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Different species of live algal cultures varying broadly in essential fatty acid 

content - eicosapmtaenoic acid (EPA; 2Q5n3), docosahexaenoic acid (DHA; 22:6n-3), 

and arachidonic acid (ARA; 2Q4n-6) - were usai in exploratory experiments to evaiuate 

the impact of dietary lipid quality on broodstoçk conditioning and larval culture of the sea 

scallop (Placopecten magellanicus). Egg biochemicai composition was relatively stable 

when diets were fed to animals in a partially conditioned state, but varied more for wild 

eggs compared to labconditioned animais. When diet treatments were initiated earlier in 

a second experiment, differences among the fatty acid composition of gonad samples 

were more apparent. 

In larval feeding trials, fatty acids in neutral lipids, and to lesser extent 

phospholipids, of lame refiected the composition of the algae they were fed. Cm and C, 

PUFA were preferentially açcumulated, particularly DHA which plays a specific 

structural role in Pectinids. Growth results suggest increasing dietary ARA, or possibly 

2 2 5 6 .  

Last, variability in lipid quality was examined in aging batch cultures of a strain 

of Pavlova sp. (CCMP459). Lipid, mainly TAG, as a proportion of dry weight, more 

than doubled over the experimental period. As cultures aged, the (n-3)/(n-6) series fatty 

acid ratio was reduced. By controlling algal harvest strategies or culture conditions, the 

biachemical composition of algae may be optimized to best meet the nutritional needs of 

a particular bivalve species or developmental stage. 



Special thanks go to my supervisor Dr. Ray Thompson for his help in initiating 

this thesis, for his financiai support, encouragement, and shared knowledge. 1 would also 

like to thank the students at the Ocean Sciences Centre and Biology Department who 

provided an opportunity for me to learn things outside the scope of this thesis - especially 

Tony Manning, Jonathon Hall, and Louise Copeman. 1 am especiaily grateful to Dr. 

Suzanne Budge who endured many technical questions on analytical chemistry and ran 

mas spectrometry samples for me. Thanks also to Jeanette Wells for nutrient analyses. 

Both she and Betty Hatfield provided endless technicai advice and assistance. Dr. Chris 

Pamsh paiiently weaned me on lipid chemistry and provided invaluable help in 

deciphering my results. Dr. Pat Dabinett, Dr. Jay Parsons, and Cyr Couturier made 

themselves available whenever 1 had questions about shellfish aquaculture. Gary 

Wikfors of NOAA's Milford Lab provided algae cultures as well as advice and 

encouragement on my preliminary results. Lastly, 1 am grateful to Rob Ghson,  Martin 

Cealy, and Dr, Joe Grochowski for introducing me to the joys and pains of gmwing 

shellfish and, most of all, to my family for their enduring support. This thesis is 

dedicated to Maya Crosby. 



TABLE OF CONTENTS 

Acknowledgements iii 

List of Tables 

List of Figures 

List of Appendices 

List of Abbreviations 

Chapter 1 - Introduction and overview 
1.1 The sea scallop as a candidate species for aquaculture 
1.2 General biology 
1.3 Hatchery production as a consiraint on mariculture development 
1.4 Links to bivalve nuitition 
1.5 Evolution of bivalve nutritional studies 
1.6 Role of phymplankton in bivalve nutrition 
1.7 Nutrition overview - the c m n t  perspective 

1.7.1 Protein 
1.7.2 Carbohydrate 
1.7.3 Lipid 

1.8 Lipid and fany acid structure 
1.8.1 Lipid classes 
1.8.2 Fatty acid methyl esters (FAME) 

1.9 Lipid and fatty acid metabolism 
1.9.1 Fatty acid degradahon 
1.9.2 Fatty acid synthesis and essential fatty acids 

1.10 Controversy over the importance of "essential fatty acids" 
1.1 1 Experimental approaches 
1.12 Objectives 

xvi 



Chapter 2 - Broodstock conditioning of Pkopecten r~gellanicus - ETfects of dietary 
lipid quality on egg biochemical composition 

2.1 Introduction 
2.2 Methods 

2.2.1 Algal culture 
2.2.2 Broodstock conditioning expenment #1 

2.2.2.1 Expenmentai design 
2.2.2.2 Hatch rates 
2.2.2.3 Tissue dissection and analyses 

2.2.3 Biochemical analyses 
2.2.3.1 Algae 
2.2.3.2 Eggs 
2.23.3 Lipid analyses 

2.2.4 Statistical analyses 
2.2.5 Broodstock conditioning expenment R2 

2.3 Results 
2.3.1 Diet composition 

2.3.1.1 Gros composition and lipid content 
2.3.1.2 Lipid classes 
2.3.1.3 Fatty acids 

2.3.2 Broodsak conditioning experiment #l 
2.3.2.1 Hatch rates, egg size and weight 
2.3.2.2 Lipid classes 
2.3.2.3 Egg fatty acids 
23.2.4 Treatment differences 
2.3.2.5 Neutrai and polar lipid FAMEs 
2.3.2.6 Adductor muscle tissue 
2.3.2.7 Digestive gland 

2.33 Bmdstack conditioning experiment #2 
2.3.3.1 Gonad lipids 
2.33.2 Faity acids from neutmi and polar lipids and 

cornparisons with healthy eggs 
2.4 Discussion 

2.4.1 Broodstock conditioning experiment #l 
24.1.1 Statnlily d e g g  quality 
24.1.2 Partial diet effets on egg composition 



2.4.1.3 Tissue analyses 70 
2.4.2 Btoodstock conditionhg expriment #2 - dietary effects 

on gonad composition 7 1 
2.4.3 Summary of expenments di1 and #2 74 
2.4.4 Broodstock diets 75 

2.5 Conclusions 77 

Chapter 3 - Effect of dieiary lipid quality on Pkopecfen mugelhicus l a d  growth and 
bioçhemical composition 

3.1 Introduction 79 
3.2 Methods 81 

3.2.1 Algd d t w e  81 
3.2.2 Larval culture 8 1 
3.23 Experimental design 82 
3.2.4 Bioc hernical analyses 83 

3.2.4.1 Sampling of algae 83 
3.2.4.2 Sampling of lmae 83 
3.2.4.3 Lipid and FAME analyses 84 
3.2.4.4 ûther analyses 84 

3.2.5 Statistid analyses 85 
3.3 Results 86 

3.3.1 Algal biochemical composition 86 
3.3.1.1 Gross cmpit ion 86 
3.3.1.3 Lipid and lipid class composition 86 
3.3.13 Fatty acids 86 

3.3.2 Settling and ceil size 92 
3.33 Larval growth and morîaiity 92 
3.3.4 Larval biochemid composition 92 

3.3.4.1 Total lipid and lipid class composition 92 
3.3.4.2 Faw acid cmpition- changes with development % 
3.3.4.3 Effect of diet on faüy acid composition 97 
3.3.4.4 Fatty acids in neutral versus polar lipids 97 

3.3.5 Fatty acids assaiated witfi growth performance 107 
3.4 Discussion 112 

3.4.1 Algal diets 112 



3.4.2 Changes in fatty acid composition of lame with 
development 1 14 

3.43 Diet effects on laryal Catty acid composition 115 
3.4.4 Dietary li pid quality and laml performance 117 

3.4.4.1 WFA 119 
3.4.4.2 EPA and DHA 120 
3.4.4.3 (na) series fatty acids as an esscntial nutrient 

requiremen t 123 
3.4.5 Other nutritional factors 125 

3.5 Conclusions 127 

Chapter 4 - Lipid class and fatty acid composition of Pavlova sp. (simin CCMP459): 
changes with growth phase in batch cultures 

4.1 Introduction 
4.2 Methods 

4.2.1 Algal culture 
4.2.2 Harvest ;uid sampling 
4.2.3 Lipid extraction 
4.2.4 Total lipid and lipid class quantification 
4.2.5 Fractionation of Lipid extract 
4.2.6 Fatty acid methyl ester (FAME) derivatization 
4.2.7 FAME analysis by GC-RD 
4.2.8 GC-MS analysis of selected FAMEs 
4.2.9 Nutrient analyses 
4.2.10 Statistical analyses 

4.3 Results 
4.3.1 Growth rate and batch culture conditions 
4.3.2 Variation in pmximate biochemical composition, 

dry weight, and ceIl size 
4.3.3 Variation in lipid class composition 
4.3.4 Characteristic fa#y acid profile 
4.3.5 Confirmation of 2Q4n-6 and 225n-6 with GC-MS 
4.3.6 Variation in faüy acid composition with culture age 

4.3.6.1 FAME composition changes - relative percent 
4.3.6.2 FAME composition changes - ce11 content 
4.3.6.3 FAME composition changes - weight-specific 

vii 



4.3.7 FAME composition of neutrai and polar lipids 160 
4.4 Discussion 160 

4.4.1 Growth rate and culture variables 160 
4.4.2 Variability in ce11 size and dry weight 163 
4.43 Ronimate biochemical composition and changes 

with growth phase 164 
4.4.3.1 Cornparison with other species 164 
4.4.3.2 Changes with culture age 165 

4.4.4 Species specific fatty acid profile 166 
4.4.4.1 Total faity aici& 166 
4.4.4.2 Fatty acid profile 166 
4.4.4.3 Fatty acid hasis for nutritional value of CCMP459 167 

4.4.5 Changes in fatiy acid compasition with culture age 168 
4.4.5.1 Relati~iship to lipid class composition 168 
4.4.5.2 General mechanisms affecting faîty acid trends 

-cornpansons with other algae 169 
4.4.5.3 Within-class differences in fatty acid composition 171 

4.4.6 Optimum harves t strafegies 173 
4.4.6.1 Maxirnizing PUFA 173 
4.4.6.2 (n-6)l(n-3) series ratio 174 
4.4.6.3 h a m a t e  biochemical composition 175 
4.4.6.4 CCMP459 as a food for bivalves - summary ln 

4.5 Conclusions 178 

Chapter 5 - Summary 
5.1 Review of findings 
5.2 Significance of findiiigs 
5.3 hb lems  and funire reseatch 

References 

Appendices 

viii 



LIST OF TABLES 

Table 1.1 

Table 1.2 

Table 2.1 

Table 2.2 

Table 2.3 

Table 2.4 

Table 2.5 

Table 2.6 

Table 2.7 

Glossary of fatty acid nomenclature. 12 

Survey of selecteû studies on bivalve nutrition demonsirating wide 
ranging results depending on species. algal treatments, life bistory stage, 
and exprimental apprciipch. 18 

Grm (proximate) biochemical composition of the diets expressed as 
carbon and nitrogen conknt, C:N ratio, cell dry and organic weight, and 
percent lipid (mean i standard deviation, n=5). 

Total lipid and lipid dass composition (>1%) of braodstock diets as 
pglcell (top) and as a relative propohon of total lipid (bottom) (mean i 
standard deviation, n=5). 36 

Relative fatty acid composition (wt % of total FA) of broodstock diets 
(mean k standard deviabon, n=5). 38 

Total lipids and lipid classes of Pkrcopec1en niagellanicus eggs from 
adults conditioned on four diet tmtments and in the wild (expriment 
#l) as expressed as egg content (pgiegg) and percent of total lipid (mean 
i standard deviation). 40 

Variation in proportions of selected (M.296) faîty acids (as a wt % of 
total FA) in eggs of Pkopecfen mge lh icus  fed four different diets 
(expriment #l) (mean î standard deviation, replicates, n, as indicateû). 43 

Relative fatty acid composition (wt % of iotal FA) of neutrai and polar 
lipid in selected egg samples (mean I standard deviation, n=8). 

Total lipids and lipid classes in adducior muscle of Phcopecten 
nurgellanicus fed four different diets (experiment XI). Data expressed 
as mglg dry weight (top) and as a percent of total lipid (bottom) (mean 
standard deviation, n3).  50 



Table 2.8 

Table 2.9 

Table 2.10 

Table 2.11 

Table 2.12 

Table 2.13 

Table 3.1 

Table 3.2 

Mean relative fatty acid composition (wt % of total FA) of total lipids in 
adductor muscles of Pkopecten magellanicus fed four different diets 
(experiment # 1) (mean * standard deviation). Major fatty acids (>2%) 
appear in bold. 51 

Total lipids and lipid classes in digestive glands of Placopecten 
mugellanicus fed four different diets (experiment #l) expressed as mg/g 
dry weight (top) and as a percent of total lipid (bottom) (mean * 
standard deviation, n=3). 53 

Variation in relative fatty acid composition (wt % of total FA) of neutral 
lipids of digestive glands of Placopecten magellanicus fed four different 
die& (expriment #l) (mean * standard deviation, n=3). 

Variation in total lipid and lipid class composition in go& of 
Pkcopecten mugellunicus fed three different diets (experiment Ai2) 
expressed as a prcentage of gonad wet weight (top) and percent of toial 
lipid (bottom) (mean î siandard deviation). 56 

Variation in relative fatfy acid composition (wt % of total FA) of neutral 
lipids extracted from gonads of Pkcopecten magellanicrrs fed three 
different diets (expriment #2) (mean I standard deviation). 59 

Variation in relative fatty acid composition (wt % of total FA) of polar 
lipids in gonads of Placopecten magellunicus fed three different diets 
(experiment #2) (mean I standard deviation). 

Gmwth rate of Placopecten magellanicus larvae and cumulative 
momlity over the feeding trial period &y 9 to 18 (mean standard 
deviation, n=3). Diet treatment, essential fatty acid summary, and s h n  
designation at left. a7 

Diet pmximate bioçhemical composition: Carbon and nitmgen content, 
C:N ratio. ceil dry and organic weight, and percent lipid (mean * 
standard deviation, n=4). 88 



Table 3.3 

Table 3.4 

Table 3.5 

Table 3.6 

Table 3.7 

Table 3.8 

Table 4.1 

Table 4.2a 

Total li pid and Iipid class composition of al@ diets as pslcell (top) and 
as a relative proportion of ioiai lipids (bottom) (mean & standard 
deviation, n d ) .  89 

Relative faUy acid composition (wt % of total FA) of algal diets (mean 
* standard deviaiion, n=4. 91 

Total lipid and lipid class composition in Placopecten magelhicus 
eggs, &y 2, and day 9 larvae prior to the start of the feeding trial with 
four aigai species and in &y 18 lame at the end of the trial. Data 
expressed as: pgllarvae (top) and as a relative proportion of total lipid 
(bottom) (mean k standard deviation, n=3). 94 

Total lipids: relative composition (wt 46 of total FA) of major fatty acids 
in Placopecfen rnugellunicus eggs, day 2, and &y 9 larvae prior to the 
start of the feeding trial with four algal species and of day 18 larvae at 
the end of the trial (mean I standard deviation, n=3). 95 

Neutra1 lipids: relative composition (wt % of total FA) of major fatty 
acids in Pùzcopcten magellunicus eggs, &y 2, and &y 9 larvae pnor to 
the start of the feeding trial with four algal species and in &y 18 larvae 
at the end of the trial (mean I standard deviation, n=3). 98 

Polar lipids: relative composition (wt % of toial FA) of selected fatty 
acids in Placopecien niagellanicm eggs, day 2, and &y 9 larvae prior to 
the start of the feeding trial wiih four dgal species and in &y 18 l ame 
at the end of the üial (mean i standard deviation, n=3). 99 

Nuirient &ta for Pavlova sp. batch cultures over time (mean * standard 
deviation, n=3). 

Cell size, toial lipid content, and cellular composition of major lipid 
classes of Pmbvu sp. deterrnined by TLC-FID (mean standard 
deviation, n=3). 



Table 4.2b CeIl dry weight, weight-spedic total lipid, and percent composition of 
major lipid classes of PmilUva sp. determinai by TLC-FID (mean î 
standad deviation, n=3). 144 

Table 4.3 Roximate biochemical composition of Pavlova sp. as content of carbon 
and Ritmgen (pglcell and percent dry weight) determined by CHN 
analysis (mean astandard deviation, n=4). 145 

Table 4.4 Variation in the relative fatty acid composition (wt % of total FA) of 
Pavlova sp. with culture age (mean I standard deviation, n=3; tr = trace, 
4.1% of total fatty acids).* 

Table 4.5 Variation in cell content of fatty acids (pgicell) in Pavlova sp. with 
culture age (mean * standard deviation, n=3; tr = trace, <O. 1% of total 
fatty acids). * 

Table 4.6 Variation in weight-specific fatty acid composition (pg/pg dry weight) 
of Pavlova sp. with culture age (mean I standard deviation, n=3; tr = 
trace, 4 .1% of total fatty acids). 1 54 

Table 4.7 Variation in relative fatty acid composition (wt % of total FA) in five 
diflerent cultures of Pavlova sp. (tr = trace, 4.1% of tolal fatty acids). 155 

Table 4.8 Mean relative fatty acid composition (wt % of total FA) of neuEral vs. 
polar lipids in cultures of Pavlova sp. (mean î standard deviation, n=6). 161 

xii 



LIST FIGURES 

Figure 1.1 

Figure 1.2 

Figure 2.1 

Figure 2.2 

Figure 2.3 

Figure 2.4 

Figure 2.5 

Figure 2.6 

Figure 2.7 

Representative structures of common marine lipid classes. Adapted 
from Budge (1999). 11 

Major elongaiion and desaturation pathways of: a) linolenic (1&3n-3) 
and b) linoleic (Uk2n-6) to long chah PUFAs. 14 

Fatty acid composition (pg/T-Iso cell standardized by dry weight) of 
algae diet treatments in broodstoçk wnditioning experiment #l. Error 
bars are +standard deviations. 

Variation in the relative fatty acid composition (wt % of totai FA) of 
egg lipids h m  labconditioned Placopecten mugelhnicus fed four 
different diers and field-conditioned scallops (experiment Rl ) .  Error bars 
are +standard deviations. 47 

Variation in the relative fatty acid composition (wt % of total FA) of 
neutral lipids in digestive gland tissue of Plocopecten rnagellanicus fed 
four different dieu (experiment #l). Error bars are +standard deviations. 48 

Variation in the relative fatty acid composition (wt 46 of total FA) of 
neutral lipids in gonad samples from Plucopecten mageilanicus fed 
three different diets (experiment a). Enor bars are + standard 
deviations. 

Variation in the relative fatty acid composition (wt 46 of total FA) of 
polar lipids in gonad samples from Placopecten magelianicus fed three 
different diets (expriment Kt). Error bars are + standard deviations. 62 

Fatiy acid groupings for neutral lipids from experiment #2 gonad 
samples. Error bars are + standard deviations. 63 

Fatty acid groupings for polar lipids from experiment #2 gonad samples. 
h o r  barS are + standad deviations. 



Figure 2.8 

Figure 3.1 

Figure 3.2 

Figure 3.3 

Figure 3.4 

Figure 3.5 

Figure 3.6 

Figure 3.7 

Figure 4.1 

Faîty acid ratios for a) neurnl lipids and b) polar lipids from expenment 
#2 gonad samples. EmJr bars are + standard deviations. 65 

Lmal growth over the treatment penod in response to différent algal 
diets. Error bars are I standard emm. 93 

Proportions of selected fatty acids of the diet treatments (a) cornpared to 
neutrai lipids (b) and polar lipids (c) of day 18 Placopecten 
mugellanicus lawae. E m  bars are +standard deviations. 101 

Proportions of important fatty acid groupings and ratios of the diet 
treatments (a) compared to neutrd lipids (b) and polar lipids (c) of &y 
18 Placopecten magellanieus larvae. Error bars are +standard 
deviations. 

Proportions of essential fatty acids and total fatty acid concentration of 
the diet treatments (a) compared to neutrai lipids (b) and polar lipids (c) 
of day 18 Plocopecten magellanicus larvae. 105 

PCA results for selected major dietary fatty acids (as FA pgkell) and 
larval growth rates. Factor1 axis explains 50.1% of the total variance 
and factor 2 axis explains 37.4%. 109 

PCA results for diet fatty acid groups and larval growth rates. Factor 1 
axis explains 51.4% of the total variance and factor 2 axis explains 
38.4%. 110 

Relationship between final TAG concentration and final larval size (&y 
18 Pkopecten magellanieus larvae). 11 1 

Growth (cells1mL) of Paviova sp. (1 10 ) and nitrite + nitrate: 
phosphate molar ratio ( ) of culture media over 26 days in batch 
culture (open squares = sample dates for biochemical analyses; emr 
bars are * standard deviations). 142 

xiv 



Figure 4.2 Changes in total lipid, lipid class composition, and ceIl dry weight with 
culture age in CCMP459 batch cultures. 146 

Figure 4.3 

Figure 4.4 

Figue 4.5 

Figure 4.6 

Figure 4.7 

Figure 4.8 

Figure 4% 

Figure 4.9b 

Mass spectnim of arachidonic acid, 2Q4-6 (schematic representation, 
top right) from selected Pavlova sp. samples. 149 

Mass spectmm of docosapentaenoic acid, 22:Sn-6 (schematic 
representation, top right) from selected Pavlova sp. sarnples. 150 

Trends in changes in selected major fatty acids ( ~ 2 % )  in batch cultures 
of CCMP459, expressed as: a percentage of total fatty acids (a), fatty 
acid content per ce11 (b), and fatty acid content standardized per unit dry 
weight (c). Data shown were condensai to values for early log phase 
(&y 4 sample), late log phase (&y 11 sample), and stationary phase 
(&y 17 sample) cultures (emr bars are + standard deviations). 

Change in (n-@/(II-3) series, saturated:unsaturated, and DHA: EPA fatty 
acid ratios of Pavlova sp. with culture age. Error bars are î standard 
deviations. 1 58 

Changes in the concentration of selected Gand C, PUFA in Pavlova 
sp. with culture age, expressed as: a) pg per ce11 and b) pg per pg dry 
weight. 159 

Cornparison of mean proportions (wt % of total FA) of selected fatty 
acids of neutral lipids versus polar lipids in Pavlova sp. Error bars are 
+standard deviations. 162 

Possible routes of biosynthesis of polyunsaturated fatty acids in algae 
(adapted from Schneider and Rœssler, l m )  showing the linkage 
between ARA and EPA. 172 

Possible routes of biosynthesis of 22:Snd fmin 20:4n-6 (ARA). 172 



LIST OF APPENDICES 

Appendix 2.1 

Appendix 2.2 

Appendix 3.1 

Appendix 3.2.1 

Appendix 3.2.2 

Appendix 3.2.3 

Appendix 33.1 

Appendix 3.3.2 

Complete (M. 1%) fatiy acid prdile (as a wt % of total FA) of eggs 
from Phcopcien mgellanicirs fed four different diets (broodstock 
conditionhg experiment #l) (mean I standard deviation, replicates, 
n, as indicated). 

Fatty acid composition (as a wt 8 of total FA) of total lipids of 
adductor muscles of Pkopecten mugellanicus fed four diîïerent 
diets (bmodstock coaditioning expriment XI) (mean I standard 
deviation). 

Fatty acid content (pglceil) of aigal diet treatments used in the laml 
feeding trial (Chapter 2) (mean I standard deviation, n=4). 

Complete (>O. 1%) faîty acid profile (as a wt % of total FA) of toiai 
lipids from eggs, &y 2 and day 9 Pkopecten magellunicus veliger 
larvae prior to the start of the feeding trial (mean % I standard 
deviation, n=3). 

Complete (>O. 1%) fatty acid profile (as a wt % of total FA) of the 
neutral lipid fraction of eggs, day 2 and day 9 Pkopecten 
magellunicils lame prbr to the sîart of the feeding trial (mean % î 
standard deviation, n=3). 

Complete (>O. 1%) f a y  acid profile (as a wt % of total FA) of the 
polar lipid fraction of eggs, day 2 and day 9 Placopecten 
magellunicus h a e  pior to the start of the feeding triai (mean % + 
standard deviation, n=3). 

Complete (>O. 1%) fatty acid profile (as a wt 96 of total FA) of total 
lipids from 18 day dd Piacopccten magellanicus larvae at the end of 
the feeding tnal (mean 46 a standard deviation, n=3). 

Complete (M.196) fatty acid profile (as a wt 8 of total FA) of the 
neutral lipid fraction of 18 day d d  Phcopcten magellanicus larvae 



at the end of the feeding trial ( m m  weight % I standard deviation, 2 14 
n=3). 

Appendix 33.3 Complete (>0.1%) fatty =id profile (as a wt % of tdal FA) of the 
polar lipid fraction of 18 &y old Pkopecten mugellanicics lame at 
the end of the feeding üial (mean % i standard deviation, n = 3). 215 

xvii 



LIST OF ABBREVIATIONS 

ARA 

AMPL 

ALC 

CN 

DAG 

DHA 

DMA 

EFA 

EPA 

Et-KET 

FA 

FAME 

FFA 

GC 

GC-FID 

GS-MS 

GE 

HC 

ME 

Me-KET 

MONO 

NL 

NMID 

Aracbidonic Acid (20AWj) 

Aceione-Mobile Polar Lipids 

Aliphatic Alcohols 

Carbon, Nitmgen 

Diacylgl ycemls 

D o d e x a e n o i c  acid (22:6n-3) 

Dimeihyl Acetals 

Essential Fatty Acid 

Eicosapentaenoic Acid (2051-3) 

Ethyl Ketones 

Fatty Acid 

Fatty Acid Methyl Esters 

Free Fatty Acids 

Gas Chromatography 

Gas Chromatography-Flame Ionization Detection 

Gas Chromatography-Mass Spectrometq 

Acylakd Glyceryi Ethers 

Aliphatic Hydmcarbons 

Meihyl Esters 

Methyl Ketones 

Monounsaturated fatty acids 

Neutral Lipids 

Non-Methylene Intenipted Dienes 



K A  

PL 

PüFA 

RCB 

SAT 

SD 

SE 

ST 

TAG 

T-Iso 

TLC-FID 

UNSAT 

WE 

wt% 

Principal wmponent analysis 

Phospholipids 

Polyunsaturated Fatty Acids 

Randolnized Complete Block 

Saturateci fatty acids 

Standard deviation 

Steryl Esters 

Sterds 

Triacylgl ycerols 

fsocluysis sp. (Prymnesiophyte alga) Tahitian strain or clone T-ISO 

Thin Layer Chromatography-Fiame Ionization Detection 

Unsaturated fatty acids 

Wax Esters 

weight-percent 

xix 



CHAFI'ER 1 - INTRODUCTION AND OVERVIEW 

1.1 The sea scrlbp ris r candidite sp ie s  for 8qurculîun 

Research into sea scallop (Placopecten magellanicus) aquaculture has been 

ongoing for the past 25 years [Couturier, 1490). Commercial interest has depended on 

fluctuations in market pice, but is presently bigh in b t h  the norîheast U.S. and Canadian 

Maritimes. Coincidentai with a gradud decline in fisheries (Robinson, lm) a number 

of start-up operations and a handful of more established ones are in existence. 

The sea scallop is a temperate-cold water species indigenous to the northwest 

Atlantic and can be grown in offshore waters where gear and other competing use 

conliicts can be minimized (R. Taylor, personal communication). Potentiai farm sites 

include areas off Maine, Nova Scotia, Quebec, Rince Edward Island, New Brunswick, 

and Newfoundland - regions that have large areas of coastline and are in need of 

economic activities to support coastal communities in the wake of declining fisheries and 

a lack of alternative employment. 

The sea scallop fishery is over 100 years dd. Because of its status as one of the 

most important commercial bivalves in North America, an established market and 

infrastructure aiready exist. A recent economic analysis reported that sea scallop farming 

has profit potential, but links it to fluctuating market prias, economies of scale, seed 

pnce and grow out protocols (Ford, lm). There is also interest in large-sale 

enhancement and cooperative fisheries employing bottom seeding (Naidu et al., 1991, 

Nadeau and Cliche, 1997). 
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1.2 Gtm biology 

The sea scallop is distributed in the northwest Atlantic from the north shore of the 

Gulf of St. Lawrence to Cape Hatteras, North Carolina at depths between 15 and 110 m 

(Posgay, 1957). It commonly reaches sizes between 10-15 cm and up to 21 cm and 

thnves at temperatures from 5-15T. 

Development is typical of many bivalves. Placopecten magellanicus is dioecious, 

although a small incidence oî hermaphrodism has been noted (Naidu, 1970). One female 

can produce up to 90 million eggs. Fertilization occurs in the water column and the 

embryo progresses through a trochophore, veliger (prodissoconch 1 and II), and 

pediveliger stage before undergoing metamorphosis into a juvenile. Spawning in 

Newfoundland occurs in August and September, corresponding to a drop in water 

temperature, although the timing varies with latitude (Naidu, 1970; MacDonald and 

T hompson, 1988). 

1 3  Hatchery production ~rs a COLldtCrint on maricuitun development 

Wild set has pmvided s d  for past sea scailop mariculture projects, but suçcess 

of natural spat collection is extremely variable. Currently, seed supply is cited as the 

main biological constraint to continued commercial development (Dabinett and 

Couturier, 19941). In addition to sdving seed availability pmblems, hatcheries employ 

strict environmentai controis that can be used to manipulate sea scallops to initiate 

gametogenesis and spawn earlier than would occur in the wild. Thus the total time 



required for animais to reach marlret si= (normally 3-4 years) can be reduced, adding to 

pmfirability and redwing tisk in p i l u t  operatim. 

Couturier et al. (1994) point out that the numerous fishing plants no longer 

operating in Atlantic Canada could be converted ta scallop hatcheries relatively 

inexpensively. The water temperature required for rearing larval P. mageliunicus (13- 

IS0C) is appropriate for culture operations during autmn rnonths. In Maine, sea scallop 

seed production could extend the season of existing bivalve hatcheries and diversify hem 

- thus offsetting fixed cos&. 

Sea scallops are easy to spawn (Desrosiers and DuM, l m ) ,  and culture methods 

are similar to îhose for other bivalves, but scallops appear to be more vulnerable to 

stresses encountered in the hatchery. noduciion is still spotadic and research focusing 

on increasing hatchery yields will serve to d u c e  seed costs. This need appltes to 

bivalve hatcheries of al1 types, but is especially important when rearing sea scallops due 

to their 28-4û &y lamai period (compated to just 8 days for the bay d l o p ,  Argopecfen 

inadians). The early developmental stages of bivalves are stress points during the life 

history of these animals (id., development from egg to D-stage larvae and 

metamorphosis into juveniles). Intensive cul~re exacerbates these stresses and great 

losses can occur, but they can be minimized through the optimization of hatchery 

routines. 



1.4 Links to bivalve nutrition 

Numerous factors affect growth and survival of bivalves, including temperature, 

salini ty, cwrent speed, dissolved oxygen, suspended sediments, container size, animal 

density, genetics, and diet (Dupuy, 1975; reviewed by Rice and Pechenik, 1992). iannan 

et ai. (1980) showed, through a large number of reciprocal crosses, that much of the 

variability in yield encouniered when rearing bivalves is due to factors other than 

genetics. Thus, yield may be optimized through control of environmenial variables in a 

bivalve's culture environment. Furthemore, some evidence suggests that diet, or 

specifically food quantity and quality, may account for much of this variability in growth 

(Wikfors et al., 1992), and a subsiantial body of work exists conceming suitable diets for 

bivalves. 

1.5 Evolution of bivdvt nutritional studks 

Past reviews on bivalve nutrition have pointed to a lack of basic understanding 

despite significant research (Ukeles, 1%9). The field of nutrition is complex and 

multidisciplinary, involving chemistry, biochemistry, genetics, microbiology, 

endocrinology, statistics, physiology, and biophysics (Lloyd et al., 1978). A renaissance 

in this area has occurred over the last decade due to breakthroughs in culture techniques 

and analytical methods. 

In addition to being a pretequisite to the success of Pkopcten  magellanicus as a 

commercially farmed species, hatçhery production facilitates the study of bivalve 

nutrition by allowing for controlled diets and the ability to correlate nutritional factors 
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with growth and culture vigor. It also makes available suitable numbers of larvae for 

biochemical analyses. The increase in papers puMished on nutritional requirements of 

bivalves over the last twenty years has both driven and b e n  supported by the 

proliferation of hatchenes and controlled culture techniques. Caniker (1988) remarks on 

the shift in emphasis from field studies to closed system molluscan mariculture - 

characterizing i t as a stimulus to creative research (al though see Mann ( 1988) for a 

disventing view advocating a retum to ecological studies). The development of 

microanalytical techniques (Holland and Gabbott, 1971) and the use of gas 

chromatographie analyses of fat@ acid moieties (Pamsh, 1988) bas also contributed to 

the approach in these studies. Though still of imporiance, ecological and biomechanical 

(e.g.. feeding processes) and simple feeding trial studies are king replaced by 

multivariate experimental approaches aimed at resolving fundamental biochemical 

mechanisms (Ukeles, 1969). These trends have offered opportunities, but infornation is 

still sparse on specific nutritional requirements of bivalves. Study has been complicated 

by the inhecent variability of the major food source for most bivalves - phytoplankton. 

