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Abstract 

The growth r e sponse of Os t rea e d u l i s (L.) j u v e n i l e s when fed 

v a r i o u s p h y t o p l a n k t o n s p e c i e s a t a range of f eed ing d e n s i t i e s was 

examined. Chaetoceros g r a c i l i s , C. c a l c i t r a n s , Skeletonema costatum, C_. 

simplex., Rhodomonas sp . and T h a l a s s i o s i r a pseudopana, y i e l d e d h i g h e r 

o y s t e r growth r a t e s than t h a t o b t a i n e d wi th the r e f e r e n c e s p e c i e s 

I sochrys i s galbaria (clone T-iso) . When fed the best d i e t , C_. g r a c i l i s , 

the da i ly oyster growth r a t e was 1.5 to 1.8 times higher than tha t of 

the reference d i e t . 

The biochemical composition of £. g r a c i l i s was a l t e r ed by varying 

the nu t r i en t condi t ions of the c u l t u r e . The c e l l u l a r pro te in leve l of 

the contro l c u l t u r e s (complete f/2 media; Guillard and Ryther, 1962) and 

the s i l i c a t e l i m i t e d c u l t u r e s was s i m i l a r , but the n i t r o g e n . l i m i t e d 

cu l tu res had ca. 60% le s s p ro te in . There was l i t t l e change in the amino 

acid composition of a l l three c u l t u r e s . The t o t a l l i p i d per c e l l in the 

s i l i c a t e depleted c u l t u r e s was 212% and 205% higher, r e spec t ive ly , than 

the cont ro l and the ni trogen l imited c u l t u r e s . The predominant f a t t y 

acids were. 14:0, 16:0, 16:1 OJ7 and 20:5(^3. The e s s e n t i a l f a t ty acid 22:6 

w3 c o n t e n t of the c o n t r o l , s i l i c a t e l i m i t e d and n i t r o g e n l i m i t e d 

c u l t u r e s ^ was 0.23, 0.08 and 0.10 u g O O 6 c e l l s ^ r e s p e c t i v e l y . The 

carbohydrate levels of the s i l i c a t e l imi ted and nitrogeri l imi ted c u l t u r e s 

w e r e , r e s p e c t i v e l y , 163% and 320% higher than the cont ro l c u l t u r e . 

The growth r e s p o n s e of 0. e d u l i s j u v e n i l e s to the m a n i p u l a t e d 

c u l t u r e s of C. g r a c l l i s depended on f eed ing d e n s i t y . In an o p t i m a l 

f eed ing d e n s i t y r a n g e , the h i g h e s t o y s t e r g rowth r a t e s were o b t a i n e d 

( 
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- with the control cultures. The relatively high and adequajte level of 

the 22:6^3 fatty acid in this diet is a possible 

explanation. C. gracilis grown under silicate limited conditions 

yielded the highest oyster growth rate of all three diets at the lowest 

feeding density where insufficient food was supplied. The relatively 

higher caloric value of the'silicate limited algal diet, due to the 

enhanced lipid level, may explain this result. The growth response of 

juvenile oysters fed various ratios of the three C. gracilis diets was 

examined. The highest oyster growth rates were obtained when 25% of the 

control algal cells were replaced with an equal number of nitrogen 

deficient cells. This suggests that higher oyster growth rates are 

possible with additional carbohydrate, provided that adequate protein is 

supplied. &• 
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Objectives 

The goal of this research project was to, vary the biochemical 

composition of selected algal species and evaluate the growth response 

of 0. edulis juveniles when fed these algal diets. The first objective 

was to monitor the growth response of the oysters reared on various, 

untested phytoplankton food species and compare their growth response 

with that obtained by feeding with traditional algal diets. The second 

objectiveV was to select a good algal diet for juvenile oysters, based on 

the results of the previous oyster growth trials', and grow this alga 

under culture conditions that would induce distinct differences in the 

biochemical composition of the diet. By manipulating one algal species 

to create different diets, as opposed to feeding the oysters a variety 

of different algae, fewer cell parameters are changed between diets. By 

feeding these defined algal diets to juvenile oysters and monitoring 

their growth response, critical components of the oyster diet'can be 

identified. 



^_ 

PART I 



Part I 

Introduction 

a) Significance 

The lack of a complete and inexpensive food source for the Ostrea 

edulis (L.) juvenile is a major restriction in ther pursuit of intensive 
V 

/ 

c u l t i v a t i o n of t h i s s p e c i e s . B e c a u s e t h e n u t t i c i o n a l r e q u i r e m e n t s of 

j u v e n i l e o y s t e r s . a r e not known, i t i s d i f f i c u l t to d e v e l o p a n e f f i c i e n t 

feed-. If a c o s t e f f e c t i v e d i e t were a v a i l a b l e fo r j u v e n i l e o y s t e r s , 

t h e expense of n u r s e r y c u l t u r e would be g r e a t l y r educed . 

O y s t e r d e v e l o p m e n t a f t e r m e t a m o r p h o s i s i s g r e a t l y enhanced when 

o y s t e r s a r e t r a n s f e r r e d f rom h a t c h e r y t o n u r s e r y , w h e r e t h e y a r e 

n u r t u r e d p r e c e d i n g the grqw out s t a g e in the ricean. As a ^ r e s u l t of t he 

n u r s e r y s t a g e , t h e o y s t e r s r e a c h m a r k e t s i z e s o o n e r , w h i c h can 

p o t e n t i a l l y i m p r o v e t h e e c o n o m i c s of t h e i n d u s t r y . The n u r s e r y 

o p e r a t i o n , u n l i k e the h a t c h e r y , i s d e s i g n e d t o p r o v i d e the l a r g e vo lumes 

of food and h e a t e d w a t e r t h a t a r e n e c e s s a r y f o r a c c e l e r a t e d j u v e n i l e 

g r o w t h r a t e s . Such a f a c i l i t y i s p a r t i c u l a r l y i m p o r t a n t in the s p r i n g 

Jrn t e m p e r a t e r e g i o n s w h e r e a m b i e n t s e a w a t e r i s t o o c o l d f o r f e e d i n g . 

With a n u r s e r y o p e r a t i o n , t he o y s t e r s a r e no t p r e m a t u r e l y t r a n s p l a n t e d 

t o t h e g r o w o u t s i t e ; whe-,re h i g h e r * m o r t a l i t y may r e s u l t d u e t o 

i n s u f f i c i e n t food, low t e m p e r a t u r e s , p r e d a t i o n , s t o r m s , , and h a n d l i n g . As 

shown by a r e c e n t s u r v e y (De Pauw, 1 9 8 1 ) , t h e m a j o r fiood s o u r c e f o r 

. c u l t u r e d j u v e n i l e - o y s t e r s i s p r o v i d e d by t h e m a s s c u l t u r e o f 

p h y t o p l a n k t o n . E p i f a n i o e_t a l . (1975) and Pruder jand Greenhaugh (1978) 

have d e m o n s t r a t e d t h a t j u v e n i l e o y s t e r s tfidl d e v e l o p and grow n o r m a l l y 
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on d i e t s^composed c o m p l e t e l y of phy top lank ton in a non-axen ic c u l t u r e . 

The phy top lank ton s p e c i e s t h a t a r e r o u t i n e l y fed to j u v e n i l e o y s t e r s by 

\ * 'J 

v a r i o u s ' w o r k e r s a r e c a t a l o g u e d in E n r i g h t and Newki rk ( 1 9 8 2 ) . Most 

l a b o r a t o r i e s laSfe t h e t i m e and f a c i l i t i e s t o e x p e r i m e n t Wi th a l a r g e 

number-of a l g a l s p e c i e s and tend to r e t a i n a g iven feeding, r o u t i n e once 

i t ha-s p r o v e n a d e q u a t e . T h u s , t h e m o s t commonly used s p e c i e s a r e n o t 

n e c e s s a r i l y the b e s t . 

» P e r s o o n e and C l a u s ( 1 9 8 0 ) i d e n t i f i e d t h e e x p e n s e of mass a l g a l 

c u l t u r e a s t h e ma jo r r e s t r i c t i o n c o n f r o n t i n g t h e n u r s e r y c u l t u r e of 

m o l l u s c s . P r u d e r and B o l t o n (1981) e s t i m a t e t h a t a l g a l p r o d u c t i o n in 

t h e i r c o n t r o l l e d - e n v i r o n m e n t s y s t e m fo r " r e a r i n g b i v a l v e s from egg to 

m a r k e t a b l e s i z e - a c c o u n t s f o r n e a r l y 80% of t h e i r t o t a l c o s t s ; a 

s u b s t a n t i a l p o r t i o n o f y t h i s pe rcen tage ' c o v e r s the expense of f eed ing the 

j u v e n i l e s , A more s p e c i f i c d i e t c o u l d be d e v e l o p e d w i t h e x t e n s i v e 

r e s e a r c h d i r e c t e d t o w a r d s e x a m i n i n g a w i d e r r a n g e of a l g a l s p e c i e s , 

coupled wi th i d e n t i f y i n g the poor ly unde r s tood n u t r i t i o n a l r e q u i r e m e n t s 

of j u v e n i l e o y s t e r s . With the mass ive volume of food p r e s e n t l y fed to 

t h e j u v e n i l e o y s t e r , even a s m a l l i m p r o v e m e n t in f e e d i n g e f f i c i e n c y 

would r e s u l t in a s u b s t a n t i a l r e d u c t i o n of feed c o s t s in the n u r s e r y . 

b) C r i t e r i a for Good Alga l D i e t s 

There a r e many v a r i a b l e s c o n t r i b u t i n g to a good a l g a l food f o r 

j u v e n i l e o y s t e r s . 

S i z e ,may l i m i t t he u s e f u l n e s s of an a l g a l s p e c i e s a s a food 

o r g a n i s m . O y s t e r s a r e b e l i e v e d to f i l t e r food p a r t i c l e s of a n a r r o w 

s i z e r a n g e . Haven ( 1 9 6 5 ) , r e p o r t e d t h a t o y s t e r s r emove n a t u r a l 



p a r t i c l e s from seawater that are as small as 1 to 2p. The maximum 

p a r t i c l e s i z e accep ted by o y s t e r s i s not c l e a r . I n g l e e_£-al. ('1981') 

report tha t ground corn meal p a r t i c l e s of 50u or l e s s were re ta ined 'by 
i 

oysters. Loosanoff and Ertgle (1947) found that oysters Ingested species 

of algae as large as 60;.. The maximum particle size accepted h.y-

oysters-, however, was not examined. In the diets used by Castell a'nd" 

Trider (1974), the suspended particles ranged in size from less than J 

to ca. »50p in diameter with over 90% of the particles in the 5 to 15y* 

diameter size range. The most commonly used algae (Isochrysis galbana, 

Pavlova lutheri, Tetraselmis suecica and Dunaliella tertiolecta) are of 

medium size and volume, usually measuring between 5 to 11H and 32 to 

335'^> 'whereas the less commonly used algal species tend to be either 

larger or smaller. The filtration efficiency of bivalves is affected by 

the cell 6-ize of the phytoplankton (Hughes, 1969; Haven and Morales-

Almo, 1970). Adult £. virginica have been reported to filter particles 

efficiently from 3 to 12u, with efficiencies which are reduced by 

1/3 to 1/2 for particles which are between 1 and 3u (Haven and Morales-

Almo, 1970). 

An acceptable, algal diet for oysters must contain the nutrients for 

normal growth and development. These are: •1) .nitrogen sources, amino 

acids and proteins; 2) reduced carbon sources; 3) lipids and 

sterols; 4) specific vitamins; and 5) inorganic anions and cations* 

The problem lies in identifying which specific nutrients are needed and 

the best way to provide them. The chemical composition of algal cells 

would seem to give the most obvious explanation for variations in the 



n u t r i t i o n a l v a l u e of a l g a e . 'J.n g e n e r a l , h o w e v e r , no s t r i k i n g 

d i f fe rences in the chemical compositions of good ,and poor a l g a l oyster 

feeds have been found. Parsons e t " a l . (1961) r e p o r t e d marine 

phytoplankton develop a s i m i l a r organic composition when, grown under 

l i k e p h y s i c a l and chemica l c o n d i t i o n s , r e g a r d l e s s of sJLze or c l a s s \ . 

Cowey a hcl Corner . (1966), Walne (1970) , C a s t e l l a n d - T r i d e r* (1 974) and 

Epifanio (19J33^ .^g-ree that a t t empts to c o r r e l a t e d i f ferences in oys ter 

growth with thei composition "of the a l g a l species have met with l i t t l e 

succfr&s^ When Comparing the n u t r i t i o n a l s t a t u s of v a r i o u s . a l g a l specie6, 

there are numerous other non -nu t r i t i ona l aspects that w i l l a l so a f fec t 

the food value of t h e . d i e t ( c e l l s i z e , d i g e s t i b i l i t y and t o x i c i t y ) . One 

a r e a , which hps been -overlooked i s the c o n t r i b u t i o n made by a l g a l 

e x u d a t e s . Algal exudate-s~a«re a p a r t of the ' o y s t e r d i e t which a r e no t . 

included in the biochemical analyses o^ the d i e t ' s i n c e the phytoplankton 

c e l l s a r e t y p i c a l l y s e p a r a t e d from the media p r i o r to a n a l y s i s . A 

c o n s i d e r a b l e amount of r e s e a r c h must be conducted b e f o r e - r e l t a b l e 

c o r r e l a t i o n s can be made between d i e t s u i t a b i l i t y and c h e m i c a l 
f 

composition. • ' ' . ' 
' a 

Many of the v a r i a t i o n s in the food va lue of phytoplarikto'n a r e a 
•5 

r e f l e c t i o n of the d i f f e r e n c e s irr t o x i c i t y o'f i n t e r n a l or e x t e r n a l 

* p roduc t s of the a l g a l c e l l s . Prymnesium parvum, S t l c h o c o c c u s s p . , 

Chlamydompnas s p . , Amphidinium c a r t e r t and^ Gymnodinium sp . were 

considered -by Guillard (1958) and Davis and Guillard (1958) to "be toxic 
. > 

a lgae for o y s t e r s . Spoehr and Mi lne r (1949) and P r o c t o r (1957) have 
sugges t ed t h a t the^ t o x i c i t y of the three, algae^, C h l o r e l l a s p . , 

[ / 

Chlamyaomonas sp. and Stichococcusf sp., may'be due to l i b e r a t i o n of 

***-



u n s a t u r a t e d f a t t y a c i d s . Ryther (1954) has e x p l a i n e d the t o x i c i t y of 

C h l o r e l l a sp.. as be ing 'due to the p re sence of s e n e s c e n t c e l l s . 

Loosanoff e t a l . (1954) found tha t a^concentrated f i l t r a t e of. Chlore l la 

sp . c u l t u r e was r e l a t i v e l y more harmful than a h igh c o n c e n t r a t i o n of 
r -

l i v i n g c e l l s . Bayne (1965) d e m o n s t r a t e d t h a t t he c e l l - f r e e medium of 

N a n n o c h l o r i s sp . , par t i c u l a i ' l y Ax. the s t a t i o n a r y phase , i n h i b i t e d the 

growth of MytiLus e d u l i s . However, many of the algae mentioned above 

have been s u c c e s s f u l l y used as feed o rgan i sms in o y s t e r ' h a t c h e r y and 

n u r s e r / o p e r a t i o n s (Enr, ight and Newkirk, 1982). Large d i f fe rences 

in t o x i c l e v e l s may be common among v a r i o u s s t r a i n s of t h e s e s p e c i e s . 

There does hot appear to be any c l a s s or c h a r a c t e r i s t i c * type of 

p h y t o p l a n k t o n t h a t i s more t 'oxic to o y s t e r s than any o t h e r . Fq,r 

example", the non—motile chlorophyte Chlorococcum sp. appeared to be as 

good an o y s t e r l a r v a l food as Pavlova l u t h e r i or I s o c h r y s i s g a l b a n a , 

whi le the n o n - m o t i l e s p e c i e s S t i c h o c o c c u s sp. was found to be h i g h l y 

toxic (>Davis and Guil lard, 1958). 

. The food so.urce must be inheren t ly non-toxic and care must be taken 

not to render i t toxic during the manipulatory processes . Toxici ty 'may 

r e s u l t th-rough the c h e l a t i o n of, e s s e n t i a l t r a c e e l e m e n t s which a r e 

required for c i l i a movements and ac t i va t i on of d iges t ive enzymes. Even 

algae that are normally s a t i s f a c t o r y as oyster food may become toxic as 

a r e s u l t of b a c t e r i a l contamination. In t e rac t ions within ,a cu l t u r e are 

complex and substance 's s u p p l i e d by o t h e r o rgan i sms may a f f e c t the 

t o x i c i t y of a given a l g a l species'. - Certain species of bac t e r i a in a lga l 

•feed' cu l t u r e s are believed to cause bivalve mor t a l i t y (Gu i l l a td , 1959; 

Tubiash e t a l , , 1965). The-re i s a l s o ev idence to s u g g e s t t h a t l a r g e 



numbers of nontoxic - bac t e r i a may cause a normally good food to become 

ineffect ive . (Ukeles and Sweeney, 1969). On the other hand, the t ox i c i t y 

of Prymnesium parvum has been decreased by the addi t ion of a b a c t e r i a l 

p o p u l a t i o n ( S h i l o and Aschner , ' 1953). The c o n d i t i o n of the c u l t u r e 

must "be carefu l ly examined, as well as the a l g a l food species used. 

The n u t r i t i o n a l substances of the algae must be access ib le to the 

o y s t e r . . Digestion of the a l g a l c e l l wall i s determined by the oys te r ' s 

enzymatic capab i l i t y as-*well as the composition of the a lga l c e l l wal l . 

There i s l i t t l e i n f o r m a t i o n on the s u s c e p t i b i l i t y of a l g a l c e l l s to 

mechanica l arid enzymat i c d i g e s t i o n . According to Owen (1975) , the 

d i g e s t i v e enzymes of 0. e d u l i s a re p r e s e n t in the s t y l e and the t i s s u e 

of the d i g e s t i v e d i v e r t i c u l a . The former type a r e r e l e a s e d i n t o the 

stomaoh when the s ty le d i s so lves ; the l a t t e r remain in the t i s sue where 

they a c t i n t r a q e l l u l a r l y . Phagocytes, which possess powerful d iges t ive 

enzymes, are present throughout the d iges t ive system. The main enzymes 

of an o y s t e r a re amylase and g l y c o g e n a s e , w i t h s u b s t a n t i a l l y l e s s 

amounts of l i p a s e and p r o t e i n a s e (Purchon, 1971). Dean (1958) , who 

s t ressed that the d i f ferences between good and poor foods may la rge ly be 

due to the oys te r ' s a b i l i t y to digest a lgae , observed that -Cryptomonas 

spp. d i s i n t e g r a t e d w h e n swimming near an u n d i s s o l v e d s t y l e . Pavlova 

l u t h e r i behaved s i m i l a r l y , whi le , on the o t h e r hand I. ga lbana came in 

c o n t a c t wi th a s t y l e for more than 72 hours w i t h o u t any d i s c e r n i b l e 

e f fec t . The enzymes in the t i s sue of the d iges t i ve d i v e r t i c u l a of the 

o y s t e r presumably d i g e s t I . g a l b a n a . Independent of the a l g a l food 

s p e c i e s used, many p h y s i c a l and chemica l f a c t o r s a f f e c t the o y s t e r ' s 
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ab i l i - t y to d i g e s t and absorb a l g a l c e l l s : gut enzyme l e v e l ; the 

presence of the s t y l e ; and feeding temperature. <• 

I t i s c r i t i c a l tha t the a lga l --food organisms se lec ted for a bivalve 

nursery operat ion be e a s i l y cu l tu red , preferably with a r e l i a b l e cu l t u r e 

technique already developed for the spec ies . Althcmgh produc t iv i ty i s an 

important c h a r a c t e r i s t i c , i t i s c r i t i c a l tha t the "yield of the algae i s 

a l s o p r e d i c t a b l e and c o n s i s t e n t . C u l t u r i n g the a l g a e should r e q u i r e 

minimum labour an'd mate r ia l cos t s . ) 

Good q u a l i t y s e a w a t e r i s fundamental for a l l n u t r i t i o n a l s tud ie s 

s i nce i t i s a source of- n u t r i e n t s in a d d i t i o n to i t s ' i m p o r t a n t ' r o l e in 

the osmotic and r e sp i r a to ry systems of Oysters . Seawater quali-ty can 

determine-, the type of supplementary d i e t tha t i s needed by the o y s t e r s , 

as shown by Walne (1970). He observed d i f fe rences in oyster growth r a t e 

when feed ing v a r i o u s a lgae in both f i l t e r e d a n d u n f i l t e r e d s e a w a t e r . 

Poor q u a l i t y s e a w a t e r can i n h i b i t o y s t e r growth even i f a l l the 

n u t r i t i o n a l r e q u i r e m e n t s a r e b e i n g f u l f i l l e d . The n u t r i t i o n a l 

r e q u i r e m e n t s of many marine a n i m a l s a r e a l s o a f f e c t e d by. s e a w a t e r 

temperature (NRC, 1983). 

Walne (1970) , in examining 18 d i f f e r e n t a l g a l s p e c i e s , has 

conducted the most extensive s e r i e s of j u v e n i l e o y s t e r growth t r i a l s . 

His experiments helped d i s t i ngu i sh p o t e n t i a l l y s a t i s f a c t o r y a lga l feed 

o r g a n i s m s fo r j u v e n i l e s from a l g a e t h a t a r e u n s a t i s f a c t o r y . 

Unfortunately, h i s r e s u l t s were expressed in terms of the mean change in 

oyster s i ze , with no reference to sample s i ze or to the v a r i a t i o n among 

the i n d i v i d u a l s w i t h i n the group. In c a s e s where two or t h r e e o y s t e r 

t r i a l s were conducted with the same a lga l d i e t , there was a cons iderable 

( 
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rang^e be tween the means. In Walne 's e x p e r i m e n t (1970) , t h e r e i s no 

ment ion of the number of o y s t e r s nor the volume of wa te r used . 

T h e r e f o r e , the amount of food per o y s t e r 'b iomass ' or f e e d i n g r a t i o n 

canno t be c a l c u l a t e d . While 1 x 10 c e l l s m l - 1 may be an a d e q u a t e 

i n i t i a l a l g a l c e l l concent ra t ion for a few small oys te r s contained in a 

l a rge volume of water , t h i s same a l g a l concent ra t ion may be i n s u f f i c i e n t 

for severa l l a rge r juven i les contained in a small vesse l . 

Table 1. conta ins a l g a l species ranked according to the growth r a t e 
' r 
I 

obtained in feeding t r i a l s with juven i l e o y s t e r s . The r e l a t i v e values , 

which Walne (1970) obtained have been used as the bas i s for the ranking. 

D e s p i t e i t s s h o r t - c o m i n g s ; W a l n e ' s s t u d y ( 1 9 7 0 ) i s t h e mos t 

comprehens ive of i t s t y p e . The d a t a of f i v e o t h e r g roups c o n d u c t i n g 

f eed ing t r i a l s on j u v e n i l e o y s t e r s h a v e / a l s o been examined and t h e i r 

f indings have been considered in the de te rmina t ion of the ranked order . 

D i s t i nc t i ve c h a r a c t e r i s t i c s of each of the a l g a l species are a l so noted 

in Table 1. • . 

Oysters increase in biomass throughout the experimental period - a 

f a c t t h a t must be taken i n t o a c c o u n t . . Ln a s_tudy by Walne and Spencer 

(1974), where s u f f i c i e n t d e t a i l s are provided, a r a t i on of Te t rase lmis 

s u e c i c a fed t o 0. e d u l i s d e c r e a s e d from 35 to 2% of the o y s t e r f r e s h 

weight over a t h r e e week p e r i o d . So t h a t g rowth r e s p o n s e s can be 

obtained from a wel l -def ined feeding r a t i o n , oys ter biomass inc reases . 
) 

must be compensa ted for by f r e q u e n t i n c r e a s e s in the amount of food 

provided. 

I t has been amply documented tha t d i e t s cons i s t ing of more than one 

s p e c i e s g e n e r a l l y promote more r a p i d g rowth (Mat - th iessen and Toner , 



Rank Alj(jl S p e c i e s 
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TABLE 1 Biochemical Information on Algal Species, 

Ranked With Respect To Food Potential For Juvenile Oysters. 

(From Enrlghc and Newkjrk, 1982) 

Oyster Feedtng Trial 

Ref.3, >lgal Feeding 

Density (104 cell/ral) 

Distinctive Characteristics o[ 

Algal Species 

../ 

Chaet oceros 

?PP 
IB. 3. 35 

P a v ' o v a 

l u t h t r T 
I C h r , 5, 58] 

Te t r a s e l m l s 
s u e c l e a 
[ll; 1 1 , J35 - 5 1 5 ] 

Ske letonema 
c o s t at UIK 
[ 8 , 3 - 20, 203 - 3 50] 

Isochrysis 

eilbana 

IH. 3. 46 - 74] 

1* A ^ Ka lban.i 

clone T-1S0 

Thalasslos i rj 

pseudonanj 

|B. 6, )6| 

3 - 1 . 5 opt . 

10] 

e ( I, good, 2.5 - 10] 

g [1. fair, 2.5 - 2 0 ] 

1 ( 1 , poor, 2 . 5 - 1 5 ] 

e (1; >3] 

8 (2; 1] 
v (3, 30, poor] 

v (15; 2] 

c ( 1 ; 5 - 8) 

e, g, 1 (l , 1-3 opt . filtered S.W. 

e [ 1 , 8. unflltered S W . ) 

v [15, 0.2) 

v [4, 23, high temp, tolerant 

stain] 

e, v (5, 20] 

v (15, 0.1 ] 

701 of dry wt. Is silica ( 8 ) , possible grinding 

function; produces antibiotic (11), 351 protein, 

71 carbohydrate, 71 lipid ( 8 ) , 

excretes glycollc acid (10) 4. lipids (12). 

481 protein, 311 carbohydrate, )21 lipid (8), 

2 0 - 6 0 1 protein (13), glycerol &. cyclitols stored 

v ( 1 4 ) , releases glycolate & mannitol (10). 

Non-rlgld theca of galactose, uronic acid (17) 4 

a pectln-llke calcium material (18), grows on 

glucose In the dark (16), 301 protein, 21 lipid, 

521 carbohydrate (16), no fatty acids > 20 carbons (2). 

Low temp, adapted, opt. 15 C (1°), hi_gh levels of 

20:5W3 ( 9 ) , mannose - m a m polysaccharide (22), 

excretes glycerol (10), produces ant 1-bactcria1 

substances (21), rcleaiei thiamine and blot in when 

grown with a B J J source (20). 

Widely us»d (34), better ov*ier growth In unflltered 

S.W. (1); 601 proteins. 171 lipid. 161 carbohydrates 

(15), releises glycolate, eye lohexanet et rol (26) & a 

bacterial inhibitor (24,25), glucose, gilaclos,e f, 

arablnose - nuiln polysaccharide (24) 

Extracellular fibers made of cliltin (27), 411 protein, 

271 carbohydrate, 121 lipid (15), excretes large 

amounts of polysaccharides (2b). 

n 
A 



7. 

8. 

9. 

10. 

Oicrat erla 
inornn a 
[H; 4; 21] 

Cryptomon^s spp. 
[Cr; 5; 46T 

Phaeodact ylura 
t rlcornutum 
[»; 12 - 32; 60) 

Punaliella 
certlolect a 
[Chi; 10, 300) 

« [ll 13] 

c ( 1 ; 1 o p t . ] 

e [ 1 , 1 op t . ] 
'e , g ( 5 . g o o d ; 20) 
v ( 5 , p o o r ; 2 0 ] 
e . g . (<>. g o o d ; 10 - 3 0 ) 
v [ 6 , p o o r ; 40 - 3 0 ) 

e ( 1 , 0 . 5 - 5 ) 
c [ 2 „ 2 . 5 ) 

D i f f i c u l t s p e c i e s t o rear ( 1 ) . 

{ 

'Oy*ter growth doubled'whcn fed with unftltered 
S.W. (1); Intracellular parasites (28);- naked cells 
posse*slflg.crlchocy"sts (30); contains 20:5W3-4 
22i6W3 (31.32). 

Apparent absence of trytophan (7), high levels of 
20:5W3 4 22:5W3 "(31). 

Opt. salinity, 1.2 M; high glycerol (33~); lacks fatty 
acid 22i6w3 (2); excretes biotin 4 thiamine 4 has no 
specific vitjmih requirements ( * ^ ) . 

t. B (Bac 11 lariophyceae), Chr (Chry sopt»yceae ) , P ( Pras inophyceae ) , H (Haptophyceae), Cr ( Crypt o.pb.yceae) , 

Chi (ChLorophyceae) 

2. e (Ost rea edul 1 s) , v (Crass.ostrea vl rglnlca) , g (C. glgaa) , 1 (0. lut arja) • 

3. (1) Walne,, 1970; (2) Langdon 4 Waldock, 1981. (3) EplfanU, 1979; (4) Ewart 4 Epifanio. 1981, 

(5) Epifanio e£ aU , L976 ; (6) Mann 4 Ryther, 1977; (7) Epifanio et_ aj_. , 1981; (8) Aaronson et al , , 1980; 

'(9) Cl.uecas 4 Riley, i 9^; (10) Hellebust 1965; (II) Cauthler et al . . 19'78, (12^ ijount ry et_ aK , 19 7 7; 

(13) Taub, 1980, (14) Craigie, 1974; (15) Romberger 4 Epifanio, 1981; (16) Droop, 1974, (17) levin, 1958; 

(18) Manton 4 Parke 1965; (19) Soeder 4 Stengel. 1974; (20) Carluccl 4 Bowes,, 1970; (21) Duff e_t_ al. , 1966. 

(22) Handa, 1969, (23) Ewart 4 Pruder, 1981. (24) Marker, 1965. (25) Bruce e£ a_l., 1967; (26) Hellebust 1974. 

(27) Blackwcll el̂  a_l., 1967; (Q8\ Ettl 4 floestrup, 1980; (29) Beach et̂  aU , 1970; (30V Evans', 1974; 

(31) Kates 4 Volcanl, 1966. (32) Moreno et̂  al., 1979; (33) Wegmann. 1971; (34) De P.uw, 1C81 . 

/i™ *•• 
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1966; Gruffydd and Beaumont, 1972; Walne, 1974; Koganezawa, 1975; 

Epifanio, 1979; and Newkirk and Waugh, 1980). EpUfanio (1983) 

speculates that improved balance of micronutrients such as vitamins and 

trace minerals accounts for increased oyster growth rates. Langdon and 

Waldock (1981) on the other hand, believe the key additive components in 

combined diets 'are related to the availability and balarice of fatty 

acids. Epifanio (J1979) suggests the combination of an easily digestible 

algal species such as I. galbana with' a less readily digestible species 

such as T. suecica'results in a more effective digestion of the less 

digestible species. Many "oyster hatcheries are presently using a 

mixture of algal species. Given the cost of culturing many species, 

however, one would want to feed witli algal species which produced the 

highest oyster growth rates per unit ot culture effort. 

