.5 % bw d-1). As previously mentioned,

results from this Experiment 2 confirmed those from Experiment 1, as juvenile
mussels reared on HP algae (Diet 6) grew at nearly twice the rate as those reared
on an equivalent ration of LP algae (Diet 1). Furthermore, as found in Experiment
1, no improvement in growth rate was observed when the ration of LP algae fed to
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mussels was increased (Diet 2) so as to be isocaloric with the diet having the
highest level of supplementation of microcapsules (Diet 5). It is concluded,
therefore, that the difference in growth rates between mussels fed LP and HP algae
resulted because of differences in the proportional balance of energy and nutrients
(diet quality) of the two algal diets and not due to differences in the overall ration
of energy and nutrients (diet quantity).
Supplementation of LP algae with protein microcapsules significantly
improved the growth rate of juvenile mussels compared to that of mussels fed LP
algae alone, which clearly demonstrates that capsules were utilized for growth by
juvenile Mytilus edulis trossulus. Importantly, capsules delivered at the highest
ration supported mussel growth equivalent to that of HP algae, and so completely
compensated for the lower growth rates of mussels fed only LP algae.
Furthermore, the incremental increase in growth rate with increasing capsule ration
indicates that dietary protein content was indeed the qualitative factor in LP algae
which was limiting mussel growth. Protein capsules did not contain appear to
contain non-protein compounds that could have substantially contributed to mussel
growth, and their amino acid composition was similar to that of algal protein.
When other researchers conducted similar studies, one of the difficulties
was that bacteria were found to rapidly multiply in the culture system making it
unclear whether bivalve growth was stimulated directly by the artificial diet or
indirectly by utilization of bacteria as a source of nutrition (eg. Langdon and Bolton
1984; Langdon and Siegfried 1984). There is considerable recent evidence that
some suspension-feeding bivalves are able to derive nutrition from free-living
bacteria in the water column or attached to suspended particulate material
(Birkbeck and McHenery 1982; Wright et al. 1982; Crosby et al. 1990; Langdon and
Newell 1990; Baldwin and Newell 1991; Douillet 1991). However, it is unlikely that
mussels used in this study derived nourishment from bacteria because leakage
rates of protein microcapsules used in this study have been shown to be low
(eg. 0.5-2 % d-1; Chapter 1) compared to artificial diets used previously
(eg. 5-40 % d-1; Langdon 1989; Langdon and DeBevoise 1990), which should have
reduced any beneficial effects in utilizing dissolved nutrients either directly or
indirectly via ingestion of microorganisms. Furthermore, mussels were reared in a
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continuous flow of 0.7 lIm filtered seawater with eight water volume changes per
day, which probably helped to maintain low concentrations of microorganisms in
the rearing system.
Mussels fed HP algae and protein microcapsules did not grow faster than
mussels fed HP algae alone, which suggests that HP algae contained a sufficient
concentration of protein to satisfy the requirements of juvenile mussels. The C/N
ratios of dietary material estimated to have been assimilated by mussels (C/Nass
ratios) varied from 7.5 to 15.0, and were similar to the actual C/N ratios of the diet
delivered to mussels (C/Ntot ratio; 6.3 to 15.0). Growth rates of mussels were
maximal when fed dietary treatments having C/Nass ratios between 7.5 and 12.4;
however, diets having C/Nass ratios above 12.4 resulted in progressively lower
growth rates with increasing C/N ratios in the diet. Similarly, Gallager and Mann
(981) reported that growth of juvenile clams, Tapes japonica, was greatest when
diets had C/Ntot ratios between 8.4 and 10.5, and ratios above 10.5 or below 8.4
negatively affected clam growth.
O/N ratios further support the contention that mussels fed LP algae were
~

in fact limited nutritionally by algal protein content. O/N ratios of mussels fed for
three weeks on LP algae at either 27.5 or 37.1 % bw d-1 were between 18 and 23,
which suggests that those mussels were primarily catabolizing carbohydrates and
conserving protein for anabolism. In contrast, mussels fed diets with greater
protein contents (eg. HP algae or LP algae with capsule supplements) had
significantly lower O/N ratios (eg. 5-10), which suggests that dietary protein was
being preferentially catabolized. Starved mussels had O/N ratios below theoretical
minimums, probably because their rates of oxygen consumption had decreased to
standard rates whereas nitrogen excretion continues during stress (Bayne 1973a, b;
Gabbott and Bayne 1973). Furthermore, although differences among dietary
treatments were only marginally Significant, mussels fed diets rich in protein
tended to have a greater protein content in their tissues and lower lipid and
carbohydrate contents, relative to mussels fed LP algae.
In summary, growth of juvenile Mytilus edulis trossulus can be severely
affected by variation in the protein proportion in the diet at rations in which
mussels are satiated. Growth rates of mussels in this study were directly related to
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the proportion of protein in the diet (and the estimated proportion of the dietary
protein that was assimilated) and inversely related to dietary C/N ratios (and the
estimated C/N ratios of the assimilated proportion of the diet). Cross-linked
walled protein microcapsules were found to be useful dietary supplements for
mussels, capable of fully compensating for a protein deficiency imposed on
mussels fed low-protein algae. Future studies of this kind will be necessary to
ascertain the true nutritional requirements for specific constituents in the overall
diet of bivalves, and thereby gain a better understanding of both the trophic
ecology of natural populations of these animals, as well as the essential ingredients
for production of balanced, inexpensive diets for bivalve aquaculture.
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CHAPTER III

Seasonal Patterns in the Utilization of Dietary Protein
by the Mussel, Mytilus edulis trossulus (Linnaeus 1758)
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Abstract
Utilization of dietary protein by adult mussels (Mytilus edulis trossulus)
collected from Yaquina Bay, Oregon, was measured under controlled laboratory
conditions during February, May, August, and November, 1991. Mussels were fed
I-tc-Iabeled protein microcapsules ([l4C]PM), which were added to either laboratorycultured microalgae or natural seston. Utilization of dietary protein, represented
by [l-tc]pM, was assessed by measuring I-tc-activities of each component of the
mussel's carbon budget and calculating the ingestion rate, digestion efficiency, and
assimilation efficiency of [l4C]PM. Mussels utilized dietary protein differently
during the year. Ingestion rates of [l-tc]PM by mussels during May were more
than three times greater than during November. Digestion and assimilation
efficiencies of [l4C]PM ranged from 16 % to 53 % and 5 % to 31 %, respectively,
and were greatest during February and November.
Seasonal variability in the mussel's utilization of dietary protein could have
resulted because of either seasonal changes in the mussel's physiology (eg. protein
demand) or because of variability among experiments in the concentration and
composition of experimental diets (eg. protein availability). In all experiments,
dietary protein was ingested at greater rates and assimilated with lower efficiencies
when [l-tc]PM were fed to mussels with a consistent diet of microalgae compared
to when fed with a variable mixture of naturally occurring particles (seston).
However, regardless of the composition of experimental diets, protein utilization
still varied among experiments according to the same pattern, which suggests that
mussels were not simply varying their uptake of dietary protein as a compensatory
response to short-term changes in diet composition. Furthermore, concentrations of
bioavailable protein in the seston and the mussel's assimilation rates of dietary
protein were compared during each season to estimate whether mussels may have
adjusting their rate of protein uptake in situ to compensate for varying protein
availability. Estimated assimilation rates of bioavailable protein by mussels in situ
were more than seven times greater during February compared to August, which
suggests the seasonal variability in protein utilization by mussels was not
determined by short-term changes in protein availability.
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The reproductive condition of Mytilus edulis trossulus was greatest during
May when more than 90 % of the area in mantle tissue sections was comprised of
gametes. Just prior to this peak in reproductive activity (February to May), net
assimilation rates for dietary protein and the proteolytic activity of crystalline style
and digestive diverticula gut extracts were greatest. Furthermore, mussels
conserved assimilated protein from catabolism in favor of carbohydrate catabolism
during the peak in reproductive activity (May), when the ratio of 14(:-respiration to
14(:-incorporation was lowest and the ratio of oxygen consumption to nitrogen
excretion was highest. High assimilation rates of dietary protein and metabolic
conservation of assimilated protein during late winter and spring resulted in
accumulation of tissue protein during March to May. These results suggest that
seasonal variation in the utilization of dietary protein by M. edulis trossulus
resulted primarily because of seasonal changes in their protein requirements
associated with gametogenesis.
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Introduction
Adult suspension-feeding bivalves living in temperate climates undergo
seasonal cycles in their physiological condition in association with their
reproductive cycle (for review, see Gabbott 1976, 1983). The timing of reproduction
has been correlated with temperature (Giese and Pearse 1974; Seed 1976; Sastry
1979; Thompson 1984), genotype (Hilbish and Zimmerman 1988) and food
availability (Newell et al. 1982; Borrero 1987). For most species, reproductive
activity is greatest during the spring and early summer when food abundance is
highest (Gabbott, 1983; Newell et al. 1982; Starr et al. 1990).
Larvae of most bivalve species are planktotrophic and have essential
requirements for exogenous food; therefore, the timing of reproduction is critical so
as to produce larvae when sufficient food is available (for review, see Widdows
1991). However, the success of larvae has also been strongly correlated with
quantitative and qualitative factors associated with the parental contribution of
endogenous nutrient reserves (Helm et al. 1973; Holland and Spencer 1973; Bayne
et a1. 1978; Holland 1978; Waldock and Nascimento 1979; Gallager and Mann 1981,
1986a, b; Waldock and Holland 1984; Mann and Gallager 1985; Gallager et a1. 1986;
Napolitano et a1. 1988; Robinson 1991). The nutritional and physiological status of
adults may therefore be a deterministic factor for successful propagation.
The reproductive cycle of bivalves generally includes four stages. The first
stage is a conditioning period when energy reserves are accumulated in the tissues
to serve as fuel for gametogenesis. These energy reserves are primarily comprised
of glycogen (Mann 1979; Gabbott 1983), although Gabbott (983) reported that
protein is also sequestered during the conditioning period. After adequate nutrient
reserves are attained, gametogenesis begins during which nutrients are selectively
partitioned into gonadal tissue. For example, seasonal patterns in the lipid content
of bivalve tissues have been attributed to the accumulation of lipid in eggs during
gametogenesis, followed by a rapid decrease in tissue lipids just after spawning
(Loosanoff 1942; Engle 1950; Walne 1970; Trider and Castell 1980; Allen and Conley
1982; Chu et a1. 1990; Gabbott and Peek 1991; Robinson 1991). Radiotracer
techniques have been used to document a direct transfer of exogenous nutrients
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from the digestive gland into gonadal tissue during gametogenesis (Vassallo 1973;
Bayne 1975; Gabbott 1976). Mackie (1983) suggested that the close proximity
between bivalve digestive and reproductive tissues may be an adaptation to
increase the efficiency of these nutrient transfers. As soon as gametes are ripe and
if sufficient exogenous food is available for their offspring, bivalves undergo

spawning. Following spawning, the animals undergo a non-reproductive,
qUiescent recovery period.
The nutritional requirements of adult bivalves may vary seasonally in
association with their changing physiological condition. Furthermore, these
animals must extract their required nutrients from food sources that also vary
seasonally in availability (Burt 1955; Van Valkenburg et al. 1978; Chanut and Poulet
1982; Soniat et al. 1984; Berg and Newell 1986; Mayzaud et al. 1989; Langdon and
Newell 1990; Asmus and Asmus 1991; Galvao and Fritz 1991). Little is known,
however, about seasonal variation in the nutritional requirements of bivalves and
the feeding and digestive mechanisms with which bivalves balance these
requirements according to a variable food supply.
In particular, we have a poor understanding of seasonal variation in either
protein requirements of bivalves or protein availability in natural seston. Most of
the dry weight of bivalve eggs is composed of protein (Gabbott 1983; Gabbott and
Peek 1991), and it is possible that during gametogenesis bivalves may have a
higher dietary requirement for protein than during the non-reproductive period.
The protein requirements of bivalves must be met by utilization of seston
that may contain lower concentrations of bioavailable protein than previously
thought. The natural diet of many species of bivalves is now known to contain
detrital material (Peterson et al. 1985, 1986; Newell and Langdon 1986; Kreeger et
al. 1988, 1990; Crosby et al. 1989; Langdon and Newell 1990), and it has been
assumed, based on findings with deposit-feeders (Newell 1965), that suspensionfeeders can obtain nitrogen by utilization of the microbial coating on detrital
particles (Fenchel 1972; Sieburth 1976; Tenore 1977). However, detritus-associated
nitrogen contains very little digestible protein (Rice 1982; Crosby et al. 1990; Hicks
et al. 1991). Suspension-feeding bivalves probably rely primarily on dietary
autotrophic and heterotrophiC microorganisms for their protein demand, and as
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previously mentioned, the abundance of living microbes and especially
phytoplankton can vary widely during the year. Furthermore, the concentration of
bacteria attached to detrital particles in marine systems is low (eg. < 5 %)
compared to total bacteria concentrations (Azam and Hodson 1977; Bell and
Albright 1981; Langdon and Newell 1990), and has been estimated to contribute
little to the nutrition of salt marsh bivalves (Langdon and Newell 1990).
The primary reason for our limited knowledge of protein balance in
bivalves, and for that matter any specific constituent in the bivalve diet, is that the
composition of experimental diets is difficult to control and manipulate. The
micro particulate, natural diet of bivalves is primarily composed of phytoplankton,
which has not been fully replaced with defined, artificial diets (for review, see
Langdon et a1. 1985). Consequently, research studies on the nutrition of
suspension-feeding marine animals, such as bivalves, have largely focused on
energy balance (for reviews, see Newell 1979; Bayne and Newell 1983). Such
studies have provided new insights into the various mechanisms with which
bivalves maintain a positive energy balance, despite variation in their food supply
or energy demand. These mechanisms include adjustments to rates of metabolism,
exogenous food uptake (eg. filtration, ingestion, digestion, absorption), and
recycling of endogenous reserves in the tissues (eg. Bayne and Widdows 1978;
Widdows 1978; Newell 1979; Bayne and Newell 1983; Hawkins and Bayne 1985,
1991; Hawkins et a1. 1985; Deslous-Paoli et a1. 1990).
Apart from energetic considerations, attention should also be given to the
importance of qualitative nutritional aspects as potential limiting factors in
secondary production by bivalve molluscs. For example, in Chapter IT it was
learned that growth of juvenile mussels, Mytilus edulis trossulus, can be
significantly affected by the protein content of the diet, regardless of the dietary
energy content.
Several lines of evidence suggest that bivalves may utilize dietary protein
differently during the year. Ratios of oxygen consumption to nitrogen excretion
(O/N ratios) have been used to determine seasonal changes in the relative