1.6 Rolt of phytoplanktm in bivaivt nutrition 

Although the potential food sources of bivalves are diverse, including dissolved 

organic substances, detritus, protc~~oans, seaweed fragments, and even zoop1ankton (De 

Pauw and De Leenheer, 1930; Shumway et al., lm, phytoplankton comprises the bdk 

d the sea scallop's diet. Despite continued efforts to develop alternaiive food sources in 

hatcheries and an increased recognition of the possible importance of dissolveci organic 



matter and bacteria in bivalve nutrition, live micrdgae remain the mainstay of neariy al1 

commercial hatcheries (Couteau and Sorgeloos, l m ) .  Algal production is also the most 

expensive component of these hatcheries. m i l e  other aspects of algal diets such as ceIl 

size, morphology, exudates, ce11 toxicity and digestibility, and food mcentration and 

feeding frequency are of importance (Nell, 1992). in this study the focus is on the link 

between biochemical composition of algae in diets and nutritional requirements of 

bivalves. 

1.7 Nutrition overview -the eurrent perspective 

Like al1 food, algae consist of gross constituents - protein, lipid, and carbohydrate, 

with their subcomponents, amineacids, Iipid classes, fatty acid moeities and sugars. 

Minor constituents include vitamins and minerais. Minerals and some vitamins can be 

absorbeci directly from seawater, as can amino acids, fatty acids, and glucose (Nell et al., 

1983). These dissolved nutrients may be important when particulates are scatce, but with 

the possible exception of vitamins required in trace amounts, their overail significance in 

the diet is relatively small (Manahan (1983) suggests that dissolved amino acids may 

contribute at most between 2.0-9.5% of the protein requirements of oyster larvae). 

Bivalves can satisfy much of their nutritional requirements endogenously through 

biosynthesis h m  basic chemical building blocks. Matemal reserves passed on through 

the eggs also support eariy lame. However, in addition to the raw components, some 

specific nutrients must be supplied through the diet. These constituents are "essentiai 

nutrients" and include certain amino acids, fatty acids, and sterais. 
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It is desirabte for the diet to be appropriately "balanceci" (provided in proportion 

to the animal's requirements) in order to minimize the energy required for biosynthesis 

and increase the scope for growth. This "balancen becomes more critical in aquaculture 

when trying to maximize feed conversion of expensive algitl cultures and maintain 

optimal growth and health under the inherently stressful conditions of high density 

bivalve cultures. 

1.7.1 Protein 

Protein (amino acids) is an important macronutrient for bivalves, mainly as a 

stmctuml component, though it can also be catabolized for energy. Vitellins, complexes 

of lipids and polypeptides found in invertebrate eggs, are involved in Iipid transport and 

are important in developing embryos (Lee and Heffernan, 1991). Rotein sources 

presented in artificial diets have ken  shown to affect juvenile growth in Crussosrrea 

virginica (Langdon and Siegfried. 1984). but there is li ttie interspecific variation in 

microalgal protein levels (Enright et al., 1986a) and only minor variations in amino acid 

compositions (Webb and Chu, 1983). However, protein content can Vary 

intraspecifically due to culture conditions of algae and this can be an issue for nutrient 

balance (Fabregas et al., 1986; Utting, l m ,  Wikfors et al., 1992). 

Correlative evidence suggests that carbohydrate may be a limiting factor in some 

bivalve diets (Wikfm et al., 1984; Whyte et ai., 1989). Giycogen is often the major 
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energy store for adult bivalves, but it is less important than lipid for larvae and spat. 

Likewise, carbohydrate is only a minor component of bivalve eggs, indicating that it is 

not a reserve source for development (Holland, 1978). Carbohydrate composition of 

algae may also be important (Chu et al., 1982), e.g., cellulose is difficult for some 

bivalves to digest, due to a lack d cellulase activity, and should be minimiad in the diet 

(Langdon and Newell, 1990). 

1.7.3 Lipid 

Lipids are a diverse class of biochemical compounds that are soluble in non-polar 

solvents such as chloroform, but not in water. They are important physiologically as 

membrane components ( phospholipids), as precursors to hormone-like signal molecules 

(prostaglandins and eicosanoids) that play a variety of metabolic roles, and energetically 

as storage components in the form of triacylglycerols (and wax esters in some 

invertebrates such as copepods). 

Lipids are compact and efficient fuel molecules making up the major reserve 

material of bivalves in early stages of development (Holland, 1978). Manning (1986) 

showed tbat Plocopecten magellanicus has a lipid-based metabdism up to at least nine 

months of ûge. Lipids may also serve a secondary role in maintenance of buoyancy in 

larvae. 

Because Iipids are so important to developing bivalves, the present study focuses 

on ihis diet camponent A nwnber of authors have suggested thai i n d  lipid levels in 

the diet can aid growth (e.g., Pillsbury (1985) for queen conch larvae; Panish et al. 
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(1W) for juvenile sea scallops), but beyond a certain level other constituents (protein or 

carbohydrate) may become limiting. Oallager and Mann (19%) suggeat that a minimum 

amount of lipid reserve in the animal is a predictor of culture success, but they f m d  no 

clear correlation wiih growth b e y d  a thiwhdd level. 

1.43 Lipid and fatty acid structure 

1.8.1 Lipid rimes 

Lipids can be divided into classes k d  on structure (Parrish, lm). These 

include (in order of increasing polarity): alipbatic hydrocatbons (HC), wax esters (WE). 

steryl esters (SE), acylated glyceryl ethers (GE), triacylglycerols (TAG), free fatty acids 

(FFA), free aliphatic alcohds (ALC), sterols (ST), diacylglycerols (DAG), acetone 

mobile polar lipids (AMPL; an analytical grouping consisting of monoacylglycerols 

glycolipids, and pigments) and phosphdipids (PL) (Figure 1.1). AMPL and PL are 

collectively called "polar Iipids" and the less polar classes are "neutral Iipids*'. Lipid 

classes important in bivalve nutrition include TAO among the neutral classes and sierols 

and phospholipids among the polar classes. 

1.8.2 Farty acid methyl esters ( F M )  

Free fatty acids and lipids containhg esterifid fa#y acids are "acyl Iipids" from 

which fatty acid methyl esten can be derived (FAME in Figure 1.1). Fatty acids display 

a wide variety of structures, but in marine animals are cammonly made up of even 

numbered carbon chaineci compunds containhg between 14 and 22 carbon atoms with 
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varying numbers of double bonds (unsaturation). The terms "saturated" (SAT), 

'înonounsaturated" (MONO), and "pdyunsaturated" (PüFA) describe fatty acids with no 

double bonds, one doubie bond, and more than one double bond, respectively. Three 

systems of nomenclature for fatty acids are found in the literanire: systematic names, 

trivial narnes and short hand notation (Table 1.1). The short hand notation is used 

primarily here, but systematic and trivial names referred io in this report are clarified in 

Table 1.1. By combining fatty acid data with lipid class composition, a great deal of 

information is obtained about the nutritive status of a sample (Panish, 1988). 

1.9 LipM and fatty rcM mehbolism 

A thomugh discussion of fatty acid meiabolism and synthesis îs beyond the scope 

of this thesis, but a brief review is necessary. Most of the published work has been done 

on mammaiian systems, but the general mechanisms are aiso applicable to bivalves. 

1.9.1 Fatty ocid degradation 

Fatty acids in eukaryotes are catabolized by the sequential removal of two-carbon 

units. This process is d l e d  f3-oxidation and results in the maintenance of predominantly 

even-numbered carbon chah fatty acids in animais. Cbcidation of unsaturatecl fatty acids 

requires accessory enzymes beçause progression of the nonnal bioçhemical pathway is 

bloçked by the presence of a double bond. This may result in a small inefficiency in 

oxidation of PUFAs as opposed to saturated fatty acids. Some authors argue that this can 

have a measurable effect on animai growth when PUFA are provided in excess of the 
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figure 1.1. Reptesentative structures of common marine lipid classes. Adapted from 

Budge (19%)). 



Tabic 1.1. Glossary of faüy acid nomenclature.* 

Commoa name S y s d c ~ ~ m c  Notation8* A h v i a t i a a  

ARA 

EPA 

4.7.10.13.16.1~xaewic 22:h-3 DHA 

* Adaptcd fmn: SNbbs and Smith (1984) and S a y a  (1993). 

** The abkviated fœm de~otes bK aimiber of catbbn abmi in tht acyl chain (22:6n-3) 
fdlowed by the numbcr of QuMe bonds (22:h-3) and tbe pasitioo of the fmt. 
dwMe baid fnw tbt wrhyl end (22-31. 



animal's requimnenîs (Whyte et al., 1990). 

1.9.2 Fatty ocid syntksis and essential J a q  acidr 

The parhways for fatty acid synthesis are separate from those of degradation. 

Palmitate ( 160) is the major product of the fatty acid synthetase system in animals, and 

C,, - C, FA are predominant in most animals (Stryer, 1993). A variety of mono and 

polyunsaturated fatty acids can be synthesized de novo through a combination of 

elongation and desaturation enzymes. Elongation occurs by the addition d 2-C units at 

the carboxyl end of the chah and requires NADPH or NADH. Thus, the senes structure 

(position of the first double bond from the terminal end) is maintained. However, Iike 

higher animals, bivalves lack enzymes to introduce double bonds distal to C-9 and cannot 

synthesize fatty acids of the (n-3) or (n-6) series. Thus they require linolenate (18:3n-3) 

and linoleate (18:2n-6) in the diet. Plants have more mbust fatty acid synthesis systems 

and are the ultimate source of these compounds. 

Norrnally these fatty acids are the starting points for synthesis of oiher long chain 

(n-6) and (n-3) PUFA (F'igure 1.2). However, in bivalves and d e r  marine amimals, there 

is evidence of a lack of bioconvenion of 18:3n-3 and 18:2n-6 into longer C, and C, 

chain PUFA, presumably k a u s e  the necessary enzyme systems are lacking or 

inefficient. Waldock and Hoiland (1984) concluded through radiolabelling ex piments 

that only limited elongation and desaturaiion occwred in C1USs0shea gigas juveniles fed 

diets defkient in one or more of these PUFA. Chu and Greaves (1991) likewise round 

only limited elongation of 18:3n-3 and 18:2n-6 and no desaturase activity for C. 
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J. da-ciesannase 
l&h-3 20:4n-3 

J. A!5 
m:Sn-3 + (225-3) altematively.. . + (24: 51-31 

JI A4 J. A6 
22:6(n-3) t 246n-3 

j3-oxidation 

+ = chah elongation 
3. = desaturation 
(t) = chah shortenhg 

Figwe 1.2. Major elongation and desaturaiion pathways of: a) linolenic (18311-3) and b) 

linoleic (18:2n-6) to long chah (Gand C&) PUFAs after Chu and Greaves (1991) and 

Voss et al., (1991) (alternative n-3 pathway). Essential fatty acids result fom a lack of, 

or insufficient, activity in any of the desaturases dong the pathway. Important EFAs for 

bivalves are shown in bold. Intermediate stnictures are in brackets. 



virginica. In Mytilus edulk, Zhukova (1991) did show the presence of a A-5 desaturase 

which led to the production of unusual (though common to bivalves) C, and C, non- 

methylene intempted dienes (20:2 NMID, 222 NMID) & novu. However, the enzyme 

was specific for only monounsaturated fatty acids and no conversion into 20:4n4,20:5n- 

3, or 22:6n-3 occurred. An inability io convert lindeic or linolenic acid to longer chain 

PUFA is also found in certain other animals. For example, cats cannot synthesize 20:4n- 

6 from 18:3n-6 (Urich, 1994), 

The fatty acids 20%-3 (eicosapentaenoic acid or EPA) and 22:6n-3 

(docosahexaenoic acid or DHA) occur in significant quantities in bivalves and many 

other marine organisms. T hese compounds have important roles in membrane 

physiology, including maintenance of membrane fluidity. There is a general inverse 

relationship between the melting point of a fatty acid and its double bond number. This 

is important in ectothenns, and a numkr of mechanisms exist to modify membrane 

composition to regulate membrane fluidity in response to environmental temperatures 

(Stubbs and Smith, l m ) .  A deficiency of (n-3) PUFA in the diet inhibits growth, 

reproduction, and health of many marine bivalves, other invertebrates. and fish 

(Watanabe, 1993; Le Pennec et al., 1998). 

Arachidonic acid (ARA; 20:4n-6) is also present in varying but significant 

quantities in marine organisms. It is important as a precursor for prostaglandins and 

consequently is involved in reproductive and other processes. There is some evidence 

that this (n-6) fatty acid must also occur in suitable levels in the diet in order to maintain 

optimal growth and hedth (Delaunay et al., 1993). Thus EPA, DHA, and ARA are 
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genedly coasidered "essential" nutnents in most bivalves. A few species, bowever, 

such as the manila clam, Tapes philippiinanun, may synthesize longer chah fatty acids 

[rom C,, PUFA (Laing et al., 1990). 

1.10 Controversy over the importance 01 '%sttentirl latty ici&" 

One or more of these fatty acids are often found in phytoplankton, but hatchery 

diets usually consist of only a few algal species. Thus, hatchery diets may Vary more in 

quality than natutal phytoplankton communities and deficiencies in EFAs may limit 

bivalve growth or affect health. Algae do show species-speçific and class-specific fatty 

acid patterns unlike with other biochemical constituents (Viso and Marty, 1993), but 

relative proportions of these fatty acids Vary with environmental and endogenous 

conditions (Brown et al., 1993). 

It has been well established that algal s p i e s  lacking ail these fatty acids, such as 

Dunufiella tertioieciu, are "pooi' nutritionally (Webb and Chu, 19833). However, some 

authors contend that (as with total lipid), EFA content of microalgae beyond a threshdd 

level has Iittle or even a negative effect on culture vigor (Whyte et al., 1989). 

Furîhermorc, the relative importance of EPA and DHA needs to be established, as some 

authors contend that either one or the other is sufficient to meet dietary needs (Langdon 

and Waldock, 1981; Pillsbury, 1985). Work with fish has benefited from standard pre- 

formulated die& and greater inroads have been made with regard to defining correct 

EPAlDHA and (n-6)l(n-3) ratios in the diet of various species. Also pooriy understaxi in 

bivalve nutrition and overshadowed in much of the literature by discussion of (n-3) 
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PUFA is the role of (n-6) WFA and arachidonic acid in particular (Sargent et al., 1997). 

From a bief survey of bivalve nutritional studies it is apparent that ihere is Iittle 

consensus on what constitutes an ideal bivalve diet (Table 2.1). Some dimepancies are 

probably due to species-specific differences in nutritional requirements. For example, the 

quahog, Mercenaria mercenaria, appears to have less stringent EFA requirements than 

three other bivalve species (Helm and Laing, 1987). Differences in the relative 

efficiencies of various mechanisms to maintain optimal membrane composition, 

interspecific differences in the optimal composition itself andior membrane fatty acid 

turnover rates may account for these varied nutritional requirements. 

The fatty acid composition of bivalves often reflects their diet, and in this respect 

fa'atty acids are also useful as biomarkers in food-web studies. However, bivalves have 

some ability to modify PUFA to suit their requirements through either selective 

accumulation andior retention of these fatty acids and possi bl y through limited 

biosynthesis. Some studies suggest a strong diet effect on animal biochemical 

composition with only a modest ability (or need) to modify assimilated fatty acids 

(Waldock and Holiand, 1984). Other studies report linle diet effect on subsequent animai 

composition. For example, Watanabe and Ackrnan (1974) state that Crassostrea 

virginica and Osfrea edulis rapidly converts exogenous fatty acids from algal diers into a 

species-oriented profile. 

Nutritional requirements for fatty acids may also be related to genetic or 

environmental factors. PUFA may be more important to a cold water species such as 

Pîacopecren mugellanicus due to an increased need to maintain membrane fluidity in 
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response to wlder temperatures. Napolitano et al. (1992) found scallops collecteci at 

greater depihs (and hence çalder temperatutes) to be higher in DHA. 

Both the fatty acid requirement and the ability to cope with dietary deficiencies 

are also related CO life stage. Larvae, juveniles, and adults are very di fferent biologically 

and physiologically. Younger animais have fewer biochemicai reserves to dmw on and 

possibly Less developed enzyme systems to deal with fatty acid deficient diets. The 

maintenance or accumulation of fatty acids largely absent in the diet is indicative of an 

underl ying ph ysiological significance; i t is important to distinguish among these fatty 

acids rhat may affec! growth, health, and development and simple dietaq biomarkers. 

1.1 1 ExpcrimenW rpproaehes 

Different experimentai approaches and problems inherent in the study of bivalve 

nutrition may account for the coflicting results often reported for a given species at the 

same developmental stage. Nutritional studies have gradually evolved in complexity 

from simple evaluations of growth in response to different live algal diets to correlating 

the biwhemical composition of the diet and of the animal with its growth and 

development. 

To test for nutritional requirements, some authors have employed algae modified 

biochemically by manipulating culture conditions. Other advances bave been made 

through the use of controlled artificial diets and lipid microcapsules (Langdon and 

Siegfried, 1984; Hem et al., 1994), but tbese diets tend to be l a s  well accepied by 

bivalves than are live microalgae, and ar present are less suitable for commercial 
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applications. Another interesting approach compares hatchery-cultured animals with 

those teated in the natwal envininment (Mutinez et al., 1992). Soudant et al. (1999) 

compared the fatty acid compostition of field-cultured Crmsoslreu gigas with that of 

hatchery reared animals. Given the assumption that animals in situ display a more 

optimal fatty acid composition under most wild conditions due to availability of a broader 

array of food species, suitable hatchery diets were suggested. Other studies invdving 

radioactive tracers and fatty acid studies resolved to detailed polar lipid classes are 

shedding light on the fundamental mechanisms of fatty acid metaboiism (Soudant et al., 

19%). 

Previous work with Plucopecten magellunicus has focused more on gross 

biochemical composition (Couturier, 1986, Manning, 1 W ;  Ryan, 1999) and later life 

stages Cjuveniles and adults; Panish et al., 1993; Coutteau et al., 1996), although work on 

fatty acid requirements of other pectinids (such as Pecten maxims, a temperate species) 

has been carrieci out (Soudant et al., 1996). These studies serve as useful cornparisons to 

this study on the essential fatty acid requirements of P. magellanicirs. 

In this research, the impact of dietary fatty acids and lipids on broodstock 

conditioning (Chapter 2) and larval culture (Chapter 3) was investigated. Difrerent 

species of live algai cultures varying broadly in levels of essential fatty acids are 

compared with an Isuchrysis sp. (clone T-Iso) reference diet. Culture performance 

(hatching success and larval growth) is evaiuated in relation to diet and animal 
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composition. In Chapter 4, the effects of culture conditions on a "new" species of algae 

used as a tteatment in the larval feeding trials presented in this thesis are reported and 

changes in its biochemical compition in relation to optimal harvest strategies discussed. 

The overall results will help define the essential fatty acjd requirements of this important 

bivalve in the context of other bivalve nutrition studies and provide some commercially 

relevant recommendations for optimizing hatchery culture. 



CHAPTER 2 - BROODSI'OCK CONDITIONING - 

EFFECTS OF DIEïARY LIPID QUALITY ON PLACOPECTEN UAGEllANlCUS 

EGG BIOCHEMICAL COMPOSiTION 

2.1 Introduction 

Braodstock conditioning is the first step in hatchery production of bivalve 

molluscs. Frorn a commercial standpoint, it is desirable to produce larvae as early in the 

hatchery season as possible in order to increase total production and make use of high 

water temperature and food availability conditions in the spring and summer. The 

gametogenic cycle in bivalves is characterized by an accumulation of nutritional reserves 

followed first by gonad growth and differentiation of gametes, then by vitellogenesis (the 

accumulation of nutrients within gametes), and culminating in one or more spawning 

events bcfore a final quiescent period. Animais are artificiaily conditioned by simulating 

conditions that would occur in situ (i.e., manipulating water temperature to a threshold 

level that initiates gametogenesis). Nutrients are deposited in eggs through a variety of 

pathways including fransfer of lipids from the digestive gland (VassalIo, 1973), glycogen 

and de novo synthesis of lipids from the adductor muscle (Barber and Blake, 1985), 

recycling of nutrients from egg atresia within the gonad, and intestinal loup transfer (b 

Peunec et al., 1991). These mechanisms depend on the initial nutritive state of the animal 

(cndogenous reserves) and on dieiaq inputs during the conditioning proçess. Thus, food 

is a major factor affecting gametogenesis, although environmentai and other factors such 

as photoperioci, water quality, temperature (Utting and Millican, 1997), stress (Bayne et 
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ai., 1!37!5), and length of the conditioning period (id., degree days, Helm et al., 1991) may 

also have an impact. 

The quantity of food provided to broodstock is important for both economic and 

nutritional reasons. Tm small a ration can produce p r  results (Chaparn>, 1990) while a 

suitable ration can b t  egg lipid levels above that of eggs from unfed bmod (Manning, 

1986; Muranaka and Lannan, 1984). An excessive ration decreases the absorption 

efficiency in feeding bivalves and wastes costly algae. 

Lipid quality may also affect fecundity. Millican and Helm (1W) found a large 

decrease in the number of larvae r e l d  from Osuea edulis fed a diet lacking PUFA (D. 

tertiolecto) compared with control diets. However, other than broadly differing 

treatments such as fed and non-fed, the mean lipid content of eggs is often unrelated to 

dietary lipid quantity or quaiity. There is evidence that bivalves may control fecundity in 

order to maintain egg quality in tenns of lipid content (MacDonald and Thompson, 

1985). Obtaining enough eggs is rarely a problem for hatcheries, due to the high 

fecundity of mat  bivalves. Furthemore, the number of eggs released is often unrelated 

to the number of D-stage larvae produced (Le Pennec et al., 1998) and beyond a 

threshold level necessary for embryogenesis, initial egg lipid reserves have little effect on 

subsequent larval growth (Gallager and Mann, lm). 

The influence of diet quality on egg PüFA composition may be of greater 

importance. Because most bivalves cannot synthesize long chain PUFA (especiaily EPA 

and DHA), these compads are incorprxated into eggs ultimately from dietary murces, 

and variation in these EFA in the diet can impact subsequent egg composition (Soudant, 
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1996). Some studies have linked the PUFA composition of eggs to hatch rates and 

subsequent lmal vigor (Soudant, 1996, Bemtsson et al.. 1997). 

This study examines the important link between dietary fatty acid composition 

and egg biochemical composition in Plucopecten magellanicus, focusing on the 

"essential" fatty acids EPA, DHA, and ARA. In two experiments broodstock were 

condi tioned on diets consisting of e q d  dry weight rations of live microalgae varying in 

EPA and DHA content. Lipid compition and fatty acid profiles of the resulting eggs 

were compared with those of the diet, and performance evaluated as hatching rates. In 

the first expriment, the fatty acid composition of the digestive gland neutral lipids and 

adductor muscle were also deiennined to examine dieiary labelling and possible nutrient 

transfer from these tissues. Fatty acid profiles of eggs from naturally conditioned 

broodstock served as a reference gmup for comparisons. An improved basic 

understanding of egg fatty acid composition and the impacts of dietary lipids should lead 

to signifiant improvements in condiiioning protocols and diet optimization in hatcheries. 

2.2 Methods 

2.2.1 Algal culture 

Isochrysis sp. (Tahitian strain, clone T-Iso, CCMP 1324), Dunaliella tertioleciu 

(CCMP 1320; Provasoli-Guillard National Cenier for Culture of Marine Phytoplankton, 

Bigelow, ME), and Tehaselmis c h i  (strain PLY429; NMFS Milford Laboratory, 

Milford, CT), were grown in &O-L and 200-L batch cultures. Culture water was filtered 

nominally to 0.45 pm and treated with chlorine (20 ppm) for at least two hours. After 



neutralizing the chlorine with sodium thiœulfaie, culture water was fertilized (Guillard's 

FI2 media) and inoculated from 2-L flash (in the case of 8û-L culture tubes) or 20-L 

carboys (200-L culture tubes). Cultures were grown under continuous fluorescent light 

and supplemented with air (filtered to 0.45 pm) for mixing and approximately 1% CO, as 

a carbon source. Cultures were staggered and harvested in late logarithmic growth phase. 

Cell concentrations were determined daily on a Coulter Multisizerm and health of 

cultures monitored by microscopie observation. Wmary cultures were originally axenic 

and treated aseptically, but no attempt was made to maintain the large batch cultures in a 

bacteria-fnx state. 

Cultures were sarnpled (as descnbed below) five times during the first experiment 

to establish the mean gross composition as detïned by ihe C:N ratio and the lipid content, 

lipid class composition, and fatty =id pmfile. 

2.2.2 Broodstock conditioning experimenl f 1 

2.2.2.1 Exuerimeu des@ 

Adult scallops were collected by SCUBA divers on July 23, 1998 from North 

Harbour, Placentia Bay, Newfoundland, Canada and taken to the Ocean Sciences Centre, 

St. John's, Newfoundland (located on b g y  Bay). The experiment was set up as a 

completely randomized block design. Three blocks of adjacent water bath (1 m x 1 rn x 

0.5 m) consisted of four 70-L tanks each, arranged in a square configuration. One of four 

treatments was randomly assigned to each of the four tanks within each block. Random 

assignment of the treatments was accomplished by assigning a number from 1-4 a pnori 
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to each treatment and then generating random integers fmm 1 io 4 (without replacement) 

for each tank position and in each block represented in an Exceln spreadsheet using the 

random function. Scallops were sexed visually, marked with nail polish, and three adult 

female scallops (mnging in size from 98 to 130 mm) placed in each tank for a toial of 36 

ani mals (9 per treatment). 

Treatments consisted of algae commonly cultured for feeding bivalves and 

represented rations characterized by a wide range of EPA:DHA fatty acid ratios. They 

were: 

1) lsochrysis sp. (T-Iso) (Prymnesiophyceae)- high DHA, low €PA ûeatment 

2) Tefiusclmis chui (PLY429) (Prasinophycae) - low DHA, high EPA mtment 

3) Isoclirysis sp.lT. chui mix (5050 by dry weight) - modefate DHA and EPA treatment 

4) Dunaliella tertiolecta (Chlorophyçeae) - low DHA, low EPA treaunent 

As in previous studies on suitable conditioning rations (Utting and Millican. 

l m ,  scallops were drip-fed a daily ration equivalent to approximately 6% of the dry 

meat weight of the scallops in each tank (8x10' cellslanimal/day for lsochrysis sp.). 

Seawater (1 Fm nominal filtered) was exchanged daily and animals were kept at a 

temperature of approximately 16°C by slow exchange of a water bath of ambient 

seawater. T i  were thoroughly cleaned weekly. 

After four weeks of diet treatments, animals were placed in individual containers 

and spawned by thermal shock. On initiation of spawning, each female was placed 

separately in a new container containing 1 pm filtered seawater. Egg sarnples (fresh, 

non-fertilized) from these females (6-8 animals for each treaîment) were collected for 



determination of lipid content, lipid ciass and fatty acid composition, dry and ash weight, 

and egg diameter. 

Nahuaily conditioned scallops, of a similar size range, freshly collected from the 

same site were also spawned and egg samples taken as a reference for biochemical 

com parison. 

3.2.2.2 Hatch rates 

Hatch rates represent the percent yield of healthy D-stage veliger larvae (after 2-3 

&ys of development for Pfacopecten magef&nicus) from the spawned eggs. Hatch rates 

were determined by fertilizing a portion of the eggs from three individual spawners 

(selected in an arbitrary manner) from each diet treatment (excluding naturally 

conditioned spawners). Eggs were fertilized by sperm pooled from 6 males held 

separately from the females. Eggs were counted and sized using a Coulter Multisizerm 

and fertilized eggs were distributed and incubated in 20-L buckets filled with 1 pm 

filtered seawater (approximately 16'C) at a concentration of approximately 50 eggs/mL 

The resulting D-stage larvae were concenûated by screening (35-pm-mesh) the water in 

these 20-L tanks after 2.5 &YS, transfemng the lame in 1 L containers, and taking three 

replicaie 1 mL samples from each container for counting on a Sedgewick rafter çell using 

a micco~cope. 



2.2.2.3 Tissue dissechon 

After spawning, three scallops from eac h algal treatment were selected without 

bias for lipid and fatty acid analysis of the digestive gland and adductor muscle. The 

digestive gland and adductor muscles were excised and the total individual tissue wet 

weights determined on a Sartoriusn elecüonic ûaiance. A small section from each organ 

was cut from the tissue and the wet weights d each of the two pieces determined. Each 

mal1 piece was placeà immediately in a test tube containing 2 mL chloroforrn, sealed 

under nitrogen, and stored at -20°C for later hochemical analysis. The remainder of the 

organ was frozen and lyophilized. Dry weight of this sample was determined after 

l yophilization and a wet weight to dry weight ratio calculated for each organ sampled. 

The dry weight of the subsample taken for lipid and fatty acid analysis could then be 

calculated using these ratios and total lipid and lipid class deteminations of the sample 

expressed as mglg dry tissue weight. 

Total lipids extractecl from the digestive gland were separated into neutral and 

polar lipids (see below) after lipid class detemination on a Mark V 1atrosç;ui TLCIFID. 

FAMEs were derived by transesterification and fatty acid analyses conducted on the total, 

neutral, and polar lipid portions of the digestive gland. Only data for the fatty acid 

composition of the neutrai (primarily TAG) fraction is presented here because of the high 

proportion of this lipid class in the digestive gland and its devance in the context of food 

quality. Adductor muscles consisted almost entirdy of polar lipids and sterols so FAMEs 

were derived and analyzed only for the total lipids of this tissue, but these are 

representative of the pdar lipid fraction as well. 

29 



2.2.3 &'ochemrmrcal analyses 

Algal cultures were sampled five times over the course of the experiment in order 

to obiain a mean biochemical composition (lipid content, lipid class determination, fany 

acid andysis, and dry and ash weight) for each broodstock diet. Carbon and nitrogen 

were dso determined for three of these samples with an elementsil analyzer (Perkin Elmer 

9400) calibrateci with amtanilide. First, cell densities and cell sizes of each sample were 

determined using a Coulter Multisizerm. The sample was then divided into three 

subsamples for Chi analysis, determination of dry and ash weight, and lipid extraction. 

The two subsamples for CN and dry and ash weight determination were further divided 

into three more subsamples so that the data for each sampling date represents the mean of 

these three analytical replicates. Cells were collected under gentle vacuum pressure on a 

precombusted Whatrnan GFIC filter. Two filter blanks were included to use as correction 

factors in each CN and drylash weight determination, and one filter blank consisting of 

an equal sample volume of 0.45 pm filtered seawater was included with each sample for 

lipid extraction as a check for lipid contamination. 

323.2 

Eggs were gently passed through a coarse filter (300 pm) and collected on a 

screen (20 pm) and gently rinsed into a 1 L container with 1 pm filtered seawater. Eggs 

were counted and sized on a Coulter MultisizerW and subsamples of' 1 x 10' - 10 x 10' 

collected on precombusted Whatman GFlC filters under gentle vacuum for lipid 
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extraction and dry and ash weight determination. The eggs for lipid extraction (one 

subsample) were placed immediately in a vial containhg 2 mL of chlorofonn, the head- 

space flushed with nitrogen, and the vial stored at -20°C. Sarnples for dry weight 

determination were rinsed with isotonic (3%) ammonium formate solution to rid the 

samples of excess salts, dried at 45°C for approximately 72 hours and stored in a 

dessicator with activated silica gel prior to weighing on a Mettiern microbalance. They 

were then combusted ovemight at 2 W C  and cooied in a dessicator before reweighing. 

Three subsarnples of eggs from each spawner were taken and data used in analyses 

represent the means of these three analyucal replicates. 

. . 
2.23.3 L i ~ i d  analyses 

Lipid extraction, quantification, fractionation, and fatty acid analysis are detailed 

in Chapter 4 (section 4.2). Procedures used here were identical with the exception th no 

lipid or fatty acid standard was added to samples prior to analysis. Briefly, lipids were 

extracted using a modified Folch procedure, total lipid and lipid classes determined on a 

Mark V Iatnwcan TLClFlD system, FAMEs derivatized by m t i n g  acyl lipids with BF,- 

methanol, followed by GC and comparing peak retention times with known standards. 

Lipid extracts from selected egg samples (approximately 2 per conditioning treatmenr) 

were separated into neutml and polar components, using a simple column fractionation 

technique, for a total (versus between treatment) comparison of these two fractions. 