.The hypothesis to be tested in this section is as follows: 

phytoplankton species presently untested as food organisms for 0. edulis 

juveniles yield higher growth rates than are obtained with traditional 

algal diets. The cell concentration which produces the highest growth 

rate in juvenile oysters varies, depending which algae is used (Walne, 

1970). Thus a range of feeding concentrations must be examined for each 

algal species which is evaluated. 

f 
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Part I 

Materials and Methods 

a) Seawater 
— i — — 

The seawater used for both the algal cultures and the oyster growth 

trials was obtained from the Dalhousie 4University Aquatron system. The 

source of this water is the Northwest Arm of Halifax. It is pumped 

through a pipeline w.hich is two meters above the sea floor. It then 

passes through a sand bed pressure filter (O'Dor et al., 1977). Before 

being used for the oysters, the seawater is heated and filtered through 

a 1.0. cartridge filter (Filterite, Brunswick Technetics, Timonium, 

Maryland). The seawater used for the algal cultures is autoclaved. 

b) Algal Cultures 

' 0 

The a lga l species and the o r ig in of the cu l tu re s a re shown in Table 

2. The a lga l c u l t u r e s were reared under batch condi t ions , Axenic s tock 

cu l t u r e s were maintained in 250 ml f l a sk s , plugged with cot ton s toppers . 

They were kept at 15°C ± 2°C in a cu l t u r e chamber (Pe rc iva l , Model E54-

U, Boone, Iowa). Using a 12h:12h l i g h t i d a r k c y c l e , the c u l t u r e s were 

i r r a d i a t e d with cool white f luorescent l i g h t s (General E l e c t r i c , F36 T12 

CW HO), which d e l i v e r e d ca_. 100 u E m"2 s - 1 (6.0 x \ o 1 9 pho tons ) in the 

Pho tosyn the t i c a l l y Act ive R a d i a t i o n (P.A.R.) spec t rum between 400 and 

700 nm. These s t o c k c u l t u r e s were s u b c u l t u r e d be tween one and t h r e e 

t i m e s monthly in o rde r to m a i n t a i n a c t i v e l y g r o w i n g c u l t u r e s . 

Approximately 50 ml of a dense stock cu l tu re were used in the s t e r i l e 

i n o c u l a t i o n of a u t o c l a v e d , c o t t o n - s t o p p e r e d , one l i t r e f l a s k s , which 

c o n t a i n e d ca . 300 mis of s e a w a t e x . P e r i o d i c a l l y , both the s t o c k 
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c u l t u r e s and t h e one l i t r e f l a s k c u l t u r e s w e r e m a n u a l l y a g i t a t e d . 

W i t h i n t h r e e t o f o u r d a y s , a one l i t r e f l a s k c u l t u r e was s u f f i c i e n t l y 

d e n s e t o be u s e d t o i n o c u l a t e an a u t o c l a v e d 20 l i t r e c a r b o y . The one 

l i t r e f l a s k and 20 l i t r e ca rboy c u l t u r e s were m a i n t a i n e d a t 22°C * 1°C 

u n l e s s o t h e r w i s e s t a b e d . The i n c i d e n t maximum i r r a d ^ a n c e a t the c u l t u r e 

v e s s e l s u r f a c e was c a . 3Q0U E m - ^ s ( 1 8 . 1 x 1 0 * ' p h o t o n s ) i n t h e 

P.A.R, spec t rum be tween 400 and 700 nm. A e r a t i o n , ca rbon and pH c o n t r o l 

were s u p p l i e d to the ca rboy c u l t u r e s by a p r e s s u r i z e d a i r s t r e a m which 

was s u p p l e m e n t e d w i t h C02 f rom a g a s c y l i n d e r . The pH of t h e a l g a l 

c u l t u r e s r a n g e d b e t w e e n 7.9 and 8 .4 . The f /2 n u t r i e n t mix of G u i l l a r d 

and Ryther (1962) was s u p p l i e d to a l l a l g a l c u l t u r e s . On the second day 

a f . t e r i n o c u l a t i o n , 40 ml of Na 2SiOT-9ri20 (30 g / 1 ) w a s ' a d d e d t o e a c h of 

the 20 l i t r e c a r b o y , d i a tom c u l t u r e s . The t o t a l c u l t u r e volume was ca . 

18 l i t r e s . A l g a l c e l l c o u n t s of t h e s e c u l t u r e s w e r e c o n d u c t e d a t t h e 

t i m e of h a r v e s t i n g , p r i o r t o f e e d i n g t h e o y s t e r s . C e l l c o u n t s w e r e 

o b t a i n e d f o r e a c h c u l t u r e u s i n g a L a b o r l u x I I m i c r o s c o p e ( E r n s t L e i t z 

W e t z l a r GMBH, Type ' 0 2 0 - 4 3 5 . 0 2 6 , Germany) w i t h a heroacvtometer 

(Improved N e u b a u e r , U l t r a p l a n e , spo t l i t e , 1/400 sq. ram, 1/10 mm deep) 

a n d / o r a c o u l t e r c o u n t e r (Model Zg , Cou l t e r E l e c t r o n i c s , H i a l e a h , F l a . ) . 

S e v e r a l r e p l i c a t e c u l t u r e s of e a c h s p e c i e s w e r e a v a i l a b l e . A l g a l 

c u l t u r e s w e r e m o n i t o r e d f o r c o n t a m i n a t i o n u s i n p a u i c r o s c o , i e m a g n i f i 

c a t i o n of 100034. C u l t u r e s i n which b a c t e r i a were c b s e r b e d were d i s c a r d e d . ' 

c ) Alga l B iochemica l A n a l y s i s 

.The me thod used to o b t a i n t h e b i o c h e m i c a l d a t a on t h e a l g a j . 

c u l t u r e s i s o u t l i n e d i n F i g . 1. C e l l c o u n t s w-ere o b t a i n e d f o r e a c h 



Pig 1. Schematic dlagraa of che bfb^healcal procedures uaed with the a l g a l 
c u l t u r e s . 
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algal culture. Culture subsamples, ranging from !j to 50 ml, were 

h 

c o l l e c t e d , u s i n g a m i l l i p o r e f i l t e r a p p a r a t u s , on p r e - w e i g h e d g l a s s 

raicrofiber f i l t e r s (Whatman), 4.25 cm in d i a m e t e r and used to d e t e r m i n e 

t h e d r y w e i g h t of t h e a l g a e . C h l o r o p h y l l a d e t e r m i n a t i o n s w e r e a l s o 

conducted" on f i l t e r p a p e r s c o n t a i n i n g a known number' of a l g a l c e l l s and 

a t h i n c o a t i n g of MgC0-> t o n e u t r a l i z e any a c i d i c c o m p o u n d s t h e c e l l s 

may c o n t a c t . The r e m a i n i n g c u l t u r e was c e n t r i f u g e d ( S h a r p i e s S u p e r , 

C e n t r i f u g e , The S h a r p i e s Corp. , P h i l a d e l p h i a ) . The r e s u l t i n g c e l l p a s t e 

was e i t h e r used i m m e d i a t e l y or p l a c e d in 2 ml p l a s t i c v i a l s and s t o r e d 

a t -60°C fo r a week t o s e v e r a l months p r i o r to a n a l y s i s . Subsamples of 

t h e c e l l s w e r e t h e n p l a c e d in t a r e d t e s t t u b e s f o r p r o t e i n , l i p i d , 

c a r b o h y d r a t e and c h l o r o p h y l l a d e t e r m i n a t i o n . 

P r o t e i n and amino a c i d a n a l y s e s were d e t e r m i n e d by Dr.* J . C r a i g i e , 

N a t i o n a l Research C o u n c i l , u s ing 10 to 40 rag of f rozen a l g a l c e l l s and 

n y d r o l / s i n g w i t h 2 ml of 6N r e d i s t i l l e d HCL n v a c u u m - s e a l e d g l a s s 

a m p o u l e s . The a m p o u l e s r e m a i n e d a t 1 10°C f o r 45 to 69 h o u r s and w e r e 

manua l ly shaken t w i c e d u r i n g t h a t p e r i o d . The ampoules were opened and , 

e v a p o r a t e d to d r y n e s s w i t h an a i r j e t . The dry s a m p l e s were d i s s o l v e d 

in a c i t r a t e b u f f e r , s t i r r e d w i t h a m a g n e t i c s t i r r e r , and c e n t r i f u g e d , 

p r i o r t o p l a c e m e n t on an a m i n o a c i d a n a l y z e r , s e t a t AR 1.0. (Beckman 

119 CL, B e c k m a n I n s t r u m e n t s I n c . , Sp i^pc n D i v i s i o n , P a l o A l t o , 

C a l i f o r n i a ) . N 'o r leuc ine was the s tandard.C-JPa^Ntia l p r o t e i n v a l u e s were 

o b t a i n e d by the a d d i t i o n of the amino a c i d s shown in Appendix I . 

T o t a l l i p i d was a n a l y s e d , making use of the t e c h n i q u e s o u t l i n e d by 

F o l c h e_t_ a l . ( 1 9 5 7 ) and B l i g h and Dyer ( 1 9 5 9 ) . The a l g a l s a m p l e s w e r e 

homogenized ( P o l y t r o n , Type PT 10 /35 , K inema t i ca Gmbh, S w i t z e r l a n d ) and 
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d r i e d under a n i t r o g e n e v a p o r a t o r . The e x t r a c t e d l i p i d was weighed and 

d i s s o l v e d in hexane . F a t t y a c i d a n a l y s i s e i t h e r f o l l o w e d i m m e d i a t e l y or 

the s a m p l e s were f rozen a t -15 or -60°C for f u t u r e a n a l y s i s . F a t t y a c i d 

m e t h y l e s t e r s (FAME) w e r e p r e p a r e d f-rom t h e l i p i d s a m p l e by 

t r a n s e s t e r i f i c a t i o n , e i t h e r w i t h b o r o n t r i f l u o r i d e i n a n h y d r o u s 

m e t h a n o l ( M e h l e n b a c h e r e t a l . , 1965) o r by a d d i n g C h r i s t o p e r s o n ' s 

r e a g e n t , ( C h r i s t o p e r s o n and G l a s s , 1969) t o a 10% l i p i d i n h e x a n e 

s o l u t i o n . The FAME sample was passed th rough a column c o n t a i n i n g a c i d -

washed F l o r i s i l r e t a i n e d on a g l a s s wool p lug ( C a r o l l , 1963) in o r d e r to 

r e m o v e a n y r e m a i n i n g p i g m e n t s , a s p i g m e n t s i n t e r f e r e " i n g a s -

c h r o m a - t o g r a p h y . The f a t t y a c i d s ' , w e r e a n a l y s e d by t w o ' g a s 

c h r o m a t o g r a p h s . A . P e r k i n - E l m e r , model 3920 (Norwalk , -CT), b e l o n g i n g to ' 

Dr. J . C a s t e l l , D e p a r t m e n t of F i s h e r i e s and O c e a n s , was u s e d d u r i n g 

1982. These samples were a n a l y s e d u s i n g a hydrogen f lame d e t e c t o r and a 

S i l a r 5CP s t a i n l e s s s t e e l co lumn, 45m x 0.025 cm, which was c o a t e d w i t h 

b u t a n e d i o l s u c c i n a t e . The i n j e c t o r t e m p e r a t u r e was 200°C and the oven 

t e m p e r a t u r e was lSO^C. Helium was the c a r r i e r gas a t an i n l e t p r e s s u r e 

of 50 p s i . A s i m i l a r g a s c h r o m a t o g r a p h ( P e r k i n - E l mer , Model 900) and 

c o l u m n , b e l o n g i n g to Dr. R. Ackman , Nova S c o t i a T e c h n i c a l U n i v e r s i t y , 

w a s m s e d d u r i n g 1983. T h i n l a y e r c h r o m a t o g r a p h y was c o n d u c t e d on t h e 

s a m p l e d a n a l y s e d i n 1 9 8 3 . The s i z e of t h e a^ lga l l i p i d s a m p l e s r a n g e d 

f rom 1 t<j 3 u g . T e n t a t i v e FAME i d e n t i f i c a t i o n s w e r e b a s e d upon 

c o m p a r i s o n wf th^chroma' tograms of c o m m e r c i a l f a t t y a c i d s t a n d a r d s and the 
\ • V 

m e t t r y l - e s t e r s of cod l i v e r o i l , a n a l y s e d under the1 same c h r o m a t o g r a p h i c 

c o n d i t i o n s "(Ackman and Burghe r , 1963). Semilog p l o t s of r e t e n t i o n t ime 
*4 t 

(relative to' 18:0) vs. carbon chain length were constructed for the 

i 



a l g a l FAME and s t a n d a r d s t o a i d i d e n t i f i c a t i o n ( A c k m a n , 19*63). The 

a l g a l FAME were h y d r o g e n a t e d ( A p p e l q v i s t , 1972) to conf r rn i the a c c u r a c y 

of i d e n t i f i c a t i o n and q u a n t i f i c a t i o n of majo*r c o m p o n e n t s . The 

c h r o m a t o g r a m s w e r e q u a n t i f i e d by a c o m p u t e r p r o g r a m d e v e l o p e d by Dr. 

Ackman, o r ' by d e t e r m i n i n g t h e a r e a u n d e r e a c h f a t t y a c i d p e a k . 

C a r b o h y d r a t e s were a n a l y s e d us ing a c o l o r i m e t r i c p h e n o l - s u l f u r i c 

a c i d m e t h o d ( D u b o i s e_t_ a_l., 1 9 5 6 ) . These s a m p l e s w e r e i n i t i a l l y 

h y d r o l y s e d w i t h - 2 N H2SO^ f o r one h o u r i n b o i l i n g w a t e r . A s t a n d a r d 

c u r v e w a s d e v e l o p e d u s i n g g l u c o s e . C o l o u r d e v e l o p m e n t i n t h e 

e x p e r i m e n t a l . a n d r e f e r e n c e s a m p l e s w a s q u a n t i f i e d w i t h a 

s p e c t r o p h o t o m e t e r , u s i n g a w a v e l e n g t h of 4 8 5 nm (UV V i s i b l e , 

S p e c t r o p h o t o m e t e r , Var ian Canada Inc . , Ot tawa , Ont . ) . 

C h l o r o p h y l l a d e t e r m i n a t i o n s were conduc ted on the we ighed , f rozen 

a l g a l c e l l s amp le s in a c c o r d a n c e w i t h the p r o c e d u r e o u t l i n e d by J e n s e n 

( 1 9 7 8 ) . The s a m p l e s w e r e e x t r a c t e d w i t h m e t h a n o l c o n t a i n i n g MgCO-,. 

They were read on the Var i an s p e c t r o p h o t o m e t e r a t 660 nm. These d a t a , 

c o u p l e d w i t h t h e r e l a t i o n s h i p b e t w e e n a l g a l c e l l n u m b e r and t h e 

c h l o r o p h y l l a c o n c e n t r a t i o n , e n a b l e d t h e number of a l g a l c e l l s f o r a 

g iven a l g a l we igh t to be d e t e r m i n e d f o r - e a c h d i e t . Thus , the p r o t e i n , 

l i . p i d and c a r b o h y d r a t e c o n t e n t c o u l d be e x p r e s s e d i n t e r r a s of a l g a l 

c e l l s . 

The c a r b o n and n i t r o g e n r a t i o of t h e a l g a l d i e t s was m e a s u r e d by 

M i c r o a n a l y s i s L a b o r a t o r i e s L i m i t e d , Markham, O n t a r i o * The a n a l y s e s were 

conduc ted on f r e e z e - d r i e d a l g a l s a m p l e s . 
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d) Oyster Growth Trials ' ' — -

The Dalhousie University Hatchery provided the juvenile- European 

Oysters (Ostrea edulis L.). Initially the oysters measured from 3 td 7 

"— - " /7 X ' * 

mm in diamefer and weighed between 5.0 to 25.0 mg fresh weight. Prior fi&* 

experimentation the oysters were held in a flowing seawater system (22°Q 

*" 2°C) in the Dalhousie hatchery and were fed a mixture of the fo'llowing 

algal species: Isochrysis galbana T-iso, Thalassiosira pseudonana, 

Chaetoceros g r a c i l i s and occasionally Pavlova lu ther i and Dunaliella 

tertiolecta. The oysters were not fed for one to two days prior to the 

experiment. 

The growth response of individual juvenile oysters was monitored 

using the following procedure. Individual oysters -were blotted with an 

absorbent cloth to remove excess surface water and weighed on an 

analytical balance (Sartorius-Werke AG, Type 2442 Gottingen, Germany). 

After their individual oyster fresh weights were recorded a subsample < 

was placed on a labelled foil-covered board %nd put in a drying oven 

(Lab-line Instruments, Inc., No. 3505, Melrose Park, Illinois) at 60°C -
/ 

5°C unt i l the oysters reached a constant dry weight. The remaining 

oysters were attached with a marine glue (Sea Goin' Heavy Duty Poxy, 

Permalite P las t ics Co., Newport Beach, California) to a'numbered Dymo 

tag. The oysters were positioned with the convex side of their lower 

valves adhering to the glue. Care was taken to keep the glue away from 

the edges of the shell as this would impair the feeding capability of 
•& 

the animal. In a preliminary experiment of'five weeks'duration, i t was 

determined that there' was no significant difference between tagged and 

untagged oysters. The numbered Dymo tag and attached oyster were tied 

. 7*£'-
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to a s t r ing . " Each s t r i n g conta ined 25 animals which "were ca. 1,5 Cm 
r J 

apart. The strings (previously held' in a common tank) were arbitrarily 

assigned to labelled, eight Jitre, plastic pails. Three to four' strings 

were loosely hung across the pail., suspended from, open rtfcgs made of- PVC 

« ** 

p l a s t i c , which clipped to. the rim of the pa i l . The''pails were f i l l ed to ' 
the top* with 23°C ± 1°C seawater-. The seawater temperature remained a t 

• ' " . ' •> 

t h i s t empera ture for. the d u r a t i o n of the .experiment .• The pR of t'he 

seawater in the pa i l s ranged -between 7.7 and 8.1. Water -circulation and 

oxygen was provided for the o y s t e r s in the i n i t i a l ex-periraents by/* 
* > > •. . 

a i r l i f t tubes made from CP\£C "plas t i c , and a i r stone's in the f i n a l 

expe r imen t s . The.source of the p r e s s u r i z e d a i r was^the Dalhousie 

University compressor system. . * * • « - ^ , , 
* ' " • ' • " ' , •' '• ' 

The d u r a t i o n of the oys t e r growth exper iments was" f ive weeks. 

Daily, each pai l was manually emptied and re f i l l ed with fresh seawater 

and a known volume of -a specific algal d ie t . The inside/of the paLl^ and 

the oyster s t r ings we»re cleaned daily by sprayi>ng ' with fresh - seawater. „• > 

Weekly^ the p 'ai ls and a i x l i f t tubes or a i r s tones were wiped wi th a 

c lo th which had been soared in a dilute, bleach solut ion. The posi t ion of ,' 

the p a i l in the o y s t e r " c u l t u r e room was r o t a t e d weekly. Since the ' 
* • ' «• 

n u t r i t i o n a l value of a l g a l s p e c i e s with varying d i g e s t i B i l i t i e s was 

compared^ kao l in (K3 Labora tory Grade , F isher • Sc i e n t i f i c ) was* added". ^ 

da r ly to the paflrs a t St concetgtrat ion of ca. 30 mg/1. I t was.assumed 
tha t kao l in functioned as a g r i t or g r ind ing s u b s t r a t e and increas-ed 

• * • 

the d iges ' t lb i l i ty of those algae with 'a tess d iges t ib le ce l l wall . The 
**• . ' 

addi t ion* of kgo l in^marg lna l l y enhanced the growth response of the 
* . > * . <. 

oysters when a mixed a lgal d ie t consist ing of Isochrysis galbana, T^iso,' 

V 
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Dunal ie l l a t e r t i o l e c t a , T h a l a s s i o s i r a -pseudonana and Pavlova l u t h e r i was 

p r o v i d e d in a f i v e week long p r e l i m i n a r y o y s t e r g r o w t h t r i a l . There 

were two t y p e s of unfed c o n t r o l t r e a t m e n t s ; -a d a i l y change of f r e s h 

seawater e i t h e r with or wi thout the a d d i t i o n of kao l in . All remaining 

p a i l s r e c e i v e d an a l g a l - d i e t . The r e f e r e n c e d i e t for a l l t h e o y s t e r 

"JT * » ? 
gro,wth exper iments was 1. galbana T - i s o . UnicelTular a l g a l d i e t s were 

* 
added to all pails except the unfed control treatments and the mixed ^ 

* o * 

a l g a l d i e t t r e a tmen t . The mixed a l g a l d i e t was comprised of I_. galbana 

T - i s o , Chae t o c e f o s g r a c i l i s , C_. s i m p l e x , , P a v l o v a l u t h e r i and 

"fehaeodactylum t r i c o r n u t u m . At the t e r m i n a t i o n ' o f the e x p e r i m e n t , t he 

o y s t e r ' s were removed from t h e i r numbered tags and b l o t t e d w i t h an 

a b s o r b e n t c l o t h . Any t r a c e s of g l u e were s c r a p e d off t h e o y s t e r . The 

f i n a l f resh weight was ob ta ined , main ta in ing the same method t h a t was 

used to obta in the i n i t i a l weight . Dry weights were obta ined for the 

o y s t e r s u s i n g the p r o c e d u r e p r e v i o u s l y m e n t i o n e d . The d r i e d o y s t e r s 

were g rouped a c c o r d i n g to t h e i r e x p e r i m e n t a l t r e a t m e n t , p l a c e d in 

l a b e l l e d and sealed p la s ' t i c p e t r i d i shes and s to red in d e s i c c a t o r s a t 

-15°C. 

A range* of feeding d e n s i t i e s ;was examined for each a l g a l s p e c i e s . 

A l g a l d e n s i t i e s were e x p r e s s e d in t e r m s of a f e e d i n g r a t i o n u s i n g the 

fol lowing equat ion : 

^ / Feeding r a t i o n = number of a l g a l . c e l l s 
l i v e o y s t e r weight (mg) 

4-

/ 
% 

The amount of a l g a l , food suppl ied ' was ad jus ted d a i l y to- a,ccount for the 

e s t ima ted inc reas ing o y s t e r biomass, according t o - t h e procedure o u t l i n e d 



in Urban e_t a l . (-1984). Half-way through the experiment, the weight of 

a r b i t r a r i l y se lec ted oys t e r s was- obtained from each p a i l . This 

information was used to c a l c u l a t e an es t imated growth r a t e for each 

experimental treatment. The daily instantaneous re la t ive gro'wth rate 

of, the o-ysters was ca l cu l a t ed for each t rea tment using the following 

equation (Brody, 1945). The r a t e is r e l a t i v e to the i n i t i a l oys ter 

weight. 

Growth rate (k) ='[('dW /dt)/Wo] = (2\303/t) log (Wt/Wo) 

where Wo = initial/live weight (mg) 
' • Wt = final live weight (mg) 

t = 35 days 
2.303 = conversion to natural log from l°giQ 

W = weight ~/Ts 

v̂ > 

/ 



23 

Part I 

Resul ts and Discussion 

a) Oyster Growth T r i a l s 

T h e ' h i s t o g r a m s i n F i g s . 2 t h rough 7 show the c o m p a r a t i v e growth 

response of juven i l e European oys t e r s fed a va r i e ty of a l g a l c u l t u r e s , 

compared to o y s t e r s fed the reference s p e c i e s I_. galbana T-iso and ' the 

unfed con t ro l t r e a t m e n t s . A range of a l g a l c e l l d e n s i t i e s was examined 

for each phytoplankton species* In experiments 1 and 2 (Figs . 2 through 

5) the on ly common a l g a was the r e f e r e n c e s p e c i e s , I . g a l b a n a . In 
fjT - — 

experiment 3 (F igs . 6 and 7) severa l a l g a l spec ies previously examined 

in e x p e r i m e n t .1 or 2 were r e t e s t e d a t d i f f e r e n t d e n s i t i e s . Dai ly 

increases of a l g a l c e l l s were required to compensate for the increase in 

oyster biomass, thereby maintaining a cons tan t feeding r a t i o n . 

In Table 2 the a l g a l d i e t s a r e ranked a c c o r d i n g to the h i g h e s t 

o y s t e r g r o w t h r a t e o b t a i n e d w i th each a l g a l s p e c i e s over the d e n s i t y 

range t e s t e d . The o y s t e r g rowth r a t e k, based on f r e sh w e i g h t , which 

was obtained with each d i e t was divided by the k value obtained with the 

reference "spec ies , J_. galbana T- iso . 

b) Algal Diets 

S e v e r a l p h y t o p l a n k t o n s p e c i e s , p r e v i o u s l y u n t e s t e d as food 

organisms for 0. edu l i s j u v e n i l e s , produced higher oys te r growth r a t e s 

than r e s u l t s w i t h t r a d i t i o n a l d i e t s . The a l g a l s p e c i e s ' -wi l l be 

d i s c u s s e d as o y s t e r d i e t s , w i th r e f e r e n c e to t h e i r b i o c h e m i c a l 

c o m p o s i t i o n w h i c h i s p r e s e n t e d i n A p p e n d i x I , I I and I I I and 

s u m m a r i z e d i n T a b l e 3 . 

* 
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Fig. 2. The daily growth rate (k), based on fresh weight da.ta of 

Ostrea edulis-juveniles, when fed various phytoplankton diets 

at a range of feeding densities. 95% confidence intervals are 

shown,' with the number of replicate oysters indicated above the 

histogram bars. 
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Fig. 3. The da i ly growth ra t e (k), based on dry weight data of Ostrea 

e d u l i s j u v e n i l e s , when fed v a r i o u s p h y t o p l a n k t o n d i e t s a t a 

range of f eed ing d e n s i t i e s . 95% c o n f i d e n c e i n t e r v a l s a r e 

shown, with the number of r e p l i c a t e oys t e r s ind ica ted above the 

histogram b a r s . 
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Fig. 4. The daily growth rate (k), based on fresh weight data of 

Ostrea edulis juveniles, when fed various phytoplankton diets 

at a range of feeding densities. 95% confidence intervals are 

shown, with the number of replicate oysters indicated above the 

histogram bars. 
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Fig. 5." The daily growth rate (k), based on dry weight data of Ostrea 

edulis juveniles, when fed various phytoplankton diets at a 

range of feeding densities. 95% confidence intervals are 

shown, with the number of replicate oysters indicated .above the 

histogram bars. 

Jt 
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Fig. 6. The daily growth rate (k), based on fresh weight data of 

Ostrea edulis juveniles, when fed various phytoplankton diets 

at a range of feeding densities. 95% confidence intervals are 

shown, with the number of replica'te oysters Indicated above the j 

histogram bars. x 

// 
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Fig. 7. The daily growth rate (k), based on dry weight .data of Ostrea 

edu l i s j u v e n i l e s , when fed var ious 'phytoplankton d i e t s a t a 
"* *. —~ 

\^ range of feeding densities. 95% confidence^intervals are 

shown, with t\e number of replicate oysters indicated above the 

histogram bars. ' ' 
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Table 2 . Algal D i e t s , Ranked According to the Crowth Response Obtained 
wltM Ostrea e d u l i s Juven i l e s . 

— Algal Cell . Re la t ive Oyster 
Diameter, Volume Crowth Response-. 

( u , v ) Experiment Mo. 
1 2 3 

1. Mixed Algae (Chgra, Bbsm, T-lso, , 1.9 
Mono and Pet Pd) 

2. Chaetoceros g r a c i l i s (Chgra) 7 

** b 

3. Chaetoceros ca l c l t rana 3 

4. Skeletonema c o s t a t u n c - '" 3-22,203-350 

5. Chaetoceros, simplex (Bbsm)a 9 

6. Rhodomonas s p . c A-13,46 # 

7. Thalass ios ira pseudonana (3H)a A,6-36 

8. I sochrys i s galbana J - j s o (REFERENfJE)b 3-A,46-74. 

9. Tetraselmls maculata , 10 
c 

10. Tetraselmls sp . (Platy l ) a 11,335-515 

11. Pavlova lu ther i (HoTio)a 5-6 ,32-58 

12. Phaeodactylum trlcornutum (Pet Pd)a 12-32,60 

13. Pseudoisochrysis sp . (Va 12) b 6 

14. Chlorococcum s p . (Chloro) 8 7 

15. Dunal ie l la t e r t i d l e c t a (Dun)a 9-11,300 
• * 

16. Skeletonema m y r e l l l a (Men) 3-7 0 .3 
17. g<een f l a g e l l a t e "(Va 52) b 1-2 0 .3 

Algal Culture S o u r c e s : G u i l l a r d , R.; B lge low Laboratory for Ocean S c i e n c e , 
West Boothbay Harbour, Maine. 

Pruder, C; College of Marine S tud ie s , Univers i ty of 
Delaware, Lewes, Delaware. 

c Cra ig i e , J . ; A t l a n t i c ' Research Laboratory, National 
Research Council of Canada, Hal i fax , Nova S c o t i a . 

d Enrlght and Newki,rk ( 1 9 8 2 ) . 
+ Crowth Rate k, based on fresh weight for each a l g a l 

d i e t r e l a t i v e to the reference d i e t I s o c h r y s i s 
galbana T - l s o . (k /k ) 

( a lga K galbana T - l s o . 
* Otv a fresh weight b a s i s the change in biomass of the 

oys ters fed t h i s d i e t was 3.5 tlme^ higher than That 

1.8" 

' 

1.2 

, . , 

0.6 

0 .6 

1.5 

' 4 

1.1 

1.0 

0 .8 

0 .8 

* 

0 .5 

0 . 5 

0 .3 

1.5 

1.3 

1.2 

1.1 

1.1 

1.0 

Ob talned with oysters fed the reference diet for 35 daya 
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A •• 

> 
• / 

4# 

** 

Chaetoceros 
•pracilis (control) 

(silicate limited) 

(nitrogen limited) 

0 

Chnctoccroa 
calcitrans 

Skeletonena 
costatun 

' 

Chaetoceros 
sinplex 

ty 
• 

Fattv AcidA 

20: '»u3 
X diy wt. 

11.5 

5.6 

7.1 

• 

30,23 

• 

-

• 

i2:o^3 
X dry vt. 

2.5 

0.4 

1.0 

2.7 

Reference 
(Appendix no., 
Table no.) 

(11.10) 

(11,11) 

(11,12) 

-

(11, 1) 

*g elucose 
Oqulv. (10A 

Carbohydrates 

-1. Reference 
cells)" (Appendix no., 

Table no.) 

8.3 

13.5 

26.6 

-

' 

! (HI, 2) 

(III, 2) 

(III, 2) 

-

-i 

• 

* 

'•-. - - -f-

7. dry vt. 

19 

31 

S9 

* 

w 

OO 
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. Rhodomonas 
• s p . ( c o n t r o l ? 

s 
( n i t r o g e n H o t t e d ) " " • 

T h a l a s s i o s i r a 
pseudonana ( c o n t r o l ) 

\ 

( s i l i c a t e l i m i t e d ) 5 

I s o c h r v s i i 
ga lbana T - l s o 

T e t r a s e l o i s Sp. 

_ Pavlova l u t h e r i 

d i \ 
s i . 

• ; ; • 

o. l i s 
( r f ) 

° 5 

:o6 

15 

31 

JO*1 

30 

" . ( I 0 " - C P I l - . ) _ i 

* 

.33.0 -

26 .9 

t 

1. 1 

Re Icrenco 
(A,-pi nd lx no . , 

T . i b le .-.o.) 

( I , 1) • 

* ( i , a) 

( i , i ) 

1 dr> v t . 

3 5 

13 

: 3 

-

Lip.ci 

U< (.lKi1' 1.1 l i s ) 

v 

20:9 

47.2 

-

v 

3 .6 

-

: 

K.M erelK c 
(Appendix no , 
Table r o . ) 

( I I . 8) 

( I I . S) 

-

i 

( I I . 5) 

, 

< 

~ d r > v I. j 

22 

•> •> 

» 

2S 

172 

2 3 3 

7.8 

Toblc ' - . 