catabolism of protein and carbohydrate. For example, Barber and Blake (1985)
reported that the scallop, Argopecten irradians concentricus, had maximal O/N
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ratios (>22) during the initial stages of gametogenesis, which suggests that protein
was being conserved from catabolism in favor of carbohydrate catabolism,
presumably because of a gametogenic demand for protein. During other times of
the year, O/N ratios of scallops were low (<10), which Barber and Blake (1985)
attributed to protein-based catabolism. Low O/N ratios have also been observed
in Mytilus edulis at times of the year when mussels were stressed by either low
food availability or high nutritional requirements associated with reproduction
(Bayne and Thompson 1970; Bayne 1973a, b; Gabbott and Bayne 1973; Bayne and
Widdows 1978).
Recently, the relative dietary importance of energy and protein for mussels
has been investigated using stable (lsN) and radioisotopic (14C) tracer techniques
(for review, see Hawkins and Bayne 1991). The alga Phaeodactylurn tricornutum
was dual-labeled with 14C and lsN and fed to mussels to examine energy and
protein metabolism, respectively. Mussels were found to recycle endogenous
protein reserves with high efficiency, and Hawkins (1985) suggested that the rate of
whole body protein turnover (WBPT) may be regulated to compensate for shortterm fluctuations in exogenous protein availability for provision of the animal's
maintenance demand for protein. Therefore, mussels may balance their protein
budget not just by controlling protein input (exogenous uptake) and output
(excretion), but also by the rate of flux of internal protein (recycling). Factors
shown to affect the rate of whole body protein turnover (WBPT) included mussel
genotype, size, physiological condition, and quantitative and qualitative variation
in food intake (Hawkins and Bayne 1991).
Hawkins (1985, 1991) also found that the process of WBPT in mussels is
energetically very costly, accounting for approximately 20 % of the metabolic
demand for energy, and so variation in the magnitude of WBPT can affect energy
balance. The ability of mussels to efficiently recycle protein at the expense of
energy, and the lack of a similar ability to recycle energy, led Hawkins and Bayne
(1991) to conclude that mussels may be limited by dietary energy rather than
protein. The finding by Hawkins and Bayne (1991) that mussels spend a
significant share of their energy budget on recycling endogenous protein could also
be interpreted, however, as evidence that mussels may need to conserve protein
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due to limited exogenous availability in comparison to energy. In other research,
Hawkins and Bayne (1985) used elemental analyses of mussel tissues and diets to
show that mussels have a greater annual maintenance demand for carbon than for
nitrogen, and a higher proportion of the maintenance demand for N was routinely
absorbed from the diet in comparison to carbon, which again suggested that
dietary energy (= carbon) was more limiting than protein (= nitrogen).
The work of Hawkins and Bayne (1991) demonstrates that mussels can at
least meet short-term (eg. weeks) changes in protein requirements by adjustments
in WBPT. Over the long term (eg. seasons), however, mussels must be able to
extract sufficient levels of protein from the medium to at least balance their rate of
protein loss. Seasonal changes in the rate of acquisition of exogenous protein have
not been sufficiently examined. One approach that has been used to determine
whether mussels utilize dietary protein differently during the year has been to
deliver lsN-labeled algae to mussels at different times, and measure ingestion rates
and assimilation efficiencies of lsN as a marker for protein (Hawkins 1985).
However, lsN labels certain non-protein constituents of algae such as nucleic acids
and free amino acids, which limits the conclusions of this approach.
A more defined approach to investigate temporal patterns in the utilization
of specific nutrients like protein, is to deliver nutrients as microencapsulated
supplements to an otherwise unaltered diet. The advantage of this approach is
that the biochemical composition of the microencapsulated supplement can be
carefully defined and limited specifically to a particular nutrient of interest (eg.
protein). For this approach to be useful, the capsule supplement must be easily
filtered and digested by the suspension-feeder. Furthermore, if the supplement is
isotopically labeled, it should have a high specific activity so that it can be
delivered to bivalves as only a small percentage of the total dry weight of the diet
to which it is accustomed. The overall composition of the diet must be retained to
avoid eliciting a change in the digestive physiology of the animal in reaction to
altered food quality (eg. Bayne et a1. 1984). Cross-linked walled, protein
microcapsules are able to be filtered, digested and assimilated by suspensionfeeding bivalves (Langdon 1989; Langdon and DeBevoise 1990; Chapter I) and are
capable of being used for bivalve growth (Chapter II).
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In this chapter, protein microcapsules were radiolabeled and delivered to
the mussel, Mytilus edulis trossulus, at different times of the year to study seasonal
patterns in the mussel's utilization of exogenous dietary protein. Experimentally
measured seasonal variation in protein utilization could occur in mussels in
response to differences among experiments in the composition of the natural diet
or in response to seasonal variation in the animal's protein requirements. To
investigate the relative importance of dietary versus physiological factors in
determining experimentally measured, seasonal patterns of protein utilization by
mussels, the capsule supplement was delivered to mussels as a small proportion of
the dry weight (eg. <10 %) of either a diet consisting of natural seston, which
varied in composition during the year, or a diet conSisting of microalgae, which
did not vary in composition among experiments. If mussels utilized exogenous
protein (represented by protein microcapsules) differently during the year but
similarly between diets, then this would suggest that physiological factors, such as
varying protein requirements, are predominantly responsible for determining
protein utilization. However, if mussels fed the algal diet do not utilize protein
differently during the year, but mussels fed natural seston do utilize protein
differently during the year, then this would suggest that seasonal changes in the
composition of the diet, fed in combination with encapsulated protein, were
unimportant in determining seasonal patterns in protein utilization.

A variety of

characteristics of mussel physiology were also measured during the year to
estimate whether the mussel's nutritional requirements for protein could have

varied seasonally, and if so, whether this could have been important for explaining
seasonal patterns in dietary protein utilization.
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Methods and Materials
Mussel Physiological Condition
During January, March, May, July, September, and November, 1991, and
January, 1992, 100 adult (shell height 39-45 mm) mussels were collected from a
population in Yaquina Bay, Oregon, that has been genetically characterized as
Mytilus edulis trossulus (see Thesis Introduction). Collections were made at the
same stage of the tide (three hours after a low, neap tide just before mussels were
submerged) so that the digestive physiology of sampled mussels would not be
affected by tidal or lunar variation (Langton 1975, 1977; Morton 1977, 1983;
Hawkins et al. 1983).
Animals were cleaned of epiphytes and byssus threads and placed in a
holding tank supplied with a continuous flow of sand-filtered (-50 pm) ambient
seawater. The following parameters of mussels were determined; 1) reproductive
condition, 2) proximate biochemical composition, 3) condition index, 4) ratio of
oxygen consumption to nitrogen excretion (O/N ratio), and 5) gut proteolytic
activity. In addition, during February, May, August and November, feeding
experiments were conducted for measuring mussel ingestion rates and assimilation
efficiencies for dietary protein. The procedures for each of these measurements are
given below.
Reproductive Condition

Gametogenesis in Mytilus edulis is localized in the mantle tissue (Lowe et
al. 1982; Newell et al. 1982; Bayne et al. 1978). During each bimonthly survey,
mantles were carefully separated from the rest of the body in 25 mussels, and both
the wet mantle and wet body tissues were weighed separately. For each animal,
one of the mantle lobes was then subsarnpled by cutting a 50-150 mg transverse
section midway along the anteroposterior axis. Although every attempt was made
to sample mantles uniformly, it was not considered an essential requirement since
Lowe et al. (1982) reported that the fractional volume of mantle in M. edulis that
was occupied by gametes did not differ among mantle sections cut from various
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regions or angles. Each mantle sample was then added to a 5 ml sample vial
containing 3 m} of fixative comprised of a 15:4:1 mixture of picric acid,
formaldehyde and acetic acid. The remainder of each mantle tissue was reweighed, and simultaneously with the body samples, analyzed for dry weight and
ash-free dry weight (AFDW), which were subsequently used to calculate the total
AFDW of the mantle and whole body.
Mantle samples were fixed for 24 h, after which time they were processed
through an alcohol/toluene series (Miles Laboratories, Tissue-Tek II) and
embedded in Paraplast wax. Six micron sections of samples were then prepared
(Spencer, Model 820 Microtome), which were then stained with hematoxylin/eosin
(Fisher, Tissuematon 61). Several methodologies have been used to quantify the
reproductive condition of bivalve molluscs from similarly prepared histological
sections (for review, see Hefferman and Walker 1989). The best current approach
is to use stereo logical techniques to determine the three-dimensional volume of the
gonad occupied by gametes (gamete volume fraction, GVF) from two-dimensional
measures of gonad area (Bayne et al. 1978; Newell et al. 1982; Hilbish and
Zimmerman 1988).
In this study, stereo logical procedures were not available, and so
reproductive condition was assessed simply as the average fractional area occupied
by developing or ripe eggs and sperm (Robinson 1991). This "mantle gamete area"
(MGA) was quantified in sections using a Java image analysis system (Jandel Video
Analysis Software) from 5 fields per mussel. MGA was not differentiated between
sexes because mussel sex was not always discernible.
Hilbish and Zimmerman (1988) further refined the method for assessing
reproductive condition by multiplying GVF by the total weight of the gonadal
tissue to estimate the total weight of gametes, and this approach was also used
here but with MGA, rather than GVE The MGA for each mussel was multiplied
by the mussel's total mantle AFDW to estimate the AFDW of gametes per mussel,
which was divided by total mussel AFDW to calculate the proportion of mussel
biomass comprised of gametes (body gamete weight, BGW). BGW and MGA
measures were arcsine square root transformed, averaged per sample period, and
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compared among sample periods by ANOVA and Tukey's HSD multiple range
techniques (Sokal and Rohlf 1969).
Proximate Biochemical Composition
Tissues from 5 mussels were dissected from shells and separately frozen at 800C during each bimonthly sample period. Additional mussel tissue samples
were collected at the same time as mussel collections for the 14C-feeding
experiments (four additional samples). After all tissue samples were collected
(April 1992), they were freeze-dried, and then ground to a powder with a mortar
and pestle. Protein, lipid and carbohydrate contents were quantified in each tissue
sample using previously described separation and analysis procedures (Chapter II,
Experiment 2). For each sample period, the percentage composition of lipid,
carbohydrate or protein was arcsine square root transformed and averaged among
replicates. Comparisons among sample periods were made using ANOV A and
Tukey's HSD multiple range procedures (Sokal and Rohlf 1969). To assess whether
prolonged freezing affected the biochemical composition of tissue samples, an
additional group of five mussels was collected during January 1991 and analyzed
immediately for proximate composition, their composition was compared with that
of mussels that were stored in a freezer until April 1992.
Condition Index
Condition index was determined using internal shell cavity capacity (ISCC),
which has been reported to be more accurate than volumetric measures of
condition index (Crosby and Gale 1990). Condition index (Cn was calculated as
follows:
ISCC = TWW - DSW
CI

=

(1), and

[AFDTW x 1000] / ISCC

(2),

where total wet weight (TWW), dry shell weight (DSW), ash-free dry tissue weight
(AFDTW), and ISCC were measured in grams, and CI was therefore unit-less.
Ten mussels were analyzed for CI for each sample period. Shell heights of
mussels were first measured, and the shells were then dabbed dry for
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measurement of TWW. Mussel tissues were dissected from shells, and tissues and
shells were freeze-dried separately in pre-weighed vials, and then re-weighed.
Tissues were ashed at 450°C for 2 d in pre-weighed vials and re-weighed for
calculation of AFDTW. Condition indices were compared among samples with
ANOVA and Tukey's HSD multiple ranges tests (Sokal and Rohlf 1969).
O/N Ratios

At each sample period, 15 mussels were held for 18 h in 0.2 lIm-filtered
seawater at ambient temperature to allow gut purging. Rates of ammonia nitrogen
excretion by mussels were measured using techniques described in Chapter II. In
this case, however, only one adult mussel was added to each chamber, rather than
a group of juveniles. Individual rates of oxygen consumption were also measured
using techniques described in Chapter II. Following rate measurements of
ammonia excretion and oxygen consumption, the tissue of each mussel was
dissected, freeze-dried, and analyzed for AFDTW as described above. Rates of
oxygen consumption and nitrogen excretion for each mussel were expressed per
gram AFDTW, averaged among replicates, converted to weight atomic units, and
then compared directly for calculation of O/N ratios. Oxygen consumption rates,
nitrogen excretion rates and O/N ratios were compared seasonally by ANOVA and
Tukey's HSD multiple range procedures (Sokal and Rohlf 1969).
Gut Proteolytic Activity
Immediately after mussels were collected and cleaned at each sample
period, 28 individuals were dissected on ice and their crystalline styles were
combined into 4 groups of 7. Each group of styles was added to a pre-weighed
and pre-ashed (450°C, 2 d) glass vial held on ice to slow style dissolution. Vials
were weighed and to each was added a sufficient volume of sterile (0.45 J.lffi
filtered, 100 ppm Thimerosal), pH 7 (buffered with 0.05 M Tris-HC!) seawater to
result in a final concentration of 100 mg wet style weight ml-1• Vials were
immediately frozen at -800C. In addition, approximately 20 mg wet weight was
sampled from each mussel's digestive diverticula and treated in the same way as
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the crystalline style samples, except that the pH of added seawater was buffered to
pH 6. The pH values used for style and diverticula samples were based on typical
pH values reported for the stomach and diverticula in other bivalve species
(Mathers 1974; Reid 1982; Seiderer et al. 1982; Trainer and Tillinghast 1982; Brock et
al. 1986).
Mussel style and diverticula samples were stored at -80"C until all samples
were collected, and the proteolytic activity of all samples was then measured
concurrently during April 1992. To assess the effects of prolonged freezing (up to
14 months) on proteolytic activity, an additional group of 28 mussels was collected
at the first sample period in January, 1991, but their styles and diverticula were not
frozen; the proteolytic activity was measured immediately using the same
procedure used in April, 1992, for the remaining frozen samples. Proteolytic
activity measured in mussels during January 1991 was compared (with t-tests) to
the activity of frozen samples from the same group of mussels (measured during
April 1992) to assess whether freezing and storage significantly affected enzyme
activity.
Proteolytic activities of style and diverticula samples were measured by the
dissolution of P~]protein from p4C]protein microcapsules. The capsules used for
this test were identical to those used in the 14C-feeding experiments outlined above.
Protein microcapsules were incubated with digestive enzyme preparations using
the same procedures given in Chapter I, whereby a 1 ml capsule suspension was
incubated for 24 h with 100 pi of enzyme solution. Thawed samples of styles and
diverticula were chilled with ice until added to the capsule suspensions. Each
enzyme solution was homogenized (15 s, Ultra Turrax) and centrifuged (1500 x g,
15 min, under refrigeration), and 100 III of the supernatant was used for each
capsule suspension. The proteolytic activities of style and diverticula extracts were
standardized by incubating five additional samples of

p~]protein

microcapsules

with commercially purchased trypsin possessing a total of 1000 units proteolytic
activity (see Chapter 1). Methods for sample incubation and 14C-analysis were
given in Chapter 1.
Dissolution rates of P~]protein by style and diverticula extracts were
compared to those by the trypsin standard and expressed as equivalent trypsin
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units per mg wet sample (style or diverticula) weight. Seasonal variability in the
proteolytic activity of style and diverticula extracts was assessed by ANOV A (Sokal
and Rohlf 1969). The proteolytic activity associated with the diverticula extract
should be interpreted with caution because diverticula samples could have been
contaminated with non-digestive, lysosomal enzymes (for review, see Morton
1983).

Feeding Experiments with I'X:-Labeled Protein Microcapsules
Ingestion rates and assimilation efficiencies of Mytilus edulis trossulus fed
on I'X:-labeled protein microcapsules

(P 4C]PM) was measured in four feeding

experiments conducted during February, May, August, and November 1991, using
the same radio tracer approach and feeding system described in Chapter I. Adult
mussels were individually fed P4C]PM in a continuous flow system during a 6 h
period of submergence, exposed to air for 6 h, and then fed a non-labeled diet
during a second 6 h period of submergence. Utilization of [l'X:]PM by each animal
was assessed by quantifying its complete I'X:-budget, including 14C-activities
defecated (F), solubilized and then defecated (digested fecal material; Sfec)'
solubilized and released into the effluent (digested non-fecal material; Seff)' respired
(R), or incorporated into mussel tissue (T). Ingestion (I) of 14C was calculated by
summation of 14C-activities associated with all components of the 14C-budget (F +
Seff + R + T). Digestion efficiency was calculated as the proportion of ingested 14C
that was digested (Sfec + Seff + R + T). Assimilation efficiency was calculated as the
proportion of ingested 1'X: that was assimilated (R + I) (see Chapter I for details).
Crab protein was encapsulated for the preparation of [l'X:]PM (Chapter I) in
this study. One batch of [l'X:]PM of high 14C-specific activity 0.12 x 10" dpm
mg- I) was prepared in advance and delivered at the same concentration (1.15 x 10"
dpm tl) in all experiments.

P4C]PM were added to one of two different, non-

radioactive diets in each feeding experiment. The first diet consisted of freezekilled microalgae (lsochrysis galbana, clone T-ISO), prepared and rationed as
described in Chapter I. As with the capsules, the algal diet was prepared in
advance of this study so that diet quality would be consistent among experiments.
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Freeze-killing the algae also served to prevent recycling of !4C02 in the feeding
system (Chapter

I).