Estimates of total fatty acids and absolute quantities of fatty acids in the diet were 

calculated using an Exceln spreadsheet program (see Chapter 3, section 3.2.43). 
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2.2.4 Statistical analyses 

Treatment differences in total lipid, lipid class, f a q  acids (as a weight percent of 

total fatty acids), hatch rates, and egg organic weight were tested using the GLM function 

of Systatn . The experiment was originalty set up as a randomized complete block 

design, and amrdingly the Mock x diet treatment interaction km was suppressed in the 

analysis (Sokal and Rohlf, 1995). Block effects were found (o be insignificant, so the 

data were pooled. This allowed the inclusion of biochemical data from the naturally 

conditioned spawnen that were not inclwled in the block design and increased the power 

of the test. Untransformed &ta was subjected to analysis by a model 1 ANOVA (diet 

treatments were considered as fixed factors) using Statvieww , followed by Fisher's LSD 

as a pst-hoc test to compare treatment means. For ail statistical analyses a = 0.05. Only 

fatty acids comprising more than 1% of total fatty acids were included in statistical 

analyses. 

2.2.5 Brwhtock conditioning expritnenf # 2 

A second conditioning expriment was initiated on June 25, 1999. Here, only 

three diet treatments were used Isochrysis sp. (T-Iso), Terruselmis chui, and Dunaliella 

tertiolecta (no mix or nanirally conditioned rreatmenis). Diets consisted of the same live 

algal cultures and ration per sdlop as before, but induded the use of algal pastes (Reed 

Mariculture, Santa Cruz, CA; www.Seafann.com as viewed on June 1, 1999) as partial 

diet replacements for live lsochrysis sp. and T. chui, to reduce the requirement for live 



algae (pastes were the same strain designation as live food). These diets were also fed on 

an equal dry weight basis. 

Scallops for experiment KI were from the same collection trip as scallops used in 

the first experiment and were held over the winter in a flow-through tank. Two 150-L 

conical tanks were aliocated to each treatment (6 tanks total). T h e  scallops were placed 

in each tank and hung in a three-tiered p l  net assembly (one scallop per tier), for a total 

of 18 scallops (3 scallops x 2 tanks x 3 treatmenîs). Seawater (1 lm nominal filtered) 

was changed approximately every other &y. Approximately weekly, the pearl net 

assemblies were rotated to different tanks to minimize possible tank and position effects 

on conditioning. Scallops were conditioned for a toial of 10 weeks. The purpose of this 

second expriment was to initiate diet treatments earlier and to extend the conditioning 

period in comparison with experiment #l. 

Due to poor temperature control in the tanks and other factors discussed later, 

scallops from this experiment did not ripen fully and failed to spawn. Thus, instead of 

egg samples, gonads were excised and the distai portion sampled for lipid and fatty acid 

analyses. Three scallops from each treatment were selected in an arbitrary manner for 

this analysis and each scallop treated as a repiicate. Lipid and fatty acid analysis and 

statistical procedures were conducted as above, but data were expressed in terms of wer 

weight of the gonad. In this experiment, gross changes in gonad €FA composition 

(mainly EPA and DHA) were the primary wncem, so algae and aigai pastes were not 

sampled for lipid and fatty acid anaiysis and it was assumed that the species-spcific 

characteristics of the algae were maintained. 

33 



2.3 h u b  

2.3.1 Dier cornposition 

. . 
2.3.1.1 Gross composition and Iiaid_ccintent 

The C:N ratio (wtlwt) of the diets ranged from a low of 5.7 for Dunaliella 

tertiolecta to 6.9 for Tetraselmis chui (Table 2.1). Lipid content per cell was highest in T. 

chui (28.5 pglcell vs. 5.8 pglcell for Isochrysis sp., but when standardized per unit dry 

weight, lipid was lower in T. chui (1 1.6 9%) compared with both D. tertiolecta (19.3%) 

and Isochrysis sp. (2  1.3%). 

2.3.1.2 Limd classes 

TAG, AMPL, and PL were the major lipid classes (>IO% of total lipid) in al1 

three algal species with HC, ST, and DAG present in quantities from approximately 2 - 
7% (Table 2.2). Ethyl and methyl ketones comprised a significant proportion of lipids in 

Ismhrysis sp. (10% combined) but were present in only mce levels in T. chui and at l a s  

than 2% in D. tertiolecta. FFA were present at relatively low concentrations from 0.3% 

to 1.5% of toial lipid. TAG was twice as high in D. tertiolecto (20.5%) as the other 

species, but TAG content was vaxiable in both T. c h i  and D. tertiokcta with standard 

deviations approaching the mean relative content. 

Fatty acid analyses of the diet reflected the species-specific fatty acid 

charcteristics for which the treatments were chosen (Table 2.3). In terrns of EFA content, 

34 



Table 2.1. Gms (proximate) biochemical composition of the dieu expressed as 

carbon and nitrogen content, C:N ratio. cell dry and organic weight and percent lipid 

(mean I standard deviation. n=5). 

Nimgen (pglcell) 2.0 14.7 5.5 
10.4 6 . 3  d.5 

C:N ratio (weight ratio) 6.5 6.9 5.7 
d . 7  11.5 10.2 

Dry weight (pglcell) 26.3 244.7 67.1 
I2.5 6.4 6 . 5  

Org content (pgkell) 25.4 208.5 61.9 
11.5 &.O d . 5  

Li pid (pglcell) 5.8 28.5 12.9 
11.7 18.5 92.7 

Li pid (% dry weight) 21.3 11.7 19.3 
6 . 6  i3.6 4 . 5  

Lipid f %AFDW) 22.0 13.7 20.9 



Table 2.2. Total lipid and lipid c h  composition (> 1%) of broodstock diets 

as pghll (top) and as a relative proportion of toiai lipid (bottom) 

(mean I standard deviation, n=S). 

Totai Lipids 5.8 11.7 28.5 î8.5 12.9 12.7 
(pg/ceil) 

HC 0.1 i0.1 0.8 10.3 0.4 a . 2  
EKET 0.3 i0.2 0.0 10.0 0.0 a . 1  
Me-KET 0.3 a . 3  0.1 I0.1 0.0 &.O 
TAG 0.6 a. 1 2.5 &.O 2.5 12.8 
FFA 0.1 10.1 0.1 10.2 0.2 a . 2  
ST 0.2 10.2 1.0 I0.7 0.5 10.4 
DAG 0.4 I0.2 2.1 I2.7 0.4 I0.5 
A M P t  1.5 I0.5 8.6 e . 9  4.7 G.7 
PL 2.3 a.8  13.2 3 . 2  3.8 a . 7  

Percent of toiai lipid (96) 

HC 
E t - m  
Me-KET 
TAG 
FFA 
ST 
DAG 
AMPL 
PL 



Isochrysis sp. had a relative DHA level of 12% while T. chri and D. tertiolecta çontained 

none. EPA was present at 6.5% in T. c h i  but only at 0.4% in fsochrysis sp. while D. 

tertiokcta contained no detectabie amount ( 4 . 1  %). Arachidonic acid (ARA) was 

present in significant quantities in only the T. c h i  diet (1.9%) although Isochrysis sp. had 

similar quantities of the longer chain 22%-6. 

Other fatty acid characteristics of the die& included the following: Isuciuysis sp. 

had high levels of the saturated FA 140 (13.2%). This was nearly equivalent to the level 

of the other major saturated fatty acid 160 (12.8%). Both T. chui and D. tertiolecta 

contained 160, almost exclusively, as the major saturated fatty acid (18.1% and 17.7%. 

respectively) and only small amounts (ça. 1%) of 14:O. Correspondingl y, lsochrysis sp. 

had higher levels of toial saturates at 26.8% versus 19.4% and 19.% for T. chui and D. 

tertiolecta, respectively. 

The major monounsaturate in al1 three species was 18:ln-9, but levels were 

highest in Isochrysis sp. (15.2% vs. 6.5% for both T. c h i  and D. tertiolecta). Content of 

this fatty acid showed a relatively high degree of variability intraspeçifically among 

samples with coefficients of variation (CV) from 33% (Isoclirysis sp.) to approximately 

85% (D. tertiofecta and T. cho .  The fatty acids 16: 111-7 and 18: 111-7 were also present 

in significant quantities (> 2%). The mean level of monounsaturates was highest in the 

Isochrysb sp. diet at 22.3% followed by 14.7% for T. c h i  (although variable) and 1 1.0% 

for D. tertiolecta. 

Other than C, and C, PUFA ciifferences described above, the T. c h i  and D. 

tertiolectu diets were characterized by a diversity d both Cl, PUFA and Cl,PUFA, 
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Table 2.3. Relative fatty acid cornpition (wt 46 of total FA) of broodstock diets 

(mean 9% î standard deviabon, n=5). 

140 13.2 î1.2 0.9 4 .9  
150 0.5 4.1 - - 
16:O 12.8 8 .2  18.1 &.O 
170 - - 0.0 4 .1  
180 0.6 4.0 0.3 4 . 5  

Tord SAT 26.8 î2.8 19.3 i2.5 

16: 111-9 1.0 4 .6  
16111-7 4.0 4 . 8  
18:ln-9 15.2 îS.7 
18:In-7 2.2 4 . 6  
20.h-11 0.6 4 . 5  
m ~ ~ - 9  - - 

Total MONO 22.3 8 .7  

16:2n4 1.1 4 . 5  - - - - 
16211-6 - - 2.8 11.7 - - 
163n-6 - - 2.4 32.8 - - 
16:3n-3 - - 0.3 4 .6  2.7 î1.0 
16:411-3 - - 13.5 î2.4 14.2 d.1 
18:2n-6 3.5 î1.5 7.7 32.6 5.7 12.1 
18:3n-6 1.2 4 .4  1.7 11.4 4.0 d .7  
18:3n-3 5.9 k1.8 11.8 k1.5 35.4 93.5 
18:411-3 21.5 A-7 123 d . 0  1.2 4.6 
18 :h  1 - - 0.2 *OS - - 
20:2n-6 - - 0.1 4 . 4  - - 
2Q4II-6 tr - 1.9 t0.8 - - 
20:h-3 (ARA) - - 0.0 4.1 - - 
20:h-3 (EPA) 0.4 4. 1 6.5 A?. 1 - - 
225n-6 1.5 4 . 4  - - - - 
22:h-3 (DHA) 12.1 11.5 - - - - 

Total PUFA 44.8 4 .7  61.1 k8.8 63.1 6 . 1  

braacbed 1.1 4.7 3.7 A.7 4.3 I2.9 
unideniifed 2.5 &.O 1.2 k13 1.6 î2.2 

Gaod GPUFA 13.9 *1.7 12.4 4 .1  - - 
sum (n-9) 16.2 I6.4 10.7 k7.2 6.5 î4.5 

(n-7) 5.8 11.9 3.7 11.5 4.5 d.4 
(nd) 5.1 21.8 16.7 17.0 9.7 11.8 

simr (n-3) 39.8 4.8 44.4 &.O 53.4 6 . 4  



whereas lsochrysis sp. contained almost no C,, PUFA. The main CM PUFA in both T. 

chui and D. tertioleciu was 16:4n-3, which comprised approximakly 14% of total fatty 

acids in both species. Lipids of lsocivysis sp. contained remarkabiy high levels of 18:4n- 

3 (21.5%). This fatty acid was dso at a high level in T. chui (12.3%) but at less than 2% 

in D. tertioleciu. Levels of 18:3n-3 were lowest in lsochrysis sp. (5.9%), intermediate in 

T. chui (1 l.8%), and extremely high in D. tertioleciu (35.4%). PUFA of the (n-6) series 

was highest in the T. c h i  diet (16.7%) due to significant quantities (ca. 2%) of 16211-6, 

16:3n-6, and 1&3n-6 in addition to 204-6. Linoleic acid, 18:2n-6, was present in the 

profiles of d l  three species at levels between 3.5 7.7%. Despite a lower amount of C, 

PüFA in T. c h i  and a complete lack of these PüFA in D. ierrioleciu, both algal species 

were high in total PUFA (%O%) in both the (n-6) and (n-3) senes and contained (on 

average) less saturated and monounsaturated fatty acids. These characteristics are 

reflected in the saturatedunsaturated and (n-6111-3) fatty acid ratios. 

2.3.2 Broodrtock conditioning experhent # 1 

2.3.2.1 Hatch rates. ew size and w e m  

Neither egg organic weight nor size differed significantly among conditioning 

treatments (p =0.3071 and O.=, respectively, Table 2.4), although mean organic 

weight was lowest in the D. tertiolecra treatment (36.6 nglegg) and highest in the 

lsochrysis sp./ T. chui mixed diet (48.5 nglegg). Hatch rates were extremely variable 

within treatment groups ranging between a mean of 13.5% to 21.5% and differences 

between groups were not significant (p=û.7187). 
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Table 2.4. Total lipids and lipid classes of PIucopecten magellanicus eggs from adults conditioned on four diet treatments 

and in the wild (expriment #1) expressed as esg content (pgtegg) and a percent of toial lipid (mean I standard deviation), 

Diet Isochrysis sp. T-IsolTebuseImis Ten.ru~imis Dunaüeiùa W U  
chui mir chui lediokcb 

replicates (n) - (nd) (n=6) (n=8) (n=8) (II=%) 

E a  Content (mlegg) 

Total Lipids 7864 k472 8260 12053 7652 *1393 7479 I 1 297 7802 1849 
TAO 4158 1452 4483 1 170 4078 f938 4036 -5 3891 i269 
PL 2393 1220 2297 1501 2245 d47 2209 *346 2340 11n 
AMPL 567 I317 532 s128 501 d74  461 k112 512 
ST 283 $41 328 &3 2% 186 266 150 325 i l  76 

8 SE 130 t23 147 *JO 159 338 124 a 3  128 126 
FFA 114 153 162 k% 94 k42 106 IW 181 ~ 2 6 5  
DAG 66 î6û 107 kC)3 120 do9 84 157 130 d29 

Relative composition 1% lot &pi&) 

TAC3 52.6 î 3 . 1  54.3 12.8 52.9 I3.9 53.6 4 . 3  51.4 17.7 
PL 30.5 12.4 28.1 t2.1 29.6 I3.1 29.9 t4.3 30,l 11.0 
AMPL 7.4 I4.5 6.5 a . 7  6.6 12.2 6.2 ~ 1 . 4  6.4 12.5 
ST 3.6 I0.5 4.0 M.5 3.8 I0.6 3.6 I0.6 4,O 12.9 
SE 1.7 d1.3 1.8 I0.2 2.1 I0.3 1.6 I0.3 1.6 10.3 
FFA 1.5 I0.7 1.8 il.O 1.3 I 0 . G  1.4 k1.0 2.1 33.0 
DAG 0.8 I0.7 1.2 k1.0 1.6 î l .6  1.1 I0.7 1.7 11.0 

AFDW Wcssi  42.3 110.1 48.5 d3.8 46.6 11 1.6 36.6 15.0 45.3 112,7 
Egg diameter (p) 66.8 I0.3 65.7 d1.6 66.3 I 1.3 67.5 M.4 67.7 10.5 

Hatch rate [%)* 15.2 11 1.5 13.5 tS .8  18.5 19.6 21.5 119.0 no data 
yi3- 



. . 
2.3.2.2 b ~ d  classes 

Total lipid per egg ranged from a low of 7479 pglegg in the D. tertiolecta 

treatrnent to 8261 pglegg in the IsocArysis sp.1 T. chui mixed diet, but no significant 

differences were detected in the ANOVA for this variable (p=0.8293; Table 2.4). Lipid 

class composition was extremely stable between the conditioning treatments. No 

significant differences were found for TAG (pd.8673) or PL (p= 0.8092). In order of 

dominance within total egg lipid: TAG comprised approximately 50-5546 of total lipids 

followed by PL (28-31%). AMPL and sterol comprised 6-796 and 3.5-4% respectively. 

SE, FFA, and DAG were dl present in rninor quantities (generally 4%). Neither Et- 

KET nor Me-KET were detectd indicating b t  they were present at <O. 1%. 

2.3.2.3 Egg fattv acids 

The fatty acid profiles of eggs (total lipids) from the 4 diet treatments and 

naturall y condi tioned broodstock were similar tmth qualitative1 y and quantitative1 y 

(Table 2.5; complete fatty acid profiles and standard deviations in Appendix 2.1). Eggs 

contained mostly 16:0,20:5n-3 (EPA), and 22:6n-3 (DHA). These three fatty acids alone 

contributed nearly 50% of the total fatty acids (approximately 1746, 20%, and 1096, 

respectively). Saturated fatty acids included small but significant quantities of 140 (ca 

2%) and 180 (3.5%). Monounsaturates were mostly 18: ln-7 (7.5%) followed by 16: ln-7 

(5%),18: ln-9 (4-5%), and 20: ln-1 1 (2.5%). The (n-9) and (n-7) series 2&1 fatty acids 

were also present as minor mnstituents (4%). W F A  was composed almost entirel y of 

C,, - C, fatty acids. ûniy 16:4n-1 (which was not a significant dietary PUFA) was 
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present at levels greater than 1% in eggs h m  Iab condi tioned animals. ûther than EPA 

and DHA, 18:4n-3 &as the oniy major PUFA at 56% of total FA. The fatty acids 18:3n- 

3 and 18:2n-6 were present at >2% and 20:4n-6 appeared in lesser but consistent 

proportions between 1 .l% and 3.1%. W F A  present in small amounts (0.5% - 1%) 

induded 215n-3,22511-6, and 22:Sn-3. 

Eggs were rich in total PUFA (4648%) followed by SAT (23.3% - 25.9%) and 

MONO (20.9% - 22.2%; Table 2.5). The proportion of these major groups and fatty acid 

series groups were also relatively stable. b n g  chah PUFA (Cm- Cd comprised most of 

the total WFA due main1 y to the high levels of EPA and DHA (ca 35%). Fatty acids of 

the (n-3) serics were the dominant group in P. magellanicus eggs (ca. 4û%) followed by 

(n-7) at 13%. FA of the (n-9) series came mainly fmm 18: 111-9. The (n-6) series showed 

the most variability among groups, ranging from 3.73% in eggs from the natural 

conditioning treatment to 7.1096 in eggs fmm the T. chui diet treatment. The (n-6)l(n-3) 

ratio reflected this. The saturatedlunsaturated FA ratio was consistent between the 

cultured algie treatments (0.33-0.34) and slightly higher in wild eggs (0.38). 

9.3.24 Treatmen t dimerem 

Proportions of fatty acids varied signi ficantl y between lab conditioned diet 

treatments for oniy a few fatty acids, and naturally conditioned broodstock varied more 

than lab conditioned animals (Tabie 2.5). Within the lab conditioned groups only 20:2n- 

6 and 20:4n-6 varied significantly, with higher levels of both found in the T. c h i  

treatment. This was reflected in the (na)l(n-3) ratio, which was also significantiy higher 
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Table 2.5. Variation in proporiim d seiecied (>0.2%) fatty acids (as a wt 8 of total FA) 

in eggs of Plmopecten magelhmcw fkd four diîTercnt diets (expenment i l )  

(mean i stadard deviaticm. repliwtes. n. as inâicated). 

Dkt I~ahrysir sp. T-bd T e u ~ ~ e k w  Duualiclk Wild 
T c ~ ~ ~ e a i l r  CM chui &riidcc& 

(n=7) (n=6) (n=8) (i=8) (n=9) 

140 
IBO 
180 
Tm1 SAT 

IBln-7 
1% ln-9 
l % h 7  
2O.ln-11 
20; ln-9 
20; ln-7 

T d  MONO 

16411- 1 
182n-6 
18211-4 
18311.6 
18311-3 
1%4II-3 
20; 211-6 
20;411-6 (ARA) 
Z(Ir3n-3 
20;5n3 (EPA) 
2 l:%3 
22511-6 
22511-3 
22611-3 KHA) 

G a d G W F A  350 34.2 34.6 363 365 
EPAlDHA 1.9 2 1 25 2.2 25 
sum (n-9) 5.7 5.5 4.8 4.7 4.8 
sum (n-7) 13.2 133 13.1 13.0 13.8 
sum (n-6) 5.8 a 6.1 ac 7.1 c 5.7 a 3.7 b 
sum (n-3) Jo.I 40.4 39.2 41.3 41.6 
(n-6)l(n-3) 0.14 a 0.15 ac 0.18 b 0.14 a 0.09 c 



in the T. chui treatment. Eggs from field collected scallops showed significant 

differences from the other groups, having a slightly higher proportion of 160 and total 

SAT, and16 111-7 (compareci with al1 but the D. lertioiecta treatment). Levels of 18:2n-6, 

1&3n-6, 18:3n-3, and 22511-6 were also slightly lower. Because of these decreased 

amounts in the (n-6) series fatty acids, eggs from naturally condi tioned scallops also 

displayed a lower total (n-6) level and (n-6)l(n-3) mtio than the other groups. 

Despite the few significant differences, trends in the mean levels of certain fatty 

acids (140, 18:ln-9, 18:4n-3, 20%-3, 22:6n-3, and 22:Sn-6) do indicate minor 

deviations in egg composition which coincide with dietary fatty acid inputs (Figures 2.1, 

2.2; Table 2.5). In Figure 2.1, dietary fatty acids are expressed in absolute amounts (pg/ 

equivdent dry weight ration based on the Isochrysis sp. reference diet). This depiction is 

more representative of dietary fatty acids available for assimilation. The standard 

deviations in egg EPA proportions (Figure 2.2, Appendix 2.1) were higher in eggs from 

diet treatments lacking EPA (Isochrysis sp. and D. terfiolectu) than in diets with 

substantial levels of EPA (mixed and T. chu& Variability of EPA in eggs from naturally 

conditioned broodsiock was also high, although mean levels were substantidly greater 

than in any of the lab conditioned eggs. Standard deviations for the proportion of DHA 

were similar among treatments. These apparent trends were the impetus for the second 

broodstock condi tioning expriment. 



Table 2.6. Relative fatty acid composition (wt 9% of tdal FA) of neutrai and 

polar lipid in selected egg samples (mean I standard &viaticm. ne. 









Because only two egg sarnples per Veatment were selected non-randomly for lipid 

fmtionation, it was not statistically valid to make among matment cornparisons in faity 

acid composition of neutral and polar lipids in experiment X1. Nonetbeless, pooled daia 

for NL and PL indicafed that while fatty acids from these two fractions were quaiiiatively 

similar, k y  differed quaniitatively in their relative proportions (Table 2.6). Polar lipids 

in eggs mtained significantly less 140 (1.2% vs. 2.6%) and more 18:O (7.8% vs. 3.2%). 

Monoenes were significantly lower in egg PL (17.6% vs. 23.7%) due to lower levels of 

16: ln-7 (2.2% vs. 6.8%), 18: Ln-9 (3.4% vs. 4.6%). and 18: ln-7 (S. 1% vs. 9.5%). PL, 

however, was higher in longer chah MONO, primady 20: ln- 1 1, 20: ln-9, and 20: ln-7. 

PUFA in FL were characterized by higher DHA (11.9% vs. 8.4%) and hence a lower 

EPAIDHA ratio (1.6 vs. 2.6) and higher ARA (2.6% vs. 1.0%) compared to NL. The 

fatty acid 18:4n-3 was much higher in egg NL (6.5%) than PL (2.6%). Despite these 

differences, totai PUFA was very high in both NL and PL fractions. 

3.3.2.6 Aâductor muscle tissue 

Samples of adductor musde taken from scallops in the diffant diet ireatments 

displayed an organ-specific faity acid profile but no differences in t d  lipid, lipid class 

or Iatty acid composition. There were also nu trends in weeûry weight ratios (ca. 4.5: 1) 

that would indicate large differences in giycogen transport from tbis tissue (Table 2.7). 

Lipid levels were relatively iow in adductor muscle (32.2-38.1 rng/g) and comprised 

almost exclusively of PL and ST at approximately 85% and 14% respectively as a 
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Table 2.7. Total lipids and Iipid classes in adductor muscle of Placopecten magellanicus 

fed four different diets (expriment #l). Data expressed as mgtg dry weight (top) 

and as a percent of total lipid (bottom) (mean I standard deviation, n=3). 

Ditt trutment I S O C ~ @ S  sp. T-I~olTcIiruelniir Tebrrrelnnir DlUlQlidIla 
~ h d  mi% CM & d O k & a  

(mgk dry w 0  
TL 38.1 I2.8 32.2 d . 6  35.0 6 . 9  32.5 I2.4 

(% total lipidr) 
ST 13.5 11.2 14.6 10.4 14.0 11 .O 15.8 11.4 
PL 86.5 11.2 85.4 10.4 86.0 11.0 84.2 11.2 

wet: drv weieht ratio 4.5 Io. 1 4.3 4 . 2  4.6 10.2 4.5 Io. 1 



Tahic 28 Mcaa dative faüy icid compwiiicm (wî % d to(rl FA) d iarl lipds 

in adducta mirpclcs d Pheopccrm mogcllam'cus fed fair düTk~at &etJ (expeiiment #l) 

1 4 0  
150 
1oco 
17:O 
la0 

Toul SAT 

1Qlm-7 
16: ln-5 
lâln-9 
la h - 7  
lâln-5 
'%ln41 
2Ct 1 n-9 
2& 1 n-7 
2& 1 n-5 

Toul MONO 

16:3n4 
16:4n-1 
IâZn-77 
1amb 
la21147 
1 â 3 ~ - 3  
la&-3 
2&2NMID 
~ 2 N M I D  
m21i6 
20.311-6 
&&4 
20%-3 
2&411-3 
m5i-3 
2 1 :%-3 
'Ah4 
225n-3 
22-3 

Totd PUFA 



proportion of total lipids (Table 2.7). The fatty acids consisted mainly of 1&0, 18:0, 

18:ln-9, 20:5n-3, and 22:6n-3. The fatty acid 20511-3 was only slightly higher than 

22:6n-3 at 21.7% and 19.1%. Other fatty acids comprising more than 2% of the total 

were 140, 16: ln-7,18:4n-3, and 2Q4n-6. FA 20: ln-9 and 22511-3 were also present (1- 

2% of total). Overall means arc shown in Table 2.8, wi th means split by treatment group 

in Appendix 2.2. Long chah Cm- C, PLJFA were neariy 50% of the total faity acids with 

the (n-3) senes making up 47.2%. 

2.3.2.7 Diaestive @& 

The digestive gland samples from the same animals also revealed an organ- 

specific lipid and fatty acid composition (Tables 2.9, 2.10). There were no significant 

differences in total lipid concentration or lipid class composition, although mean levels of 

total lipid and TAG were highest in the mixed diet treatment. In contrast to adductor 

muscle tissue, the digestive gland was composed primarily of TAG (73.78-80.28) 

followed by PL (9%-10%) and AMPL (5%-6.5%). FFA were present at low but 

consistent levels (1.2%-1.7%), as were sterols (1.6- 1.7%). Mean levels of ketone were 

highest in the Isochysis sp. and rnixed diet groups, undoubtedly due to presence of these 

compounds in the diets. Total lipid concentration was high (300-369 mgtg dry weight). 

Fatty acid profiles of neutral lipids from the digestive gland did show treatment 

differences. The D. tertiolecra group showed a much higher proportion of 14:O (163% 

vs. 6.06.596) and total SAT (43% vs. 2426%) with a concomitant decrease in total (28% 

vs. 4547%) and long chah PUFA (12.2 vs. 30-34%). This was primaily due to 



Table 2.9. Total lipids and lipid classes in digestive glands of Phcopecten magellanicus fed four 

different diets (expriment #l) express& as mg& dry weight (top) and as a percent of tobl lipid (bottom) 

(mean * standard deviation. n=3). 

Diet Ismhy~Ir sp. TlllolTenrUelmis Teûuselrnir D d U a  
ch& mix ch& &raloIcc& 

(Wb? dry wt) 
TL 29ï.4 ~ . 6  368.8 *135.5 3 18.4 I36.1 309.9 11 13.3 

TAG 219.4 117.3 301.4 1136.1 251.1 I32.3 252.7 1134.3 

M PL. 28.9 I2.1 30.3 110.0 31.8 I2.5 28.1 110.8 
AMPi 19.3 d . 9  17.4 L2.6 18.9 4 .9  15.9 M. 1 
ST 6.1 11.6 5.7 11.2 5.1 M.8 4.7 I2.7 
W A  4.9 11.6 5.2 11.7 5.0 &O 2.7 G.9  
KET 2.8 4.9 2.7 d . 7  1.4 k1.9 1.5 12.1 

(% total lipid) 

TAO 73.7% 4 . 2  80.2% 4 .8  78.8% 11.2 78.9% 114.5 
PL 9.7% d . 9  9.1% 6 . 0  10.1% 11.9 10.4% 17.3 
AMPL 6.5% 11.8 4.9% 11 .O 5.9% 11.2 5.5% &.O 
ST 2.1% 4 . 6  1.7% I0.6 1.6% 4. 1 1.8% 11.5 
FFA 1.7% I0.6 1.4% I0.3 1.6% 10.2 1.2% 11.7 
KET 0.9% I 1.3 0.9% iû.9 0.4% 10.6 0.6% I0.9 



Table 2.10. Variation in relative fatly acid composition (wt 8 of total FA) of 

neutral lipids of digestive glands of Plocopcten magelhieus fed four different 

diets (experiment t I) (mean * standard deviation, n=3). 