• 

( i i , :•> 

( I I . 2) 

-
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Rhodomonas 
s p . ( c o n t r o l ) 

( n i t r o g e n l i m i t e d ) - 1 

T h f l l a s s i o s l r o 
pscut.o-.nua ( c o n t r o l ) . 

S. 

( s i l l c a t • U n i t e d ) 5 

I gochtx S>s 
Kflib.in.i T~ i so 

r e c r a s c l t r i j s p . 

Pavolva i»5.riorl_ 

' 

?0:'>~T 
•; d i v w t . 

13 

( U . 3) 

9 . 0 

1 

21 

6 . 5 

0 . 7 

-'*, 7 

4 . 0 

8 . 0 

1*»,19 

2.' :6~3 
X d ry wt . 

" 5 

* * * 

l.i, 

-

0. 7 

10 .8 

» 

- ' 

0 

8 , 0 

Kof e rence 
(Appendix n o . , 
Table n o . ) 

( I I , 6) 

( I I , 1) 

( I I . 7) 

( I I . 5) 

( I I . 1) 

( I I . M 2 

( I I . 1) • 

( i i . xy 

Ca I bo hyd co t o s 

uj; Rlucose . 
e q u i v . ( 10 6 c e l l s ) " 

29 . 7 

130 .1 

* 

7 . 3 

Reference 
(Appendi:; no . , 
Table n o . ) 

7. dry v t . 

* 

( I I I , 3) 

' ( H I , 3) 

( I I I . 2) 

3 1 

6 5 

2 5 

http://pscut.o-.nua
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Phaeodactylum 
trlcornutum 

Dunn11o 11a 
tcrtiolecca 

Skeletonema 
menzeln 

drv 
vi 

n\ . 
10 

Cfl'.i 
'tip) 

SO 

00 

-15 

.<-(I06 cell.)" 1 

IS. 5 

10.0 

•. -— - ~ + 

RefLrcnce 
(Appendix no., 
Table no.) 

(I, 1) 

(I. 1) 

, 

» <11\ wt 

21 

24 

1 

" 
P B d O 6 cells) 

, 

• 

• 

Reference 
(Appendix no., 
Table no.) 

. 1 

X dr> wt. 

I , 

Refer- i^ 
(Aj-pe.'c.^ "K . 

Table rv 

l} " 

I 
i • 

I—> 
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Phacodactvlvun 
t r i c o r r u t u n 

D u n a l i e l l a 
t e r t i o l e c t a 

Skcletone.sa 
a -enze l i i 

20 : S O 
X dry wt . 

18 

( 0 , 1 0 ) 

, 
.... . . 

i i t I v A L I t1 

X Ciy vt. 

i 

( 0 , 6 ) 

-. 

R^furenee 
(Appcno.x n o . , 
Table n o . ) 

( I I , 1) 

( I I . X) 

Carbo 'n f lUeCo 

„E Clucose 
e q u i v . (1C6 c e l l s ) 

• 

' 

« 

I 

* 

I c le r t i i i co 
(Appendix r o . , 
lablc no ) 

V 

* * • 

• 

: • • • ' • : 

• 

7. tlr> wt . 

. 

, 

-

< . 

1. Numbers separated by commas 
o . ,o 

2. The- culture was grown «t 20 C ' 1 I 
o o 

3. Tlu culture was grown at 25 C - 1 C 

represents the results lro»i'two dilfercnl cultures, ':...-c lol>U- reioisnee 

r-*. -All o t l .c r c u l t u r c i . were Rrovvi a t 2 U ' ' 1 C 

^ . The r * s u l l y of I Sit. b i l t c i l t ' and n i t r o g e n H a l t e d c u l l u i e ; , v. 1.1 be ».i.>eusiLd ii, 1 ,u t I I . 

; 

tNJ 



i ) I s o c h r y s i s galbana clone T- iso (hence r e f e r r e d tc as I. galbana T-iso; 

_I. g a l b a n a T - i s o was s e l e c t e d as the r e f e r e n c e s p e c i e s in each 

oys t e r growth t r i a l (F igs . 2 through 7) because i t i s commonly used in 

b i v a l v e h a t c h e r i e s and n u r s e r i e s . I . g a l b a n a T - i s o of t he I . g a I b a n a 

t e 

species is a high temperature-tolerant, tropical flagellate. It was 

isolated in the late 1970's by Dr. K. Haines, University of Texas at 
V e J . 

A u s t i n , from a mixed s p e c i e s c u l t u r e r e c e i v e d from Dr. J . L. M a r t i n , 

Cen t r e O c e a n o l o g i q u e du P a c i f i c , V a i r a o , T a h i t i . Ewar t and E p i f a n i o 

(1981) have shown t h a t _I. galbana T- iso i s a s u i t a b l e s u b s t i t u t e for I. 

g a l b a n a as food fo r l a r v a l and j u v e n i l e C. v i r g i n i c a . I . g a l b a n a has a 

growth ra t e maximum of ca. 1 doubling per day (18 to 20°C and 350 to 750 

W cm L). In comparison, J_. galbana T-iso has a growth rat.-3 r.axiaur. 

of c_a. 2.8 d o u b l i n g s per day (27°C w i t h an i r r a d i a n c e of 150 0 W c m - 2 ) . 

1_. galbana T-iso can adapt to a much broader range of t e m p e r a t u r e - l i g h t 

cond i t i ons than I_. galbana, as shown by Ewart and Pruder (1981). 

Although l i m i t e d biochemical informat ion i s a v a i l a b l e on I. galbana 

T - i s o , s t u d i e s have been c o n d u c t e d on I . g a l b a n a . Acco rd ing to 

Romberger and Epifanio (1981), the food energy value of J_. galbana i s 20 

J. mg • Th is compares- wi th 15 and 16 r e s p e c t i v e l y for Te t r a s e l mis 

suecica and Thalass ios ira pseudonana (3H). All three algae were cultured 

under the same condi t ions . The percentage of prote in for I_. galbana i s 60; 

double Tetraselmls s u e c i c a ' s value and 1.5 times the value for Thalass io-

s i r a pseudonana (Romberger and Epifanio, 1981). The amino acid composition 

°f I - galbana T- i s o j . s given in Appendix I, Tables 1 and 5. While the amino acid 

c o m p o s i t i o n among p h y t o p l a n k t o n , i s f a i r l y uniform the a r g i n l n e and 

l e u c i n e l e v e l s of b o t h _I, gal~bana and _I. g a l b a n a T - i s o a r e r e l a t i v e l y 
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h igher than those of the o the r a l g a l s p e c i e s shown in Appendix I , Table 1. 

A c c o r d i n g to Romberger and E p i f a n i o ( 1 9 8 1 ) , t h e l i p i d c o n t e n t of I_. 

g a l b a n a a t 20°C i s 17% based on d ry w e i g h t , which c o r r e s p o n d s t o t h e -

r e s u l t s of t h e p r e s e n t s t u d y ifor I_. g a l b a n a T - i s o (Appendix I I , T a b l e 

2.)« The f a t t y a c i d com p o s i t ionsof I_. g a l b a n a and I_. g a l b a n a T - i s o i s 

g i v e n in Appendix I I , T a b l e s 1, 2 and 5. The major s a t u r a t e d f a t t y 

a c i d s a r e 14:0 and 16 :0 . The p r i n c i p a l u n s a t u r a t e d f a t t y a c i d s of b o t h 

organisms a re 18:1, 18:2, 18:3, and 18:4 and 22:6'-3. Compared with o the r 

a l g a l s p e c i e s ana lysed J_. galbana T- i so has a very high l e v e l of 22 :6-3 

(10 .8 ) and a v e r y low l e v e l of 20 :5 -3 ( 0 . 7 ) , a s shown in Appendix I-I, 

Table 5. Langdon and Waldock (1981) demonst ra ted 22:6^3-and 20:5 3 a r e 

e s s e n t i a l f a t t y a c i d s in the d i e t of the C r a s s o s t r e a g i g a s j u v e n i l e s . 

The c a r b o h y d r a t e c o n t e n t of 7.3^g g l u c o s e e q u i v a l e n t (10 c e l l s ) 

^Appendix I I I , Table 1) or 21% of the dry weight for I. 'galbana T- iso i s 

low when compared to the o t h e r a l g a l s p e c i e s examined (Appendix F l I , 

T a b l e s 1 and 3 ; . The c a r b o h y d r a t e c o n c e n t r a t i o n of J_. %al b a n a , 

accord ing to Romberger and Epifanio (1981), i s a l s o r e l a t i v e l y low; 16% 

compared to 27% and 52*% of the dry weight r e s p e c t i v e l y for T h a l a s s i o s i r a 

pseudonana (-3H) and T e t r a s e l m i s s u e c i c a . Marker (1965) found tha t a f t e r 

acid h y d r o l y s i s , \ t h e ca rbohydra tes of I ,ga loana conta ined mainly g lucose 

1 
and s m a l l a m o u n t s j o / , g a l a c t o s e , flrabinose, x y l o s e and r i b o s e . _I. 

g a l b a n a e x c r e t e s g l y c o l a t e and e y e l o h e x a n e t e t r o l ( H e l l e b u s t , 1974) , 

e s p e c i a l l y dur ing the s t a t i o n a r y growth phase (Gu i l l a rd and Wangersky, 

1958; and M a r k e r , 1965) . Wi lson (1979) found t h a t I . g a l b a n a c u l t u r e s 

e n t e r i n g the s t a t i o n a r y phase of growth, stimulate"?! g r az ing in 0. e d u l i s 

l a r v a e to a g r e a t e r e x t e n t than c u l t u r e s in o t h e r g r o w t h p h a s e s . 



Compared to o t h e r p h y t o p l a n k t o n s p e c i e s , 1_. g a l b a n a T - i s o has a h igh 

p r o t e i n l e v e l , an average l i p i d l e v e l and a low carbohydra te l e v e l . The 

low carbohydrate l eve l may accoTrnt for the c o n s i s t e n t mediocre oys t e r 

growth response with t h i s spec i e s ( F i g s . 2 through 7). 

ii) Chaetoceros spp. 

Chaetoceros spec ies proved to be favourable d i e t s fo r .O . e d u l i s 

j u v e n i l e s (Tab le 2) . In e x p e r i m e n t 1 and 3 £. g r a c i l i s y i e l d e d 

r e s p e c t i v e l y a 3.5 and 3.1 fo ld i n c r e a s e in o y s t e r f r e s h w e i g h t g a i n 

compared to I_. g a l b a n a T - i s o over a f i v e week p e r i o d . The r e s u l t s , 

e x p r e s s e d in g rowth r a t e k based on f r e s h and dry w e i g h t v a l u e s , a r e 

shown i n . F i g s . 2, 3, 6 and 7. The C_. g r a c i l i s - c u l t u r e was o b t a i n e d 

o r i g i n a l l y from Dr. E. Laws, U n i v e r s i t y of Hawa^t , v i a Dr. G. P r u d e r , 

Un ive r s i ty of Delaware, upon our r eques t f o r , a n un tes ted a l g a l c u l t u r e 

w i t h p o t e n t i a l as an o y s t e r d i e t . C h a e t o c e r o s s p e c i e s have been 

o v e r l o o k e d in b i v a l v e c u l t u r e in t h e p a s t . Walne (1970) found £ . 

c a l c i t ' r a n s was an exce l l en t food, and Langdon and Waldock (1981) used 

t h i s a l g a in t h e i r s t u d i e s ( T a b l e 1 ) . DePauw ( 1 9 8 1 ) l i s t s Q. 

c a l c i t r a n s , C_. s i m p l e x and C. cu r v i s e t u s as a l g a l food in b i v a l v e 

n u r s e r i e s ; however, in most h a t c h e r i e s and n u r s e r i e s Chaetoceros spec ies 

have been u n d e r u t i l i z e d . Since C. c a l c i t r a n s i s ca. half the s i ze of C. 

g r a c i l i s , one would e x p e c t t h i s s m a l l e r a l g a to*be a good l a r v a l d i e t . 

Scura e_t_al. (1979) used Chaetoceros spec ie s i s o l a t e d from c u l t u r e s 

which d e v e l o p e d n a t u r a l l y in t h e i r Hawa i i an o y s t e r ponds . The on ly 

l i t e r a r y r e f e r e n c e to C. g r a c i l i s b e i n g used as one component of a 
— * i 

mollusc d i e t i s Ukeles (1976), who c i te ' s i t s use by Koganezawa in Japan. 

X 
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As a r e s u l t of t h i s r e s e a r c h , C. g r a c i l i s i s r o u t i n e l y used in the 

D a l h o u s i e U n i v e r s i t y ^ha tche ry as a d i e t for l a r v a l , j u v e n i l e and 

spawning adu l t b i v a l v e s . C. g r a c i l i s i s easy to grow and main ta in in 

c u l t u r e . Like I. galbana T - i s o , t h i s t r o p i c a l s t r a i n grows wel l over a 

wide tempera ture range (10 to 30°Q„ff,.w7j»t:h an op t imal growing tempera ture 

of c a . 28°C. The h igh t e m p e r a t u r e t o l e r a n c e of C. graciJL i s p e r m i t s 

o u t d o o r or g r e e n h o u s e c u l t u r e g rowth in s u b t r o p i c a l and t r o p i c a l 

c l i m a t e s and under summer c o n d i t i o n s in t e m p e r a t e c l i m a t e s . Of the 

three Chaetoceros s p e c i e s , C. s implex was the most u n r e l i a b l e in c u l t u r e 

due to f requent , premature senescence. 

The biochemical ana lyses conducted on Chaetoceros spec ie s ( T a b l e s 

3 and 4 ; F i g s . 14, 15 and 16; Appendix I , T a b l e s 1, 3, 9, 10 and 11; 

Appendix I I , Tables 1, 9, 10, 11 and 12; and Appendix I I I , Table 2) show 

a t y p i c a l C to N r a t i o and a v e r a g e l e v e l s of p r o t e i n , c a r b o h y d r a t e and 

l i p i d . The s m a l l c e l l s of C_. c a l c i t r a n (3\.) have a ve ry low p r o t e i n 

l e v e l of 2.2 Mg(106 c e l l s ) - 1 ; however , C. g r a c i l i s , a medium s i z e d 

alga (7u) , has a low p r o t e i n l e v e l of 10.8 ug(10^ c e l l s ) - 1 - compared 

w i t h c o m p a r a b l e s i z e d a l g a l s p e c i e s . C., g r a c i l i s c o n t a i n s a 

m o d e r a t e l e v e l , 9.2 ug(10^ c e l l s ' ) " " 1 , of t o t a l l i p i d (Appendix I I , 

Table 9). Although i t i s wel l e s t a b l i s h e d (Appendix I I , . T a b l e s 1, 3, 6, 

7, 10, 11 and 12) t h a t l o n g - c h a i n p o l y u n s a t u r a t e d f a t t y a c i d s a r e 

abundant in d ia toms , Kayama - e t a l . (1963) was unable ' to d e t e c t any fa^tty--

a c i d s w i t h a ca rbon c h a i n l o n g e r than 18 in CJ. s implex- . - T h e i r l i p i d , 

howeve r , was e x t r a c t e d wi t h - e t + i e r ; a method which Chuecas and R i l e y 

(1969) have demonstrated to be i n f e r i o r . The d i s c u s s i o n of a l g a l f a t t y 

ac id s in t h i s r epo r t w i l l be r e s t r i c t e d to s t u d i e s us ing a ch loroform-



Table 4. The carbon and nitrogen content (% dry weight) of 
Chaetoceros gracilis and Isochrysis galbana T-iso/ 

Algal Die t a N% C/N 

Chaetoceros gracilis 

x 
(n= 

C<$ntrol * 34.1 

1. 
Silicate Limited 

1. 
Nitrogen Limited 

Isoqhrysis galbana T-iso 

43.1 

33.7 

46.3 

s.d. 
=3) 

3.3 

1.8 

3.7 

2.3 

x 
(n= 

3.9 

2.7 

2.2; 

5.6 

s.d. 
=3) 

* 

0.9 

0.7 

0.1 

1.0 

• * • 

8.7 

16.0 

'15.3 

' 8.3 

r 
1. The results of the silicate and nitrogen limited cultures will b 

discussed in part II. 

\ 
I 
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S"-

\ ' 

methanol extraction procedure. The 22:6^3 fatty acid content in C. 

g rac i l i s (2.5%) is very high compared with other diatom species. The 

only diatom with a comparable value (2.2%-) appears to be Thalassiosira 
r r . 

fjluviatilis (Ackman and Tocher, 1968); however, this alga is o£ l i t t l e 

use as an oyster diet because i t has an inhibitory effect onO. edulis • 

juveniles (Walne, 1970). The 20:5co3 fatty acid content in £. g r ac i l i s 

(11.5%) is low relative to the other diatom species listed i»-^toendix 

II, Table 1. The biochemical composition of £. gracilis is discussed at 

length in Part II. " ' 

Based on the success in the oyster growth .trials wi,th£. gracilis, 

£. ca lc i t rans and £. simplex, other Chaetoceros species were obtained 

from\.Dr. R. Guillard, Culture Collection of Marine Phytoplankton, 

Bigelow^ Laboratory for Ocean Sciences,' West BoSthbay Harbor., Maine., 

These inc.luded "j?. pseu»docr ini tus , C.' -cera tosporum, ,£. af f ine, £. 
' , . , " . ' • - -- '*• • 

costatum, CI didymum and £. pseudocurvisetum. - These ^species- either did 
- „ * •» 

'•not ,grdw well . in our culture sysfem oir the" cells, tended to aggregate in . 

clumps ' cons LdeTed toc'large for, the -Javenil^f bivalves to Ingest. Thus, 

we did not experiment further with 'these 'specie's. ' ' :, 
. s O •! . . 

' , . , y , v ' . 
-v. ' 

• i i i ) Skeletonema spp. * L - • K. * .' - t 
- s . . . -

S_. costatum (Table -2) was a 'favourable diet for the juvenile ' 
* -f 

oysters. The culture-used was obtained f,rom Dr* J. Craigie, National , 

Research Council c-f Canada. Several other S, costatum cultures, received 

from various col lect ions, pr-bved ditttctilt to culture. Walne (1970) 

also encountered problems when attempting to grow this diatom. Craigie 

(pers. comm.) has suggested a vi ra l infection may be the cause of the 



49 

problem with some Ŝ . costatum c u l t u r e s . This spec ies is considered a 

low temperature adapted species and is abundant in inshore, temperate 

wate rs . Nelson/ (1947) suggested ' that S_. costatum supported the 

nutr i t ional requirements of the na tura l O y s t e r populat ion in Delaware 
-s > 

Bay. Soeder and Stengel (1974) found temperature adapted cultures of £, 

costatum grew only 50% bet ter at 20°C than at -7°C Perhaps only robust 

strairis"~oT This species are suftaBIe'Tor - mass cuTture atT temperatures^ 

hear 22°C. 

The chemical composition of S. costatum i s typical of other diatom 

species (Sakshaug and Holm-Hansen, 1977). The amino acid composition is 

shown in Appendix I , Tables 1 and 4. Chuecas and Riley (19.69*}. and 

Ackman et a l . (1964) have shown that" the major f a t t y ac ids in t h i s 

species are 20:5w3 and 16: lo>7. Glucose and o l i gosaccha r ide s are i t s 

\nia-jor storage products (Handa, 1969; and Allan e£ a l . , 1972). 

S« menzelii yielded an unfavourable growth response when fed to '£. 

edulis juveniles; ' however, i t was reported to be a very good food for 

'cultured clams (Mercenaria mercenaria) in New England (Petrovi ts , pers. 
t 

comm.). Although £. menzelii is smaller (2.9y± 0.9) than £. costatum 

(4.7y± 1.2) the amino acid content of S_. menzel'ii (Appendix I, 

Tables 1 and 1) is ca. twice that of £. costatum, with the exception of 

alanine which is comparable. £. menzelii was isolated in the Wesxexn 

Sargasso Sea (Guillard et al., 1974). JS. menzelii tends to be a non-

chain forming diatom, unlike S. costatum, which arranges itself in a 

£hain-iikg form. On the basis of the oyster-feeding results algal chain-
1 / 

formation does'not appear to restrict bivalve feeding. 

file:///nia-jor
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iv ) Rhodoponas s p . 

Rhodomonas s p . p roved to be a good d i e t for the j u v e n i l e o y s t e r s . 

This ciryptophycean c u l t u r e was obta ined from Dr. J . C ra ig i e , National 

Research Council of Canada, and recommended for i t s high carbohydra te 

l e v e l . The c a r b o h y d r a t e l e v e l of Rhodomonas s p . was ca_. four t i m e s 

higher than t h a t of I.- galbana T-iso or £ . g r a c i l i s when c u l t u r e s grown 

w i t h the c o m p l e t e ( f / 2 ) - n u t r i e n t medium a r e com-pared (Appendix I I I ) . 

Hol land and Hannant (1974) s u g g e s t t h a t c a r b o h y d r a t e s a r e the main 

energy source for 0. e d u l i s j u v e n i l e s . 

Work ing w i t h Cryp t o m o n a s s p . , Walne (1970) s u g g e s t e d t h a t 

Cryptophyceae spec ie s were unsu i t ab l e for b iva lve d i e t s as they did not 

* 

form dense c u l t u r e s . The c o n t r a r y was found in t h i s s t u d y , where t h e 

Cryptophyceae s p e c i e s , Rhodomonas sp, , obta ined c e l l d e n s i t i e s in four 

l i t r e c a r b o y s r a n g i n g from 2.0 to 6.0 x 10 6 c e l l s m l - 1 when h a r v e s t e d 

fo r o y s t e r food t h r e e days a f t e r i n o c u l a t i o n . I w a s a k i e t a l . (197.1) 

recorded c u l t u r e s of Rhodomonas sp. averaging c o n c e n t r a t i o n s of 5.8 x 

106 c e l l s m l - 1 . 

The g rowth r a t e of £ . e d u l i s do'ubled when Cryptomonas s p . was 

suppl ied in u n f i l t e r e d seawater compared" to f i l t e r e d seawateu* (Walne , 

1970). The" seawater must con ta in n u t r i t i o n a l components for the o y s t e r s vfe 

which were ho t p r e s e n t In the Cryp tophyceae i s o l a t e used in Walne 's 

s tudy. Cryptomonas spp. do,, however, con ta in the two f a t t y ac ids 20:5<J 

3 and, 22:6(u3 (Kates and Voleani* 1966; Chuecas and Ri ley , 1969; Beach et^ 

a l . , 1970)Y which were shown to be growth l i m i t i n g for j u v e n i l e b iva lves 

(Langdon and Waldock, 1981). There i s c o n s i d e r a b l e v a r i a t i o n in 

^ p u b l i s h e d r e p o r t s be t ween,, t l r e v v a r i o u s f a t t y , a c i d s p e c t r a of 
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Cryptomonas s p e c i e s . Di f fe r ing c u l t u r e c o n d i t i o n s , such as nitro 'gen 

l i m i t a t i o n ( L i c h t l e and Dubacq, 1984),- may account for t h i s - The 

analy t ica l techniques used are also c r i t i c a l . For example, fa i lure to, 

e x t r a c t l i p i d s c o m p l e t e l y and to p r e v e n t a u t o x i d a t i o n of the 

po lyunsa tu ra ted components, i s a f requent "cause of e r r o r in - l ip id 

analyses. Differences among gas chromatograph' columns may account for 

some of the d i s c r epanc i e s^ With the ^exception of the "members of the 

Dinophyceae, Cryptomonas had the h ighes t \ l eve l of the 22s6w3 fat ty acid 

(10%) out of a l l the algalr^faXty ac icpspec t rums reviewed by Pohl and 

Zurheide (1979). 'Cryptomonas species are also unique because* they have 

a .high c o n c e n t r a t i o n ' o f the f a t t y ac ids 18:3u>3, 18:4u3 and 20:5u>3. A 

mixed a l g a l d i e t c o n s i s t i n g of the unique f a t t y ac ids and high 

•dartoohydrate content of Rhodomonas sp., along with Chaetoceros g r a c i l i s 

w i th* \ t s abundant l e v e l of the f a t t y ac id s 22:5u3 and 22:6^3, could be 

expected to y i e ld very high growth r a t e s when fed to £. e d u l i s 

juveni les . > 

v) Thalassiosira pseudonana 

T. pseudonana Ls commonly used in hatcheries and nurseries. The, 

results of the present study support its suitability as an algal food 

species for 0. ed\jlis juveniles. -Protein (Epifanio, 1979; and Appendix 

I, Table 1) and fatty acid (Kates and Volcani, 1966; Orcutt and 

Patterson, 1975; and Appendix II, -Tables 1, 3, 6 and 7) analyses have 

been conducted .on this species. While the amino acid composition of T. 

pseudonana is similar to the .other algae examined, a relatively higher 

level of Isoleucine and tyrosine, along with a relatively l,ower level of 

m 
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a l a n i n e are apparent (Appendix I , Table 1). The f a t t y ac id spectrum of 

T. pseudonana (3H) c u l t u r e d w i t h a c o m p l e t e n u t r i e n t mix ( f / 2 ) i s 

s i m i l a r to t ha t of C h a e t o c e r o s • g r a c i l i s , except for lower l e v e l s of the 

e s s e n t i a ' l f a t t y a c i d s 20:5wf>artd 22:6^3 and h i g h e r l e v e l s of s a t u r a t e d 

and m o n o e t h y l e n i c f a t t y a c i d s (Appendix I I , Tab le 6 ) . Ukeles (1976) 

found t h i s a lga d i f f i c u l t to main ta in in c u l t u r e , a l though our r e s u l t s 

do not concur. ' -

• v i ) Te t ra se lmis spp. , 

The oys t e r growth response obta ined using Tetras.elmis sp. (P la ty 1) 

and T. maculata as d i e t s was d i s a p p o i n t i n g . Based on the high p o s i t i o n 

T e t r a s e l m i s spp . r e c e i v e d b o t h ^ i n Tab le 1, and Ukeles and W i k f o r s ' 

r e p o r t ( 1982) , i t was p r e d i c t e d t h i s genus would rank h i g h e r than the 

r e f e r e n c e s p e c i e s I . g a l b a n a T - i s o in the p r e s e n t s t u d y . D e s p i t e the 

heavy use of t h i s s p e c i e s (.Table 1 ) , some r e s e a r c h shows i t i s a poor 

d i e t fo r o y s t e r s . E p i f a n i o (1979) r e p o r t e d t h a t T. s u e c i c a was a poor 

food«-for £ . v i r g i n i c a j u v e n i l e s , poss ib ly due, to d i g e s t i b i l i t y problems. 

This a lga i s bound by a non- r ig id theca composed of p r o t e i n s and complex 

p o l y s a c c h a r i d e s (Lewin , 1958). D i g e s t i o n of t h i s m a t e r i a l may be 

l a r g e l y an e x t r a c e l l u l a r p r o c e s s (Owen, 1975). P r e s u m a b l y , t he 

d i g e s t i o n r a t e of T. suecica c e l l s would be slower than the ' r a t e for I. 

g a l b a n a o r T h a l a s s i o s i r a p s e u d o n a n a . Al though T e t r a s e l m l s s p p . have 

h i g h c a r b o h y d r a t e l e v e l s (Romberger and E p i f a n i o , 1981) , t hey do not 

c o n t a i n any of the e s s e n t i a l § a t t y a c i d 22:6"'3 (Appendix I I , T a b l e s 1 

and 4 ) , which g r e a t l y r e s t r i c t s i t s u s e f u l n e s s as a j u v e n i l e o y s t e r 

f e e d . Th i s gen-us a p p e a r s / t o have a t y p i c a l amino a c i d c o m p o s i t i o n 

\ . : • ' • • ' " - - • 



(Appendix I, Table 1). Tetraselmis sp.- is not difficult to grow in 

culture. Droop (1974) reports that it grows on glucose in the dark. 

However, Tetraselmis spp. often cling to the culture vessel walls, reducing 

light penetration and thus making the species of less practical value. 

vii) Pavlova lutheri r 
The oyster growth r e s u l t s were a l so d i sappoin t ing when the oys t e r s 

were fed with P. l u t h e r i , as a b e t t e r response was expected based upon 

the r a t i n g t h i s alga* r e c e i v e d in Table <1. P̂ . l u t h e r i was a v a l u a b l e 

a l g a l species when combined with other phytoplankton (Dupuy, 1975). As 

a d i e t for M y t i l u s e d u l i s l a r v a e , Newkirk and Waugh (1980) found the 

c o m b i n a t i o n of I . g a l b a n a and P. l u t h e r i was p r e f e r a b l e to a s o l e d i e t 

of P_. l u t h e r i , s u g g e s t i n g P_. l u t h e r i could not p r o v i d e the c o m p l e t e 

n u t r i t i o n a l r e q u i r e m e n t s of musse l l a r v a e . Newkirk and Waugh (1980) 

reported no progress ive decrease in mussel l a r v a l growth r a t e s with a 

mixed d i e t c o n t a i n i n g i n c r e a s i n g amounts of P. l u t h e r i , a l t h o u g h 

F r e t t g r and Montgomery (1968) r e p o r t e d _P. l u t h e r i was t o x i c for 

b i v a l v e s . F r e t t e r and Mont-gomery (1968) , however , a l s o s u g g e s t e d t h a t 

b a c t e r i a could m e t a b o l i z e theNstoxic s u b s t a n c e and c r e a t e an a l g a l 

c u l t u r e s u i t a b l e for b iva lves . The e f f e c t s of b a c t e r i a l contaminat ion 

may e x p l a i n the c o n f l i c t i n g r e p o r t s on the s t a t u s of P. l u t h e r i a s a 

b iva lve d i e t . 

The biochemical compositiom of P. l u t h e r i as repor ted by Aaronson, 

e t a l . (1980) i s 48% p r o t e i n , 31% carbohydrate and 12% l i p i d . Var ia t ion 

in a l g a l c o m p o s i t i o n under c u l t u r e c o n d i t i o n s can l i m i t the v a l u e of 

such s t a t i s t i c s . For example, Taub (1980) r e p o r t s tha t the dry weight 

* 
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pro te in y ie ld of P. ' l u t h e r i can be envi ronmenta l ly manipulated from 20 

to 60%. 

.Qual i ta t ive informat ion on the unique biochemical c h a r a c t e r i s t i c s 

of the algae i s more usefu l . The amino acid composit ion of £. l u t h e r i as 

p r e s e n t e d in Appendix I , Table 1, shows a r e l a t i v e l y lower l e v e l of 

glutamic acid compared to other a l g a l spec i e s . The major f a t t y ac ids of 

P. l u t h e r i , d e t e r m i n e d by Langdon and Waldock (1981) and Chuecas and 

Ri ley (1969) a re 16:1 a. 7, 2 0 : 5 ^ 3 , and 15:0 (Appendix IT, Table 1). 