The second non-radioactive diet consisted of natural seston that was
collected just prior to each experiment. The natural composition of seston was not
altered except that particles greater than 150 pm were removed by sieving to
prevent clogging of the feeding system and to remove zooplankton. Seston was
collected 3 h after low tide in 20 1 polyethylene carboys from Yaquina Bay, Oregon.
Both algal and seston diets were routinely sampled (500 mD and filtered onto
Whatman GF/C filters for weight-on-ignition analysis (dried 60"C, 2 d; ashed
450"C, 2 d) of dietary concentrations of particulate organic material (see Chapter D.
Mussels used in this study were adults (39-45 mm shell height). They were
collected one week prior to each experiment, cleaned, divided into two groups and
each group was acclimated in the laboratory to one of the two diets; laboratory
cultured microalgae or natural seston. Otherwise, acclimation procedures were as
stated previously (Chapter D. In every experiment, the two diets were each fed
separately to eight mussels, and the different components of each mussel's
l"C-budget were measured as described in Chapter 1. The weight-specific
l"C-activities of each !4C-budget component were also expressed as a percentage of
weight-specific ingested 14C-activities to better compare post-ingestion patterns of
protein utilization (Chapter I). These percentages, as well as digestion and
assimilation efficiencies, were arcsine square root transformed before statistical
analyses. For each experiment, components of the mussel's 14C-budget were
compared between dietary treatments with t-tests (Sokal and Rohlf 1969). In
addition, a two-way ANOV A (Sokal and Rohlf 1969) was used to differentiate the
significance of the main effects of diet type and season. Digestion and assimilation
efficiencies were arcsine square root transformed before statistical analysis (Sokal
and Rohlf 1969).
Protein Bioavailability in the Seston
Suspension-feeding bivalves can potentially derive dietary protein from a
variety of particulate foods including both detritus and phytoplankton (for reviews,
see Bayne and Newell 1983; Langdon and Newell 1990); however, the digestibilities
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of detrital and algal protein are not equal (eg. Rice 1982; Hicks et al. 1991). To
obtain a biologically meaningful estimate of the availability of particulate protein in
Yaquina Bay, seston was collected and exposed to digestive enzymes from the gut
of Mytilus edulis trossulus, and the resulting levels of dissolved protein quantified.
It should be noted, however, that bivalves may also be able to utilize dissolved

protein and free amino acids in situ, but this was not measured in this analysis.
Seston was collected at bimonthly intervals at the same time mussels were
sampled for their physiological condition (see above). Seston samples were always
collected 3 h after low neap tide so that extraneous influences of tidal height on
food availability were eliminated. Known volumes of seawater (eg. 500-1000 ml)
were vacuum-filtered (20 psi) onto 10 replicate pre-weighed and ashed (450"C, 2 d)
Whatman GF/C filters per sample period. Each filter was rinsed with 10 rnl 0.5 M
ammonium formate to remove salts, temporarily stored at -BO"C, and then freezedried. Dried filters were weighed, and five from each sample period were ashed at
450"C for 2 d, re-weighed, and the particulate organic matter (POM) present in the
seston sample was determined.
The remaining five filters from each sample period were cut into thin strips
and added to five 15 ml polycarbonate test tubes. Four milliliters of sterile (0.2 }.lm
filtered, 100 ppm Thimerosal), pH 7 buffered (0.05 M Tris HCn seawater was
added to each tube. A 500 }.ll aliquot of crystalline style extract (prepared from
styles collected from over 200 mussels using techniques described in Chapter 1)
was also added to each tube. Five replicate test tubes that did not contain seston
filters also received sterile seawater and enzyme solutions as controls for
background protein concentrations (dissolved protein in seawater and
contamination of the protein assay by the style extract). Samples were incubated
for 24 h on a shaker table (Lab-Line Orbit Shaker, Model 3590), and then
centrifuged (1500 x g, 20 min). From each test tube, 100 }.ll of supernatant was
added to a 5 rnl acid-washed (10 % HCl) and ashed (450"C, 2 d) test tube for
spectrophotometric protein analysis using a test kit (Pierce BCA 23225).
Protein concentrations were calculated from absorbances of algal protein
standards (from Isochrysis galbana, see Chapter 11). The amount of protein
measured in control samples (no filters) was subtracted from each experimental
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sample (with filters) to determine the amount of protein liberated in seston
samples. It is important to note that the production of protein from these filters
may not have been due solely to the enzymatic activity from the style extract
because the physical activity of the shaker table and freezing effects could have
been sufficient to rupture the cells of microorganisms and release protein. The
control-corrected amount of protein released from filtered seston by the physical
and enzymatic processes was assumed to be "bioavailable".
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Results
Mussel Physiological Condition
Reproductive Condition
The reproductive condition of Mytilus edulis trossulus in Yaquina Bay,
Oregon, was significantly (p<O.OS, Appendix M) greater during May, 1991, than at
any other time of year (Figure !ILl). Both the proportion of mantle gonads
occupied by developing or ripe gametes ("mantle gamete area", MGA) and the
proportion (w/w) of dry mussel tissue comprised of gametes ('body gamete
weight", BGW) peaked during May, but were otherwise not significantly different
(Appendix M) among sample periods. A proportion of the mussel population was
in spawning condition at all times of the year.
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Figure 111.1. The proportional area in mantle tissue sections occupied by
developing or ripe gametes (± 95 % confidence intervals) in Mytilus edulis
trossulus sampled bimonthly from Yaquina Bay during 1991 and January, 1992.
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Proximate Biochemical Condition
The protein content of tissues of Mytilus edulis trossulus varied
significantly (p=O.0040; Appendix M) during 1991 and January, 1992, being greatest
during the spring (e.g. 57 % in March) and lowest during summer and fall (e.g.
44 % in September) (Figure III.2). Mussels collected during January, 1992, had a
significantly greater protein content (54 %) than mussels collected during January,
1991 (47 %), which suggests that the seasonal pattern in protein content in these
mussels probably varies inter-annually. The lipid content of mussel tissues also
peaked during April and May (Figure Ill.2); however, seasonal variation in lipid
content was not significant (p>0.05; Appendix M). In contrast to protein and lipid,
the carbohydrate content in mussel tissues was lowest during late winter and
spring (e.g. < 10 % w Iw) and gradually increased during summer and fall
(significant, p<O.OOOI; Appendix M). The greatest carbohydrate content (29 %) was
measured during November (Figure III.2).
Condition Index
The seasonal pattern in the condition index of Mytilus edulis trossulus was
similar to that described for the mussel's carbohydrate content (Figure IlI.3).
Condition index was significantly (p<O.OOOI; Appendix M) greater during
September and November than any other sample time (Figure llI.3).
OIN Ratios

The ratio of oxygen consumption to ammonia nitrogen excretion (0 IN
ratio) differed significantly (p<O.OOOI; Appendix M) among the six seasonal
measurements and was greatest (>50) during May and lowest «10) during
November and January (Figure IlI.4). OIN ratios were not successfully measured
during September. Seasonal variation in the OIN ratio was attributed primarily to
significant (p<O.OOOI; Appendix M) differences among samples in oxygen
consumption, which varied from less than 12 llg-at O2 (g AFDTWtl (November) to
greater than 80 llg-at O2 (g AFDTWtl (May, July). Excretion of ammonia nitrogen
also varied significantly <p<O.OOOI; Appendix M) among sample dates, but this
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variation did not appear to be seasonally correlated with oxygen consumption
because the lowest excretion rate (-1.511g-at NH4+-N [g AFDTW]-l) was measured
in November and greatest excretion rates (-411g-at NH/-N [g AFDTW]-l) were
measured during July, 1991, and January, 1992.
Gut Proteolytic Activity
The proteolytic activity measured in crystalline style extracts from the gut of
Mytilus edulis trossulus collected from Yaquina Bay was significantly greater
(p<O.OS; Appendix M) during the months of January and March than during July,
September and November (Figure IlLS). Similarly, proteolytic activity measured in
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Figure 111.4. Gram atomic ratios of oxygen consumption to ammonia nitrogen
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samples from the digestive diverticula was significantly (p<O.OS; Appendix M)
greater during March than during July, September, and November (Figure TIlS),
although the range of variation in diverticula activity was much less pronounced
than the range in activity of style extracts. The proteolytic activity of style extracts
(77-109 units mg-I ) was relatively much greater at all times of the year than that of

diverticula extracts (31-37 units mg- I ). In Figure Ill.5, proteolytic activities of style
and diverticula extracts are expressed as equivalent units of trypsin activity. No
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Mytilus edulis trossulus during 1991 and January, 1992.

significant differences (t-test, p>O.OS) in the activities of style or diverticula extracts
were detected in samples analyzed prior to or after prolonged freezing.
Feeding Experiments with 14C-Labeled Protein Microcapsules
Utilization of 14C-labeled protein microcapsules (P4C]PM) by Mytilus edulis
trossulus varied greatly according to season and to the diet type (algae or seston)
to which P4C]PM were added. The complete 14C-budgets of mussels fed P4C]PM
with either algae or seston during February, May, August and November, 1991, are
given in Table ITLI. As reported in Chapter I, variation in the absolute 14C-specific
activities associated with components of the mussel's carbon budget was greater,
among individuals within a given treatment, than variation in the proportional
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manner in which ingested [l"C]PM was processed; therefore, the 14C-activity of each
component of the mussel's 1"C-budget was expressed as a percentage of ingested
1"C. For example, weight-specific ingestion of [l"C]PM varied among groups of
mussels from 3.04 x lOS dpm (g ash-free dry tissue weight [AFDTW])-1 to 11.43 x
lOS dpm (g AFDTWt 1, and coefficients of variation associated with these values
were as high as 48 %. Consequently, weight-specific 1"C-activities defecated,
respired, incorporated and so forth also varied considerably. In contrast,
coefficients of variation associated with the percentages of ingested 1"C that were
either defecated, respired, incorporated, and so forth were less than 20 %.
Most [l"C]PM ingested by mussels were defecated (between 52 and 86 % of
the 14C-budget; Table III.1), and as reported for the radiotracer experiments in
Chapter I, mussels completely purged their guts of undigested 14C before the end
of these experiments. Furthermore, the gut residence time of Mytilus edulis
trossulus, as indicated by the time-course of l"C-defecation, did not vary between
diet types or among experiments. Greater than 95 % of the total 14C defecated by
every mussel was produced before the sixteenth hour (fourth hour of second
submergence period) in each 18 h experiment. The proportion of ingested 1"C that
was soluble in the feces ("solubilized fecal 14C") ranged between 0.4 and 6.4 %. A
greater proportion of ingested 14C (7.9 to 17.4 %) was measured in the dissolved
fraction of effluents ("solubilized effluent 14C"). Solubilized 14C in either feces or
effluents was assumed to have been digested but not utilized by mussels.
Respiration accounted for 2.3 to 18.9 % of the 1"C-budget, and 14C incorporated. into
mussel tissues varied between 2.1 to 12.4 % (Table III.l). Digestion and
assimilation efficiencies varied considerably from between 53 % and 31 % (seston
diet; February) to 16 % and 6 % (algal diet; August), respectively (Table III.l).
In each of the four experiments, mussels fed P4C]PM added to the algal diet
ingested significantly (p<0.05) more [l"C]PM than mussels fed P"C]PM in
combination with natural seston (Table III.1; Figure III.6). A two-way ANOV A
comparing 1"C-ingestion among the main effects of diet type (algae or
seston) and month of experiment confirmed that ingestion differed significantly
(p<O.OOOl) between the two types of diets, and there was a significant (p<0.OOO1)
seasonal effect in which a greater proportion of available [l"C]PM was ingested by
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Table 111.1. Components of the 14C-budget of mussels fed P4C]protein
microcapsules with either freeze-killed Isochrysis galbana (T-ISO) or natural
seston during a) February, b) May, c) August, and d) November, 1991. Mean (±
standard deviation) 14C-activity in each component is expressed as a percentage
of ingested 14C (actual 14C-activities are given in parentheses). Differences
between groups were assessed with t-tests (percentages were arcsine square root
transformed before analysis).
a) February

14C-Budget
Component

Percentage of Ingested 14C
(dpm x 1Ql [g AFDMWP)

t-test
p-value

Group Fed
Capsules
with Algae
(n=6)

Group Fed
Capsules
with Seston
(n=8)

Ingestion

100
(1076 ± 144)

100
(731 ± 208)

0.005

Defecation

70.3 ± 8.8
(756 ± 149)

51.6 ± 9.6
(377 ± 155)

0.018
<0.001

Solubilized in Feces
(Digested)

6.36 ± 1.09
(68.4 ± 28.4)

4.30 ± 1.20
(31.4 ± 18.8)

0.012

Solubilized in Effluent
(Digested)

13.9 ± 5.29
(149 ± 139)

17.4 ± 4.00
(127 ± 52.2)

n.s.
n.s.

Respiration 1
(Assimilated)

8.09 ± 1.90
(87.1 ± 37.3)

18.9 ± 6.70
(138 ± 120)

n.s.
n.s.

Incorporation
(Assimilated)

7.82 ± 1.54
(84.1 ± 24.0)

12.2 ± 3.07
(89.1 ± 28.6)

n.s.
n.s.

Total Digestion

36.2 ± 6.55
(389 ± 145)

52.8 ± 9.76
(386 ± 134)

0.030

Total Assimilation

15.9 ± 3.45
(171 ± 60.0)

31.1 ± 5.68
(227 ± 89.7)

0.008

-

n.s.

n.s.

n.s.
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Table 111.1 (Continued). Components of the 14C-budget of mussels fed
P4C]protein microcapsules with either freeze-killed Isochrysis galbana (T-ISO) or
natural seston during a) February, b) May, c) August, and d) November, 1991.
Mean (± standard deviation) 14C-activity in each component is expressed as a
percentage of ingested 14C (actual 14C-activities are given in parentheses).
Differences between groups were assessed with t-tests (percentages were arcsine
square root transformed before analysis).
b) May

14C-Budget
Component

Percentage of Ingested 14C
(dpm x 1(1 [g AFDMW]-l)

t-test
p-value

Group Fed
Capsules
with Algae
(n=8)

Group Fed
Capsules
with Seston
(n=6)

Ingestion

100
(1142 ± 337)

100
(606 ± 150)

0.004

Defecation

82.1 ± 19.3
(937 ± 300)

72.4 ± 7.08
(439 ± 139)

0.003

Solubilized in Feces
(Digested)

3.36 ± 0.97
(38.4 ± 24.4)

2.38 ± 0.71
(14.4 ± 5.43)

0.037

Solubilized in Effluent
(Digested)

7.92 ± 0.99
(90.5 ± 28.1)

14.6 ± 4.44
(88.7 ± 70.8)

n.s.
n.s.

Respirationl
(Assimilated)

2.33 ± 0.43
(26.6 ± 10.4)

3.81 ± 0.88
(23.1 ± 7.13)

0.035

Incorporation
(Assimilated)

7.73 ± 2.07
(88.3 ± 44.2)

9.09 ± 2.16
(55.1 ± 14.7)

n.s.
n.s.

Total Digestion

21.4 ± 2.30
(244 ± 61.0)

30.0 ± 5.48
(182 ± 55.4)

0.035

Total Assimilation

10.1 ± 2.35
(115 ± 50.6)

13.0 ± 2.96
(78.5 ± 19.2)

n.s.
n.s.

-

n.S.

n.s.

n.s.

n.s.
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Table IIL1 (Continued). Components of the 14C-budget of mussels fed
P4C]protein microcapsules with either freeze-killed Isochrysis galbana (T-ISO) or
natural seston during a) February, b) May, c) August, and d) November, 1991.
Mean (± standard deviation) 14C-activity in each component is expressed as a
percentage of ingested 14C (actual 14C-activities are given in parentheses).
Differences between groups were assessed with t-tests (percentages were arcsine
square root transformed before analysis).
c)

August

14C-Budget
Component

Percentage of Ingested 14C
(dpm x 1W [g AFDMWP)

t-test
p-value

Group Fed
Capsules
with Algae
(n=S)

Group Fed
Capsules
with Seston
(n=S)

Ingestion

100
(668 ± 322)

100
(346 ± 127)

Defecation

86.2 ± 4.31
(576 ± 301)

83.0 ± 6.02
(287 ± 116)

0.024

Solubilized in Feces
(Digested)

2.34 ± 1.20
(15.6 ± 19.7)

0.39 ± 0.30
(1.34 ± 3.15)

n.s.
n.s.

Solubilized in Effluent
(Digested)

7.56 ± 1.58
(SO.5 ± 12.3)

11.7 ± 2.73
(40.6 ± 10.6)

n.s.
n.s.

Respirationl
(Assimilated)

2.81 ± 0.35
(18.8 ± 7.17)

3.27 ± 0.70
(11.3 ± 4.17)

0.022

Incorporation
(Assimilated)

3.38 ± 1.12
(22.6 ± 18.5)

2.09 ± 0.96
(7.22 ± 9.12)

n.s.
n.s.

