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ABSTRACT

Marine biogenic lipids, traditionally regarded as mere energy reserves, are now acknowledged
to be associated with many important physiological processes. This work presents a
comprehensive study of the occurrence and anatomical distribution of lipids in sea scallops
Placopecten magellanicus from Georges Bank and southeastern Newfoundland as related to
biological and environmental information.

Analyses of the major organs in scallops presented different and characteristic lipid profiles.
Lipid-rich organs exhibited dramatic biochemical changes associated with reproduction and
feeding. Some fatty acids (16:1n-7 and 18:1n-9) were useful indicators of interorgan lipid
transport; others (e.g. 20:5n-3, 22:6n-3) were related to fluctuations in water temperature or food
supply on Georges Bank.

Previous studies have demonstrated that less favourable conditions associated with deeper
waters produced slower growth and reduced fecundity in scallops. Lipids of two populations of
sea scallops living at different denths in southeastern Newfoundland were used to assess egg
quality. It was demonstrated that eggs produced at 31 m had the same lipid reserves (60% of total
lipids) as those produced at 10 m. Eggs from the two populations, thus, should be capable of
similar developmental performances.

The analyses of sterols in captive and wild scallops always showed 2 uniform anatomical
distribution. This is assumed to be internally controlled for proper cellular function. Experimental
evidence showed that the even anatomical distribution of sterols could be disrupted in apparently
healthy animals by rapid uptake of exogenous phytosterols by the digestive gland and male gonad.

This study was extended to lipids and lipophilic pollutants in other invertebrates of local
ecological interest: the amphipod Corophium volutator and the polychaete Nereis diversicolor of
the Bay of Fundy. Low levels of chlorinated pollutants were detected in these invertebrates
(<0.002 ppm to 0.0165 ppm of lipid), and in three species of shorebirds feeding on them on
mudflats of the Bay of Fundy (0.39 to 1.64 ppm of lipid). Biogenic lipids and hydrocarbons were
used to document trophic relationships among the different components of this shorebird food
resource. These results contributed to the establishment of a valuable baseline level of reference

for monitoring the pollution status of this marine coastal environment.
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GENERAL INTRODUCTION

Marine Lipids

Lipids are a heterogeneous group of biogenic and hydrophobic compounds, primarily
constituted of atoms of carbon and hydrogen, and are usually dominated by fat*y acids. Lipids
are, however, sometimes defined operationally as all hydrophobic compounds extracted by
organic solvents, This broad definition includes not only a large number of different biogenic
substances, but also many other genetically unrelated anthropogenic compounds.

It is not hard to find reasons why lipids of marine organisms have been the subject of extensive
study in the past. Although lipids are intimately related to a variety of functions in all biological
systems (Hadley 1985 and 1989), their chemical diversity probably reaches a maximum level in
the marine environment. Marine organisms usually contain a relatively high concentration of lipid
materials, and they are a source of compounds rarely found in the terrestrial environment (Malins
and Wekell 1970; Sargent 1976). Two typical features of marine lipids are an extremely high
degree of unsaturation (alleged to confer fluidity even at low ambient temperatures), and the
presence of a large portion of unsaponifiable material. Marine organisms are an almost
inexhaustible source of novel compenents. Remarkably, the first non-cholesterol sterols were
found in marine sponges (cited in Goad 1976). Lipids in marine life forms are associated with
a variety of functions, reflecting to a large extent special environmentai conditions that are
characteristic of or unique to the marine milieu. Due to their hydrophobicity and high chemical

energy content (approximately 9 Kcal/g, which is double that of carbohydrate or proteins), lipids
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are . compact and concentrated form of energy storage. Almost all marine organisms have taken
advantage of this property, and high lipid yields are a common feature in many marine species,
from phytoplankton to mammals (Ackman 1989a). A good example of high lipid content is found
in the oil sac of calanoid copepods inhabiting high latitudes, which may represent half of the body
mass (Lee and Patton 1989); and the henatic lipids (mainly composed of the hydrocarbon
squalene) of some elasmobranch fish such as Centrophorus spp.; they may account for up to 80%
and 15% of the liver and body weight respectively (Nevenzel 1989).

A fundamental aspect of lipids in all biological systems is their structural and metabolic role
in cellular membranes (Spector and Yorek 1985). A large number of different phospholipid (PL)
classes and molecular species with hipghly unsaturated fatty acids (HUFA) are characteristic of
marine plants and animals (Vaskovsky 1989). Marine algae and invertebrates are also a source
of a wide spectrum of different sterols (Goad 1976; Morris and Culkin 1977) and fatty acid
structures (Ackman 1989b).

Marine organisms can accumulate different lipid types, and due to the low density of these
compounds, whether it is desirable or not, they will confer a buoyant effect. In fact, the adaptive
value of lipids in producing buoyancy has been described in many phytoplankters, as well as in
both vertebrate and invertebrate animals (Hochachka and Somero 1973, Sargent 1976, Hadley
1985).

Many other functions of lipids in marine organisms can be listed. Important functions are the
role in the accumulation of liposoluble vitamins (A, D and E), precursors of steroidal hormones
and prostaglandins, thermal and mechanical isolation, production of metabolic water, and sound
transmission and amplification (for further references see reviews by Sargent 1976; Ruggeri and

Thoroughgood 1985; Clark 1979).
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After the realization that lipids in marine organisms were not associated only with the
traditional function of a mere energy store, marine scientists intensified and diversified studies
on the ways in which these compounds could be used as a source of information regarding
important processes occurring in the ocean. In recent years the study of marine iipids has been
utilized in the description of geochemical cycles (e.g. Prahl and Muehlhausen 1989), the analysis
of complex trophic relationships (Sargent and Whittle 1981; Sargent et al. 1987),
chemosystematics (Komagata and Suzuki 1987, Seldes ez al. 1988, Billard et al. 1990),
nutritional requirements in mariculture (Watanabe and Takeuchi 1989), in the search for natural
products of pharmacological interest (Scheuer 1981), ar 1 in studies on the effect, deposition and
mobility of lipophilic pollutants (Capuzzo er al. 1984; Harding 1986) and toxic compounds
(Dhopeshwarkar 1981). One of the more important recent developments in marine lipid research
is related to the epidemiological and clinical connections of marine lipids, specifically associating
some of the polyunsaturated fatty acids (PUFA), with the prevention of human cardiovascular
diseases and other disorders (Bang and Dyerberg 1983; Leaf and Weber 1987; Storlien et al.
1987).

Fatty acids are the fundamental components or precursors of practically all forms of lipids.
Their long hydrocarbon chains (typically from 14 to 22 atoms of carbon in marine organisms)
confer their hydrophobicity on lipids. The variability in the number of carbons and the number
and position of the double bonds in the fatty acids determines to a large extent the physical,
chemical and biological properties of any particular lipid. Marine lipids typically contain large
amouants of polyunsaturated fatty acids (PUFA) of the omega-3 (or n-3) family, formed by
enzymatic elongation and desaturation of the parent linolenic (18:3n-3) acid. In this notation, "18"
refers to the total number of carbon atoms, "3" is the number of ethylenic bonds, and "n-3"

corresponds to the number of carbons from the center of the ethylenic bond farthest removed
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from the carboxyl group to and including the terminal methyl group. The use of this
nomenclature assumes that the ethylenic bonds are all cis, and are methylene interrupted (i.e.,
separated by a -CH,- group).

The lipid class composition of marine orgznisms varies enormously depending on the taxonomic
group. Within the same organism the lipid content and composition are also a function of many
factors such as age, season, sex, and especially in Metazoa, the organ analyzed. The major lipid
classes found in marine life forms are phospholipids, triacylglycerols (T'G), sterols and their
esters, wax esters, hydrocarbons, glyceryl ethers (including phosphorylated forms such as
plasmalogens), pigments and lipoproteins (reviewed by Malins and Wekell 1970; Sargent 1976).
A series of other less common, but biochemically interesting group of marine lipids are the
arsenolipids found in invertebrates and fish (Benson 1989) and sulfolipids studied in diatoms

(Kates 1989).

Lipid Analysis

The spectacular advances in lipid research occurring in the last few decades have been an
obvious consequence of the development of new and powerful analytical tools. Some of these
modern, or recently improved techniques, such as gas-liquid chromatography (GLC), thin-layer
chromatography (TLC), thin-layer chromatography coupled with flame ionization detection
(TLC-FID), and mass spectroscopy coupled with GLC (GC/MS), have been extensively utilized
in this work.

GLC is the basic method for the separation and quantification of fatty acids (Ackman 1986)
and sterols (Itoh ez al. 1982). The fatty acid compositions are invariably determined as the methyl
esters (or other alcoholic esters). Wall-coated open-tubular or "capillary”, columns have now

replaced the traditional packed columns in most laboratories. These modern types of
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chromatographic columns are supplied with a variety of liquid phases of different polarities, thus
allowing greater analytical and experimental versatility. In addition, the reproducibility and
stability of capillary columns has recently been improved by the process of cross-linking or
"bonding" of the liquid phase (Ackman 1986; Ackman and Retnayake 1989c).

Mass spectrometry is one of the main tools used in lipid research for structure elucidation. This
technique is especially useful for the identification of purified components rather than with natural
lipid mixtures. Gas chromatography provides the required separation of pure components and
the.cefore mass spectrometry coupled to a gas chromatograph provides an ideal combination for
relatively volatile lipid components or their derivatization products fe.g. fatty acids, sterols, fatty
alcohols, monoalkylglyceryl ethers and other glycerides) (Ratnayake and Ackman 1989).

"Planar” TLC has been available for more than three decades and new technology is still being
introduced (Beesley 1985). The availability of high quality silica gel TLC plates has facilitated
the application of TLC to most lipid class separation. A basic problem with TLC lies not in the
resolution capability, but in the quantitation of lipid classes. Scanning densitometry of the
separated lipid bands is, in general, a reproducible quantitation procedure although tedious. Many
variations of the basic principle of TLC have been developed to improve this technigus. Ine
coupling of the flame ionization detector with externally coated quartz rods resulted in the
quantitative Chromarod-Iatroscan TLC-FID system. This technique not only offers the possibility
of working with a few micrograms of sample, but also offers rapid determination of a large

number of replicates or individual samples (Ackman 1981; Parrish and Ackman 1983).

Objectives
The general objective of this thesis is to present relevant biological and environmental

information obtained through the detailed analysis of lipids and lipophilic substances in selected
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species of marine benthic invertebrates. A major emphasis is on the study of the lipids of the sea
scallop Placopecten magellanicus (Gmelin) from Georges Bank and eastern Newfoundland waters.,
The biochemical study of this ecologically and economically important bivalve mollusc has been
used to learn more about its trophic position, the nutritional condition of wild and captive
animals, and the occurrence and metabolism of specific lipid componeiuts such as fatty acids and
sterols. This was achieved by a systematic study of the anatomical distribution and temporal
variation of scallop lipid components.

A thorough study of the biochemical composition of sea scallops will enhance our
understanding of basic aspects of its biology and their relationship with environmental factors.
The elucidation of the relative importance of different food items available to this filter feeding
organism in natural conditions is relevant to the fisheries and the potential aquacuiture of this
species.

In a second part, this thesis presents a study of the lipid constituents and lipophilic pollutants
of a shorebird food resource in Minas Basin and Shepody Bay (upper Bay of Fundy). This section
includes the analysis of lipid classes, fatty acids, hydrocarbons, polychlorinated biphenyls (PCBs)
and selected chlorinated pesticides in two major food items of shorebirds, the amphipod
Corophium volutator and the polychaete Nereis diversicolor. Special emphasis is placed on the
transfer of fatty acids, and on the composition and origin of hydrocarbons. This work is
complemented by a detailed study of the fatty acid composition of the adipose tissue and selected
chlorinated compounds in three major species of shorebirds (i.e. semipalmated plover Charadrius
semipalmatus, short-billed dowitcher Limnodromus griseus, and semipalmated sandpiper Calidris
pusilla). These analyses provided valuable information regarding feeding habits, in terms of the
relative importance of marine and terrestrial food, and on the pollution status of this coastal

environment.
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Chapter 1

REVIEW OF THE LITERATURE PERTAINING TO LIPIDS OF PECTINIDAE
1.1 INTRODUCTION

The biochemistry of molluscs has been extensively studied in the last two decades (e.g. Voogt
1983) due to the intrinsic importance of the phylum, and also due to an expanding aquaculture
interest. This section will review general aspects of the literature regarding the biochemistry of
lipide in pectinids. More specific research is discussed in chapters 2 to 4.

Lipids are the major metabolic reserve in most marine animals, including mammals, fish and
crustaceans (bargent 1976; Holland 1978). It is now agieed that carbohydrates are a major energy
reserve in most adult bivalves, wv/hile lipids in the form of TG are accumulated by the larvae
(Holland 1978). This indeed, reflects a fundamental differcnce between lipid and carbohydrate
metabolisms. Lipids can only be utilized aerobically. Carbohydrates can be utilized both
aerobically and anaerobically. Thus, it is very likely that carbohydrates exist in the adult benthic
invertebrates to enable these organisms to survive under both exiremely low and high metabolic
situations reiated to anaerobiosis. Such situations are, for instance, air exposure in intertidal
animals, or short but intensive muscular contraction in the case of scallops. On the other hand
the planktonic larvae of the same organisms seem to be well adapted biochemically to live under
the normal aerobic conditions prevailing in the water column, and primarily use lipid reserves
for energy in this life stage.

This biochemical partitioning of one function between lipids and carbohydrates in the different
developmental stages of bivalves is well documented (Holland 1978). A series of recent studies
has, however, indicated that the catabolism of proteins may be an important contribution during

the embryogenesis in pectinid larvae. The total egg energy expended during development of the
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rock scaliop (Crassrdoma gigantea) derived 46.7%, 9.8% and 43.5% from lipid, carbohydrate,
and protein respectively (Whyte et al. 1987; 1990a; 1990b).

Concurrent with this temporal segregation between energy storage as lipids in larvae and as
carbohydrates in the postlarval stages of bivalves, there is also a spatial segregation of these
components in the adult organisms. This spatial segregation, represented by the anatomical
distribution of both lipids and carbohydrates, is the essential biochemical link between different
developmental stages. It has been shown for molluscs in general, and for pectinids in particular,
that low molecular weight carbohydrates (mostly glycogen) are accumulated in the adductor
muscle, while lipids are accumulated in the digestive gland.

Thus, low molecular weight carbohydrates are stored in the prominent muscular mass of
scallops, to be consumed during periods of intense activity, while the lipids stored in the digestive
gland are to a large extent translocated into the developing eggs, deployed in membranes,
catabolized in situ, or used for eicosanoids or similar biochemically functional molecules.

Except for some earlier reports (Idler and Wiseman 1971a; 1971b; Paradis and Ackman
1977a), the study of lipids of the sea scallop P. magellanicus has focused on the total lipid
content of only the edible portion (e.g. Krzeczkowski et al. 1972; Bonnet et al. 1974; Krzynowek
and Murphy 1987). Due to the extraordinary potential of lipid research as a tool for providing
useful biological information, a systematic study of the lipids of the sea scallop, including lipid

types, temporal variation, and anatomical distribution, is greatly overdue.
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1.2. Temporal Variations and Reproduction

The traditional view that the adductor muscle of pectinids was the only energy storage site was
supported by the study of Pecten maximus in the Clyde Sea (Comely 1974). During the
maturation period (March to November) the adductor muscle doubles its weight, increases the
amount of carbohydrate by a facior of 20 and the protein by only a factor of 1.5 (Comely 1974).
However, it was shown later that the lipid content of the digestive gland and the gonads had
comparable variations (Thompson 1977; Robinson et al. 1981). Histological studies of
Patinopecten yessonensis showed that lipids formed numerous droplets in the digestive gland
tubules (Chang et al. 1989).

Seasonal fluctuation of lipids in the scallop whole body and in the different organs is one of
the most studied aspects of scallop lipid biochemistry. Emphasis has been on the monthly changes
in the total lipid content in the principal tissues, and its interpretation in terms of the calorific
significance (Ansell 1974; Shafee 1981; Taylor and Venn 1979). Different species of scallops,
at the same or at different temperate locations, have shown three main common features: a) the
digestive gland and the gonads undergo marked seasonal changes in lipid content, b) these
changes are associated with the animal’s 1eproductive cycle, and c) the increase in gonadal lipid
weight is reciprocal to decreases in lipids in other parts of the soft body.