Langdon and Waldock (1981) and Ackman and Tocher (1968) found JP. l u t h e r i 

c o n t a i n e d r e s p e c t i v e l y 8.0 artd^J3.1% of 22:6^3; however Chuecas and 

Ri ley (1969) did not i d e n t i f y t h i s f a t t y a c i d in t h e i r c u l t u r e . The 

major s t o r a g e p roduc t i s cyclohexane t e t r o l ( C r a i g i e , 19 74). Th i s 

r e s e a r c h a l s o i d e n t i f i e d the unusua l a c c u m u l a t i o n of c y c l i t o l s ( low 

molecular weight organic substances) in P. l u t h e r i . Laycock and Craigie 

(1970) d i s c o v e r e d c y c l i t o l s such as myo- inos i t o l , 2-deoxy-myo-mosi to l 

and 1 ,4 /2 ,5-cyclohexanete t ro l in £. l u t h e r i . Accumulation of the l a t t e r 

could accoun t for 7% of the o r g a n i s m ' s dry w e i g h t . The l e v e l s of t h i s 

m a t e r i a l a r e r e g u l a t e d by the e x t e r n a l o s m o t i c e n v i r o n m e n t ( C r a i g i e , 

1 9 6 9 ) . D e c r e a s e d s a l i n i t y r e s u l t s in t h e r a p i d e x p u l s i o n of 

c y c l o h e x a n e t e t r o l w h i l e i n c r e a s e d s a l i n i t y l o w e r s p h o t o s y n t h e t i c 

accumulation. £ , l u t h e r i i s a l so known to r e l e a s e g l y c o l a t e and mannitol 

(Hel lebust , 196S). Droop (1974) and Kr is tensen (1956) showed tha t _P. 

l u t h e r i can r e l e a s e a high molecular weight , v i tamin B. _ binding .substance. 

v i i i ) Phaeodactylum tr lcornutum 

Tab le s 1 and 2 i n d i c a t e the poor g rowth r e s p o n s e of the j u v e n i l e 

A. 
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oysters when fed P. trlcornutum. Epifanio et al. (1981) found the 

growth rate of £. virginica oysters over a five week period was 

inversely proportional to the amount of _P. trlcornutum in the diet. He 

also reported that P. tricornutum did not support good growth with £. 

glgas, £. edulis or Mytilus edulis (Epifanio e_t_ al., 1975). Walne 

(1970) reported that Os edulis juveniles developed an a'bnormal shape 

when fed high concentrations of P. trlcornutum. The oysters became 

elongated due to reduced growth of the shell adjacent to the Inhalent 

and exhalent margins. This was not observed in the present study. 

Walne (1970) suggested the poor growth recorded with the higher algal 

cell concentrations may be due in part to the physical irritation caused 

by the siliceous spine's of P. tricornutum. The addition of kaolin to all 

of our algal diets may have assisted the oyster in grinding siliceous 

spines, if they exist. Reimann et al_. (1966) suggest they do not exist. 

In contrast to the fin*dings of Walne (1970) and Epifanio (1983), 

Wilson (1979) demonstrated that P. tVicornutum was a good feed organism. 

He found the growth rate of 0. edulis and £. gigas larvae developed 

equally well on P̂. tricornutum and I_. galbana. He also reported that 

local populations of P. tricornutum routinely used m^Lris^h oyster 

hatcheries provided an ideal, low cost feed organism. Loosanoff and 

Murray (1974) and Goldman (1976) report that when mass cultures were 

inoculated with several species of algae, P. tricornutum normally became 

predominant. Fawley (1984) has shown that the maximum division rate for 

P. tricorn-utum is at 23 C or less depending on the irradiance level. 

Monas sp., a colorless flagellate, is a destructive contaminant of P. 

tricornutum cultures (Raymont and Adams, 1958; and Ansell et al., 1963). 
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However, Imai and Hatanaka (1949) have r e a r e d C. g i g a s j u v e n i l e s on' 

Monas sp., which suggests t h i s contaminant may increase the n u t r i t i o n a l 

value of the P. t r icornutum d i e t . 

Mann and Ryther (1977) grew s i x s p e c i e s of b i v a l v e m o l l u s c s in a 

sewage was te - r ecyc l ing aquacul ture system in which P. t r icornutum was 

the predominant feed organism. They found £. e d u l i s , £. g igas and Tapes 

japonica grj«w-well while £. v i r g i n i c a , Myti lus edu l i s and Mercenaria 

'mercenaria grew poorly. This repor t suggests t ha t b ivalve species have 

a s p e c i f i c gro-wth r e s p o n s e to P. t r i c o r n u t u m which may e x p l a i n the 

c o n f l i c t i n g c o n c l u s i o n s d i s c u s s e d above. The presence of other algae 

may compensate for the n u t r i e n t de f i c i enc i e s of P. t r icornutum. 

The n u t r i t i o n a l value of p. t r icornutum for C. v i r g i n i c a juven i l e s 

was i n c r e a s e d by the a d d i t i o n of s i l t ( A l i , 1981). Nutr leTi ts and 

b a c t e r i a l enzymes a t t a c h e d to the s i l t , or the enhanced g r i n d i n g 

prompted by the s i l t , may account for the increased n u t r i t i o n a l value . 

In su f f i c i en t gr inding does not .explain the poor oys ter growth response 

' ob t a ined wi th P. t - r i co rnu tum in the p r e s e n t s t u d y , s i n c e k a o l i n was 

added to a l l a lga l d i e t s . 

The g r o s s c h e m i c a l c o m p o s i t i o n of P. t r 1 c o r n u t u r n v a r i e s 

' cons ide rab ly , probably a function of environmental changes. According 

to Aaronson e t a l . (1980) , the dry weigh t y i e l d of t h i s a l g a i s 33% 

p r o t e i n , 24% c a r b o h y d r a t e , 7% l i p i d and 4% n u c l e i c a c i d . S t r i c k l a n d ' s 

r ev iew of s i m i l a r a n a l y s e s from four d i f f e r e n t l a b s (1960) r e p o r t s 

r anges of 16 to 61% p r o t e i n , 13 to 22% c a r b o h y d r a t e and 6 to 28% l i p i d . 

£. t r i c o r n u t u m i s lower in l y s i n e , s u l p h u r a m i n o ' a c i d s , and h l s t i d i n e 

( t h e e s s e n t i a l amino a c i d s for mo l lu sc g rowth ) than T h a l a s s i o s i r a 
, 1 

1 / 
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pseudonana, for example. The absence of t ryptophan convinced Epifanio 

e t a l . (1981) t ha t P. t r i cornu tum was a poor d i e t . Tryptophan, however, 

i s r e a d i l y d e s t r o y e d in h y d r o l y s i s . F u r t h e r m o r e , Boudreau (1984) 

suggested tha t phenyla lanine i s often s u b s t i t u t e d for t ryptophan, and 

P. t r i cornu tum con ta ins f a i r l y high l e v e l s of phenyla lan ine (Appendix I, 

Table 1). Thus i t i s u n l i k e l y t h a t t r y t o p h a n i s a g rowth l i m i t i n g 

f a c t o r in t h i s d i e t . The s t o r a g e p r o d u c t s of ?_. t r i c o r n u t u m i n c l u d e 

g l u c o s e , l a m i n a r i - b i o s e h - t r i o s e , s u l p h a t e d mannan, m y o - i n o s i t o l , 

s c y l l o - i n o s i t o l and l a m i n i t o l (Ford and P e r c i v a l , 1965). The mucilage 

c o v e r i n g of thi-s s p e c i e s c o n t a i n s x y l o s e , mannose , f r u c t o s e , and 

ga l ac tose (He l l ebus t , 1974). The major f a t t y ac ids shown by both Chuecas 

and Ri l ey (1969) and Kat.es and Volcan i (1966) in Appendix I I , Table l ' 

are 16:1-3 and 20:5w3. _P. t r icornutum produces and r e l e a s e s b i o t i n which 

i s , u s e d by o t h e r a l g a e ( C a r l u c c i and Bowes, 1970). Sharp e_t_ a_l_. (1979) 

have a t t e m p t e d to e x p l a i n the a l l e l o p a t h i c i n t e r a c t i o n be tween P. 

t r i c o r n u t u m and T. pseudonana in t e r m s of v i t a m i n c o m p e t i t i o n . ?_. 

t r icornutum produces a B ^ binding fac tor which i s be l ieved to i n h i b i t 

T. pseudonana . Accord ing to Ackman e_t a l . ( 1966) , P_. t r i c o r n u t u m 

c o n t a i n s the a n t i b a c t e r i a l compound d i m e t h y l - £ - p r o p i o t h e t l n (DMPT). 

Brown e t a l . (1977) have shown tha t £. gigas fed j \ t r i cornutum con ta ins 

reduced E s c h e r i c h i a c o l i l e v e l s , which has been a t t r i b u t e d to the 

a n t i b a c t e r i a l e f f ec t of the DMPT. 

ix) Pseudoisochrys is sp . (Va 12) and the Green F l a g e l l a t e (Va 52) 

P s e u d o i s o c h r y s i s sp . (Va 12) and the g r e e n f l a g e l l a t e (Va 52) a r e 

i s o l a t e s which proved to be e f f e c t i v e a l g a l food spec ies for" l a rvae a t 

http://Kat.es
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the V i r g i n a I n s t i t u t e for Mar ine S c i e n c e (Dupuy e t a_l., 1977). The 

r e s u l t s were not the same with 0. e d u l i s j u v e n i l e s in the present s tudy. 

.The carbohydra te l e v e l , in these spec ie s may - be i n s u f f i c i e n t to support 

the i n c r e a s e d r e q u i r e m e n t s of the j u v e n i l e s t a g e o y s t e r . The g r e e n 

f l a g e l l a t e (Va 52) may be too s m a l l t o be e f f i c i e n t l y f i l t e r e d by 

o y s t e r s (Haven and Morales-Almo, 1970). 

x) Chlorococcum s p . and Duna l ie l l a spp . 

Both Chlorococcum sp. and D. t e r t l o l e c t a were very poor d i e t s for 

the j u v e n i l e o y s t e r s . L i t t l e u s e f u l i n f o r m a t i o n i s a v a i l a b l e on 

Chlorococcum s p e c i e s . Langdon and Waldock (1981) f e l t they cou ld not 

expla in the poor growth of Crassos t rea gigas fed D. t e r t i o l e c t a on the 

b a s i s of c h e m i c a l c o m p o s i t f o ^ b e c a u s e a d e q u a t e l e v e l s of p r o t e i n , 

carbohydrate and a r e l a t i v e l y high l eve l of l i p i d was t yp i ca l for t h i s 

s p e c i e s . _D. t e r t i o l e c t a had the h i g h e s t p r o t e i n l e v e l of the s p e c i e s 

a n a l y s e d in the p r e s e n t s t u d y . R e l a t i v e l y hi&h# l e v e l s of l e u c i n e , 

a l a n i n e , g l u t a m i c acfti and a s p a r t i c a c i d were a p p a r e n t (Appendix I , 

Table 1). Using m i c r o e n c a p s u l a t e d f a t t y a c i d s , Lahgdon and Waldock 

(1981) demonstrated tha t a de f ic iency of 22:6'~3 in t h i s a lgae (Appendix 

I I , Table 1) l i m i t e d the growth of j uven i l e o y s t e r s . This f a t t y ac id i s 

b e l i e v e d to be c r i t i c a l for m a i n t a i n i n g the b i v a l v e ' s c e l l membrane 

f l u i d i t y (Langdon and Waldock, 1981). _ 

Informat ion on the chemical composi t ion of £. s a l l n a i s presented 

by Chapman ( 1 9 7 0 ) . He r e p o r t s the f o l l o w i n g : 57% p r o t e i n , ?3% 

c a r b o h y d r a t e , and 6% l i p i d . When D u n a l i e l l a spp^ a r e t r a n s f e r r e d to 

h i g h e r s a l i n i t y a change in c o l o u r from g reen t o . r e d of brown o c c u r s , 

J - - - ' *"• . , . • 
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due to the syn thes i s of ca ro t eno ids and the decomposit ion of ch lorophyl l 

(Mironyuk arid Einor, 1968). 

The major s t o r a g e p r o d u c t of D. t e r t i o l e c t a i s g l y c e r o l ; the 

c o n c e n t r a t i o n of which i s e n v i r o n m e n t a l l y c o n t r o l l e d . C r a i g i e and 

McLachlan (1964) demonstrated tha t the g lyce ro l l e v e l in D. t e r t i o l e c t a 

increased as the c u l t u r e s a l i n i t y rose . Wegmann (1971) recorded a 13 to 

65% increase in g lycero l in the same spec ies when the s a l t concen t r a t i on 

was increased from 0.2 to ca. 2.7 M. Subsequent work with o ther spec ies 

of Duna l ie l l a supports these r e s u l t s (Ben-Amotz, 1975; Ben-Alaotz e t a l . , 

1982; Borowi tzka and Brown, 1974; and Borowi t z k a , e_t_ a_l_., 1977). 

Dunal ie l la spp. develop la rge amounts of g l y c e r o l to balance the high, 

ex t e rna l osmotic pressures caused by the i n c r e a s i n g s a l i n i t y (Enhuber 

and Gimmler, 1980). E x t r a c e l l u l a r products of Duna l i e l l a spp. include 

p e p t i d e s , p o l y s a c c h a r i d e s , g l y c o l a t e and g l y c e r o l , a s w e l l a s the 

v i t amins b i o t i n and thiamine (Droop, 1974). Although Brown e_t_ al_. (1982) 

d e m o n s t r a t e d th rough NMR s p e c t r o s c o p y t h a t D u n a l i e l l a sp . does not 

e x c r e t e s i g n i f i c a n t amounts of g l y c e r o l i n t o the med ia , t h e r e a r e 

r epo r t s of considerable leakage of t h i s osmoregulatory compound- with D. 

t e r t i o l e c t a ( J o k e l a and Tang, 1969) and D. parva (Ben-Amotz, 1975; and 

Enhuber and Gimmler, 1980). 

x i ) Mixed a l g a l d i e t 

The highest oyster growth r a t e s were obtained with a mixed a l g a l 

d i e t . Th i s d i e t was an a n c i l l a r y r e f e r e n c e a g a i n s t which the s i n g l e 

species d i e t s could be compared. The five a l g a l species comprising the 

mixed d i e t were added in approximate ly equal c e l l numbers d a i l y so tha t 
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the total feeding ration was ca, 1.2. An adequate density range was not 

examined for the mixed diet; therefore a true comparison cannot be made 

between this diet and the others. The mixed diet was used in the first 

feeding trial (Figs. 2 and 3)., pridr to full realization of the 

influence of cell density on oyster gjrowth response. As shown in Figs. 

2 through 7 it is ssssential that an optimum density be determined for 

each algal diet. Tor the five algal species which were included in the 

mixed diet, the highest oyster feeding response obtained, when tested 

singly, occurred at the following feeding rations: £. .tricornutum, ,0.7; 

Pavlova lutheri, 0.8; Chaetoceros simplex, 1.0; I_. galbana T-iso, 1.0 to 

2.0 and £. gracilis', 3.0 to 3.5. The aver-age of these values approaches 

a feeding ration of 1.2; however, to evaluate mixed algal diets properly 

it would be necessary to examine the component species in various ratio 

combinations and at various total densities. This was felt to be 

beyond the scope of this study. 

* 

xii) Controls 

^Consistently poor growth rates were obtained in the oyster feed-

ing trials with the unfed control treatments (Figs. 2"through 7). 

\ 

Comparable oyster growth rates were obtained with both unfed control / 

groups; with and without kaolin (Figs. 2 and 3). This suggests' that 

the seawater used in 'the experiments was relatively free of particulate 

'and dissblved material which could have accumulated on the surface 

of the kaolin and provided an ingestible source of nourishment for 

the oys)kej:s. ' ' •' 
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c j Oyster Mortality ' "> 

Oyster m o r t a l i t y occurred for a vajjpety of reasons . All of the 

o y s t e r s may not have been in a healthy- s t a t e a t the beginning of the 
« •> - ' 

exper imenta l per iod . The valves of some o y s t e r s were i n a d v e r t e n t l y 

glued c losed when a t t ached to the tags and tnus they could n^ot feed 

proper ly . If the f i n a l f resh weight of the oys te r was l e s s than'3% 

greater than the i n i t i a l weight, the oyster 'was considered^unhealthy and 

was not included in the s t a t i s t i c s . (The 3% margin accounts for any 

differences in moisture content between the i n i t i a l and final weighing). 

Some o y s t e r s did not remain a t t ached to t h e i r t ags and were los. t . 

Occasional ly a s ec t ion of one of the s t r i n g s con ta in ing thetagged 

o y s t e r s would be tossed up on the rim of the paiL by the motion of the 

c i r c u l a t i n g seawater . Also, on occasion the o y s t e r s were' not a l l 
properly pos i t ioned below the water l eve l of the p a i l , a f t e r d a i l y 

- ' • 

routine maintenance. If the oysters were lef t exposed to the^air for 

more than ca. 12 hours death resulted. The above mentioned causes of 

death are estimated~to account for 5 to 10% of the to'tal mortal i ty . The 

remaining m o r t a l i t y i s considered to be a "function of- the poor 

n u t r i t i o n a l s t a t u s of the o y s t e r s . In F igs . 2 through 7 the numbers 

above the histogram bars indricate the number of repl icate oysters used 

in the a n a l y s i s . If m o r t a l i t y or l o s s e s did not occur n equals 75. 

Mortality is higher among the pooler d i e t s . 

V 
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v Conclusion? 

• Out of the 16 phytoplankton species examined as_ diets for juvenile ' 

European oysters, a greater growth response was obtained with the diatom 

(specd.es, in particular. Chaetoceros species, when compared to flagel-

lated species. £. gracilis was the highest ranking siligle algal diet. 

This' alga is an excellent -candidate for mass culture because it has 

a wide temperature Golerance range, is dependable in culture and multi-

plies as1,rapidly or ',more quickly'than the other algal species examined. 

• ' - • . • • " * 

S_. costatum and. Thalassiosira pseudonana al.so yielded oyster growth 
. . " .* . * ' 

responses which were.greater than that obtained with the reference 
-' ' ' .- ' * 

species- I; galbana T-iso. R-hodomonas, a Cryptomonatl with a high — "-> , ^ . , 

;carbohydrate content was also a- high tanking diet. o For reasons which 

were not identified̂ , the, two diatoms Pheodactylum tricornutum-and 

• , * * * 

S_. mehzelji were not good'Kdiets' for 0. edulis juveniles. Since the 

higher ranking diets of'£. gracilis and Rhodomonas sp. have unexploited 

potential as oyster feed species- relative to the more traditional 

'diets these.results,will have great significance in an 6yster nursery 

operation. The highest oyster growth rate was achieved with a mixed 

algal diet, although this ckLet was examined at only one feeding ration. 

A combination of the algal specieVrwhioh singly yield the highest 
oyster growth rate may further enhance oyster production. 

As^me algal species examined 'weret£>£ varfous sizes and morphologies 

each algal species was fed at a range-of algal cell densities. Diets 

http://specd.es
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v. 

-v 

Although carbohydrate is reported tb be the main energy source 
• » - ' ' . 

for juvenile oysters, (Holland and Hannant, 1974), this could nc|ft'be 

-demonstrated In the present study. The carbohydrate content .of* the 

Rhodomonas'sp.. diet was more than three' timeŝ  higher tharkthat of 
• . * **" ' 

r • 

£. gracilis or I.\galhana T-lso, however, £. gracilis yielde^ the 

highest- oyster gro,wth rate. The inherent problem in attempting to 

exa-lain nutritional requirements by feeding a variety of algal species 

is that Several components changed simultaneously. 

There are several possible reasons for discrepancies between the 
, t . /t\' & - . o ' 

initial ranking of aigalî let?s as, based on literature reports (Table 1) 
and the results of the present study (Table 2). Firstly, several 

« 

different oyster specie's were used in the total-evaluation of Table' 1. 

Secondly, the strains and physiological state'of the algal"cells used 

in different Studies are not fully comparable. The preconditioning 

• * 

b 

. . . . -« -environment can greatly influence the biochemical composition of algae, 
' » ; u * * • . . ' • • *> 
<• ^? . as shown by the response of shade and sun adapted -phytoplankton 

*•* • * . • 

• , - • \ ' - ' • • . - - • 

• •> cultures (Yentsch and Lee, 1966) or "phosphorus limited cultures (Perry, 
/ ' 

1976). Thirdly, feeding"* rat ions varied considerably both, within and 

among feedihg trials. , More research, involving 4arj|e numbers of 
o « - . I . . 

- is-

phytoplankton Species under fully compara'bj.e,- or at l e a s t well defined', 

culture .conaiftabris- is, required before the re la t ive po ten t ia l erf various* 
'• • • . t -

, „algal species for bivalve diets'can be further defined. 

Ir§mollusc culture there is no commercial feed ay-amiable to replace 

• single ceHe*|-algae/'Although artificial diets "may be used to. feed * 
(. ' •' -v ® 

*••> ' ' 

oysters in the future, the- Industry cwill be based on natural feeds for 
" s w • - , - m 

r •• •. 
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<* 

* 

<* 

were compared at the cell density yielding the highest oyster growth 

rate. All diets were examined over a reasonable' cell- concentration 

range-. u They were non-toxic, digestible and* within the acceptable 

cell size range for the oyster. Thus, the nutritional quality of the 

.•alg&l ̂ diet is believed responsible for the differences in»"oys.ter 

growth'response. i 

^ fne' fatty acid composition of the diet appeared important in 

determining a good diet for'juvenile oysters. Diatoms have a unique 

fatty acid composition. The major fatty acids of diatoms are: 16:0, 

16:la)7, and 20:5u3. These fatty acid| account for more than 50% of 

the total fatty acids in diatoms. Thus, .these fatty acids may be 

important nutt'itional components for juvenile 'pysters. • The diatom 

species can be distinguished from other algae by the-virtual absence 

of the fatty acids 18:2, 18:3 and"18:4, suggesting these are not 

[• •'* ' '- " -/ 
critical in a juvenile oyster-diet. Rhodomonas sp/^a member of the 

* " '• ' ' ' • ' • ' 
Cryptophyceae, ' also was a good diet for the juvenile oygters. 

* . ' * -
.The Cryptomonadales contain a large percentage of 18:3, 18:4 j 20:5u)3 

"- fc . / 

and especially 22:6oo3. The above'findings-support the conclusions 

of Langdon and Waldock {1981) that/ 20:5w3 and 22:6,w3 are essential 

fatty acids for juvenile,, oysters*. * ,* 
« 

There was no trend in the proteio level of the diets and the 
*'. ' * 

various growth resporisesr obtained with the'juvenile oysters. The " • * 7 • , 
total prote in .-level at the diets varied sb*m*ewhat. Dunaliella 

tertiolecta, which was .one of the poorest diets t^feted, had a high 

protein level. The amino acid composition of the algal diejrs examine, 
* » 

were similar. 

\ 

y 
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many years before such a method becomes viable. The cost of culturing 

algae in a> nursery .operation may be significantly reduced-as more 

suitable algal diets are located, and better culture .techniques are 

developed. Eor example, with dialysis culture, Jensen and Rystad (1973) 

reached cell densities of 1 x 10 and 4 x 10 cells per ml, respectively, 

with £. 'costatum and J?, tricornutum, while Ney e_t al. (1981) maintained 

.'* " 8 

continuous cultures of T. pseudonana at a density of 5 x 10 cells per 

ml. The dialysis process may reduce the cost and space requirements 

for algal production-while maintaining a high level of -cell produc-fri-o» — 

in a controlled environment. Such techniques improve the commercial 

prospects for phytoplankton as food for bivalves. 

, Advances in culture technology, coupled with the selection of 

algal species which most efficiently satisfy the nutritional require

ment of bivalves, will greatly improve the economics of shellfish 

aquaculture. In the present study only a very small proportion of the 

possible algal condidates were examined and yet substantial differences 

betweend&its were observed. As additional Mptoplankton species are 

isolated from nature and successfully grown in mass culture, improved 

diets will eventually emerge. The combination of good algal species, 

when tested over a suitable cell density range, may yiej.d better oyster 
/ • " ' growth responses compared to monculture diets. Such .advances in the ' 

diet will greatly improv§ the economics of hatchery or nursery reared 

V 
juvenile European oysters. 

J r 

4 

s 

* « - . ' 
* *. 
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1 Part I I 

In t roduc t ion 

The e x t e n t to wtyich p h y t o p l a n k t o n species a r e environmental ly or 

g e n e t i c a l l y con t ro l l ed i s of grea t i n t e r e s t to those rea r ing a lgae . The 

p ro t e in , carbohydrate , l i p i d , t o t a l pigment and ash ana lys i s of. the 11 

species of marine phytoplankton which were examined by Parsons et a l . 

(1961) and which r e p r e s e n t f i v e c l a s s e s , d e m o n s t r a t e d t h a t mar ine 

phytoplankton have a s i m i l a r organic composition when grown under the 

same c u l t u r e c o n d i t i o n s , i r r e s p e c t i v e of the s i z e of the a l g a or i t s 

c l a s s . Changes in macro- and m i c r o n u t r l e n t a v a i l a b i l i t y , c u l t u r e a g e , 

s a l i n i t y , temperature , i r r ad iance l e v e l , l i g h t " q u a l i t y and pH can induce 

d i f fe rences in the chemical composit ion and growth r a t e of phytoplankton 

(Lewin , 1962; Lewin and G u i l l a r d , 1963; and S t e w a r t , 1974). Working 
0 

with Dunaliella tertiolecta,"Ph^eodactylum tricornutum and Pavlova 

lutheri, Walne (1970, 1974) demonstrated that differences in chemical 

composition within a single spepies caused by environmental and chemical 

culture changes were greater than the differences observed among the 

three species when grown under the same conditions. Thus, culture 

manipulation within one species may produce a sufficient range of 

biochemically altered algae to be used as diets to determine the nut-' 

riticnal requirements of an organism such as a bivalve. 

^ .* When the growth rate of a phytoplankton. culture is restricted 

because of an'insufficient supply of nutrients, the algae often a*l.ter 

•their metabolism and divert energy into^the production of storae'e' 

^products. The effects of Bilicate arid nUtrogeh depletion* "will be 

r *- * 



discussed in terms Of the chemical composi t ion of a l g a l c e l l s . 
"v. • * 

a) S i l i con Depleted Algal Cul tures 

With the e x c e p t i o n of Phaeodac ty lum t r i c o r n u t u m (Nelson e t a l . , 

1984) , d i a t o m s have an a b s o l u t e dependence on s i l i c o n ( D a r l e y , 19.74), 

r equ i r ing i t , gene ra l l y in 'ths form of so lub le s i l i c i c ac id , for t h e i r 

s i l i c a t e c e l l w a l l s (Lewin , 1962; and Dar ley arid V o l c a n i , 1969). "The 

carbon to s i l i c a t e r a t i o of s i l i c a t e l i m i t e d and s t a r v e d diato.ms i s 

t h r e e to f i v e t i m e s h i g h e r than the r a t i o for n o n - l i m i t e d c e ' l l s 

(Harrison et_ al_., ' 1977). Ce l lu la r mechanisms r equ i r i ng s i l i c i c acid and 

' the a l t e r a t i o n s observed in the diatom when s i l i c o n metabolism i s ha l ted 

w i l l be b r i e f ly^ i ev iewed . * 

In, the presence of s i l i c o n , the c e l l ' s protoplasm doubles p r i o r to 

c e l l d ivis ion^and s i l i c a wall format ion. The carbon content o f the d e l l 

i n c r e a s e s as a r e s u l t ' . o f n u c l e a r d i v i s i o n and c y t o k i n e s i s (Coombs e t 
r 

a l . , 1967b). C e l l w a l l i o r m a t i o n t y p i c a l l y f o l l o w s m i t d s i s w h i l e the 

two d a u g h t e r p r o t o p l a s t s a r e s t i l l e n c l o s e d by the p a r e n t f r u s t u l e . 

Using a r ad io i so tope of s i l i c o n , Azam and Volcani (1974) s tudied the 

m o b i l i z a t i o n of s i l i c i c a c i d in Nav icu la a l b a . When s i l i c i c a c i d i s 

-.-UasJifiaXlable, i t i s removed from the med ia , po lymer iz-ed by an unknown 

.-mechanism and d e p o s i t e d w i t h i n s e q u e n t i a l l y - a p p e a r i n g p a i r s of joined 

v e s i c l e s . The 've ' s ic les a re then bound by a un i t membrane and form the 

new c e l l wa l l . This s t r u c t u r e , be l ieved to be derived from the Golgi-

a p p a r a t u s , i s c a l l e d the s i l i c a l e m m a (Reimann, 1964). The d e v e l o p i n g 

c e l l w a l l i s , su r rounded by an o r g a n i c c a s i n g (Reimann e t a l . , 1966) . 

\ Coombs and Volcan i (196&b) fo-und t h a t ' a m t i n o a c i d s were the f i r s t 
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compounds added to the newly formecr-cell wal ls pf N_. p e l l i c u l o s a ; xylose 

and f r u c t o s e were added n e x t , ' f o l i o wed by mannose and g l u c o n i c a*cid. 

Kates and Volcani (1968) have shown that l i p i d accounts for 1 to 13% of 

the organic wall matr ix . Following wall formation, the c e l l separa tes 

and the daughter c e l l s are re leased . •• ^ ^ ^ ^ 

Diatoms have a l imi ted a b i l i t y to s to re s i l i c i c ac id . Cylindrotheca 

f u s i f o r m i s (Coombs e t a l , , 1967b; Darley and Vo lcan i , 1969), P i ty lum 

b r i g h t w e l l l i (Eppley e_t al_.,.' 1967) -and N. p e l l i c u l o s a ( D a r l e y , 1969) 

have been reported to absorb s , i l i c ic acid from the growth medium so le ly 

du r ing - c e l l wa l l f o r m a t i o n and r a p i d l y i n c o r p o r a t e i t i n t o the 

developing f r u s t u l e . According to Rueter and Morel (1981), s i l i c i c acid 

uptake i s mediated by a zinc-dependent, system which is i nac t iva t ed by 
• * -

coppe r . They p r e s e n t on ly i ad ipec* t - ev idence to s u p p o r t t h i s c l a i m , 

however, as the enzyme r e spons ib l e ' f o r s i l i c i c acid uptake .has not been 
• * «# , • - ^ 

. v \ •' • 
i s o l a t e d . . , , . ^ • - - , ., ^ v 

• - • -. . > 
When silicon is deple-ted *n a diatom ,culture,- cell division leases. - •-- - ' • "' " « " A f 

'"One may hypothesize th'at silicon depriva'tton restricts cell development,, - * -* .» 

due to an Inadequate supply of-buijy3ing mater ia l for the new c e l l wa l l . 

However, s i *4^b£~Sfcc i d ' i s - a - r i p i - ^ ^ u i r e d ,for an e a r l i e r st;age in c-e l l ' 
^N ...-•̂ "'"" /J, . . . 

d i v i s i o n ; t h e syjf&hesrs of- DNA ( D a r l e y , 1969; and Dar ley and V o l c a n i , 
• . • • ' • • f 

ft - - • - J' 

-1969")'. DNA,, polymerase^'and thymidyla<te kinase are e-ssential -enzymes in 
* Pi . ,• . . • . , 

DNA biosynthesis..which ,require si licic*facid (Sulli-v-ao and Volcani, 

V' .- . "^ ' 
1973). Wheri,£.' fusiffcridis was.deprived of s i l ica t -e »for «12 hours t n . t h e 

, • "* 7* J .-, ,' ' * -. 

, ^ - i l g h t , the DNA c o n t e n t incfreased >y dnl-y 4 "^o 10%,, w.hile the .major 

. c e l l u l a r c o n s t i t u e n t s I n c r e a s e d by a t l e a s t . 75% (Dar ley a n d ^ o l c j a n i , 
• „ • ; • • • • ^ s 

1969). BorowJ.tzka.and Vo lcaa i ( i 9 7 7 >. have sbowfi t h a t the rat ioNof the", 
' "» « ' • " • ' ' * "" - > \ 

» r » . . % : / «, 

http://BorowJ.tzka.and
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AMP and GMP n u c l e o t i d e s in DNA i s a l t e r e d when c u l t u r e s of £ . f u s i f o r m i s ' 

a re deprived of s i l i c a t e . 