Total Digestion

16.2 ± 3.01
(108 ± 40.9)

17.5 ± 3.49
(60.4 ± 16.8)

0.010

Total Assimilation

6.20 ± 1.14
(41.4 ± 21.9)

5.35 ± 1.12
(18.5 ± 10.4)

0.018

-

0.019

n.s.

n.s.

n.s.
n.s.
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Table 111.1 (Continued). Components of the 14C-budget of mussels fed
P4C]protein microcapsules with either freeze-killed Isochrysis galbana (T-ISO) or
natural seston during a) February, b) May, c) August, and d) November, 1991.
Mean (± standard deviation) 14C-activity in each component is expressed as a
percentage of ingested 14C (actual 14C-activities are given in parentheses).
Differences between groups were assessed with t-tests (percentages were arcsine
square root transformed before analysis).
d) November

14C-Budget
Component

Percentage of Ingested 14C
(dpm x leY [g AFDMWP)

t-test
p-value

Group Fed
Capsules
with Algae
(n=8)

Group Fed
Capsules
with Seston
(n=8)

Ingestion

100
(305 ± 73.5)

100
(187 ± 57.7)

Defecation

70.2 ± 7.30
(214 ± 75.1)

61.0 ± 7.23
(114 ± 43.1)

0.006

Solubilized in Feces
(Digested)

6.16 ± 0.74
(18.8 ± 7.29)

5.11 ± 0.40
(9.55 ± 2.38)

0.004

Solubilized in Effluent
(Digested)

11.2 ± 3.52
(34.2 ± 12.5)

17.3 ± 4.29
(32.3 ± 17.5)

n.s.
n.S.

Respiration!
(Assimilated)

6.13 ± 1.20
(18.7 ± 3.37)

9.63 ± 1.08
(18.0 ± 4.86)

0.011

Incorporation
(Assimilated)

12.4 ± 1.75
(37.7 ± 14.0)

12.2 ± 3.36
(22.8 ± 14.1)

n.s.
n.s.

Total Digestion

35.7 ± 5.68
(109 ± 21.7)

44.2 ± 6.70
(82.6 ± 25.4)

0.040

Total Assimilation

18.5 ± 2.17
(56.4 ± 14.3)

21.8 ± 4.07
(40.7 ± 16.6)

n.s.
n.s.

-

0.004

n.S.

n.s.

n.s.

n.s.

n.s. = not significant
! Respiration is the sum of measurements during submergence and aerial
exposure.
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mussels earlier (February, May) than later in the year (August, November) (Figure
III.6; Appendix N). Even though mussels ingested [l"C]PM at greater rates (per
6 h) when fed with algae than natural seston, the same seasonal pattern of
variability in mussel ingestion was observed regardless of diet type, and these two
main effects did not interact significantly (p>0.05; Appendix N). Ingestion rates
were equivalent to filtration rates in these experiments because the concentration of
P"C]PM was similar between diets and among experiments (range, 1.0-1.4 x 105
dpm tl), and mussels did not produce pseudofeces.
Filtration and ingestion rates of bivalves are known to vary widely,
especially in response to changes in diet concentration (for reviews, see Bayne and
Newell 1983; Newell and Langdon 1992). Every effort was made to prepare and
deliver diets consistently among experiments. Nonetheless, there was some
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variability between dietary treatments and among experiments in dietary
particulate organic material (POM) concentration, l"C-specific activity, and flow
rates (Appendix 0). Measures of POM concentration (2.4 to 3.9 mg tl), 1"C-specific
activity (1.0 x 105 to 1.4 X105 dpm

tl)

and flow rate (3.6 to 4.5 1 (6 h)-I) varied by

only 38 %,27 % and 19 %, respectively.
Mussels digested and assimilated a greater proportion of ingested 14C
during February and November than during Mayor August (Table III.l; Figure
III.7). In all experiments, the digestion efficiency of P"C]PM was greater when
delivered with natural seston than when supplemented to an algal diet (Figure
III.7). Similarly, assimilation efficiencies for P4C]PM were also greater when
mussels were fed on P"C]PM combined with natural seston compared with algae,
except for during the August experiment, when assimilation efficiencies were low
(Figure IIL7) and not significantly different between diets (t-tests; Table III. 1). A
two-way ANOV A (Appendix N) demonstrated that both diet type and season
significantly (p<0.01) affected the digestion and assimilation efficiency of P4C]pM;
however, with reagrd to the assimilation efficiencies, a significant statistical
interaction was detected between the two main affects (AppendiX N).
In each of the three 14C-feeding experiments reported in Chapter I
(conducted during December, April and June, 1991), mussels were fed P4C]PM
prepared from crab protein and radio labeled algal protein using the same methods
as those in this Chapter <Conducted during February, May, August and November,
1991). Results from experiments in Chapter I are thus directly comparable to the
results in this chapter for mussels fed microcapsules in combination with the algal
diet. To obtain a clearer resolution of seasonal variation in protein utilization by
mussels fed P4C]PM with algae (constant diet composition), P"C]PM assimilation
efficiencies from Chapter I are presented together with data from the same
treatment in this chapter in Figure III.8. Interestingly, the assimilation efficiencies
measured in Chapter I fit well with the seasonal pattern of assimilation efficiency
already shown for the four seasonal experiments in this chapter (Figure III.8).
To gain further insight into differences in the manner with which P"C]PM
were utilized by mussels in the experiments in this chapter, a ratio was calculated
comparing the proportion of ingested 1"C that was respired (e.g. catabolized; R) to
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that incorporated into tissues (e.g. not catabolized; T). "R/T ratios" were calculated
for individual animals, 10glO-transformed to adjust for unequal variances among
group averages, and compared between diet treatments and among seasons using
two-way ANOV A (Appendix N). There was significant (p=O.OOO4; Appendix N)
seasonal variability in the R/T ratio; however, no significant (p>O.OS) effects of
dietary treatment type were detected. Therefore, R/T ratios were pooled between
diets during each experiment and are presented in Figure II.9 with R/T ratios for
mussels fed crab capsules in the three radiotracer experiments in Chapter 1. R/T
ratios were not significantly (p>O.OS; Appendix P) different among the months of
December, February, April, August, and November, and were not appreciably
different from zero (Figure II1.9), which indicated that respiration and tissue

143

,,-....

""0

0.3

E

0.2

A

(i)

L-

AB

0

'+(j)

c
0

L-

+-'

a
~

CJ"l

A

A

0.1

-

0.0

-

-

ABC

-0.1

0

'-'"

0

.-

-0.2

+-'

-0.3

f-

-0.4

0
0:::

"'-.
0:::

-0.5
Dec.

Feb.

April

May

June

Aug.

Nov.

1991

Figure 111.9. Seasonal changes in the ratio of 14C-respiration to 14e-incorporation
(RfT ratio; ± 95 % cn in Mytilus edulis trossulus fed P4 Clprotein microcapsules
(see Appendix P for statistics).

incorporation of [I"C]protein assimilated from the microcapsules was approximately
equal at those times. In contrast, during May and June, R/T ratios were
significantly (p<O.05; Appendix P) lower than zero (Figure ill.9), which suggested
that the majority of assimilated [l"C]protein was being conserved from metabolism.
Protein Bioavailability in the Seston
The concentration of particulate organic material (POM) in seston from
Yaquina Bay varied widely among seven bimonthly measurements during 1991
and 1992 (Figure ill.10). Although this variation was significant
(p<O.OOOl;Appendix M), there was no apparent seasonal cycle in the concentration
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of POM. For example, maximum and minimum POM concentrations were
measured during January 1991 and 1992, respectively. In contrast, the
concentration of "bioavailable" protein, which was the proportion of POM liberated
as dissolved protein by crystalline style extracts from the mussel, was greatest in
Yaquina Bay during summer and lowest during winter (Figure III.10). The
seasonal variability in the concentration of bioavailable protein was highly
significant (p=O.0002; Appendix M).
The finding that the concentration of bioavailable protein in seston of
Yaquina Bay (Figure II.1O) was inversely proportional to the assimilation efficiency
for [14C]PM (Figure II.7) suggested that mussels may have been compensating for
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low natural protein abundance during February and November by increasing their
uptake of exogenous protein (see Discussion). If this was the case, then the overall
rate of assimilation of seston-associated protein would be constant during the year.
The significance of protein availability in determining the degree with which
protein was utilized by mussels was investigated by comparing concentrations of
bioavailable protein in the seston to laboratory measurements ofP"C]PM utilization
when fed as a supplement to natural seston. This comparison provided an
estimate of the in situ rate of bioavailable, seston protein assimilation (RSPA). If
the estimated RSPA did not vary seasonally, then this would indicate that mussels
may have been adjusting their rate of protein uptake to compensate for variable
availability of protein. However, if RSPA varied seasonally after adjustment for
variable protein availability, then this would indicate that mussels were adjusting
their rate of utilization of exogenous protein for reasons unrelated to protein
abundance.
Estimates of RSPA were made for each of the four seasonal feeding
experiments by dividing the mussel's ingestion rate of [I"C]PM (units

= dpm h-1 [g

AFDTWJ-1) by the availability of [l"C]PM in the feeding system (seston diet
treatment only; units = dpm
(units

= I h-1 [g AFDTW]-l).

tl)

to calculate the mussel's particle clearance rate

It was assumed that natural POM and P4C]PM would

be cleared at the same rate, and so an estimate of the mussel's in situ ingestion rate
of bioavailable seston protein (units

= mg h-1 [g AFDTW]-l) was then made by

multiplying the mussel's clearance rate (units = I h-1 [g AFDTW]-l) by the in situ
concentration of bioavailable seston protein (units = mg tl). Finally, the RSPA
(units

= mg h-1 [g AFDTWll) was calculated by multiplying the estimated ingestion

rate of bioavailable seston protein (units
efficiency for seston protein (units

= mg h-1 [g AFDTW]-l) by the assimilation

= %), which was assumed to be equivalent to

the measured assimilation efficiency for P"C]PM. This latter assumption was not
tested experimentally but is supported by the observation that natural seston is
typically assimilated by mussels with an efficiency (e.g. 35 %; Bayne and Widdows
1978; Bayne and Newell 1983) similar to that measured for P4C]PM (e.g. <35 %;
Chapter D. The estimated RSPA integrated several parameters which varied
seasonally, including concentrations of bioavailable protein in the seston (Figure
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m.10; Appendix M), concentrations of P4C]PM used in the different feeding
experiments (Appendix 0), ingestion rates of P4C]PM by mussels (Table m.l;

Figure Ill.6), and assimilation efficiencies of [l4C]PM by mussels (Table m.l;
Figure Ill.7).
The RSPA by Mytilus edulis trossulus in Yaquina Bay was estimated to
vary between 20 and 180 JIg protein h-I [g AFDTW]"l (Figure III.ll), and the
seasonal pattern of estimated RSPA was similar to that shown previously for the
assimilation efficiency of [l4C]PM (Figure ilL7). These assimilation rates suggest
that mussels were in fact utilizing significantly (Appendix P) more protein during
the late winter and spring than during the summer and fall (Figure m.ll), and
were not simply compensating for variation in protein abundance in order to
maintain a constant protein assimilation rate.
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Seasonal changes in the estimated rate of bioavailable seston protein
assimilation were also compared to seasonal changes in the rate of ammonia
nitrogen excretion by Mytilus edulis trossulus to estimate whether mussels in
Yaquina Bay met their metabolic requirements for nitrogen at all times of the year.
The RSPA was divided by 5.85 (Zamer et a1. 1989) to estimate the rate of protein
nitrogen assimilated in situ by mussels during winter (February), spring (May),
summer (August) and fall (November), which was 30.5, 22.1, 3.54, and 6.58
pg N h- 1 (g AFDTW)-l, respectively. Rates of ammonia nitrogen excretion
(Appendix M), averaged for the winter (January-March), spring (April-June),
summer (July-September), and fall (October-December) were 2.97, 1.71, 4.07, and
1.52 pg N h- 1 (g AFDTW)-l, respectively. Therefore, mussels potentially met their

metabolic nitrogen requirements by utilization of bioavailable seston protein during
the winter, spring and fall; however, during the summer, the metabolic nitrogen
demand was greater than the rate of protein nitrogen utilization. The net nitrogen
balance of M. edulis trossulus was estimated to be 27.5, 20.4, -0.53, and 5.06
pg N h- 1 (g AFDTWyl during the winter, spring, summer and fall, respectively.
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Discussion
Utilization of dietary protein by Mytilus edulis trossulus significantly
differed seasonally as shown by changes in the mussel's ingestion rate and
assimilation efficiency of defined, 14(:-labeled protein microcapsules ([14C]PM).
Regardless of whether [I4C]PM were added to either an algal diet or a diet of
natural seston, mussels ingested [l4(:]PM at greater rates and assimilated P4C]PM
with greater efficiencies during the late winter and spring than at other times of
the year. Integration of ingestion rates with assimilation efficiencies suggested that
the rate of assimilated P4C]PM was more than eight times greater during February
than during August. P4C]pM were constant in composition and ration among all
feeding experiments and only comprised a small fraction of the total dry diet
weight (<10 %), therefore, they were found to be useful "probes" for comparing the
mussel's ability to extract protein from different diets at different times of the year.
Few studies have examined seasonal variation in food utilization in
suspension-feeders, primarily because it is difficult to control and maintain diet
composition. Bayne and Widdows (1978) reported that Mytilus edulis clears
natural particulate organic material at greatest rates in spring and early summer
and assimilates particulate organic material with greatest efficiency during
summer. Hawkins et al. (1985) reported that absorption efficiencies of M. edulis
from southwest England varied seasonally, but they suggested that this variation
was inconsequential for the animal's energy balance, which was apparently "timeoptimized" by reliance on internal energy reserves to satisfy short-term energy
deficiencies rather than by increases in the rate of uptake of endogenous food.
Few researchers have investigated seasonal variation in the uptake of
specific dietary biochemical constituents such as protein. Protein absorption rates
have been estimated to vary seasonally, with peak activity during summer (Bayne
and Widdows 1978; Widdows 1978). Hawkins and Bayne (1985) constructed
complete carbon and nitrogen budgets for Mytilus edulis, and observed that
ingestion rates, absorption efficiencies, and metabolic requirements for nitrogen
varied during the year in such a way that the net nitrogen balance of mussels was
negative during March, but highly positive during June and October. They
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estimated that the net absorption rate of dietary nitrogen varied among these three
months by three-fold. The finding that nitrogen balance could be negative
suggested to Hawkins and Bayne (1985) that during March mussels were relying
on an internal pool of nitrogen, and thus were "time-optimizing" nitrogen balance,
rather than simply increasing their rate of nitrogen uptake to compensate for the
nitrogen deficiency.
In other research, Hawkins (1985) delivered 15N-Iabeled microalgae to
Mytilus edulis and used 15N as a tracer for protein to quantify the mussel's 15N_
budget and rate of whole body protein turnover (WBPT) at different times of the
year and under different experimental conditions. Mussels were found to have an
efficient system for recycling internal nitrogen. Furthermore, the rate of WBPT
varied seasonally and among mussels differing in physiological condition.
Hawkins and Bayne (for review, see 1991) suggested again that mussels do not
compensate for seasonal deficiencies in their protein balance by increasing their
uptake of exogenous protein, but rather by increasing their rate of WBPT.
Hawkins and Bayne (1991) suggested that adjusting the rate of WBPT was a more
advantageous way for mussels to meet protein deficiencies than by regulating
protein uptake because feeding and digestive processes can comprise up to 38 % of
the standard metabolic energy demand (Hawkins et a1. 1985); whereas, energy
costs associated with WBPT are typically lower, accounting for approximately 20 %
of metabolic energy demand (Hawkins 1985, 1991; Hawkins et a1. 1989a, b).
In this study, Mytilus edulis trossulus collected from Yaquina Bay, Oregon,
apparently utilized dietary protein, as indicated by