It is now agreed that the time of spawning in P. magellanicus is mainly a function of water
temperature and food availability (MacDonald and Thompson 1985a; 1985b; Langton er al.
1987). Throughout April and May gonadal and somatic tissues of P. magellanicus from Southern
Newfoundland begin to increase in weight, primarily due to an increase in lipid content
(Thompson 1977). This occurs when ambient temperature s still low, but food availability is high
due to the spring phytoplankton bloom. After spawning in late September, when the temperature

reaches a maximum, the gonad enters the "resting phase".
g gp
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Other scallop species also rely on the accumulation of lipids to achieve successful reproduction.
Chlamys septemradiata, on the other hand, spawns earlier in mid summer (Ansell 1974). There
is a greater increase in the lipid content in the female than in the male. This reflects the
importance of lipids as a source of nutrition in the planktonic eggs and larvae of marine bivalves.

Gametogenesis in Chlamys opercularis (Taylor and Venn 1979) and Pecten maximus (Comely
1974) takes place mostly during the winter months at the time when food availability is low.
Therefore, in these species metabolic reserves are important not only in gametogenesis, but also
in providing the energy resources for maintaining the: animal during this time of low food
availability (Taylor and Venn 1979).

In the scallops such as Pecten maximus and Chlamys opercularis, the gonadal proliferation and
gametogenesis in winter months causes a reciprocal decline in stored reserves of carbohydrates
and proteins .. the adductor muscle, and of lipid in the digestive gland (Comely 1974; Taylor
and Venn 1979). Gonadal weight increase takes place mainly in the spring and early summer in
Chlamys septemradiata and P. magellanicus. This leads to spawning in the autumn. Therefore,
it has been suggested that the stored reserves did not appear to make a significant contribution
to the developing gonad of the later species (Ansell 1974; Thompson 1977).

Research has also been conducted on the seasonal variation in specific components of scallop
lipids. Since the recent acknowledgment of the typically marine eicosapentaenoic acid (EPA or
20:5n-3) as a valuable pharmaceutical product, alternative sources of this compound have been
proposed. The scallop digestive gland has been found to contain large amounts of EPA (Hayashi
1986; Hayashi and Nakagawa 1984; Romashina 1983), which originates in the dietary
phytoplankton (particularly diatoms). The seasonal fluctuation of EPA in the digestive gland of
Patinopecten yessonensis appeared to be extremely pronounced and unpredictable, ranging from

13 to 322 mg/gland, with a noticeable peak in June-September (Hayashi 1986). One of the very
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few analyses of scallop lipids from the South Atlantic, in the pectinid Chlamys tehuelcha, also
showed marked seasonal variation of the EPA content in gonads and in other soft tissues (Pollero
et al. 1981). These variations were inverse to those of the 22:6n-3 fatty acid, a typical component

in lipids of autotrophic microflagellates (Ackman ez al. 1968; Chuecas and Riley 1969; Volkman

et al. 1981). The presence of both EPA and DHA can be correlated with alternative sources of

food.

1.3. Anatomical Distribution

The study of the seasonal variation of lipids in scallops leads to the examination of their
anatomical distribution and their mechanisms of mobilization. In order to model this transport,
it will probably be enough to consider the three-compartment system: digestive gland - blood -
gonad (Vassallo 1973; Thompson 1977; Barber and Blake 1985). Although simplistic, this model
will allow the examination of most of the lipid material transported from one organ to another
in growing and maturing animals.

Other than proximate lipid analyses of digestive gland, gonad, muscle and blood, information
regarding the anatomical distribution of other lipid classes is very limited. This applies also to
other tissues of pectinids. The study of the biochemical composition of blood in P. magellanicus
from Newfoundland showed that plasma lipids were lowest in March, increased considerably
during early June, remained high throughout the summer, and Gecreased again after spawning in
autumn, with a further reduction during the late winter (Thompson 1977). This pattern of plasma
lipid variation shows an obvious correlation to the food availability and the gonadai development

timing of this species.
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Studies of the comparative biochemistry and physiology of reproduction in molluscs have
repeatedly reported that male gonads have a high calorific content per gram of dry tissue. This
high calorific value reflects a greater nitrogen content (Ansell 1974). These results do not
represent the biochemical composition of the gonads, and therefore, they are misleading.
Compared to the female gonad, the testis contains much more membrane-bound protein and
nucleoprotein, which accounts for the greater nitrogen content that is mostly not available for
energy in the living animal.

An interesting issue in invertebrate lipid research (with particular relevance to scallops) is the
meaning of their carotencid accumulation. Animals are believed to be unable to synthesize
carotenoids. Therefore, the large amount of these pigments in marine animals is of dietary origin,
and directly or indirectly is derived from algae. Mature female scallops are easily identified by
their red-orange-coloured gonad, in contrast with the pale white testis. Even more interesting are
the so called "red-meat scallops" frequently found by fishermen (Bourne and Bligh 1965). They
~ontain an exaggerated amount of carotenoids in all their organs, but are otherwise healthy
animals.

Little effort has been directed to the elucidation of the role of carotenoids in invertebrates. It
has been shown that lipid extracts of Mytilus gafloprovincialis containing liposoluble pigments
are able to oxidize NADH, in vitro (Zs.-Nagi et al. 1972). It is believed that the carotenoids
present in such extracts act as electron acceptors during short periods of anoxia.

On the other hand, it has been demonstrated that diets rich in polyunsaturated lipids require
greater amounts of vitamin E to prevent the onset of diseases in a wide variety of animals
(Horwitt 1970). The oxidative destruction of lipids can occur for a variety of reasons, and
photoxidation is a principal factor. The planktonic existence of many bivalve larvae would seem

to make them vulnerable to surface irradiance from intense sunlight. In plants, very high natural
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light intensity can cause photoinhibition (Powles 1984). Although evidence is lacking, there is
no reason to assume that photo-oxidation may not be an important problem for the larval stages
of bivalves. This may explain why many aquatic animals contain pigmented gonads and produce

pigmented eggs; the carotenoids probably function to reduce damage by sunlight or oxidizing

compounds.

1.4. Trophic Relationships

Laboratory information regarding trophic relationships is sometimes inadequate or difficult to
obtain. Therefore, the identification of the food resource of many animals has been inferred from
a variety of chemical techniques.

Among many other aspects of their general biology, the feeding habits of pectinids are still
obscure. In recent years the food resources of two pectinid species have been studied by the
conventional examination of their gut contents (Mikulish and Tsikhon-Lukanina 1981; Shumway
et al. 1987). This traditional approach has the advantage of the direct observation, and of
resolution at the species level of the food items. However, the analysis of gut contents requires
adequate preservation of the ingesied material, which is not always possible. Lipids, especially
fatty acids and hydrocarbons, have been successfully used as biomarkers in food web studies
(Sargent and Whittle 1981; Sargent et al. 1987).

Due to their chemical and metabolic stability, the analysis of bivalve sterols, widely used in
chemotaxonomy, seems to be a promising too! for providing information on trophic relationships.
Studies on Pecten maximus (Pastoriza 1981), Chlamys nipponensis (Hayashi and Yamada 1973)

and Patinopecten yessonensis (Kobayashi and Mitsuhashi 1975) sterols have revealed a very
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complex composition. Cholesterol, 24-methylene-cholesterol, B-sitosterol, and fucosterol were
the principal components. In addition the presence of several minor novel components was
detected. The occurrence and chemical structure of scallop sterols, and precisely those of P.
magellanicus, have been meticulously studied (Idier and Wiseman 1971a and 1971b). However,
this pioneer work has shown meagre results regarding the seasonal variations of sterols as
indicators of carbon sources (Idler at al. 1964). This was mainly due to lack of detailed

background information on the different phytosterols present in the dietary algae at the same time.

The biochemical compositions of a number of different scallop species, including P.
magellanicus, has been studied in the past. For most of these species, however, the bulk of the
information deals with the proximate composition, the total lipid and the fatty acid compositions
of the edible portion of the animals. Besides this "food science-oriented" research, very little
attention has been paid to the biological processes related to the dynamics of lipids in these
bivalves. Although there are some studies describing the anatomical distribution of lipids and their
changes associated with the reproductive process, most of these studies only involved scallop
species of the Pacific area.

The comparative biochemistry of lipids in pectinids seems to be characterized by a relatively
high degree of homogeneity of occurrence and distribution of some lipid components such as fatty
acids. The studies cited above have demonstrated that the seasonal and anatomical changes in the

proportion of many lipid types are closely related to physiological and environmental factors.
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Chapter 2

ANATOMICAL DISTRIBUTION AND TEMPORAL VARIATION OF LIPIDS AND

FATTY ACIDS IN SEA SCALLOPS FROM GEORGES BANK.

2.1. INTRODUCTION

The sea scallop Placopecten magellanicus is a bivalve mollusc (Bivalvia, Pectinidae) commonly
occurring along the east coast continental shelf of North America, from the north shore of the
Gulf of St. Lawrence to Cape Hatteras (Posgay 1957; Bourne 1964). The distribution of P,
magellanicus is scattered at the extremities of its range but in the middle part of its distribution
scallops frequently occur in dense beds, supporting one of the most valuable fisheries of the
region. The total landing of scallops in the Atlantic coast in 1987 was approximately 73 thousand
tonnes, valued at 94.7 million dollars (Department of Fisheries and Oceans 1989).

The major offshore Canadian fishery is located in the northern portion of Georges Bank, with
a secondary fishing ground in the Bay of Fundy (particularly off Digby, Nova Scotia), in the
southern Gulf of St. Lawrence, St. Pierre Bank and Port au Port Bay, Newfoundland (Bourne
1964).

Georges Bank is one of the most biologically-productive areas in temperate latitudes (Riley
1982). Apart from the acknowledged economical importance of the scallop population on Georges

Bank, the ecological relevance of this benthic species has been overlooked.

16
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Research has established that lipids are extremely important biochemical components in marine
organisms. They are involved in a multitude of metabolic reactions, "from the more mundane to
the more sophisticated" (Allen 1976). There is an extensive literature on the lipid composition
of marine invertebrates (Joseph 1989). Nevertheless, there are only a few studies that illustrate
the patterns and dynamics of lipid storage and mobility in post-metamorphic marine invertebrates.
This chapter presents a detailed and systematic study of the anatomical distribution and temporal

variations of the major lipid classes and fatty acids of sea scallops from Georges Bank.

2.2. MATERIALS AND METHODS

2.2.1. Lipid Analysis. General Procedures

Sea scallops P. magellanicus were collected in the Canadian sector of Georges Bank at
approximately N 41° 35’ 09", W 61° 10’ 11". Specimens were captured during commercial
fishing operations between August 1987 and October 1989 according to the schedule shown in
Table 2.1.

Scallops used for lipid analyses were transported live to the laboratory, dissected and the lipids
were extracted immediately; a few samples were stored at -35°C for a few days. Adult animals
(shell width > 10cm) were sexed and their major organs, i.e. digestive gland, gonad, adductor
muscle, mantle, and gills, were dissected out and individually weighed. Samples of the contents
of the scallop digestive gland cavity ("gut content") were obtained by freezing, splitting the
digestive gland in halves, and then removing the contents.

Several specimens from each catch were maintained alive in the Aquatron System of Dalhousie

University for further experimental work.
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Table 2.1. Schedule of sample collection of

scallops P. magellanicus on Georges Bank.

Date

Boat

August 7, 1987
October, 1987
June 7, 1988
July 3, 1988
October 15, 1988
January 29, 1989

October 9, 1989

Scotia Trawlers
Scotia Trawlers
Scotia Trawlers
Cape Race
Scotia Trawlers
Mersey

Scotia Trawlers

18

Fatty acid and lipid standards were purchased from Serdary Research Laboratories, London,
Ontario. The organic solvents were A.C.S. reagent grade (Anachemia), redistilled in glass before
being used. The acids and other reagents were A.C.S. grade from Fisher Scientific Company
(Canada).

Glassware was carefully cleaned before use by soaking overnight in a concentrated
KOH-ethanol solution or by washing with detergent. It was then rinsed several times with tap

water, distilled water, and acetone before oven drying.
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The general procedure used for the recovery of lipids involved extraction using a suitable
solvent, washing the organic layer with water, drying with anhydrous sodium sulfate, filtration
and evaporation of the solvent. Small quantities of solvents were evaporated under a stream of
nitrogen in glass centrifuge tubes placed in a water bath at 40-50°C. The evaporation of a large
amount of solvent was conducted using a rotary evaporator under reduced pressure. Whenever
possible and necessary, all procedures were carried out under a nitrogen atmosphere.

Scallop organ lipids were extracted with a mixture of chloroform:methanol (1:2 v/v) using a
stainless steel Blendor. In effect, the tissues were extracted following the classical method
described by Bligh and Dyer (1959). After the extraction, the lipid extracts were stored in
chloroform in screw cap (Teflon-lined) glass vials at -35° C under a nitrogen atmosphere,

Total lipid contents were determined gravimetrically after exhaustive rzinoval of the solvent
from an aliquot of the lipid extract. Results are expressed in percentages of lipid on a wet weight
basis.

The different lipid classes present in these samples were first qualitatively studied by thin-layer
chromatography (TLC) and then quantitatively determined by Iatroscan TLC-FID (Ackman

1981).

2.2.2. Lipid Class Separation by TLC

TLC was performed on "Prekote” silica gel plates (20 cm X 20 ¢cm, 200 um particle size,
Applied Science Laboratories, College Park PA, U.S.A.). Before use the plates were cleaned by
developing in ethyl acetate and activated by heating at 110°C for 30 minutes. In the case of

analytical TLC, lipid materials in chloroform solution were applied using Microcaps (disposable
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pipettes, Drummond Scientific Company, U.S.A.). For preparative work lipids were applied as
chloroform solutions using a plate streaker (Applied Science Laboratories),

Plates were developed in solvent-saturated glass tanks. The common developing solvent was
hexane:diethyl ether:acetic acid (80:20:1; v/v/v). Lipids were visualized by spraying with a i %
2°,7’-dichlorofluorescein solution in ethanol and observation under UV light. Standards and

standard mixv.res were spotted alongside the samples to compare Rf values.

2.2.3. Quantification of the Lipid Classes by TLC-FID

An Iatroscan analyzer (Iatron Laboratories, Inc., Tokyo, Japan) equipped with an FID was
utilized for the quantitative analysis of the lipid classes in scallop tissues. The general procedure
was that described by Sipos and Ackman (1978, for more details see Ackman 1981). Ten
Chromarods-SII were activated by passing through the FID scanner in a frame and then spotted
with the sample or standard. Drummond disposable micropipettes (1-5 pl) were used for this
purpose. The frames with rods were placed in appropriate solvent-saturated glass tanks and
developed for 45 minutes. The common developing solvent was hexane:diethyl ether:formic ucid
(97:3:1.5 vIv/v). Developed rods were placed in an oven at 110°C for 1 minute to evaporate the
solvents 2nd then transferred to the scanning frame of the analyzer. The scanning operation was
pe-formed under the following conditions: flow rate of hydrogen, 160 ml min}; flow rate of air,
2000 ml min’l; voltage of the detector, 8 mv full scale; scanning speed, 0.42 cm sl The
recording and integration of the peaks was provided by a Spectra Physics SP 4200 computing
integrator. Before reuse the rods were soaked in 30% nitric acid overnight, washed and blank
scanned on the FID of the latroscan analyzer. Iatroscan results are FID area percent expressed
as the mean of 3 separate samples, each applied to 3 different rods. Standard deviation of rod

replicates never exceeded 10% of the mean.
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2.2.4. Preparation of the Fatty Acids for Gas-Liquid Chromatography

The total lipids extracted from the scallop organs were subjected to preparative TLC for lipid
class separation prior to fatty acid methylation. Since the analyses by GLC require compounds
with a relatively low boiling point, fatty acids were converted to their respective methyl esters.
Fatty acid methy! esters were prepared using 10% BF5-methanol, following a modification of the
method described by Morrison and Smith (1964). Total lipid extracts or individual lipid classes
were redissolved in benzene (1 ml) in a 10 ml screw-capped (Teflon-lined) centrifuge tube. Then
1 ml of 10% BF3-methanol (Alltech Associates, Inc.; Applied Science Laboratories) was added
to the tube, which was flushed with nitrogen and capped. This was then shaker thoroughly and
heated at 100"°C in a heating block for 1 hour. After cooling the sample to room temperature,
distilled water (2 ml) was added, the mixture was shaken vigorously, and the top layer containing
the methyl esters was separated. The remaining mixture was extracted with benzene (2 x 2 ml).
The combined benzene extracts were concentrated under a stream of nitrogen and then dried over
anhydrous Na,SO,. The solution was filtered or decanted and evaporated to dryness under a
stream of nitrogen. The esters were redissolved in hexane, which was the standard solvent for

injection into the gas-liquid chromatograph.