14WTMTD7 
16:O 
18:O 

Toral SAT 

14 1m-7 
16: ln-5 
18: ln-11 
18: I..) 
lhl.-'l 
I& ln-5 
2Ctln-11 
2Ct ln-9 
2Ct ln-7 
2Ct 1 n-5 

Total W N O  

16:4n-3 
164-1 
18:2.d 
lL3n-6 
18:3n-4 
18:-3 
18:4~-3 
2091-6 
2a3n-6 
2a4n-6 
2Ct3n-3 
20.411-3 
a s k 3  
21511-3 
22: 51-3 
2251-6 
m.6.-3 

Told PUFA 45.7 d.4 a 47.3 k1.1 a 45.1 4.6 a 280 i6.8 b 

unidentified 3.0 t1.6 3.8 iO.7 3.4 t0.3 2 5  k1.5 
~!#~wcM 1.2 k1.0 0.7 a.2 0.5 a.2 1.2 ~0.2 

~~~A 30.4 d.1 a 34.3 6.8 a 33.5 iS.0 a 122 i 2 9  b 
EPA/DHA 4.3 i1.6 68 rl.1 82 d . 1  8 6  k7.2 
sum (II-9) 5.0 a.9 4-4 as 3.8 a 3  4.0 k1.7 
sum (n-7) 19.2 a.9 184 a 0  m.1 i1.4 19.2 k82 
sum (na) 4.9 d . 7  a 4.3 N.5 a 4.9 a . 4  a 28 a.9 b 
sum (n-3) 39.3 A.1 a 4Z2 &.0 a 393 i 5 2  a 23.7 6.1 b 
(nd)l(n-3) 0.1 a.0 0.1 a.0 0.1 a .0  0.1 a.l 
satlunsat 0-4 a.1 a 03 d-1 it 0.4a.1 a 0.8 N.3 b 

also pwent(<l%): 150.151. 17:9 17A.Zln-9 
treatmenis designated wilh ditlmnt letten are signikaatly different 
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significant decreases in EPA, in addition to l a s  DHA and 20:4n-6 (Table 2.10, Figure 

2.3). These distinctions also affected the sum (n-6) and sum (n-3) groupings and 

SAT/üNSAT ratio, which also differed significantly in the D. tertiokcfa treatment. The 

overall variability introduced by inclusion of the D. tertiolectu group in the ANOVA 

made post-hoc tests less sensitive to deviations in composition in the other treatment 

groups. DHA was significantly lower (3.2% vs. 4.8%) in the T. c h i  treatment compared 

with Isocluysis sp. Mean levels of EPA were also lower in the lsochrysis sp. group than 

in the mix and T. chui groups (20.9% vs. 26.3% and 26.5%), and mean EPAlDHA ratios 

corresponded to the diet treatments. However, the range of values was less than that of 

EPAIDHA in the diets (Table 2.10). These trends are evident when wmparing Figure 2.3 

with the diet composition (Figure 2.1). 

TMTD (4,8,12- trimethyltridecanoic acid), an isoprenoid fatty acid breakdown 

product of chlorophylls, was not obsewed in the digestive gland samples, but may have 

meluteci with 14:0 (Napolitano and Ackman, 1993). 

2.3.3 B r d t o c k  conditioning expriment #2 

. * 1.3.3.1 Gonad Ii~ids 

Total lipid and lipid class composition was not significantly different among 

gonad samples from any of the diet treatments (Isociuysis sp., T. chui. or D. terriolecta), 

but variability in total lipid and major lipid classes (TAG and PL) within treaùnents was 

high. TAO was lower as a percent of total lipids (8.26-27.84%) compared to eggs f rm 

experiment # 1 (Table 2.11). 
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Table 2.1 1. Variation in total lipid and lipid class composition in gonads of Placopecten magellanicus 

fed t h e  different diets (experiment #2) expressed as a perçentage of gonad wet weight (top) 

and percent of total lipid (battom) (mean * standard deviation). 

Dltt trritmcnt Isachrysis sp. Tetrarelmis chui Dunafiella fertiolecfa 
(% wet wt) 

TAO 0.27 dl. 15 O. 15 a . 2 1  0.07 I0.09 
PL 0.50 +O. 16 0.37 4 .24  0.59 4.25 
AMPL 0.06 4.04 0.04 4.05 0.05 4.03 
ST 0.0s 4.03 0.07 &.O4 O. 10 îû.03 

TAG 
PL 
AMPL 



2.33.2 Fat@ h m  neutt.al wlatIiDi& and 
* .  

Faîty and differences among the treatment gmups were evident. Fatty acids of 

the neutml lipids correspondecl to the diet treatments to a greater extent than that of 

phospholipids, However, even within the PL portion of gonad lipid samples, the 

inîluence of the diet could be seen in signifiant differences in Cm- C,PUFA. 

In the neutral lipids, levels of 140, 16:0, 18: ln-9, 18:4n-3,20:Sn-3, and 22611-3 

differed among the ûeatments and reflected speçies characteristic dieiary fatty acid inputs 

(Table 2.3 vs. Table 2.12; Figure 2.4). In addition, a number of the C,, WFA present in 

the T. chui and D. tertiokcta diets appared in neutral lipids of the gonads of scallops 

from these two treatments, but not in scallops fed lsachrysis sp. Mean levels of 18:ln-6, 

l8:3n-3,%:4n-6, and 22:Sn-6 also appeared to correspond wi th the diet, but variability 

was high (Table 2.12, Figure 2.4). 

Proportions of total SAT, MONO, and PUFA, and the SATlUNSAT ratio in 

gonad NL did not Vary arnong treatments, and were also similar to proportions found in 

healthy eggs (expriment #1 samples; Table 2.6 vs. Table 2.12). Long chah PUFA were, 

however, substantially reduced compared with healthy eggs. This was due pnmarily to a 

drop in EPA levels in al1 treatment groups, but especially in the lsochrysis sp. and D. 

tertiolecta treatments, where EPA in the NL fraction dropped to l e s  than 2% compared 

with a mean of over 20% in healthy eggs. DHA was substantially higher (16%) in the NL 

of gonads fm the Isochrysis sp. group çompared with both healthy eggs and the other 2 

ûeatments, which accounted for a higher mean Cm- C,PUFA. DHA was lower in the T. 

chi and D. tertiolecta treatment groups but maintained at levels greater than 5%. 



EPAlDHA ratios were thus also greatly reduced hem compared to healthy eggs. ARA 

(20:4n-6) was higher in neud  lipids of gonads from experiment #2 than in experiment 

X I  eggs. The sum of the (n-6) series fatty acids and the (nb)l(n-3) ratio were aiso higher 

in experiment #î NL. 

Polar lipids of gonads showed a more stable fatty acid composition than neutral 

lipids, but significant differences were found in long chah PWA- 20:4n-6, 20511-3, 

22511-6, and 22:6n-3. Fatty acids of the D. tertiolecfcl group were faidy similar to the T. 

chui group. Al1 signifïcant differences were between Isochrysis sp. and the other two 

treatments. These differences included a decrease in the EPA content of Isochrysis sp. 

PL and an increase in D M .  The EPAlDHA ratio was lower in this group than the other 

two (0.59 va 1.21 and 1.34; Table 2*13). As for the NL described previously, total levels 

of SAT, MONO, and PUFA were similar across treatment groups and compared with 

healthy eggs. Unlike the corresponding NL, total levels of C, - C, PUFA were largely 

conserved and also sirnilar to that of healthy eggs despite deviations in the relative 

proportions of DHA and EPA. The levels of 20:4n-6, 20:ln-11, and 18:O were also 

higher in experiment # 2 gonad PL compared with healthy eggs (Table 2.13; Figure 2.5). 

Figures 2.4 and 2.5 compare the major fatty acid profiles of neutral and polar 

lipids. In general the trends found in the NL fraction mirrored mean levels in PL in their 

rank position, but, again, the proportions found in the PL were constrained to smaller 

relative differences. This narrower range was also evident in the fatty acid groupings of 

the gonad NL (Figure 2.6) and PL (Figure 2.7) fractions. Fatty acid ratios (Figure 2.& 

and 2.8b) showed a similar trend, with the exception of SATAJNSAT ratio, which was 
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Table 2.12. Variation in relative fmy acid composition (wt % of total FA) of 

neutral lipids extracid from g d  of Plocopecten mgellanicas fed three 

different diets (expriment Xt) (mean i standard deviation). 

14:O 
160 
IR0 
20.0 

Toial SAT 

16: ln-7 
18: ln-9 
18: ln-7 
20.111-11 
20.ln-9 
20.1 n-7 

Total MN0 

16:2n-4 
16:2n-6 
16:3n-3 
164-3 
1tt2n-6 
18.311-6 
1tt3n-3 
18:4n-3 
20.2n-6 
20.4n-6 
20.5113 
22: 5n6 
32%-3 
226n-3 

Totai PUFA 43.4 î 2 1  50.8 A.2  4K118.6 

branchcd 0.3 I0.5 0.5 îo.7 3.7 i2.5 
unidmtified 0.1 î1.2 25 I0.2 22 I0.5 

GC, 24.0 6 . 5  17.3 1127 11.1 i6.2 
EPAlDHA 0.1 IO.O a 1.2 k1.0 b O.lIO.l a 
sum (n-9) 121 11.5 a 7.9 I0.0 b 8 4  iO.5 b 
 SU^ (n-7) 115i2.1 O i a s d . 0  b 11.5 i2.3 b 
sum (n-6) 115 I38 19.9 i2.2 la0  11.9 
sum (11-31 31.8 i2.9 288 k7.9 26.8 d 1.6 
in44n-3) 0.49 4 . 1  0.B 103 0.79 10.41 

- ~ 

* trcaîm~1ts bignatal with different le#en ate significantiy diffant at @.O5 



Tabie 2.13. Variation in relative fatty acid composition (wt 46 of totai FA) 

of polar lipids in gonads of Plhcopecten mugellanicus fed three different 

diets (expriment X2) (mean i standard deviation). 

160 12.4 i2.2 13.1 11.5 11.5 &.O 
18:O 10.2 I2.8 14.0 d . 2  14.4 11.8 
m.0 0.3 Al3 0.5 34.7 0.3 4 . 5  

Tord SAT 22.6 4 4  28.5 A.7 26.8 11.1 

16: ln-7 
16: In-5 
18: ln-9 
18: 10-7 
20:ln-11 
20: ln-9 
20: ln-7 

Total MONO 

16411-1 1.8 12.5 0.7 t1.0 0.2 4 . 3  
18:2n-6 2.7 11.8 2.9 11.5 3.0 11.0 
18:2n-4 0.2 4 . 3  0.0 &.O 0.0 4 . 0  
18311-3 0.2 43  0 3  iû.4 0.9 4 . 8  
18:411-3 4.7 A. 1 2.2 M.8 1.7 4 . 2  
20:2n-6 1.4 11.0 0.5 I0.7 0.9 4 . 2  
20:h-6 6.3 11.6 O 8.2 12.2 b 7.011.2 b 
20:h-3 9.711.7 u 15.2 113 b 14.4 I 1.6 b 
22511-6 1.8 11.2 a 0.7 4 . 9  b 1.0 4 3  b 
2 5 1 - 3  0.0 &.O tr 0.4 10.8 
22:h-3 16.4 1 a 12.6 d.1 b 113 11.4 b 

Tord PUFA 48.9 4.7 47.7 k2.8 45.1 10.6 

branched 2.2 11.0 2.3 4 . 5  2.5 4 . 7  
DMA 4.2 4 .9  4.1 k1.2 4.1 d .7  
unidentif~ed 1.8 I2.2 1.4 123 1.4 11.7 

G d G p W A  36.5*1.1 38.1 i2.6 39.9 t3.6 
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Figure 2.4. Variation in the relative fatty acid composition (wt 46 of total FA) of neutral lipids in gonad samples from 

Plncopecfen rwgellnrricus fed ihree différent dieis (expriment a). Error bars are + standard deviaiians. 
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gonad samples. Enor bars are + standard deviations. 



similarly consuained in both NL and PL fractions. 

2 4  Discussion 

2.4.1 &OOdSfuck conditioning expriment #l 

. - 
3.4.1.1 Stabilitv of emuality 

The biochemical composition, in ternis of Iipid quantity and quality, of eggs from 

expriment #l varied little in response to the diet treatmenis. Total lipids, lipid classes, 

and fatty acids of the Placopecten mugellanicus eggs in this study were similar to those 

found in other P. mugellanicus studies (Manning, 1986; Napolitano et al., 1992) and 

studies of some other pectinids (Soudant et al., 19%). The stability in egg quality is 

consistent with some studies but not with others. Berntsson et al. (1997) found that the 

PUFA and DHA content of newly released Ostrca edulis larvae correlated with 

subsequent growth rates. However, the initiai fatty acid composition of eariy larvae was 

unrelateci to the diet treatments provideci to broodstock, suggesting that genetic or other 

sources of variability influenced larval biochemical composition more than the 

conditioning diet. In contrast, Soudant et al. (1996) found that fatty acids of Pecten 

muximus eggs were related to their proportions in the diet. The reason for this apparent 

discrepancy is probabiy the prior condition (i.e., initial nutritive state) of broodstock. 

Scallops in expriment #l were conditioned for only four weeks and were exposed to the 

spring phytoplankton bloom in situ before king transported to the lab. They were also 

collecteci from a relatively sballow site where food was pmbabiy abundant and may have 

experienced unusually warm temperatures early in the season. Berntsson et al. (1997) 
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aiso attributed the lack of treahnent differences in their study to an adquate quantity and 

quality of endogenous reserves prior to initiation of conditioning. In Soudant et al.'s 

(19%) study, scallops were spawned on collection, thus draining most reserves, and held 

for a total of 12 weeks. Apparent egg quality stability in our study may have been aided 

by translocation of lipids and fatty acids from the digestive gland during conditioning 

(VassalIo, 19'73). The total lipid concentration was not significantly teduceci in digestive 

glands from scallops fed the diet lacking in long chain PUFA (Dunuliella ter~olectci), but 

the proportion of these PUFA in the neuttal lipid portion was reduced to levels below one 

half of thuse found in the oiher diets. Whether this was due only to the impact of diet or, 

in part, to differential translocation of long chah PUFA in scailops from this group 

cannot be determined. Nonerheless, it is likely that both lipids formed de novo and 

dietary lipids are transported from the digestive gland to the gonad. Napolitano and 

Ackman (1993) found, in an edogical study, that a number of digestive gland fatty acids 

correlated with their corresponding levels in TAG of female gonads. A large drop in the 

Polyunsaturation Index (PUI; the sum of PUFA weight percents divided by the total 

number of double bonds) occurred in late summer and early autumn, corresponding with 

gonad development and indicating a possible translocation of PUFA. An 

autoradiographic or other labeling experiment would be helpful to examine this and to 

better understand the nutrient dynamics of ihe digestive gland and its contribution to the 

developing gonad. Cornparisons of the biochernical composition of male and female 

digestive glands from a conditiming experiment similar to the one presented here may 



also permit an examination of PUFA transport fm the digestive gland to the gonad 

during gametogenesis. 

The lack of differences in egg size, organic weight, and hatch rates also indicate 

that egg quality did not differ among treatments. The variability in hatch rates may 

suggest a significant genetic component to egg quality. However, mean hatch rates (ca. 

15%) were lower than expected (alihough similar to hatch rates in Soudant et ai.' s Pecten 

-mm study (19%), and may have resulted from logistical problems in the experiment. 

Eggs used in determination of hatch rates were al1 spawned in one &y. Although efforts 

were made to standardize egg handling and incubation wirhin repliates, the number of 

animais spawned made it difficult to monitor fertilization (polar body release) and to 

control the number of eggs in each sample prior to férîilization whiie still fertilizing 

within 15-25 minutes of spawning. 

. . 
2.4.1.2 Partial diet effects on a c o m p i t i o n  

Despite an overall lack of differences in fatty acid profiles from eggs in 

experiment #l,  some of the data suggest at least a puliai diet effect. Arachidonic acid 

(ARA) was significantly higher in the Tettllselmis c h i  diet and in eggs from this 

treatment. ARA is both a major component of some phospholipid classes and an 

important precursor for biwtive prostagiandins and eicosanoids (PGk, F,, and D& 

which have ben associated with gametogenesis and spawniag in scallops (Osada et al., 

19û9). Soudant et al. (19%) found that ARA was the major PUFA (33-39% of total 

fatty acids) in the phosphatidylinositol fraction of Pecten maaùnus gonads. The 
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proportion of this fatty acid increased throughout gametogenesis even when it was found 

in low amounts in the diet. This fatty acid was aiso preferentiaily accumulated in fatty 

acids of gonad polar lipids in the current study. Furthemore, the increased variability in 

EPA in total lipids from eggs from the Isochrysis sp. treatment also suggests that the diet 

had a partial impact on egg composition. 

Also of interest were the differences between wild conditioned compared to the 

lab-conditioned spawners. Some studies indicate a difference in biochemical 

composition between eggs obtained from wild stock and those conditioned in the 

laboratory, with the implication that eggs obtained from wild stock are superior. Helm et 

ai. ( 1991) found a reduction in EPA in released larvae from hatchery-reared Ostrea edulis 

compared with in situ populations. iikewise, gonads of Argopecten purpuratus held in 

the ocean were higher in DHA and spawned eadier than those of animals held in the 

hatchery over the same time pend. Our results aiso show fatty acid differences between 

eggs from wild and labconditioned animals to ix greater than those of lab-conditioned 

animais under different diet regimes. Whether this relates to diet (presumably a more 

divene diet is available in the wild than in the individual diet treatments chosen for this 

study), or to a stress response such as a greater incidence of egg atresia in captive 

scallops, is unclear and needs further investigation. The Iikelihood that the controlled lab 

diets were more variaMe in k i r  fatty acid profiles îban natural plankton stocks available 

to the naturally conditioned group suegests that factors other than diet were involved. 

Inclusion of hatch rates of the wild-conditianed animals and measwes of fecundity would 

have been useful. An anaiysis of fatty acids in the D-stage larvae from the respective 
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treatments may have ken helpful to esiablish differences due to atresic eggs that were 

spawned dong with healthy eggs. 

More significant differences may have been evident in neutral lipid portions if 

separations had been done on ail of the egg samples to allow for a statistical comparison. 

In egg formation, since polar lipids are genetally established before vitellogenesis (Sastry 

and Blake, 1971) is completed, fatty acids of the egg polar lipids, which not only form 

first but are known to Vary less than egg neutral lipids, may have obcured treatment 

di fferences in neutral li pid composition. 

The diet effect found for digestive gland lipids is not surprising due to this organ's 

association with ingested food. Digestive gland lipid is in the form of intracellular oil 

droplets contained in specialized tubular cells. Indeed, food particles themselves are 

present in the digestive cells due to pinocytosis (Napolitano et al., 1993). 

The conservatism in the fatty acid pmfiles of adductor muscles suggests a slow 

turnover rate of lipids in this oagan. Watanabe and Ackman (19'74) reportecl that dieiary 

fatty acids provided to Crassosîrea virginica and Osttco edulis adults were rapidly 

converted into a species-specific profile. Our results for adductor tissue in P. 

magellanicus indicated that fatty acids in organs that display less active lipid metabolism 

were difficult to alter thmugh dietary means. However, even when changes in fatty acids 

in total tissue are not detecied, specific organs that are actively involved in lipid 

metabolism such as the digestive gland and gonad may show alterations. Fatty acids in 
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the digestive gland may tie used in ecological studies as tracers for large scafe spatial 

variability in phytoplankton assemblages and p i b l y  as indicators of the nutritive state 

of scallops. Napolitano and Ackman (1993) found that fatty acids of gut contents, and 

seaclonal changes in available EPA and DHA in particular, appeared related to changes in 

the fany acid composition of the digestive gland, although no statistics were done 

because sarnples were pooled. However, in naturai environments where fatty acids of 

phytoplankton assemblages may be more diverse than in experimentally manipulated lab 

die&, changes in gonad composition may represent endogenous temporal variations in the 

state of gametogenesis (id., selective deposition of certain PUFA in the gond) rather 

than environmental inputs from phytoplankon (Chu et al., 1990; Napolitano and 

Ackman, 1993). The combination of dietaq factors, differential metabolic control and 

metabolic rates, and organ-specific fatty acid distributions confounds fatty acid analyses 

of total tissues in adult organisms. However, analysis of fatty acids on an organ-specific 

bais and under expenmenial conditions can yield very useful information. 

2.4.2 BrOOdFtock conditioning experhent 2 - dietary effects on gonad composition 

In contrast to eggs from expriment X1, lipids from gonads of scallops in the 

second conditioning experiment did suggest a d ie îq  influence on gainetogenesis for lab 

conditioned animals fed algae varying widely in their fatty acids. The failure of these 

animals to spawn and the biochemical analyses show that broodstock from the second 

experiment were in a relatively poor reproductive condition. Total Iipid and TAG 

concentratioas were lower than would be expected baseô on the results of other studies 
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(Napolitano et al., lm). This apparent poor condition may have been the result of an 

inadequate diet, as dl the groups lacked one or both essential faüy acids DHA and EPA. 

A combination of factors may have also affected conditioning: 1) Tank temperature 

problems were experienced dwing the second experiment due to logistical problems. 2) 

Foor water quality may have resulted from the use of paste as a partial diet replacement 

in the Isoclirysis sp. and T. c h i  treatrnents. 3) Endogenous reserves in the animals may 

have been depleted due to holding the animais in a potentially fd-limited flow-through 

system during the winter. Animals were fed only a minimum ration appmximately once 

a week as it  was assumed that enough food would be naturally available from flow- 

through. 

Gonad neuûai lipid fatty acids reflected the diet to a greater extent than did fatty 

acids of the phospholipids (polar lipids). There is greater metabolic control over 

phospholipid formation due to the importance of fatty acid composition in membrane 

function. This is a common finding in fatty acid studies (Waldock and Holland, 19û4). 

Variability was hi@ in neutrd lipid fatty acid composition (Figure 2.4) and the sample 

size was small, but mean differences clearly reflect the species-specific characteristics of 

the algae (Figure 2.1). Although greatly reduced compareci with the Isuchrysis sp. 

treatment group, significant levels of DHA were still present in neutrai lipids of the T. 

chui and D. ferîiolecta (diets with no DHA) treatments. Relative amounts of €PA also 

reflected the diet in ternis of rank order, but were not as high in ihe T. c h i  treatment as 

was expected. Proportions of neutral lipid €PA across ail treatments were substantiaily 

reduced compareci to that of hedthy eggs (experiment XI). Oime possible explanation is 
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that EPA, associated with siorage lipid cannot be deposited within the eggs until egg 

polar lipids are f o d .  DHA is associated with egg polar Iipids in pectinids and 

believed to be assigned a spcific role in membranes that cannot be fulfilled by other 

PUFA (Soudant, 19%). Assuming the progression of gametogenesis descnbed above, if 

DHA is limiting, vitellogenesis (and hence accumulation of EPA) may also be inhibited. 

Levels of SAT, MONO, and PUFA were relatively stable in both NL and PL 

fractions and in both experiments. Maintenance of proportions of fatty acids in these 

groups represents a first stage in fatty acid metabolic wntrol in d l o p s  and indicates a 

physiological necessity for maintenance of membrane function (Soudant et al., 19%). 

NL lipids may share the same enzyme systems and hence be similariy controlled. The 

ratios may also be important dunng embryogenesis, when egg TAG pools may provide a 

supply of fatty acids for membrane fornation in trochophores and early larvae before the 

shift from endotropby to exotrophy. 

Although ratios of SAT, MONO, and PL were consistent among treatments and 

between NL and PL, C,and C,PüFA were depleted in NL and selectively accumulated 

in the polar lipids. Mean levels of C, and C, PUFA in experiment # 2 gonad PL were 

only slightly lower (29-33%) than in healthy (experiment #1) eggs (36%), but EPAIDHA 

levels in gonad PL were over half as low as for healthy eggs. Thus a greater retention of 

DHA over EPA is shown. ARA was also higher in PL FA from expriment a. Millican 

and Helm (1994) showed through a starvation experiment that DHA and ARA were 

selectively retained at the expense of EPA. Similady, Soudant et al. (1996) showed a 

partial retention of EPA, but a greater retention of DHA. In the turbot (Scopkhalmur sp.) 
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ARA and DHA were aiso selectively ntained over EPA when animals were fed a diet 

totally deficient in PUFA (Bell et al., lm; Castell et al., lm). The retention of these 

two FA demonstrates their important, though still largely undefined, roles as PL 

components. The diet effects are consistent with the currently held view that scallops 

cannot synthesize these compounds in suitable amounts to meet their needs. 

Nevertheless, some metabolic control takes place in scallops fed deticient diets. With 

appropriate desaturases for synthesizing PUFA lacking, acyltransferases may ôe the chief 

mechanism ôehind this regulation (Marty et al., 1992). 

2.4.3 Summary of experiments #1 and #2 

Experiment #1 represents a conditioning scenario where spawnew are brought 

into a hatchery in a semi-conditioned state before final conditioning with cuitured algae, 

whereas experiment #2 represents broodstock conditioning from a more or less spent 

state (and possibly a partial depletion of endogenous reserves). Soudant et al. (19%) 

show that the fatty acid composition of eggs in Pecten -mus is determined mostly in 

the first 5 wcek of conditioning. Based on the combined results of the two expenments, 

this seems to be the case with P. mugelfunicus as well. However, certain PUFA such as 

EPA (associated with TAG) or ARA (which may be involved as a precursor to 

compounds involved in spawning) may accumulate later or thughout gametogenesis. 

The timing of conditioning, or "conditioning window", is important in ternis of egg 

quality and hence hatchery management. It appears difficult to 'enhance' egg PUFA 

composition for broodstock brought in mid-season. Conversely, spawners partiaily 



conditioned in the natural environment can be fed a sub-optimal diet without any 

deleterious effects on egg quality. Thus, using broodstock part~ally conditioned from the 

wild may free spawns from a dependence on hatchery food in tenns of both quantity 

(Paon and Kenchington, 19%) and quality. However, when broodstock are collected in 

mid-winter, as is often the case, diet becornes more important. This is demonstrated by 

expenment #2 results where fatty acid composition of the go& was idluencecl by diet, 

and diet regimes lacking in one or more EFAs yielded poor results. Endogenous resewes 

also play a role and a period of algal supplementation prior to initiating elevated 

temperatures may be crucial. Robinson (1992a,b) demonstrated a similar scenario for 

Crussostrea gigus broodstock. She found that when condi tioning was initiated earlier in 

the year, broodstock supplemented with algae or lipid micrœpheres produced superior 

eggs with better hatch rates and subsequently better settlement rates. However, no 

differences were found when animals were conditioned later in the year. Dietary fatty 

acids from the conditioning treatments were not evident in oyster tissue but did influence 

egg composition. 

Because of the stability in egg quality in expenment #l and the poor conditioning 

results in experiment #2, it is difficult to recornmend particular condiiioning diets. A lack 

of EFA does appear to be detrimental when scallops are conditioned under stressful 

conditions or when previous reserves are depleted. DHA and ARA are more cntical than 

EPA as essential compouents. Thus, inclusion of a high DHA microalga such as 
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lsmhrysis sp. is important Soudant et al. (1996) did an experiment, sirnilas to the one 

presented here, with Pecten -mus, using lsochrysis sp., Chaetoceros calcitram (a 

high EPA low DHA alga like T. chui), and a PTSC (Pavlova lutheri, Isochrysis sp., 

Skeletonema costanun, and C. cakitram) mixed dict. They obtained slightly better 

hatching rates and fewer abnormal lawae with the Isochrysis sp. treatment, and 

recommended that the proportion of this alga in mixed diets be increased until the 

EPA/DHA ratio approaches 1. While this seems appropriate given their results, the fact 

that healthy eggs possess an EPAIDHA ratio closer to 2: 1 suggests that ihis ratio would 

be better. Since ARA is also an important component, inclusion of this fatty acid in 

conditioning diets is also desirable (Le Pennec et al., 1998). Thus T. chui with its high 

EPA and comparatively higher ARA levels would be useful in a mixed diet with 

Ismltrysis sp.. The high C,, PUFA content of T. chui, however, may be of linle use in 

gametogenesis since these are only minor egg components. D. tertiolectu, although 

unsuitable because of its lack of EFAs, could be a source of other important nutrients 

such as glycogen in a mixed diet (Webb and Chu, lm). It would be desiraMe to repeat 

expriment #1, initiating the diet treatments earlier in the spring and gathering more data 

on egg performance, including initial growth rates of the resulting larvae. However, 

Dorange et ai. (1489), in a more wmprehensive study on egg qualiq in Pecten maximus, 

found that viable larvae were produced from eggs varying substantially in their 

biochemical content. Thus other factors, such as the animals' @or nutritive siate, stress, 

or temperature, in addition to the inclusion of EFAs in the diet, may be more important in 

coaditioning than trying to optimize fatty acid ratios. Nonetheless, in a commercial 
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operation. a quick fatty acid assay of sample gonads pior to spawning could be useful to 

assess the condition of animais or diagnose eady mortality as due to inadequate nutrition 

or some other cause (Le., bacterial). 

2 5  Conclusions 

1) Small dietary effects in egg fatty acid composition (mainly a higher relative percent 

of ARA in eggs from brood fed Tehaselmis chu0 were apparent from broodstock 

partiaily conditioned using algal treatments varying broadly in their fatty acid 

composition. However, differences between wild and labcondi tioned scalbps were 

greater than differences among algal treatmenis within the labconditioned group. 

2) No differences were found in egg lipid level, lipid class proportions, hatch rates, 

organic weight, or size among treatments. Egg quality siability may be expiained by: 

a) adequate prior endogenous reserves and possible transport of stored fatty acids 

from the digestive gland, b) accumulation of mat  egg fatty acids relatively early in 

the garnetogenic cycle, pnor to final maturation, c) a degree of metabolic control, 

including preferential incorporation of certain fatty acids (such as small amounts of 

EPA present in the Isochrysis sp. diet) into eggs, and d) possible differences in 

fecundity such that egg quality is maintained despite diet deficiencies. 

3) Dietary effects were more apparent for female scallop gonds in a second expriment 

in which mditioning was initiated eariier. Neutral lipid fatty acids reflected diets to 



a greater extent than polar lipids. Polar Iipids showed deviations in Cm - C, PüFA 

content in conjunction wiib EFA deficiencies in the diet, but despite diet deficiencies, 

levels of ARA, DHA, and EPA (to a lesser degree) were selectively retained. 

4) Levels of taial SAT, MONO, and PUFA were similar in al1 treatments and in healthy 

eggs from experiment X1 and female gonads from experiment # 2. Thus, 

maintenance of these proportions is probably important to membrane function. 

5)  Gonad (egg), digestive gland, and adductor muscle tissues dispiayed organ-specific 

fatty acid compositions. The fatty acid composition of adductor muscle was not 

influenceci by the diet regimes, but organs with more active lipid metabolism (gonad, 

digestive gland) did reflect diet to a limited extent. 

6) The poor conditioning results of experiment ü2, where diets were deficient in one or 

more EFA, and the partial dietary impact exhibited in eggs from experiment #l 

suggested that conditioning diet regimes in tems of lipid quality and EFA content 

were important. However, egg quality can be maintained and diet effects lessened 

through a number of mechanisms. Thus factors other than diet such as stress, prior 

nutritional reserves, and genetics may play a larger role in successful spawns than an 

"optimal" diet. While it has been established that batches of eggs can Vary 

substantially in their lipid content and fatty acid composition, the effects on egg 

development and subsequent larval vigor are still unclear. 



CHAPTm 3 - EFFECI' OF DIETARY LIPID QUAUTY ON PLACOPECTEN 

MAGEUANICUS LARVAL GROWTH AND BIOCHEMiCAL COMPOSITION 

3.1 Introduction 

Lipids in bivalves have been extensively studied over the p s t  20 years, from a 

variety of perspectives, due to their dual rola as a primary energy store in young bivalves 

and as a key stmctural component of cell membranes (Holland, 1978). Despite this 

research, specific li pid nutri tional requirements of larvae are s till poorly defined. 

Although the abundance of lipid reserves (mainly TAG) within larvae may be an 

indicator of lmal health (Waldock and Nascimento, 1979; Gallager et al., lm, few 

studies have found a correlation between total lipid or TAG in the diet and larval 

performance. 

Recent work indicates that the quality of the diet, in terms of its fatty acid 

composition, may be nutritionally more important ihan gross composition. Lipid quality 