P4C]PM, at widely varying rates

during the year, which could have been a compensatory mechanism with which
mussels balanced long-term (e.g. seasonal) deficiencies between protein availability
and the mussel's protein requirements. The observation that mussels utilized
dietary protein differently during the year was supported by evidence that the
proteolytic activity of crystalline style and diverticula extracts from the gut of
mussels also varied seasonally in a manner coincident with protein assimilation
efficiency. These observations do not necessarily contradict the suggestion of
Hawkins and Bayne (1991) that mussels preferentially balance long-term variation
in protein demand by adjusting the rate of WBPT rather than the rate of exogenous
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protein uptake. In the present study, the rate of WBPT was not measured, and
therefore the relative utilization of exogenous protein or internal protein reserves in
satisfying deficiencies in the mussel's protein balance was not addressed. Mussels
could have compensated for long-term protein deficiencies by adjustments to both
the rates of WBPT and uptake of exogenous protein. Furthermore, the time
interval among measurements in this study was a minimum of a month, and
regulation of the rate of WBPT could have been more important than regulation of
dietary protein utilization in meeting short-term (e.g. 1-2 weeks) deficiencies in
protein balance.
Finally, the strategy for protein balance of Mytilus edulis, studied by
Hawkins and Bayne (1991), could have been quite different from that M. edulis
trossulus, collected in the present study from a population in Yaquina Bay, Oregon.
Many researchers (Beaumont et al. 1989; Koehn 1991; McDonald et al. 1991) argue
that M. edulis trossulus and M. edulis should be given separate species status
because their morphological and physiological characteristics are consistently
separable. Different populations of mussels belonging to the M. edulis spp.
complex are widely variable genetically and exhibit plasticity in phenotypic traits.
Indeed, bivalve molluscs have been used to investigate the poorly understood
mechanisms of how genotype is expressed phenotypically, and these efforts have
illustrated that genetic variation can confer variation in metabolic energy and
nitrogen demand, scope for growth, and productivity (Dickie et al. 1984; Mallet et
al. 1986, 1987; Rodhouse et al. 1986; Koehn and Bayne 1989; Mallet and Carver
1989; Stromgren and Nielsen 1989; Koehn 1991). Furthermore, the degree of
heterozygosity in mussels, which has been associated with improved growth rates,
has also been positively correlated with rates of WBPT and inversely correlated
with protein maintenance requirements (Koehn and Gaffney 1984; Bayne 1987;
Hawkins et al. 1989a; Koehn and Bayne 1989).
In their review of protein and energy balance in bivalves, Hawkins and
Bayne (1991) classified the various biotic factors that can influence the mussel's
utilization of protein as being either metabolic or dietary. Both quantitative and
qualitative variations in the diet were reported to influence protein balance.
Metabolic factors important for determining protein balance were listed as
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genotype, body size, and "nutritional/physiological state." In the present study,
the genotype and body size of mussels did not vary among experiments.
However, in an effort to differentiate why mussels utilized exogenous protein
differently during the year, the relative influences of diet composition and
nutritional/ physiological state of the mussels were investigated.
In all experiments, mussels ingested P4(:]PM at a significantly greater rate
when the capsules were delivered as a supplement to a diet of freeze-killed
microalgae than when delivered with natural seston. This is not surprising because
previous workers (Bayne et a1. 1984; Ward and Targett 1989) have reported that the
presence of high quality diets, such as microalgae, and even dissolved metabolites
from microalgae, will evoke an increase in feeding activity by bivalves, and in
experiments in this study concentrations of algae and their metabolites were both
probably greater with algal diets than with natural seston.
In contrast, digestion and assimilation efficiencies of P4C]PM by mussels
were significantly greater when capsules were delivered with seston than with
algae. The reason for this difference is unclear. No bacterial 14(:-respiration was
detected in beakers containing either experimental diet treatment. Therefore,
bacteria associated with natural seston did not indirectly facilitate the mussel's
utilization of P4C]PM by mediating the flow of 14(: from capsules to the mussel.
However, if bacteria associated with natural seston were ingested and digested by
mussels, it is possible that digestive enzymes liberated from bacterial cells could
have aided in capsule breakdown in the mussel's gut. Furthermore, inorganic
seston particles could have facilitated the physical breakdown of

P~]PM

(Ki0rboe

et a1. 1980; Urban and Langdon 1984; Bayne et al. 1987).
An alternative explanation for the mussel's greater digestion and
assimilation efficiencies of P4C]PM when fed with natural seston rather than with
algae is that the digestive activity of mussels acclimated to a diet of natural seston
(low nutritional quality) could have been greater than the digestive activity of
mussels acclimated to an algal diet (high nutritional quality). The digestive activity
was not compared between mussels fed algal and seston diets; however, mussels
exposed to low quality, natural diets are reported to have higher absorption

152

efficiencies compared with mussels fed relatively high quality, natural diets (Bayne
et al. 1984; Deslous-Paoli et al. 1990).
Differences in the strategy with which mussels utilized [14C]PM from
different "background" diets were somewhat serendipitous findings of this study,
but are interesting in light of recent efforts to devise an optimal feeding model for
invertebrates (Penry and Jumars 1987, 1990; Penry 1989; Dade et al. 1990).
Although optimal feeding strategies are poorly documented for suspenSion-feeding
animals (DeMott 1989), Taghon (1981) predicted that an optimal response for a
deposit-feeder given a better quality diet would be to increase its ingestion rate,
and Taghon and Jumars (1984) later reported that ingestion rates of deposit-feeding
polychaetes increased with dietary protein content. Regulation of ingestion rate
would seem to be a better strategy for optimizing energy balance than regulation
of assimilation efficiency because Widdows and Hawkins (1989) recently reported
that the metabolic costs of feeding and moving food through the gut of Mytilus
edulis were much lower « 3 % of metabolic energy expenditures) compared to
costs associated with the digestion and absorption of food (17 % of metabolic
energy expenditures).
Results are equivocal as to whether ingestion rates of suspension-feeding
bivalves vary with food quality (Bayne and Newell 1983; Bayne et al. 1984, 1987).
As previously mentioned, mussels in this study that were fed a high quality algal
diet did have significantly greater ingestion rates, as measured for P4C]PM, than
mussels fed on a low quality diet of natural seston; however, they also had
reduced assimilation efficiencies of PX:]PM. Similarly, other researchers have
reported lower overall assimilation efficiencies (not specifically protein) in bivalves
fed high quality algal diets compared to when fed poor quality, natural diets
(Bayne et al. 1984; Deslous-Paoli et al. 1990).
An optimal "foraging" model for bivalves should therefore consider both
energetic benefits and costs associated with maximizing the overall rate of
assimilation (e.g. particle selectivity, pseudofeces production, ingestion, digestion
and absorption efficiency). For example, although mussels that were fed algae
ingested [14C]PM at a higher rate but digested and assimilated [14C]PM with lower
efficiency than mussels fed seston, the actual weight-specific assimilation rate of
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[l4C]PM was not significantly different among the two dietary treatments when
analyzed with a two-way ANOV A among experiments. Therefore, even though
mussels utilized [14C]PM fed with algae or seston with different strategies, there
was no net effect of diet type on the net rate of uptake of dietary protein, as
represented by the assimilation rate of radiolabeled microcapsules.
Ingestion, digestion, and assimilation of

P4C]PM by mussels varied

seasonally in the same manner, regardless of whether the "background" diet was
algae or natural seston. Mussels fed either diet type ingested P4C]PM at a higher
rate and assimilated

P4C]PM with greater efficiencies during the late winter and

spring, which resulted in higher net assimilation rates during the spring than
during the summer. For mussels fed the algal-based diet, inclusion of results from
Chapter I further defined and substantiated the observed seasonal pattern in
[14C]PM assimilation efficiency. Even though the algal/capsule diet was constant
in composition among experiments, the assimilation efficiency for P4C]PM still
varied widely among experiments. Although diet composition did have an effect
on the manner with which mussels utilized dietary protein within each feeding
experiment, these results suggest that the overall seasonal pattern in protein
utilization was primarily dependent on the mussel's physiological condition and
not by variation in diet composition at the time of conducting the experiment.
To gain further insight into the relative importance of the effects of diet
versus physiology, ingestion rates and assimilation efficiencies for P4C]PM fed with
natural seston were applied to ambient concentrations of bioavailable protein in the
seston to obtain an integrative estimate of the potential assimilation rate of seston
protein by mussels in Yaquina Bay. The concentration of bioavailable protein in
seston was significantly greater during summer than winter, but the total range in
bioavailable protein concentration was not very large (0.5 to 1.1 mg tl), and was
similar to the annual range of protein (different assay method) concentrations
(0.4

to 0.6 mg tl) reported for seston in the Lynher estuary, England (Bayne and

Widdows 1978).
Even after consideration of seasonal variation in the abundance of
bioavailable protein, the resulting overall assimilation rates still varied significantly.
This result again suggests that seasonal variation in the mussel's physiological
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condition was of greater importance than the composition of the mussel's diet,
particularly the availability of dietary protein, in determining the mussel's seasonal
pattern of protein uptake.
Seasonal variation in the physiological condition of Mytilus edulis trossulus
in Yaquina Bay, Oregon, was characterized to provide insight into possible reasons
for the observed seasonal differences in protein uptake. The assimilation efficiency
of bivalves could have been influenced by many physiological factors, including
enzymatic digestive activity, gut residence time, gut capacity, digestive synchrony,
and so forth (Bayne and Newell, 1983; Bayne et al. 1984, 1988; Hawkins et al. 1990).
Seasonal variation in these factors has not been previously correlated with seasonal
patterns of food digestion and assimilation, although Eble (1966) observed that the
digestive diverticula of oysters (Crassostrea virginica) contained a more diverse
suite of digestive enzymes during times of the year when the animals were feeding
most actively. In this study, no significant differences were observed among
experiments in the gut purge time of mussels; however, during late winter and
spring, proteolytic activity associated with the crystalline style and diverticula of
M. edulis trossulus was significantly greater than during the summer and fall,
which suggests that assimilation efficiencies for Potc]PM may have resulted in part
from seasonal variation in gut enzymatic activity.
The timing of reproduction in bivalves has been associated with water
temperature (Giese and Pearse 1974; Seed 1976; Sastry 1979) and food availability
(Newell et al. 1982; Borrero 1987). In the Pacific Northwest, seasonal variation in
water temperature and food availability are not as pronounced as at comparable
latitudes on the east coast of the U.S.A. or in Europe because of summer coastal
upwelling (cold water, high nutrients) and winter storms from the southwest
(warm water, low nutrients). As a consequence of this moderate climate, natural
populations of Mytilus edulis trossulus are considered to be "dribble" or continuous
spawners in which reproduction could pOSSibly occur at any time of the year, but
generally is greatest in spring and summer (Emmett et al. 1987). Indeed, at all
times of the year, a portion of the mussel population in this study contained some
developing or ripe gametes. During May, however, nearly every sampled mussel
was ripe, demonstrating a distinct springtime peak in reproductive activity. Both
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the proportion of mantle tissue occupied by developing or ripe gametes and the
proportion of the mussel's dry body weight comprised of gametes were
significantly greater during May than at all other times of the year. The proportion
of the mussel's dry body weight that was mantle tissue, however, did not vary
seasonally, possibly because mussels were using mantle tissue for energy and
nutrient storage (e.g. glycogen) at times when it is not being used for
gametogenesis (Gabbott 1983; Gabbott and Peek 1991).
Even though mussels used in this study were continuous spawners, with
only one peak in their reproductive activity, as a population, they did undergo the
classical patterns in tissue biochemical composition that have been attributed to the
reproductive cycle in bivalves (for review, see Gabbott 1983). In general, bivalves
accumulate energy and nutrient reserves, primarily as glycogen, during a
conditioning period preceding gametogenesis. These energy stores are then used
as a fuel for the gametogeniC process and in some species help in overwintering.
Indeed, carbohydrate content and overall condition index of mussels sampled in
this study gradually increased during the summer and fall, and dropped rapidly
between November and January. Given that the peak in spawning occurred
between May and June, this would suggest that gametogenesis spanned the period
between January and May. At the onset of gametogenesis, carbohydrate reserves
are either catabolized or converted into lipids, which are sequestered in the
developing eggs. Tissue lipid content was greatest during April and May, but was
not significantly different during the year, probably because females were not
analyzed separately from males (sperm require less lipid than eggs).
Very little is known about the importance of protein during either the
conditioning or gametogeniC period (for review, see Gabbott 1983). Despite reports
(Gabbott 1983; Gabbott and Peek 1991) that most of the dry weight of the bivalve
egg is comprised of protein, the protein content of the tissues of Mytils edulis has
generally been reported to be greatest during non-reproductive periods. In the
present study, however, M. edulis trossulus had significantly greater levels of
protein in the tissues during the gametogenic period (March-May) than during the
rest of the year, and it is likely that much of this extra protein in the tissues during
the late spring was associated with gametes.
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Numerous studies (Bayne 1973a, b; Bayne and Widdows 1978) have
examined seasonal variation in O/N ratios of Mytilus edulis and suggested that
during gametogenesis, protein was primarily used as a substrate for catabolism.
Similarly, Barber and Blake (1985) reported the O/N ratios in Argopecten irradians
concentricus were lowest during gametogenesis, again suggesting that protein was
being used as a source of energy during peak reproduction. In contrast, Bayne and
Thompson (1970) reported that M. edulis utilizes carbohydrate as the primary
energy substrate during late winter and early spring when body protein and lipid
increases.
In this study, O/N ratios measured for Mytilus edulis trossulus were
greater than 20 during the March-July period, which reflects preferential catabolism
of carbohydrates. Most importantly, the mean O/N ratio during May was greater
than 50, which suggests that these mussels were conserving dietary protein from
metabolism at a time when they contained the greatest proportion of developing or
ripe gametes. Catabolism became protein-based only during the fall and winter
when carbohydrates were accumulated as an energy reserve. Therefore, reports on
the relative catabolism of carbohydrate or protein during gametogenesis are
equivocal among different studies, which could have resulted by the use of
different species of bivalves or perhaps by feeding bivalves diets having variable
proportions of protein and carbohydrate/energy (e.g. Gabbott and Bayne 1973;
Chapter II).
A second indicator of the relative catabolism or conservation of dietary
protein was derived using data from the l't:-feeding experiments, whereby
l't:-respiration by mussels (R) was expressed relative to l't:-incorporated into
mussel tissues (T). After log-transformation, positive values of this "R/T ratio"
indicated that a greater share of ingested P't:]PM were being catabolized than
incorporated; whereas, negative values reflected greater tissue uptake and
relatively lower protein catabolism. Positive R/T ratios were measured at all times
of the year, except during April and May, when R/T ratios were negative and
significantly different from those of the other experiments. As indicated by the
mussel's O/N ratios, these results suggest that protein was being conserved from
metabolic breakdown during the final stages of gametogenesis.
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In summary, Mytilus edulis trossulus collected from Yaquina Bay, Oregon,
utilized dietary protein with different efficiencies during the year. This variability,
assessed by conducting in vivo feeding experiments with P4(:]PM, appeared to be
more related to seasonal changes in the nutritional/physiological condition (and
perhaps protein requirements) of the mussels than to differences in the composition
of experimental diets. Based on the observations reported here, there appeared to
be three general phases in the annual protein budget of these mussels. The first
phase, which occurred between December and April was characterized high
efficiencies of protein assimilation, accumulation of protein in tissues, and
increasing metabolic conservation of dietary protein. The second phase occurred
during May and June and was characterized by a rapid decrease in protein
assimilation efficiency and tissue protein content following spawning, but
metabolic conservation of dietary protein remained high. The third phase began
after spawning (e.g. June-July) and continued until late fall (e.g. NovemberDecember) and was characterized by low assimilation efficiencies of dietary
protein, accumulation of carbohydrates in the tissues, and assimilated protein was
primarily catabolized. These results suggest that during the latter stages of
gametogenesis, M. edulis trossulus may have a greater dietary requirement for
protein than when mussels are not reproductively active. Mussels may compensate
for this extra protein demand associated with gametogenesis by increasing their
rate and efficiency of utilization of exogenous protein and by conserving protein
from metabolic processes.
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CONCLUSIONS
The nutritional importance of protein as a source of essential amino acids
and for maintenance of a positive nitrogen balance is unquestioned for animals.
Yet, in comparison to many other marine organisms, little is known about the
utilization of dietary protein by suspension-feeding animals such as bivalve
molluscs, primarily because it has not been technically possible to manipulate the
biochemical composition of their microparticulate diet in a defined manner.
Because complete artificial diets have not been developed for bivalves, nutritional
research has been confined to using live rnicroalgal diets, which cannot be
specifically manipulated in composition to experimentally examine relationships
between diet quality and the consumer's physiology. The most informative
method of studying protein utilization and balance in bivalves has been to monitor
utilization of algal protein in vivo with lsN (for review, see Hawkins and Bayne
1991); however, lsN also labels non-protein constituents in algae such as nucleic
acids, which limit the conclusions of this approach. In addition, the composition of
monocultured microalgae can vary temporally (Sakshaug and Holm-Hansen 1977;
Utting 1985; Enright et al' 1986a; Whyte 1987), and so it is difficult to examine
temporal variation in protein utilization with this technique. Furthermore, findings
based on the utilization of laboratory cultured phytoplankton cannot be directly
compared to a bivalve's utilization of natural diets in situ.
Recent advances in the development of cross-linked walled protein
microcapsules (PM) (Langdon 1989; Langdon and DeBevoise 1990; Chapter I) will
greatly aid efforts to examine protein balance in suspension-feeding animals. The
overall objective of this study was to apply microencapsulation technology to gain
a better understanding of the importance of dietary protein for bivalve molluscs.
At the outset of this research project, PM were produced using previously
described methods (Langdon 1989); however, these capsules were apparently not
efficiently utilized by the mussel, Mytilus edulis trossulus, in preliminary
experiments. It was subsequently found that PM were not readily digested by
mussels in these preliminary tests because those experiments were conducted at a
time of the year when mussels utilize dietary protein with low efficiency (Chapter
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III). Initial work in this study, however, was aimed at producing a type of PM that
mussels could easily filter, digest and assimilate.
The effect of biochemical composition on the digestibility of PM was
evaluated (Chapter I). PM were able to be produced from a variety of protein
types and it was possible to substitute 50 % of encapsulated protein with
carbohydrate. Although in vitro enzyme assays suggested that capsules with
different biochemical compositions were digested with significantly different
efficiencies, the ability of mussels to filter, digest and assimilate protein from PM of
variable biochemical composition did not differ to the extent that was suggested by
the in vitro tests. These findings clearly demonstrate the limitations of using in
vitro enzyme assays to predict in vivo digestibility, probably because digestion in
the bivalve gut is a complex process, consisting of both chemical and physical
mechanisms for degrading food particles (for review, see Morton 1983). Mussels
may be able to extract their necessary protein requirements equally well from a
wide range of food particles that differ in their enzymatic digestibility.
Furthermore, the finding that PM can be produced from a variety of protein types
and protein/carbohydrate mixtures without serious detriment to their digestibility
will be useful to future studies in which the quality of experimental diets is
manipulated by alteration of capsule composition.
The results of Chapters II and III demonstrate the utility of PM as a tool for
exploring previously unanswerable questions about protein utilization in mussels.
For example, even though all organisms certainly have a dietary requirement for
protein, limitation of bivalve productivity as a direct consequence of dietary
protein content had never been conclusively demonstrated. In Chapter II, growth
rates of juvenile mussels were equivalent between mussel groups fed either a diet
of low-protein algae (LP) with supplements of PM or a diet of high-protein algae
(HP); whereas, growth rates were more than 50 % lower when mussels were fed
LP algae without PM supplements. The increase in mussel growth when fed
supplements of PM was directly associated with PM-associated protein and not to
an increase in available energy because no improvement in mussel growth rates
was observed with higher rations of LP algae.
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Protein microcapsules were also useful in identifying seasonal patterns in
the utilization of dietary protein by adult Mytilus edulis trossulus (Chapter III). It
has generally been assumed that protein utilization is relatively constant
throughout the year and that natural populations of bivalves regulate their feeding
and digestive processes to maximize energy balance (for review, see Newell 1979;
Bayne and Newell 1983). However, adult bivalves undergo significant seasonal
changes in their physiological and nutritional status associated with their
biochemical requirements for reproduction. Therefore, it is reasonable to predict
that their requirements for specific dietary constituents, such as protein, will also
vary seasonally. These relationships were explored in Chapter III.
A significantly greater proportion of dietary protein was utilized by adult
Mytilus edulis trossulus during the spring than during the summer, and an
integrated estimate of protein assimilation rate (including ingestion rate,
assimilation efficiency, and ambient concentrations of bioavailable dietary protein)
revealed a seven-fold difference in the magnitude of the rate at which protein was
acquired during year. This variation in protein uptake rate appeared to be directly
associated with increased digestive activity as demonstrated by the coincident
variation in gut proteolytic activity. Importantly, peak protein assimilation rates
occurred during gametogenesis, and protein absorbed during the final stages of
gametogenesis was metabolically spared from catabolism in relation to dietary
carbohydrates. For M. edulis trossulus inhabiting Yaquina Bay, Oregon, it is
therefore concluded that dietary protein may be acquired at significantly greater
rates during periods when the mussel's protein requirements are greater, such as
during the final stages of gametogenesis when protein is accumulated in gametes.
Thus, rates with which dietary protein is utilized by mussels may differ from rates
with which the overall diet is utilized.
The observation that protein utilization was maximized and that assimilated
protein was conserved from catabolism at a time of the year when protein
requirements may have been greatest suggests that both protein limitation and
energy limitation of bivalves may be important, but that their relative importance
varies seasonally. For instance, successful reproduction by mussels in Yaquina Bay
could conceivably depend on the presence of a sufficient dietary ration of protein
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during the spring, and on a sufficient dietary energy or carbohydrate content
during the fall. Formulation of an optimal diet for adult bivalves should therefore
consider temporal variation in the animal's physiological condition and nutritional
requirements.
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APPENDIX A
Statistical comparison of dissolution rates (% [24 hP) of the contents of protein
(P) and mixed protein/carbohydrate (PC) microcapsules that either contained or
did not contain nylon (A.l and A.2). Interactions between the effects of nylon
and the presence/absence of bacteria in the incubation medium (sterile versus
non-sterile seawater> were also tested (A.3)
A.l) T -test comparisons of dissolution rates between capsules with or without
nylon for each of 18 trials. For each trial, specifications are given regarding the
type of capsule tested, treatment, dissolution measurement parameter, and
experimental date. Methods used were the same as for other in vitro trials given
in the text. Enzyme treatments were corrected for inactive controls (net values
reported). Values reported are means ± standard deviations (n=3 per treatment).
Dissol.
Parameter
Measured