2.2.5. Gas-Liquid Chromatography of the FAME

Analytical gas-liquid chromatography of the FAME was carried out on a Perkin-Elmer Model
8420 equipped with a FID and a SUPELCOWAX-10 flexible fused silica capillary column (30
m in length x 0.25 mm ID, Supelco, Inc. Bellefonte, PA). Helium was used as the carrier gas

at a flow rate of 1.2 mL/minute. The oven temperature was programmed as follows: initial
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temperature 195, maintained for 8 minutes, then the temperature was increased up to 240°C at
a rate of 3%minute. Retention times and area percentages were recorded by a Perkin-Elmer
LCI-100 Laboratory Computing Integrator. Relative areas were converted to relative amounts of

FAME (weight %) by correcting the FID response using a computer program developed by

Ackman and Eaton (1978).

2.2.6. Identification of the Fatty Acids

FAME were identified by the following procedures:
a) Co-injecting the sample along with authentic standards, or FAME mixture of established
composition, b) Silver nitrate-TLC followed by GLC of fractions, c) Plotting procedures, d)
Comparing equivalent chain lengths (ECL) of fatty acids on chromatographic colu.ans of different
polarity, ) Catalytic hydrogenation of the sample over PtO,, g) Checking molecular weights and
mass spectra by GLC/MS. The system used for this purpose was a Perkin-Elmer gas-liquid
chromatograph Model 990 equipped with a SUPELCOWAX-10 capillary column interfaced with
a Finnigan MAT 700 Ion Trap Detector (ITD) (Finnigan MAT, San Jose, CA).

Samples of all organs of the sea scallops were analyzed in triplicate. To avoid individual
variations, each sample consisted of three to seven pooled organs. Data were treated statistically
by a one way analysis of variance. Prior to this analysis, lipid content and fatty acids proportions

were normalized through the arcsine transformation (Snedecor and Cochran 1980).
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2.3. RESULTS

2.3.1 Lipid Content and Lipid Class Composition

Lipids in the adductor muscle, gills and mantle account for about 0.6 to 1% of the wet weight
(Tables 2.2 and 2.3), showing very similar lipid profiles during the year. PL and sterols in these
three "lean organs" accounted for about 80% ~ad 18% of the total lipids respectively during the
winter (Table 2.2). The remaining lipids were minor amounts of TG and trace levels of sterol
esters and hydrocarbon-like compounds. A similar pattern of lipid composition was found in the
summer samples of these tissues, although the sterol concentration was decreased. No changes
in the total lipid content, and no TG accumulation, were observed in adductor muscle, mantle and
gills during the summer.

Besides the presence of structural lipids, the scallop digestive gland contained large quantities
of TG (Table 2.2). The level of neutral lipids in this organ changed seasonally, showing
maximum values in summer (60% of total lipids) and minimum values during the winter
(40-50%).

The proportion of free fatty acids was relatively low in all the organs for both summer and
winter samples (< 1.6% of the total lipids). An exception to this observation was found in
summer samples of digestive glands, where free fatty acids were 6.9% of the total.

The male gonad displayed a lipid profile similar to the "lean organs”. Although this gonad
suffers dramatic seasonal growth and differentiation, these changes did not affect its lipid
concentration. All samples of the male gonad analyzed during the different seasons exhibited an

approximate total lipid content of 1% of the wet weight (Tables 2.2 and 2.3).



Table 2.2. Anatomical distribution of lipid classes in the sea scallop

(P. magellanicus) from Georges Bank (uncorrected TLC-FID area %).

WINTER SUMMER
DG GO MU GI MA T DG GO MU GI MA T
Polar lipids! 48,6 91.0 80.3 76.0 82.8 31.2 68.0 91.2 834 88.3
Sterols 9.1 3.1 197 187 17.7 0.64 4.8 93 99 98
Triacylglycerols 41.1 5.1 1.2 3.6 055 60.2 266 074 6.1 0.56
Free fatty Acids 1.4 1.6 1.12 0.38 0.34 6.9 0.20 ar 050 04
Sterol ester 0.70 0.20 0.33 0.11 0.39 0.18 tr nd 0.31 tr
Hydrocarbons tr tr .nd tr nd tr nd nd tr tr

TOTAL LIPIDS

(% OF WET WEIGHT) 2.4 1.2 1.1 0.64 0.610.78 4.4 1.3 0.78 0.75 0.661.18

DG= digestive gland, GO= female gonad, T= male gonad, MU= adductor muscle, GI- gills,

MA = mantle, tr.= trace amounts (<0.01%), nd= not detected. 1 Mainly phospholipids.



25
Table 2.3. Anatomical distribution of lipid c'asses in sea scallops P. imagellanicus reared in the

laboratory (uncorrected TLC-FID area %, pooled samples of 7 or more organs).

DG T MU GI MA

TOTAL LIPIDS

(% WIW) 2.4 1.2 0.65 1.1 0.79
LIPID CLASSES

Polar lipids 200 8.2 7335 836 731
Sterols 5,05 825 2568 13.1 26.9

Triacylglycerols 74.9 3.0 095 32 0.81

Free fatty acids tr. tr. tr. tr. tr.
Sterol esters nd. nd. tr. tr. nd.
Hydrocarbons  nd. nd. nd. nd. nd.

See Table 2.2 for abbreviations
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Table 2.3 shows the anatomical distribution of 1ipids in a pooled winter sample of male scallops
reared in the laboratory for several months, and fed with cultured microalgae. Lipids in male
gonad, adductor muscle, gills and mantle of these captive scallops showed the typical lean organ
pattern, where PL and sterols were the major components, and had very minor amounts of TG.
PL and TG constituted 20% and 75% of the total lipids respectively in the digestive glands cf

these laboratory held animals.

2.3.2. Temporal Variations of Lipids in the Digestive Gland and
in the Female Gonad
After a preliminary analysis of the anatomical distribution of lipids of the different organs of
sea scallops, a more complete study of the temporal variation in the digestive gland and in the
gonad was carried out. Changes in the major lipid classes in scallops collected in Georges Banks
from spring 1987 to winter 1988 are shown in Figs. 2.1 and 2.2,

The digestive gland showed a lipid pattern clearly dominated by high proportions of TG all year
round. TG thus accounted for about 60 to 70% of the total lipids during spring, summer and fall,
and for about 50 % in winter. The level of sterols in the digestive gland did not show changes
through the seasons, remaining at an approximate level of 1 to 4 % of the total lipids. This

concentration of sterols corresponded to a relatively constant amount of about 1 mg/g tissue.
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Figure 2.1. Temporal variation of the major lipid classes in the digestive gland of sea scallops

P. magellanicus from Georges Bank (see Table 2.1 for sample dates).
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Figure 2.2. Temporal variation of the major lipid classes in the female gonad of sea scallops P,

magellanicus from Georges Bank (see Table 2.1 for sample dates).
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PL in the digestive gland, however, showed more variable values expressed both as a percent
of the total lipids (30 to 45% of the total lipids) (Fig. 2.1), or as an absolute value (approximately
10 to 30 mg/g of tissue) (Fig. Z.3).

The seasonal variation of the major lipid classes in the scallop female gonad (Fig. 2.2) showed
a characteristic pattern associated with the sexual cycle of the animal. In contrast with the
digestive gland, the major lipid component of the female gonad during most of the year was
phospholipids (50 to 70% of the total lipids during spring, summer and fall). The proportion of
TG in the female gonad was also high during these months. The level of TG in the female gonad
increased sharply during the fall, reaching 4 level equivalent to that of PL. During the winter
(post-spawning condition), the female gonad lipids consisted almost exclusively of PL (90 to
95%). The rest of the lipids were sterols with very low levels of remaining TG.

In order to study in more detail the changes of the major lipid classes in both digestive gland
and female gonad of the sea scallop, the relationship between the content of these major lipid
classes and the total lipid content of these organs was investigated (Figs. 2.3 to 2.8). These
relationships showed that the TG and the PL contents in the digestive gland and in the female
gonad were positively correlated with the total lipid content of each organ, but the sterols were
not. Although most of the seasonal accumulation of lipids in the digestive gland was a
consequence of TG accumulation (Fig. 2.3), PL also contributed to the lipid load observed after
the winter months. The contribution of each lipid class to the total lipid content of the digestive
gland is illustrated by the difference between the two slopes of the regression lines of Figs. 2.3
and 2.4.

The same relationships among TG, PL and total lipid content were found in the female gonad.
In this case, however, the contribution of the polar lipid fraction to the increase in the total lipid

content seems to be almost as important as that due to TG (Figs. 2.5 and 2.6). In contrast with
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the other two major lipid classes, the sterol content of the digestive gland and the female gonad

showed no correlation with the increment in lipid content (Fig. 2.7 and 2.8),

2.3.3. Fatty Acid Composition.

More than 70 different fatty acids were separated from the lipids of the sea scallops, and about
50 of them were identified in this work. As in most marine organisms, a group of 10 to 15
components represented 80 to 90% of the total fatty acids in samples from all organs and seasons.
Tables 2.4 to 2.7 show the detailed fatty acid compositions of digestive gland, female and male
gonads, adductor muscle, mantle, and gills for the four seasons. Fatty acids of the digestive gland
and the female gonad have been separated into those from the two major constituents, i.e. TG
and /or PL. Since adductor muscle, mantle and gills contained very small amounts of neutral
lipids, only the fatty acid compositions of their PL was tabulated. The male gonad was routinely
analyzed for phospholipid fatty acids only, except for one case (fall sample, Table 2.6), when a

conspicuous amount of triglycerides was observed.



Table 2.4. Fatty acids in major organs in scallops (P. magellanicus) collected during the

spring on Georges Bank.

DG GO T MU MA GI

TG PL TG PL PL PL PL
TMTD 1.54 tr. tr. tr tr. tr. tr.
14:0 349 177 290 174 274 231 2.05
15:0 036 052 054 067 094 1.00 096
Is016:0 001 0.10 0.15 0.08 0.19 031 0.57
Pristanate 0.08 0.09 002 603 0.06 020 0.21
7-MHD 031 029 051 031 055 081 1.21
16:0 12.56 18.11 23.66 19.98 24.18 21.48 19.33
16:1n-11  tr. tr. tr. tr. 0.10 0.10 0.06
16:1n-9 002 0.03 004 001 036 0.28 0.06
16:1n-7 731 186 626 138 275 154 206
16:1n-5 037 062 057 037 057 069 0.65
16:2n-7 035 0.10 027 005 0.09 0.10 0.08
16:2n-4 021 0.12 029 0.14 tr. 0.29  0.20
16:3n-4 tr. tr. nd. tr. tr. 0.05 tr.
16:3n-3 tr. tr. tr. tr. t 0.67 tr.
16:4n-1 313 035 109 0.13 0.08 041 1.06
17:0 1.3 164 0.89 048 079 1.09 1.11
Ais018:0 0.15 0.19 047 025 021 040 0.39
18:0 242 524 251 368 530 1776 7.21
18:1n-9 217 077 206 049 093 064 0.50
18:1n-7 575 207 593 257 526 47 3.92
18:1n-5 039 005 049 0.18 0.08 0.06 0.04
18:2n-6 .16 034 .7 023 052 095 141
18:2n-4 .51 037 137 028 066 042 1.41

continued

Pristanate= 2,6,10, 14-tetramethylpentadecanoic acid; 7-MHD = 7-methylhexadecanoic acid.
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{Table 2.4 continued)

DG GO T MU MA GI

TG PL TG PL PL PL PL
18:3n-6 044 011 038 006 0.09 0.08 0.16
18:3n-4 tr. tr. nd. nd. nd. nd. nd.
18:3n-3 086 0.16 048 0.14 029 0.12 0.26
18:4n-3 550 4.01 5.69 1.65 2.82 123 1.77
18:4n-1 .37 021 078 005 0.16 008 0.10
20:0 006 020 078 0.16 021 005 0.06
20In-11 033 176 0.63 097 031 249 5.02
20:1n-9 041 061 028 081 0.70 058 0.98
20:1n-7 078 051 083 061 072 077 1.07
20:1n-5 0.11 029 tr. 023 0.72 058 0.88
20:2NMIDa 0.08 0.11 043 0.11 020 0.15 0.21
20:2NMIDb 0.08 0.11 040 0.14 0.19 024 0.59
20:3n-6 002 005 007 009 002 005 0.12
20:4n-6 046 124 028 124 08 226 3.15
20:4n-3 065 039 044 025 023 013 023
20:5n-3  36.46 28.74 25.08 24.58 20.72 15.17 14.44
21:5n-3 1.0t 108 172 198 145 083 0.86
22:0 025 0.08 009 009 006 005 0.10
22:1p-114130.15 0.18 0.18 0.14 0.13 0.i4 0.20
22:1n-9 0.17 0.18 011 0.19 0.09 0.13 0.18
22:2NMIDa 0.05 0.06 0.15 036 0.09 0.17 0.34
22:2NMIDb 0.46 033 033 036 0.19 051  1.08
22:4n-6 0.18 024 0.04 076 006 024 0.31
22:5n-6 022 040 013 055 045 061 0.60
22:5n-3 033 1.10 040 376 1.06 0.83. 1.00
22:6n-3 6.61 21.16 932 26.44 20.06 24.55 18.23
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Table 2.5. Fatty acids in major organs in scallops (P. magellanicus)

collected during summer on Georges Bank.

DG GO T MU MA G

TG PL TG PL PL PL PL
TMTD 207 tr, tr. tr. tr. tr. tr.
'4:0 322 092 379 159 021 007 1.17
15:0 039 041 069 078 023 013 084
Is016:0 0.02 nd. nd. tr. tr. tr. tr.
Pristanate  0.12 nd 002 0.15 tr 0.10 0.04
7-MHD tr. 021 o063 044 0.18 o0.11 0.17
16:0 12.02 1402 2394 3054 13.69 11.10 16.25
16:1n-11  tr. tr. tr. tr. nd tr. nd
16:1n-9 0.03 tr. tr. nd. tr. tr. tr.
16:1n-7 625 122 591 134 1.04 075 147
16:1n-5 045 056 061 063 047 051 151
16:2n-7 026 0.6 026 0.17 020 0.15 033
16:2n-4 020 058 028 032 0.7 08 094
16:3n-4 0.16 nd. 095 . tr. tr. tr.
16:3n-3 0.88 0.06 0.16 tr. tr. tr. tr.
16:4n-1 1.81 0.18 092 073 038 039 0.09
17:0 079 38 068 176 054 273 2.15
Aiso18:0 020 042 048 033 079 052 038
18:0 202 7.17 237 648 7.85 999 8.61
18:1n-9 257 069 254 051 1.18 0.85 0.92
18:1n-7 48 2.06 443 293 551 447 3.68
18:1n-5 038 0.12 tr. 0.17 030 0.18 0.17
18:2n-6 1.36 029 098 027 031 036 025
18:2n-4 1.05 027 116 030 047 0.17 0.19

(continued)
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(Table 2.5 continued)

DG GO T MU MA G
TG PL TG PL PL PL PL
18:3n-6 027 007 036 011 0.14 tr 0.16
18:3n-3 .17 023 094 033 027 041 039
18:4n-3 576 6.6 7.10 291 2.8 561 227
18:4n-1 073 0.14 063 008 0.17 0.08 0.14
20:0 0.11  0.09 058 tr. 0.11 0.15 0.06
20:in-11 041 224 052 082 152 481 8.82
20:1n-9 054 1.05 041 .13 1.52 447 133
20:1n-7 48 066 076 081 130 L70 2.05
20:1w5 tr. 036 tr. tr. tr. nd. 1.32
20:2NMIDa 0.15 0.09 033 0.15 032 0950 0.25
20:2NMIDb 0.23 0.11 008 007 0.15 026 052
20:2n-6 048 033 0.5 046 090 0.61 045
20:3n-6 0.14 0.13 010 056 0.14 039 0.18
20:4n-6 051 1.67 0.61 .17 0.12 3.13 4.10
20:4n-3 0.75 0.16 0.61 026 0.15 027 0.17
20:5n-3 3352 234 20.89 20.26 23.55 15.25 1L.79
21:5n3 132 131 1.17 1.56 142 097 050
22:0 tr. tr. 0.30 tr. 0.08 0.73 0.14
22:1n-11  0.14 tr. 0.13 039 0.17 0.24 0.10
22:1n-9 024 010 019 0.18 0.15 0.12 032
22:2NMIDa 0.10 0.52 033 0.19 0.10 0.24 0.42
22:2NMIDb 0.10 052  0.31 034 024 091 126
22:4n-6 0.09 037 tr. 022 0.11 0.24 0.81
22:5n-6 0.16 075 029 045 053 1.15 0.81
22:5n-3 040 1.23 051 245 196 150 0.73
22:6n-3 996 24.11 10.52 16.27 2827 2591 21.13
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Table 2.6. Fatty acids in major organs in scallops (P. magellanicus)
collected during fall on Georges Bank.