of microaigae varies substantially more than protein or carbohydrate composition (Webb 

iind Chu, lm), and many studies have demonstrated a link between the fatty acid 

composition of the diet and subsequent l a d  performance. The role of (n-3) series 

essential fatty acids, docosabexaenoic acid (Dm) and eico~apentaenoic acid (EPA), 

have ken given the most attention in the literature. although arachidonic acid (ARA), a 

C,o (n-6) series faîty acid, may also be im-t (Webb and Chu, 1983; Naplitano et al., 

1990). Coaversely, some auihm contend that the rde of essential fatty acids in bivalve 



nutrition has been over-emphasized (Whyte et al., 1 W ,  Thompson et al., 1994, Ackman 

and Kean-Howie, 1995) and that fa#y acids need only be suppiied at some minimal level. 

The current practice of trying to ensure a 'balanced' diet simply by providing two 

or more species of algae may be inadequate. A better understanding of how dietary fatty 

acids are assimilated and how deficiencies in essential fatty acids affect larval 

performance is needed before determining if and how diets can be optimized to improve 

hatchery yields and efficiency. 

Much of the work with essential fatty acids and bivalves bas centered on species 

of importance to aquaculture such as oysters (Ostrea edulis, Crarsostrea virginica, and 

C. gigar). Nutritional work with P. magellanicus has concentrated on gms  composition 

(Manning, 1486; Ryan, 1999) or on juvenile stages (Panish et al., 1993) with relatively 

few aigal species used as treatments. An extension of this worlc to larval P. magellanicus 

is important to assess the generality of ment discoveries in bivalve nutrition, and the 

specific fatty acid requirements of this candidate aquaculture species. 

In the present study, live algae wiih broad species-specific differences in EFA 

content are used for an exploratory experiment on dietaiy effects of lipid quality on larval 

fatty acid composition and growth. Three of the species chosen, lsocluysis sp., Pavlova 

lutheri, and Tlialassbsira pseird0nun.u (sûain 3H) are commonly used in hatcheries. The 

fourth alga, Pavlova sp. (strain CCMP459) has not been examined in conjunction with P. 

mogellanicus and serves as a useful cornparison to Pavlova htheri. 



3.2 Methods 

3.2.1 Algal culture 

Batch cultures of Isochqsis sp. (Tahitian strain or T-Iso), Pavlova lutheri, 

Pavhva SV., and Thalassiru p s e h l l ~ d  (strain 3H) (Table 3.1) were maintained in 2- 

L Erlenmeyer flasks. Ambient seawater (3 1 ppt salinity) was filtered to 0.45 pm 

(nominal rating), enriched with Fi2 (and silicate for T. pseudonunu cultures) and 

autoclaved prior to inoculation from line flasks. Algae were p w n  under continuous 

fluorescent light at a temperature of 24-27*C, and bubbled with 0.45 pm filtered air and a 

continuous 1% CO, supplement as a carbon source. Cultures were restarted every three 

days in order to stagger algal harvest and provide cells at a consistent point in late 

exponential growth phase. Culture condition was m o n i d  by microsçopic examination 

and a Coulter Mu1 tisizerm used to mesure ceIl density. 

3.2.2 Larval culture 

Wild conditioned sea scallops, coliected fmm North Harbour, Newfoundland on 

August 1, 1948, were spawaed by thermal shock. A portion of eggs pooled from 12 

individual spawners were fertilized with a 2-3 mL of a spenn suspension h m  6 males. 

Fertilized eggs were distributed in three 68-L square polyethylene tanks at a 

concentration of approximately 25 eggslml seawater and subseqwndy t h i ~ e d  after 2 

days to 2-4 larvaeiml seawater. h a e  were culturecl in these containers Cor eight days 

and fed once daily a diet of Isochrysis sp. and P. l u t h i  at a conceniration of 2x104 - 3 x 

10' œllslrnL. A flowing seawater bath around h e  tanks served to maintain a culture 
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temperature of 14- 17°C. Cultures were provided with gentle aeration for mixing. Larvae 

were removed on screens every other day, al1 culture apparatus was cleansed, tanks were 

refilled with 1 l m  iiltered seawater and lawae redistributed after counting on a 

Sedgewick rafter cell and monitoring for health by microscopie observation. 

3.2.3 Erperimental design 

Nine days after fertilization, larvae were pooled and redistributed equally into 

twelve 20-L cylindrical polyethylene tanks divided into three blocks consisting of 

adjacent water baths with treatrnents assigned randomly within each block (4 treatments x 

3 block RCB design). Random assignment was accomplished by designating an integer 

from one to four for each respective treatment a-priori and then using the "random" 

function of Microsoft Exceln to generate diet assignments for experimental units within 

each block position symbolized in the spreadsheet. The four treatments consisted of 

unialgal diets: Isochrysis sp., Pavlova lutheri, Pavlova sp. (CCMP459), and T. 

peudonana. Larvae were fed an equal cell ration of 3 x 10' cellsImL daily and cultured 

as described above at a density of 1-UmL. Sarnples of at least 50 larvae were taken 

periodicaily and videotaped for later growth measurements (shell length) and mortality 

estimates using NIH Imagen software for Macintoshm. The feeding trial was 

tenninated after 9 days of feeding. 



3.2.4 Biochemical amùyses 

3.2.4.1 

Algal cultures were sampled aseptically every other day (four t o d  samples), 

counted on a Coulter Multisizern, and three subsamples cdlected on precombusted 

Whatman GFIC filters for subsequent lipid, fatty acid, CHN, and dry and ash weight 

determinations. Subsarnples for lipid analysis were placed directly into chlorofonn, 

sealed under a nitrogen atmosphere, and stored at -20°C for later anaiysis. 

3.2.4.2 S e  of larve 

Sarnples of 2x104 -4x104 larvae were taken on chy 2 (when embryos developed 

to the prodisoconch 1 veliger stage), &y 9 (prior to the initiation of the diet uials), and on 

day 18 (at the temination of the feeding trial). The original eggs were also sampled prior 

to fertilization. Larvae were collected alter water changes and prior to feeding to allow 

for gut evacuation and rinsed twice on a sieve with 0.45 pm filtered seawater. Control 

samples of the filtered seawater were taken to check for lipid contamination. Larvae 

were placed in a petri dish, videotaped and subsequentiy counted using NIH ImagefY 

software. The entire sarnple was gentiy filtered on a ptecombusted Whatman GFIC filier 

and placed directly in chloroform, sealed under a nitrogen atmosphere, and stored at 

-20°C for laier lipid and fatty acid analysis. 



* - 3 2.4.3 FAME 

Lipid extraction, quantification, and separation i n b  neutral and polar components, 

and fatty acid analysis are detailed in Chapter 4 (sections 4.2.3- 4.2.7). The same 

procedures were used here but no lipid or fatty acid internai standard was added to the 

samples pnor to analysis. Estimates of toial fatty acids in the m p l e  total lipid and in 

each of the lipid classes were made with a spreadsheet program. The spreadsheet 

calculaies an average fatiy acid molecular weight based on FAME proportions from GC 

analysis and applies this to the latniscan Iipid ctass &ia to obiain an estimated FAME 

weight for each class which is then summed for a total fatty acid weight (Budge, 1999). 

3.2.4.4 Other gnal-ws 

CN and dry weight were also detemiinai as described in Chapter 4. Following 

dry weight determination of algal samples, filters were combusted ovemight at 450°C 

and stored in a dryng chamber with activateci silica gel prior to weighng on a MettlerPY 

microbalance. Ash-free dry weight (AFDW, organic content) pet cell was then 

calculatecl. 

Differential senling of algal cells within the larval tanks was rneasured in a 

separate experiment. Larval ranks used during the feeding irial were filled with seawater 

containhg 3x104 cellslml of each treatment algae and cell derisities determineci at the 

start and after 24 hours with a Coulter Multisizern. Data were examined by analysis of 

variauce (ANOVA). 



3.2.5 Statistical a ~ l y s e s  

Growth was calculaîeâ as the slope of the linear regression line of shell length 

over the period of the feeding trial in days for each experimental unit. Cumdative 

percent mortality was estimated at the end of the feeding trial as the number of empty 

shells divided by the number of lame in videotaped samples. Differences in fatty acid 

and lipid class profiles and larval growth in response to the diet treatments were tested by 

a single factor mode1 1 ANOVA (Statviewn for Macintoshm) followed by a pst-hoc 

Tukey's multiple cornparisons test (alpha = 0.05) (SOM and Rohlf, 1995). In most tests 

it was unnecessary to use the arcsine transformation since percent values were confined 

to a relatively narrow range. Block and treatment effects were first tested using the GLM 

function of SYSTATm for Macintosh. In keeping with the original RCB design, the 

block x m t m e n t  interaction term was suppressed in the anal ysis (Sokal and Rohlf, 

1995). Very little variance was explained by differences between blocks (FM = 0.513, p= 

0.623) so data were pooled and re-analyzed by ANOVA. Only fatty acids representing 

more than 1% of the total were tested. An exploratory analysis of dietary biochemical 

components associated with larval growth was carried out by Principal Components 

Analysis (PCA) using SYSTATN for Macinmhm. Not enough larvae were available 

for both dry weight determination of larvae and biochemical analysis, but a rough 

estimate of larval dry weight was obîained by Couturier's (1986) regression of log lamal 

dry weight against shell length in healthy larval cultures of P. magellanicus: 

w = 1.8681~10~ x L-' (rta.w3) 

where W = larval dry weight (ng) aud L = shell lengih (pm). 

85 



3.3 Rcwilts 

3.3.1 Aigal bimhemical conipasirion 

. - 
3.3.1.1 Gross composition 

A simple estimate of gms  composition of the algal cultures was obtained by CN 

andysis. Tbe C:N ratio of the algae was similar with a low of 5.61 (I 2.24 SD) for 

Pavlova luthen' to 6.88 (I -79 SD) for Thlassiosira pseudonana (Table 3.2; pc0.735). 

Ash-free dry weight ranged from 263 pglcell(11.7 SD) for Ismhrysis sp. to 38.0 pgicell 

(I5.4 SD) for T. pseudonuna, but these differences were not significant (Table 3.2; 

p=O. 192). 

. . . . . * 
3.3.1.2 Lqid and lipid class comyihog 

Total lipids per cell were similar (4.1 to 5.3 pglcell, Table 3.3), comprising from 

14.0% - 18.7% of AFDW (Table 3.2). TAG was slightly higher per ce11 (overall 

ANOVA p= 0.03%) in P. lutheri than in Ismhrysis sp. (p= 0.0304) and T. pseudonana 

(p= 0.01 19). Ethyl and methyl ketones comprised an average of 10.2% of toial lipids in 

lsochrysis sp. and a small percentage (3.0%) in T. pseudonana, but none were found in 

either of the Pavbva species. Other lipid class components were not significantly 

different either in tenns of cell content or relative propomon of total lipids (Table 33). 

3.3.1.3 Fatty acids 

With regards to essential fatty acids, Isochrysis sp. was rich in DHA (1 1.478) but 

contained ody small amounts of EPA The two Pavbva species contained 
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Table 3.3. Total lipid and lipid class composition of algal diets 

as pglcell (top) and as a relative proportion of total lipids (bottom) 

(mean i standard deviation, XI=+.* 

Diet 1 s ~ ~  rp. Pavlova P4*10varp. llhhrMIVO 
* r i  p r r u d o ~ ~  

HC 0.1 d.l 0.2 IO. 1 0.1 4 . 0  0.2 io.1 
SUWE 0.0 d . 0  0.0 4 . 1  0.2 io.4 0.0 M.1 
ME 0.1 I0.1 0.0 &.O 0.1 I0.1 0.1 10.2 
EKET 0.4 M.1 a 0.0 4 . 0  b 0.0 îO.O b 0.0 &.O b 
M. KET 0.2 îO3 a 0.0 4 . 0  b 0.0 4 .0  b O.lI0.1 a 
TAG 0.5t0.1 b 1.14.5 a 0.6i0.2 ab 0.4t0.3 b 
FF A 0.1 4 .0  0.2 î0. 1 0.1 4 . 1  0.2 4.2 
ALC 0.0 &.O 0,l 4 - 1  0.2 d .3  03  io.1 
ST 0.1 &.O 0.2 4 .1  03  4 .1  0.4 iO.4 
DAG 0.3 t0.2 0.3 a . 2  0.4 d .S  0.4 d. 1 
AMPL 1.2 10.2 0.7 &.S 1.2 io.9 1.1 d.2 
PL 1.9 10.4 1.4 i l .  1 1.8 a . 7  2.1 4 . 4  

(W 
HC 2.6 d .0  3.5 f2.3 2.7 11.5 3 5  4 .4  
SENE 0.2 d.2 0 3  I0.8 2.9 4 . 5  0.9 k1.6 
ME 1.2 î2.1 0.0 &O 1.5 A3 2.5 524.4 
EXET 7.6 d . O  a 0.0 IO.0 b 0.0 d . O  b 0.0 &.O b 
hl. KET 3.6 6 .2  a 0.0 4.0 b 0.0 4.0 b 3.0 9.1 a 
TAG 10.6 i1.4 b 29.1 115.0 a 14.1 17.4 a6 6.5 4.0 b 
FFA 2.0 4.4 4.5 d . 2  2.1 32.6 3.1 i2.2 
ALC 0.0 io.0 2.2 i2.1 A2 4 . 6  5.1 4 . 8  
ST 2.6 4 .8  63 G.2 6.6 i2.9 7.2 A 7  
DAG 6.3 4 5  7.2 9 . 2  7.5 î9.6 7.0 i23 
AMPL 24.8 d .2  15.5 i2.8 21.5 4 .4  21.4 i2.3 
PL 38.4 d .8  31.2 111.7 36.7 G.1 39.6 &.O 

* iipid classes dcsignatcd with diffem leücrs w m  signitïcantly diffaent at pc0.01 



significant quantities of both DHA (10.2% for P. lutheri and 5.2% for Pmtlova sp.) and 

EPA (16.6% and 16.7%, respectively). T. pseudonttnu contained similar levels of EPA 

(16.9%) but relatively little DHA (2.2%). This wide variation in essential (n-3) fatty 

acids is reflected in the €PA to DHA ratios: 0.04, 1.62,3.98, and 8.36 for Isochrysis sp., 

P. lutheri, Pavlova sp., and T. pseudomna, respectively (Table 33) .  

Pawbva sp. was further distinguished from P. lutheri by a high content of long 

chain C, - q,, ( nd )  series fatty acids - ARA (20:4n-6; 5%) and 22%-6 (9.9%). The 

higharnounts of these two fatty acids resulted in an unusually high (n-6):(n-3) ratio (0.70 

vs. 0.14 and 0.12 for Isochrysis sp. and P. lutheri, respectively and 0.04 for T. 

pseuàonana) and a high PUFA and long chain PUFA content (52.1% and 37.7%. 

respectively) compared wiih the three other species utilized (Table 3.4). 

Other spcies-related fatty acid characteristics included a high amount of C,, fatty 

acids in lsuchrysis sp., in which, 18: ln-9 was the prevalent monounsaturate compared 

with 16: ln-7 for the other species. The fatty acid 18:4n-3 was present at high levels 

(21.7%), and 18211-6 and 18:3n-3 also occurted in signifiant quantities (3.9% and 6.0%. 

respectively). The Iwo Pavlova species containecl proportionaily more 160 and slightly 

less 140 cornpared with Isochrysis sp. and T. peudonana. 

Total proportions of saturated fatty acids were similar, ranging from 27.2% 

(Isochrysis sp.) to 32.1% for P. lutheri. Monounsaturated fatty acids were lowest in 

Pavlova sp. (15.5%) and highest in T. pseudonana (28.9%), followed by 26.8% for P. 

lutheri and 21.3% for Isochrysis sp.. Total fatty acids per ce11 were not significantly 

different among the diets, ranging from 2.7 to 2.8 pslcell (Table 3.4). 
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Table 3.4. Relative faüy acid amposition (wt 96 of total FA) of alpl diets 

(mean 46. * standard deviation, ii-4). 

140 
14.0 
160 
180 

Torol SAT 

16 111-9 
16 ln-7 
16 ln4 
181n-9 
1% ln-7 
18: ln-5 
20.ln-11 

Torol MONO 

1621-7 
162114 
16:3n4 
16411-3 
18.2116 
18211-4 
l8t3n-6 
163n4 
18t3n-3 
18th-3 
2Ck2n-6 
20.44 
20.3n-3 
20.411-3 
20,511-3 
225n-6 
n 5-3  
ni%-3 

Totai PUFA 

Unidcntified 
Branched 

13.8 11.5 
0.5 I0.2 

125 &7 
0.5 4.1 

27.2 i2.4 

1.2 4.6 
4.1 I0.7 . . 

13.8 I5.2 
2.2 10.4 

- - 
0.6 4.5  

21.3 IJ.5 

- * 

1.1 4.4 
- - 
- - 

3.9 6 . 4  
* - 

1.3 &.O 
- - 

6.0 11.5 
21.7 I3.9 

- - 
- * 

- - 
* - 

0.5 IO. 1 
1.6 10.3 
0.3 &.O 

11.5 11.6 
45.0 A.6 

4.9 6 . 3  
13 I0.7 

G O - W ' W A  13.4 6.6 29.4 d.4 37.7 A 7  20.1 &.O 
EPAlDHA 0.0 4.0 1.6 I0.2 4.0 d.9 8.4 G.3 
wm (n-7) 6.0 i1.6 25.4 125 d l  25.9 4.9 
sum (R6) 5.4 ii.6 3.8 u0.4 19.9 d.5 0.8 11.0 
sum (n-3) 39.5 d.71 31.7 i4.S 305 k7.6 224 i4.3 
(R6)l(n-3) 0.14 i0.a 0.12 AN2 0.70 I0.24 0.04 4. W 
saUumat 0.41 &.O5 O B  10.œ 0.47 &.O8 0.48 4-10 
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3.3.2 Senling and ce11 size 

No significant differences in settling rate among algal species were found (pd.57). Very 

Little settling of cells occurred in lighrly aerated ianks over 24 hours. Cell diameter for al1 

species ranged from 3-6 Fm. 

3.3.3 Larval growth and mortaüty 

Lmal growth was significantly different between treatments (Table 3.1, Figure 

3.1 ; p=0.0005). Treatments ranked in order of larval growth performance as determined 

by Tukey's multiple cornparison test were: 

Pavlova sp. > Isochrysis sp. = P. lutlieri > T. pseudonana 

Growth rates ranged from 0.89 pmlday for T. pseudonana to 1.90 pmlday for Pavlova sp. 

Cumulative mortality was variable and relatively low in al1 treatments with no significant 

di fferences found (Table 3.1). 

3.3.4 Latval biochemical composition 

. . d Iiuid clas 
. . 

3.3.4.1 Total Ii~id an s cornriosi hm 

Lipid levels were high in eggs (7283 pglegg), but fell to 3422 pgllarvae in day 2 

veligers (Table 3.5). Total lipid increased, as rhe larvae grew, to 5383 pgllarvae in day 9 

veligers. At the end of the feeding trial (&y 18) lipid ranged from 5460 pgllwae in the 

7'. pseudona~ treatment to 8249 in l w a e  fed Isociirysis sp. (Table 3.5). Despite this 

range, within-treatment variability was bigh and no significant differences were observed 

(p= o. 1530). 

5x2 



9 11 13 15 17 19 

Lamai age (days) 

Figure 3.1. Larval growth, over the treatment period, in response to different algal diets. 

Error bars are i standard error. 



Table 3.5, Total lipid and lipid class çomposilim in PI~copcfen mugellanicus eggs, &y 2, and day 9 larvae prior to the start of the 

feeding trial with four algal species and of day 18 larme al the end of the feeding trial. Data expressed as: pgllarvae (top) and 

as a relative proportion of tucal lipid (bottom) (meamstaadard deviation, n=3). 

Dbt I w c h q l à s  sp. Pavlow Pa*m rp. Tkhadosirri 
lnhd 

9 
plr- 

m y  3 II II  II 18 

HC 86 115 Ig3 il72 325 * l n  549 il81 581 d 8 6  414 11% 544 &9 
SElWE 109 î31 58 i40 
ME 1% +16 65 +46 LOB I58 7 111 
M. KET 79 *93 120 158 104 *127 349 I346 273 î236 
TAO 3û26 1174 1718 1181 1422 *169 958 î423 369 *295 768 î491 2ï3 *236 
FFA 121 +33 34 151 33 129 5%) A 5 1  137 *50 ML30 O H  
ALC 12s ~n 151 +29 11s *a 308 180 362 1314 149 162 229 t 1 52 
ST 210 i22 13 î20 284 1125 415 il58 601 *189 405 11 13 514 *159 
DG. 137 i3 O &  O M  723 î243 2751158 . 3971163 210 *75 
AMPL 672 129 207 #4 999 *160 1316 d l 9  1192 +&Xi +751 981 *132 
PL 2113 I60 994 1153 2122 3269 I394 3483 t1921 3459 I997 2633 -1 

I'w 
HC 1.2 I0.9 5.2 î4.5 6.1 4 . 4  6.5 11.0 7.5 *2.2 5.6 11.1 10.4 d . 8  
SElWE 1.6 I0.4 1.9 11.3 
ME 1,s î0.6 1.9 d . 3  1.7 11.1 0.1 a . 2  
M. Km' 1.4 *1.7 1.6 tl.1 1.4 *L.8 4.1 12.8 1.1 k1.9 
TAG 53.6 î4.6 50.4 33.4 26.4 d . 0  11.2 î3.2 5.0 i3.9 9.6 I3.7 4.7 I4.1 
FFA 1.4 11.1 0.9 11.4 0.6 I0.5 6.7 15.0 2.0 t0.1 1.3 îO.6 0.0 I0.0 
ALC 3.6 I0.6 4.5 k1.1 2.2 t0.9 3.8 M.8 5.4 *4.2 2.3 11.1 4.0 12.1 
ST 2.9 iO.8 0.3 10.5 5.2 %2.3 4.9 11.0 9.0 t2.2 5.7 iO.9 9.3 11.8 
D,G, 3.4 îO.0 0.0 k0.0 0.0 41.0 R.9 I3.0 5.0 t4.1 6.0 d . 0  3.8 a1.i 
AMPL 9.2 k1.5 6.1 t1.0 18.6 i4.2 16.1 I3.2 15.9 t4.5 15.9 î4.2 18.4 14.4 
PL 29.0 i4.6 29.0 11.4 39.4 i6.1 j0.3 i5.6 48.8 111.8 47.8 k4.0 48.2 M.5 



Table 3.6. Total lipids: relative composition (wt % of toial FA) of major falty acids in Placopecren 

magelldcus eggs, &y 2, anci day 9 lame prior to the start of the feeding trial witb four algal 

species and in day 18 larvae at Ibe end of tbe triai (mean 8, * standard devialion; n=3). 

Dlct IpoçhFy¶Urp Piabrui m v k r p .  

14:O 
16:O 
18:O 

Torol SAT 

16: 111-7 
18: 111-9 
18: 111-7 
20:ln-%II 

Tokai MONO 

182114 
18311-3 
18:M-3 
20:2n4 
20:4n-6 
20:*3 
22:5a4 
22:6a-3 

Toral PUFA 

Toral FA (p~lhn,a) 
Est Dry wt(mg/hn,a) 



TAG, AMPL and PL were the primary lipid classes of larvae and eggs, but HC, 

ALC, Sterol, and DG were also present in signifiant quantities (2.0% - 9.3%). especially 

in older lame. FFA, KET and HC represented fmm 1% - 1096 of total lipid (Table 3.5). 

Mean TAG content in day 18 lame ranged from 273 pgtlarvae in T. pseudonana to 

957.7 pgllarvae in lsochrysis sp. However, variability within the treatments was high, 

iuid no diffcrences were observed among treatments (p=û.OS28). 

3.3.4.2 Fattv acid comwsition - changes with developmen t 

The fatty acid composition of D-stage &y 2 veligers strongly resembled that of 

eggs but the larvae containeci less than half the amount of total fatty acids of eggs (Table 

3.6). EPA and DHA were consistently the prominent PUFA, 160 was the main SAT, 

and the MONO FA 16: 1 n-7, 18: 1 n-9, 1 S: 1 n-7, and 20: 1 n-9 appeared in varying amounts 

(Table 3.6). The DHA level in the neuiral lipids of Day 2 veligers was lower than in the 

eggs (3.9% vs. 9.5%). and total PUFA in the neuûal fraction fell fmm 45.9% in the eggs 

to 33.4% in the lame (Table 3.7). 

Day 9 veligers showed a large reduction in the level of EPA (4.0% compared with 

24.4% in &y 2 veligers) and a proportional increase in saturated fatty acids (mainly 160 

and 180). The PUFA levet was higher in the day 18 larvae, ranging from 30.9% - 

37.1% compared with 24.1% in the &y 2 lame (TabIe 3.6). 



3.3.4.3 Eff'ect of diet on f a t t u d  composition 

Significant differences among treatments were found for most major fatty acids in 

the larvae, largely reflecting the composition of the diet, especially for unsaturated fatty 

acids with chah lengths longer than C,, The proportions of 18: ln-9, 18:2n-6, 18:3n-3, 

18:4n-3, 20:4n-6, and 22511-6 in the larvae correspondai with amounts in the algal 

treatments (Figure 3.2). Fatty acids in neutral lipids were affected by diet to a pater 

extent than polar lipids, with more significant differences found in larval fatty acid 

composition (Tables 3.7,3.8). Amounîs of W4n-3, 18:2n-6, EPA, and DHA of neutral 

lipids possibly corresponded with diet, but only to a limited extent in polar lipids (Figure 

3.2). 

Figure 3.3 shows trends in fatty acid groupings (a) and ratios (b) in neutral 

(Figure 3.3b) and polar lipids (Figure 3.3~) of the larvae with respect to diet (Figure 

3.3.1). Significant differences were found among the treatments in these groupings 

(Tables 3.6-3.8). The (n-6)l(n-3) and EPAIDHA ratio in neutral lipids of the larvae 

correspondai with levels in the diet, but ihe (nd), (n-3). and (n-7) series fatty acids were 

conse~ed to some extent riegardless of diet, especially in larval polar lipids. However, 

the high (nd) series content of Puvlova sp, was transferred, even to the polar lipids of 

larvae (Figures 33a and 3.3b). 

. . 3.3.4.4 Fattv acids in neutrai 

Polar lipids also displayed a consistentiy higher proportion of PUFA (31.5% to 

37.8% in neutral and 4.7% to 57.3% in polar lipids; Tables 3.7 and 3.8) and lower 
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Tabie 3.7. N e w  lipids: relative compositim (wt % of W FA) of major faity a5ds in Plocopecfen 

magellanicu~ eggs. day 2, and day 9 lame pia to star1 d feeding trial wiih four algal +es and in 

&y 18 lame at îhe end of the trial (mean % I standard deviatim; n=3).* 



Table 3.8. Poiar lipids: relative compoeition (wt 5% of total FA) afnounîs of seleaed fatty acids in 
Placopecten mugelkuiicus eggs, day 2, and 9 lmae prior to statt of feeding trial with four algai 
species and of day 18 lama at the end of the tiial (mean i Btaudard deviation; US).* 

14:O 
16:O 
18:O 
mo 

Toial SAT 

16: lu-7 
16: 10-5 
18: 1 II-9 
18: l U-7 
D I U - I l  

20: la-9 
Toul MONO 

L8;2n-6 
Itk311-3 
18411-3 
M2a-6 
m.40-6 
M5ii-3 
22NbUD-7 
2 2 : s  
22:6n-3 

Tod PUFA 

Ci- G m A  9.2 57.6 28.3 31.7 a 38.8b 4 2  c 313 a 
EPAlDHA 1.6 1.8 1.2 0.2 a 0.4 b 0.6 c 0.5 d 
S u n  (n-f )  4.9 7.8 8.4 6.9 a &S a 4.7 b 5 9 b  
g l m  (b6) 8.6 10.7 12.3 9.9 a 9.1 a % S b  9.2 a 
mnl {a-3) 51.9 52.5 3.4 29.5 a 31.8 a 2 5 1  b 26.8 b 

0.17 0.20 0.53 034 a 0.29 a 1.m b 0.34 a 
0% a 0.43 b 0.35 b 0.W a 



proportions of MONO (13.7% to 24.5% venus 25.046 to 29.7%. respectively). The (n-3) 

series fatty acids were also higher in @as lipids (25.0% - 31.7%) than in neutral lipids 

(9.6% - 17.0%; Tables 3.7.3.8). A broader array ol fatty acids - 18: ln-9, 18: ln-7,20: ln- 

11, and 20: ln-9 dominated Iarval polar lipid monounsaturates despite high levels of 

16: ln-7 in the diets. The fatty acid 140 was found in lower amounts in the polar lipids 

proportions of MONO (13.7% to 24.5% versus 25.M to 29.796, respectively). The (n-3) 

series fatty acids were also higher in polar lipids (23.0% - 3 1.7%) than in neutral lipids 

(9.6% - 17.0%; Tables 3.7,3.8). A broader array of fatty acids - 18: 111-9, 18: ln-7,20: ln- 

I l ,  and 20: 111-9 dominated lawal polar lipid monounsaturates despite high levels of 

16: ln-7 in the diets. The fatty acid 140 was found in lower amounts in the polar lipids 

and was unrelated to dietary levels (Figure 3.2). Significantly higher proportions of 18:O 

were found in polar lipid fatty &ds but occurred in only trace levels ( 4 % )  in the diet. 

Figure 3.4 compares the ievels of specific PUFA (essential fatty acids EPA, DHA, 

ARA, in addition to 22511-6) between the neutral and polar lipids of algae and larvae. 

Long chah C, -C, PUFA were selectively accumulated over shorter chah PUFA in the 

polar lipids, especially in larvae fed Isa:hysis sp.. Conservation of DHA in the polar 

lipids was observed despite low leveis in the T. pseudonana treatment, although total 

levels of fatty acids per larva (Table 3.8) were lower in this treatment so that DHA 

expressed as pgllarvae was less than in other treatments. The relative level of DHA was 

slightly lower in the PovCova sp. treatmenî, but there was a notable accumulation of 

another C, PUFA, 22511-6, which was prescnt at high levels in the diet. Selective 



Figure 3.2. Proportions of selected fatiy acids of the diet treatments (a) compared 

to neutrai lipids (b) and plat lipids (c) of day 18 PhCopecten magellanicas 

lame. Emr ban are + standard deviations. 
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Figure 3.3. Roportiom of important fatty acid groupings and ratios of the diet treatments 

(a) compared to neutral lipiâs (b) and polar lipids (c) of day 18 Pkopecten magellanicus 

larvae. Error bars are +siandard deviations. 
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Figure 3.4. Proportions of essential fatty acids and total fatty acid concentration of the 

diet treatments (a) compared to neutrai lipids (b) and polar lipids (c) of day 18 P. 

magellanicw lame. 





accumulation of €PA was evident in the polar lipids of the low EPA diet (Isochrysis sp.), 

but o c c u d  at tower relative arnounts than that provided in the diet for the high EPA 

treatments (P. lutkri, Pavlova sp, and T. pseudonana). Arachidonic acid was also 

selectively accumulated in polar lipids. Unlike for EPA, the high levels of ARA found in 

Pavlova sp. were maintained in the polar lipids of the lmae. The total arnount of 

shorter chah PüFA in l a d  polar lipids was constrained to a small range despite varied 

amounts in the diets. 

3.3.5 Fatg ucids mociated with growth performance 

Growth was lowest in the low DHAlhigh EPA treatment (T. pseudonana), but 

differences were not significant between the high DHAI high EPA treatment (Pavlova 

lutkrf) and the high DHAI low EPA treatment (lsochrysis sp.). This suggests that DHA 

may be a more important essential fatty acid than EPA at this stage in larval sea scallop 

development. The faster p w t h  rate of larvae fed Pavlova sp. and dietary transfer of the 

high ARA ruid 22:Snd Catty acid components in the polar lipids of these lame suggests 

that one or both of these long chah (n-6) senes fatty acids had a positive impact on larval 

performance. 

Two principal component analyses (PCA) were canied out with the data set as an 

exploratory test for associations of fatty acids in the diet with larval growth. Individual 

dietary fatty acids (pgicell) comprising pater  than 2% of the total fatty acids and growth 

rates over the feeding triai were grouped in the first PCA (Figure 3.5). Axes one and two 

explained 8'7.5% of the total variation (50.1% and 37.4%  fi^ axes 1 and 2, respectively). 
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Growth was positively correlated dong the first and second axes (component loadings - 

0.696 and 0.718, respectively). ARA and 22511-6 loaded closest to growth. A number of 

Cl, PUFA, ltk2n-6, 18:3n-3, and 18:4n-3, together with the monounsmrabe 18: ln-9, 

were associated with growth on axis 1, but not on axis 2. Likewise DHA correlated with 

growth on axis 1 (the axis explaining most of the variance), but w u  neither positively or 

negatively acsociated with axis 2. EPA negatively correlated with growth on the primary 

axis but was associated with axis 2 in the same direction as growth. Similarly, 160 was a 

neutral on the primary axis but positively correlated with growth on the secondary axis. 

The monounsaturates 16: ln-7 and 18: ln-7, in addition to the saturated FA 140, appeared 

to be negatively associated with growth. In summary, (n-6) long chain PUFA were 

associated most strongly with growth, and DHA and Cl, PUFA were pitively corretated 

with growth only on the primary mis. EPA showed a mixed trend, king negatively 

associated with growth along the primary mis and, together with 160, positively 

associated with growth dong the secondary axis (Figure 3.5). 

In the second PCA, groupings were considered separately from the individual 

fatty acids in order to minimize autocorrelation. Axis one accounted for 51.4% of the 

total variation and axis two 38.4% (89.8% total). Growth was weighted strongly on axis 

one togcther with PUFA, the sum of (n-6) series fatty acids, the (n-6)l(n-3) ratio, and the 

sum of (n-3) fatty acids. The EPA:DHA ratio weighted negatively on axis one, as did 

total monounsaturates and the sum of (n-7) series fatty acids. Total fatty acids, total 

saturates, and the sathmat ratio in the diet appeared undated to gmwth. Total C, and 

C, PUFA correlated only weakly with growth (Figure 3.6). 
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Factor 1 

Figure 3.5. PCA results for selected major dietary fatty acids (as FA pg/cell) and larval 

growth raies. Factor 1 axis explains 50.1% of the total variance and factor 2 axis explains 

Lcgeod: FA16iN7 =16:ln-7 F A 2 2 6  = ? 2 S  FAlSiN9 = 18: ln-9 
FA2ûSü = =Sa-3 P A )  GROWIM = b a i  growih rata FA140 = 149 
FA160 = 16:O FAmN3= 2236n-3 (Dm) FA18îN7 = 18: ln-7 
F.MWN6 = 2k4n-6 (ARA) FA1 83N3 = 1Wn-3 
FA225N6=- F A l W  = l8:4n-3 
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Factor 1 

Figure 3.6. PCA .results for diet fatty acid groups and larval growth rates. Factor 1 a i s  

explains 51.4% of the total variance and factor 2 axis explains 38.4%. 

Legd:  SUMM = sum (n-7) fany acids CZ022PUF=Csoand~PUF4 
EPADHA = EPAiDHA ratio S m 6  = sum (nd) fany acids 
SAlUNSAT = SATIUMAT ratio NaJ3 = (II-6)/(n-3) fan)' acid ratio 
TCYïFA = Tord fatty aQ& GROWTH=lanrlgrosinhntes 
SAT= SPnaatedfanyacids E'WFA=Pdyuusahpntes 

S W  = siim ( ~ 3 )  fany acids 



Figure 3.7. Relationship between final TAG concentration and final larval size (&y 18 

Placopecten nuigeilanicw larvae). 



TAG in the larvae was a poor predictor of larvai growth despite a weak positive 

trend, larger lar; *;T generally containing greater amounts of TAG per unit estimated dry 

weight (Figure 3.7; p=O.OSI, RS =031, n=12). 

3.4 Discussion 

3.4.1 Algal diets 

Algal fatty acid profiles displayed spcsies-specific characteristics consistent with 

those reported in the literature (Volkman et al., 1989; Viso and Marty, 1993). Some 

variability in algal fatty acid composition was evident in batch cultures, despite efforts to 

harvest in a consistent growth phase. Turbidostat or chcmostat culture would have 

provided more precise control over the biochemistry of the algae. Nonetheless, 

differences in essential fatty acid content were maintained and were useful as an 

experimental tool. The similarity between total fatty acids per cell and gnws composition 

of the four treatments suggests that growth responses were largely due to dietary fatty 

acid differences rather than other nutritionai factors, although protein and carbohydrate 

were not directly measured in this study. 

Absolute rneasures of fatty acids in the diet (pglcell) were used in the PCA 

anaiyses, but an examination of relative fatty acid composition of algae is sufîicient due 

to similar levels of total fatty acids per ce11 across treatments. Feeding on an equivalent 

cell basis was justified due to the similarity in gross composition, organic weight, ceIl 

size, and total fatty acid content of the algai species selected. Furthennore, this p r o t d  

is closer to that encountered in commercial hatcheries, where cell density rather than 
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equivalent dry weights or packed cell volumes is more often used as a basis for 

determining ration, due to ease of calculation. Other authors (e.g., Parsons et al., 1%1; 

Enright et ai.,19%6a) have also found little interspecific difference in gross composition in 

algae grown under similar culture conditions. 

The choice of algal species commonly cultured in hatcheries (with the exception 