Date
Tested

Leakage 1

Total CHO

PC

Leakage 1

PC

Capsule
Type

Treatment

PC

Dissolution Rate
(% [24 btl)

t-test
p-value

Nylon

No Nylon

4/26/90

2.7 ± 0.1

2.6 ± 0.8

n.s.

[14ClProtein

712/90

0.0 ± 0.0

0.2 ± 0.0

n.s.

Leakage2

F4ClProtein

712/90

0.3 ± 0.2

0.1 ± 0.1

n.s.

P

Leakage 1

F4ClProtein

712/90

0.5 ± 0.4

0.7 ± 0.3

n.s.

P

Leakage 2

[14C)Protein

7/2/90

0.1 ± 0.1

0.1 ± 0.1

n.s.

PC

Amylase

F4ClProtein

7124/90

2.3 ± 0.8

2.6 ± 0.4

n.s.

P

Amylase

[l4C)Protein

7124/90

18.6 ± 0.8

18.3 ± 0.9

n.s.

PC

Protease

{

ClProtein

7124/90

3.3 ± 0.4

4.5 ± 0.3

p=0.023

P

Protease

[l4C)Protein

7124/90

23.0 ± 1.4

21.5 ± 1.8

n.s.

PC

Amylase

Total CHO

7120/90

29.1 ± 7.0

28.0 ± 7.8

n.s.

PC

Amylase

P4C)Protein

7/20/90

9.1 ± 0.7

10.1 ± 0.6

n.s.

PC

Protease

! 14ClProtein

7120/90

12.0 ± 0.3

13.0 ± 0.2

n.s.

PC

Amyl.+ Prot.

F4ClProtein

7120/90

19.9 ± 1.5

20.0 ± 2.0

n.s.

PC

Oyster Style

[14C]Protein

7120/90

4.3 ± 0.4

1.8 ± 2.9

n.s.

P

Amylase

[l4ClProtein

7/20/90

51.8 ± 2.6

47.8 ± 7.0

n.s.

P

Protease

P4C)Protein

7/20/90

61.2 ± 2.9

56.0 ± 1.7

n.s.

P

Amyl.+ Prot.

[l4ClProtein

7120/90

66.7 ± 6.0

63.6 ± 24

n.s.

P

Oyster Style

P4ClProtein

7120/90

25.1 ± 1.4

23.5 ± 1.2

n.s.

14

n.s. - no SI gmncant
1 Leakage was measured in sterile seawater (0.2 pm filtered, 100 ppm thimerosal)
2 Leakage was measured in non-sterile seawater.
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APPENDIX A (CONTINUED)

A.2) Results of a two-way ANOV A comparing dissolution rates with presence of
nylon and trial number. No interactions between the main effects were detected
in the model.
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Nylon Addition
Trial Number

2.91
28340

1
17

2.91
1667

0.26
150.9

n.s.

Residual Effects

983.5

89

11.05

29330

107

Total

<0.001

A.3) Results of a two-way ANOV A comparing dissolution rates with presence of
nylon or bacteria. No interactions between the main effects were detected in the
model.
Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Nylon
Bacteria

2.52
34.2

1
3

2.52
11.39

0.35
1.57

n.s.
n.s.

Residual Effects

137.7

19

7.25

174.4

23

Source of
Variation

Total
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APPENDIX B
Amylolytic breakdown of various carbohydrates to glucose (B.l). An ANOVA
and a Tukey's multiple range procedure were applied to assess whether
carbohydrate types differed in their enzymatic (net values only) digestibility
(B.2). Statistical (p<O.05) differences in net dissolution rates among different
carbohydrate types are denoted with superscripted letters in B.l. Methods used
were as described for other in vitro trials in the text. Values are means ±
standard deviations (n=3 per treatment), and all data were arcsine square root
transformed for statistical analysis.
B.l)

Amylolytic Dissolution of Glucose (% [24 hyl)

Carbohydrate
Type

Active Amylase

Inactive
Amylase

Net Amylase

Maltodextrin M250

10.5 ± 0.3

5.6 ± 0.2

4.8 ± 0.2A

Maltodextrin Ml00

6.1 ± 0.4

2.0 ± 0.2

4.0 ± 0.2A

Ml00 (Dialyzed to lKD)

6.7 ± 0.1

1.8 ± 0.3

4.8 ± O.lA

Ml00 (Dialyzed to 6KD)

7.5 ± 1.5

1.8 ± 0.0

5.6 ± 0.9A

Ml00 (Dialyzed to 12KD)

7.2 ± 0.6

1.8 ± 0.4

5.3 ± O.5A

Maltodextrin M040

10.4 ± 0.4

3.1 ± 0.3

7.3 ± 0.4 A

M040 (Dialyzed to lKD)

8.6 ± 0.8

2.7 ± 0.3

5.8 ± 0.4 A

M040 (Dialyzed to 6KD)

10.0 ± 0.3

2.8 ± 0.2

7.2 ± O.lA

M040 (Dialyzed to 12KD)

9.9 ± 0.7

4.7 ± 0.1

5.2 ± O.4 A

Potato Starch

0.2 ± 0.0

0.2 ± 0.0

0.0 ± O.OB

Dextrin

4.8 ± 0.4

1.3 ± 0.2

3.4 ± 0.3A

B2.

Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

545.0
66.61

10
22

54.50
3.03

Total

611.6

32

F-Ratio

p-value

18.00

p<O.OOl
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APPENDIX C
Statistical comparison of net 14C-dissolution rates (% [24 hP) from protein
microcapsules prepared using either purified or impure crab protein. Methods
used were as described for other in vitro trials in the text. T-tests (C.l) and the
two-way ANOV A (C.2) were performed on arcsine square root transformed
percentages.
C.l) Separate t-test comparisons of l4C-dissolution rates between capsule types

for each of four treatments. Values reported are means
(n=3 per treatment).
Dissolution of

±

standard deviations

r C]Protein
4

(% [24 h]·l)

Treatment

t-test
p-value

Pure Protein
Capsules

Impure Protein
Capsules

Leakage!

3.0 ± 0.3

3.8 ± 0.2

n.s.

Protease

75.5 ± 2.8

91.5 ± 9.0

p=0.042

Mussel Style

38.4 ± 1.0

40.5 ± 1.7

n.s.

Mussel Diverticula

3.4 ± 0.1

4.4 ± 0.3

p=0.042

n.s. = not significant
1 Leakage was determined in sterile seawater (0.211.rn filtered, 100 ppm
thimerosal).
C.2) Results of a two-way ANOVA comparing dissolution rates with main
effects represented by capsule type (protein purity) and enzyme treatment. No
interactions between main effects were detected in this model.

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Capsule Type
Treatment

105
12840

1
3

105
4280

7.42
302

0.014
<0.001

Residual Effects

269

19

14.2

13210

23

Source of
Variation

Total

186

APPENDIX D
Dissolution of HC from [14C]protein/alga protein and [14 C]protein/crab protein
microcapsules incubated in sterile seawater (leakage) or with various enzymes in
vitro in Trials 1 to 4. Capsules compared in Triall were produced in a separate
batch from those used in Trials 2 to 4. Dissolution rates for each enzymatic
treatment are reported as means ± standard deviations (n=3 per treatment), and
were compared between microcapsule types with t-tests on arcsine square root
transformed percentages.

Treatment

Leakage

Date
Tested

Alga Capsules

Crab Capsules

t-test
p-value

Trial 2
10/16/90

5.4 ± 0.3

3.0 ± 0.3

p=0.OO7

Trial 3
10/23/90

2.7 ± 0.8

1.0 ± 0.3

n.s.

Trial 4
3/28/91

1.8 ± 0.2

1.5 ± 0.1

n.s.

Active

41.0 ± 3.7

75.8 ± 4.3

p=0.OO2

Inactive

4.2 ± 0.4

27.2 ± 2.1

p<O.OOl

Net

36.8 ± 3.2

48.4 ± 1.3

p=0.028

Active

10.1 ± 1.8

13.6 ± 2.8

n.s.

Inactive

2.0 ± 0.8

2.4 ± 0.1

n.s.

Net

5.0 ± 0.7

11.3 ± 1.7

p=0.049

Active

68.3 ± 7.0

80.6 ± 0.9

n.s.

Inactive

39.8 ± 2.4

36.5 ± 1.3

n.s.

Net

28.1 ± 3.2

44.2 ± 1.9

p=0.014

Active

68.1 ± 3.7

98.0 ± 1.9

p<O.OOl

Inactive

4.4 ± 0.5

11.9 ± 0.4

p<O.OOl

Net

51.0 ± 2.5

69.1 ± 0.9

p=O.OOl

Active

50.1 ± 0.8

64.3 ± 9.6

n.s.

Inactive

-0.4 ± 0.1

0.1 ± 0.2

n.s.

Net

48.4 ± 1.7

61.3 ± 8.5

n.s.

Trial 1
9/12/90
Amylase
Trial 4
3/28/91

Trial 1
9/12/90

Protease

Enzyme
Activity

Dissolution of [14C]Protein
('Yo [24 htl)

Trial 3
10/23/90

Trial 4
3/28/91
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Treatment

Trypsin

Date
Tested

Trial 4
3/28/91

Trial 1
9/12/90

Mussel
Style

Trial 3
10/23/90

Trial 4
3/28/91

Mussel
Diverticula

n.s.

Trial 4
3/28/91

= not significant

Dissolution of p'C]Protein
(% [24 hn

Enzyme
Activity

Alga Capsules

Crab Capsules

t-test
p-value

Active

21.4 ± 0.6

31.7 ± 3.2

p=0.031

Inactive

2.7 ± 0.3

6.8 ± 0.9

p=O.012

Net

19.5 ± 0.6

24.8 ± 2.1

n.s.