DG GO T MU GI

TG PL TG PL TG TL PL
TMTD 246 tr, tr. , tr. tr. tr. tr.
14:0 490 1.60 494 140 095 150 5.63
15:0 062 1.02 0.99 1.01 040 073 071
Is016:0 025 016 035 016 008 0.19 tr.
Pristanate 0.02 0.08 0.6 001 0.03 0.5 032
7-MHD 036 006 060 036 047 030 0.56
16:0 16.01 18.64 19.25 27.68 8.92 1441 14.26
16:1n-11  tr. 0.09 . tr. tr. tr. tr.
16:1n-9 0.04 023 tr 0.70 tr. tr. 0.30
16:1n-7  10.17 157 653 137 246 1.61 3.12
16:1n-5 072 1.09 0.83 1.18 031 0.8 1.30
16:2n-7 0.19 0.09 057 027 0.13 tr. 0.30
16:2n-4 036 021 0.14 tr. tr. 0.50 0.33
16:3n-4 tr. 212 056 049 0.10 0.15 0.24
16:3n-3 039 003 054 005 033 0.12 079
16:4n-1 1.07 040 126 004 0.13 1.51 0.41
17:0 079 090 070 095 040 091 1.08
Aiso18:0 045 044 067 027 021 051 139
18:0 224 527 356 421 156 672 6.81
18:In-11  0.04 0.02 tr. nd. nd. tr. 1.43
18:1n-9 6.42 081 041 1.19 258 273 1.17
18:1n-7 6.06 270 440 293 2.61 461 2.77
18:1ws 044 006 043 011 024 022 0.22
18:2n-6 162 074 087 029 0.8 090 131
18:2n-4 082 0.14 063 0.i4 024 028 0.97

(continued)
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(Table 2.6 continued)
DG GO T MU GI
TG PL TG PL TG TL PL

18:3n-6 tr. tr. tr. tr. tr. 0.17 tr.

18:3n-4 0.12 0.04 022 0.02 008 nd 0.38
18:3n-3 08 022 054 0.10 034 060 0.03
18:4n-3 3.79 321 312 140 081 227 2.67
18:4n-1 034 001 017 005 016 010 0.68
20:0 0.11 0.34 . tr. 0.10 tr. 0.60
20:In-11 079 185 0.82 073 061 127 352
20:1n-9 .01 107 056 1.52 127 122 1.26
20:1n-7 080 048 064 097 055 071 1.62
20:1w5 tr. tr. nd. tr. tr. tr. 1.18
20:2NMIDa 0.29 030 045 037 049 053 0.56
20:2NMIDb 0.18 0.18 041  0.12 065 022 1,13
20:2n-6 049 033 053 040 038 04 1.03
20:3n-6 tr. 0.13  0.18 035 tr. 046 0.62
20:4n-6 0.63 265 055 214 127 290 3.15
20:4n-3 043 021 033 026 024 0.11 0.11
20:5n-3  21.64 21.19 1598 19.07 11.93 1645 14.96
21:5n-3 078 077 101 066 1.02 083 0.73

22:0 008 0.10 0.13 0.10 0.06 0.16 0.04
22:1n-11 039 0.14 055 007 0.13 0.11 0.03
22:1n-9 023 022 tr. 008 0.06 0.03 0.19

22:2NMIDa 0.32 0.14 0.19 0.11 0.14 0.11 0.22
22:2NMIDb 0.31 0.43 041 014 020 0.17 095
22:4n-6 0.13 021 041 024 025 0.11 0.13
22:5n-6 0.16 0.60 041 070 025 073 0.32
22:5n-3 049 120 1.09 290 534 154 0.64
22:6n-3 8.91 24.80 2391 2193 50.19 28.42 15.82




Table 2.7. Fatty acids in major organs in scallops (P. magellanicus)

collected during winter on Georges Bank.

DG GO T MU MA GI
TG PL TG PL PL PL PL

TMTD 3.05 tr. tr. tr. tr. tr. tr.
14:0 578 1.57 3.88 1.66 2.16 2.43 1.28
15:0 067 092 1.04 0.93 0.78 1.09 0.77

15016:0 0.20 tr. 024 019 0.15 025 0.1
Pristanate  0.05 nd. 0.03 0.04 002 022 0.18
7-MHD 035 021 055 0.26 031  0.67 1.13
16:0 17.67 1691 25.15 19.54 19.16 21.08 16.39
16:1n-11  tr. 0.03 tr. 0.03 tr. 0.08 0.05
16:1n-9 0.05 023 0.07 0.23 003 031 0.13
16:1n-7 7.54 156 7.83 1.57 428 141 025
16:1n-5 055 058 052 049 047 039 0.52
16:2n-7 023 0.19 022 0.18 021 071 0.20
16:2n-4 0.29 09.89 027 072 0.15 0.08 0.21
16:3n-4 054 035 069 0.8 022 020 051

16:3n-3 1.5 0.09 0.49 tr. tr. 0.17  0.29
16:4n-1 .37 0.07 054 0.19 0.01 0.17 1.33
17:0 090 2.02 090 224 0.80 0.75 1.04
Aiso18:0 002 035 058 0.40 025 034 040
18:0 276 5.80 218 437 5.23 8.15 5.28
i8:In-11  0.13 0.05 0.20 0.03 tr. 0.82 215

18:1n-9 3.14 0.89 339 079 0.79 0.85 0.56
18:1n-7 527 237 6.26 3.08 428 447  3.08
18:1n-5 0.1t 0.15 0.14 0.05 020 015 0.14
18:2n-6 144 030 1.19 0.29 029 093 1.43
18:2n-4 1.03 020 1.09 0.21 0.37 0.25 0.54
(continued)




(Table 2.7 continued)

DG GO T MU MA Gl
TG PL TG PL PL PL PL

18:3n-6 026 0.10 0.12  0.08 0.07 0.08 022
18:3n-3 141 025 078 0.23 022 028 0.6
18:4n-3 6.12 452 394 3.26 1.81 1.97 1.00
18:4n-1 051 004 020 0.08 0.08 0.08 0.03
20:0 023 009 0.07 0.04 006 003 tr

20:In-11 069 2.62 095 2.25 1.00  3.07 6.20
20:1n-9 049 097 042 0.73 070 0.74 1.05
20:1n-7 099 0.72 078  0.65 069 071 0.94
20:1n-5 0.18 0.53 033 0.65 tr. 0.67 tr.

20:2NMIDa 0.21 0.13 032 044 0.09 0.17 1.05
20:2NMIDb 0.14 021 020 0.10 0.11 0.23 0.22
20:2n-6 0.51 0.51 040 0.55 0.83 042 0.13
20:3n-6 0.19 0.07 0.14 0.01 024  0.18 0.10
20:4n-6 065 296 077 240 1.40  3.08 5.21
20:4n-3 0.68 023 030 0.18 0.25 0.04 0.12
20:5n-3  20.86 18.17 16.32 18.86 22.11 1335 13.41
21:5n-3 093 114 102 0.89 1.59 056 1.17
22:0 0.10 0.12 tr. 0.15 0.10  tr. 0.21
22:1n-11  0.14 0.08 020 0.05 0.06 0.03 0.04
22:1n-9 0.08 0.18 0.08 0.08 0.1 0.09 0.11
22:2NMIDa 0.05 0.29 0.06 0.19 0.08 0.16 037
22:2NMIDb 0.16 0.80 0.19  0.46 0.15 0.33 1.29
22:4n-6 007 039 0.08 0.21 0.15 015 037
22:5n-6 048 096 0.23 1.40 0.67 056 0.76
22:5n-3 039 1.10 058 1.63 2.03 056  0.85
22:6n-3 9.07 26.27 13.70 26.90 33.12  26.07 25.51




45

Regardless of variations according to lipid class, organ and seasons, the major fatty acids in
this pectinid were 16:0, 18:0, 16:1n-7, 18:1n-7, 20:5n-3, 22:6n-3 and 18:4n-3. Among these,
16:0 and 20:5n-3 were always very abundant in all the organs, each of them showing an overall
level higher than 15%, and in some cases reaching almost 50% of the total fatty acids when
combined. Other important fatty acids, almost always present individually below the 5% level
were 14:0, 17:0, 16:4n-1, 18:2n-6, 20:4n-6, 21:5n-3 and 22:5n-3. Most fatty acids showed
similar patterns in organs from scallops sampled during different seasons. A special case of
marked differential anatomical distribution was displayed by the isoprenoid acid
4,8,12-trimethyltridecanoic (TMTD). This branched-chain fatty acid was present at conspicuous
levels only in the TG fraction of the digestive gland (ca. 2.5%), and it was barely detectable in
the TG and PL of other organs. This pattern of distribution of TMTD was consistent in all the
samples analyzed during the different seasons. Another isoprenoid fatty acid detected in most of
the analyses was pristanic acid. In this case, however, no anatomical or lipid class-related
preferential distributions was apparent.

Palmitic acid (16:0), a major and ubiquitous component in sea scallops and most other
organisms, was present at different concentrations in the TG of the digestive gland and in the
female gonad. The level of 16:0 in the TG of the digestive gland ranged between 12 and 17%,
according to the season, while the proportions of this fatty acid in the female gonad TG was
always between 19 and 25% of the total. The concentration of 16:0 in the female gonad and the
rest of the body PL was variable, but normally <15%. A very high proportion of 16:0 was
observed in the PL of the male gonad in the summer samples (Table 2.5).

In contrast with the different levels of 16:0 found between the TG of the digestive gland and
the female gonad, the concentrations of 16:1n-7 in the neutral lipids of these two organs were

maintained at similar values (about 6.5%). One exception to this is the digestive gland during the
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fall, which showed 16:1n-7 at a concentration of 10.17% (Table 2.6). There was also a marked

difference in the 16:1n-7 content between the female gonad TG (~6.5%) and the PL of the same
and the other organs (Table 2.7). Two other unsaturated fatty acids showed a similar trend,
16:4n-1 (the major C16 polyunsaturated component found in scallop tissues), and oleic acid
(18:1n-9). The concentrations of these two fatty acids in the TG of digestive gland and female
gonad were similar, and normally higher than in PL. The concentration of 16:4n-1 in the male
gonad TG was also low (Table 2.6), and comparable with the values obtained for phospholipids
in the other organs analyzed. Cis-vaccenic acid, (18:1n-7), was also at relatively low
concentrations in the female gonad PL. In contrast with 16:4n-1 and 18:1n-9, which showed low
values in PL, 18:1n-7 was present at levels as high as 5.5% in the polar lipid fraction of most
of the organs. Other C16 PUFA, i.e. 16:2n-7, 16:2n-4, 16:3n-4 and 16:3n-3 were always at
concentrations <1% of the total fatty acids.

Among the important C18 fatty acids, 18:0 showed a clear association with PL in all tissues.
The major C18 PUFA found in the sea scallop, 18:4n-3, exhibited a consistent pattern of
anatomical distribution. Relative high proportions of 18:4n-3 (4-7%) were found in the TG of the
digestive gland, and in both TG and PL of the famale gonad. However, in the lean organs, the
proportion of 18:4n-3 ranged from 1 to 2% of the total fatty acids.

Other consistent fatty acid-organ associations were observed between 20:1n-11 and the gill PL,
and to a minor extent with the mantle PL. The level of 20:in-11 in most of the organs rarely
exceeded 1%, while in the PL of gills and mantle it ranged from 3.5 to 8.8% and from 1.2 to
4.8% respectively. Gills and mantle also exhibited an enrichment in other C20 monounsaturated

fatty acids (i.e. 20:1n-9 and 20:1n-7), but this association was less pronounced and less

consistent.
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The two major and more important PUFA in the sea scallop were 20:5n-3 and 22:6n-3. These
two n-3-fatty acids were present at very high concentrations, and either one or the other
represented the major PUFA in many samples. The prevalence of one over the other depended
on the organ or on the season analyzed. EPA was extremely high (up to 36% of the total fatty
acids) in the digestive gland, female and male gonads, and adductor muscle during all the
seasons. Maximum values of EPA were observed in the TG fraction of the digestive gland, and
in both PL and TG of the female gonad. Mantle and gills also contained large proportions of
EPA, but their levels were significantly lower than in the digestive and reproductive organs
(about 15% of the total).

DHA showed a clear association with the PL fraction in all the organs and seasons. In general,
the proportion of 22:6n-3 in TG was relatively low, showing levels < 10% of the total fatty
acids, while typical levels of this fatty acid in PL were > 20%. A remarkable observation, and
an exception to the relatively low levels of 22:6n-3 in neutral lipids, was shown by the male
gonad TG (Table 2.6). The concentration of DHA in the triacylglycerols fraction of the mature
male gonad was 50% of the total fatty acids, while the phospholipids contained only 21.9%.

A series of consistent patterns of seasonal variation in the level of unsaturation expressed as
a "polyunsaturation index" (PUI= the summed products of PUFA weight percentages larger than
1 and number of double bonds) of digestive gland, female gonad, adductor muscle, mantle and
gills are illustrated in the Figs. 2.9, 2.10 and 2.11. Interestingly, although each organ had its
characteristic degree of PL polyunsaturation, all of them showed similar trends throughout the
seasons (Fig. 2.9). In all cases there was a moderate (female gonad and gills) to marked
(adductor muscle and mantle) increase of polyunsaturation from spring to summer, followed by

a significant decline in the fall, and another increase in winter.
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Figure 2.9. Temporal variation of the "polyunsaturation index" in phospholipid fatty acid in the
female gonad, adductor muscle, mantle and gills of the sea scallops P. magellanicus from

Georges Bank.
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Figure 2.10. Temporal variation of the "polyunsaturation index" in total lipid, triacylglycerol and
phospholipid fatty acids in the digestive gland of the sea scallops P. magellanicus from Georges

Bank.
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Minimun values in one lipid class in each organ corresponded to a maximum in the other lipid
class, and vice versa (Figs. 2.10 and 2.11). As a consequence of this complementary pattern of
variation, no net change could be observed in the PUI of the total lipids in independent samples

of scallop digestive glands (Fig. 2.10)

2.3.4. Temporal Variations of Fatty Acids

To detect possible variations in the quality of food supply to scallops in Georges Bank, the total
lipid fatty acid composition of the digestive gland and of its gut content were analyzed during the
course of a year (Table 2.8). For simplicity, only major fatty acids, or those that could be
indicators of certain algal groups were considered.

Five out of the eleven selected fatty acids of the scallop digestive gland showed significant
seasonal variations (p> 0.05). These fatty acids were 16:0, the group of C16 PUFA (mainly
16:4n-1), 18:0, 20:5n-3 and 22:6n-3. Palmitic acid (16:0) graduatly increased its concentration
in the digestive gland lipids from spring to winter. Although this increment was small, the
concentration of 16:0 in the spring samples was significantly lower (11.3%) than those of the rest
of the year (13.9% in winter). The group of C16 PUFA showed a different trend. These fatty
acids, considered as a whole, displayed a maximum during the spring (3.5%) and a minimum
during the fall (2.1%). Stearic acid (18:0) was another component showing a small but significant
seasonal variation in the digestive gland lipids. The variation of 18:0 was similar to that shown
by palmitic acid, consisting of a slight and gradual increment from spring (1.8%) to winter
(3.1%). The important long chain PUFA 20:5n-3 and 22:6n-3 exhibited much larger seasonal

changes.



Table 2.8. Temporal variation of major or important fatty acids in the

total lipids of the digestive gland (mean 4 SD) and gut contents (pooled samples)

of sea scallops from Georges Bank.

Spring Summer Fall Winter

+SD  GC +SD GC +SD  CG +SD  GC
™TD 39 05 3.0 37 10 36 3.0 04 31 33 01 1.4
14:0 28 02 04 29 02 42 33 04 29 34 02 32
16:0 11.3A 0.6 106 124 0.7 143 13.0a 05 12.7 139203 125
16:1n-7 63 0.7 54 6.7 1.7 6.0‘ 6.3 1.7 6.0 57 13 32
CI6PUFA3.5A 04 26 23 1.1 3.6 2.1a 03 22 24 07 1.0
18:0 1.8A 0.05 44 24aB 02 29 27a 03 27 3.1ab03 238
18:1n9 16 001 27 27 08 28 43 08 33 18 1.1 24
18:1n-7 41 0.1 38 49 04 36 44 09 41 46 07 3.0
18:4n-3 55 05 47 6.1 04 69 64 09 43 55 12 39
20:5n-3 30.8A 1.0 30.1 282 4.0 243 247a 14 252 237224 194
22:6n-3 83A 03 11.1 11.1 24 99 139a 1.5 100 155433 27.1

GC= gut contents. Aa and Bo are significantly different (p <0.05).
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EPA was relatively high in the spring and summer samples (30.8 and 28.2% respectively) and
its concentration gradually decreased during fall and winter (24.7 and 23.7% respectively). In
contrast, DHA presented a minimum concentration in the digestive gland lipids during the spring
(8.3%), and its level increased significantly in fall (13.9%) and winter (15.5%).