of Pavlova sp.) is more commercially relevant than fatty acid snidies employing algae 

known to be a poor food for bivalves, such as Dumliello sp., a 'siarved' control, or 

studies with lipid microcapsules (Coutteau and Sorgeloos, lm). The Pavlova sp. 

treatment served as a useful comparison to Pavlova lutheri in that it contained signifîcant 

quantitities of both (n-3) essential fatty acids (DHA and EPA) but higher levels of ARA 

than P. lutheri. This is the first deîailed comparison of these specific diets fed to a 

bivalve and the chosen treatrnents provide a greater range of (n-6)/(n-3) series ratios than 

found in other studies. 

Ingestion (clearance rate) was not directly measured in Our study, but food 

availability was equal across treatments since there were no differences in settling rate of 

cells. Although it is possible that selective ingestion may have occurred (Ch~etle~Ot- 

Dinet et al. 1991), it is unlikely that ingestion differences could have been solely 

responsible for variability in growth among diet treatments. Additionally, Fritz et al. 

(1989) concluded that bivalve larvae select smaller sized œlls in wild phytoplankton 

asemblages, but little selection occurs among cell sizes in the range of this study (3-6 

m. 



. . 
3.4.2 C- Gd cgmposiaoa oh lame with develomml 

The similarities between the fatty acid profile of prodissoconch 1 stage veligers 

and the eggs they were batched from is not surprising and underlies the importance of 

egg composition to newly hatched larvae (Millar and Scott, 1967; Bemtsson et al., 1997). 

The large decrease in lipid level from egg to D-stage veiigen is consistent with the view 

that larval development is fueled by lipid (HoIland, 1978; Manning, 1%). The d e c m  

in neutral lipid DHA in day 2 larvae compared with the eggs and the maintenance of 

DHA in polar lipids of the larvae rnay indicate that PUFA in TAG serve not only as an 

energy store for catabolism, but also as a pod of structurally important fatty acids for 

growth and development (Napolitano et al.. lm). The ciifferences in day 9 compared 

with &y 2 larvae reflects an increased dietary influence as well as an endogenous 

contribution of fatty acid biosynthesis de-novo. The fatty acid 18:O was a minor 

componeni in the diet and çoniributed only 2% of the total fatty acids in &y 2 larvae, but 

slightly over 12% in &y 9 larvae. The gradua1 shift in larval fatty acid profiles from 

EPA as the dominant fatty acid in early veligers to DHA was also noted by Delaunay et 

al. (1W) for Pecten m ~ ~ l h i l ~ .  It has been suggested that the large EPA content of eggs 

and early veligers serves mainly an energetic rather than structural role (Fdzos et al., 

1997) - 
Although TAG was an important lipid class of Placopecfen mugellanicus Iarvae 

in ihis study, there was no marked accumulation of TAG in older larvae as reported in 

some studies with other bivalves (e.g., Chu and Webb, 19û4, for Crassosirea virginica). 

This may indicate a degree or stress in the Iarvae due to culture in small containers 
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(Dupuy, 19iS). but it is more probaMe that development had not pmgressed far enough 

for the accumulation of this lipid class to be noted. Some shdies have found TAG to be 

indicative of larval growth (Waldock and Nascimento, 1979; Gailager et al., 1986). ûniy 

a general positive trend was found in the data presented here (Figure 3.7). although this 

trend may have been stronger if we had extended the diet trial. TAG was believed io 

provide energy for bivalves during metamorphosis, when the animals are unable to feed 

for a number of days. Because neutral lipids of P. magellanicus larvae contain higher 

arnounts of fatty acids such as 140, 16: ln-7, and 16: ln-5 (Tables 3.7 and 3.8), fatty acid 

analysis of larvae may be an indicator of TAG reserves and hence lamal vigor 

(Thompson and Harrison, 1992). 

3.4.3 Diet effects on &mal fafty acid cornpsifion 

Both neutral and polar lipid fatty acid composition of sea scalîop larvae were 

influenced by diet This conûasts with the results of Watanabe and Ackman (1974), who 

found that adult C. virginica and Osnea edulis rapidly converted dietary fatty acids into a 

species-orientecl profile. However, it is well established and na unexpected that it is 

comparatively easy to dkr the fatty acid profile of bivalve larvae although difricdt to 

alter the composition of adult organisms due to the abundant siorage pools in larger 

individuals. Other marine invertebrates such as krill, tuniates, and copepods have also 

been shown to reflect their diet in tenns of their fatty acid composition (Holland, 1978). 

As in research with other larval bivalves (e.g., Waldock and Nascimento. 1979), 

in this study neutral lipid fatty acids reflected diet more than did polar lipids, presumably 
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because of biochemical constraints placed on polar lipid composition due to their 

stmctural role in cell membranes (Delaunay et al., 1992). The conservation or 

preferential accumulation of important PUFA in polar lipids in the face of dietary 

deficiency (DHA in the ThaIossiosira pseudonuna treatment and to a laser extent EPA 

in the Isochrysis sp. diet) underscm the physiological importance of these (n-3) PUFA. 

The fact that 18:4n-3 prevalent in the Isochtysis sp. diet (Figure 3.2) was not apparentl y 

converted to 20:Sn-3 (EPA) is consistent with the view that the enzymes required to 

mediate such PUFA modifications (A-5 desanirases andior elongases) are lacking or 

display low activity rates. Although DHA was largely maintained as a percent of total 

fatty acids in polar lipids of lame fed T. pseodolt~4, the smailer size of these lame and 

their lower lipid levels also indicate that, as in other bivalves, P. magellanicus cannot 

easily modify these long chah W F A .  Compositional control of polar lipids is probably 

accomplished through selective assimilation and retention of important PUFA. 

Even in neutral lipids, a degree of metabolic control is evident. The presence of 

20: ln-9 in larval neutral lipids and lack of correlation between 160 and 16: ln-7 in the 

diet and larval TAG shows an endogenous component to TAG composition. High 

amounts of 18:4n-3 in the Isochrysis sp. diet were apparently catabolized for energy, only 

appearing in slightly higher amounts in the neutral lipids and as a minor component 

(0%) of polar lipids of larvae. The (nb) and (n-3) series, PUFA, and C, and C, PUFA 

groups were aiso less variable in the neutrai lipids than in the diet (Figure 3.3). Delaunay 

et al. (1993) suggested thaî acyltransferases may be mainly responsible for this partial 

metabolic control, since eiongation and desaturase activity for C,, and longer chain 
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PUFA are low in most bivalves (Waldock and Hdland, 1984; Zhukova, 1991). Despite 

increased MONO in neutrai lipids over polar lipids, there is still a significant pool of 

PUFA. Since PUFA bave similar calorie values to MONO and SAT fatty acids, they 

may serve as a pool for later incorporation into membranes as opposed to king purely an 

energy store (Napolitano et al., 1988). 

The selective incorporation of PUFA may come about through the specificity of 

lipases in marine invertebrates (HoIland, 19%). Brackerhoff et al. (1%7) showed that 

fatty acyl groups in the 1 and 3 position of hacylglyceds were rapidly hydrolyzed in the 

lobster, Homorus urnericanus, while removai of the acyl group on the number 2 carbon 

wcurred only slowly. The products yielded by this process were free fatty acids and 1- 

monoacylglycerols. In mammals, these products are re-converted into TAG in the 

intestinal epithelia, but in marine invertebrates, this TAG would presumably be deposited 

in the hepatopancreas or intestinal lipid store. Brockerhoff's group (1967) further 

showed that long chah PUFA in the diet are usually located on the second carbon of the 

glycerol molecule. Thus these dietary fatty acids may persist in the TAG of marine 

invertebrates. 

3.4.4 Dieta? lipid qirality and land performance 

The importance of an alteration of animal composition by changes in diet to 

bivalve hatcheries and to recruitment in the nanual environment is their effect on Iarvai 

performance as o p p d  to simply dietary labeling. Significant effects on performance in 

terms of changes in growth rate. although not mortality, were detected in this study. 
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Growth rates were related to differences in essential fatty acids of both the (n-3) and (n-6) 

series in the treatments. 

Mortality was slightly higher in the T. pseudonana treatment (Table 3. l), but in 

no treatment or replicate was mortality significant Previow work has shown that culture 

of bivalve lame in small containers can be problematic (Dupuy, 1975). The trials should 

be run again in larger tanks to confmn these results and determine settlement success, but 

the issue was alleviated hem by growing lame in larger containers for the critical fini 

week before initiation of the diet treatments and by terminating the expriment before 20 

days. After 20 days, larval cultures in smdl containers often exhibit high mortality 

(Couturier, personal communication). Overall growth of Imae in this study (1.9 pm/ 

day) was slower than in commercial hatcheries (c.a. 6 pm/day, Dabinett, personal 

communication), but comparable to another study that was perfonned in 150-L tanks 

(Couturier, 1986). 

The PCA analysis conducted on diet fatty acids and growth rates should be 

regarded as exploratory as the number of variables included in each analysis approached 

the number of cases used. Also, the assumption that growth tesponds Iinearly to fatty 

acid content of the diet may not hold me. Nonetbeless, the range of values for many of 

the dietary fatty acids was significant and broader than that of other studies of a similar 

type (e.g., Delaunay et al., lm), and the PCA provides a useful means of visualizing 

fatty acids and groups that correlate with performance. The results of the PCA provided 

no clear picnire of an optimal fatty acid ration and demonstrate the problems inherent in 

this type of study whece no fixeci diet contml is available. However, the results do 
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support the conclusions i n f e d  from the choice of treatments, mainly the importance of 

dietary PUFA (with chain lengths of C,, or greater) over SAT and MONO for optimal 

larval growth. More specifically, ARA and possibly 22:Sn-6 may be more imporiant than 

previously thought, and DHA is more limiting than EPA. 

3.4.4.1 PUFA 

As previously mentioned (Chapter 1), the importance of PUFA in the diet is due 

to the inability of animals to synthesize these compounds without suitable precursors in 

the diet. Bivalves furiher need adequate levels of C, and C, PüFA in the diet because 

they are unable to adequately eiongate and desaturate C,, PUFA to form the longer and 

more unsaturated fatty acids that preâominate in bivalve phospholipids (especially DHA 

and EPA). This has been demonstrated by radiotracer experiments (DeMoreno et al., 

1976; Waldock and Holland, 1984; Chu and Greaves,l991) and in feeding trials with 

algae lacking these PüFA (Dunaliella tertiolecta, Langdon and Waldock, 198 1). 

Thompson and Harrison (1992) correlated high levels of saturated fatty acids 

(140 and 160) with larval growth of some oyster species. Other studies with bivalves 

also suggest that when DHA andlor EPA are present at some threshold level, saturated 

fatty acids (or carbohydrates) become more of a determining factor in performance, 

presumably because they are simpler to oxidize and provide a better 'fuel' (Whyte et al., 

1989; Thompson and Hanison, 1992). Although extra enzymes are required to degrade 

PUFA, the difference in net energy yield between PUFA and SAT is very little 

(Naplitano et al., 1988. Panish, personai communication). It is difficult to dmw strict 
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cornparisons ktween feeding trials d u c t e d  differently, but our mults i n d i d  PUFA 

to be more important than SAT or MONO in P. magellunicus diels. Whether 

discrepancies among feeding trials are due to species-specific eïfects or an artifact of 

expimental design (ia., diet choie) is unclear. I t  is possible though that certain 

PUFAs, because of their role in maintaining membrane fluidity, inay be of greater 

importance in cold water bivalves comparai with oysters or temperateltropical pectinids. 

It is aiso likely that the nutritional requirements for PUFA as a proportion of diet Vary 

wi th stage of development, and saturates or other nutritional factors unreiated to PüFAs 

may indeeâ be important to p s t  set animais where growth is extremely rapid. 

3.4.4.1 EPA and Dm 

00th EPA and DHA were preferentially incorporateci into polar lipids of larvae 

fed diets deficient in these fatty acids (Isochrysis sp. and T. pseudo~na, respectively). 

Growth in the Ismhrysis sp. treatmcnt was significantly better than in the T. pseudonana 

one, but not significantly different h m  the high EPA/ high DHA P. lutheri dict. This 

indicates DHA io be of greater importance than EPA as an essential fatty acid at this 

stage oï larval development (as previously stated), and inclusion of DHA in the diet 

should probably be greater than 0.063 pglcell (the Ievel in T. pseuhnarut; Appendix 3.1) 

to support adequate larval growth. Thompson and M s o n  ( 1992) fed Crmosrrea gigas 

larvae with T. pseudonanu in which biochemical composition was controlled by 

manipulating culture conditions. As in this study, they demonstrated h t  T. pseudo~na 

was deficient in DHA with the best larval g m t h  and survival rates obtained with 
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modified cultures conîaining the highest proportions of DHA. Delaunay et ai. (lm) 

aiso found a substantial preferential incorporation of DHA over other prominent (n-3) 

PUFA (18:4n-3 and 205-3) in lsochrysis sp. and P. lutheri diets. Growth of Pecten 

-mus lame in k i r  study, however, was greatest when fed a diet of Chuetmeros 

calcifrans, an aiga with fatty acid proportions similar to T. preudo~nu, contradicting the 

growth trends in this study. However, C. calcitram in their study containcd nearly three 

times the total fatty acid content of P. lutheri and Imchrysis sp., such that the DHA 

deficiency was l e s  than in this study. Furthemore, setting success was low for the C. 

calcihans treatment indicating that the DHA deficiency may have resulted in deficient 

reserves rather than slower growth. 

Delaunay et al. (1993) also cite a concomitant increase in other (n-3) PUFA 

(20:5n-3 in the C. calcinans diet and 18:3n-3 in the D. tertiokcta diet), with depletion of 

DHA in these deficient diets. However, levels d 20511-3 and 18:3n-3 in absolute rather 

than relative tenns were extremely high in these respective diets. In this study, a greater 

accumulation of 20:5n-3 in the T. pseudonana diet in response to a lower DHA level in 

polar lipids was not apparent (Figure 3.2~). The accumulation of other (n-3) PUFA as a 

presumptive replacement of DHA in deficient diets may bave been an artifact of the high 

lipid content of the C. cakiirans diet used in Delaunay et al.'s ( l m )  experiment, d e r  

than indicative of an endogenous metabdic control on the part of the larvae. Another 

psibility that might explain why other PUFA seem to accumulate in response to a 

essential fatty acid deficiency is that characteristic dietary fatty acids may accumulate 

simultaneously as the animal "süives" to incorporate the €FA that is lacking (Soudant, 
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personal communication). The high degree of conservation of DHA in polar lipids of the 

T. pseuctonana treatment in our study seem to support the notion thai the physiologiçal 

role of DHA is highly specific and not easily substituted for by EPA, but this hypoihesis 

should be tested by longer diet trials. 

The greater importance of DHA relative to EPA as a nutritional requirement may 

be specific for P. magellanicus or pectinid larvae in general. Helm and Laing (1987) 

reported that Isochrysis sp. was an inadequate diet for larvae of Crassostrea gigas 

(Pacific oyster) and Crasostrea rhizophorae (mangrove oyster), although it did support 

suitable growth in larvae of two clam species. C. calcitrans or a mixed diet of Isochrysis 

sp. and C. calcihans supported significantly better growth than lsochtysis sp. aime in the 

oyster diets. They suggest that Crasosfrea spp. larvae have a high specific requirement 

for EPA not met by the lsochrysis diet. Napolitano et ai. (1990) compareci O. edulis 

lame and P. magellanicus larvae fed a mixed diet of C. graciiis, C. calcitram, and I. 

galbana. Phospholipids of scailop larvae contained a smaller proportion of EPA (7% vs. 

13% in oysters) and larger proportion of DHA (20% vs. 17%) in polar lipids. The P. 

magellanicus larvae also exhibited selective accumulation of DHA as evidenced by an 

increased proportion in polar lipids as opposed to total lipids, whereas the oyster larvae 

did not, indicating that the DHA content of the diet exceeded the requiremenis of the 

oyster larvae but not the scallop larvae. Cary et ai. (1W1) also concluded that Is0chrysi.s 

sp. was the best of six algai diets tested for rock scallop larvae (Crassudoma gigantea). 

In addition to indicating a high nutritional requirement for DHA in pectinid larvae, these 



results point to the importance of evaluating nutritional requirements of bivalve larvae on 

a species by species basis. 

. . 3.4.4.3 ( n a  series f a n  amis as an essentiai nutntional reqgirement 

This study and others (Joseph, 1982; Napolitano et al., 1988; Delaunay et ai.. 

1993) have shown a selective accumulation of ARA in bivalve polar lipids. Thus there is 

evidence that (n-6) PUFA also play an important d e  in membrane lipids. There is little 

consensus in the literature on whether (na) fatty acids should also be termed "essential" 

since they occur in b s e r  proportions than EPA and DHA in tissues of marine animals, 

but there is growing recognition that the= is a n a d  for these (n-6) PUFA in addition to 

the (n-3) PUFA. Arachidonic acid is a ptecursor to prostaglandins and eiwsanoids 

(Henderson et al., 198% a key signal molecule (Berridge, 1994), and the major 

component of phosphoinositides (a polar li pid subclass; Bell and Sargent ( 1985)). 

Prostaglandins are short-lived local hormones; their synthesis and degradation is 

irreversible and occurs rapidly in response to physiological or biochemical cues (Stryer, 

1993). Delaunay et al. (1993) found a delay in the accumulation of 20th-6 in P. 

-mus larvae and ptoposed that this fatty acid may have a high turnover rate due to its 

specific metablic role. Thus ARA may constitute a greater nutritional requirement than 

is indicated by an examination of fatty acid compition alone. 

The fastest gmwth rate in this study was in larvae of the Povlova sp. treatment. 

This species was similar to P. h t k i  in iîs DHA and EPA levels, but had significautiy 

more ARA and 22:Sn4 indicatiag that these (ad) PüFA had a positive effect on land  
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performance. Simple feeding trials with Pavlova sp. and Argopcten irradiatas have 

produced bctter growth performance and earlier settlement in larvae fed this dgae (Alix 

et al., 19%). The most characteristic feature of this diet is its high (n-6) PUFA content 

together with ample amounts of EPA and DHA, which may explain the improved gmwth 

performance reported. Various species of Chuetmeros have often been cited as 

supporting better growth than IsochrysIr sp. or Pavlova lutheri (Enright et al, 1-b; 

Parrish et al., 1999). In the study by Delaunay et al. (1993). C. cakiham had a higher 

absolute content of ARA (0.06 pgkell vs. 0.01 for P. lutheri and 0.00 for Isoc~ssi5 sp.) 

and supporteci the highest larval growth rate. Napolitano et al. (1990) also found a high 

proportion of ARA in Chetmeros graciüs-fed P. magellanicru lawae (3.50%). Nell and 

O'Connor (1991) found an unexplaineci synergistic growth response when lamal rock 

scallops were fed P. lutheri in conjunction with C. caicitrans. It is possible ihat ARA 

could have accounted for this difference. 

It is dificult to state whether it was the high ARA level or 225116 or both in the 

Pavlova sp. diet that accounted for growth clifferences in the larvae. Feeding trials with 

C. gracilis (which has higher than average amounts of ARA and only trace amounts of 

225n-6) with Pavlova sp. may help to ascertain the nutritional importance of 225-6. 

Althougb it seems probable that ARA is the key nutritional requirement due to its 

metabolic roles described previously, 22:Sn-6 was also preferentially accumulated in 

polar lipids. This was also the case with P. -mur lawae (Delaunay et ai., 1993) and 

indicates a specific d e  for this fatty acid in membranes. The larvae fed PavlUva sp. 

revealed a remarkab!e accumulation of this fatty acid (14.&1%; Eigm 3.2~)  and a Iwei  
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level of DHA than even thé lawae f r m  the low DHA treatment (T. pseudunana). While 

the (nd)/(n-3) ratio in larval polar lipids of the other treatments was maintained at a 

consistent level(0.29-0.34) regardlessi of the diet, the (nb)l(n-3) ratio in the Pavlova sp. 

treatment was over 1. Literaiure dealing with fatty acids in mammalian tissue (rab) 

suggests a reciprocal relationship between 225n-6 and 22.6n-3 in polar Iipids (Stubbs 

and Smith, 1W). Rats feâ dieh high in (n-6) fatty acids readily replace 22:6n-3 in polar 

lipids of tissues containing high amounts of this fatty acid wiih 22:5n-6 in proportional 

amounts. Since membrane function and metabolic pathways in lower and higher animals 

are similar, it is possiMe that 22:5n4 may serve a homologous functional role to DHA in 

phospholipids. Fmm the perspective of membrane fluidiîy, 22: Sn-6 may be as suitable in 

phospholipids as DHA, since the extra double bond in DHA would have relatively little 

effect on the melîing point of a C, chah PüFA (Farkas et al., 1994). DHA and 22:Sn-6 

may be cornpetitive substrates in some enzyme pathways. An accepiable purified diet for 

bivalves, iogether with fatty acid studies taken to the level of polar lipid subclasses and 

fatty acid molecular species, would be necessary to further an undentanding of the 

control of fatty acid metabdism. 

Although dietary lipid qudity had an impact on larval composition and was 

associated with performance in this expriment, not al1 the miability in growth rate 

muid be explained by faüy acid ciifferences. Bacteria piiesent in larval and algal cultures, 



(Appendix 3; Table 3.4) and algal exudates and dissoived seawater components may have 

had a slight effect on growth (Langdon, 1983). Growth may not respond linearly to 

changes in diet, so it is difficult to test definitively for nutritionai requirernenis. 

An appropriate balance in fatty acid composition is often cited as a determinhg 

factor in superior bivalve diets (Webb and Chu, lm). Large amounts of 18:4n-3 in the 

lsuchrysis treatment were apparently catabolized for energy and, judging by a lack of 

assimilation into polar lipids, were relatively unimportant physiologically. Consistent 

with the insufficient A-5 desaturase activity reported for many bivalves, this fatty acid 

was not elongated and desaturated in substantial amounts to compensate for the low EPA 

level in the Isochrysis sp. diet. Thus not al1 PUFA are important and no clear correlation 

betweem total PUFA content of an alga and growth response of the larva should be 

expected. However, our data did support the general imporiance of Cm- C,PUFA (DHA 

and ARA in particular) in the diet of P. magellanicus larvae. 

Sterols are also a nutritional çomponent of significance for bivalves (Wikfors et 

al., 1991), which are unable to synthesize them (Holden and Patterson, 1991). While 

sterol quality of the diets was not assessed here, the species characteristic sterol 

composition of Pavlova lutheri and Pavlova sp. is similar (Ghosh et al., 1998), again 

indicating that i t is differences in the fatty acid profile of these two spies  that account 

for larval performance. Minor differences in sterol ktween Pavlova sp. and P. lutheri 

were report4 by ~ h o s h  et al. (1988). however, such as a higher chdesterd content in 

CCMP459. Other aigae containhg high cholesterol amounts have ken linked to that 

superior growth rates of C. vir~inicB juveniles (Wikfors et al., 1991). and it is possible 
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variability in even this quantitatively small component could affect growth. 

Other factors besides fa&ty acid and sterol composition may influence lipid 

quality. Isochrysis sp. confains very long chain ketones and hydrocarbons. There is 

debate as to whether these compounds can be assimilated in most marine invertebrates 

(Vol kman et al., 19ûû), but large arnounts may bc indigestible, and behave essentiall y as 

a laxative (Volkman et ai., 1992). 

Despite the importance of lipids to l a d  metabolism, dietary carbohydrate has 

also been shown to impact larval nutrition (Whyte et al., 1989). Lipids can be 

synthesized from, but not converted to, carbohydrate (Siryer, 1993). Catabolizing dieiary 

carbohydiate rather than lipid may conserve important PUFA that would othewise have 

to be used as a source of energy (Whyte et al., 1989). 

3.5 Conclusions 

1) Dietary lipid quality (fatty acid composition) had a significant impact on the 

biochemical composition and growth performance of Pkopecren magellanicus larvae. 

This underscores the relative mutability of fatty acid composition of marine invertebrates 

in their early deveiopmental stages. 

2) Neutra1 lipid composition reflected diet to a pa te r  extent than did polar lipids. This 

is consistent with the ability of larval bivalves to exercise some control over fatty acid 

metabolism in order to mainiain the physiological integrity of structural components such 

as membrane lipids, despite a poor ability to synthesize certain essential fatty acids de 



nova Dietary influences on the neuûal lipid composition of larvae suggests that a degree 

of control is also exerted on storage components. Neutral lipids may serve as a pool of 

physiologicdly important fatty acids in addition to their known function as an energy 

store (Napolitano et ai., 1990). 

3) DHA appears to be more important than EPA as an essential fatty a d  requirement at 

this stage of lama! development. Lame exhibited strong selective accumulation of DHA 

in polar Iipids. Growth was lowest in larvae fed DHA deficient Thabsiosira 

pseudonuna, but similar between the high EPAIhigh DHA Pavbva luthen' and high 

DHAI low €PA Isocluysis sp. diei. 

4) The selective accumulation of (n-6) series fatty acids 2Q4n-6 (ARA) and 22:Sn-6 in 

larval polar lipids and the significaniiy better growth obtained on the Pavlova sp. diet 

indicated a more important nile of one or both of these fatty acids than has ken 

suggested in previous work. A high turnover rate of ARA rnay accwnt for its importance 

as a nutritional requirement despite its oçcurrence at only modest (though consistent) 

levels in polar lipids. The fatty acid 22511-6 may act as a cornpetitive substrate with 

DHA, appateniiy without deleterious effects on the larvae. 

5) Further studies are needed to compare growth responses of larvae fed Pavlova sp., 

with standard m i d  diets and to culture larvae through to metamorphosis. The fatty acid 

profile of this aigal species appears to be vey uncommon as it is characterized by 

significant quantities of bath essential fatty acids of the (n-3) series (DHA and EPA) 
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together with high leve1s of (na) PUFA as ARA and 22%-6. This unique profile in 

conjunction with the superior growth of Iarvae compared with the Isuchrysis sp. conird 

indicates that incorporation of Pavlova sp. into standard h a t c h q  diets would be 

beneficial. 



CHAPI'ER 4 - LIPID CLASS AND FATTY ACID CO-ITION OF PAVLDVA SP. 

(STRAIN CCMP459): CHANGES WITH GROWTH PHASE IN BATCH CULTURES 

dl Introàuctbn 

Revious experiments (Chapter 3) indicated that the CCMP459 strain of Pavlova 

sp. (class Prymnesiophyta = Haptophyta, order Pdvlovales) promoted supenor growth of 

sea scallop (Placopecten magelCanictcs) larvae comparecl with three other algal s p i e s  

commonly used in bivalve hatcheries. Excellent growth and earlier metamorphosis in 

larvae of another pectinid, Argopecten iwudiarrr, have also been reported in both uniaigal 

and mixed diet feeding trials with this strain (Alix et al., 1996). The suitability of 

CCMP459 as a diet for larval bivaives may be related to its f'y acid content - mainly 

to an enhanced level of (n-6) series îatty acids, specifically 20:4n-6 and 22511-6, as well 

as to significant amounts of the essential fatty acids, 20:Sn-3 and 22:6n-3 (Chapter 3). 

Alix et al.'s study (1996) did not include an analysis of fatty acids, but the authors stated 

that the increased larval growth found with CCMf459 was likely due to its presumed 

high P W A  content, typical of Povlow spp. 

Members of the genus Pavhva are cosmopoliîan and found in both oceanic and 

neritic brackish environmenis (Green, 1975). Rymnesiophytes as a class and Pavlovaies 

in particular contain a relatively wide array of lipid and fatty acid compositions that 

reflect a heterogeneous îaxonomic class (Vdkman et al. 1990). This diversity is evident 

in ongoing debates conceming the taxommy of prymesiophytes, the renaming of some 

species such as Pavlova lurhcri (previously Momchrysis lutheri and considered a 
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chrysophyte), and the recognition, by some authors, of the Pavlovales as a distinct 

subclass (Green and Jordan, 1494). 

Roximate composition and lipid class and fatty acid content of microalgae are 

also influenced by culture conditions (Le., light intensity; Thompson et al. (1990), 

lightldark cycle, nutrient limitation, pH, growth phase, saiinity, and temperature; 

reviewed by Brown et ai. (1989)). Manipulation of growth conditions has been used in 

attempts to optimize the quality of aigae by maximizing PUFA and essential fatty acid 

content (e.g., Dunstan et al., 1993). Also, it has been used as an experimental tool in 

feeding trials to Vary algal biochemical composition intraspecifically, presumably 

providing a conml for variables such as ceIl digestibility (Enright et al., 1986b; Ryan, 

1999). When fatty acid anaiysis by gas chromotopphy (GC) is combined with lipid 

class composition data obtained by thin layer chromatography with flame ionization 

detection (TLC-RD), compositionai modifications with changes in culture environment 

may be followed, facilitaring a general understanding and locaiization of the cellular 

mechanisms by which fatty acid biosynthesis occurs in algal cells (Parrish, 1981; Cohen 

et al., 1988). 

Despite many studies, few genedizations can be made regarding environmental 

influences on algal fa@ acid composition, as the effects are species-specific (Volkman et 

ai., 1992). Thus it i s  necessary to examine both the species' characteristic fatty acid 

profile and the effect of culture conditions for each important microalga, especially in 

groups as diverse as the Pavlovaies. In this study, changes in proximate, lipid class, and 

fatty acid composition of Paviuva sp. were examined in relation to growth phase and 
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nutrient limitation in batch cultures typical of many aquaculture facilities. Harvest 

strategies appropriate from a nutritional standpoint are discussed and trends compared 

with other algal species commonly used in hatcheries. While many studies have dealt 

with lipids of prymnesiophytes and the fatty acid composition of Pavlovales commonly 

used as aquaculture feeds, such as Pavlova lutheri (Volkman et al., 1991). this is 

apparently the first report of the fatty acid profile of the CCMP459 strain. 

4.2 Methods 

4.2.1 Algal culture 

Pavlova sp. strain CCMP459 was okined from Provasoli-Guillard Center for the 

Culture of Marine Phytoplankton, West Boothbay Harbor, Maine (Table 4.1). This 

species was originally isolated by L Ravasoli in 1983 from a sample taken in the North 

Atlantic (38'42.2' N, 72'22.4' W). Cultures were maintained at the Ocean Sciences 

Centre, Memoriai University, St. John's, Newfoundland. Four 2-L Erlenmeyer flasks 

containing 1500 mL of seawater (3 1 ppt salinity) filtered nominally at 0.45 Pm, enriched 

with FI2 medium without silica, and autoclaved, were inoculated with 40 mL axenic 