Active

8.8 ± 0.8

43.7 ± 2.6

p<O.OOl

Inactive

5.1 ± 0.6

27.9 ± 4.2

p=0.OO3

Net

3.7 ± 0.2

15.3 ± 3.3

p=0.015

Active

7.0 ± 0.4

52.6 ± 3.1

p<O.OOl

Inactive

4.6 ± 0.5

8.8 ± 0.4

p=O.OOS

Net

2.5 ± 0.1

43.8 ± 3.4

p<O.OOl

Active

3.6 ± 1.6

18.1 ± 1.6

p=0.010

Inactive

-0.6 ± 0.2

0.2 ± 0.1

p=0.OO3

Net

4.2 ± 1.8

17.9 ± 3.3

p=0.014

Active

1.1 ± 0.3

3.5 ± 0.2

p=0.031

Inactive

-0.3 ± 0.3

-0.4 ± 0.5

n.s.

Net

1.6 ± 0.2

4.4 ± 0.2

p=0.OO3
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APPENDIX E
Net dissolution rates (% [24 hP) from non-encapsulated amylose (A),
maItodextrin (M), or dextran (D), and from microcapsules produced with protein
(P), protein/amylose (PA), protein/maltodextrin (PM) or protein/dextran (PD) after
in vitro treatment with amylase in TrialS. Values reported are means ± standard
deviations (n=3 per treatment). For each treatment, dissolution rates were
compared among substrate types with AN OVA and Tukey's multiple range tests,
and statistically significant (p<O.05) differences are denoted with different letters
in parentheses.

Treatment

Dissolution Rate (% [24 h)"') from
Non-encapsulated Carbohydrate

Dissolution
Parameter
Measured

Amylase

Glucose

-

ANOVA Results

A

M

D

7.6 ± 0.4

8.5 ± 0.2

-0.1 ± 0.0

(A)

(A)

(B)

Fratio

df

pvalue

999.9

8

<0.001

Dissolution Rate (% [24 h]"') from
Microcapsules

Glucose
Leakage'

Total CHO
[

Amylase2

C)Protein

14

P

PA

PM

PD

0.1 ± 0.1

3.3 ± 0.0

1.0 ± 0.0

0.3 ± 0.0

(A)

(AB)

(B)

9.13

11

0.006

1.9 ± 1.7

-0.2 ± 0.3

1.5 ± 0.4

1.5 ± 0.2

1.43

11

n.s.

-0.3 ± 0.5

4.2 ± 0.1

2.4 ± 0.1

3.0 ± 0.8

(A)

(A)

(A)

13.58

11

0.002

6.2 ± 0.1

846.3

8

<0.001

35.41

8

<D.001

34.61

11

<0.001

(B)

(8)

Glucose

n.d.

Total CHO

n.d.

[14C)Protein

57.4 ± 9.5
(A)

0.4 ± 0.0

(B)

-0.5 ± 0.0

(A)

32.4 ± 1.5

27.8 ± 1.7

7.4 ± 0.7

(A)

(A)

(B)

20.1 ± 0.5

8.1 ± 0.6

9.9 ± 1.8

(B)

(B)

(C)

(8)

n.s. = not significant
n.d. = not detected
1 Leakage rates were assessed in sterile seawater (0.2 pm filtered, 100 ppm
Thimerosal).
2 Amylolytic dissolution rates of microcapsules were corrected for capsule
leakage rates.
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APPENDIX F
Dissolution rates of the contents of protein (P), protein/amylose (PA), protein/
maltodextrin (PM), and protein/dextran (PD) microcapsules exposed to various enzymes
in Trials 6 to 10. Capsule production batches are designated with superscripted letters.
Dissolution rates reported for each enzyme treatment are means ± SD (n=3), and were
compared among capsule types with ANOVA and Tukey's multiple range tests
(significant [p<0.05] differences are denoted with different letters in parentheses).

Treatment

Leakage

Trial
Number
and
Date
Tested

Measured
Parameter

Trial 9c
5/29/91

Total
CHO

n.d.

Trial }(f
6/25/91

[HC]
Protein

Trial 6A
7/24/90

Trial 7A
7/31/90

P'C]
Protein

[HC]
Protein

Amylase
Trial 9c
5/29/91

Trial10C
6/25/91

Total
CHO

[I'C]
Protein

Activity

Dissolution Rate (% [24 hPj

ANOVA Results
Fratio

df

pvalue

1.8
± 0.3

59.0

8

<0.001

1.4
± 0.1

n.m.

0.26

8

n.s.

n.m.

5.0
± 0.2

n.m.

-

-

t-test
<0.001

0.2
± 0.5

n.m.

2.1
± 0.1

n.m.

-

-

t-test
n.s.

Net

18.3
± 0.9

n.m.

2.9
±02

n.m.

-

-

t-test
<0.001

Act.

55.4
± 1.9

n.m.

14.1
± 0.8

n.m.

-

-

t-test
·<0.001

inac.

7.5
± 0.8

n.m.

3.8
± 0.9

n.m.

-

-

t-test
n.s.

Net

47.8
± 1.0

n.m.

10.1
± 1.0

n.m.

-

-

t-test
<0.001

Act.

n.m.

18.5
± 0.8
(A)

12.2
± 0.9

5.7
± 0.9

45.6

8

<0.001

inac.

n.m.

10.6
± 0.3

0.93

8

n.s.

Net

n.m.

8.3
± 0.6
(A)

Act.

35.0
± 0.4
(A)

± 0.4

inac.

2.4
± 0.2

Net

32.7
± 0.4
(A)

P

PA

PM

PO

2.6
± 0.8
(A)

2.8
± 0.2
(A)

1.5
± 0.1

1.4
± 0.1

Act.

18.9
± 1.8

Inac.

(8)

5.8

(8)

(8)

1.7

± 0.2

± 0.2

6.4

1.7
± 0.4

25.2

8

0.001

± 0.3

n.m.

113

8

<0.001

2.9
± 0.1

2.8
± 0.1

n.m.

2.00

8

n.s.

21.2
± 0.4

19.1
± 0.3

n.m.

121

8

<0.001

23.9

(8)

(8)

± 0.8

(A)

22.0

(8)

(8)

(8)
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Treatment

Trial
Number
and
Date
Tested

Measured
Parameter

Dissolution Rate
Activity

P

PA

63.9
2.4

n.m.

0.0
0.3

n.m.

63.7
1.4

n.m.

21.4
1.7

n.m.

-0.0
0.1

n.m.

21.5
1.8

n.m.

56.8
1.5

n.m.

0.2
0.6

n.m.

56.0
1.7

n.m.

Act.

n.m.

±

lnac.

n.m.

±

Net

n.m.

Act.

± 0.2

Act.
Amylase
+

Protease

Trial 7A
7/31/90

[He)

Protein

lnac.
Net
Act.

Trial 6A
7/24/90

P'C)
Protein

lnac.
Net

Protease
Act.
Trial 7A
7/31/90

[aC)
Protein

lnac.
Net

Trial 9c
5/29/91

Total
CHO

Trypsin

Trial Hf
6/25/91

[aC)
Protein

lnac.

Net

Act.
Oyster
Style

Trial 7A
7/31/90

[l 4C)
Protein

lnac.
Net

±

±

±

±

±

±

±

±

±

28.4
(A)
4.7

('II.

PD

Fratio

df

pvalue

22.2
1.0

n.m.

-

-

t-test
<0.001

1.0
0.1

n.m.

-

-

t-test
0.043

20.0
1.2

n.m.

-

-

t-test
<0.001

±

5.9
0.1

n.m.

-

-

t-test
<0.001

±

1.7
0.4

n.m.

-

-

t-test
n.s.

±

4.5
0.4

n.m.

-

-

t-test
<0.001

15.0
0.8

n.m.

-

-

t-test
<0.001

1.9
0.7

n.m.

-

-

t-test
n.s.

n.m.

-

-

t-test
<0.001

4.0
0.3
(B)

6.38

8

0.033

1.6
0.1
(B)

5.64

8

0.042

1.53

8

n.s.

±

±

±

±

±

13.0

± 0.2

7.4
0.7
(AB)

±

7.8
0.0
(A)

±

6.0
0.8
(A)

±

4.2
0.6
(AB)

±

1.3
0.4

± 0.5

15.4
0.3

n.m.

281

8

<0.001

2.9
0.0

n.m.

2.99

8

n.s.

12.5
0.5
(B)

n.m.

288

8

<0.001

7.2
2.8

n.m.

-

-

t-test
0.005

n.m.

-

-

t-test
0.002

n.m.

-

-

t-test
0.04

±

17.1
0.1
(B)

±

2.9

(C)

± 0.1

±

±

26.0
0.3
(A)

±

14.1
0.2
(B)

±

34.3
0.4

n.m.

10.7
0.9

n.m.

23.5
0.7

n.m.

±

±

2.4

3.2
0.7

±

±

ANOVA Results

PM

± 0.2

±

[24 h)-I)

±

3.8

± 0.3

1.8
1.7

±
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Treatment

Mussel
Style

Trial
Number
and
Date
Tested

Measured
Parameter

Activity

Tnal8 B
1/1/91

Total
CHO

Act.

Trial 8B
1/1/91

[I'C]
Protein

Trial 9c
5/29/91

Trial 10'
6/25/91

Total
CHO

P'C]
Protein

n.d. = not detected
n.m. = not measured
n.s. = not significant

Dissolution Rate (% [24 hPj

ANOVA Results

P

PA

PM

PO

Fratio

df

pvalue

60.2
± 16.3

78.9
± 17.1

31.1
± 2.1

24.4
± 0.9

2.41

11

n.s.

Act.

13.3
± 0.5

28.6
± 1.5
(A)

13.0
± 0.8

16.7
± 0.9

16.1

11

<0.001

Act.

n.d.

17.8
± 0.5
(A)

10.8
± 0.2

4.2
± 0.2
(C)

130

8

<0.001

Inac.

n.d.

6.2
± 0.2
(A)

4.5
± 0.1

1.9
± 0.1
(C)

60.0

8

<0.001

Net

n.d.

11.6
±1.1
(A)

6.3
± 0.5

(B)

2.3
± 0.3
(0

45.0

8

<0.001

Act.

9.0
± 0.1
(A)

8.8
± 0.1
(A)

7.8
± 0.0

n.m.

12.6

8

0.007

Inac.

2.4
± 0.2

2.9
± 0.1

2.9
± 0.1

n.m.

1.95

8

n.s.

Net

6.6
± 0.2
(A)

5.8
± 0.2
(A)

4.9
± 0.1

n.m.

22.0

8

0.002

(B)

(B)

(B)

(B)

(B)

(B)

(B)
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APPENDIX G
Calculation of the protein microcapsule ration which would balance the
difference in assimilated dietary protein (= "Replacement Protein Level", RPL)
between the low-protein (LP) and high-protein (HP) algal diets used in
Experiment 1.
1. Estimation of the difference in protein assimilation rate by mussels fed either
LP or HP algae when delivered at a ration of 27.5 % bw d-l (ash-free dry w/w).
Columns 2, 3, and 4 are multiplied together to calculate column 5.

(1)

Algae Type

(3)

(4)

Algal
Protein
Content

Algal
Assimilation
Efficiency

Protein
Assimilation
Rate from
Algae
(% bw dol)

27.5

42.6

75

8.79

27.5

27.8

75

5.73

Low-Protein
High-Protein

(%)b

(%y

Difference (= 1 RPL)

a
b
C

(5)

(2)
Ration
Level
(% bw d-l)a

3.06

The ration of algae was given in Table ILL
The protein contents of LP and HP algae were given in Table II.7.
This is a typical assimilation efficiency for microalgae by bivalves (Bayne and
Newe111983).

2. Calculation of the ration of protein microcapsules required to balance one
RPL Column 1 is divided by columns 2 and 3 to calculate column 4.
(1)

One RPL
bw dol)

(2)
Capsule
Assimilation
Efficiency (%)d

(3)

Capsule
Protein
Content (%)e

(4)
Protein Capsule
Ration Giving
1 RPL (% bw dol)

3.06

30

84

12.14

(%

d

e

The assimilation efficiency of juvenile mussels was assumed to be similar to that
of adult mussels during the spring, measured to be approximately 30 % in
Chapters I and III.
Approximately 84 % of the total dry weight of protein microcapsules was
measured to be protein (Table 11.10).
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APPENDIX H
Calculation of the ration of low-protein algae for Diet 2 in Experiment 2 so that
it would be isocaloric with Diet 5.

1. Calculation of the assimilation rate of energy from protein capsules fed at 1.5
RPL ration level (capsule component of Diet 5);
Ration of Capsules in Diet 5 (1.5 RPL)a

=

18.2 % d-1 (ash-free dry w /w)

=

Energy Content of Capsule Ration in Diet 5b
Assimilation Rate of Capsule Energy from Diet 5c

437

=

131

J mg-1 d- 1
J mg-1 d-1

2. Calculation of a supplemental ration level of low-protein algae for Diet 2
necessary to balance the assimilation rate of capsule energy from Diet 5;
Assimilation Rate of Energy Required from
Supplemental Ration of Low-Protein Algae
in Diet 2

= 131 J mg-1 d-1

Energy Content of Supplemental Algal Ration
in Diet 2d

=

Ration of Supplemental Algae in Diet 2e

= 7.6

175 J mg- 1 d- 1
% d-1 (ash-free dry w /w)

a One replacement protein level (RPL) =12.14 % bw d-1 of protein capsules.
b It is assumed that the energy content of protein capsules equals the energy
content of carp protein, which is approximately as 24 kJ g-l by Gnaiger and
Bitterlich (1984).
C Juvenile mussels are assumed to assimilate protein capsules with similar
efficiency to adult mussels during the spring, measured as apprOximately 30 %
in Chapters I and III.
d This is a typical assimilation efficiency of microalgae by bivalves (Bayne and
Newell 1983).
e The energy content of Isochrysis galbana used in this study is assumed
equivalent to the approximate energy content of algae measured as 23 kJ g-l
by Gnaiger and Bitterlich (1984).
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APPENDIX I
Two-way ANOVA tables for statistical comparisons of the main effects of algae
type (low-protein versus high-protein) and ration level (mg chamberl dol) on
growth of 1) shell height, 2) wet weight, and 3) ash-free dry tissue weight of
juvenile mussels in Experiment 1.
1) Shell height growth (arcsine transformed % increase). No significant
interactions between main effects were found in this model.
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Algae Type
Ration

1027
20670

1
9

1027
2296

33.12
74.02

<0.0001
<0.0001

Residual Effects

9834

317

31.02

Total

32140

336

2) Wet weight (instantaneous growth per day).
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Algae Type
Ration

0.00083
0.01628

1
9

0.00083
0.00181

28.12
61.61

<0.0001
<0.0001

Interactions

0.00115

9

0.00013

4.337

<0.0001

Residual Effects

0.00930

317

0.00003

Total

0.02789

336

3) Ash-free dry tissue weight (instantaneous growth per day).
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Algae Type
Ration

0.00354
0.19883

1
9

0.00354
0.02209

26.59
165.8

<0.0001
<0.0001

Interactions

0.00622

9

0.00069

5.185

<0.0001

Residual Effects

0.04224

317

0.00013

Total

0.25338

336
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J

ANOVA tests for the effect of dietary treatment on growth (shell height, wet
weight, ash-free dry tissue weight [AFDTW]) of juvenile Mytilus edulis trossulus
in Experiment 2. For each growth parameter, a nested ANOVA was used (part 1
below) to compare dietary treatments (n=8) and replicates within treatments (n=3
per treatment) to determine whether replicates could be combined for one-way
ANOV A tests of growth versus diet treatment (no tank effects). Results of one
way ANOVA tests for dietary effects on mussel growth rates are reported in part
2. Significant differences among diets, as denoted by superscripted letters in
Table 11.12, were determined with Tukey's HSD multiple range procedures.
Ia) Nested ANDVA results for the effects of diet treatment and tank replicate
on mussel shell growth (arcsine square root transformed). No interactions
between main effects were detected.
Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Treatment
Replicate

14700
433

7
16

2100
27.06

77.61
0.861

<0.001
>0.50

Residual

12830

408

31.43

Total

27960

431

Source of
Variation

Ib) Nested ANDVA results for the effects of diet treatment and tank replicate
on mussel wet weight growth rate. No interactions between main effects
were detected.
Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Treatment
Replicate

10170
302

7
16

1453
18.88

76.98
0.495

<0.0001
>0.75

Residual

15580

408

38.18

Total

26050

431

Source of
Variation

Ie) Nested ANDV A results for the effects of diet treatment and tank replicate
on mussel ash-free dry tissue weight growth rate. No interactions between
main effects were detected.
Sum of
Squares

dl.