Table 2.8 also contains the fatty acid composition of the gut contents for the different seasons.
These quantities represent single determinations of three pooled samples. Thus, it was not
possible to use this information alone to demonstrate valid seasonal variation. Nevertheless, the
seasonal changes observed for EPA and DHA in the lipids of the digestive gland are accompanied
by identical trends in the fatty acids of their gut content. Another notable feature of the analysis
of the fatty acids in the gut content of scallops is the presence of TMTD at concentrations alme st

as high as those observed in the whole digestive gland (c.a. 3% of the total fatty acids).

2.4. DISCUSSION

2.4.1. Lipid Contents and Lipid Class Compositions in All Organs

The different organs of the sea scallops can be classified into three groups according to lipid
content, lipid class composition, and their temporal variations. One group is composed of the
adductor muscle, gills and mantle. These "lean organs" had a minimum lipid content, and they
showed very small, if any, seasonal variations (Table 2.2). The second group is represented by
the scallop digestive gland and the female gonad. In contrast with the other organs, the digestive
gland and female gonad had a very high lipid content ("high-fat organs") and marked seasonal
changes (Table 2.2). A third and special case is the male gonad, which is characterized by a

content of relatively little lipid material. Although it suffers dramatic anatomical changes through



54

the seasons, its total lipid content (as a proportion of its wet weight), remains virtually unchanged
(Table 2.2).

Most molluscs are eaten as whole soft parts. The scallops are usually treated difterently, and
in contrast with the lack of comprehensive studies on their biochemical composition, there are
extensive reports dealing with the proximate lipid composition of the edible portion, i.e. the
adductor muscle (Krzeczkowski et al. 1972, Bonnet et al. 1974; Krzynowek and Murphy 1987;
Torry Research Station 1989; King er al. 1990). The values of the lipid content in adductor
muscle of P, magellanicus reported here (0.65% of the wet weight in captive animals, and 0.78
to 1.1% for winter and summer wild animals from Georges Bank, respectively) are in agreement
with the existing literature. Other scallop species of commercial importance have also shown a
lipid level close to 1% of the wet weight. There are, however, a few reports showing very low
recovery of lipids from adductor muscles. For instance Sidwell ez al. (1973) found a mean value
of 0.21% (wet weight) in 19 replicates of the calico scallop (Argopecten gibbus), and 0.17% in
the same number of sea scallops. Levanidov and Zakharova (1968 [cited in Torry Research
Station 1989]) also reported values of the total lipid content as low as 0.3% in adductor muscle
of an unspecified Pacific scallop in East USSR. Maximum lipid contents in P. magellanicus ,
however, do not exceed 1%, and the maximum for a pectinid is 1.5% (reported for the pilgrim
scallop, Pecten jacobaeus) (Exler and Weihrauch 1977).

Extreme values of lipid contents in adductor muscles seem to be confined to the lower end of
the range and maximum values are never much higher than the typical 1% of the wet weight. An
earlier work on the seasonal changes of lipids and sterols of sea scallops from Georges Bank
(Idler et al. 1964), observed that the levels of lipids in the adductor muscle were depleted during
the winter. The differences observed were, however, so small that they cannot be considered as

a true depletion of lipid reserves (Gieese 1966). Therefore, the information presented here
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confirms the concept that the adductor muscle of this animals is not used for storing lipid
reserves,

The total lipid contents of mantle and gills (Tables 2.2 and 2.3) were also similar to those
expected for organs which do not participate in the formation of lipid reserves. Thus, total lipids
are almost exclusively made up of structural PL and sterols. There are very limited data on the
lipid content and composition of mantle and gills in molluscs (Joseph 1982; 1989). As in the case
of the adductor muscle, however, there is no chemical or histological observation supporting the
presence of lipid storage in these organs, Moreover, and again in contrast with the adductor
muscle, very low concentrations of glycogen reserves were also found in the gills and mantle of
P. magellanicus (Robinson et al. 1981}. In a study of the seasonal changes in the biochemical
composition of the black scallop Chlamys varia (Shafee 1981), large changes in lipid content of
the animals occurred in the reproductive tissues, and much smaller variations were found in the
"somatic tissues” (which included the lipid-rich digestive gland). The only information available
for comparison of the lipid content of mantle and gills in bivalves (Jarzebski et al. 1986, Tsuji
and Nishima 1988) confirms the low (< 1%) and steady lipid content reported here.

The male gonad presented the lipid profile already described for adductor muscle, gills and
mantle, (Table 2.2 and 2.3). PL and sterols of the mature male gonad also accounted for more
than 95% of the total lipid content (Table 2.3). Consequently, this gonad could be included in
the group of “lean organs". Despite the marked seasonality of gamete proliferation and
maturation, no pronounced changes in the gross lipid composition of this organ could be
observed. This may be explained if we consider that the proximate lipid composition of both
reproductive and non-reproductive cells of the male gonad do not have to be different.

The female gonad and the digestive gland (in both male and female scallops) exhibited a much

richer and more dynamic lipid profile. The main difference between the lipid composition of
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these two organs and the rest of the body is the presence of a large accumulation of reserves in
the form of TG. Changes in the quantity and in the quality of the lipids in these organs are
clearly related to the scallop feeding and reproductive cycles (Robinson ef al. 1981).

The major changes observed in the digestive gland are those related to the availability of food.
They are expressed as an increase in the total lipid content, and especially, but not exclusively,
in the proportion of the TG (Table 2.2 and Fig. 2.1). The digestive gland in scallops is the only
organ truly engaged in storing lipid reserves (Giese 1966), and high but variable proportions of
TG were observed in this organ all year round (Fig. 2.1). Although minimal levels of total lipids
were measured in winter animals, neutral lipids, mostly TG, still accounted for at least one half
of the total. The persistence of a substantial amount of lipid material during the winter is
consistent with the high primary production of Georges Bank (e.g. Riley 1982). Georges Bank
is vharacterized by high levels of photosynthetic primary production, not only during the typical
spring and fall algal blooms, but also during the summer months. The production during the
winter reaches a minimum, but its actual level is still above average values for other comparable
ecosystems (O’Reilly et al. 1987). Levels of primary production on Georges Bank varied
substantially from subarea to subarea, being particularly high in the shallowest sectors (O’Reilly
et al. 1987). Estimated annual primary production ranges between 455 and 310g C/m? between
the 60 and 100m isobaths. These areas of high productivity coincide approximately with the
location of the densest scallop populations (Bourne 1964).

The gonad of the female scallop is also characterized by a high and variable lipid content.
These changes are associated with the sexual maturation taking place during spring, summer and
early fall, and with the final release of the mature eggs in late fall (Robinson, er al. 1981) (Fig.
2.2). The lipid content of the female gonad remained high during spring and summer, reaching

a maximum during the prespawning period (late summer and early fall). The female gonad of
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postspawning animals exhibited a dramatic depletion of neutral lipids, and the total lipid content
(mostly structural phospholipids) remained close to the baseline of 1% of the wet weight (Fig.
2.2).

Comparable changes in the lipid content and TG accumulation of the female gonad of a number
of different scallop species (Ansell 1974; Pollero et al. 1979; Taylor and Venn 1979; Lubet et
al. 1987; Tsuji and Nishida 1988) have been documented. Although the timing of the major
fluctuations is geographic and species related, the association of these changes with the animal
sexual cycle is maintained.

The temale gonad, and both male and female digestive glands, exhibited interesting patterns
of seasonal lipid accumulation. Fig. 2.3 shows a typical correlation between the total lipid content
and TG in an organ (or a complete organism). This clearly expresses the importance of the
neutral lipid fraction in enhancing the total fat content of an animal. Similar correlations have
been illustrated between total lipid and wax ester reserves in calanoid copepods (Lee and Barnes
1975; Lee er al. 1971). Surprisingly, a positive and significant correlation has also been found
between the PL and the total lipid contents of the digestive gland in scallops (Fig. 2.4). That a
similar correlation was also found in female gonad lipids (Fig. 2.6) is less surprising, since the
eggs of many animals are known to store large amounts of PL as a preparation for the imminent
process of cell division (Teshima er al. 1988). However, accumulation of PL in somatic tissues,
such as liver or digestive organs, is not well documented.

Therefore, the role of the digestive gland in scallops seems to be extended to accumulate not
only neutral lipids as an energy storage, but also structural PL, which may be further exported
to the developing gonads. In agreement with these observations, a radiotracer experiment using

the scallop Chlamys hericia showed an initial incorporation of 14C-lipids into the digestive gland,
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followed by an increase of activity in the gonads and simultaneously by decreased activity in the
digestive gland (Vassallo 1973).

Sterols are necessary building blocks for the formation of new cell membranes during the
process of gamete proliferation and growth. Nevertheless, no significant accumulation of this lipid
class could be demonstrated in either digestive gland or female gonad of the sea scallops (Figs.
2.7 and 2.8). This is consistent with the fact that sterols are not used as energy reserves, and
because their concentration in cellular membranes is, on the average, one order of magnitude

smaller than that of PL. (Tables 2.2 and 2.3).

2.4.2. Anatomical Distribution and Temporal Variation of Fatty Acids.

Overlooking some marked variations according to lipid class, organ and seasons, the fatty acid
composition of the sea scallops reported here is similar to that shown in most marine bivalves
(Joseph 1982). Nevertheless, all the information available on fatty acids of P. magellanicus refers
exclusively to the adductor muscle (Gruger et al. 1964; Stanby and Hall 1967; Exler and
Weihrauch 1977). These early reports showed reasonable agreement with the fatty acid
composition of the major componenis described here. There are, however, some discrepancies
among these authors regarding the proportions of 16:0. Nevertheless, data in Tables 2.4 to 2.7,
and in a complete study on seasonal, regional and anatomical variation of the fatty acids of the
giant ezo scallop Patinopecten yessonensis in Japan (Hayashi and Yamada 1975), suggested that
most of the discrepancies are due to seasonal variations in the fatty acid composition of the
adductor muscle.

Most studies of the fatty acids of other scallop species are based on a single sampling during

the year. Thus, it was not always possible to discriminate between seasonal or species specific
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differences. Reports of the fatty acid composition of adductor muscle or whole animals in a
number of different scallop species, such as Aequipecten irradians, Aequipecten gibbus,
Patinopecten caurinus, P. magellanicus (Krezczkowsky et al. 1972) and Chlamys nipponensis
(Hayashi and Yamada 1973), suggest a strong homogeneity of the fatty acid composition in the
Order Pteroidea as suggested already by Joseph (1981). A special case was shown by the rock
scallop Hinnites multirugosus (Phleger et al. 1978), which contained only 1.3% of 16:0, high
proportions of both 16:1 and 20:1 (c.a. 15% ea.), and only trace levels of 22:6n-3. A more
detailed work on the adductor muscle, viscera and gonad lipids in P. yessonensis in Nemuro Bay,
Japan (Tsuji and Nishida 1988) also presented comparable results, although this scallop species
contained much higher proportions of EPA in the adductor muscle (c.a. 30% of the total). The
digestive gland of P. yessonensis exhibited some features not observed in P. magellanicus,
including rather low proportions of DHA (1 to 7.4%), and a marked difference between males

and females in the proportion of EPA.

2.4.3. Trimeihyltetradecanoic Acid

Some fatty acids were restricted to certain organs, showing in some cases a clear trend during
the year. The branched-chain fatty acid TMTD shows an extreme case of restricted anatomical
distribution. This isoprenoid fatty acid is a metabolic product of the degradation of phytol
(¢rans-3,7,11,15-tetramethylhexadec-2-en-1-o0l), the fatty alcohol side chain of chlorophylls
(Blumer et al. 1964). There are a number of studies on the trophic and geological fate of phytol
in aquatic environments (Ackman and Hooper 1968 and 1970; Prahl et al. 1984). The isoprenoid
alcohol is a considerable portion of the diet of all herbivorous animals (33% of the chlorophyll,

w/w); however large quantities of isoprenoids do not accumulated in molluscs (Ackman et al.
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1971). Therefore, these animals must have an enzymatic mechanism to transform or eliminate
them. Several different metabolites of phytol have been found in terrestrial and marine animals
(Hansen 1980, Prahl ef al. 1984) and in sediments (Brooks et al. 1978). The presence of TMTD
exclusively in the TG fraction of the digestive gland in sea scallops suggests that this fatty acid
is a byproduct of phytol subjected to a catabolic route. The concentration of TMTD in the
digestive gland of the sea scallop lipid reserves is at least two orders of magnitude larger than
in the lipids of the other organs. Thus, one can infer that this fatty acid is not transferred to the
maturing female gonad along with the bulk of the lipid material. Consequently, it is possible to
conclude that TMTD, and perhaps other isoprenoids present in scallops at smaller concentrations,
are ultimately used as energy supply via B-oxidation of fatty acids. Interestingly, TMTD was also
detected at relatively high levels in the gut content of scallops (Table 2.8). This is likely to
represent the product of extracellular hydrolysis of phytol, and its initial enzymatic
transformation, occurring in the digestive cavity.

Although TMTD is present at a considerable concentration in the lipids of the sea scallop
digestive gland (Tables 2.4 to 2.7), and is very likely to be part of other herbivorous bivalve
lipids, it is only rarely reported (Ackman et a/. 1971, Joseph 1989). In the case of P.
magellanicus, this is probably due, at least in part, to the fact that single lipid classes of
individual organs are not commonly examined, which results in the dilution of this fatty acid
which is barely present in other organs. In addition, due to the very short retention time of
TMTD under standard GLC conditions, it tends to overlap with 14:0 in the popular Carbowax
20M columns. TMTD was reported at high concentrations in the common periwinkle (Ackman
et al. 1971). In contrast to the sea scallop, the PL fatty acids in this gastropod contained about
one third of the total TMTD. An analysis of the phospholipids and TG fatty acids in the digestive

gland of the ocean quahaug (Arctica islandica) showed a concentration of TMTD higher in the
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PL than in the TG (Ackman er al. 1974b). Whole sea scallops off the coast of Nova Scotia
showed similar values of TMTD in the TG fraction of the digestive gland to those reported here
(Paradis and Ackman 1977).

The initial steps of the metabolic route in the degradation of phytol have been demonstrated
to occur in the vertebrate liver cells and liver homogenates, as well as in microbial communities
(Hansen 1980). Thus, the existence of TMTD in the gut cavity of the scallop digestive gland
could include the contribution of a microbial population inhabiting the animal digestive system,

and acting on phytol extracellularly once it is hydrolyzed from the molecule of chlorophyll.

2.4.4. Unsaturated Fatty Acids

The role of the digestive gland in motluscs is far from being fully established; this is reflected
in the large number of names used in the literature for this organ (van Weel 1974). Nevertheless,
there is experimental evidence showing hemolymphatic transport of preformed metabolites
(including both dietary lipids and lipids formed de novo) (Pollero and Heras 1989) from the
digestive gland to the developing gonads in molluscs (Vassallo 1973). The importance of the
digestive gland of the bay scallop Argopecten irradians in the transfer of nutrients during
vitellogenesis has been described as secondary, after the more important role of the adductor
muscle (Barber and Blake 1985). However, as the same workers stated, this is in contrast to other
marine bivalve species. Seasonal changes in the anatomical distribution of sowne fatty acids of
scallops reflect this connection between the digestive gland and the female gonad. For instance,
it is possible to observe clear similarities in the distribution of some major and important fatty
acids in the TG fraction of the digestive gland and the same lipid fraction of the female gonad

(Tables 2.4 to 2.7). In contrast to the special case already described for TMTD (which is
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excluded from the female gonad), the concentrations of some unsaturated fatty acids in the
digestive gland, such as 16:1n-7, 18:1n-7, 18:1n-9, 16:4n-1, 18:4n-3 and 22:61-3 seem fv be
positively related to their concentrations in TG of the female gonad.

The high concentration of C20 monounsaturated acids, especially 20:1n-11, in scallop gills is
a good example of differential anatomical distribution of fatty acids. In comparison with the other
lean organs (i.e. adductor muscle and mantle), gills have a much more delicate anatomical
structure. Several peculiarities of the lipid level of the gill membranes have been described in
marine invertebrates (Nevenzel et al. 1985). Although gills, like other densely ciliated structures,
are known to contain lipids with a relatively low degree of unsaturation (Morris et al. 1987), no
previous studies make special reference to the enrichment of 20:1 fatty acids.

Molluscs (Joseph 1982, Napolitano et al. 1989) and other invertebrate phyla (Joseph 1989),
contain moderate to high proportions of C20 and C22 non-methylene-interrupted fatty acids
(NMID). The significance of these uncommon fatty acids is not known, although their apparent
enrichment in the PL fractions of some animals has suggested a structural role (Paradis and
Ackman 1975). Both C20 and C22 NMID have been observed in all organs and lipid classes of
the sea scallops from Georges Bank and from other locations (Chapter 3). In comparison with
other members of the Class Bivalvia analyzed, the levels of NMID in this and other scallop

species were very low (e.g. Pollero et al. 1979, Napolitano et al. 1988b, Besnard et al. 1989).