When c e l l d i v i s i o n i s blocked as a ' r e s u l t of s i l i c a t e l i m i t a t i o n , 

the d i a t o m a l t e r s I t s metabolisvra and c h e m i c a l c o m p o s i t i o n . The ne t 

s y n t h e s i s of p r o t e i n s , c a r b o h y d r a t e s , and nuc l e i c ac id s cont inues to 

inc rease for f ive to seven hours in s i l i c a t e dep le ted c u l t u r e s (Coombs 

e't a l . , 1967a).* The- p o o l of L-glu tami-c a c i d , t h e main p r e c u r s o r of 

p r o t e i n o g e n i c a m m o a c i d s ' , was r educed to o n e - t h i r d of- i t s o r i g i n a l 

l eve l p r i d r to the i n h i b i t i o n of net p r o t e i n synthes is , , whereas the pool 
~ i . 

of the ene rgy compounds , n u c l e o s i d e t r i p h o s p h a t e and g l y c e r o l - 1 -

p h o s p h a t e , r e m a i n e d ^unchanged ( W e r n e r , 1978). Th i s s u g g e s t s p r o t e i n 

syn thes i s ceases due to a de f i c i ency in the bas i c b u i l d i n g compound, L-

g l u t a m i c . a c i d , r a t h e r than a l a c k of e n e r g y . <* In s i l i c o n - s t a r v e d 

- c u l t u r e s of N. p e l l i c u l o s a , the r a t e s of pho tosyn the t i c carbon dioxide 

f i x a t i o n and oxygen evo lu t ion decrease (Coombs e t a l . , 1967d), as do the 

r a t e s of ch lo rophy l l a, fucoxanthin and d iad inoxan th in s y n t h e s i s (Healey 

e t a l . , '-1967). 

"The energy which was p rev ious ly a l l o c a t e d for s i l ico^T uptake and 

d e p o s i t i o n (Coombs e t a l . , 1967a, 1967b, 1967c; and Azam and V o l c a n i , 

1974), may be d i v e r t e d to l i p id , product ion in s i l i c o n - s t a r v e d c u l t u r e s . 

The d i a t o m . C y c l o t e l l a c r y p t i c a , when s ta rved of s i l i c a t e , doubled i t s 

l i p i d mass per c e l l in s i x t o n i n e h o u r s (Werne r , 1978) , o r ' 1 2 h o u r s 

(S-h i f r in and C h i s h o l m , 1981% S i l i c a t e d e p r i v a t i o n may i n h i b i t many 

c e l l u l a r functions, wi thout d i r e c t l y a f f e c t i n g l i p i d p r o d u c t i o n . 'Werner 

(1977X "however, sugges t s there i s a s h i f t from carbohydra te to l i p i d 

a c c u m u l a t i o n in s i l i c o n - f r e e d i a t o m c u l t u r e s , . He has i d e n t i - f i e d t h e 
I ' ' : ' / 
! **' 
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site of enhanced fatty acid synthesis in silicon-deficient cells.as 

being between acetyl CoA and a-ketoglutarate in the citric acid cycle. 

Nothing more appears to be known about the mechanism. The quality of 

the lipid produced by sil-ica starved cultures does not appear to have 

been examined. 

At present, it may be concluded that silicon is not only an 

essential constituent of the cell wall in diatoms, but also plays.a 

yital role in the-regulation of cell metabolism. "The absence of silicic 

acid in the gr6wth medium prevents the synthesis of nuclear DNA and 
-4 

reduces the r a t e of b i o s y n t h e s i s of many o t h e r c e l l components, whi le 

g r e a t l y enhancing l i p i d product ion . 

b) Nitrogen Depleted Algal Cul tu res 

£ a r b o n i s d i v e r t e d i n t o c a r b o h y d r a t e o r l i p i d s y n t h e s i s in many 

a l g a l c u l t u r e s when n i t r o g e n i s u n a v a i l a b l e . The l e v e l of n i t r a t e 

reduc tase d e c l i n e s and the pathways for p r o t e i n s y n t h e s i s become blocked 

(Eppley e_t al_., 1969). 

The carbohydra te content i s enhanced under c o n d i t i o n s of n i t r ogen 

l i m i t a t i o n in many a l g a l s p e c i e s . The ca rbohydra te con ten t of •Chlorel la 

- s p . v a r i e s ^ p m 6 to 45£ of the dry w e i g h t in r e s p o n s e to, n i t r o g e n 

d e f i c i e n c y ( S t r i c k l a n d , I960).- S p e c i f i c s t o r a g e p r o d u c t s l a c k i n g 

n i t r o g e n , such as gl 'ucan in C h a e t o c e r o s s p e c i e s , a r e s y n t h e s i z e d when 

n i t r o g e n l e v e l s l i m i t c u l t u r e growth .{Myklestad and Haug, 1972; and Haug 

1 •/' '-' 
. e t a l . ' , • 197 33; i f f- ni 'troj-.en. s o u r c e i s a v a i l a b l e , amino a.cids a r e 
produced- b'efore* --sugar .phosphates,-, as shown by the s h o r t term i n c l u s i o n 

" • ' ,-> 

.of carbon' d iox ide u l t jv^Chlore l la pyrenoidosa (Holm-Hansert e_t a l . , 1.959). 



Edge and Ricketts (1977) have shown that the provision of'nitrogen or 

ammonium ions -to nitrogen starved Platymonas striata cells,caused a drop-

in the abnormally high carbohydrate, level. However, 16 hours after 

nitrogen supplementation, the average carbohydrate level "in these cells 

was significantly greater than the carbohydrate level of cells grown 

under normal nutrition. 

The lipid content is enhanced under conditions of nitrogen 

limitation in several algal species. Shifrin and Chisholm (1981) 

demonstrated that after four to nine days of nitrogen starvation many 

green algae increased their lipid fraction by two to thre'e fold. 

NannochlorOpsis salina, an Eustigmatophyte, reached a lipid level of 72% 

on a ,dry weight basis. In a flow-through system containing a low 

concentration of asparagine, Endomyces vernalis did not accumulate 

lipid, •> while in the absence of a nitrogen source lipid accumulated 

(Heide, 1939). An equimolar concentration of various inorganic and 

organic nitrogen compounds had similar effects on lipid accumulation in 

Heide's study. In contrast, Spoehr and Miln-er (1949) reporte'd that 

lipid accumulation in £. pyrenoidosa was favoured by algae that were • 

previously cultured with ammonium rather than nitrate nitrogen. The 

< 

results of Spoehr and Milner (194-9) are suspect, though, due tQ poor-

experimental design. The conclusions were based on the results of 

single cultures with pH values which varied from 3.5 to 5.9 between 

treatments. Lipid results were obtained from calculations based on the 

elemental composition of the algae instead of using extraction 

techniques. " « 
Nitrogen deficiency does not affect all algae "similarly. In some 
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• ' •• :algae, ' ^ni t rogen def ic iency r e t a r d s c e l l d i v i s i o n and p r o t e i n s y n t h e s i s 

wi thout - a l t e r i n g the p r o d u c t i o n of non-n i t rogenous rese rve p roduc t s . 

•-Collye-r and .Fogg (1955) conc luded t h a t members of Rhodophyceae and 

. "* Myxophyceaje d i f fe red from Chlorophyceae, Eugiehophyceae, Xanthophyceae 

, and 'B&ci l l a r iophy-ceae s i n c e they did no t a c c u m u l a t e l i p i d a s the c e l l 
' .' - -

' n i t rogen content f e l l . Thus, the e f f e c t of n i t rogen upon the syn thes i s 

of\ l i p i d s or carbohydrates may de-pend on a secondary-product of n i t rogen 

metabolism. 

Werner (1978) n o t e s t h a t d i a t o m s under n i t r o g e n l i m i t a t i o n 

i n i t i a l l y s t o r e c a r b o h y d r a t e and s h i f t t o l i p i d s t o r a g e o n l y a f t e r 

ex t ended p e r i o d s of s t r e s s . In the- s t u d y by S h i f r i n and Chisholm 

(1981), an increase in the l i p i d l e v e l of s eve ra l marine diatoms was not 

c l e a r l y d e f i n e d a f t e r n ine d a y s ' o f n i t r o g e n l i m i t a t i o n . Fogg (1956) 

a s s e r t s t h a t . p r o g r e s s i v e n i t r o g e n l i m i t a t i o n caused a q u a f i t i t a t i v e 

change in the enzyme content of mic roa lgae , which changes .the syn thes i s 

from carbohydrate to l i p i d . Furthermore, the enzymes r e spons ib l e for 

l i p i d s y n t h e s i s a r e s l o w l y produced in r e s p o n s e to the d e p l e t i o n of 

n i t rogen (Fogg, 1956). An accumulat ion of carbohydrates may t r i g g e r the 

c o n v e r s i o n of c a r b o h y d r a t e s i n t o l i p i d r e s e r v e s , which a r e a more 

e f f i c i e n t s to rage m a t e r i a l . 

Some changes in l i p i d composi t ion have been noted in c e l l s cu l t u r ed 

In n i t rogen l im i t ed media. Algae grown In a n i t rogen d e f i c i e n t medium 

under l i g h t s a t u r a t i o n produce a h igh l i p i d c o n t e n t , r i c h in p a l m i t i c 

(16:0*) and o l e i c ac ids (18:l&9). Algae grown in a n i t rogen r i c h medium 

g e n e r a l l y -have a low l i p i d c o n t e n t c o n s i s t i n g p r e d o m i n a n t l y of 
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p o l y u n s a t u r a t e d f a t t y a c i d s ( S c h l e h k ' e t a l . , 1960^ -Hulanicka e t a l . , 

1964; and Pohl , 1974). , " 

N i t r o g e n d e f i c i e n c y has o t h e r e f f e c t s on the . p h y s i o l o g y of 

phytoplankton. An increase in e x t r a c e l l u l a r . c a r b o h y d r a t e s i n n i t r o g e n 
r 

deple.ted c u l t u r e s has bean r e p o r t e d ' b y Marker (19t>5). Furthermore, in 

abou t h a l f of the 29 a l g a l ' s p e c i e s which' S h l f r t n and Chisholm ( 1981) 

s tud ied ; the average c e l l mass decreased somewhat under cond i t ions of 

n i t r o g e n d e f i c i e n c i e s . French (1980) noted t h a t n i t r o g e n . d e p l e t i o n 

t r i g g e r s r e s t i n g spore formation In Chaetoceros diadema and*a s i m i l a r 

response 'was observed with Cryptp-m.onas r u f e s c e n s ( L i c h t l e arid Dubacq, 

<. ' . 

1984^). - An.,accumulation of l i p i d w i l l increase the buoyancy .of the c e l l s 

and perhaps* change t h e i r d i s t r i b u t i o n in the water column. 

The diatom, Chaetoceros g r a c i l i s , which-yielded the ' ,h ighes t oys te r 

growth r a t e s when fed to 0. e d u l i s j u v e n i l e s (Part ' I ) , i s cu l tu red in t h i s 

study under th ree n u t r i e n t regimes in an attempt to produce d i e t s with a l t e r e d 

chemical composi t ions . Theae c u l t u r e s are biochemical ly analyzed and fed 

to juven i l e European oys te r s to examine t h i s b iva lve ' s growth response 

to v a r i o u s l e v e l s of p r o t e i n , l i p i d and c a r b o h y d r a t e . By f e e d i n g one 

a l g a l s p e c i e s which has been e n v i r o n m e n t a l l y m a n i p u l a t e d to produce 

severa l d i e t s of varying chemical composition, other components, such as 

v i t a m i n s and m i n e r a l s , which may a f f e c t the n u t r i t i o n a l s t a t u s of the 

di,et, would remain more cons tan t than if a va r i e ty of a l g a l spec ies were 

used. 
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part I I •" 
•4 

Materials and Methods 

a 
# 

The methods used for the a lga l cu l t u r e s , a l g a l biochemical analyses 

and o y s t e r growth t r i a l s in P a r t I were ma in t a ined in the f o l l o w i n g 

e x p e r i m e n t s , C. g r a c i l i s was c u l t u r e d 'with tne comple te f /2 n u t r i e n t 
• - -

medium and with two nutrien-tr~rlmited media; f/2 lacking s i l i c a t e and f/2 

l a c k i n g n i t r o g e n . On the da*y of i n o c u l a t i o n , n u t r i e n t s were added to 

the 20 l i t r e carosys in the following proport ions: 85 ml f/2 (cont ro l ) ; 

45 ml f/2 and 40 ml f/2 minus Si ( s i l i c a t e l imi t ed ) ; or .20 ml f/2 and 65 

ml f/2 minus N (nitrogen l i m i t e d ) . On the second day a i t e r inoculat ion, 

the c o n t r o l c u l t u r e s r ece ived 40 ml of Na2 SiO-j 9H20 (30 g / 1 ) , th'e 

s i l i c a t e l i m i t e d c u l t u r e s r ece ived 15 ml 6£ / / 2 minus S i , and 'the 

nitrogen l imited cul tures received 15 ml of f/2 minus N. In preliminary-

experiments, the growth r e s t r i c t i n g factor of the l imi ted treatments 'was 

ver i f ied by the addi t ion-of e i t h e r n i t r a t e or s i l i c a t e to" subsamples of 

the cu l tu res . The ce l l d iv is ion ra te of these subcul tures was compared 

to c o n t r o l s u b c u l t u r e s . Monocul ture d i e t s of the c o n t r o l , , s i l i c a t e 

l imi ted and nitrogen l imi ted C. g r a c i l i s were fed to 0. edul i s juveni les 

in two separate experiments, both with a duration of five weeks. 

Photographs were taken with a Carl Zeiss Photomicroscope II (W.est 

-Germany) using the Nomarski Di f fe ren t ia l Interference-Contrast Technique 

'and Hi*gh Speed Ektachrome, 160 ASA film. 

a) • Replacement Series Experiments 

Two monocul tures of e i t h e r the c o n t r o l , s i l i c a t e yLnri;ted ;or 
- i 

nitrogen l imi ted C. g r a c i l i s were combined in various r a t i o n s , t o t a l i n g 
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«# 
Fig. 8. Replacement ser ies ' experiment; the poss ib le growth-responses of 

an individual1 ' fed varying propor t ions o f ' d i e t A and d i e t B. 
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(a) t.k» 
Augmented 
Response 

T 1 r 

A 100 75 50 25 0 
B 0- 25 50 75 100 

Additive 
Response 

B . 0 25 50 75 ^ 0 

Depressed 
Response 



e i t h e r 3.5 or 6.0 x 10 c e l l s mi , and fed to 0. e d u l i s , j u v e n i l e s in a 

replacement s e r i e s experiment which l a s t ed f ive weeks. 

Three p o s s i b l e g r o w t h , r a t e r e s p o n s e s may r e s u l t when v a r y i n g 

p o r t i o n s of two s p e c i e s , A and B, a r e used as d i e t s ( F i g . 8 ) . If the^ 

g rowth r e s p o n s e o b t a i n e d w i t h the combined d i e t s eq"uals the r e s u l t 

expectedUgfom the summation of the two separa te d i e t s , represented ' by 

the r e f e r e n c e l i n e , then a s i m p i e a d d i t i v e r e s p o n s e occTSrs ( F i g . 8b) . ' 

If the growth response i s g r e a t e r than the pred ic ted response based on 

the a d d i t i o n of the component p a r t s , then an augmented growth response » 

r e s u l t s ( F i g . 8a ) . A d e p r e s s e d g rowth r e s p o n s e o c c u r s when the 

r e s u l t i n g growth response from the combined d i e t i s l e s s than would 

be e x p e c t e d based on the r e s p o n s e o b t a i n e d from the d i e t s fed 

s e p a r a t e l y ( F i g . 8 c ) . 
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' Part II 

V Results 
f *-

a) Oyster Growth Trials 

The growth response of 0. e d u l i s juvenile-s to the t e s t d i e t s (F igs . 

9, 10, 11 and 12) was a f u n c t i o n of f e e d i n g d e n s i t y . At the l ower 

f e e d i n g r a t i o n l e v e l s , t he s i l i c a t e l i m i t e d a l g a l d i e t y i e l d e d the 

h i g h e s t o y s t e r g r o w t h r a t e ; w h e r e a s , a t the h i g h e r r a t i o n l e v e l s , t he 

c o n t r o l d i e t p roduced £he h i g h e s t g rowth r e s p o n s e . A r e l a t i v e l y poor 

growth response was obta ined over the e n t i r e feeding dens i ty range with 

the n i t rogen l i m i t e d d i e t . A feeding r a t i o n of ca . 3.0 x 10^ provided 

the h i g h e s t o y s t e r g r o w t h r e s p o n s e when e i t h e r n u t r i e n t l imi t ed a l g a l 

c u l t u r e was used. When fed the a l g a l con t ro l d i e t , the growth r * t e 

of the o y s t e r s was s a t i a t e d a t a feeding r a t i o n of ca. 6.0 x 10 • 

*» 

b) Algal Analysis 

i) Morphology 

The algal .cells constituting the three diets are shown in Fig. 

13* Frustules of the silicate depleted C. gracilis culture did riot 
\ ' - • 

have the normal morphology. These cells, and to .a lesser extent 

the nitrogen limited cells, appeared rounder than the control cells. 

ii) Biochemistry 

Quantitative analyses'were conducted on the carbon, nitrogen, 

protein, lipid and carbohydrate content for the three C. gracilis algal 

'diets. The nitrogen limited cultures had the lowest nitrogen content 

while the silicate limited cultures contained ca. 30% more carbon than 
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Fig . 9. The d a i l y growth r a t e (k), based on fresh weight data (n ranges 

between, 66 and 72) of O s t r e a e d u l i s j u v e n i l e s , when fed 

C h a e t o c e r o s g r a c i l i s a t v a r i o u s feeding r a t i o n s . £. g r a c i l i s 

was c u l t u r e d with the ' complete f/2 n u t r i e n t medium ( c o n t r o l ) 

and with two n u t r i e n t l i m i t e d media; f/2 lacking s i l i c a t e ( -Si ) 

and f/2 lacking n i t rogen ( -N) . 95% confidence i n t e r v a l s a re 

shown. 
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The daily growth rate (k), based on dry weight data (n ranges 

between 65 and 72) of Ostrea edulis juveniles, when fed 

Chaetoceros gracilis at various feeding rations. £. gracilis 

was.cultured with the complete f/2 nutrient medium (control) 

and with two nutrient limited mfidia; f/2 lacking silicate (-

Si) and f/2 lacking nitrogen (-N). 95% confidence intervals 

are shown. 

, . 
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The daily growth rate (k), based on fresh weight data (n 

ranges between 137 and 146) of Ostrea edulis juveniles, when 

fed Chae toceros gracilis at various feeding rations. £. 

gracilis was cultured with the complete f/2 nutrient medium 

(control) and with two nutrient limited media; f/2 lacking 

silicate (-Si) and f/2 lacking nitrogen (-N). 95% confidence 

intervals are shown. 
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=*% ' s 

The d a i l y growth r a t e (k) , based on dry weight da ta of Os t rea 

e d u l i s j u v e n i l e s , when fed C h a e t o c e r o s g r a c i l i s a t v a r i o u s 

feed ing r a t i o n s . £ . g r a c i l i s * was c u l t u r e d wi th the comple te 
K 

f/2 n u t r i e n t medium ( c o n t r o l ) and w i th two n u t r i e n t l i m i t e d 

media; f /2 l a c k i n g s i l i c a t e ( - S i ) and f/2 l ack ing n i t r o g e n ( -

N). 95% c o n f i d e n c e i n t e r v a l s a r e shown,* n r a n g e s from 133 

t o ' l A 5 wi t rT~ t'tfie "Tex c e p t ion of t h e c o n t r o l d i e t a t t he l o w e s t 

f e e d i n g c o n c e n t r a t i o n where n i s 103 due to a h a n d l i n g 

a c c i d e n t du r ing the d ry ing p r o c e s s . 
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F i g . 13. C h a e t o c e r o s g r a c i l i s c u l t u r e d w i t h : a ) t h e c o m p l e t e f/"2 

n u t r i e n t medium ( c o n t r o l ) ; b) f/2 l a ck ing s i l i c a t e ( - S i ) ; and 

c ) f /2 l a ck ing n i t r o g e n ( - N ) . 

•<> 
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the con t ro l or n i t rogen l imi ted^ .cu l tu res (Table 3). Protein-^levels of 

10.8 1-ig ( 1 0 6 c e l l s ) " 1 and 10.1 u g ' ( 1 0 6 c e l l s ) - 1 w e r e o b t a i n e d , 

r e s p e c t i v e l y , for the con t ro l and s i l i c a t e l i m i t e d a lg§ l c u l t u r e s (Fig. 

14 and App'endix I . Tab le s 9, 10 and 11). N i t r o g e n l i m i t e d a l g a l c e l l s 

c o n t a i n e d l e s s than h a l f " t h e p r o t e i n ie 've l of the o t h e r two c u l t u r e s . 
\ "\ 

The t o t a l l i p i d per c e l l in the s i l i c a t e depleted c u l t u r e s was 2.1 

times h igher C n an c l i e confMrol and the n i t r o g e n l i m i t e d 

c u l t u r e s (Fig. 14, and Appendix I I , Table /8). The carbohydrate l e v e l s -of 

the n i t rogen l i m i t e d and s i l i c a t e l imi t ed a l g a l c e l l s were, r e spec t ive ly , 

3.2 and 1.6* t i m e s h i g h e r than the c o n t r o l a l g a l c e l l s ( F i g . 14, and 

Appendix I I I , Table 1). - • 

Q u a l i t a t i v e a 'nalys'es, were conducted o n ' t h e p r o t e i n and l i p i d 

f r a c t i o r r o f the three C. g r a c i l i s d i e t s . With the exception of g lu tamic 

ac id , the lpve l s of th$ var ious amino ac ids were s i m i l a r in the con t ro l 

and s i l i c a t e ' l i m i t e d c u l t u r e s (Fig. 15, and Appendix I , Tables 9, 10 and 

11). The l eve l of each amino acid in the- n i t rogen l im i t ed c u l t u r e s was 

ca . 40% t h g t of the o t h e r two c u l t u r e s . .,, The f a t t y a c i d s of 1 th« thr^ee 

d i e t s have been grouped a c c o r d i n g to l i p i d c l a s s ( F i g . 16 and Appenfdix" 

I I , Tab le s 10, 11 and 12). The l e v e l s of the t o t a l s a t u r a t e d and t o t a l 

monoethylenic f a t t y acMds i n the s i l i c a t e l im i t ed cu l tu re were higher 

than the l e v e l s found i n ' t h e other two d i e t s . 'The*control d i e t had the 

h i g h e s t t o t a l p o l y e t h y l e n i c f a t t y a c i d l e v e l . The l e v e l of 22:6^3 i n 

the con t ro l cuiturejs^ was, r e s p e c t i v e l y , f ive and two times higher than 

tha t of the s i l i c a t e l imi t ed and n i t rogen l i m i t e d c u l t u r e s . 

-Hf 
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Fig. 14. Chemical composition, expressed in yg(10& cells) L, of 

Chaetoceros gracilis culture with: the complete f/2 nutrient 

medium (control); f/2 lacking silicate (-Si); and'f/2 lacking 

nitrogen (-N). 95% confidence intervals are shown. 
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Fig. 15. Amino acid composition, expressed in yg(106 cells)"1! of 

Chaetocero's gracilis cultured with: the complete f/2 nutrient 

medium (control); f/2 lacking silicate (-Si); and f/2 lacking 

nitrogen (-N). 95% confidence intervals are shown. 



1.5 

0.5 

0 

~a> 
o 1.0 

to 
O 

H.0.5 

0 

1.0 

0.5 

„ s 
I 

J _ _ «. 

ft£ 
? 

2 I 

• Control 

0 - S i 

_3-N 

i f . 

in 
XX 

Aspartic 
Acid 

I 

m 

Threonine Serine Glutamic 
Acid 

Si 
g 

2 

Si 
F~j 

<S 

| 5 

Glycine 

2 

___ 

i 

Alanine 

_ i 

Valine Methionine Isoleucine 

- ffiS 
fti, 

fl 
i Ha 

rS, 

__J_ 

Leuc ne 

r£ 
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Fig . 16. F a t t y a c i d c o m p o s i t i o n , e x p r e s s e d in ug(10^ c e l l s ) . ^, of 

Chaetoceros g r a c i l i s ^cu l tu red with the complete f/2 n u t r i e n t 

medium ( c o n t r o l ) ; f/2 lacking s i l i c a t e ( -S i ) ; and f/2 lacking 
t 

nitrogen (-N). 95% confidence intervals are.shown. 
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Replacement s e r i e s e x p e r i m e n t . The d a i l y g rowth r a t e ' ( k ) - , 

based on fresh weight data of Ostrea e d u l i s ' juveni les when fed 

various p ropor t ions of Chaetoceros g r a c i l i s cu l tu red with the 

complete f/2 n u t r i e n t medium ( c o n t r o l ) ; . f / 2 lacking s i l i c a t e 

( - S i ) ; and f / 2 l a c k i n g n i t r o g e n ( - N ) . 95% c o n f i d e n c e 

i n t e r v a l s are shown', n ranges from 136 to 146. 

s 



0.08-

Control 100 75 50 25 
-N 0 25 50 75 

0 Control 100" 75 50 25 
100 "Si 0 25 50 75 

0 
100 

r_____fcz2_--<1. 

•Si 100 75 
-N 0 25 

H 1-

oo 



33 

F i g . 18. R e p l a c e m e n t s e r i e s e x p e r i m e n t . The d a i l y g r o w t h r a t e Ck), 

' based on dry weight data of Ostrea e d u l i s j u v e n i l e s when fed 

var ious p ropor t ions of .Chaetoceros g r a c i l i s c u l t u r e d wi th the 

complete f/2 n u t r i e n t medium ( c o n t r o l ) ; f/2 l ack ing s i l i c a t e 

( - S i ) ; and f / 2 l a c k i n g n i t r o g e n ( - N ) . 95% c o n f i d e rfce 

i n t e r v a l s a r e shewn, n r a n g e s from 133 to 145 . 
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c) Diet Combinations 

The oyster growth responses obtained with a lga l monocultures in the. 

replacement s e r i e s experiment (F igs . 17 and 18) suppor t t h e - r e s u l t s -

shown in Figs. 9, 10, 11 and 12. An augmented growth response resul ted 

when- the d i e t s were combined in va r ious r a t i o s . The h i g h e s t growth 

response a t both feeding r a t i o n s was obta ined wi th 75% of the c o n t r o l 

d ie t and 25% of the nitrogen limited d ie t . A d ie t consist ing of 75% of 

the control d ie t and 25% of the s i l i ca te" l imited die t yielded a growth 
' it. 

response equal to that of the control monoculture d.let. , A mixture of 

the silicate limited and nitrogen limited cultures yielded higher oyster 

growth rates than were obtained using either of the single nutrient 

depleted monocultures. 
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P a r t I I - - . „* 

D i scus s ion 

Under c o n d i t i o n s of n u t r i e n t . s t r e s s , the p r o d u c t i o n .of c a r b o h y d r a t e 

and l i p i d , r e l a t i v e to p - r o t e i n , may be a s u r v i v a l mechan i sm- f o r 

p h y t o p l a n k t o n . L i p i d s a r e t h e m o s t e f f i c i e n t form of e n e r g y s t o r a g e 

V/O • . • . 
yVfoIlowed respectively by carbohydrate and protein (Lloyd et al. , 1978). 

\ • , - * • ; ~ 

Amino acids "are more valuable when directly involved in the structural 

synthesis of proteins^ as opposed to- energy storage when carbohydrates 

or lipids are available. Under adverse" culture conditions, the 

photpsynthetic^pcocess may favour the production of the higher, energy 

compounds, t On the other hand, under ORtimal. condi-tions, the production 

of proire~rns and nucleic acids may be enhanced, meeting the requirements 

of cell division and growth. 

The morphological differences between the control, .silicate 'limited 

and nitrogen limited C. gracilis cultures', apparent in Fig. 13,' were not 

thought to affect the food quality of the diets. The. oyste'rs ingested 

all'thre-e diets, 'the silicate frustule of the control and nitrogen 

limited algal cells may provide additi6nal grinding m'ateri-a-1. in the 

diet, compared to the silicate limited cells where the frustule is 

reduced...' However, since kaolin was added to all diets, to provide addit-

ionalr grit material it _3 unlikely tjiere were' any differences in digest-

ibility among the three diets. 

i4 

Trerids in the juvenile oyster growth rates, as a function'of feed-

densities, with the C. gracilis,diets (Figs. 9, 10, 11, 12, 17 and 

18), will be discussed using the biochemical data presented (Tables 3, 
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4, '5; Figs. 14, 15,. and '16;' Append ix' I, Tables 9, 10, and 11; Appendix 

* '» 

I I , Tab les 9, 10, 11 and 12; and 'Appendix I I I , Table 2 ) . - -

<- . - ' • ' -

a) Carbon to Ni t rogen Ra t io 

The change in a c a r b o n to n i t r o g e n r a t i o of t h e p h y t o p l a n k t o n 

c u l t u r e - i s . a n i n d i c a t i o n of a l t e r a t i o n in the chemica l compos i t i on of 

t h e a l g a e . The carbon to n i t r o g e n r a t i o of the s i l i c a t e l i m i t e d c u l t u r e 

isr 16.0 on a d r y ' w e i j j h t . b a s i s c o m p a r e d t o ,8.7 for* t h e c o n t r o l c u l t i i r e , 

( T a b l e -3.).' * Djepclving C . g r a c i l i s of n i t r o g e n i n c r e a s e d th,e c a r b o n to 

n i t r o g e n r a t i o from 8.7 t o 15 .3 . As r e v i e w e d by C r a i g i e ( 1 9 8 4 ) , t h e s e 

' v a l u e s a r e c o m p a r a b l e to o t h e r c a r b o n to n i t r o g e n r a t i o s r e p o r t e d f o r 

a l g a l s p e c i e s c u l t u r e d u n d e r s i m i l a r c o n d i t i o n s . E p p l e y and Renger 

(1974) m a i n t a i n e d T h a l a s s i o s i r a p s e u d o n a n a unde r s t e a d y s t a t e g r o w t h 

c o n d i t i o n s i n a c o n t i n u o u s c u l t u r e , a t t h r e e : d i f f e r e n t l e v e l s of 

n i t r o g e n l i m i t a t i o n . The carbon to n i t r o g e n r a t i o for the c u l t u r e s In 

t t i e i r s t u d y i n c r e a s e d from 5-0 to 12.0 w i t h i n c r e a s i n g n i t r o g e n 

l i m i t a t i o n . The c a r b o n to n i t r o g e n r a t i o ~ a £ - e x p o n e n t i a l l y g r o w i n g 

S k e l e t o n e m a c o s t a t u m and P. l u t h e r i c u l t u r e s i n c r e a s e d from 6.Q to 

35 .0 as a r e s u l t of n i t r o g e n d e f i c i e n c y (Sak<shaug and Holm-Ha-nsen, 

1977). In these r e p o r t s , the • p a r t i t i o n i n g of , , the a d d i t i o n a l carbon i n t o 

v a r i o u s compounds was not examined,, a s was done, in the p r e s e n t s tudy . 
- ' . • f . • :> - ' 

b) • P r o t e i n 

"The absence - of a n i t r o g e n source i n h i b i t s amino ac id s y n t h e s i s . In 

a l g a e , t h e l e v e l of t h e e n z y m e , n i t r a t e r e d u c t a s e , d e c l i n e s and t h e 

s y n t h e t i c p a t h w a y s f o r p r o t e i n s become b l o c k e d ( E p p l e y e t a l . , 1969;). 

• Hence, the c o n t r o l and s i l i c a t e l i m i t e d C."* g r a c i l i s d i e t s , which have a 
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nltjrogen source , con ta in more than twice the protei*h l e v e l of the 

nitrogen l imited *algal diet (Fig. 15). 