Mean
Square

F-Ratio

p-value

Treatment
Replicate

9094
1577

7
16

1299
98.55

12.83
0.970

<0.0001
0.49

Residual

18120

179

101.2

Total

28790

202

Source of
Variation
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J (CONTINUED)

2a) ANOV A results for the effect of diet on mussel shell growth (arcsine square
root transformed).
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

14740
13120

7
424

2105
30.94

Total

27860

431

F-Ratio

p-value

68.05

<0.0001

2b) ANOVA results for the effect of diet on mussel wet weight growth.
Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

11420
15010

7
424

1631
35.41

Total

26430

431

Source of
Variation

F-Ratio

p-value

46.07

<0.0001

2c) ANOVA results for the effect of diet on mussel ash-free dry weight growth.
Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

97170
51840

7
424

13880
265.8

Total

149000

431

Source of
Variation

F-Ratio

p-value

52.21

<0.0001
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APPENDIX K
ANOVA tables for statistical comparisons of the effects of dietary treatment on
proximate 1) protein, 2) lipid, and 3) carbohydrate content (arcsine square root
transformed % dry weight; n=3 per group) in mussel tissues at the end of
Experiment 2.

1) ANOV A results for the effect of dietary treatment on mussel protein content.
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

284.7
162.1

7
16

40.67
10.13

Total

446.8

23

F-Ratio

p-value

4.015

0.0101

2) ANOVA results for the effect of dietary treatment on mussel lipid content.
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

201.8
92.25

7
16

28.83
5.766

Total

294.0

23

F-Ratio

p-value

5.000

0.0037

3) ANOV A results for the effect of dietary treatment on mussel carbohydrate
content.
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

26.58
75.11

7
16

3.797
4.694

Total

101.7

23

F-Ratio

p-value

0.809

0.593

n.s.
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APPENDIX L
ANOV A tables for statistical comparisons of the effects of dietary treatment on
1) rates of oxygen consumption, 2) rates of ammonia-nitrogen excretion, and
3) O/N ratios of Mytilus edulis trossulus at the end of Experiment 2.

1) ANOV A results for the effect of dietary treatment on the rate of oxygen
consumption.
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

10590
7873

7
16

1513
492.0

Total

18460

23

F-Ratio

p-value

3.074

0.0298

2) ANOVA results for the effect of dietary treatment on the rate of
ammonia-nitrogen excretion.
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

37.21
24.62

7
16

5.316
1.538

Total

61.83

23

F-Ratio

p-value

3.455

0.0189

3) ANOV A results for the effect of dietary treatment on arcsine square root
transformed O/N ratios.
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

20.61
7.273

7
16

2.944
0.455

Total

27.88

23

F-Ratio

p-value

6.475

0.0010
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APPENDIX M
Gut proteolytic activity, reproductive condition, condition index, and O/N ratio
measurements from Mytilus edulis trossulus, and seston particulate organic material
(POM) and bioavailable protein concentrations at seven sample times in 1991 and 1992
(1). The proximate composition of mussel tissues at eleven sample times is reported in
(2). For each parameter, a one way ANOVA and Tukey's HSD multiple range tested for
differences among sample dates (3) (differences among dates are denoted with
superscripted letters in [1] and [2]). Percentages were arcsine square root transformed for
statistical analyses. Values are means (± SE) with sample sizes in parentheses.
1)
Sample Month
Parameter

Gut Proteolytic Activity
(equivalent
units of
trypsin)

Reproductive
Condition

Condition
Index

OIN Ratios

Seston

n.m.

Jan.
1991

March

May

July

Sept.

Nov.

Jan.
1992

lQ9A

71.6C
±2.69
(4)

77.2BC
±4.39
(4)

77.cPC
±1.44
(4)

I03A
±10.6
(4)

Crystalline
Style

101 AB
±7.98
(3)

±1.75
(4)

92.1 ABC
±1.86
(4)

Digestive
Diverticula

33.7ABC
±1.97
(3)

36.7A
±0.824
(4)

34.3AB
±0.250
(4)

±0.783
(4)

30.5c
±0.293
(4)

30.gsc
±0.394
(4)

31.3BC
±0.503
(4)

Mantle
Gamete
Area (%)

10.28
±1.58
(23)

32.1B
±5.00
(23)

90.2A
±2.39
(15)

37.1 8
±4.03
(24)

22.8B
±4.33
(24)

30.6B
±4.41
(25)

22.6B
±3.83
(24)

Body
Gamete
Weight (%)

2.51B
±0.39
(23)

6.19B
±0.95
(23)

29.3A
±0.49
(15)

9.388
±1.04
(24)

5.728
±1.05
(24)

±1.34
(25)

9.3~

6.SOS
±1.13
(24)

(unit-less)

54.5B
±2.83
(24)

47.6B
±2.35
(10)

65.18
±4.60
(9)

68.58
±5.62
(10)

97.4A
±6.97
(10)

94.6A
±9.96
(10)

66.88
±4.81
(10)

Oxygen
Con sump.
(\1g-at O.
h" g")

23.8c
±2.28
(5)

45.ifBC
±3.05
(5)

85.gAB
±16.1
(5)

88.gA
±19.7
(5)

36.6ABC
±5.10
(5)

12.OC
±4.03
(5)

33.cPC
±16.8
(5)

Nitrogen
Excretion
(\1g-at N
h" g")

2.51 8
±0.386
(10)

2.038
±0.305
(9)

1.71 8
±0.277
(10)

4.07A
±0.399
(10)

n.m.

1.528
±0.101
(10)

4.38A
±0.600
(9)

OIN Ratio

10.5BC
±0.938
(15)

21.98
±2.00
(15)

53.5 A
±7.04
(15)

20.6B
±1.89
(14)

n.m.

8.04c
±0.871
(13)

8.OSc
±1.62
(13)

POM
(mg t')

2.63A
±0.394
(3)

2.7if
±0.157
(4)

1.51 BC
±0.046
(4)

2.71A
±0.280
(4)

1.96AB
±0.045
(4)

1.35BC
±O.147
(4)

0.78OC
±0.027
(4)

Bioavailable
Protein
(mg I"')

0.49OC
±0.055
(5)

O.563BC
±0.031
(5)

l.04A
±0.024
(4)

1.07A
±0.046
(5)

0.896AB
±0.042
(5)

O.73ABC
±0.179
(5)

n.m.

nOl measur= propeft'y .

30.~
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2)

Sample
Month

Percent Content in Tissues
Protein

Lipid1

Carbohydrate

January 1991

46.6 ± 1.49BCO (5)

12.8 ± 1.02 (4)

12.5 ± 2.57AB (5)

February

45.6 ± O.72co (5)

13.0 ± 0.40 (5)

7.34 ± 1.04B (5)

March

56.9 ± 1.03A (5)

13.5 ± 1.04 (3)

5.86 ± O.72B (5)

April

53.5 ± 0.96 ABC (5)

19.5 ± 1.29 (5)

4.68 ± 0.20B (5)

May

55.1 ± 1.5QA (10)

19.9 ± 2.13 (7)

6.98 ± 2.01B (10)

June

46.7 ± 1.99BCD (5)

13.3 ± 0.44 (5)

9.90 ± 0.33B (5)

July

47.0 ± 2.30BCD (5)

n.m.

16.7 ± 1.0gAB (5)

August

46.2 ± 1.46BCD (5)

15.8 ± 1.05 (5)

14.5 ± 0.93AB (5)

September

44.2 ± 1.090 (5)

n.m.

18.2 ± 4.83AB (5)

November

45.4 ± 1.000 (10)

14.8 ± 0.49 (7)

28.7 ± 2.46A (10)

January 1992

54.0 ± 2.23AB (5)

13.9 ± 0.19 (4)

12.0 ± 1.65B (5)

n.m. = not measured properly.
1 Lipid content was not significantly different among survey months.

3) One-way ANOVA Tables for significant differences among sample months in
a) gut proteolytic activity in crystalline style extracts, b) gut proteolytic activity
in digestive diverticula extracts, c) mantle gamete area, d) body gamete weight,
e) condition index, f) oxygen consumption, g) nitrogen excretion, h) O/N ratio,
i) seston POM, j) seston bioavailable protein, k) tissue protein content, 1) tissue
lipid content, m) tissue carbohydrate content, and n) estimated assimilation rate
of seston protein (see text).
a)

Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

5146
2154

6
20

857.7
107.7

Total

7300

26

F-Ratio

p-value

7.964

0.0002
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b)
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

130.7
45.38

6
20

21.79
2.269

Total

176.1

26

Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

5629
16680

6
151

938.1
110.4

Total

22300

157

F-Ratio

p-value

9.602

0.0001

F-Ratio

p-value

8.495

<0.0001

F-Ratio

p-value

9.603

<0.0001

F-Ratio

p-value

12.52

<0.0001

F-Ratio

p-value

17.50

<0.0001

c)

d)

Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

851.3
2275

6
154

141.9
14.77

Total

3127

160

Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

24380
24670

6
76

4063
324.6

Total

49040

82

Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

31470
30220

5
84

6294
359.7

Total

61690

89

e)

f)
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g)

Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

72.11
68.23

5
52

14.42
1.312

Total

140.3

57

F-Ratio

p-value

10.99

<0.0001

F-Ratio

p-value

32.39

<0.0001

h) <arcsine square root transformed for analysis)
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

20270
9891

5
79

4055
125.2

Total

30160

84

Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

13.61
2.486

6
20

2.269
0.1243

Total

16.10

26

F-Ratio

p-value

18.26

<0.0001

j)
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

1.414
0.8069

5
23

0.2828
0.0351

Total

2.221

28

Source of
Variation

Sum of
Squares

d.£.

Mean
Square

Between Groups
Within Groups

435.6
773.7

10
54

43.56
14.33

Total

1209

64

F-Ratio

p-value

8.060

0.0002

F-Ratio

p-value

3.040

0.0040

k)
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1)

Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

197.0
523.1

8
36

24.63
14.53

Total

720.2

44

Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

2553
2242

10
54

255.3
41.51

Total

4794

64

F-Ratio

p-value

1.695

0.134

m)
F-Ratio

p-value

6.149

<0.0001

F-Ratio

p-value

36.62

<0.0001

n)
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

23.60
5.585

3
26

7.866
0.2148

Total

29.18

29
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APPENDIX N
Results of two-way ANOV A tests for the statistical significance of the main
effects of experiment month and diet type on mussel 14C-ingestion (weightspecific activity) (1), and on the percentage (arcsine square root transformed) of
ingested 14C that was 2) defecated, 3) solubilized in feces, 4) solubilized in
effluents, 5) respired, 6) incorporated, 7) digested, or 8) assimilated.
1)

Ingestion
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Month
Diet Type

4567000
1533000

3
1

1522000
1533000

35.88
36.13

<0.0001
<0.0001

Interactions

330100

3

110000

2.593

0.062

Residual Effects

2206000

52

42430

Total

8643000

59

F-Ratio

p-value

2) Defecation (total)
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Main Effects
Month
Diet Type

2157
576.0

3
1

718.9
576.0

21.76
17.43

<0.0001
0.0001

Interactions

176.1

3

58.71

1.777

0.163

Residual Effects

1718

52

33.04

Total

4766

59

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Month
Diet Type

748.4
89.41

3
1

249.5
89.41

23.67
8.484

<0.0001
0.0053

Interactions

31.57

3

10.52

0.998

0.401

Residual Effects

548.0

52

10.54

Total

1402

59

3) Solubilized in Feces
Source of
Variation
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4) Solubilized in Effluents
Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Month
Diet Type

163.6
296.9

3
1

54.52
296.9

1.722
9.379

0.174
0.0035

Interactions

4.373

3

1.458

0.046

0.987

Residual Effects

1646

52

31.66

Total

2145

59

F-Ratio

p-value

Source of
Variation

5) Respiration
Sum of
Squares

d.f.

Mean
Square

Main Effects
Month
Diet Type

1053
172.5

3
1

350.9
172.5

19.44
9.555

<0.0001
0.0032

Interactions

79.29

3

26.43

1.464

0.235

Residual Effects

938.8

52

18.05

Total

2320

59

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Month
Diet Type

1414
0.0124

3
1

471.2
0.0124

23.39
0.001

<0.0001
0.981

Interactions

182.3

3

60.75

3.015

0.038

Residual Effects

1048

52

20.15

Total

2644

59

Source of
Variation

6) Incorporation
Source of
Variation
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7) Digestion (Efficiency)
Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Month
Diet Type

2877
391.2

3
1

959.1
391.2

28.00
11.42

<0.0001
0.0014

Interactions

175.6

3

58.53

1.709

0.177

Residual Effects

1781

52

34.25

Total

5355

59

Source of
Variation

8) Assimilation (Efficiency)
Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value~

Main Effects
Month
Diet Type

2120
142.4

3
1

706.7
142.4

36.59
7.373

<0.0001
0.0090

Interactions

255.8

3

85.26

4.415

0.0077

Residual Effects

1004

52

19.31

Total

3584

59

Source of
Variation
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APPENDIX 0
Mean (± SO) dietary He-activities, concentrations of particulate organic material
(POM), and volumes (per 6 h during the first submergence period) delivered to
Mytilus edulis trossulus during 14e-feeding experinlents conducted during
February, May, August, and November, 1991 (1). For each of these three diet
characteristics, differences among experiments and between diet types were
examined statistically in (2) with two-way ANOVA procedures.
1)

Month

February

May

August

November

Diet Type

14e-Activity
(dpm x 1<Y Z-1)
(n=4)

POM
(mg Z-1)
(n=4)

Algae

101 ± 4.0

n.m.

4.45 ± 0.23

Seston

102 ± 9.3

n.m.

4.42 ± 0.14

t-test p-value

n.s.

-

n.s.

Algae

113±6.7

3.60 ± 0.34

4.12 ± 0.19

Seston

102 ± 5.6

2.43 ± 0.18

4.14 ± 0.19

t-test p-value

0.033

0.001

n.s.

Algae

131 ± 6.3

3.67 ± 0.31

3.98 ± 0.18

Seston

125 ± 14.7

3.90 ± 0.83

4.02 ± 0.16

t-test p-value

n.s.

n.s.

n.s.

Algae

139 ± 12.1

2.43 ± 0.13

3.60 ± 0.16

Seston

120 ± 7.5

2.42 ± 0.57

3.74 ± 0.20

t-test p-value

0.039

n.s.

n.s.

Volume
[6 hll)
(n=8)

(l

n.s. = not significant
n.m. = not measured properly (filters were contaminated with in organiC ash).
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2) Two-way ANOV A tests for the significance of the main effects of month and
diet type on dietary a) 14C-activity, b) POM, and c) Volume.
(a)

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Month
Diet Type

4802
595.6

3
1

1601
595.6

21.96
8.170

<0.0001
0.0087

Interactions

419.7

3

139.9

1.919

0.1534

Residual Effects

1749

24

72.89

Total

7568

31

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Month
Diet Type

5.686
0.5001

2
1

2.843
0.5001

45.69
8.039

<0.0001
0.0125

Interactions

2.082

2

1.041

16.73

0.0002

Residual Effects

0.9333

15

0.06222

Total

9.989

20

Sum of
Squares

d.f.

Mean
Square

F-Ratio

p-value

Main Effects
Month
Diet Type

2.841
0.02774

3
1

0.9469
0.0277

28.45
0.834

<0.0001
0.375

Interactions

0.0363

3

0.0121

0.363

0.780

Residual Effects

1.797

54

0.0333

Total

4.720

61

Source of
Variation

(b)

Source of
Variation

(d

Source of
Variation
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APPENDIX P
Results of one-way ANOVA tests for significant differences in assimilation
efficiencies (1) and RfI' ratios (2) among seven 14C-feeding experiments
conducted between December, 1990, and November, 1991, in which Mytilus
edulis trossulus were fed an algal diet supplemented with P4C]protein
microcapsules. Significant differences among experiments were differentiated
with Tukey's HSD multiple range procedures.
1)

Assimilation Efficiency
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

2369
622.0

6
1

394.8
15.17

Total

2992

47

F-Ratio

p-value

26.03

<0.0001

F-Ratio

p-value

7.731

<0.0001

2) RlT Ratio (lOg10 transformed for analysis)
Source of
Variation

Sum of
Squares

d.f.

Mean
Square

Between Groups
Within Groups

2.369
2.094

6
1

0.3949
0.0511

Total

4.464

47