2.4.5. Temporal Variations of Polyunsaturation

The seasonal variations of the PUI in scallops from Georges Banks showed very interesting
characteristics. It can be observed that the changes in polyunsaturation of the fatty acids of scallop

organs (Figs 2.9 to 2.11) are dictated by the concenfration of the two major components, i.e.
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EPA and DHA (Tables 2.4 to 2.8). Analogous and very reproducible variations in PUI of the
phospholipid fractions were observed in different organs of scallops. It is well known that the
fatty acid composition of phospholipids in both plant and poikilotherm animals changes with
ambient temperature (Jones and Prahl 1985, Cossins and Lee 1985; Connolly et al. 1985; Bell
et al. 1986; Carey and Hazel 1989), and also that the PL fatty acids in animals are, to a large
extent, independent of the fatty acids supplied by diet (e.g. Fraser ez al. 1989). The well known
negative correlation between low ambient temperature and the proper level of PL unsaturation
for maintaining membrane fluidity (Spector and Yorek 1985) is depicted by the high PUI in the
PL of the major scallop organs (Fig. 2.9). Maximum seawater temperatures in Georges Bank
during the fall (Walsh et al. 1987) are also consistent with the minimum values of the PUI
observed during this season (Fig. 2.9). The relatively low value of the PUI detected in the late
spring, and its rapid increase toward the summer, require, however, a different explanation
(highlighting the participation of other factors affecting the biochemical composition of the
animal). The period of rising water temperature coincides with the phase of gamete proliferation
and growth in this scallop population. At the biochemical level, this maturation process is
accompanied by the transport of lipid material from the digestive gland to the developing eggs
(Vassallo 1973), and it obviously results in an increased level of PUFA in the organ (Fig. 2.11).
As is shown in Fig. 2.11, an increment in polyunsaturation of PL, during the period of active
gamete proliferation, precedes the increase in the polyunsaturation of the TG fraction during the
period of egg growth. Changes in the proportion of the major phospholipids (i.e.
phosphatidylcholine and phosphatidylethanolamine) may also occur during sexual maturation, and
these changes in turn would affect the overall PL fatty acid composition.
The changes in the PUI of the digestive gland in scallops from Georges Bank represent the

combined processes of intensive feeding and sexual maturation (Fig. 2.10). The seasonal changes
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of the PUI of the digestive gland also demonstrate the importance of analyzing individual lipid
classes. While it is not possible to detect net changes in the level of polyunsaturation of the total
lipids in the digestive gland, the analyses of PL and TG separately showed (as in the case of the
female gonad) opposite and complementary trends. In contrast with the pattern of seasonal
variation of PL polyunsaturation found in most of the scallop organs (Fig. 2.11), the digestive
gland phospholipids exhibited a maximum during the fall and a sharp drop in winter. This pattern
of change is related to the periods of high (spring to fall) and relatively low (winter)
phytoplanktonic primary production on Georges Bank (Loder and Platt 1985). In comparison with
the other organs, the digestive gland in scallops has a relatively low intrinsic phospholipid
content. Therefore, the high PUI observed during the period of active feeding (spring to fall)
reflected the fatty acid composition of the polar lipid-rich marine phytoplankton. The more
dramatic change in the TG of the digestive gland (Fig. 2.10) is shown as a drop in the PUI from
summer to fall. This decline in the concentration of PUFA (mainly 20:5n-3 and 22:6n-3)
coincides in time with the well documented transport of TG reserves from the digestive gland to

the developing female gonad (Vassallo 1973, Robinson er al. 1981).

2.4.6. Temporal Variations of the Fatty Acids in the Digestive Gland

It is already known that the animal TG reflect the lipid composition of the diet through fatty
acid input (Sargent and Whittle 1981). One objective of my work was to detect significant
seasonal variations of the fatty acid compositions of scallop lipids, which could be related to the
ingestion of different food items (eg. diatoms, autotrophic flageliates or bacteria). Although most
of the different types of food available to filter feeders contain many of the same fatty acids, their
proportions vary substantially from one type of food to anott er. The abundant literature on the

fatty acid composition of marine diatoms, microflagellates and bacteria (Ackman et al. 1968;
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Chuecas and Rilev 1969; Holz 1981; Gillan et al. 1988; Claustre et al. 1989; Napolitano ez al.
1990y validates this approach by demonstrating that each group of food organisms has its
characteristic fatty acid profile.

Chang and co-workers (1989) have illustrated recently that the digestive gland of bivalve
moiluscs contains large lipid deposits. These lipid stores are not in the form of adipose tissue,
as is characteristic of vertebrates, but in the form of intracellular drops of oil contained in
specialized tubular cells. Fatty acids of the digestive gland, and of the gut contents of scallops
from Georges Bank, were analyzed separately to identify major changes in the quality of the food
suppiy during the seasons. It should be stressed that the total lipid fraction, rather than the TG,
was analyzed in this case (Table 2.8). The reason for doing so is that the bivalve digestive gland
incorporates a large number of food particles by the process of phagocytosis (Chang et al. 1989).
Therefore, it was suspected that intact phytoplanktonic cells (including their membrane PL) and
other food items would be found in this organ. Their PL fatty acids therefore, would contribute
substantially to the fatty acid characterization of the food.

Five out of eleven important fatty acids from the scallop digestive gland exhibited statistically
significant seasonal differences. Unfortunately, changes in only three of them could be interpreted
as at least partially due to differences in the type of ingested food. 1hese are the C16 PUFA
group, EPA, and DHA. A very suggestive, but small, increment in the concentration of 18:4n-3
in the digestive gland and gut contents of scallops was detected in the fall samples; it could be
related to the enrichment of autotrophic flagellates in the scallop diet at that time. The
poiyunsaturated fatty acid 18:4n-3 is a major component in dinoflagellates and prymnesiophytes
(Holz 1981; Volkman 1981; Napolitaro et al. 1988a). In temperate rerions, and on Georges Bank
in particular, microflagellates are mvolved in the production of a fall phytoplankton bloom. While

a number of diatoms species (e.g. Thalassiosira nordenskioldii and Chaetoceros spp.) form the
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bulk of the local phytoplanktonic biomass during most of the year, the dinoflagellate

Prorocentrum micans is the dominant type during the fall (Cura 1987). DHA (22:6n-3) is another
fatty acid characteristic of the last algal group. The results reported here demonstrated a marked
increment in the proportion of 22:6n-3 towards the winter (Table 2.8). High concentration of
22:6n-3 in the gut content of the same animals also strongly suggests a diet enriched with some
form of photosynthetic microflagellate species during this part of the year.

The trends in the variations of C16 PUFA and 20:5n-3 agree with changes of the dominant
algal groups of the phytoplankton on Georges Bank, inferred from variations in the concentration
of 22:6n-3 and 18:4n-3. EPA and C16 PUFA are very abundant in diatoms (e.g. Napolitano et
al. 1990; Parrish et al. 1990); they are less common in microflagellates. The maximum
concentrations of both C16 PUFA (mostly 16:4n-1) and 20:5n-3 occurred during spring, and a
minimum during the winter (Table 2.8). These observations certainly reflect the importance of
the seasonal algal bloom, when diatoms are known to be the dominant algal group (Cura 1987).

This association between total lipid fatty acids and algal types is still apparent, although to a
lesser extent, if we use the TG fatty acids of the digestive gland of instead the total lipids (Tables
2.4 to 2.7). The proposed effect of different planktonic algae on the lipid composition of the
scallop digestive gland is consistent with the results obtained during the analyses of samples of
gut contents (Table 2.8). The total lipid fatty acids in scallop gut contents, for key complements
such as 16:4p-1, EPA and DHA, showed a fatty acid profile and a pattern of change very similar

to that of ihe total lipids of the digestive gland (Table 2.8).

2.5. CONCLUSION
The sea scallop has been described as an opportunistic filter feeder bivalve (Shumway et al.

1987). Both field (Shumway ez al. 1987) and laboratory (Bradford and Grant 1989) work have
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indicated that P. magellanicus can feed efficiently on particles of varied sizes and composition.
If we assume that the fatty acids of the digestive gland and their gut content in scallops are
intimately related to the diet of the animal, then it is possible to draw two major conclusions
regarding the main sources of food for the scallop population in Georges Bank. The first
conclusion is concerned with the importance of bacteria in the buildup of the scallop diet. Fatty
acids typically very abundant in marine bacteria (i.e. short and medium chain branched fatty acids
and 18:1n-7), which have been successfully used to trace bacterial biomass in marine food webs
(Gillan and Johns 1986, Gillan et al. 1987, Sargent et al. 1987), are not especially important, nor
do they exhibit a particular trend during the year (Table 2.8). Conspicuous microbial activity has
been reported on Georges Bank; however the maximum bacterial biomass is known to be
produced in spring and summer, precisely when algal food in readily available (Hobbie et al.
1987) Secondly, my study clearly demonstrated that the main seasonal variations in the fatty
acids of the digestive gland and the gut content involved PUFA typically associated with major
algal groups (diatoms and flagellates). This information on fatty acids of the digestive organ
(Table 2.8), combined with the presence of large quantities of lipid reserves all year round (Fig.
2.1), clearly reflects a continuous supply of photosynthetically produced organic matter for the

scallop population in this exceptionally highly product’ve environment.




Chapter 3

LIPID COMPOSITION OF EGGS AND ADDUCTOR MUSCLES OF SEA SCALLOES

FROM DIFFERENT HABITATS

3.1. INTRODUCTION

Lipids in marine bivalves play nutritionally and physiologically important roles by providing
an efficient source of energy and essential fatty acids (e.g. Waldock and Holland 1984). The
metabolism and interorgan transport of lipids in bivalve molluscs thus becomes of major
importance in reproduction and larval development (Robinson et al. 1981). During these
processes, large quantities of lipid material are translocated from the lipid-rich digestive gland
to the developing fernale gonad (Vassallo 1973 and Chaj.er 2). Additionally, in pectinids, a
substantial part of the adductor muscle carbohydrate reserves is either respired directly or
transformed to TG molecules, and then transported into the developing eggs (Barber and Black
1985). When female gametogenesis is completed, rormal eggs are equipped with the quality and
quantity of lipid material that will allow them to initiate cell division. During the early
development, lipids will be the main source of energy; this is a common characteristic of all
planktonic larvae (Sargent 1976; Holland 1978).

Reproductive output in animals is the result of the balance between food availability and the

energy invested in growth and maintenance (Bayne 1983). Previous studies have indicated that

68



69

unfavourable food and temperature conditions associated with deep waters produce slow growth
and reduced fecundity in sea scallops P. magellanicus at Sunnyside, southeastern Newfoundland
(MacDonald and ™ hompson 1985a; 1985b). This species responds the same way in the Gulf of
Maine (Barber et al. 1988). The principal objective of this study was to detect physiological and
nutritional differences, at the biochemical level, between two populations of sea scallops living
at different depths. A secondary objective was to determine whether the low fecundity of these
scallops (MacDonald and Thompson 1985a) is associated with eggs poorly equipped with lipid
reserves. Additionally, the information on the lipid composition of sea scallops from southeastern
Newfoundland could be compared with a similar set of data from animals obtained frcm Georges
Bank. Information relating environmental factors to the organisms’ nutritional condition could be

of key importance among the criteria for site selection in the culture of marine species.

3.2. MATERIALS AND METHODS

Mature prespawning female sea scallops P. magellanicus were collected by SCUBA diving
operations from two sites at depths of 10 m and 31 m at Sunnyside (southeastern Newfoundland,
47°51°N, 53°55'W) during the fall of 1989. Adductor muscles were separated in the laboratory,
and eggs were obtained from the live animals by serotonin induction (Whyte et al. 1990a).

Total lipid extractions, lipid class separations, quantification, and the GLC of faity acids were
performed as described above (Chapter 2). Sterols were isolated by TLC, or by saponification
of the total vipid extract using a 0.5M KOH-methanol solution, followed by the recovery of the
nonsaponifiable fraction using diethyl ether (Christie 1982). Sterols were either directly subjected
to GLC for identification and quantification, or were previcusly transformed to their acetate

derivatives. Sterol acetates were obtained by dissolving up to 50 mg of scallop sterols in one ml

e
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of acetic anhydride and one ml of pyridine (Christic 1982). The mixture was left at room
temperature overnight, and the solvents were then evaporated in a warm bath under a gentle
stream of nitrogen.

Free sterols and their derivatives were both analyzed by GL.C on two different chromatographic
columns, and identified by GC/MS. Separations were carried cut with a Perkin Elmer Model 910
gas-liquid chromatograph, equipped with a DB-1 fused silica wall-coated open-tubular (capiliary)
column (J & W Chromatographic Instruments, Folsom, California), 60m in length and 0.25 mm
i.d.. The chromatographic conditions were: initial temperature 180° for 20 minutes, the
temperature increased to 320° at a rate of 5°/minute, held for 20 minutes. Helium was used as
the carrier gas at a flow rate of 2 mL/minute. Sterols were also analyzed on a Perkin Elmer
Model Sigma 3B chromatograph equipped with a SPB-1 capillary column (Supelco,
Pennsylvania), 15 m in length, 0.25 mm i.d., operated isothermally at 240%, and using helium
as a carrier gas at a flow rate of 3 mL/minute. Both chromatographs were equipped with FID
detectors and a Perkin Eimer LCI-100 efectronic integrator. Sterols were identified by their
retention times, and by their GC/MS spectra (Idler ef al. 1971), using an ITD system (Finigan
Mat) as described above (Chapter 2).

Each value in Tables 3.1 to 3.3 represents the mean of ten samples of adductor muscle or
approximately 500,000 eggs (duplicate samples from five animals). Results were treated

statistically by a one way analysis of variance as previously described (Chapter 2).

3.3. RESULTS
3.3.1. Lipid Contents and Lipid Class Compositions
The analyses of the total lipid contents and lipid class compositions of eggs and adductor

muscles of scallops from the two different populations at Sunnyside presented very similar values.



71
One exception was the sterol concentration in adductor muscle (Table 3.1). Total lipids in eggs
from animals living at 10 m and 31 m depths were 2.59% and 2.36% of the wet weight
respectively. This lipid concentration corresponded to about 19 ng of lipid per egy at both
locations. Total lipids in adductor muscle of animals collected at the two depths were also very
similar, accounting for 0.52% and 0.56% of the wet weight at 10 m and 31 m respectively. The
lipid material in scallop eggs consisted mainly of large quantities of TG and PL, with minor
proportions of sterols. The lipids in the adductor muscle contained, instead, mostly PL and
sterols, with very minor concentrations of TG (<1%). The lipid components of scallop eggs
from the two depths also showed no significant differences. TG levels at both depths were about
60% of the total egg lipids, while PL varied in a narrow range from 38.9% to 35.3% in shallow
and deep waters respectively.
Although the proportion of sterols in eggs was small (c.a. 0.5% of the total lipid), and identical
in animals from the different locations, much higher levels and large differences were found in
the adductor muscle. Sterols in the adductor muscle of scallops living in deeper waters (11.6%)

were about twice as high as in those living at 10 m.

3.3.2. Fatty Acids

A detailed analysis of the fatty acid composition of the total lipids, TG and PL in eggs, and
of the total fatty acid composition of the adductor muscles of scallops from Sunnyside (Tables
A.lto A4, APPENDIX A) showed a remarkable reproducibility from sample to sample. There
were only a few biologicailly and statistically significant differences (p<0.05) in some
components. A group of major and/or importarit fatty acids present in scallop eggs and adductor
muscles, which accounted for about 90% of the total, has been selected (Table 3.2) to assess

possible feeding and environmental differences batweon the iwo populations. The criteria for fatty



Table 3.1. Principal lipid components in eggs and adductor muscle of sea scallops P.
magellanicus collected from two different habitats at Sunnyside, Newfoundland

(uncorrected TLC-FID area % w.w of total lipids; n=10).

Eggs Adauctor muscle

I0m 3lm 10m 31m

Total lipids  2.59 2.36 0.52 0.56
Lipid content

per egg (ng) 19.00 19.21 -- -

PL 389 353 939 &7.8
TG 59.7 62.7 040 0.44
Sterols 0.57 0.56 5.8* 11.6*

(*) Significant differences (p <0.05); n= 5.



Table 3.2, Major and important fatty acids in the lipid classes of sea

scallops P. magellanicus living at 10 m and 31 m in Sunnyside.