In order to obtain growth v i t h juvenile oys ters , residual protein 

must be avai lable in the d ie t after catabolic nitrogen losses have been 

replaced. The poor growth response'obtained with the nitrogen l imited 

a l g a l d i e t (F igs . 9, 10, l l"and 12) c o r r e l a t e s wi th the low p r o t e i n 

l e v e l of the d i e t ( F i g s , 15 and Appendix -I, Table 11). The s i l i c a t e 

limited and control d ie t s have protein l eve l s , respect ively, of 10.1 and 

v10.8 ug(10° c e l l s ) - * whi le the n i t rogen l i m i t e d d i e t has 'a p r o t e i n 

Level of 4.3 yg(106 c e l l s ) " 1 . 

P ro te in d e f i c i e n t d i e t s t y p i c a l l y r e s u l t in reduced growth ra tes 

and depressed appet i te among animals .(NRC, 1983). Langton e_t a l . (1977) 

found the gain in dry t o t a l weight , s h e l l weight and the p ro t e in of-

j u v e n i l e clams c o r r e l a t e d with the t o t a l amount o f / a l g a l p r o t e i n 

a v a i l a b l e . Webb and Chu (1983)-found tha t the n u t r i t i o n a l value of an 

.4-
algal species for oyster larvae—"was correlated with the total protein 

a 

level of the alga as opposed to the t o t a l l i p id -o r carboTidrate content. 

Working with a ' l imi ted number of animals, Flaak and Epifanio (1978) 

in contrast found thacfc^a marginally higher oyster growth rate (0.9% vs. 

0.3% d 1) r e s u l t e d when Crassostr.ea v i r g i n i c a was fed a 21% p ro t e in 
. - * • • . -

diet on a dry .weig'ht basis compared to d ie t s containing protein levels 

s eve ra l fold h ighe r . Fur thermore , they found tha t a d i e t of'12.9% 

r e s u l t e d in a growth r a t e of 0.7% d - 1 . The d i e t s used by Flaak and 

Epifanio (1978) were obtained by culturing T. pseudonana under several 

l ight regimes and harvesting at Various growth phases. The resu l t s of 

the above studies- are intriguing,^ because the protein content on a dry 
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weight bas i s of most of the algae which juven i l e oys te r s feed upon is 

above 40% (S t r i ck lapd , I960). Also, the protein content of oysters, 

which may ref lect the dietary requirements of ftie animal,'has been estim-

ated at ca. '50% of the dry-weight (Quayle, 1969; and Walne and Mann, 1975). 

Ousters must consume protein to produce a continual supply of amino 

acids. Upon*"digestion," the protein -is hydrolyzed and free amino acids 

are released. The free amino acids are used to - synthesize new' proteins 

• in various organs and t issues for e i ther growth or t issue repair (NRC, 

1983). Moll'uscs r equ i re , a dietary- source "of a r g i n i n e , h i s t i d i n e , 

methionine, cysteine, leucine, . rsdleueine", val ine, lysine, tryptophane, 

threonine and pro l ine (Boudreau, 1984; Harrison^"1975); Rice e t a l t 

(1986), used radiotracers to measure a net influx of dissolved alanine 

and glycine in juveni le 0. e d u l i s . Dissolved amino acids may he. an 

-important source of nitrogen'for bivalves (Manahan 6t al . , 1982). With 

the exceptions of c y s t e i n e , tryptophan and p r o l i n e , a l l of the above 

mentioned' amino acids have been analysed (Fig. 15). Methionine can be 

converted to cysteine, while phenylalanine can be converted to tyrosine 

in several fish species (NRC, 1983). The presence of non-essential amino 

t 
a.cids in the d i e t have a spar ing e f fec t on the animal , in tha t the 

• - "oyster does not have to produ'ce them. The level of glutamic acid in ' the 

s i l i ca te limited diet was lower than that of the control diet ' '(Fig. 15 

-and Appendix I , Tables 9 and 10). However, s ince glutamic acid i s a 

1 non -e s sen t i a l amino a c i d , l i t t l e significance has been at t r ibuted to 

th is finding. Similar levels of a l l other amino acids were contained in 

' ' the control diet and the s i l i c a t e limited d ie t . This suggests that the 

p ro te in q u a l i t y of the s i l i c a t e l i m i t e d d i e t was not the Cause of the 
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depressed growth response of the o y s t e r s a t the higher feeding r a t i o n s . 

In bo th f e e d i n g d e n s i t i e s in the d i e t c o m b i n a t i o n e x p e r i m e n t s ^ 

( F i g s . 17 and 18) the h i g h e s t g r o w t h r e s p o n s e was o b t a i n e d w i t h a 

mix ture of 75% of the c o n t r o l d i e t and 25% of the n i t r o g e n l i m i t e d d i e t , 

w i t h a t o t a l p r o t e i n l e v e l of 8.8 u g ( 1 0 6 c e l l s ) - 1 ( T a b l e 5 ) . A l though 

d i e t s wi th h igher p r o t e i n l e v e l s were t e s t e d the^ a l s o d i f f e r e d In o the r 

components such as l i p i d s and ca rbohydra t e s . Thus i t i s imposs ib l e to 

de te rmine the e f f e c t s of h igher p r o t e i n leveLs. 

c) Lipid 

The higher levels of saturated and monoethylenic fatty acids in the 

silicate limit-ed diet relative to the other two diets (Fig. 16; and 

Appendix II, Tables 10, 11 and 12) may be beneficial at the lower 

feeding rations where the caloric content of all diets is insufficient 

(Figs. 9, 10, 11 and 12). Lipids are the most energy rich class of 

nutrients, supplying 8 to 9 kcal/g (Lloyd e_t al_., 1978). Saturated and 

monoethylenic fatty acids provide more energy than other fatty acids due 

to their hydrogen bonding" arrangement. As lipids provide a rich supply 

of energy/, the more valuable proteins can be directed towards growth. 

Takeuchi et_ al_. - (1978> found that when the lipid-content of the rainbow 

trout diet was increased to 15 or 20% the protein in the diet was -more 

efficiently utilized and could be reduced from 48%4 to 35% with no loss 

in fish* weight gain. The higher ealorjc content of the 1-ipid-rich 

silicate limited diet may account for the relatively higher growth rate 

obtained with this diet at the lower feeding range. 

At the higher feeding densities, the silicate limited culture was a 
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T a b l e 5 . C l i e m l i a l C o m p o s i t i o n of t h e l o n t r o l , s i l i c a t e l i m i t e d , and n i t r o g e n l i m i t e d U i a e r o c e r o s g r a c i l i s 
' d i e t s fed i n t h e R e p l a c e m e n t S e r i e s e x p e r i m e n t and t h e r e s u l t i n g o y s t e r g r o w t h r e s p o n s e , r a n k e d i n -

• o r d e i of h i g h e s t g r o w t h r a t e . 
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.poorer d i e t for t h e j u v e n i l e o y s t e r r e l a t i v e to t h e c o n t r o l d i e t , 

d e s p i t e t h e h i g h e r t o t a l l i p i d l e v e l . S e v e r a l p o s s i b l e e x p l a n a t i o n s 

r e l a t e d to the q u a l i t y of the l i p i d are sugges ted . 

The high l i p i d l e v e l of the s i l i c a t e l i m i t e d d i e t may r e s t r i c t the 

growth r a t e of the j u v e n i l e o y s t e r s as a r e s u l t of con taminants in the 

l i p i d . Lipids can accumulate p o o r l y - b i o d e g r a d a b l e componen t s such as 

po lych lo r ina t ed b i p h e n y l s , p e s t i c i d e s , h e r b i c i d e s , crude o i l and o the r 

h y d r o c a r b o n c o n t a m i n a n t s (NRC, 1983) . The re i s no e v i d e n c e in the 

present s tudy to suggest t h a t contaminants a re p re sen t in the l i p i d of 

the s i l i c a t e l i m i t e d c u l t u r e s . A d e c l i n e i n o y s t e r g r o w t h r a t e 

c o r r e s p o n d s w i t h i n c r e a s i n g food r a t i o n in the h i g h e r feeding d e n s i t y 

r ange w i t h t h e s i l i c a t e l i m i t e d d i e t ( F i g s . 11 ahd 12) . The o p p o s i t e 

t r e n d , h o w e v e r , o c c u r s a t t h e l o w e r f e e d i n g d e n s i t i e s r ange ( F i g s . 9, 

10, 11 and 12). Thus £he growth r e s u l t s a re probably not in response to 

an accumulat ion of* ,a tox ic subs tance . 

There may be an i m p r o p e r b a l a n c e in t h e c o m p o s i t i o n of the f a t t y 

a c i d s in the s i l i c a t e l i m i t j (rINdiet . The h i g h l e v e l s of s a t u r a t e s and 

monoethylenic a c i d s may have a d i l u t i n g e f f e c t on the e s s e n t i a l u> 6 and ' 
r 

w3 f a t t y a c i d l e v e l s . The r a t i o of t o t a l s a t u r a t e p l u s t o t a l 

monoethylenic f a t t y a c i d s to t o t a l CD6 and u3 f a t t y a c i d s for the t h r e e 

d i e t s a r e as f o l l o w s : c o n t r o l , 2 .3 ; s i l i c a t e - l i m i t e d , 4.9 and t h e 

n i t r o g e n l i m i t e d , 4.7. The h igher growth r a t e ob ta ined wi th the c o n t r o l 

d i e t , a t t he h i g h e r f e e d i n g d e n s i t i e s may be a r e s u l t of a b e t t e r 

balanced d i e t , c h a r a c t e r i z e d by a lower va lue for the above 

r a t i o . 
S e v e r a l s t u d i e s have d e m o n s t r a t e d t h a t g r o w t h i n h i b i t i o n i s t h e 

/ 
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r e s u l t of a h i g h l y s a t u r a t e d or s h o r t - c h a i n f a t t y a c i d c o n t e n t in the 

d i e t . Feed ing a r i c h s o u r c e of s a t u r a t e d f a t t y a c i d s , such as 

hyd rogena t ed coconu t o i l , r e s u l t e d in poor g rowth w i t h £ . v i r g i n i c a 

(Trider and C a s t e l l , 1980). For severa l s p e c i e s , growth decreased when-

s a t u r a t e d f a t t y a c i d s were added to an e s s e n t i a l f a t t y a c i d d e f i c i e n t 

d i e t (Aaes-Jorgensen and Dam, 1954a and b) . Increased f lu id consumption 

was a l so observed (Aaes-Jorgensen and Dam, 1954c). An increase in the • 
> 

20:3u9 to 20:4^6 r a t i o of the animal, and adverse dermal c h a r a c t e r i s t i c s 

were evident (Evans and Lepkovsky, 1931). A 20% supplement of t r i o l e i n 

(18:lw9) to the a l g a l d i e t s of Langdon and Waldock (1981) had an adverse 

e f f e c t on the g r o w t h r a t e of j u v e n i l e o y s t e r s . High l i p i d l e v e l s may 

depress the growth r a t e of j uven i l e European oys t e r s due to an imbalance 

in the d i e t ' s f a t t y acid composit ion. 

With the p o s s i b l e e x c e p t i o n of the land s n a i l (Van der Hors t and 

Oudejans, 1973), animals are not capable of de novo syn thes i s of f a t t y 

ac ids with double bonds in the u)6 or UJ3 pos i t i on . These, e s s e n t i a l f a t t y 

a c i d s a r e s y n t h e s i z e d by p l a n t s and a r e o b t a i n e d through the d i e t 

(Ackman, 1983). Inadequate l e v e l s or d i l u t i o n of these important f a t t y 

a c i d s can be d e t r i m e n t a l to the a n i m a l . Burr and' Burr (1929, 1930) 

showed t h a t hotneothermic a n i m a l s ' s u c h as the r a t have an e s s e n t i a l 

d i e t a r y r e q u i r e m e n t for u>6. C a s t e l l e t a l . (1972a , b and c) were the 

f i r s t to demonstra te tha t po ik i lo the rmic animals l i k e the rainbow troud 

have an e s s e n t i a l f a t t y a c i d r e q u i r e m e n t for w3 r a t h e r than u)6*fat ty 

a c i d s . 

C a s t e l l (1983) s u g g e s t s t h a t the u: 3 s t r u c t u r e in c o l d - b l o o d e d 

animals pe rmi t s a' g r e a t e r degree of unsa tura t ioh , ' which may b.e c r i t i c a l 
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in the membrane phosphol ip ids for ma in ta in ing the r equ i r ed f l e x i b i l i t y 

and p e r m e a b i l i t y c h a r a c t e r i s t i c s a t low t empera tu res . Cei l membranes 

r e q u i r e . adequa te l e v e l s of e s s e n t i a l f a t t y a c i d s to 'form a normal 

p e r m e a b i l i t y b a r r i e r a round t"he c e l l s and s u b c e l l u l a r p a r t i c l e s . 

Addi t ional funct ions of the-'^3 f a t t y a c i d s include the t r a n s p o r t a t i o n of 

o t h e r l i p i d s such a s c h o l e s t e r o l , t he a c t i v a t i o n of s e v e r a l s p e c i f i c 

enzymes and the r e g u l a t i o n j>f̂  va r ious v i t a l processes by .p ros tag landins 

( C a s t e l l , 1970). 

The e s s e n t i a l f a t t y acid re^uire 'mentS in f i s h have s ince been shown 

to d i f f e r .cons iderably from sp'ccies to s p e c i e s . Carp, (ffatanabe -et a l . , 

1975; Takeuchi and Watanabe , • 1977), e e l s (Takeuchi e t a l . , 1980), and 

chum salmon (Takeuchi and Watanabe, 1982) requ i re 1 "8:2(^6 in a d d i t i o n to 

1 8 : 3 - 3 . - • 

C a s t e l l and co-workers have pioneered the s t u d i e s on the e s s e n t i a l 

f a t t y a c i d r e q u i r e m e n t s of o y s t e r s . ' C a s t e l l and T r i d e r (1974) and 

Tr ider and Cas t e l l (1980), using a s emi -pu r i f i ed t e s t d i e t , found tha t 

cod l i v e r o i l , h igh in 20:5^3 and 22:6<^3, p romoted b e t t e r g r o w t h and 

reproduct ion in the adul t o y s t e r , C_. v i r g i n i c a , than d i e t s with corn o i l 

which a r e h igh in 18:2^6. A 1:2 m i x t u r e of co rn o i l (<^6) and cod l i v e r 

o i l ((JJ3), in t h e d i e t of C_. v i r g i n i c a a d u l t s p roduced o n l y m a r g i n a l l y 

h i g h e r g rowth r a t e s than the cod l i v e r o i l d i e t . Thus , the a. 3 

r e q u i r e m e n t s a p p e a r to be g r e a t e r than the u-6 r e q u i r e m e n t s . Ackman 

(1981) a s s e r t s t h a t w0 and w3 c a n n o t be i n t e r c o n v e r t e d . These f a t t y 

a c i d s a r e e i t h e r degraded for e n e r g y or e l o n g a t e d ( e g . 18:3^3 t o . 

20:5W3 and 22:6<D3). Severe u)6 and u3 f a t t y ac id d e f i c i e n c i e s may occur 

in an o y s t e r h a t c h e r y or n u r s e r y o p e r a t i o n where a l i m i t e d number of' 
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a l g a l s p e c i e s a re r o u t i n e l y used. On the b a s i s of the above e v i d e n c e , 

i t a p p e a r s t h a t C. v i r g i n i c a a d u l t s have a r e q u i r e m e n t for b a t h ^6 and 

'j3 f a t t y a c i d s , w i th the r e q u i r e m e n t for <JJ 5 be ing much g r e a t e r . 

Waldock and Nascimento (1979) found t h a t the r a t i o s of 18 :2u6 /18 :3 

w3 and 2 0 : 4 - 6 / 2 0 : 5 ^ 3 p lus 22:6^3 in the t r i g l y c e r i d e s ( the f a t t y ac id 

energy s t o r a g e component) of C. g i g a s j u v e n i l e s were very s i m i l a r to the* 

r a t i o s i n t h e a l g a l f e e d o r g a n i s m . S i n c e t h e f a t t y a c i d s of 

p h o s p h o l i p i d s (eg, s t r u c t u r a l components in membranes) can be de r ived in 

an unchanged form from the t r i g l y c e r i d e s (Ackman, 1983), f a t t y a c i d s can 
I 

be t r a n s f e r r e d d i r e c t l y from t h e d i e t , to a s t o r a g e mode, ' i n t o a 

s t r u c t u r a l m o d e . H o w e v e r , s i n c e t h e 2 0 : 4 - 6 l e v e l i n b i v a l v . e 

phospho l i p id s a p p e a r s h i g h e r than the l e v e l supp l i ed in the a l g a l d i e t , 

Ackman (1983) s u g g e s t s t h i s isomer may a l s o be formed from the supply of 

18:2^6 s t o r e d in t h e t r i g l y c e r i d e f r a c t i o n w i t h i n t h e o y s t e r ' s c e l l s . 

When comparing the ^J6/'JJ3 f a t t y -^tcids value in p h o s p h o l i p i d s , 0_. e d u l i s 

appea r s to be somewhat unique among o y s t e r s . Both the wi ld C. v i r g i n i c a 
v 

and h a t c h e r y - r e a r e d C. g i g a s spa t have a ^ 6 / ^ 3 f a t t y ac id value of 0.25, 

w h i l e the v a l u e f o r w i l d Ch e d u l i s i s 0 .07 . O the r b i v a l v e s such as 

M y t i l u s e d u l i s ( 0 . 0 7 ) , Pec t e n maximus (0 .05 ) and Ar c t i c a i s l and ic -a 

(0 .07 ) s h a r e s i m i l a r v a l u e s w i t h 0. e d u l i s . The - 6 / ' ^ 3 r a t i o may have 

s p e c i e s s p e c i f i c c h a r a c t e r i s t i c s (Ackman, 1981) . F u r t h e r m o r e , i t i s 

a l s o p o s s i b l e the d i f f e r e n t r a t i o s r e f l e c t s p e c i e s s p e c i f i c d i f f e r e n c e s 

in polyene r e q u i r e m e n t s or the types of food which the an imal has been 

feed ing upon. 

The OJ6/OJ3 f a t t y a c i d v a l u e s fo r t h e t h r e e C. g r a c i l i s d i e t s a r e : 

c o n t r o l , 0 . 3 ; s i l i c a t e l i m i t e d , 0 . 8 ; n i t r o g e n l i m i t e d , 0 .7 . .Webb and 
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Chu (1983) r e p o r t t h a t most a l g a l , d i e t s which a r e good for C. v i r g i n i c a 

o y s t e r l a r v a e h a v e a ^ 6 / ~ 3 v a l u e of 0 . 3 ' t o 0 . 5 , w h i l e poo r a l g a l d i e t s 

have a -6 /^3 v a l u e of c a . 0.2. The p r e s e n t s t udy s u p p o r t s the f i n d i n g 

of Webb and Chu ( 1 9 8 3 ) t h a t a r a t i o of 0 .3 i s ' c h a r a c t e r i s t i c of a good 

b i v a l v e d i e t and a l s o s u g g e s t s t h a t v a l u e s h i g h e r than 0.5 may i n d i c a t e 

a poorer a l g a l d i e t for j u v e n i l e European o y s t e r s . 

The i m p o r t a n c e of t h e l i n o l e n i c f a t t y a c i d s (~3) , r e l a t i v e t o t h e 

l i n o l e i c f a t t y a c i d s ( - 6 ) , f o r s e v e r a l o t h e r m a r i n e a n i m a l s h a s b e e n 

r e p o r t e d . The s t u d i e s of bo th N l c o l a i d e s and Woodall (1966) and Lee e_t_ 

a l . ( 1 9 6 7 ) s u g g e s t t h a t ~ 3 f a t t y a c i d s a r e more v a l u a b l e i n f i s h d i e t s 

t h a n t h e Jo f a t t y a c i d s . In t h e i r s t u d y , r a i s i n g t h e - 3 f a t t y a c i d 

c o n t e n t in the d i e t c l e a r l y i n c r e a s e d the g rowth r e sponse of the f i s h . 
I 

S i n n h u b e r and H e n d r i c k s ( 1 9 7 9 ) found t h a t t h e w e i g h t g a i n and f eed 

c o n v e r s i o n e f f i c i e n c y were g r e a t e r when ra inbow t r o u t were fed a d i e t 

c o n t a i n i n g 1% of 1 8 : 3 - 3 c o m p a r e d to a d i e t of \X 18 :3 -3 p l u s 1.5% 18:2 

- 6 . Cowey e t a l . ( 1 9 7 6 ; d e m o n s t r a t e d t h a t t u r b o t n o t o n l y r e q u i r e d t h e 

-3 s t r u c t u r e hut s p e c i f i c a l l y n e e d e d 2 0 : 5 ^ 3 or 2 2 : 6 - 3 t o s a t i s f y i t s 

e s s e n t i a l f a t t y a c i d r e q u i r e m e n t s . 'Webb and Chu (1983) r e p o r t t h a t C. 

v i r g i n i c a l a r v a e r e q u i r e ^6 to a l e s s e r e x t e n t than Ji f a t t y a c i d s . 

The r e l a t i v e l y low l e v e l of 22:6'-~3 in t h e s i l i c a t e and n i t r o g e n 

d e p l e t e d d i e t s may be a g rowth l i m i t i n g f a c t o r fo r t̂ he. j u v e n i l e o y s t e r s . 

Langdon and .Waldock (1981) . d e m o n s t r a t e d t h a t a d e f i c i e n c y in 22^6^3 in 

D. t e r t i o l e c t a . w a s a g r o w t h - l i m i t i n g f a c t o r in C. g i g a s j u v e n i l e s . When 

a T. s u e c i c a d i e t was supp lemented w i t h 22 :6_3 , the g rowth r a t e of t h e s e 

j u v e n i l e s improved . 

A r e q u i r e m e n t f o r 2;2:6*)3 in young o r d e v e l o p i n g s t a g e s of o t h e r 
/ " ' ' ' 
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m a r i n e a n i m a l s i s r e c o g n i z e d . The d i e t a r y l e v e l s of 22:60,3 

s i g n i f i c a n t l y a f f e c t egg ha t c h a b i l i ty in the common c a r p (Shiraeno e_t_ 

a l . , 1977). The major phospholipid during the development of the rainbow 

t rou t was 22:6.u3 (Ando, 1968). The shrimp, Penaeus s e t i f e r u s , would not 

produce eggs un less the d i e t contained 22:6w3 and 20:5u3 (Middled i tch e_t_ 

a l . , 1980). Morris (1973") pointed out t h a t j uven i l e marine c rus t aceans 

, t y p i c a l l y have higher l e v e l s of e s s e n t i a l f a t t y ac id s than a d u l t s of the 

same spec ie s . ,« 

The 22:6u3 f a t t y a c i d may be a key component of the d i e t s in the 

p r e s e n t s t u d y . -Che C h a e t o c e r o s g r a c i l i s c o n t r o l d i e t which has more 

than s ix t imes .the 22:6^3 leve l than the s i l i c a t e l imi t ed d i e t (Appendix 

I I , Tab l e s 10 and 11), y i e l d e d a g rowth r e s p o n s e t h a t was c a . 25% 

g r e a t e r a t the h i g h e r f e e d i n g r a t i o n ( F i g s . 9, 10, 11 and 12). The 

p r i n c i p a l s i g n s of e s s e n t i a l f a t t y a c i d d e f i c i e n c i e s , r e p o r t e d -in 

s tud i e s with warm water f i s h e s , are reduced growth r a t e and reduced feed 

e f f i c i e n c y (NRC, 1983).* The obse rved d i f f e r e n c e s be tween the c o n t r o l 

and the s i l i c a t e l i m i t e d d i e t canno t be e x p l a i n e d by the l e v e l of the 

t o t a l ^6 or 20:5^3 as s i m i l a r l e v e l s "of these f a t t y ac ids were obtained 

in bo th d i e t s . This s t u d y s u g g e s t s , and Langdon and Waldock (1981) 

p r e s e n t e v i d e n c e f o r , a 22:6u,3 f a t t y a c i d r e q u i r e m e n t in the d i e t of 

j u v e n i l e o y s t e r s . 

The f a t t y ac id c o m p o s i t i o n of a second d i a t o m , T h a l a s s l o s l r a 

pseudonana, cu l tu red under the con t ro l and s i l i c a t e l im i t ed cond i t i ons 

was a l s o a n a l y s e d (Appendix I I , Table 6 and 7) . While t h e d i f f e r e n c e s 

be tween the c o n t r o l and t h e s i l i c a t e l i m i t e d c u l t u r e s were not as 

s t r i k i n g with t h i s diatom when compared to C. g r a c i l i s , the t r ends are 
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the same. The s a t u r a t e d and monoethylenic f a t t y a c i d s a re more abundant 

in the s i l i c a t e l i m i t e d c u l t u r e , while the po lye thy l en i c f a t t y a c i d s 

a r e more p r o m i n e n t in the c o ' n t r o l c u l t u r e . The l e v e l ' o f the 22:6^3 

f a t t y a c i d was t w i c e as h i g h in the c o n t r o l c u l t u r e as i t was in the 

s i l i c a t e l i m i t e d c u l t u r e . Thus, the changes in chemical composi t ion as 

a funct ion of s i l i c a t e c o n c e n t r a t i o n may be common among diatom s p e c i e s . 

The f ind ings presen ted in t h i s r e p o r t and those reviewed above w i l l 

help in e s t a b l i s h i n g ' a good b a s a l d i e t for mic roencapsu la t ion s t u d i e s . 

Such s t u d i e s can ver i fy the n u t r i t i o n a l c o n t r i b u t i o n of s i ng l e d i e t a r y 

components for o y s t e r s . However, the economic v i a b i l i t y of r o u t i n e l y 

u s i n g m i c r o e n c a p s u l a t i o n in c o m m e r c i a l h a t c h e r i e s and n u r s e r i e s i s 

dt jubtful . <* 

There i s a p o t e n t i a l problem in s a t i s f y i n g the e s s e n t i a l f a t t y acid 

requi rement of the j u v e n i l e b i v a l v e . Fish o i l s , a common source of '-3 

in animal feeds , can e a s i l y become oxidized and render the d i e t r anc id . 

Ko et_ al_. (1975) showed tha t ox id i zed l i p i d s reduced the. d i g e s t i b i l i t y 

of p r o t e i n s and t h e a v a i l a b i l i t y of l y s i n e . Sakaguch i and Hamaguchi 

(1979) found t h a t oxid ized o i l s were l e s s d i g e s t i b l e than fresh o i l s and 

caused h y p e r g l y c e m i a in red sea b ream. Hung e t a 1. ( 1 9 8 0 ) , h o w e v e r , 

showed tha t v i t amin E p r o t e c t s rainbow t r o u t from the tox ic e f f e c t s of 

oxidieed o i l s . C a s t e l l e t <al. (1984) recognize tha t a n t i o x i d a n t s and 

proper s to rage c o n d i t i o n s a re more c r i t i c a l in a r t i f i c i a l d i e t s when the 

- 3 f a t t y acid requi rement i s s a t i s f i e d by the a d d i t i o n of f i sh o i l . 

While the c o s t s i n v o l v e d in c u l t u r i n g p h y t o p l a n k t o n for d i e t s i s 

h i g h , a l i v e food i s s t i l l t h e most r e l i a b l e and a f f o r d a b l e way of 

p r o v i d i n g a h igh q u a l i t y s o u r c e of the e s s e n t i a l f a t t y a c i d s fo r 



several years to come. The present study has demonstrated the effect 

that nutrient culture status can have on the various fatty acid 

components and especially the 22:6 w3 level in algal species. With 

better management and further investigation phytoplankton cultures can 

yield a higher percentage of the nutritionally essential components 

required by our target organisms. 

d) Carbohydrate 

C. gracilis cultured under conditions of nitrogen limitation 

accumulates>carbohydrate (Fig. 14; and Appendix III, Table 1). A 

similar response occurs with other species (Shifrin and Chisolm, 

1981, Appendix III, Table 3). The rate of excretion or release of 

carbohydrates is normally greater under stressful conditions su*ch as 

nitrogen depletion (Marker, 19"65). The carbohydrate level shown in 

Fig. 14 and Appendix* III, Table 1 may underestimate the total 

carbohydrate provided by the diet, as only algal cells were analysed; 

however, both cells and media were red to the oysters. 

• Carbohydrates are the main energy source for both juvenile and 

adult oysters (Haven, 1965; Ingle et al., 1981; and Dunatham et al., 

1969). In adult oysters, polysaccharides serve as a major energy 

reserve (Giese, 1969). Castell and Trider (1974) varied the protein-

carbohydrate ratios of formulated feeds and observed that diets with a 

60% carbohydrate content resulted in higher glycogen production in 

oysters, than diets with a 20% carbohydrate content. High carbohydrate 

levels in the tissue characterize healthy s'pa t and larvae, while 

depleted levels are typical of starved or stressed animals (Bayne, 1973* 
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' 'Gabbott and -Bayne, 1973; and Kann, 1979). • ' , ' ' " " 

Glycogen , the D - g l u c o s e s t o r a g e p o l y s a c c h a r i d e , i s t h e major 

c a r b o h y d r a t e in j u v e n i l e o y s t e r s , r e p r e s e n t i n g 40-50% of t h e ' t o t a l 
(& . -, . ' 

ca rbohydra te c o n t e n t . Glycogen l e v e l s change r e a d i l y dur ing development 

w h i l e o t h e r p o l y s a c c h a r i d e s and f r e e - r e d u c i n g - sugars remain cons t an t 

dur ing l a r v a l development, metamorphosis and spa t development (Holland / 

and Spencer, 1973). Holland and Hannant (1974> have shown t h a t glycogen 

r ep l ace s t r i g l y c e r i d e s as the major energy s to rage compound in 0. e d u l i s 

a t an age of 3 to 5*months. In t h e i r s tudy, reduced glycogen l e v e l s and 

i * 

higher t r i g l y c e r i d e l e v e l s were ev iden t among 3 to 5 month old o y s t e r s 

se t In June compared to o y s t e r s s e t in January or March. 

In t h e p r e s e n t s t u d y , q u a l i t a t i v e c a r b o h y d r a t e a n a l y s e s have no t 

been conducted on the a l g a l d i e t s but the importance of va r ious sugars 

can be de te rmined from the l i t e r a t u r e . L-Fando e t a l . "'(1972) examined 

g l y c o g e n s y n t h e s i s from f r u c t o s e , g l y c e r o l , p y r u v a t e , 1 - l e u c i n e , and 

hydroxybutyra te in the g i l l t i s s u e of 0. e d u l i s , and found t h a t g l y c e r o l 

p roduced t h e h i g h e s t gtyco'gen l e v e l . G l y c e r o l i s a componen t in 

f a t s which may suggest t h a t fa t metabolism plays soma r o l e ' in 

g l u c o n e o g e n e s i s . i n o y s t e r s . L-Fando e_t_ a l . (1972) i n d i c a t e d t h a t 

glycogen behaves as a nega t ive feedback i n h i b i t o r reg-ulated by I t s own 

s y n t h e s i s i n 0̂ . e d u l i s , a s . s u g g e s t e d by D a n f o r t h (1965) for -mammals. 

The metabol ism of glycogen.and t r e h a l o s e a r e c l o s e l y r e l a t e d . Trehalose 

c o n t a i n s two D-g lucose r e s i d u e s and i s t h e maj-or suga r found i n t h e 

hemolymph of many i n s e c t s (Lehninge^r, 1970)J Badman (1967) found 

s u b s t a n t i a l amounts , of t r e h a l o s e 1 i n Cras sos t r ea v i r g i n i c a , ye t Whyte 

and E n g l a r (1982) found no e v i d e n c e of t h i s c a r b o h y d r a t e ^ In C. g i g a s . 