stock culture under sterile conditions. Cultures were held in a temperature controlled 

water bath at a temperature of 22- 24*C, lit from behind with white fluorescent light (at 

an estimated 50 pEom%' at the culture surface) on a continuous 24 hour cycle. Fïasks 

were provided with air filtered to 0.45 l m  and emiched with approximately 1% CO,. 



4.2.2 Harvesf and s ~ m p h g  

Cell concentrarions were detemined daily with a Coulter Multisizern to obtain a 

growth curve over the study ,period of 26 days. Mean growth rate in log and late log 

phase (K) was caiculated according to Guillard (1973): 

K (divisionslday) = 3322 x (log N,/NJ/(t,-t,,) 

where: K= mean growth rate in divisionslday, No = initial cell density, 

N, = final cell density, t, = culture age (days) at time of sampling, 

t, = initial culture age 

Samples were occasionally observed microscopically to monitor the condition of the 

culture and counis cross-checked with a hemocytometer. Approximately 40 mL of each 

culture was hamesteci aseptically on days 4,7, 11, 13, and 17. Alter determining the cell 

density and average size on the Coulter Multisizerm, three subsamples of 515 mL were 

collected on precombusted glass fiber filters (Whatman W C )  under gentle vacuum for 

subsequent determination of dry weight, CN, and total lipids and for analysis of fatty 

acids. A set of 2-3 blanks was prepared with each sample series and ran for each 

anal y sis. 

Filters for dry weight detemination were pweighed and rinsed after sample 

collection with 10 ml, of 3% ammonium formate to remove excess d t .  After drying to 

constant weight (approximaîely 3 &YS) at 45-5O0C, filters with simples were stored in a 

desiccâtor containing activateci silica gel and weighed on a Mettiern microbalance (1 0. I 



pg). CN samples were rinsed with 0.45 pm filtered sea water, similady dried and stored 

in a desiccator before analysis on a Perkin Elmer 2400 CM4 analyzer using acetanilide as 

a standard. 

Samples for lipid and fatty acid analysis were immediately placed in a test tube 

containing 2 mL chloroform (CHCI,), sealed under nitrogen, and storeù for a short p e r d  

(les than two weeks) at -20°C before lipid extraction. After subsampling, the remaining 

10-20 mL of the original culture sample was filtered (Whatman GFIC) and the filtrate 

frozen at -20°C for later nutrient analysis. 

4.2.3 iipid extraction 

Lipids were extracted using a modified Folch procedure (Folch et al., 1957) as 

described by Parrish (1999). Prior to extraction, 0.202 mg of a ketone standard, 

hexdecan-3-one, was added to each sample. This amount was estimated to comprise 10- 

20% of the total lipids in most sarnples. Reviow analysis indicated that ketones are not 

found in Pavlova sp.. One mL of ice cold methanol was then addd to the test tubes 

containing the sample with 2 mL chlorofonn for a 2: 1 chlorofom:methanol ratio. The 

sample was ground with a stainless steel rod and an additional 1 mL of 2: 1 

chlorofomnnethanol solution and 0.5 mL chlorofonn exaacted waîer added. 

The sample mixture was vortexed, sonicated for 4 minutes to further break-up 

lipid membranes and centrifuged at 4000-5000 rpm for two minutes. The lower 

chloroform layer was then removed by double pipetting. The sample was washed with 3 

mL chlorororm and the procedure repeated three more times. The pooled chioroform 
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layer containing the lipid extract was corrceniraied under a stream of nitrogen and stored 

under nitrogen at approximately -20°C. 

4.2.4 Total lipid and lipid clasr qluutt@cation 

Total lipid and lipid classes were quantified using TLCIFID with a MARK V 

Iatroscan (Parrish 1987). Between 0.5 and 20 pL of each sample was spotted on each of 

two silica gel-coated Chromorods with a Hamilton syringe. The mean of these two 

analytical rcplicates was used in data analyses. The rods were developed using four 

different solvent systems and scanned sequentialiy to resolve lipid class peaks. First, 

rods were developed twice for 25 and 20 minutes respectively in a 99: 1:0.05 (by volume) 

hexaneldiethyl etherlformic acid solution and partially scanned to resolve aliphatic 

hydrocarbons (HC), wax esters (WE) and steryl esters (SE) and ketones (KET). The 

other neutral lipids, in order of polar@: triacylglycemls (TAG), free fatty acids (FFA), 

free aliphatic alcohols (ALC), sterols (ST), and diacylglycemls (DAG), were separated 

with a 40 minute development in &0:2&0.1 hexanejdiethyl etherlfomic acid and scanned 

to a point immediately after the last peak. Lastly, two 15 minute developments in 

acetone and two 10 minute developments in a 54: 1 chlorofom:methanol:water solution, 

followed by a total scan of the rods, resolved ihe acetone mobile polar lipids (AMPL - 

consisting of monoacylgl ycerols (MAG), gl ycoli pids (GLY), and pigments) and 

phospholipids (PL). 

The three chromatograms were combined using T-scan software (RSS Inc., 

California, U.S.A). Lipid class mass on each rai was determined by regression equations 
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obtained by calibration of the r d  set with known amounts of lipid standards (Sigma 

Chemical Co., St. buis, MO) consisting of: n-nonadecane for HC, cholesteryl palmitaie 

for SE and WE, hexdecan-3-one for KET, tripalmitin for TAG, palmitic acid for FFA, 

hexdecan- 1-01 for ALC, cholesterol for ST, glyceryl-1-monohexadecanoak for AMPL, 

and DL-a-phosphatidylcholine for PL. 

The lipid class mass in the original sampie was calculated as: 

LC,, = LC, x (0.202 mg/ L C A  

where: LC-= lipid class mass (pg), LC, = lipid class mas calculated 

to be on the rod, 0.202 mg = amount of ketone added to the sample 

as a standard, and LC- = the ketone amount calculated to have 

been spotted on the r d  

Total lipid was taken as the sum of the masses of =ch lipid class. Lipid values 

repotted are expressed in relative (percent composition) and absolute terms (ce11 content 

and dry weight specific content). 

4.2.5 Fractionation ojlipid extract 

A portion of each algal lipid sample was separated into neutral and polar 

components by a simple column chromatography method bas4 on Yang (1995). Silica 

gel, activated by heating at 110°C for 1 hour, was packed into a pasteur pipette and held 

in place with a small piece of pre-mmbusted glass wooI. The wlurnn was washed with ? 
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mL methanol followed by 4 mL chlordorm. A smal! amount of lipid extract was sponed 

at the top of the column and neuûai lipids eluted with 3 mL of a 9.SkO.l:O.OS (by volume) 

chlorofom:methanol:fomic acid solution. By using a solvent amount approximating 

only one bed volume instead of two, the dleciion of AMPL in the neutral lipid fraction 

was minimized (Budge, 1999). Polar lipids were then collected by mnning 6 mL of 

methanol through the column. 

4.2.6 Fatty acid merlryl ester ( F M )  derivation 

Prior to lipid fractionation and FAME derivation, 0.06S5 mg of 230 was addeâ to 

each lipid extract as a fatty acid standard (Parrish, 1999). Lipid extracts were 

transesterified using 14% BF3 in rnethanol (Morrison and Smith, 1964). After 

evaporating the extract to near dryness, 0.5 mL hexane and 1 mL of BFJmethanol 

reagent were added and the via1 seaied under nitrogen, shaken, and heated at 80°C for 1 

hour. After cooling, 0.05 mL of CHCS-extracted water and 2 mL hexane were added to 

the samples and the mixture vortexed and centrifuged at 125 g for 4 minutes. The upper 

hexane portion containing FAMEs was recovered, concentrated under a Stream of 

nitrogen, and stored at -200C. 

4.2.7 FAME analysis by GC-FID 

A Varian 3400 OC with a temperature-programmable injector and a Varian 8100 

autosampler was used to analyze FAMEs. Separation was camied out on a flexible fused 

silica column (30 m x 032 mm ID) coaied with ûmegawax (Supelco, Mississauga, ON) 
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specifically designed for PUFA separation. Hydrogen sewed as the carrier gas (2 

miimin flow rate). Oven temperature was programmed as follows: 0.5 minutes at 6S°C, 

then warming at WClmin to 195'C and holding for 15 minutes, then warming at 

2°Clmin until reaching a final oven temperature of 220°C and holding for 0.75 minutes. 

Flow rates for makeup gas (helium) and combustion gas (air) were 30 mumin and 300 

mumin, respectively. The injector temperature was programmed to hold for 0.5 minutes 

at lWC, then rise at 200°C/min and hold at 250°C for 10 minutes. The FiD was held at 

260°C. 

Fatty acid methyl esters were identified from their retention times compared with 

known standards (PUFAl, PUFA2, and 37 Component FAME Mix; Supelco, 

Mississauga, ON). Peak were integrated with Varian Star Chromatography Software (V 

4.02). Peak area reject values were adjusted in each chromatogram to yield a minimum 

peak area equal to 0.1% of the sum of al1 peak areas. The amount of fatty acid methyl 

ester found in each original sample ( F A a  w;is calculated as: 

where: 0.0625 mg = the amount of 230 added to each sample as a 

standard, ARE& = the peak area of the fatty acid, and 

AREA,, = the peak a m  of the standard 

The value for FA, was successfully confirmed by perfonning the same caiculation 

substituting the peak area and known mass of the ketone standard, which also appeared in 

the chromatogt-dm, for the 23:O standard values. 
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The relative weight percentage of each fatiy acid (FA3 was calculated as: 

FA, = AREAM I [A- - (AREA,+ A M m ) ]  x 100 

where: AREA, = the fatty acid peak area, AREA, = the sum total peak 

area, AREAM+ AREA- = the peak areas of the two standards 

4.2.8 CC-MS analysis of sekcted FAMEF 

The identity of two fatty aci& that were found in significant amounts in Pavlova 

sp. was confirmed by GC-MS. A Varian 3400/Satwn GC-MS was used with the sarne 

column and temperature program described above. The ionization potential of the mass 

analyzer was 70 eV, and it scanned over a mas range of 50-500 m l z  

4.2.9 Nuîrien! analyses 

Nitrate and nitrite nitrogen and phosphate in the culture media were determined 

using an Enviroflow 3500 nutnent anaiyzer. 

4.2.10 Statistical analyses 

Data for fatty acid composition were analyzed by ANOVA. When significant 

differences (pc0.05) were found, the ANOVA was followed by Tukey's multiple 

comparison test It was deemed unnecessary to use the arcsin transformation for percent 

datri as the range of compared means within each fatty acid class was generally small and 



the data satisfied the assumptions of parametnc tests. Tests were performed using 

STATVIEWn or SYSTATn software for Macintoshn computers. 

4.3 Rtsuits 

4.3.1 Growth rate and botch culncte conditions 

Pavlova sp. performed well in culture, showing a sigmoidal growth curve 

characteristic of batch culture (Figure 4.1) with a specific growth rate of 0.50 divisions 

per day during log phase (&y 4 to 6). The cultures reached a peak density of over 24 

million cellslmL after 13 days. Growth rate was reduced to 0.27 divisionslday during late 

log phase (&y 6-13). Logariihmic growth occurred after a short acclimatization period, 

gradually slowing as nutrients (and presumably light) became limiting until a stationary 

phase was reached where cell concentration remained stable. 

Nitrate and nitrite nitrogen in the culture medium dropped rapidly from 1102 

pm*L-' in the starter culture to 4.39 jirnaL-' as growth progressed over the first 7 days of 

culture (Tabie 4.1). Phosphate levels in tbe medium fell after &y 4. The culture became 

severely N-limited sometime after day 7 as evidenced by the drop in the Redfield ratio 

(NIP) from 56.70 in the original culture medium to 0.54 at the termination of the 

experiment (Table 4.1, Figure 4.1), and compared with the filtered seawater control 

(1.73). 



Table 4.1. Nutrient data for Pavlovtr sp. batch cultures over time (rnean I standard deviation, n=3). 

Culture age Ni tri te+Ni trate 
(da~s)  (pn-L " ) -----.--- 

Phosphate 
Irrrn-L " ) 

N/P 
(wlnr ratio) 





4.3.2 Variation in proximate biochemi'cal composition, dry weight, d celL size 

Ce11 dry weight decreased markedly from 18.7 pglcell (day 4) to 7.5 pg/cell (day 

17) as cell density increased. This was accompanied by a decrease in mean ce11 diameter 

from 3.7 Fm to 3.2 p n  over the same time period (Table 4.2.1). Microscopie observation 

also revealed that the cells appeared to become more oblong in the stationary growth 

phase, although this trend was not quantified. Total lipid per ceIl dedined from 4.22 

pg/cell to 3.17 pglcell (Table 4.2.1). In contrast, weight-specific lipid content greatly 

increased, from 24.1% to 42.7% (Table 4.2.2). 

The increase in relative lipid content is reflected in the CHN data (Table 4.3). 

The carb0n:nitrogen ratio (by mass) nearly doubled over the culture penod rising h m  

6.16 on &y 4 to 11.67 by &y 17, attributable to an inctease in the relative carbon content 

from 39.32% to 67.3 1% accompanied by a modest decrease in relative nitrogen content 

h m  6.40% to 5.77%. 

4.3.3 Varh tion in lipid class composition 

The major lipid classes in Pavlova sp were phospholipids (48.1-55.4% total 

lipids), AMPL (14.6%-29.8%). TAG (3.8%-24.7%), and sterols (7.3%-7.6%) (Table 

4.2.2). Trace components included HC (0.7-3.1%), FFA (0-13%), ALC (0.3-0.7%), and 

DAG (0.0-0.8%). The low level of FFA indicates thai litiie lipid breakdown accurred 

prior to sample analysis (Pamsh, 1987). Revious analyses (Chapter 3) found none of the 

ketones that occur in some other species of prymnesiophytes (Volkman et al., 1B1). 



Table 4.& CcU size. tacal iipid conrcnt. and aiiuiar composirian of major iipid ciasses 

of Pmilova sp. (CCMP459) deteunincd by TLUFïD (meau I standatd deviacian. d). 

TAG fpg/cd) 0.16 0.B 0.62 0.76 0.7 
&.CM i0.14 i0.16 4 .  I0.02 

Tabk 4.2b. CeU dry wcight, wcight speeific total tipid, and percent caapn6itiaa of 

major liPd classes d Puvlova sp. (CClMWS9) determincd by TLC-FlD 

C u l t u ~ ~ t  (&YS) 4 7 11 13 17 

Dry Weight fwcdli, 18.7 14.6 10.5 10.2 7.5 
4 . 7  1 . 6  4 .4  11.6 d .1  

Total tipds (% d?y wi) 24.1 26.6 37.4 36.2 42.7 
114.6 9.5 29.9 d1.9 î88 

T.4G (% iod iipid) 3.8 7.0 16.0 213 24.7 
d.4 11.9 î2.4 4 .4  f1.7 



Table 4.3. Proximate biochernical composition of Pnvlova sp. (CCMP459) as content of 

carbon and nitrogen (pg/cell and percent dry weight) determined by CHN analysis 

(mean I standard deviation, n=4). 

Culturc age (days) 
4 7 11 13 17 

Ni trogen (pgkeli) 

C:N (mnss raiio) 

1.24 1 .O6 0.53 0.47 0.45 
Io. 10 I0.06 4.0 1 Io.03 d.03 

6.16 7.14 10.86 11.54 11.67 
Io. 13 Io. 15 Io. 15 Io. 19 4.08 

Cell dry weight (pglcell) 19.99 15.40 10.58 9.88 8.00 
d.67 12.01 10.34 I 1.48 11.26 

Carbon (% dry ivl) 39.32 49.83 53.97 56.04 67.3 1 
17.56 18-14 * 1.36 e . 7 4  k14.37 



Figure 4.2. Changes in total lipid, lipid class composition, and ceil dry weight with 

culture agc in CCMP459 batch cultures. Circle area is proportional to ceIl dry weight 

(labeled undemeath as pgkell). The sum area of the four lipid class pie sections 

represents totaî lipid as a proportion of dry weight. Subdivisions indicatc changing lipid 

class contributions as marked. 
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Values for sterol and phospholipid (percent composition) remained relatively 

stable as the culture aged, while TAG i n d  considerably from 3.8% in the log phase 

sample (&y 4) to 24.7% in the staiionary phase (day 17). AMPL decreased from 28.M 

to 14.6% during the culture period (Table 4.2a). In tenns of cellular content, PL and 

sterol decreased due to the declining ce11 weight. Only TAG increased from 0.16 pg/ceil 

to 0.77 pg/ceil, despite the decline in dry weight (Table 4.2b). These trends in lipid class 

composition and cell dry weight with culture age are summarized in Figure 4.2. 

4.3.4 Characteristic faüy acid profile 

Total fatty acid concentration ranged from 1.68 to 2.1 1 pglcell. The most 

prevalent fatty acids were 140, 16:0, 16: ln-7, 1%:4n-3, 20:4n-6, 20:5n-3,22:Sn-6, and 

22:6n-3 (839b-8'796 of the total fatty acids). ûther fatty acids comprising pa te r  than 1% 

of the total included: 16: in-5, 16:2n-4, 18:Sn-6 and 18:3n-3. Resent in trace amounts 

were 18: ln-9, 18: ln-7, 16:3n-4, 18:3n-6, and 18:O (Tables 4.4 - 4.6). Polyunsanirated 

FAs comprised approximately half (4653%) of al1 fatty acids regdless of culture age. 

Saturates (mainly 140 and 16:O) and monounsaturates (principally 16: ln-7) made up 30- 

34% and 1419%. respectively (Table 4.3). 

For cornparison and an assessment of culture variability, the results of analyses of 

previous samples of Pavlova sp. f r m  a number of different 2-L flask cultures (same 

culture methods as Iisteù in section 4.2.1) taken over three months is presented in Table 

4.7. The results were similar to the Qta presented above but more variability in 22:6n-3 

(2.42 - 9.34%) and 160 (14.49 - 22.935%) was evident 
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4.3.5 Confirmarion of ZO:#nb ond 22:5n4 wiih GC-MS 

Selected samples were subjected to GC-MS anaiysis to confinn the presence of 

20:4n-6 (ARA) and 22511-6 methyl esters. In the mass spectrum for ARA, the protonated 

molecular ion appeared at a masslcharge (mlz) of 319 - the expected result given its 

monoisotopic molecular weight of 3 18 (Figure 4.3). Likewise, the 345 mlz and mass 

spectmm obtained for the presumed 225n-6 peak confinned the presence of a 225  fatty 

acid compound structure (Figure 4.4) 

4.3.6 Variation in fany acid cornpsilion with cul~we age 

The fatty acid composition of Pavlova sp. dependeà on environmental conditions 

and growth phase in the batch cultures. Trends differed depending on the expression of 

the &ta as a weight percent of toial fatty acids, or as cellular content (pglcell), or weight- 

specific content (pg FAlpg dry weight). 

. . 
4.3.6.1 FAME composition c w  - relati ve - vercent 

The propotion of 14:0,18:4n-3, and 2051-3 fatty acids declined with culture age 

while the percentage of 16ln-7, 16:ln-5, 20:4n-6, and 225n-6 increased (Table 4.4, 

Figure 4.5). DHA declined slightly compared with samples from the exponential 

growth phase. The greatest changes occurred between cells in early (day 3-7) and late 

log phase (day 9- 13). 

The resultant effeçt was an increase in the proportion of monunsaturates from 

13.6% to 19.2% concomitant with a decrease in saturates and a small decrease in PUFA. 
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Figure 4.4. Mass spectrum of Jocosapenîaenoic acid, 22511-6 (schematic represenlaiion, top right), from selected Pavlova sp. 

sarnples. 



The sum of (n-7) and the sum of (na) senes fatty acids inmased and (n-3) fany acids 

declined in relative proportion (Table 4.4). The ratio of saturated to unsaturateci fatty 

acids and the DHA to EPA ratio remained relatively stable. The greatest difference was a 

three-fold increase in the (n-6)l(n-3) series ratio as cultures progressed from the 

exponential to the stationary phase (Figure 4.6). 

4.3.6.2 FAME comuasition changes - cell content 

Changes in fatty acids per cell were similar to changes in relative composition 

with only minor differences in magnitude (Figure 4 3 ) .  Specifically, the decrease of 

140 and 20%-3 with culture age was even greater, and 160 also declined. These data 

are summarized in Table 4.4. The total fatty acid content per cell peaked in the &y 7 

samples at 2.113 pglcell declining to 1.686 pglcell in the &y 17 stationary cultures. 

4.3.6.3 FAME commition c h a w  - wmt-s~ecific 

In contrast to relative and cellular fatty acid profiles, weight-specific fatty acid 

content increased for almost al1 fatty acids as the culture aged. The fatty acids shown to 

be declining in terms of relative percent with culture age did not change in terms of 

weight-specific content (18:4n-3,205113; Figure 4 5 ) .  Total fatty acid content per pg 

dry weight more than doubled from the log phase to the stationary phase (Table 4.5). 

There was an overall decline in PUFA content pet cell between days 4 and 11 

together with a significant decrease in EPA and an increase in 20:4n-6 and 22511-6 

(Figure 4.7a). On a specific weight basis, PUFA content increased, mainly due to an 
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Table 4.4. Variation in the relative faity acid composition (wt % of total FA) of PavIova sp. with 

culture age (mean Istandard deviation, n= 3, tr = trace. < 0.18 of totai fatty acids] * .). 

14:O 

150 

IQO 

18:O 

Torol SAT 

16: ln-7 

LQln-5 
18: ln-9 

18: ln-7 

Tofal MONO 

1 6 2 ~ 4  
16.3~4 

l8:Znd 
I&.3nd 
18%-3 

1&41t-3 

2&4nb 
35n-3 

225n-6 

2611-3 



Table 4.5. Variation in cell content of faüy acids (pglcell) in Puvlova sp. with culûue age 

(mean istandard deviation, n= 3, tr = trace. d). 1% of total faüy acids).* 

14:O 
150 
IBO 
la0 

Toiol SAT 

16: ln-7 
16: ln-5 
18: ln-9 
1% ln-7 

Toul M N 0  

16:2n4 
16311-4 
1fk2n-6 
lt3n-6 
18:3n-3 
18.411-3 
2a4n-6 
2û.51-3 
2511-6 
E6n-3 

Tora1 PUFA 

G- C= W F A  0 . m  I0.û36 0.714 &.CI35 0.596 k0.016 0.609 &.ou3 0.- 4.033 

WAIDHA 5.462I0.072 5.636I0.079 4.767îû.W 4.051I0.142 3.845a.234 
sum (n-7) 0.2M tO.W 0.249I0.033 0.236tO.W7 0.237 &.Ml 0.243 &.OS 

sum (nd) 0 2 7  4.051 0.411 4.076 0.398 I0.049 0.414 4.007 0.395 10.092 
sum (n-3) 0.7U3 a 1 4 8  0.564 *o. 106 0.378 I0.048 0.371 &O15 0.363 a . M 6  

(nd)/i11-3) 0.491 10.019 0.905 I0.050 1.M îû.004 1.116 I0.007 1338 a.054 
satlrmsoi 0.515 10.019 0.516 I0.051 0.504 îû.055 0.403 I0.004 0.441 IOIOm3 

* Significant diflaences omitted for clarity. Trends are similar to Tabie 4.4. 



Table 4.6. Variation in weight-specific fa#y acid composition (pglpg dry weight) 

of Pavlova sp. with culture age (mean fslandard deviation. n= 3. 

tr = trace, < 0.1% of total fatty acids). 

140 
150 
160 
1LO 

Total SAT 

16: ln-7 
16: ln-5 
18: ln-9 
18: ln-7 

Tor01 MUNO 

16211-4 
163n-4 
1R2n-6 
18:3n4 
18:3n-3 
18:4+3 
2Q4n-6 
2Qh-3 
'25n-6 
22:6n-3 

Total PUFA 

Total FA 

23.16 i5.30 
tr 

-4.64 d.70 
0.61 Io35 

47.80 110.78 

17.23 i2.80 
4.55 io.0.59 
0.60 io. 08 
1.42 iO.69 
23.m 53.20 

3.21 I0.0.86 
0.84 io. 15 
4.08 4.47 
0.93 4.16 
3.26 I0.0.59 
9.78 11.96 

11.29 i224 
21.33 i4.œ 
1206 *230 
4.70 a93 

71.48 113.30 

1- a . 0 7  

G- & WFA 3863 a 4 4  49.39 d.39 56.42 IasO 58.01 I5.W 82.20 6 .58  
EPA/DHA 5.46 iO.07 5.64 4.06 4 . 7  io.60 4.05 il .ll  3.84 io.23 
sum (n-7) 11-77 6.45 1865 4.80 23.08 6.27 2258 d.72 33.17 110.42 
sum (n-6) 15.31 A33 2R36 i4.94 37.69 i263 39.48 il332 53.69 117.77 
sum 01-3) 38.61 d0.16 39.07 *7% 35.83 &62 35.36 i10.53 49.42 d5.13 
(n-6)lin-3) 0.40 10.02 0.91 d.04 1.30 &.a0 1.12 10.18 1.34 &.os 
saUwisat 0.49 io.û2 0.50 4.04 0.50 io.06 0.3  dl41 0.44 io.03 



Table 4.7. Variation in relative fatty acid composition (wt % of total FA) 

in five different* cultures of Pavlova sp. (tr = trace, 4.1% of totai FAs). 

140 10.35 1137 12.11 11.07 11.66 
1S:O tr 0.72 1.82 u 0.5 1 
160 14.49 20.48 t 638 22.59 20.94 
1S:O 0.7 1 0.35 tr 0.81 0.68 

Total SAT 25.55 32.X 303 1 34.47 33.79 

16: 10-7 9.0% 12.96 1336 11.6 10.93 
16: lu-5 1.97 23 1 2.62 1 .Tt 1 .64 
18: 10-9 tr 0.64 0.85 0.63 0.5 
18: 10-7 tr 0.56 1.13 1.47 133 

Total MO NO 11.05 16.47 17.96 15.47 14.4 

16211-4 1.2 1.19 1.7 1 .48 1.49 
163n-4 1 .O5 tr tT tT tr 
18:2n-6 338 1.76 2.49 3.7 3.18 
1830-6 0.56 0.44 0.6 0.79 0.75 
1830-3 1.78 1.99 332 3.81 3.88 
18:;ki-3 8.49 5.74 5.06 4.41 4.47 
20:;kid 3.49 3.24 1037 6.1 6.2 1 
2050-3 23.56 16.8 13.57 14.63 14.85 
22:5na 9.58 6.75 9.62 11.93 11.52 
22:60-3 9.34 7.64 4.35 2.42 2.47 

Total PUFA 62.33 48.55 51.08 49.27 58.82 

GE PUFA 35-87 34.43 37.91 35.08 35.05 
EPNDHA 2.51 2.20 3.12 6.05 6.0 1 
Simi (0-7) 9.0% 13.32 14.49 13.07 12.26 

(0-6) 17.01 15.19 23.08 22.52 21.66 
Simi (0-3) 43.07 32.17 2630 25.27 25.67 
(n-6W-3) 039 0.47 0.88 0.89 0.81 
Satlüasat O35 0.51 0.44 0.53 0.53 * 
a this author, unpuMished data. rame culaire me& as se& 42.1 



Figure 4.5. Trends in changes in selecced major fatty acids (>2%) in batch cultures of 

CCMP459, expresseci as: a percentage of total fatty acids (a), fatty acid content per ce11 

(b), and fatty acid content standardid p r  unit dry weight (cl. Data shown were 

wndensed to vdues for eariy log phase (day 4 sample), late log phase (&y 11 sample), 

and stationary phase (&y 17 simple) cultures. Errer bars are +srandard deviation. 



b) CI11 contint 
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Figure 4.6. Change in (nd)/(n-3) series, saturated:unsanirated, and DHA:EPA fatty acid 

ratios of Pavlova sp. with culture age. Error bars are * standard deviations. 





increase in 2Q4n-6 and 22511-6 wMe €PA and DHA changed little (Figure 4.7b). 

4.3.7 Fany acid composition of neutral and polar lipidr 

Neutra1 lipids were comparative1 y enriched in 160, 16: 1 n-7, and 16: ln-5 wi th 

slightly more 18: ln-9, 18:2n-6, 20:4n-6, 22:5n-6, and 22:6n-3 (Figure 4.8). They 

containeci less 14:0, 18:4n-3, and much Iess 2Mn-3 (EPA) than the polar fraction. The 

DHA to EPA ratio was higher in the neutral lipid fraction, due to the reduced 20%-3 

level. The (nd)l(n-3) ratio was aiso Nice as high in ihe neuirai than in the polar fraction. 

PUFA content was lower in the neutral lipids (38.17% vs. 49.68%, Table 4.8). However, 

the lower relative content of EPA in the neurral lipids is offset by the increased content of 

ARA, 22%-6 and DHA such that there was no significant difference between C, - C, 

PUFA as a group between neutral and polar fractions {Table 4.8). 

4.4 Discussion 

4.4.1 Growth rate and culture variables 

The maximum growth rate achieved in the CCMP45S cultures (0.50 

divisionslday) was comparable to Isochrysis galbnna (another haptophyte algae 

commonly grown in hatcheries) under similar culture conditions (k= 0.55 at 2S°C, 3 s  

lux, 24 hrs light; Hur (1991). With a slight enrichment of CO2, high ce11 densities (24 

x106 cells/mL) were obtained in late log phase cultures. Thus, mas culture of this straîn 

should be economical. Temperature and salinity tolerance of this species should also be 



Table 4.8 Mean relative fatty acid compition (wt % of total FA) of 

neutrai YS. polar lipids in culûam of Pavlova sp. (CCMP459) 

(mean % I standard deviation, n= 6). 

Fany acid NeutrdLfpid Pohr Llpid 

16:ln-7 
16:ln-5 
18:ln-9 
l8:ln-7 
Total MO NO 





invesiigated to determine the range of culture conditions where near optimal growth can 

be maintained. 

The nutrient data indicated that the culture became nitrate limited as it aged 

(Table 4.1; Figure 4.1). Light may also have been sub-optimal during late log/stationary 

phase due to self-shading at high cell densities, although irradiance levels were not 

recorded. In batch algal cultures, endogenous and environmental variables are 

interdependent. Thus, it is important to note that the terms "culture age" and "growth 

phase" in this discussion do not necessarily imply direct causal eîfects, and they are used 

interchangeably hcre. Future studies employing turbidostats or chemostats to wntrol 

growth rate independently of environmental variables are required (Wangersky et al., 

1989). 

4.4.2 Variability in ceIl size and dry weight 

The combination of the decline in ceIl size, deviation from spherical shape, and 

weight-specific increase in total lipid, which is less dense than protein, explains the 

decrease in cell dry weight with culture age. Cell division and accumulation of storage 

products (lipids or starch) are regulated at least partially by culture conditions affecting 

the size and density of microalgae (Nonker and Stattrup, 1991). Brown et al. (1993) 

found a reduction in cell dry weight of Isochrysis sp. at low light levels. Similarly in the 

present study's results, the apparent variation in algae fatty acid content differed 

depending on whether the data were expressed in relative (percent) or absolute (cell 

content and weight specific content) units. Thompson et al. (1994) also found that cell 
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size of P. lutheri grown under high light conditions was larger than for cultures grown 

under low light. 

Fatty acid composition is often presented in the literature in relative proportions 

due to the ease of generating percent data with GC-RD techniques. However, in 

experimental studies such as nutritional comparisons in feeding trials. the absolute 

amount of each fatty acid is a more appropriate measure. In commercial bivalve 

hatcheries feed is often rationed on a per ce11 bah, but managers seeking to optimize 

hatchery protocols should also consider ce11 d ~ y  weight - as considerable intraspecific 

variation exists. To present resule in ways that are both consistent with the literature and 

experimentally and commercially relevant, the daia were reported using al1 three 

measures here (Tables 3.3,3.4,3.5). 

4.4.3 Ploximate biochemical composition and changes with growth phase 

4.4.3.1 CornDarison with O-a 

Roximate biochemical composition was in the range reportai for other species. 

Commonly, micrualgae are wmprised of 2025% protein, 6-12430 cartmhydrate, and 10- 

2û% lipid as a percent of dry weight, although there is some variation among species 

(Brown and Jeffrey, 1992). b o n s  et al. (1961) found only a small amount of 

interspecific difference in composition when cells were grown under similar 

environmental conditions. In previous experiments (Chapter 3) gross composition of four 

species of aigae was aiso similar when harvested during the same growth phase. 



Total lipid per oell was only slightly lower (4.22-3.10 pglcell) compared with 

other species in the genus Pavlova (4.5-5.7 pglcell) reported by Volkman et al. (1991). 

but this discrepancy could be due [O differences in analytical or culture techniques. 

Parrish (1987) repofted that iatroscan lipid values are commonly only 85% of tbose 

obtained gravimetricaHy. As a percent of dry weight, CCMP459 toial lipid was as high 

as (24.1%) or higher (up to 44.1%) than in Isockrysis sp. , wiiich is considered a lipid tich 

microalga (Brown and Jeff~y, 1992). 

4.4.3.2 C w  with c u l m  agg 

Growth phase had a great effect on gras composition. Lipids (primanly TAG) 

accumulated within the cell with 1.n times the proportion of lipid in stationary phase 

cells as log phase oells (Table 4.lb, Figure 4.2). This was reflected in a near doubling of 

the C:N ratio. which also indicated a loss of protein (Table 4.2). This trend of an increase 

in lipid with nutrient limitation has been demonstrated for many algae species. Reitan et 

al. (1994) reported lipid accumulation in response to phosphate limitation for two 

diatoms, Pliaeodacîylum m'cotlltltum and Cclaptoceros sp., and two pqmnesiophytes, 

Isochrysis galbana, and P. intheri, but not in the green flagellates N~ltltochioris aiornus 

or TetruseImis sp,. Under optimal nutrient conditions, mmt of the carbon fixed by 

photosynrfiesis is inwrporatcd into proiein to support rapid cell division, but, when 

limiting, carbon is shunted into bicwynthesis of' stmge products (mainly lipid) as growth 

slows (Borowitzka, lm). Ben-Amotz et al. (lm also found a signifiant increase in 

lipids accompanied by low protein content in nitrate limited cultures of five 
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taxonomically diverse algae (Boiryd~occus brannii. AnRis~rodcsrm~s sp., Nanochbris sp.. 

lsochrysis sp., and Nimclua sp.). In Dwu~liella spp. however. carbohydrates rather than 

lipids were accumulated. Cabhydrate accumulation also accompanied lipid storage in 

lsochrysis sp.. Because some authors point to carbohydrate as a possible limiting factor 

in some bivalve diets (Whyte et al., l m ) ,  more attention should be paid to this nutrient 

in the future. 

4.4.4 Species specific fw acid pro/& 

4.4.4.1 Total fattv acids 

Total fatty acids per ceH were slightly lower in Pavlova sp. (CCMP459; this 

study) compared to three other P&va species (Vdkman et al., 1991; 2.63.2 pglcell 

versus 1.7-2.1 pgkell for CCMP459). Total fatty acids per cell were comparable to 

lsuchtysis sp. (clone T-Iso) - a  standard lipid-cich hatchery f d  (Brown et al., lm). 

When expressed as a percent of dry weight, ihe fatty acid content of CCMP459 was much 

higher than IsochrysIs s p  (10.6 - 22.4% Cor CCMP459 vs. 3.12 - 7.4 %: Brown et al. 

( 1993). However, as previously mentioned, cornparisons with values in the literature can 

be difficult as they are influenced by algal culture conditions and analytical techniques. 

4.4.4.2 Fattv acid profile 

As in other Pavlovacales, tbe species-specific fatty acid profile of CCMP459 is 

diverse compareci with other algae used in mariculîure (Vdkman et al., 1992). Vdkman 

et al. (1991) conducted fatty acid analyses of P. lutheri and three other eurythefmal 