— EGGS ADDUCTOR MUSCLE
10m 31m I0m 3lm
TL TG PL TL TG PL TL TL
16:0 18.87a 20.87 19.58d 20.7a 22.47 10.94d 18.74 19.21
16:1n-7  7.88 9.65 1.82d 8.18 10.07 1.03d 1.84 2.00
16:4n-1  0.51 0.55 0.46 0.54 047 0.65 0.41 0.38
18:0 3.04 2.29 7.83 298 2.35 6.03 5.74 5.22
18:In-9 2,612 3.52b 1.1l 3.06a 4.01b 1.96 1.09¢ 1.78¢c
18:In-7 925 11.35 3.12 10.82 12.45 3.12 5.41 5.66
18:2n-6 092z 1.14 0.36 1.14a 1.36 1.21 0.86¢ 1.07c
18:4n-3  5.71a 545b 7.37 7.03a 7.06 4.26b 1.89¢ 2.87¢c
20:4n-6  0.61 3.36 1.54 0.64 0.36 1.64 1.52 1.89
20:5n-3  27.21a 20.18 27.85 23.28a 18.90 31.16 22.20c  20.28c
22:6n-3  9.62 7.49  13.20d 875 5.75 21.85d 23.74 24.53

a, b. ¢ and d, denotes significant difference (p <0.05).
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acid selection was; a) They should represent a considerable proportion of the total (16:0, 16:1n-7,
18:1n-% and 18:1n-7), b) they should have very important metabolic or structural functions (18:2n-0,
20:4n-6, 20:5n-3 and 22:6n-3), ¢) they should be potential indicators of food source (16:4n-1,
18:4n-3), or d) any combination of the above.

The TG in eggs exhibited few differences in their fatty acids. The proportions of 18:1n-9 and 18:4n-3
in eggs from 31 m were slightly higher than in those from 10 m. Other fatty acid components in the
scallop eggs, including very important PUFA, did not differ between populations. PL fatty acids in
eggs, on the other hand, showed some important changes with depth. For instance, eggs from animals
collected from 31 m included a much higher proportion of 22:6n-3 (13.2% and 21.8% at 10 m and
31 m respectively), offset by considerably less 16:3 at 31 m.

The adductor muscle total lipid fatty acids presented some minor variations between the two groups
of scallops. Adductor muscle fatty acids from the 31 m samples showed a small increase of three C18
unsaturated components, i.e. 18:1n-9. 18:2n-6 and 18:4n-3, and a slight but significant decrease of

20:5n-3.

3.3.3. Sterol Compositions of Adductor Muscle

To investigate in more detail the presence of the large proportion o total sterols in the adductor
muscle of scallops living at 31 m (Table 3.1), the sterol compositions at the two locations were
investigated by GC/MS. Eight major constituents were identified by this technique in all samples of
adductor muscle examined (Fig. 3.1 and Table 3.3). The major sterol was 24-methylenecholesterol,
followed by cholesterol, brassicasterol and 28-isofucosterol (see Chapter 4 for sterol systematic

nomenclature). These major components



TOTAL STEROLS

1) 22-t-24-norcholesta~5,22~dien-3-f-ol
2)22-c-cholesta-5,22-diene~3- -0l
3)22-t-cholesta-5,22-diene~3-3-0l

4)
)
7)
8)
9)

Cholesterol
Brassicasterol
24-methylenecholesterol
@ -sitosterol
28~isofucosterol

7

o Mo

Fig. 3.1. GLC chromatogram of total sterols in the adductor muscle of sea

scallops P. magellanicus.



Table 3.3. Sterol components of the adductor muscle of sea scallops P.

magellanicus living at 10 m and 31 m at Sunnyside (w/w%).

76

—e=e-31 Memeee 10 m
1 2 1 2
22-trans-24-norcholesta-
5,22-dien-3-f-o0l 5.94 5.37 5.61 5.02
22-cis-cholesta-5,22-
dien-3-8-ol 5.06 4.56 6.07 4.81
22-trans-cholesta-5,22-
dien-3-§-ol 4,51 5.15 5.02 4.37
Cholesterol 19.49 18.64 18.34 17.69
Brassicasterol 17.52 17.62 17.10 17.08
24-Methylenecholesterol 28.11 27.73 21.13 22.81
B-sitosterol 6.70 6.48 7.43 7.50
28-Isofucosterol 12.91 9.16 12.16 13.41
Unidentified 3.75 5.25 7.10 7.25

1 and 2 represent two individual analyses of pooled samples.
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accounted for about 80% of the total, Other sterols typically present at a concentration of about 5%
of the total were 22-trans-24-norcholesta-5-22-dien-3-B-0l, 22-cis-24-cholesta-5-22-dien-3-8-ol,
22-trans-cholesta-5,22-dien-3-8-o0l and sitosterol. All sterols presented almost identical proportions
at the two depths, except for the major component, 24-methylenecholesterol. The concentration of
24-methylenecholesterol in lipid sterols of adductor muscles of animals living at 31 m was

significantly (p <0.05) higher (27.9%) than in those at 10 m (21.9%).

3.4. DISCUSSION

The lipid data shown in Tables 3.1 to 3.3 and the APPENDIX exhibited high reproducibility for
a remarkably large number of replicated samples. This time-consuming but necessary approach
demonstrated the existence of a marked species-specific composition of the lipids in P. magellanicus
(a characteristic of Pectinidae that was already pointed out in an earlier review [Joseph, 1982]). This
detailed study also allowed the detection of small variations in some components, which may be
caused by environmental factors, and which would not have been detected by a more conventional
and limited study of a few wild samples from one depth, or mixed from various depths.

In the study of the lipid content and lipid composition of the female gonad in scallops from
Georges Bank (Chapter 2), it was shown that, during the process of egg differentiation and
maturation, this organ suffers dramatic changes in its biochemical composition, especially in its TG
content. Moreover, the analysis of spawned female gonads during the winter (Chapter 2) showcd
a low lipid recovery (around 1% of the wet weight), indicating that the nonreproductive tissues of
this organ do not retain a considerable amount of lipid material. Therefore, the analyses of lipid in
scallop eggs may be considered comparable to the examination of the whole mature female gonad.

The total lipid content of bivalve eggs, and especially the TG content, has been regarded as a
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crucial factor in increasing larval survival and successful metamorphosis (Gallager and Mann 1986).
My study showed that both the total lipid content and the specialized TG reserves of the eggs
produced by scallops living at 10 m and 31 m deep are not significantly different (Table 3.1). The
lipid content per egg calculated here (Table 3.1) is in agreement with that reported for the scallop
P. yessonensis (Whyte 1987). These findings, in combination with the fact that eggs produced by
the two scallop populations are of approximately the same size (MacDonald and Thompson 1985a;
1985b), strongly suggests that they are equally equipped with lipid reserves, and that they would
be capable of similar survival and metamorrhosis performances.

The concentration of TG reserves found in scallop eggs from Sunnyside (approximately 60% of
the total lipids) was also very similar to that reported for mature female gonads in specimens {rom
Georges Bank (Chapter 2).

The total lipid recovery from the scallop adductor muscle (Table 3.1) was also low when
compared with both the mean levels measured in those from Georges Bank, and with normal values
reported in the literature (see references in Chapter 2).

The overall fatty acid composition of the scallop eggs and adductor muscle from Sunnyside (see
APPENDIX) is similar to that described in detail for specimens frem Georges Bank collected during
the same season (Chapter 2). Some differences between animals from these two environments,
however, have been detected. The TG fatty acids in eggs from Sumnyside, for instance, had
relatively high proportions of 16:1n-7, its elongation product 18:1n-7, and of 20:5n-3. The 16:1n-7
and 20:5n-3 are very likely to originate in diatoms (Ackman er al. 1968). Intercstingly, the
proportion of 22:6n-3 in this lipid fraction from female gonads from Georges Bank was three to four
times higher than in eggs from Sunnyside. Eggs and female gonad PL fatty acids exhibited a similar
fatty acid profile, with the important exception of a very considerable increase in the proportions

of 20:5n-3 in individuais from Sunnyside. Consistent with this differences in the fatty acids of
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scallop eggs between Sunnyside and Georges Bank, the adductor muscles from Sunnyside also
exhibited a relatively high concentration of 20:5n-3.

The major fatty acid components present in both eggs and adductor muscles (Table 3.2) can be
used to assess possible nutritional or physiological differences between scallops living in the two
different habitats at Sunnyside. The only detectable differences in the TG fatty acids of the eggs
were small but significant increases in the proportions of two important components, which in turn
are major fatty acids in phytoflagellate lipids, i.e. 18:1n-9 and 18:4n-3. The very similar
composition found in the scallop eggs can be interpreted as the existence of very minor differences
in the quality of food availabl- at different depths in the area under study.

The large difference in the proportion 0* 22:6n-3 between PL fatty acid in eggs from the different
depths (Table 3.3) could be of physiological relevance. Fatty acids in PL are known to vary very
little, and they are normally not directly affected by the fatty acid composition of the diet (Sargent
et al. 1987). Furtnermore, it has been demonstrated, both in field and in the [aboratory studies, that
the polyunsaturation level of these polar lipid fatty acids is inversely related to the ambient
temperature (Bell et al. 1986; Cossins and Lee 1985). The higher concentration of 22:6n-3 in
scallop eggs formed at greater depths and at the lower annual temperature profile reported by
MacDonald and Thompson (1985) are consistent with this kypothesis.

Sterols in scallops consist of a mixture of about 17 different components (Idler and Wiseman
1971a; 1971b). The origin of this complex mixture is a matter of controversy, but there exists some
evidence suggesting a dietary origin for at least some of these sterols (Chapter 4).

The differences in the sterol composition of the two scallop populations at Sunnyside may also
reflect differences in the quality of available food or they could be of a physiological nature. The
role of sterols in membranes is assumed to be exclusively architectural. Their principal function is

to restrict the mobility of the fatty acid chains of the lipid bilayer without promoting rigidity (Nes
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1974). Thus, the role of membrane sterols should increase in importance in cell membranes with
highly unsaturated lipids, where the polyunsaturated chains require more sterol molecules in order
to restrict mobiity and disorganization, In the scallop adductor muscle a much higher concentration
of ste: 91s was found in animals living at greater depths. However, the adductor muscle from animals

at 31 m did not exhibit the expected more extensive desaturation of the fatty acids.

3.5. CONCLUSION

Due to the uncertain origin of sterols in tissues of molluscs in general, and in pectinids in
particular, the relatively high concentration of 24-methylenecholesterol in scallops from 31 m is not
easy to explain. This sterol, 24-methylenecholesterol, is a major component in certain macroalgae,
and especially in several important species of marine ciiatoms. For example, 24-methylenecholesterol
is the major sterol in the common Atlantic marine diatom Skelefonema costatum (Yamaguchi et al.
1986). The analyses of TG fatty acids in the eggs (Table 3.3) suggested that there was not an
important difference in the quality of seston available to the scallops in the two different habitats
(in broad terms of major algal groups). Nevertheless, it has been reported that the sterol composition
of closely related algal species may be very different. This is especially true in the case of the
diatoms (Goad 1976, Morris and Culkin 1977). Therefore, one can speculate that the high
concentration of one particular sterol (in this case 24-methylenecholesterol) in a scallop population
may reflect a specific predator-prey relationship which was not detectable by studying fatty acids
of much more widespread occurrence.

In conclusion, the lipid composition of sea scallops from two different populations at Sunnyside
described here indicates that, despite their different growth and reproductive performance, there is

very little, if any, difference in the quality of food available to them. The significant changes in
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sterol content and in the PL fatty acid composition can be interpreted as biochemical adjustments

of the cellular membranes to compensate for the lower temperatures prevailing at greater depths.



Chanter 4

INCORPORATION OF ALGAL STEROLS RY THE SEA SCALLGP

4.1. INTRODUCTION

Sterols are ubiquitous lipid components of all eukaryotic organisms. In animal tissues sterols
are associated with a number of functions, one of the most important being their role as structural
components of cellular membranes (Nes 1974). Some marine animals such as crustaceans and fish
have a simple sterol composition; chotesterol is nearly always the dominant component (>95%
of the total) (Morris and Culkin 1977). In contrast, some invertebrates such as sponges,
echinoderms and molluses have 20 or more different sterols, and cholesterol is present, in many
cases, at relatively low concentrations (Goad 1976; Morris and Culkin 1977).

Despite the efforts of a number of studies, our knowledge of sterol metabolism in bivalves is
tragmentary (Teshima 1983). In part this is a consequence of considerable phylogenetic and
biochemical diversity, further complicated by erromeous or dubious sterol identifications
performed before the introduction of modern GC/MS.

In contrast to other molluscs, bivalves seem to incorporate radiolabeled sterol precursors at a
very low rate (Teshima 1983; Teshima and Kanazawa 1974). Moreover, information on the sterol
synthesis of the same and closely relatea bivalve species is contradictory. Walton and Pennock

(1972), for instance, claimed that Mytilus edulis cannot synthesize its own sterols and therefore
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depends on dietary sources. Consequently, the origin and the significance of the large number
of sterols in bivalves is a matter of controversy. Considering thay there are substantial variation
in the types of sterols exhibited by marine phytoplankton, including those species frequently used
as food in hatcheries, differences in the ability of molluscs to incorporate or synthesize sterols
may be iraportant in aquaculture,

It has been observed that the sterols present in bivalves have a very uniform anatomical
distribution (Gordon and Collins 1982; Jarzebski et al. 1986; Teshima et al. 1988; Piretti ef al.
1989). Such a distribution seems to be a common feature in bivalves, but it is not a common
arrangement of other lipid classes. It has been suggested that the distribution of sterols is
metabolically regulated and that its uniforr.ity is necessary for normal cellular function (Gordon
and Collins 1982). Alternatively, I propose that in some species such a uniform anatomical array
of sterols may arise as the consequence of direct incorporation of unmodified dietary sterols in
all tissues.

This study examines the pattern of anatomical distribution of sterols in the sea scallop P.
magellanicus, and investigates the relationship between the sterol composﬁion of scallops and of

their diets.

4.2. MATERIALS AND METHODS

Sea scallops used for the analysis of the anatomical distribution of sterols were collected on the
Canadian sector of Georges Bank and processed for biochemical analyses as described in Chapter
2. Adult male sea scallops used for the feeding experiments were collected by SCUBA divers on
the southern St. Pierre Bank, Newfoundland (NAFO subarea 3Ps) on May 7, 1989 2t 459 38.¢°
N, 550 48.8’, from a depth of 41m (courtesy of Dr. K.S. Naidu, DFO, Newfoundland), and

shipped live to Halifax, Nova Scotia. In the laboratory, three scallops of approximately 10 cm
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(shell width) were used for immediate complete analyses of sterol and other lipid classes,
corresponding to the "wild animals" or "T," group. The remaining scallops were acclimated in
filtered running seawater for a few days, and then subjected to an experimental diet. Scallops
were fed with an algal mixture cousisting of approximately equal amounts of Isochrysis galbana
(Parke) clone T-iso (Prymnesiophyceae), and Chaetoceros calcitrans Takano (Bacillariophycea)
(replaced in a few cases by Chaetoceros gracilis Schutt, depending on availability). Algal cultures
were obtained from the Biology Department of Dalhousie University. Cultures were developed
under the routine conditions for feeding bivalves described by Enright (1984) and Enright ez al.
(1986a). Microalgae were grown in the £/2 nutrient mixture of Guillard and Ryther (1962), under
a maximum irradiance of 300 uE m sec”! in the spectrum between 400 and 700 nm. Aeration
and CC, were supplied by gas cylinders. The pH of tne algal cultures was maintained between
7.9 and 8.4. Microalgal diets were offered to the experimental scallops at a final concentration
in the rearing tank of 100 cells / uL1. Experiments were carried out at the Aquatron Laboratory
of Dalhousie Uni. crsity, between June and August of 1989. The seawater temperature increased
from 59C to 109C dur.ng the experiment.

A first experimental sample consisting of three scallops was taken after a feeding period of one
month, and a second group of the same number of scallops was taken one month later. Due to
low incorporation of dietary sterols, results from the first and second month were analyzed
together statistically. Therefore, the total feeding time (T;) was considered as 1.5 months. At the
end of each feeding period, animals were dissected, and total lipid extracts were obtained from
the adductor muscle, digestive gland, gonad and gut content, following the procedure described
by Bligh and Dyer (1959). Lipid classes were analyzed by TLC-FID, and fatty acids were

analyzed by capillary GLC as described in Chapter 2. Sterols from the algae and scallops were

isolated from the total lipid extract, identified and quantified by GLC and GC/MS following the
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procedures as givea in Chapter 3.

LipiJs and sterol samples of adductor musele, digestive gland, gonad and gut vontent were
obtained and analyzed in triplicate for the wild scallops and in sextuplicaie for the experimental
animals, Data were treated statistically by a one way analysis of variance. As usual, prior to this
analysis, percentages were normalized through (arcsin %)% transformatior (Snedecor and

Cochran, 1980).