» 

S 
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Galactogefv, anotfter key i iol luse " p o l y s a c c h a r i d e , i s a polymer of 

" -ga l ac to se found only i n the a lbumin g land (May, 1932). L-Fando e t a l . 

(197 2) s p e c u l a t e tjrat i n t ' e r - conye r s ion between galactogen and glycogen 
. ~t 

occurs . *' 

The'liigh carbohydrate l eve l in t h e ' n i t r o g e n l imi t ed a l g a l cu l tu re 
; appeared ' to be of l i t t l e use to the j u v e n i l e oys te rs (F igs . 9, io 11 and 

12) b"e«a.u*se,~of the low p ro t e in l e v e l of t h i s d i e t , as previously discussed 

l i m i t s i t s usefulness as a complete food. When the p ro te in l eve l of the 

ni t rogen l imi t ed d i e t i s increased., by rep lac ing a por t ion &•£ t h i s d i e t 

w i t h the c o n t r o l d i e t , a Jhigher o y s t e r growth r e sponse was o b t a i n e d 

' ( F i g s . 17 and *18). This s u g g e s t s t h a t w h i l e . s u r p l u s p r o t e i n - i s 

ava i l ab l e in the cont ro l d i e t , the carbohydrate leve l or q u a l i t y l i m i t s 

the growth r a t e of the juveni le oys t e r s . 

• • Carbohydrates may have a pro te in^spar ing ac t ion , serving as energy 

sou-rces so . .prote ins may be u t i l i z - e d for growth i n s t e a d of ene rgy . In 

a d d i t i o n , c a r b o h y d r a t e s a r e the l e a s t expens ive sou rce of d i e t a r y 

energ^y.^The d e s i r a b l e , c o h e s i v e c h a r a c t e r i s t i c s of- q&rbohydrates may 

a l so be an important fac tor in the development of a r t i f i c i a l foods for 

b iva lve s . * 

t. 

\ 



#• 

^s 

Part I I 

Conclusions 

1 1 8 

'** 'The "chemical composition of C_. g r a c i l i s was g r e a t l y a l t e r ed when c e l l s 

were cul tured under ^ /ar ious n u t r i e n t regimes. Die ts of the a l t e r ed C. 

. g r a c i l i s produced -profound di f ferences in the growth r a t e of 0. edu l i s 

d u r i n g f i v e wegjfgrow-th t r i a l s . The growth r e s p o n s e of the oyste-rs to 

the d i e t s was a f u n c t i o n of f eed ing r a t i o n . Examina t ion of the d i e t s 

and growth response gives some ins igh t in to the d i e t requirements of 0. 

e_ful_i_s. C. g r a c i l i s grown in a s i l i c a t e l i m i t e d c u l t u r e had 30% more 

ca rbon . Pa r t of t ' h i s ' e x c e s s carbon was l i p i d j a s t h e s e c u l t u r e s had a 

l i p i d l eve l twice tha t of the aootro l or n i t rogen l imi t ed c u l t u r e s . The 

s i l i c a t e li-mited diet-enhanced the growth r a t e of the o y s t e r s , r e l a t i v e 

to the c o n t r o l d i e t , on ly a t low feed ing d e n s i t i e s where t o t a l food 

energy w a s ' r e s t r i c t e d . Most o'f the i n c r e a s e in l i p i d of trhe s i l i c a t e 

l imi ted algae, w.as in the energy-r ich sa tura ted and monoethylenic .fatty 

• a c i d s . Thus, the o y s t e r s responded p o s i t i v e l y to the h ighe r energy 

d i e t when the 'food supply was l imi t ed . 

At the higher feeding d e n s i t i e s where ample energy i s ava i l ab le as 

* • ' N 
i n d i c a t e d by the h i g h e r g rowth r a t e s , the gro'wthfc r e s p o n s e of t he o y s t e r s 

fed the ' s i l i c a t e l i m i t e d d i e t was poore r than t h a t of t h e ' - c o n t r o l . An 

improper b a l a n c e in t he c o m p o s i t i o n of the - f a t t y acIcLs i n the s i l i c a t e 

l i m i t - e d d i e t w a s s u g g e s t e d . The, h i g h l e v e l s of s a t u r a t e d and 

monoe thy l en i c f a t t y a c i d s may have a d i l u t i n g e f f e c t on the e s s e n t i a l u ) 6 

~-~-5 »-



119 

^ 

andcj3 f a t t y a c i d s . D i e t s c o n s i s t i n g of h igh l e v e l s of s a t u r a t e d and 

monoethylenic f a t t y ac ids have shown to be d e t r i m e n t a l to the growth of 

oysters- (Tr ider and C a s t e l l , 1980 ; and Langdon' and Waldock,w 1981). 

Xhe higher oys te r growth response obtained with the con t ro l d i e t 

was. c o n s i d e r e d to be, the^ r e s u l t of a b e t t e r ba l anced d i e t o r tne f i v e 

times higher 22:6<»>3 l eve l j as similar" l e v e l s of t o t a l e d and 20:5w3 were 

p r e s e n t , in bo th the c o n t r o l and . s i l i c a t e l i m i t e d d i e t s . While long 

cha in po lyunsa tura ted . J i -a - t ty a c i d s have p r e v i o u s l y been shown to be 

e s s e n t i a ' l . i n t h e d i e t of C. g i g a s j u v e n i l e s (Langdon and Waldock, 

1981), t h i s s t u d y -provides e v i d e n c e t h a t /22:6w3 i s e s s e n t i a l for 0̂ _ 

• e d u l i s . Once the ^ a l o r i c l e v e l of the d i e t I s adeq'uate the l e v e l of 

22:6^3 may g r e a t l y inf luence the growth ra texof^ the juveni le oys t e r . 

A l t h o u g h t h e r e wa,«* a two t o , t h r e e f o l d i n c r e a s e i n t h e 

carbohydrate content of the n i t rogen l i m i t e d d i e t r e l a t i v e to the other 

. . . a 

two d i e t s , trie p r o t e i n c o n t e n t of the n i t r o g e n l i m i t e d d i e t was l e s s 

than half , o f the l e v e l of the o t h e r two d i e t s . The low p r o t e i n con ten t 

appears to be t h e ' cause of the poor growth response with the n i t rogen 

l i m i t e d d i e t . I n c r e a s i n g the f e e d i n g r a t i o n did i n c r e a s e the g rowth 

response of> the oys ter over a narrow feeding range, however an increase 

in the f e e d i n g r a t i o n above 3.5 d id no t fu ' r the r i n c r e a s e the g rowth 

r a t e . The reasons for t h i s are not c l e a r ; however, i t could be a r e s u l t 

of a need for an exd|&&ive amount of ene rgy r e q u i r e d to o b t a i n the 

neces sa ry p ro t e in . 

The amino acid composition of a l l three d i e t s were s i m i l a r , with 

"'.the exception of a r e l a t i v e l y higher g lu tamic acid l e v e l In the s i l i c a t e 

l i m i t e d d i e t . Since glutamic acid i s considered to be a n o n - e s s e n t i a l 



amino acid in the bivalve die t , l i t t l e significance has been associated 
* 

with this finding. 

Since the c o n t r o l , s i l i c a t e l imi ted and nitrogen limited die ts 

have d i f f e r e n t l eve l s of e i t h e r p r o t e i n , l i p i d or carbohydrate,^ the 
*- ~- - " -v *^ 
- • ^ _ . 

o y s t e r s were fed these d i e t s in var ious combinat ions . The 
1 * v 

augmented.growth response which r e su l t ed with each d i e t combination 

suggests tha t the oys t e r s responcj&d* to a b e t t e r balanced d i e t in 

the combined d ie t s . The highest oyster growth rate was obtained with a 

d ie t consisting of a 1.0:1.1:1.5'protein to l ipid to carbohydrate r a t i o , 

which was obtained by r ep lac ing 25% of the con t ro l d i e t with an equal 

ce l l number of the carbohydrate r ich, nitrogen limited die t . 

The n u t r i t i o n a l ' s t a t u s " of the a l g a l c u l t u r e s fed to j u v e n i l e 

oysters has tremendous impact on the growth response. I t I s , ' therefore, 

important ' t ha t s t r i c t a t t e n t i o n be paid to the var ious l e v e l s of 

e s s e n t i a l n u t r i e n t s in an a l g a l c u l t u r e , as the n i t rogen l e v e l can 

- g r e a t l y a l t e r the p ro t e in conten t of the c e l l s and the s i l i c a t e l eve l 

may profoundly change the carbohydrate and l ipid content, as well as the 

fatty acid composition. Other components in the algae such as vitamins 

or s t e ro l s also quite l ikely change as a function of nu t r i t iona l s ta tus 

and may well account for some of the different oystetj growth responses 

observed in the present s tudy. At present very l i t t l e i s known about 

changes in algal vitamin or s tero l content in phytoplankton as a function 

of environmental conditions; thus this would be an excellent topic for 

future study. The present study has monitored changes in biochemical 

composition of the algae and correlated these changes with differences 

observed in the oyster growth ra tes . While components, other than those 



1 2 1 

• i d e n t i f i e d , may a l so a f f ec t the growth ra t e of the oys t e r , s t ud i e s 

using a technique such as microencapsula t ion , in which one component can 

be vafied a t a time,, would be necessary to i d e n t i f y the impact of an 

ind iv idua l component d e f i n i t i v e l y . Such experiments would comprise a 

very i n t e r e s t i n g f u t u r e s t u d y p r o j e c t . The t e c h n i q u e s required* for 

s u p p l y i n g a s u f f i c i e n t number of the r e q u i r e d k i n d s of m i c r o c a p s u l e s 

must be a v a i l a b l e , such tha t oys te r growth t r i a l s of adequate dura t ion 

-can be c o n d u c t e d . ' ' While advances have r e c e n t l y been made w i t h the 

deve lopment of m i c r o e n c a p s u l a t e d d i e t s for b i v a l v e s , c o n s i d e r a b l e 

refinement of t h i s technique w i l l be required before i t can 

be used- to i d e n t i f y the c o m p l e t e n u t r i t i o n a l r e q u i r e m e n t s of the 

j u v e n i l e b i v a l v e . The p r e s e n t s tudy d e m o n s t r a t e s the i m p o r t a n c e of 

c a r e f u l l y monitoring the n u t r i t i o n a l s t a t u s of the a l g a l cultures^.used 

to feed j u v e n i l e o y s t e r s and i d e n t i f i e s some of the bio-enemical . 

components and the i r l e v e l s which should be included in the basal d i e t s , 

^uch information w i l l be necessary to begin microencapsulat ion s t ud i e s . 

With the type of data generated from t h i s study, we en te r an era. in 

which se lec ted phytoplankton spec ie s a r e d o m e s t i c a t e d on a p r o d u c t i o n 

s c a l e to f u l f i l l very p r e c i s e s p e c i f i c a t i o n s , such as the n u t r i t i o n a l 
/ * . 

requirements of bivalves. The ability of phytoplankton to convert light 

energy -through photosynthesis to carbohydrates, proteins and lipids is 

being harnessed in a variety of specialized industries. These-
V 

i n d u s t r i e s produce a lgae as food for var ious aqua t ic and domestic land 

a n i m a l s , a s w e l l as fo r human consumpt ion (She le f and Soeder , 1980). 
y 

The mass cu l tu re of l i p i d - r i c h phytoplankton for i n d u s t r i a l chemica ls , 

v e g e t a b l e o i l s and e n e r g y - r i c h hydroca rbons i s r a p i d l y d e v e l o p i n g 

(Shi f r in and Chisholm, 1980). Because of the d i v e r s i t y of phytoplankton 



a range of potential commercial applications exist. The wide response of 

phytoplankton to various environmental parameters must be understood to 

produce'the desired algal compounds efficiently. 

This study demonstrates the importance of environmental parameters 

such as nutrient conditions, on the biochemical composition of 

phytoplankton. Considering the number of species available, the variety 

of possible culture conditions and the developing technology to produce 

.mass cultures, it may be that the economic viability of controlled 

oyster production based on algal diets can be vastly improved. 
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Appendix I, Table 1. Amino Acid Composition of Selected Phytoplankton Species. The data 
represent the specified aalno acid as a percent of the .total 15 amino acids shown. 

tsochryala 

Aspartlc Acid 

Threonine 

Serine 

Glutamic Acid 

Glycine 

Alanine 

Valine 

Methionine 

I so l euc lne 

Leucine 

Tyrosine 

Phenylalanine 

Hls t ld lnc 

Lysine 

Arglnlnc 

Skeletonema 
menze l i i 

1. 

14.4 

5 . 3 

6 . 1 

17.2 

5 . 3 

6 . 3 

6 . 3 

1 .7 

4 . 9 

8 . 1 

3 . 8 

5 . 0 

2 . 1 

7 . 4 

6 . 1 

Chaetoceros 
c a l c i t r a n s 

1. 

H . 3 

5 . 9 

5 . 9 

14.9 

5 . 4 

7 . 7 

5 . 9 

2 . 3 

5 . 4 

9 . 0 

, * - i 

5 .9 
o 

2 . 3 

7.2 ' 

6 . 3 

Skeletonema 
costatum 

1. 

11.2 

5 . 5 

5 . 5 

16.8 

5 . 5 

9 . 2 

5 . 5 

1 . 3 

5 . 9 

8 . 4 

3.8 * 

5 . 5 

2 . 1 

7 . 0 

7 . 8 

R* 
T-

lbaoa 
l s o 

1. 

11.1 

5 . 8 

5 . 4 

15.2 

5 . 2 

8 . 1 

6 . 5 

2 . 1 

7 . 1 

9 . 6 

4 . 0 

5 . 4 

2 . 3 

6.7 „ 

8 .1 . 

I s o c h r y s i s 
Ralbana 

3 . 

10.8 

4 . 0 

4 . 8 

13.3 . 

6 . 8 

9 . 0 

7 . 7 

2 . 4 

5 . 7 

10.3 

3\-2 

5 . 8 

2 . 2 

6 . 2 

7 a9 

Sources: 1. Present Study, mean values., based on Information in Tables 2 through 6/ 2. 
Cowey and Corner (1966); 3. Epifanio (1979(; 4. Chau (1*9T>7; 5. W a W (1970).' 

continued... 



"N 

Appendix I, Table 1. (continued) 

Aspartic Acid 

Threonine 

Serine 

Glutamic Acid 

Glycine 

Alanine 

Valine 

Methionine 

Isoleucine, 

Leucine 

Tyrosine 

Phenylalanine 

Histidine 

Lysine 

Arginine 

Thalassiosira 
pseudonana 

3. 

11.0 

4.5 

5.3 

12.0 

7.5 

7.J 

7.2 . 

2.5 , 

b.O 

10.3 

3.8 

6.4 

~2.6 • 

6.7 

7.1 

Phaeodaclylum 
tricornutum 

4. 

10.8 

6.3 

3.7 

15.4 

6.1 

12.3 

5.6 

2.4/7 

4.9* 
> J 

8.2 

4.0 

9.3 

0.8 

5.3 k 

4.9 

• 

-

2. 

11.4 

5.3 

5.7 

14.2 

6.1 

7.6 

8.1. 

'2.3 

5.3" 

9.0 

4.0 

6.1 

2.1 

7.4 

5.7 

Pavlova 
lutheri 

4. 2. 

. 10.3 ' 10.1 

5.2* 5.3-

3.8 5.6 

11.9 • 11.5 

5.4 6.3 

11.5 9.1 

4.1 \,3 

h^y^"^ 2.9 

5.1 4.8 

9.9 10.8 

3.7 4.9 

7.1 5.7 

1.9 2.3 

7.9 7.4( 

8.5 -* 6.2 „ 

Rhodomonas 
sp. 
•1. 

• 10.7 ' 

6.0 

6.0 

\ 13.7 

, 6.0 

9.2 

6,8 

3.0 -

4.5 

7.7 

5.1 

5.1 

2.1 

7.1 

7.1 

-̂ 1 
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Appendix 1, Table 1. (continued) 

Aapartlc Acid 

Threonine 

Serine 

Glutamic Acid 

Glycine 

Alanine 

Valine 

Methionine 

Isoleucine 

Leucine 

Tyrosine 

Phenylalanine 

Hlstidine 

Lysine 

Arginlne 

1. " 

10.7 

5.9 

5.5 

14.0 

5.7 

'8.7 

6.6 

1.9 

4.4 

M 
4.3 

6.0 

2.3 

7.4 

6.9 

Dunaliella 
certlolecta 

4. 

10.8 

5.0 

5.1 

14.2 

7.3 

12.5 

4.3 

-0.6 

3.9 

' 11.0 

3.6 

8.3 

2.0 

5.1 

6.5 

ythi 

-

letoce 

ncills 

1. 

12.2 

5.5 

5.7 

16.3 

5.'4 

7.8 

6.1 

2.3 

5.9 

8.4 

4.0 

5.4 

1.9 

7.1 

5.8 

f 

f 

Carteria Tetraselmls 
chul- ' suecica 

2. 

10.2 

4.1 

4.7 

13.9 

7.0 

8.7 

6.9 

2.5 

5.0 

10.2 

3.5 

6.9 

2<5 

6.9 

7.1 

3. 
1 
10.5 

3.8 

4.5 

14.2 

' 7.8 

9.1 

7.4 

2.1 ' 

5.0 

10.2 

3.4 

6.2 

2.3 

6.9 

6.7 

5. 

?-7 

6.7 

6.3 

10.1 

11.0 

14.1 

6.8 

2.7 

4.4 

9.0 

2.3 

4.3 

1.8 

6.2 

4.5 

continued... 
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Appendix I , Table 2. Amino a c i d s of Skeletonema m e n z e l i i . 

Sample No. 77 78 79 76 ' 

No. of c e l l s in _ 95% 
sample (x 106) 48.0 48.0 42.0 61.0 x s . d . C . I . 

Amino Acids pg(10 6 c e l l ) - 1 

Aspar t i c Acid 

Threonine 

Serine 

Glutamic Acid 

GLycine 

Alanine 

Valine 

Methionine 

I so leuc ine 

Leucine 

Tyrosine 

Phenylalanine 

H i s t i d i n e 

Lysine 

Arginine 

P a r t i a l P ro t e in 
yg(10 6 c e l l s ) " 1 

1.64-

0.61 

0.67 

1.96 

0.61 

0.73 

0.73 

0.20 

0.56 

0.92 

0.43 

0.56 

0.23 

0.96 

0.71 

11.52 

1.63 

0.61 

0.71 

1.95 

0.61 

0.73 

0.72 

0.23 

0.55 

0.92 

0.43 

0.56 

0.24 

0.80 

0.70 

11.39 

1.49 

0.33 

0.60 

1.75 

0.54 

0.63 

0.63 

0.15 

' 0.50 

0.82 

0.38 

0.50 

0.22 

0.73 

0.63 

10.14 

1.50 

0.55 

0.60 

1.80 

0.55 

0.68 

0.67 

-0.10 

0.51 

'0.84 

0.39 

0.52 

0.22 

0.75 

"0.65 

* 
10.33 

1.57 

0.58 

0.65 

1.87 

0.58 

JO.69^ 

0.69 

0.18 

0.53 

0.88 

0.41 

0.54 

0.23 

0.81 

0.67 

10.85 

0.08 

0.04 

0.05 

0.11 

0.04 

0.05 

0.05 

0.06 

0.03 

0.05 

0.03 

0.03 

0.01 

0.10 

0.04 

0.71 

0.08 

0,04 

0.05 

0.11 

0.04 

0.05 

0.05 

0.06 

0 .03 

0.05 

0.03 

0 .03 

0.01 

0.10 

0.0"4 

0.70 

\ 
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; Table 3. Amino acids of Chaetoceros calcitrans., 
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Sample No. 

No. of cells in 
sample < x 106) 

» 

Aspartic Acid 

Threonine 

* * 
Serine 

Glutamic Acid 

Glycine 

Alanine 

Valine 

Methionine 

Isoleucine * 

Leucine 

Tyrosine 

Phenylalanine 

Histidine 

Lysine 

Arginine 

Partial Protein 
yg(106 cells)"1 

87 

507.0 

* Amin 

*0.24 -

,0'.'12 

0.13 

* 0.*32 

0.11-

... °«16 

0.13 

0.04 • 

0.12 

0.19 

0.10 

0.12 

0.05 

0.15 

0.13 

2. ll" 
•t " 

84-

680.0 

o Acids 

0.24 

0.13 
• 

• ©.13 

0.33 

0.12 

0.17, 
« 

0.13 

0.05 

0.12 

0.20 

0.10 

• °'"HV 

0.05 1 

0.17/ 

t£l4 

2.21 

85 

547.0. 

>ig(106 

0.25 

*0.13 

0.13 

0.32 
• 

0.11 

0.17 

0.13 

0.05 

Q.12 

0.20 

0.10 

. 0.13 

N 0.05 -

0.16 

0.14 

,2.19 
« 

86 

374.0 • 

cells)"1 

0.26 

0.13 

0.14 

0.35 

0.12 
* 
0.17 

0.13 

0.04 

0.13 

.0.21 

0.10 

0.13 . 

0.05 

0.17 

. °'lf 
2.27 

1 

X 

• 0.25 

0.13 

o.p 

j . 33 

0.12 

0.17 

0.13 

0.05 

0..12 

0.20 

0.10 

0.13 

0.05 

0.16 

0.14, 

2.20 

s.d. 

COl 

0.01 

0.01 

0.01 

0.01 

0.01 

0.00 

0.01 

' 0.01 

, 0.01 

0.00 

0.00 

0.00 

0.01 

" 0.00 

.0.07 

95% 
C.I. 

0.01 

0.01 

0.01 

.0:01 

0.01 

0.01 

0.00 

0.01 

0.01 

0.01 

0.00 

0.00 
> 

0.00 

Q.01 

0,00 
* 

0.06 
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Appendix I, Table 4. Amino acids of Skeletonema costatui f\ 
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7 

Sample No. 
i 

No. of c e l l s in 
sample (x 106) 

Aspa r t i c 'Acid 

Threonine 

Ser ine 

Glutamic Acid 

Glycine 

Alanine, 

Valine 

Methionine 

I s o l e u c i n e 

Leucine 

Tyrosine 

Phenyla lan ine 

H i s t i d i n e 

Lysine 

Argihine 

P a r t i a l P ro t e in 
ug(10 6 c e l l s ) " 1 , 

89 

132.0 

90 

115.0 

Amino Acids 

.-0.73 

0.36 

0.35 

1.11 

0.36 

0.60 

0.36 

J>.08 

0.32 

0.55 

0.25 

• 0.36 

0.13 

0.51 

0.40 

6.47 
« 

0.75 

0.37 

0.^6 v 

1.13 

0.37 

0.62 

0.37 

0.11 

0.33 

"0.57 

0.26 

0.37 

0.14 

0:52 

0.41 

6 .68 

91 

96.0- -

yg'( 106 

0.77 -

0.37 

0.38 

1.14 

0.39 

0.64 

0.37 

0.0.8 

0'.43 

0.57 

0.27 

•0.38 

0.14' 

6.53 

0.42 

6.88 

88 

111.0 

c e l l s ) - 1 

0.77 "' 

0.38 

0.37 

1. 16 

0.37 

0.62 

0.37 

0.10 

0.50 

0.57 

0.27-- ' 

0.38 

0.14 

0.54 

0.42 

.6*96 

X 

0.76 

0.37 

-0 .37 

1.14 

0.37 

0.62 

0.37 

0.09 

0.40 

0.57 . 

' 0 .26 

0.37 

0.14 

0 .53 

0 .41 

6.75 

s . d . 

0.02 

0.01 

0.01 

•0.02 

0.01 

0.02 

0.01 

0.02 

0.09 ' 

0 .01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.22* 

95% 
C . I . 

0.02 

0.01 

0.01 

0.02 

0.01 

0.02 

0.01 

0.02 

0.08 

0.01 

0.01 

0.01 

0.01 

0.01 

0.00 

0.21 

/ 
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Appendix I , Table 5. Amine* ac ids of I soch rys i s j gaflbana T- iso , 

Sample No.*' ~ 

No.* of c e l l s , in« 
sample <X"10 6 ) ' 

« f . ' 

A s p a r t i c Acid o„ 

Threon ine 

S e r i n e 

Glu tamic Ac id ' 
* * 

G l y c i n e 

A l a n i n e ^ ' 

Va l i ne 

Me th ion ine - 4 * . ' 

I s o l e u c i n e 

Leuc ine 

T y r o s i n e 

P h e n y l a l a n i n e 

H i s t i d i n e 

Lysine 

A r g i n i n e 

P a r t i a l P r o t e i n 
u g ( 1 0 6 c e l l s ) " i 

' 81 83 

305 .0 239 .0 

Amino 

° ' 7 i -
0.39 

0 . 3 6 v 

1.01 

0 ,35 

0 .55 

0 .45 

0 .17 

0 .32 

0 . 6 5 
9 

0 . 2 8 

" 0 .37 

0 .15 

0 .45 

0 . 5 3 ' 

_6.76 

Ac ids 

o.W 

0 .39 

0 .35 

0 .96 

0 .34 

0 . 5 3 

0 .44 

0 . 1 3 

0 .32 

0.6\3 

0 .26 

0 .36 

0 .15 

0 .44 

0 .51 

"6.54* 

82" 

159 .0 
0 

' u g ( 1 9 6 

*6.75 

• 0 .40 

0 .37 

, 1.03 

0 .36 

0 ,56 

0 .44 

0 . 1 3 

0 . 3 3 

0 . 6 6 

0 .27 

0 .36 

0 .16 

0 .45 

0 * 5 % 

6 .81 

80 

118.0 . 

c e l l s ) " 

0 . 8 9 

0.47, . 

0 . 4 3 

1.22 

0 .42 

0 . 6 5 

0^52 

0*17 

0 .39 

0 .77 

0 . 3 2 

0.43* 

0 . 1 9 

0 .54 

0 . 6 3 ^ 

8 .04 

% 
v B 

X 

» i 
-1 " -

0 .78 

0.41* 

0 . 3 8 

1.06 

^ • 3 7 

0 .57 

0 . 4 6 ' 

0 . 1 5 

0 .34 

' 0 . 6 8 

0 . 2 8 

0 .38 

0 .16 

0 .47 

0.55, 

7 .04 

s . d . 

0 .00 

0 .04 

0 .04 

0 .11 

0 .04 

0 .05 

0 .04 

0 .02 
X-

0 .03 

0 .06 

0 . 0 3 , 

0 .03 

0 .02 

0 .05 

0 .05 

0 .68 

95% 
. C I . 

* 

0 . 0 8 

0 .04 

• 0 .04 

0 . 1 1 

0 . 0 4 

0 . 0 5 

0 .04 

0 . 0 2 

0 . 0 3 
N 

0 . 0 6 

0.*03 

0 . 0 3 

0 . 0 2 
V 

0 . 0 5 

0 .05 

0 .66 

\SS 

> f f i 
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Appendix I, Table 6. Amino acids of Dunaliella tertiolecta. 

Sample No. 

No. of cells in 
sample (x- 106) 

- , 

Aspartic Acid 

Threonine 

Serine 

Glutamic Acid 

Glycine 

Alanine 

Valine 

Methionine 

Isoleucine 

Leucine ^ 

Tyrosine 

Phenylalanine 

Histidine 

Lysine 

Arginine , 

Partial Protein 

75 

78.0 * 

73 

128.0 

Amino Acids 

1.86 

1.02 

0.95 

2.48 

1.00 

5' 

1.52 

1.13 

0.30 

0.77 

1.68 

0.74 

•-.1.02 

0.40 

1.28 

1.18 

17.33 

2.01 

1.13 

1.03' 

2-. 61" 

' 1.07 

1.63 

1.28 

0.34 

0.84 

1.79 

0.82 

1.11 

0.43 

1.33 

1.26 

18.68 

74"' 

78.0 

yg(106 

'2.05 

1.13 ' 

1.05 

2.65 

"1.11 

1.66 

1.25 

0.33 

0.86 

1.88 

0.84 -

1.15 

0.45 

1.43 

1.34 

19.18 

72 

94.0 

cells)" 

1.95 

1.08 

1.00 

2.60 

' 1.05 

1.58 

1.21 

•0.41 

0.82 

1.79 

0.81 

l.'lO 

0.43 

1.38 

1.30 

18.51 

X 

•1 

1.97 

1.09 

1.01 

2.59 

1.06 

1.60 

1.22 

0.35 

0.82 

1.79 

0.80 

1.10 

0.43 

1.36 

1.27 

18.43 

'„ 's .d. 

0.08 

0.05 

" 0.04* 

0.07. 

0.'05 

0",06 

0.07 

0.0.5 

0.04 

0.08 

0.04 

0.05 

0.02 

0.06 

'0.07 

0.78 

95% 
C.I. 

O.08 
/ 

0.05 

0.04 

0.07 

0.05 

0.06 

0.07 

0.05 

0.04 

0.08 

0.04 

0.05 

0.02 

0.06 

0.07 

0.77 
yg(106. cells) l 

/ 

\ 

GS 
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Appendix I, Table 7. Amin6 acids of Rhodomonas sp. 

Sample No, 

No. of cells in 
sample (x 106) 

92 93 94 95 

29.1 50.7 52.2- 56.2 

95% 
s.d, C.I. 

' 

Aspa*rt ic Acid 

T h r e o n i n e 

S e r i n e * ' 
> 

"Glutamic Acid 

G l y c i n e 

A l a n i n e 

V a l i n e 

Me th ion ine 
9 

I s o l e u c i n e 

Leuc ine 

T y r o s i n e 

P h e n y l a l a n i n e 

H i s t i d i n e 

Lys ine 

A r g i n i n e 

P a r t i a l - P r o t e i n 
p g ( 1 0 6 c e l l s ) " 1 

Am 

3.44 

1.98 

1.67 

4 . 9 1 

2 .02 

2 .72 

2 .26 

1.07 

1,64 

2 . 9 3 

1.77 • 

• 1.84 

0 .79 

2 .69 

2.67 

32 .50 

ino Acids 

4 . 0 2 

2 .15 

1,79 

5 .10 

2 .32 

3 .12 

2 .52 

1.01 

1.66 

2 .87 

1.84 

1.80 

, 0 .75 

2 .55 

2 .51 

3 6 . 0 1 

u g ( 1 0 ° 

3 .39 

1.80 

3 .03 

4 . 1 9 

1.93 

2.5<L 

2. ' l2 

0 .84 

1.39 

2 .42 

1.54 

1.52 

0 .62 

2 .21 

2 .16 

3 1 . 7 2 

c e l l s ) " J 

3 .34 

• 1.91 

1.57 

4 . 2 1 

1.71 

J. '3.82 

2.27 

0 .92 

1.44 

2 .25 

1.67 

t.6'5 * 

0-64 

-2T.il 

2 . 2 $ ' . 

JUVBJEr"-: 

L 

3.55 

1.96 

2.02 

4 . 6 0 

.a.oo • 

3.06 

2.29 

0 .96 

1.53 

2 .62 

1 . 7 1 ' 

1.70 -

0 .70 

", -2.39 -
A' 

. 2 . 41 ' 

L3S-M ' 

0 .32 

0 .15 

0 . 6 8 

0 .47 

0 . 2 5 ' 

0 .56 

0 .17 

0 . 1 0 

0 .14 

0 . 3 3 

- a : 13 

Q.15 

.•0.6s 

0.2.7 

0 . 2 3 ' 

2 . 0 3 

0 . 3 1 

0.15-

0.67 

I 0.46 

0 . 2 5 ' 

0 .55 

£ - 1 7 

p . 1 0 

0 . 1 4 

0 . 3 2 

0 , 1 3 

0 . 1 5 
% 

0 . 0 8 

0.2'6 

•• 0 . 2 3 

1*9.9 

S. J-

** 

y 

http://-2T.il


Appendix I, Table 8. Amino acids of Rhodomonas sp. cultured unde 
nitrogen limited conditions. 