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Pavlova species for possible use in tropical hatcheries. The fatty acid profile of 

CCMP459 (Table 4.3, Figure 4.5) was similar to those reported for other species in 

Volkman et ai.*s (1991) study, with the exception of a much higher level of 2Q4n-6 

(ARA) in the CCMP459 strain, which is further distinguished from P. lutheri by a high 

level of 22%-6 (6.8% - 12.0% vs. < 1-396, Chapter 3). Significant amounts of 22:Sn-6 

(3.8-7.446) were found in Pavlova salina and two other unnamed species of Pavlova 

(Volkman et al., 1991) but in lesser amounts than in CCMP459. 

Since the content of these two fatty acids in CCMP459 seemed to deviate from 

other Pavlova species, their presence was confirmed using GC-MS (Figure 4.3, 4.4). 

While MS analysis is not specific for bond position, wmparison of the peaks in question 

with GC retention times for PUFA with related structures (2Q4n-3 and 22511-3) provides 

satisfactory confirmation of the 2@4n-6 and 22511-6 in our samples (Ackrnan, lm. 

Despite some differences, the similarities in fatty acid profiles and sterols (Ghosh 

et ai., 199û) support CCMP459s taxonomic designation as a species of Pavlova. 

. . 
4.4.4.3 Fatty acid basis f o t o n a l  value of CCMP459 

Pavlova lutheri is known to be a "good" food for mariculture and is commonly 

incorporated into standad bivalve diets because of the high levels of the essential fatty 

acids DHA and EPA (Volkman et ai., 1992). However, it does not always provide 

supenor growth compareci with other species (Ennght et al., 1986; Chapter 3). The 

CCMP459 strain appears to be more nutritious, at least for larval stages of Pkopecien 

mugellanicus and Argopecten inadians, due to the ARA content and possibly the 225-6 
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fatty acid content (see Chapter 3). ARA is uncharacteristic of p~ymnesiophytes and 

normally only a minor compnent of most marine phytoplankton except some 

rhodophytes (id., Porphridium) and a few Bacillariophycaea such as Astriorrelh sp. 

(Ackman et al., 1%8; Viso and Marty, 1993). The combined presence of al1 essential 

fatty acids (EPA, DHA, ARA) dong with 22:5n-6 in one alga is, as yet, unique to this 

strain. 

4.4.5 Changes in faity acid composition with culture age 

. . 
4.4.5.1 Relationshi~ to l i~id class compitior\ 

The changes in total fatty acid composition with culture age were related to the 

accumulation of neutral lipids (mainly TAG). Monounsaturateci and saturateci fatty acids 

are often associated with lipid storage products such as TAG. Neutral lipids of 

CCMP459 contained proportionally more 16: ln-7 and 16:O than polar lipids and hence 

TAG-rich stationary phase cultures also exhibited a higher proportion of 16: ln-7 and 

monounsaturates in general. However, the small increase in 16:O in neutrai lipids was 

offset by a decrease in 140 so that total saturates were not significantly different between 

log and stationary phase cells. The comparatively smaller arnount of EPA and 1&4n-3 in 

neutrai Iipids versus polar lipids and similar or enhanced levels of 2Q4n-6,22:5n-6, and 

22:6n-3 in neutral lipids account for the other trends in total fatty acids. 

The AMPL lipid class as a percent of total lipid dso decreased with culture age. 

This may have been due to the decreased effective light intensity in dense cultures. 

Glycdipids, a principal component of AMPL, have been shown to decline in some 
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species in response to decreased illumination (Cohen et al., 1988). The fatty acids 18:4n- 

3 and 20:Sn-3 are common in glycolipids of some aigae (e.g., T-lso; Sukenik and 

Wahnon, 1991). and the reduction of AMPL in late log and stationary phase cultures of 

CCMP459 may also contribute to the relative reduction of these fatty acids. It would have 

been weful to separate the AMPL fraction from the total lipid extract to provide a further 

ldization of fatty acid biosynthesis in CCMP459. The marked accumulation of lipid 

on a weight basis explains the nearly uniform increase in weight-specific fatty acid 

content. 

4.4.5.2 General mechanisms affecti-e acid trends- comparisons with other aleae 

Our data support the general conclusion that the fatty acid composition of 

microalgae is species-specific and relateci to culture conditions (Ben-Amotz et al., 1985). 

Many others have studied environmental effects on the biochemical composition of 

microalgae from nutritional, ecological, and biotechnological (e.g. production of 

bioactive compounds) perspectives (Borowitzka, 1986). There are underlying, though 

not immutable, trends in the testarch. 

Lipid accumulation as TAG is one primary mechanism affecting total fatty acids 

(Webb and Chu, 1983). and it o k n  results in a relative increase in 16:O and 

monounsaturates (either 181 or 16: 1, depnding an wiùch is the dominant fatty acid). 

Like CCMP459, lower levels of 184n-3,2Mn-3, and sometimes 22:6n-3 are often found 

in studies of fatty acid changes in response to culture environmeni, due to the association 

of these fatty acids in declining levels O€ phosphdipid or glycolipid classes (Reitan et ai., 
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1994). 0 t h  culture conditions such as silicate limitation in diatom cultures, decreased 

light intensity, or stressful temperature conditions can produce a similar effect 

(Mortensen et al., l m ) .  Lightdark cycles also affect lipid class composition and hence 

the total fatty acid profile because TAG is calabolized in the dark phase (Sukenik and 

Carmeli, 1989). 

A reduction in the synthesis of (n-3) fatty acids under suboptimal growth 

conditions can cause a decrease in total PUFA despite an increase in total lipid 

(Mortensen et al., 1988). Because CCMP459 contains unusually high levels of (n-6) 

series long chain fatty acids which appear as prominently in neutral lipids as polar lipids, 

the reduction in (n-3) fatty acids (2Q5n-3 and 18:4n-3) in late log and stationary phase 

cultures is offset by C, and C, (n-6) fatty acids, and there is comparatively little 

decrease in tolal PUFA. For example, saturated and monounsaturated fatty acids 

comprise approximately 75% of the total fatty acids in neutral lipids of Ismhrysis sp. 

(Saoudi-Helis et al., 1994), but only 57% in neutrai lipids of CCMP459. 

In the rhadophyte Porphridium, which also contains relatively high amounts of 

(n-6) fany acids, Cohen et al. (1988) found a fatty acid trend similar to CCMP459. The 

fritty acid 2Ck4n-6 (ARA) replaced 2Mn-3 (EPA) as the dominant fatty acid in response 

to decreased light, increased cell density, increased salinity, or suboptimal temperatures 

or pH. ARA was a main component of neutml lipids and phosphatidylcholine, while 

EPA was a main component of the glycolipids in Porphridium. 

Schneider and Roessler (1994) deduced a biosynthetic pathway for PUFA 

synthesis where EPA is produced tbrough a series of (n-6) fatty acid intermediates. 
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Figure 4% shows two possible pathways for synthesis of EPA. Through [''CI- acetate 

labeling of Nannochluropsis sp. in-vivo, Schneider and Roessler (1994) showed that the 

lower pathway, whereby 20:Sn-3 is formed by desaturation of 20:4n-6 at the (n-3) 

position, predominates. Sukenik et al. (1998) also report the isofation of a mutant strain 

of Nannochluropsis which contains no 20:Sn-3 but proportionally more 20:4n-6. A 

decrease in activity of this proposed desaturase brought about by changes in culture 

conditions could also explain the irend of decreasing EPA with increasing ARA fond for 

CCMP459. This pathway has also been inferred for MoltOdus subterruneus (Cohen et al., 

1992). Furthemore, it could be hypothesized that this shift iowards the accumulation of 

20:4n-6 could also be related to the increase observai in 22%-6 by one of the pathways 

shown in Figure 4.9b. 

. . 4.4.5.3 Within-class differences in fatty acid commitioq 

Saoudi-Helis et ai. (19%) found srnail fatty acid differences within lipid classes 

(neutral lipids, glycolipids, and phospholipids) relateci to algai growth rate. For example, 

DHA levels increased in the neuiral lipids of fast-growing chemostat cultures of 

Isochrysis sp. No such differences were found in this study, but the sample size was 

small (n=3). and the batch culture method used is a less controlled method for 

manipulating physiological parameters. While changes in the overall fatty acid 

composition of CCMP459 seem to be most affecteâ by shifts in the proportion of 

individual lipid classes and the fatty acids associated wiih them, it is aiso possible that 



Figure 4% Possible routes of biosynthesis of polyunsaturated fatty acids in algae 

(adapteci from Schneider and Roessler, 1994) showing the linkage between ARA and 

EPA (in italics). 

Figure 4.9b. Possible rouies of biosynthesis of 22.5114 from 2Q4n-6 (ARA). *= 

preferred path in animals. 



fatty acid proportions within these individual lipid classes may also change in response to 

culture environmentai or growth phase. 

4.4.6 OprUnum Irarvest strategies 

Without feeding trials, it is difficult to evaluate optimum harvest periods from a 

nutritional standpoint. There is still on-going debate over nutritionally desirable 

characteristics of algae, and the nutritional requirements of bivalves are species specific 

and life stage dependent (Chapter 1). Nonetheless, consideraiions include strategies for 

maximizing PUFA content of cells (mainly EPA, DHA, and ARA), manipulating 

EPAIDHA andior (na)/(n3) series ratios, and manipulating gross composition. 

. . .  4.4.6.1 MW PUFA 

Samples taken on &y 7 displayed the highest cellular content of total fatty acids 

and only very slightly reduçed total PUFA compared to &y 4 samples. EPA was lower 

but still high (14.5%) and ARA was nearly twice as high (7.7% vs 4.1%). Growth rate 

also had not slowed by day 7. On a weight buis, PUFA was greatest in late log and 

stationary phase cultures, although in mas cultures it is  common practice to harvest 

cultures before day 10 because of bacterial concerns (Cornforth, 1990). Dunstan et al. 

(1W) found WFA to be highest in stationary cultures of P. luthen' due to an increase in 

totai lipid per cell and in the proportion of DHA. PUFA content per cell varied little in 

IsocIvysis sp. cultures regardless of pwth  phase. 



W F A  have also been shown to in- in response to deçreasing temperatures, 

presumably in order to maintain cell membrane fluidity, although the pattern of responses 

reported varies (James et al., 1989). Thompson et al. (1992) reported a "modest but 

significant" inverse relationship betwwn relative composition of PUFA and temperature 

for eigbt specics of micrdgae commonly grown in hatcheries (including P. lutheri'). 

However, except in Tliallussiosira p s e u d o ~ ,  this trend did not hold true for the 

nutritionally imporiant essential fatty acid PUFA. Also, because growth slows at lower 

tempemtures, this apptoach may not be an econornical way to enhance PUFA in algae 

used by commercial hatcheries. 

4.4.6.2 ln-6Nn-31 series ratio 

Further studies need to be done to determine optimal (n-6)/(n-3) ratios in 

microalgal foods, but past work indicates that "good" foods have a relatively high (n- 

6)/(n-3) ratio (0.5-0.33), whereas ''moderate" foods have a lower one (0.25) (Webb and 

Chu, 1983). CCMP459 has a (n-6)l(n-3) ratio equal to or higher than those of f d s  

listed as "good" in al1 phases of cultwe. As pointed out in Chaprer 3, few if any feeding 

tnals have included species as rich in (n-6) fatty acids as CCMP459, so it is possible that 

ratios even higher than 0.5 may be nutritionally superior. It is the levels of arachiodonic 

acid and possibly 22%-6 that account for the high nutritional value of Pmlova sp. rather 

ihan the ratio per se. For example, Drutafiefla sp. has a high (n-6)/(n-3) ratio but contains 

little or no C, - C, chah fatty acids, and is coasidered a poor food for bivalves. Because 

dis ratio changes dramatically in CCMP459 (from 0.49 in exponential phase cells to 134 
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in stationary phase) this species could be used as an experimental tool to examine 

appropriate (nd)l(n-3) fatty acid ratios. 

* .  

4.4.6.3 Proximate biochemical compsitmq 

Few correlations of the gross biochemicai composition of die& with growth 

performance of bivalves have ken identified (Brown and Jeffrey, 1992). It is generaily 

assumed that beyond a threshold level, lipid quality impacts on nutrition to a greater 

extcnt than total lipid (Gailager and Mann, 1PS6), and recent emphasis has been on f a q  

acid and sterol composition (Wikfors et al., 1992). The metabolism of many bivalve 

larvae is pnmarily lipid-based (Holland, l m ;  Manning, 1980, and the quality of Iipids 

in microalgae is more variable than other components. Chu et al. (1982) anaiyzed the 

polysaccharide composition of five algai species used in mariculture and found no major 

interspecifir: differences in quaiity or quantity. Minor differences are found in the 

composition of essential amino acids, and this may have a small impact on growth 

performance, but, these differences are less than those found for fatty acids (Webb and 

Chu, 1983; Enright et al., 1486). 

Despite the emphasis on lipid quality in the literature, gross composition is an 

important consideration in terms of harvest strategies, due to the pmfound effect of 

culture conditions. The degree of biochemical variability in CCMP459 was similar to 

that found by Fabregas et ai. (1986) in IsochrysIs sp. cultures in log and stationary 

phases. They reported a 177% difference in protein and 136% in carbohydrate content 

between samples and surmiseci that this degree of variability must have an important 

175 



effect on the nutritive value of this microalp. Some snidies have indeed linked an 

increase in bivalve gmwth performance with increased wbohydrate in some diets 

(Whyte et al., 1989; Enright et. al., 1986a) and with dieiary protein for juvenile mussels 

(Kreeger and iangdon, 1993). Ryan (1999) found that log phase algal cultures were 

generaily better for larval nutrition in P. magellanicus, and stationary phase cultures were 

better for post-set animais, and she correlated this wi th gross compositional 

characteristics. U tting ( lm) found settlement in Crassostrea gigas larvae to increase 

with increasing dietary protein in nitrogen manipulated cultures of Tetraselmis suecica 

and Chaetuceros calcitram, and also found better post set growth on the low-protein T. 

suecica diet. While lipid quality may be the most essential element for adequate 

nutrition, it seems intuitive that optimization of nutritive value requires an appropriate 

balance of gras nuuients. These reports also underscore that nutritional requirements of 

bivalves differ according to developmental stage. 

While it has been well established that essential fatty acids (DHA, EPA, and 

probably ARA) are important for nutrition, attempts to maximize these PUFA in the diet 

may be misguided. As for total lipid, further inclusion of these EFAs in the diet rnay not 

be beneficial beyond a threshold level. Thompson et al. (1992; 1994) reported better 

growth rates of larval Japanese scallops (Pafimpecten yessoensis) and Pacific oysters 

(Crussosfrea gigcrr) with diets higher in saturated fatty acids (140 and 16:O). The 

literature suggests that good bivalve diets are high in lipid. have balanced ratios of 

"essential" fatty acids (Webb and Chu, lm), and contain an appropriate balance of 

protein, lipid, and carbohydrate (Whyte et al., 1989). However, due to algal variability, 
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determining the requirements for lipid quality and gms  nutrient balance is difficult 

without a suitable arîificial diet (Langdon, 1983). 

4.4.6. 4 CCMp459 as food for bivalves - su- 
From the perspective of lipid quality, CCMP459 may be a superiùr food in any 

culture phase as it contains significant amounts of al1 essential fatty acids. It also 

contains A-5 sterols (2qethylcholesta-5,22 dienol) which have been linked to increased 

juvenile oyster growth (Wikfors et al., 1991). It maintains its characteristically high 

PUFA profile in siationary cultures due to the high levels d ARA, DHA, and 2251-6 in 

the neuûal lipids. Cellular content of EPA is reduœd in later growth stages, but remains 

relatively stable on a specific weight basis and persisr in significant quantities in al1 

stages. The result may be that considerable flexibility in the stage of harvest exisîs from 

a perspective of lipid quality. 

However, a slight increase in the proportion of DHA in CCMP459, as measured 

in this expriment, may be nutritionally desirable (DHA rernained at 3-68 of total fatty 

acids). Although the possibility that 22:Sn-6 could be a suitable substitute for DHA in 

membranes rnay mitigate this lower DHA level, incoprating CCMP459 into a mixed 

diet with a DHA rich algae such as Isochrysis sp. may be appropriate. A mixture of 

Pavlova spp. and Isociuysis sp. provides a better balance a€ essentiai amino acids, and 

cumnt thinking is ihat a mixed diet protects against a potential &ficiency in some trace 

nutrients (Webb and Chu, 1983). Nevertheless, there is potential for CCMP459 to 

replace a multi-species diet and simplify hatchery operatiom. Fatty acid analysis of other 
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CCMP459 samples coataining DHA up to 9.3% (TaMe 4.7) shows that DHA can reach 

higher levels in this strain. It is possible that DHA e~chment may be attained through 

culture manipulation or genetic selection (Alonso et al., 1992; 1994). 

Due to dramatic variation in gross composition and (n-6)I(n-3) ratios, and the 

potential for fatty acid optimization, use of either specific harvest strategies or a 

turbidostat or chemostat to control algal biochemical composition is desirable though 

probably not essential. More research must be carried out to identify the specific 

nutritional requirements of the fmed animal. 

AS Conclusions 

1 )  Pavlova sp. (CCMP459) performed well in batch culture with growth rates and peak 

ce11 densities similar to those for other species of microalgae commonly cultured for 

maricul ture. 

2) Pavlova sp. is characteriad by a comparatively bmd fatty acid profile. It is similar 

in this regard to other Pavlova species. but with the important distinction of 

cantaining significantly more 2ûAn-6 (ARA) and higher 22:Sn-6 levels. 

3) CCMP459 may be nutntionally superior because of this diverse faüy acid profile and 

the presenœ of al1 the essential fatty acids in significant quantities. It rnay have the 

potentiaî to simplify hatchery operations by replacing or reducing the need for a 



multi-species diet. At ihe very least, it could serve as a rich source d ARA and 

225-6 when incorporated into mixed diets. 

4) Lipid in CCMP459 more than doubled as a percent of dry weight between 

exponential and stationary growth phases, due mainly to an increase in TAG. This 

was reflected in a rise in the C:N ratio from 6.16 to 11.67 as the culture aged. AMPL 

decreased and s t e d  and PL remained stable as a percent of total li pid. 

5) Due to a decline in ce11 dry weight with culture age, FA trends differed depending on 

whether data were expresseci in terms of weight-specific units or as cell content. As 

lipid accumulateci as a proportion of dry weight with culture age, ihere was a 

concunent increase in weight specific FA content, despite a slight decline in total FA 

per cell. 

6) Fatîy acid changes were related to lipid class compositional changes. The (n-3) senes 

fatty acids (especially 18:4n-3 and EPA) were reduced and (n-6) series fatty acids 

(20:4n-6 and 22511-6) increased proportiondl y. Because of inclusion of long chah 

(n-6) FA and DHA in neutral lipids, saturates were not substantially elevated in 

stationary phase ceh as sometimes occurs. PUFA remained at relatively high levels 

regardles or growth stage, with only monounsaturateci FA increasing (5.6%). 

7) Due to significant changes in gross composition and fatty acids, a chemostat or 

turbidostat sysrem is mmmended for hatchery algal culture systems in order to 
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optimize the nutritional profile of CCMP459. Nevertheless, significantly more 

research still needs to be carried out to determine the nuiritional requirements of 

individual bivalve species and different life-history stages of importance to 

mariculture. 

8) Further research with CCMP459 should indude an evaluation of culture tolerances 

(mainly salinity and temperature), and the effect of temperature, inadimce, and 

lightldark cycles on the fatty acid prd?le. Experiments should be continued with a 

turbidostat or chemostat for more refined control of culture variables. Fatty acids 

should be further resolved to m m  specific lipid classes (glycolipids, specific polar 

lipid subclasses) to fwther elucidate the mechanisms of fatty acid biosynthesis in this 

species. 

9) It may be worthwhile to continue examining different species and strains of algae that 

could be nutritionally important, rather than relying on the comparatively small 

collection of (mostl y temperate and subtropical) species and strains that currentl y 

make up standard hatchery f d s .  Only about 50 species out of the several thousand 

existing in nature have been tested as food for bivalves (De Pauw, 1981). This may 

be especially important in relaîion to the farming of cold water bivalves, where lipid 

quality requirements may be different fm that of more temperatel estuarine species, 

due to the impact of PL PUFA andor sted on maintenance of membrane fluidity 

(for example) in response to reduced tempanires. 
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10) Exarnining algae species over a range of culhue conditions fields better information 

about tbeir nutritive properiies than do idated reports of species-specific fatty acid 

profiles. 



5.1 Review of finâing 

The results of this study mfinn some of the findings of other pectinid nutrition 

srudies (e.g., Delaunay et al., 1992; Soudant et al., 1996). In terms of the wntroversy 

surrounding the importance of EFAs, this study indicaîed chat dietary fatty acids were 

important in attempts to optirnize scallop culture. Diet c l d y  has an impact on both egg 

and l m a l  composition. However, the impact of diet lipid quality varies depending on the 

life history stage of the animal. 

The effect of diet on gonad composition varies with the length of the conditioning 

period and probabl y with the sbte of existing endogenous reserves. It appears that the 

fatty acid composition of eggs is determined, in large part, relatively early in the 

gametogenic cycle (Soudant et al., 19%). This, in conjunction with the contribution of 

stored nutrients (Robinson, 1992a,b; Paon and Kenchington, 1996) and the ability of 

adult animals to partially control Iipid metabolism (probably through selective 

incorporation of important PUFA rather than h u g h  modification of assimilated PUFA) 

serves to constrain the impact of diet. This may explain the failure of some studies to 

detect differences in egg composition among broodstock fed different die& (e.g. 

Berntsson et al., 1997). Gonad composition is affecteci substantidly when broodstoçk 

are presented with "extreme" diets thai are mostly ladring in D M ,  EPA, or bath, and 

egg production or  quality under these conditions may be decreased (Waldock and 

Hd land, 1W, Cbapter 2). DHA and ARA appeared to be mnserved to a greater extent 
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than EPA, especially in polar lipids. This indicaies that these compounds were of greater 

physiological importance, whereas the high EPA content characteristic of eggs may be 

due to corresponding high levels in many phytoplankton species. Even when the fatty 

acid profiles of gonadsleggs were altered through manipulation of the diet, proportions of 

total SAT, MONO, and PUFA, and C& - C, PUFA in polar lipids were maintained. 

Stress, temperature, gsnetic, or other as yet unexplained factors may also influence gonad 

or mean egg fatty acid composition and account for differences between wild stock and 

artificially conditioned animals. While diminished amounts of ARA andlor DHA in eggs 

may explain poor hatching rates (ie Pennec et al., 1993). fatty acids cannot explain al1 of 

the vanability in egg performance exhibited in hatcheries, and egg batches exhibiiing a 

relatively wide range in mean biochemical composition may ail produce viable broods 

(Dorange et al., 1989). It is known that fatty acids from the digestive gland contribute to 

gametogenesis, but the dynamics of this interaction are poorly understood. Adult tissues 

not actively involved in lipid metabolism, such as the adductor muscle, are relatively 

stable in their composition despite changes in diet. 

In contrast to the eggs of Pkopecten magelhnicus, larvae are more susceptible 

to biochemical modification through diet. Neutra1 lipids in larvae are more sensitive 

than polar lipids to changes in diet. DHA again appeared to be more important than EPA 

for Iarvai vigor. A ment study (Jonsson et ai., 1999) with larvai O. edulis aiso correlateci 

p w t h  with DHA, but not EPA, in the diet. Perhaps the most significant finding is the 

evidence for enhanced performance of lame fed dietsi high in 2Q4n-6 (ARA) and 22511- 

6. While ARA as a limiting factor bas been suggested in the literature (Napolitano et al., 
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199û), it has generally been overshadowed by research concemed with (n-3) PUFA. 

Although (n-3) fatty acids are predominant in scallop tissue, ARA requirements may be 

greater than previously thought due to a high turnover rate. A speculative hypothesis for 

the potential benefits of the more obscure 2251-6 fatty acid is that it may exhibit a DHA- 

sparing effect in membrane Iipids. White DHA has a specific, yet unknown, function in 

pectinids, 22:Sn-6 may serve equaily well as a structural component in terms of 

maintaining membrane fluidity, and was readily accumulateci in larval polar lipids when 

present in high amounts in the diet. Dietary optimization in terms of lipid quality is 

probably more critical for larval rearing than for broodstoçk management. However, 

larvae do demonstrate some rnekibdic conml over assimilation of dietary fatty acids. 

Chapter 4 presented a more complete picture of the bioçhemical variability 

encountered in batch cultures of Pavlova sp. with ifs unique fatty acid profile 

characterized by high amounts of Gand  C, PLFA. Changing batch culture conditions, 

including available nitrate and phosphate in the culture media and a progressively slower 

growth rate, produced changes in gross composition and in Iipid classes that were in tum 

linked to varying proportions and content of individual fatty acids. Large changes in 

both lipid content and quality in batch cultures suggest that time of harvest could have 

important nutritional ramifications. Thus time of harvest needs to be considered as well 

as choice of aigai species in scallop culture feeding regimes. Altematively, turbidostat 

culture could provide a way of controlling algal chemistry in order to standardize feeding. 

This is important in any attempt to optimize larval culture. 



5.2 SigMcutce d llnàinp 

The emphasis in this study was on optimized hatchery production of Placopecten 

magellanicus, with an attempt to link and contrast the resulis witb previous studies on 

bivalve nutrition. However, the resulis are also important txologically. Fatty xids have 

been uscd in the p s t  as biomarkers of the feeding history of many marine organisms. The 

effects oî lipid quality, especially on larvae, suggest that the fatty acid profile of the 

stanùing phytoplankton crop could impact both growth and settlement success in the 

wild. Aigal blooms and plankton dynamics can significantly alter the food quality 

available to zooplankton (Nelson and Sidall, 1988). Slower larval growth rates will 

prolong the time to settlement and hence the period that veligers are subject to predation 

while in the plankton, thus influencing total recmitment. For juvenile P. magellanicus as 

well, Parrish et al. (1995) reported that scallop growth in the field was associated more 

with particular fatty acids (DHA) present in seston lipids than with total lipid inpuis. 

5.3 Probiem and liiture nscurh 

The study of bivalve nutrition is lagging behind that of fish nutrition because of a 

lack of suitable defined dieb. Although fatty acid profiles of micdgae show species- 

specific characteristics, variability in their fatty acid profiles is subtantial in response to 

both culture environment and genetic differences among strains. Since there is no direct 

control over the dietary fatty acid ration but only a choice of algal species or h e s t  

phase in diet treatments, the range of rations is constrained. Data genetatBd may not 

aiways confonn to the assumptions necessary for statistical cornparisons using the 
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general Iinear model. Additionally, analyses of lipid classes and fatty acids involve 

complex multi-step techniques. Errors, in any of these steps, may confound 

interp~tation of results. 

These facts may partly explain the divergent views on nutntional requirements of 

bivalves in the litetature. Comparatively little information is gained in simple feeding 

triais with various microalgai species without an examination of the proximate and 

micronutrient composition of the diet. While signifiant advances in the study of bivalve 

nutrition have been propelled by new anaiytical and culture techniques, the current 

approach has been piecemeal and largely descriptive. In lieu of acceptable purifieci diets 

for bivalves with nutrient composition manipulated so as to be independent of treatment 

assignment, a comprehensive battery of standardized feeding triais in conjunction with 

standardized biochemical analysis and meaningful multivariate andysis is required. 

Furthemore, because shell growth is at best only an indicator of culture health and vigor, 

other variables should aiso be measured in conjunction with shell size. Whyte et al. 

(1989) found that shell growth of Parinopecten yessoensis larvae did not differ among 

various mixed diet treatments, aithough the nutritional condition expressed as total 

energy content of the lame did. Although some authors wntend that a short diet iriai is 

adequate to assess differences in dieis, it is important to follow feeding irials past 

metamorphosis in order to assess the impact of long tenn dietary deficiencies. Such a 

comprehensive approach w d d  be a large undertaking, but a necessary one to continue to 

unify the varied findings. Studies of diet trials taken to more complerr biochemical 

levels, such as molecular species and polar lipid subclass fatty acid composition, are 
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ùeginning to appear in the literature (Soudant et al., 1996) and should further our 

understanding of fatty acid metabolic pathways, dynamics, and specific functions. 
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Appendix 2.1. Cornpiete (9.1%) fatty acid pmtïle (as wt 96 of total FA) of eggs from 
Pkrcopccten magelhicus f d  four Mennt diers (broodstock condiiidng expriment $1) 
(mean I standard dtviaiion, wplicates, n, as indicaiecl). 
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Appendix 2.2 Fauy icid compoaitioo (as a wt % of t d  FA) of tocal tipi& d aàductor nipsdcs 

of Plocopccten tnugelhnic~~~ fed four dikrent dieu (brmdstock coiditiaaiag upeimmt I l )  
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Appcadix 3.1. Fatty acid content (pg/ccll) of algal diet treatments uscd in the larval 
fading triai (Cham 2) (mean a standard deviation, 1141. 
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Appndix 32.2. Canpkk (>O.l%) fetty acid pdik (pi a w t  8 d taal FA) d thc neuirai Iipid 
f d o n  of eggs, day 2 and dny 9 Plaarpetcir m q e b i c u  b a t  pior îo the stmt d ihe fading 
üid (meai % I aandad deviaiiai. ~ 3 ) .  
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Appeadix 3.2.3. Complete (M.146) fatty acid pr0r1le (a a wt % of t d  FA) of the Mar lipid 
fraction d eggs day 2 ad day 9 P l~~opcc fen  mqgciloAiCyr lamie pria to the start of the 
faduig Érial (mean 96 i standad dcviation. &). 
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Appeadin 33.1. Complete (AU%) f .  a d  pr0r1le (as a wl % oî la?i FA) d wai lipids 
fm 18 &y ofd Piocopre~n mcylcIlariicw h a e  a! tbe d of ihe fecding irid 
(mean % I standard devistioa, n=3). 
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