4.2.1. Systematic Nomenclature

Cholesterol = cholest-5-en-3-5;-0l; Brassicasterol = 24(S) 24-methylcholesta-5,22-diene-3-i}-0l;
24-methylenecholesterol = 24-methylenecholest-5-en-3-B-0l; sitosterol =
24-ethylcholest-5-en-3-B-o0l; fucosterol = 24-cthylidene-cholest-5-3-8-0l; 28-isofucosterol =
24-isoethylidene-cholest-5-en-3-f-ol.

Since GLC does not allow separation of sterol stereoisomers, the trivial names used in the text

are supported by the appropriate reference.

4.3. RESULTS
4.3.1. Anatomical Distributions and Temporal Variations of Sterols in
Sea Scallops from Georges Bank
A short (15m) capillary GLC column used in the this study provea to be adequate for routine
aualyses of complex mixtures of sterols, and especially suitable for rapid screening of a large
number of samples. For more detailed analyses or when the presence of geometrical isomers was
suspected, a longer chromatographic column (> 30 m) was required.

Fifteen to seventeen sterols were separated from the sea scallops by GLC on a long non-polar
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capillary column (DB-1, 60 m). Many sterols were present at very low concentrations, (<1%)
and therefore only the major sterols were identified. Eight out of seventeen sterols in the sea
scallops from Georges Bank accounted for about 95% of the total (Table A.5.). These major
components were, in decreasing order: 24-methylenecholesterol (20-29%), cholesterol (20-27%),
brassicasterol  (14-19%), 22-trans-cholesta-5-22-dien-3-8-01 (~10%), 2Z-trans-24-
norcholesta-5-22- dien-3--o0l (6-10%), 22-cis-cholesta-5-22-dien-3--0l (~ 5%) sitosterol (3-9%),
and 28-isofucosterol (4-8%).

These analyses revealed that the concentrations of individual sterols were not significantly
different in different organs and in the sexes. Pooled data on sterol concentrations in the organs
of Georges Bank scallops in May and July of 1988 and in January 1989 (Table A.5. and Fig. 4.1)
demonstrated that there were temporal changes in most of the major components. The
22-trans-24-norcholesta-5-22-dien-3-§-0l, fi-sitosterol, and the 28-isofucosterol, varied little or
insignificantly during the year Major sterols, on the other hand, showed significant changes and
clear trends from the spring to the winter. Relatively large temporal changes of the principal
sterols such as cholesterol and 24-methylenecholesterol occurred. These two major components
followed opposite trends during the period analyzed: 24-methylenecholesterol reached a maximum
level in May. Brassicasterol showed a clear trend consisting of a reduced concentration in May

and relatively high concentrations in July and January.
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Figure 4.1. Temporal variations of the major sterols in the sea scallop P. magellanicus from
Georges Bank. (1= 24-methylenecholesterol; 2= cholesterol; 3= brassicasterol; 4=
22-trans-cholesta-5-22-diene-3- 8-ol-; 5= 22-trans-24-norcholesta-5-22-diene-3--ol; 6=

B-sitosterol; 7= 28-isofucosterol)



Table 4.1. Sterol components (w/w%) of cultures of the marine

microalga C. caicitrans and 1. yalbena.

C. calcitrans 1. galbana

2%-trans-24-norcholesta-
5,22-dien-3-beta-ol 1.22 nd
22-¢cis-cholesta-5,22-
dien-3-beta-ol nd nd

22<trans-cholesta-5,22-

dien-3-beta-ol 1.88 nd
Choiesterol 41.42 0.67
Brassicasterol 2.26 93.58
24-Methylenecholesterol 6.54 0.40
Beta-sitosterol 40.73 2.63
28-Isofucosterol 4.42 1.58
Unknown 1 r 1.80
Unknown 21.72 nd
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4.3.2. Incorporation of Phytoplankton Sterols

The microalgae used in the feeding experiment contained a large number of sterols, but only
one or two components accounted for more than 80% of the total (Table 4.1). The diatom C.
calcitrans contained about ten different sterols; the major components were cholesterol and
B-sitosterol, each preseut at about 40% of the total. Brassicasterol was the majer sterol (93%
of the total) in 1. galbana, with very minor proportions of other components such as
R-sitosterol, fucosterol and cholesterol.

The lipid class compositions of selected organs of scallops were examined to obtain
information about possible physiological or nutritional changes occurring during the experiment
(Table 4.2). All animals exhibited "normal” lipid profiles before and after the feeding trials.
The digestive gland contained substantial accumulations of TG (59-85% of the total lipids),
while the adductor muscle and the male gonad showed the typical dominance of P1. (80-85%)
and sterols (10-18%), and very minor concentrations of TG (Chapter 2).

The incorporation of algal sterols into the digestive gland, adductor muscle and male gonad
is shown in Tables 4.3 t0 4.5. Major sterols found in the animals from St. Pierre Bank were
the same as those described from the Georges Bank popuiation (Table A.5.). The concentration
of each of the eight major sterols in the three organs examined showed a very narrow range
of variation in replicates, especially in the case of wild (Tj) animals (Tables 4.3 tw 4.5).

The proportions of all major sterols identified in the adductor muscle of wild scallops were

not significantly different (p >0.05) after 1.5 months of feeding on the algal diet (Table 4..0).
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Table 4.2. Lipid class composition (w/w%) of digestive gland, adductor
muscle and male gonad of the sea scallop P. magellanicus from

the wild (Ty), and after 1.5 months of feeding on a microalgal

diet (T}).
DG AMU T
! Ty T, Ty Ty Ty T,
Phospholipids 13.49 37.42 80.08 85.32 85.99 83.26
' Sterols 0.74 2.00 18.58 12.76 10.23 12.87
Triacylglycerols 85.95 59.16 0.64 0.86 1.25 3.51
Free fatty acids tr 1.77 tr  0.77 1.5 1.07
Hydrocarbons or
sterol esters tr tr tr tr tr tr

Abbreviations as in Table 2.2.
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Table 4.3. Sterol composition of the adductor muscle of sea scallops P. magellanicus (w/w %
mean + SD) from the wild (T, n=3), and after 1.5 months of feeding on a

microalgal diet (T}, n=6).

Ty T,

22-trans-24-norcholesta-

5,22-dien-3-beta-ol 8.18 + 0.67 7.09 + 1.75
22-cis-cholesta-5,22-

dien-3-beta-ol 7.06 + 0.25 5.89 + 1.57
22-trans-cholesta-5,22-

dien-3-beta-ol 10.77 + 0.30 9.64 + 0.20
Cholesterol 27.36 £ 0.52 27.80 + 2.44
Brassicasterol 16.36 + 0.70 17.65 + 1.88
24-Methylenecholesterol 16.20 + 0.39 16.03 + 1.88
Beta-sitosterol 4.87 + 0.69 5.26 + 1.59
~8-Isofucosterol 5.60 + 0.63 5.71 £ 0.62
Unknown 1 1.19 + 0.23 1.23 + 0.55
Unknown 2 2.51 + 0.28 2.68 + 0.76
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Although no significant changes could be demonstrated in the sterols of the scallop adductor
muscle during the course of the experiment, it is worth noting that the standard deviations
found at T; were higher than at T
In contrast to the adductor muscle, the proportions of most sterols in the digestive gland of
wild animals changed after the feeding trial (Table 4.4). The proportions of
22-cis-24-norcholesta-5-22-dien-3-8-0l, 22-trans-24-cholesta- 5-22-dien-3--ol and
22-cis-24-cholesta-5-22-dien-3-8-ol of wild scallops were significantly lower than in the
experimental group. The levels of cholesterol, brassicastervl and B-sitosterol increased
significantly in the scallops fed with the microalgal diet. Other sterols in the digestive gland
of scallops (i.e. 24-methylenecholesterol and 28-isofucosterol) did not show such variations.
The composition of sterols in the male gonads of scallops also changed after the feeding
experiment. These changes were similar to those observed in the digestive gland in both the
quantity and the kind of sterols involved (Table 4.5). In the gonad, cholesterol and
brassicasterol showed a marked increase from 21.1% and 13.0% to 27.0% and 17.4%
respectively. Accordingly, 24-methylenecholesterol decreased significantly from 20.7% to
15.7% in the gonad after feeding on microalgae. The proportions of other sterols remained
constant or showed a moderate decrease.

To monitor the incorporation of the microalgal dietary lipids into the scallop tissues during
the experiment, the fatty acid composition of the total lipids of the three organs was analyzed
at Ty and T, (Table 4.7). There was lii:le variation in the proportions of the major components
of fatty acids in the adductor muscle. The only sigaificant difference in this organ was a
decrease in the level of 20:5n-3 (from 22.7% to 18.8%). The male gonad and the digestive

gland presented variations in a larger number of fatty acids. I e gonad, these changes



Table 4.4. Sterol composition of the digestive gland (w/w%) in the sea scallop

P. magellanicus from the wild (T;;, n=3), and after two months

feeding on a microalgal diet (T} ,_¢).

Ty T,

22-trans-24-norcholesta-

5,22-dien-3-beta-ol 248 + 0.26 6.54 + 1.08 (p=0.004)"
22-cis-cholesta-5,22-

dien-3-beta-ol 5.58 + 0.12 4.60 + 0.66 (p=0.033)
22-trans-cholesta-5,22-

dien-3-beta-ol 10.41 + 0.17 8.28 4+ 1.21 (p=0.040)
Cholesterol 28.90 + 2.86 33.68 4+ 2.03 (p=0.092)
Brassicasterol 14.29 + 0.52 16.95 + 1.93 (p=0.044)
24-Methylenecholesterol 17.06 + 2.25 13.77 4+ 1.39
Beta-Sitosterol 4.60 + 0.83 6.21 + 1.19 (p=0.07)
28-Isofucosterol 474 + 0.45 4.30 + 0.73
Unknown 1 2.12 + 1.55 2.61 + 0.98
Unknown 2 4.34 + 0.54 4.56 + 1.66

(*) Significant differences.
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Table 4.5. Sterol composition of the male gonad (w/w%) in sea scallops

P. magellanicus from the wild (T, n=3) and after 1.5 months

of feeding on a microalgal diet (T, n=6).

Ty T

22-trans-24-norcholesta-

5,22-dien-3-beta-ol 10.02 + 0.44 8.37 + 1.12 (p=0.020)"
22-¢cis-cholesta-5,22-

dien-3-beta-ol 7.12 + 0.69 5.60 + 1.11 (p=0.046)
22-trans-cholesta-5,22-

dien-3-beta-ol 10.84 + 0.97 9.15 + 092
Cholesterol 21.08 + 1.63 26.98 + 3.73 (p=0.037)
Brassicasterol 13.02 4+ 0.74 17.44 + 2.33 (p=0.009)
24-Methyl 2necholesterol 20.76 + 0.79 15.74 + 1.65 (p=0.0046)
Beta-Sitosterol 4,99 4 1.66 497 + 1.44
28-Isofucosterol 5.61 + 1.20 5.78 + 1.55
Unknown 1 2.40 + 1.59 1.73 + 0.90
Unknown 2 3.92 + 1.51 2.41 4+ 0.65

RPN .
Significant differences.
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corresponded to an increase in 18:1n-9, 20:4n-6, and a drop in 20:5n-3. The digestive gland
showed changes similar to the male gonad, with the addition of a significant increase in
22:6n-3.

There were large differences in the fatty acid composition of the gut content when
comparing wild and laboratory-fed scallops (Table 4.7). The major fatty acids in the gut
contents of wild scallops were saturated and monounsaturated (14:0, 14.5%; 16:0, 22.9;
16:1n-7, 22.7% and 18:1n-7, 8.2%). Relatively low proportions of PUFA (18:4n-3, 2.7%;
20:4n-6, 0.16%; 20:5n-3, 5.5% and 22:6n-3, 1.5%) were found in the gut content of scallops
from the wild. In contrast, the gut content of experimental animals exhibited a relatively low
proportion of saturated and monounsat:rated fatty acids. This was compensated for by high
proportions of n-3-PUFA, such as 18:4n-3 (4.7%), 20:5n-3 (13.6%) and 22:6n-3 (9.6%). It
is important to stress that the gut content of these scallops, feeding on the microalgal diet,

contained a low but detectable level of the unusual fatty acid 18:5n-3 (0.35%) (Joseph 1977).



Table 4.6. Major fatty acias (weight %) of the adductor muscle,
male gonad and digestive gland of sea scallops P. magellanicus from

the wild (Tg), and after 1.5 months of feedi'ig on a microalgal

diet (Tl)
Adductor muscle Male gonad Digestive gland
To T To Ty Ty T,
TMTD . tr. tr. tr. 2.28 2.30
14:0 1.91 1.92 1.91 1.88 552 5.10
16:0 19.78 19.71 19.93 17.81 17.51  15.73

16:1n-7 1.80  2.09 3.83 4.8 17.52  15.88
18:0 575 533 503 4.69 258 293
18:1n-9 1.09 1.87 095 3.2 242 452
18:1n-7 521 535 465 541 627 731
18:2n-6 0.79 091 137 176 294 299
18:3n-3 0.04 0.28 032 050 0.79 1.02
18:4n-3 1.83 1.38 271 215 6.98  5.66%
18:5n-3 nd. nd. nd. nd. nd. nd.
20:4n-6 1.27 1.83 095 352¢ 031 0.76*
20:5n-3 22,72 18.80*  27.36 19.94 17.85 16.45
22:6n-3 27.50 28.76 18.71  20.88 630  9.61*

* Significant differences at p<0.05.
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Table 4.7. Major fatty acids (weight %) of the gut contents of
sea scallops from the wild (Tp), and after 1.5 months (T,)

of feeding on a microalgal diet (pooled samples).

Ty T,
TMTD tr. tr.
14:0 14.47 13.21
16:0 22.93 14.41
16:1n-7 22.78 17.91
18:0 2.61 1.84
18:1n-9 3.75 293
18:1n-7 8.21 3.45
18:2n-6 3.75 1.71
18:3n-3 0.66 1.15
18:4n-3 2.74 4.81
18:5n-3 nd. 0.35
20:4n-6 0.16 2.06
20:5n-3 5.55 13.66

22:6n-3 1.53 9.04




4.4. DISCUSSION

4.4.1, Anatomical Distribution of Sterols

In an early and comprehensive stady of the sterols in P. magellanicus, Idler and co-workers
recognized the existence of a large number of components, identifying 17 different sterols
(Idler and Wiseman 1971; 1971b, Patterson et al. 1975). Some of these were of novel
chemical structure (Idler et al. 1970; Idler and Wiseman 1971). The major sterols in sea
scallops from Georges Bank and St. Pierre Bank, as well as those from Sunnyside (Chapter
3), were similar to those reported earlier. The homogeneous anatomical distribution of sterols
in scallops shown here was not surprising since a number of reports on other anisomyarian
bivalves have exhibited similar results. Studies on the anatomical distribution of sterols in
Crassostrea gigas (Gordon and Collins 1982), Macoma balthica (Jarzebski et al 1936), Macira
chinensis (Teshima et al. 1988) and Scapharca inaequivalvis (Piretti et al. 1989) have found
insignificant variation between organs from the same specimen.

As in other animals, non-sterol lipids (e.g. TG, PL, fatty acids and hydrocarbons) in scallops
and other bivalve species, do not show homogeneous anatomical distributions. Different organs
normally have a lipid composition that reflects to a large extent their function and the special
processes in which each organ or tissue is involved. Therefore, the even anatomical
distribution of sterols in bivalves and possibly in other invertebrates, requires an explanation.
The fact that no differences in the sterol composition were found in male and female scallops
(A.5.) was expected; it is believed to be another manifestation of the same homogeneous
anatomical distribution of sterols in bivalves.

Despite the fixed sterol composition of the different organs of the sea scallops at a given
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time, it was possible to observe changes during the year (Table A.S., Fig. 1). Sterols of three
wild scallop samples collected on Georges Bank in May, July and January showed signiticant
temporal variation. The results presented here (Fig. 4.1) differ in a number of points from
those observed in a detailed study of the seasonal variation of sterols in sea scallops from
Georges Bank by Idler and co-workers (1964). The variations reported By Idler (1964)
appeared to be greater; however, both studies showed that changes in ch desterol were opposed
by changes in 24-methylenecholesterol. A satisfactory explanation of these temporal variations
is not possibie until more is known about the origin of sterols in this bivalve, including the
relative importance of de novo syathesis, bioconversion, and the etfects of the diet.

The fact that scallops and other bivalves have an even anatomical distribution of sterols,
combined with the finding that such a composition changes over time, opens a new question
of how these changes arise in the animal as a whole. It has been suggested that the uniform
anatomicai distribution of sterols is a requirement in bivalves (Gordon and Collins 1982; Piretti
et al. 1989). If this is cor