Sample No. 

No. of cells in 
sample (x 106) 

97 98 99 

36.8 36..8 39.6 

Mino Acids ug(10 6 c e l l s W 1 

95% 
s . d . C . I . 

Aspartic Acid 

Threonine J 

Serine ^ 

Glutamic Acid 

Glycine 

Alanine 
i 

Valine J . 

Methionine / 

Isoleucine 

Leucine . -

Tyrosine 

Phenylalanine 

Histidine 

Lysine 

Arginine 

Partial Protein 2 
yg(106 cells)"1 

3.43 

1.97 

1.44 

4.34 

1.60 

2.43 

1.99 

).93 

1.36 

2.45 

1.71 

1.52 

0.63 

2.10 

1.88 

9.78 

?*91 

1.68 

1.29' 

3.85 

1.33 

2.12 

1.72 . 

0.74 

1.15 

2.08 

1.44 

1.27 

' 0.53 

1.79 

1.61 

25.51 

2.68 

1.64 

1.20 

3.40 

'1.37 

2.. 02 

1.S8 

'0.81 

1.08 

2.05 

1.50 

1^60 

0.62 

2.10 

1.88 

25.53 

3.01 

1.76 

1.31 

3.86 

1.43 

2.19 

1.76 

0.83 

1.20 

2.19 

1.55 

1.46 

0.59 

. 2.00 

1.79 

26.94 

0.38 

0.18 

0.12 

0.47 

..,0.15 

0.21 

0.21 

0.10 

0.15 

. 0.22/ 

0.14 

0.17 

' 0.06 

0.18 

0.16 

2.46 

0.43 

0.20 

* 0.14 

0.53 

0.16 

0.24 

0.24 

0.11 

/0.16 

"0.25 

0.16 

0.19 

0.06 

0.20 

0.18 

2.78 



Appendix 1, Table 9. Amino acids of Chaetoceros gracilis cultured ulth the complete 
f/2 nutrient media (control). 

Sample No. 27 30 18 21 24 33 45 46 47 51 52 

No", of cells In 
sample (x 106) 86.0 87.0 96.0 113.0 103.0 87.0 52.0 64.0 56.0 76.0 122.0 

t 
Amino Acids ug(106 cells) - 1 

Aapartlc Acid 0.97 0.97 0.94 0.94 1.01 1.07 1.42 1.43 1.45 1.45 1.06 

Threonine 0.47 0.47 0.45 0.50 0.47 0.44 0.63 "0.50 0.57 0.71 0.51 

Serine 0.44 0.45 0.46 0.49 0.49 0.52 0.57 0.58 0.59 0.72 0.5! 

Clutamic Acid 1.21 1.18 1.29 1.28 1.31 1.32 1.92 1.88 1.94 2..02 1.50 

Glycine 0.49 0.47 0.46 0.45 0.46 0.54 0.58 0.59 0.63 0.69 0.50 

Alanine 0.66 0.64 0.66 0.66 0.68 0.78 0.83 0.81 0.90 M.01 0.73 

Valine 0.51 0.51 0.51 0.51 0.52 0.58 0.62 0.65 0.64 0.77 0.57' 

Methionine 0.18 0.17 0.21 0.19 0.20 0.16 _ 0.20 0.25 0.25 0.30 0.23 

Isoleuclne 0.54 0.54 0.49 0.48- 0.49 0.59 0.61 0.64 0.63 0.71 0.52 

Leucine Q-.80 0.79 0.74 0.72 0.74 0.87 0.97 1.01 1.01 1.10 0.81 

Tyrosine 0.36 0.35 0.34 0.33 0.34 0.38 0.46 0.47 0.48 0.53 0.40 

Phenylalanine 0.51 0.49 0.47 0.47 0.47 "0.54 0.61 0.63 0.63 0.70 0.53 

Histidine 0.18 0.18 0.15 0.17 0.17 0.21 0.20 0.24 0.21 0.28 0.19 

Lysine 0.62 0.59 0.57 0.57 0.58 0.67 0.67 0.71 0.69 0.94 0.68 

Arglnlne 0.57 0.53 0.54 0.50 0.52 0.58 0.66 .0.69 0.70 0.79 0.58 

P a r t i a l P ro te l 
ug (10 6 c e l l s ) " 
P a r t i a l P r o t e i n 8.51 8.33 8.28 8.26 8.45 9.25 10.95 11.08 11.32 12.72 9.32 

n6 „ _ , i „ i - l 

cont inued . . . 

ON 



Appendix I , Table 9. ( c o n t i n u e d ) 

Sample No. 53 63 64 65 

No. of c e l l s In fMmm-
sample (x 106) 100.0 4970 46 .0 72.0 

Aspa r t l c Acid 

Threonine 

Ser ine 

Glutamic Acid 

Clyctne 

Alanine 

Valine 

Methionine ' 

I s o l e u c l n e • 

Leucine 

Tyrosine 

Pheny la l an ine 

H i s t i d i n e 

Lysine 

Arglnlne 

P a r t i a l P r o t e i n 
ug (10 6 c e l l s ) " 1 

1.09 

0 .52 

0 .53 

1.34 

0.51 

0.74 

0.57 

0.22 

0 .53 

0.82 

0.39 

0.52 

0.20 

0 .70 

0.60 

9.28 

1.45 

0 .65 

0 .68 

2.04 

0 .63 

0.'85 

0 .70 

0.32 

0.67 

1.04 

0 .48 

0.66 

0.26 

0 .88 

0.72 

12.03 

Aml-no 

1.41 

0.62 

0 .65 

1.99 

0.60 

0.82 

0.67 

0.28 

0.65 

1.01 

0.47 

0 .63 

0 .23 

0.80 

0.67 

11.50 

Acids 

1.25 

0.57 

0 .58 

1.75 

0.56 

0.81 

0.61 

0.27 

0 .58 

0.89 

Q.42 

0.57 

0.22 

0.74 

0 .61 

10.43 

69 71 70 100 101 102 

6 7 . 0 

ug( io 6 

1.44 

0 .69 

0 .69 

2 .10 

0 .67 

1.00 

0 .75 

0 .33 

0 .69 

1.08 

0 . 5 1 

0.67 

0 .25 

0 .88 

0 .78 

12.53 

6,9.0 

c e l l s ) 

1.34 

0 .64 

0 . 6 4 

1.94 

0 .62 

0 .93 

1.13 

0 .30 

0 .65 

1.00 

0 .48 

0 .63 

0 .23 

0 .85 

0 .71 

12.09 

6 2 . 0 

-1 

1.37 

0 .65 

0 .66 

1.9J 

0 .63 

0 .93 

0 .70 

0 .31 

0 .66 

1 . 0 2 , 

0 .50 

0.64 

0.24 

0.87 

0 .73 

11.84 

37 .1 

1.43 

0 .64 

0 .68 

1.91 

0.57 

0 .90 

0 .66 

0.27 

0.67 

0 .98 

0 .43 

0 .59 

0 .22 

0 .83 

0 .60 

11.38 

28 .9 

1.57 

0 .71 

0 .76 

2.09 

0.6"3 

0 .96 

0 .70 

0 .27 

0 .74 

1.10 

0 .49 

0 .64 

0 .26 

0 .94 

0.67 

12.53 

c o n t l 

28 .1 

1.72 

0 .80 

0 .84 

2.24 

0 .58 

1.35 

1.06 

0.27 

0 .97 

1.16 

0 .45 

0 .63 

0 .19 

1.02 

0 .64 

13.92 

n u e d . . . 

r-> 
C-J 



Appendix 1, Table 

Sample No. 

1o. of cell6 In 

sample (*x 106) 

Aspartlc Acid 

Threonine 

Serine 

Clutamlc Acid 

Clyclne 

Alanine 

Valine 

Methionine 

Isoleuclne 

Leucine 

Tyrosine 

Phenylalanine 

Histidine 

Lysine 

Arglnlne 

P a r t i a l P ro t e in 
ug(10 6 c e l l s ) " 1 

9 . ( c o n t i n u e d ) 

103 112 113 

69.4 20 .3 30.5 

Amino Acids ug 

1.42 1.72 J .49 

0.66 0.77 0 .68 

0 .68 0.84 0 .75 

1.95 2.21 1.93 

0 .60 0.72 0 .63 

, 0.92 0.90 0.81 

0.76 - 0.61 

0.30 0.32 0.21 

0.69 0.79 0.70 

1.04 1.20 1.04 

0.47 0.47 0.44 

0.65 0.70 0 .63 

0.15 0 .28 0.24 

0.87 0.96 0.84 

0.69 0.61 0.58 

11.85 12.49 11.58 

wj_ 

114 "115 s . d . 
95X 
C . I . 

28.1 

t06 cell. 

1.47 

0.66 

0.71 

1.90 

0.60 

0.73 

0.54 

0.29 

0.67 

1.01 

a. 42 

0.59 

0.20 

0.80 

0.54 

11.13 

38.0 

B)"1 

1.34' 

0.62 

0.67 

1.70 

0.56 

0.72 

0.59 

0.28 

0.62 

0.93 

0.40 

0.57 

0.20 

0.75 

0.54 

10.49 

1.32 

' 0.60 

0.62 

1.76 

0.58 

0.84 

0.66 

0.25 

0.64 

0.96 

0.43 

0.59 

0.21 

0.77 

0.63 

10.83 

0.23 

0.10 

0.11 

0.34 

0.07 

0.15 

0.15 

0.05 

0.11 

0.13 

0.06 

0.07 

0,04 

0.13 

0.08 

1.63 

0.09 

0.04 

0.04 

0.13 

0.03 

0.06 

0.06 

0.02 

0.04 

0.05 

0.02 

0.03 

0.01 

0.05 

0.03 

0.62 

«• • 

00 



Appendix I , Table 10.. Amino a c i d s of Chaetoceros g r a c i l i s c u l t u r e d under s i l i c a t e l i m i t e d 
c o n d i t i o n s . 

Sample No. 

No. Q{ c e l l s In 

23 26 29 32 35 41 36 37 38 39 " 40 48 

sample (x 10°) 4 8 . 0 48 .0 

• 

Aapar t l c Acid , 1 . 2 4 1.18 

Threonine 0.56 0.52 

S«r lne 0.61 0.59 

Glutamic Acid 1.42 1.35 

Glycine 0 .53 0.51 

Alanine * 0.64 0 .60 

Valine 0.60 0.55 

Methionine 0 .23 0.22 

I s o l e u c i n e 0.60 0.55 

Leucine 0 .93 0.86 

Tyrosine 0.38 0.38 

Pheny la lan ine 0.56 0 .53 

H i s t i d i n e 0.21 0.21 

Lysine 0.7Q 0.67 

A r g l n l n e ^ 0 .62 0.60 

P a r t i a l ProteTn 9.83 9.32 
(10° c e l U ^ " 1 

57.0, 4 8 . 

Amino 

1.09 1. 

0 .52 0 . 

0 .52 0 . 

1.18 1. 

0.51 0 . 

0.62 0 . 

0.57 0 . 

0.19 0. 

0.58 0 . 

0.86 0 . 

0.38 0 . 

0 .53 0. 

0 .20 0 . 

0.66 0 . 

0.59 0. 

9.00 9 . 

0 47 

Acids 

19 1 

52 0 

57 0 

27 1 

56 0 

65 0 

59 0 

22 0 

62 0 

94 I 

40 0 

58 0 

23 0 

71 0 

63 0 

68 10 

.0 59 .0 • 80 .0 65 .0 115.0 .83 .0 ' . ' rtfr.Q' 42.0 

u g ( l u 6 c e l l s ) " . 1 

.31 , I ."21 - l.<>8 -1.-18' -.^.'.Off 

.59 0.55 0.'44 0.46". 0.42-
A • - • ' - • • .- • 

.63 0 . 5 3 . -0..48 . ' . 0 - . w ' ' 0-45 
f* 

.41 • 1.37 ' 1,23 1.33 1.36 

.^g - 0 . 5 2 ' 0-. 50 Q.'i2 0.49 "_ 

.69 0 .65 .0.63 0 .63 0 .65 

.66 0.57*"" 0 .53 " ' o . 5 6 . - : .0.54' 

.27 0.24 0.24 0.25 0.22 

.83 0.55 O.-ST -0^55 " 0 . 5 * 

.02 0.90 0 .83 0..8-9 " - . ,0 .79 -

.44 £ .41 0v38- 'X) . '« 0.37..>' 

'-- • '* "*.; ," 

.63 0.55 0.52 0 .55 ' (J. 5G>' 

.20 0.21 0.19 Q.21\''A.}fi , 

.77 0.64 - 0 . 6 0 0.62* . 0 V « 

.'68 0.61 0.57 Q...&0 -0.58 

.75 9.51 8.74 9i.'3a 8 . 6 1 . ' ug l«) 

1.40 1.46 I ; 3 3 

0.70 0 .51 0.66' ' 

0.7.1 ,T0.'fo ,0.72 

1.-83 1.86 L.71 . . 

6 .63 " 0..67 " 0 .65 

0 . 8 / 0 \90 . . ' 0 .77 # 

0 .70 Q.75 0 . 7 0 . ". 

6 .28 0 .32 • 0 .32 

0.66--.. 0 .70 0.". 70 <* • 

1.64 ' 1.10' -1,11 ' 

"0.48 0**50 ,fl.5-3 

0.64; a .69 0.69 

0.-13 • 0 .28 0.29 . 

*0.68 0.71-' . ;0-:94 

0 .78 0.81 0.80« 

.11.63 11.91 11.92" ., 

c o n t i n u e d . . . 



Appendix I , Table 10. ( c o n t i n u e d ) 

Sample No. 49 50 54 55 

No. of c e l l s In 
sample ( x 1 0 ° ) 

A s p a r t l c Ac id 

T h r e o n i n e 

S e r i n e 

C l u t a m l c Acid 

G l y c i n e 

A l a n i n e 

V a l i n e 

M e t h i o n i n e 

I s o l c u c l n e 

Leuc l n e 

T y r o s l n e 

P h e n y l a l a n i n e 

H i s t i d i n e 

L y s i n e 

A r g l n l n e 

P a r t i a l P r o t e i n 
"u"g-(106 c e l l s ) " 1 

5 7 . 0 

1 .31 

0 . 6 4 

0 . 6 9 

1 . 6 0 

0 . 6 3 

0 . 8 1 

0 . 7 0 

0 . 2 9 

0 . 6 6 

1 .03 

0 . 4 8 

0 . 6 5 

0 . 2 6 

0 . 8 3 

0 . 7 3 

1 1 . 3 1 

7 8 . 0 

1 .32 

' 0. .64 

0 . 6 9 

1 .59 

0 . 6 3 

0 . 8 2 

0 . 7 0 

0 . 3 1 

0 . 6 5 

1 .03 

0 . 4 9 

0 . 6 5 

0 . 2 7 

0 . 8 7 

0 . 7 5 

1 1 . 4 1 

1 2 0 . 0 1 1 1 . 0 

Amino Ac 

0 . 9 3 

0 . 4 6 

0 . 4 6 

1 .14 

0 . 4 5 

0 . 5 8 

0 . 5 2 

0 . 2 3 

0 . 4 8 

0 . 7 4 

0 . 3 5 

0 . 4 7 

0 . 1 9 

0 . 6 0 

0 . 5 2 

8 . 12 

0 . 9 5 

0 . 4 6 

0 . 4 7 

1 .15 

0 . 4 5 

0 . 5 9 

0 . 5 2 

0 . 2 4 

0 . 4 8 

0 . 7 5 

0 . 3 5 

0 . 4 7 

0 . 1 8 

0 . 6 1 

0 . 5 3 

8 . 2 0 

• c 
c 

56 6X) 61 62 105 107 120 

9 7 . 0 80 .0 113.0 9 5 . 0 

Ids ug (10 6 c e l l s ) " 1 

1.05 1.11 1.06 1.00 

0 .51 0 .55 0.52 0.49 

0.52 0 .56 0 .53 0 .50 

1.29 1.42 1.33 1.26 

0 .50 0 .51 Q.49 0.47 

0 .66 0.64 0.67 0 .63 

0 .58 0 .80 0.59 0.54 

0 .26 0 .29 0 .26 0 .23 

0.54 0 .55 0.54 0 .49 

0 .83 0 .88 0.84 0 .78 

0 .39 0 .40 0 .40 0 .36 

0 .53 0.54 0.54 0 .49 

0.21 0 .21 0 .21 0 .19 

0 .70 0.71 0 .68 0.62 

0 .59 0.64 0.62 0..56 

9.16 9.81 9 .28 8.61 

40 .4 63 .4 4 9 . 9 

1.87 

0 . 9 0 

0 . 9 5 

2 . 3 0 

0 . 9 6 

1 .21 

1 . 1 3 

0 . 4 9 

1 . 1 2 

1 .72 

0 . 7 9 

H 1 0 

0 . 3 7 

1 .47 

1 .21 

7 . 5 8 

1 .76 

0 . 8 4 

0 . 8 8 

2 . 1 8 

0 . 8 4 

1 .03 

0 . 9 7 

0 . 4 7 

0 . 9 1 

1 . 4 3 

0 . 6 8 

0 . 5 0 

0 . 3 8 

1. 18 

1 .04 

1 5 . 0 9 

1.77 

0 . 8 5 

0 . 9 1 

2 . 2 3 

0 . 8 2 

1 .13 

0 . 9 4 

0 . 3 9 

0 . 8 7 

1 .32 

0 . 6 2 

0 . 8 7 

0 . 3 3 

1 . 0 9 

0 . 8 4 

1 4 . 9 8 

c o n t l n u e d 

4^ 
O 
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Appendix I, Table 10. (continued") 

951 

Sample No. 1*21 123 124 125 126 127 x s.d. C.I. 

No. of c e l l s In 
s-ample (x 10 6) 48 .0 40.7 127.3 105.5 81 .7 161.6 

Amino Acids ug (10 6 c e l l s ) " 1 

Aapar t l c Acid 1.61 1.75 0 . 6 3 " 0.64 0 .65 0 .65 1.20 0 .34 

0 .80 0 .84 0 .30 0 .30 0 .32 0 .32 0 .56 0.17 

0 .83 0.89 0.34 0.42 0 .43 0.39 0 .60 0 . 1 7 ' 

Clutamlc Acid 2.12 2.16 0 .73 0 .69 0 .70 0 .73 1.45 0 .46 

Glycine 0 .81 0 .79 0 .28 0 .25 0.27 0.\b 0 .56 0 .18 

Alanine 1.09 1.11 0 .36 0 .35 0 . 3 5 0.37 0 .71 0 .23 0 .08 

0 .88 0.91 0 .32 0 .35 0 .31 0.37 0 .64 0 .20 0.07 

Threonine 

Se r ine 

0. 12 

0.06 

0.06 

0. 16 

0.06 

0.43 0.39 0 .15 0 .12 0.12 0 .14 0 .27 0.09 0.03 

Valine 

Methionine 

I s o l e u c l n e 0.84 0.86 0 . 3 0 0 .33 t ) .32 0 .32 0 .61 0 .19 0.07 

Leucine 1.30 1.29 0 .46 0.46 0 . 4 6 . 0 .46 "0.93 0 .29 0 .11 

Tyros ine 0.62 0.S9 0 .21 0 .19 0 .20 0 .20 0 .43 0.14 0 .05 

P h e n y l a l a n i n e - 0 .88 0 .85 0 .30 0 .28 0 .28 0 .31 0 .58 0 .18 0.07 

H i s t i d i n e 0 .28 0 .30 o ' . l l 0 .10 0 .11 0.1(1 0.22 0.07 0 .03 

Lyolne ' 1.08 1.06 0 .38 0.39 0 .39 0 . 3 | 0 .73 0 .25 0.09 

Arg ln lne 0.87 0 .82 0 .31 0 .28 0 .28 0 .30 0 .65 0 .21 0 .08 

P a r t i a l P r o t e i n 14.44 14.61 5.18 5.15 5.19 5.&0" 10.13 * 3 . 1 1 - 1.12 

ug(10° c e l l s ) " 1 



Appendix I, Table 11. Amino aclda of Chaetoceros gracilis cultured under nitrogen limited conditions. 

Sample No. 42 44 43 25 19 31 28 22 58 57 59 66 

No. of cells In 

sample (x 105) 26.0 44 .0 48 .0 104..0 103.0 107.0 114.0 111.0 73.0 70.0 53.0 52 .0 

Amino Acids v,g( 106j c e l l s ) _' 

A s p a r t l c Acid 

Threonine 

Ser ine 

Glutamic Acld_ 

Glycine. 

Alanine 

Valine 

Methionine 

I s o l e u c l n e 

Leucine 

Tyros ine 

Pheny la l an ine 

H i s t i d i n e 

Lysine 

Arglnlne 

P a r t i a l P r o t e i n 
UgdO 6 c e l l . ) " 1 

0.66 

0.32 

0.31 

0 .75 

0.28 

0.32 

0 .28 

0.09 

0 .29 

0 .48 

0.19 

*0.26 

0.09 

' 0 .33 

0.23-

v5 

0.56 

0 .26 

0.27 

0.64 

0 .25 

0 .23 

0 .21 

0 .08 

0.26 

0 . 4 2 

0 .18 

0.25 

0.08 

0.29 

0 . 2 } 

4". 21 

0.53. 

0.21 

0.25 

0 .59 

0 . 2 3 

0.27 

0.19 

0.10 

0,24 

0 .39 

0.17 

0 .23 ' 

0 .08 

0 ,28 

0 .21 

3 . 9 7 ^ 

0 .50 

0 .33 

0.27 

0.57 

0 .23 

0.27 

0 .25 

0 .10 

0 .25 

0 .39 

0 .18 

0.24 

0.09 

0.29 

0 .25 

4.21 

0 .49 

0 .25 

0.26 

0 .56 

# * fP™ 
U» _/ 

0.24 

0.09 

0 .25 

0.37 

0.17 

0 .13 

0.09 

0 .28 

0.24 

4.02 

JTX 
0.24 . 

v^O.26 

0.54 

\ '-"0.24 

0.*29 

0.27 

0 .06 

0.27 

0 .40 

0 .16 

0 .25 

0.09 

0.*30 

0.24 

4.12 

0 .45 

0 .20 

0 .23 

0 .45 

• 0 .21 

0 .25 

0 .23 

0.09 

0.24 

0 .35 

Q.16 

0.22 

0 .08 

0 .2* 

0.22 

3.64 

0.49 

0 .22 

0.24 

0.56 

0.22 

0.27 

0.24 

0 .10 

0 .25 

0 .38 

0.17 

0.24 

0 .08 

0 .29 

0.24 

4 .00 

0 .59 

0 .33 ' 

0.32 

0 .68 

0.27 

0.31 

0.27 

0.12 

0.2& 

0 .45 

0 .21 

0 .28 

0.12 

0 .35 

0 .28 

4.86 

0 .60 

0 .32 

0 .33 

0 .70 

0.27 

0 .33 

0 .28 

0 .13 

0 .30 

0 .46 

0 .22 

0 .29 

0 .13 

0.37 

0.29 

5.02 

0.67 

0 .40 

0.37 

0.76 

0 .30 

0 .33 

0 .30 

0 .13 

0 .32 

0 .50 

0 .23 

0 .32 

0 .15 

0 .40 

0.31 

5.49 

cont i i 

0 .42 

0.19 

,0.23 

0 .46 

0 .18 

0.20 

0 .15 

0.09* 

0 .20 

0 .31 

0 . 14 

0 .18 

0 .08 

0.25 

0.17 

3.25 

nued 



Appendix I, Table 11. (cont inued) 

Sample Ko. 67 68 108 

No. of c e l l s in 
Sample (x 106) 63.0 72.0 54.0 

109 

39.7 

110 

27.8 

Amino Acids ug( 10° c k l l s ) " 1 

131 

475.0 469.0 

s . d . 
95X 
C.I . 

Aapartlc Acid 

Threonine 

Serine 

Clutamlc Ac.ld 

Clycine 

Alanine 

Valine 

Methionine 

laoleuctne 

Leucine 

Tyrosine 

> -* 
Phenylalanine 

His t id ine 

Lysine 

Arglnlne 

Part ial Protein 
ug(106 c e l l s ) " 1 

\ 0 .49 

"0.'22 

0.27 

0.54 

0.22 

0.24 

. 0 .20 

0.11 

0 .23" 

0.37 

0.17" 

0.22 

0.10 

Q.28 

0.21 

3.87 

0 .46 

0.22 

0.25 

0.53 

0.20 

0.25 

0.20 

0.09 

0.22 

0.34 

0.16 

0.21 

0.08 

0.27 

0.21 

3.69 

0.61 

0.28 

0.32 

0.67 

0.26 

0.32 

0.22 

0.13 

0.29 

0.47 

0.19 

0.27 

0.07 

0 .37 

0\.24 , 

4.71 

0.77 

0.35 

•0.40 

- 0.84 

0.32 

0.39_ 

-

0.'l5 

0.36 

0.59 

0.25 

0.34 

0.08 

0.46 

, 0.31 

5.61 

0 .73 

0.31 

0.44 

0.J2 

0.32 

0.36 

-

-

0.33 

0.54 

0.18 

0.25 

-

0.36 

0.24 

4.78 

0 . 8 6 \ 

0.41 

0.47 

0.99 

0.41 

0.46 

-

0.19 

0.44 

0.72 

0.25 

0.38 

0.17 

0 .58 

0 .63 

6.98 

0.37 

0.18 

0.19 

0.45 

0.16 

0.26 

0.22 

0.08 

0.19 

0.27 

0.12 

0.18 

0.07 

0.22 

0.18 

3.14 

0 .33 

0.16 

0.16 

0 .43 

0.16 

0.20 

0.19 

0.08 

0.17 

0.26 

0 .13 

0.19 

0.07 

0 .20 

0.18 

2.91 

0 .33 

0.16 

0.17 

0.42 
• 

0.16 

0.20 

0. 19 

0.08 

0.17 

0.26 

0.12 

0.19 

0.07 -

0 .20 

0.18 

2.90 

0.54 

0.26 

0.29 

0.61 

0.24 

0.29 

0 .23 

0 .10 

0.26 

0.42 

0.18 

0.25 

0.09 

0 .32 

0.25 

4.30 

0.14 

0.07 

0.08 

0.15 

0.06 

0.07 

0.04 

0 .03 

0.06 

0.11 

0.04 

0.05 

0.03 

0.09 

0.10 

0.99 

0.06 

0 .03 

0.04 

0.06 

0.03 

0 .03 

0.02 

0.01 

0.03 

0.05 

0.02 

0.02 

0.01 

0.'04 

0.04 

0.42 

- \ 
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ALGA1. LIPID AND FATTY ACfDS ' - ' ' ' 1 4 4 

Table 1, Fatty ac ids of se lected phytoplankton'species .'..>'' 147 

Table 2, The fa t ty acid composttion (weight,%) of Isochrysis 

galbana T-iso a t various temperatures , . . . 255 

Table 3. The fa t ty acid composition (weij£fc4r>BO of 

Thalassiosira pseudonana (3H) a t varyous tempera

tures . . . . . . 1^6 

Table 4. The fa t ty acid composition (weight X) of 

Tetraselmis sp. at v a r i o u s t e m p e r a t u r e s \ 5 7 

Table 5. The fa t ty acid composition (weight t) of . 

Isochrysis galbana 'f-isTo c u l t u r e d at 23° „C • ••••*»• 158 
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Table 1^' The fatty acid compjgsition (weight %) Chaetoceros 

^gracilis cultured with the complete*f/2 nutrient 

media (control) * 

"Table 11. Fatty acid composition (weight %) of Chaetoceros 

gracilis cultured under silicate limited 

conditions 
i 

Table^12. Fatty acid composition (weig'ht %) of Chaetoceros 
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V 
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I 

168 

171 

174 
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Appendix IT, Table 1. Fatty actds of selected phytoplankton species. (From Enrlght and Newkirk, 1982) 

. - . , " . ' * . ' • 12:0 14:0 15:0 16:'0 16:1 16:1 16:1 16:2 16:2 16:2 1C.-3 16:3 

.- - * • 

Pavlova lutheri 

• 

Tetraselmis suecica 

Dunaliella .tertiolecta 

Prymnesium parvum 

Isochrysis qalbana 

Drcratena lnornata 

* 

Cricosphaera carteraa 

Thalassiosira pseudonana 

Cryptomonas sp. 

' 

Langdon + Waldock, 1981 

'Chuecas • Riley, 1969 

Langdon + Waldock, 19 01 

Langdon + Waldock, 1931 

Chuecas • Riley, 1969 

CHueeus + TRiley,, 1D69 

Chuecas • Riley, 1969 

Uatanabe f Ackman, 1974 

Chuecas + Riley, 1969 

Watanabe + Ackman, 1974 

Chuecas • R>ley, 1969 

Kates + Volcani, 1966 

Beach et Al_. , 1970 

1 

1 

\ 

, 

11 

9 

* 

2 

6 

C 

b 

11 

1 

12 

9 

5 

6 

T " 

T 

1 

1 ' 

1 

4 

23 ' 

10 

25 

16 

13 

' 16 

16 

22 

16 

• 30 

9 

24 

4 

• 

fl 
26 

20 

2 

4 

s 

10 

10 

14 

8 

10 

21 

30 

2 

• CJ9 

: * 

2 

1 

' 5 ' 

r 
l • 

- 2 

w4* 

5 

" 3 

2 

2 

1 

6 

3 

, • 

«6 

1 

_T 

2 -

ft" 

» 

u7 

1 

2 

T 

2 

T 

T 

T 

4 

3 

T 

u.3 

T" 

1 

2 

5 

T 

'. 

6 

u-1. 

IS-

5. 

, 1 

1 , 

2. 

15 

4 

T 

k 

f 

» 



Appendix II, Table 1. (continued-) 

J 

1 6 . 4 1 6 : 4 1 7 : 0 1 8 : 0 1 8 : 1 / 1 0 : 1 1 8 : 1 1 8 : 2 1 8 : 2 1 8 : 2 1 8 : 3 18.-3 

r->vlova l u t h e r i 

7 r t r a " ; e l m i S s u e c i c a 

D u r a f i c l l i t e r t i o l e c t a 

F r y m n e s i u f parvum 

I s o c h r y s i s q a l t i i n a 

D i c r a t e r : a i n o r n a t a 

C r i c o s p h a e r a c a r t e r a e 

7 - v a l a s s i o ^ i r a pseudonana 

Cryptoror .as s o . 

, 

Langdon >• V'aldock, 1981 

Chuecas + R i l e y , 1?69 

Langdon + U a l d o c k , 1981 

Langdo-i + U a l d o c k , 1981 

C h u e c a s • R i l e y , 1969 

C h u e c a s + R i l e y , 1969 

C h u e c a s + R i l e y , 12S9 

Watanabo + Ackman, 1974 

rChuccas • R i l e y , 1969 

Watanabe + Ackman, 1974 

C h u e c a s • R i l e y , 1969 

K a t e s , V o l c a n i , 1966 

Beach f t n l . , 1970 

u l 

7 

7 

•f 

i 

T 

u>3 

T ' 

11 

12 

• 

• 

T 

' 

1 

T 

ft 

2 

T 

2 

1 

• 

2 

T 

2 

T 

2 

-

3 

co7 

3 

T 

T 

( 1 
S 

5 

-

ui9 

3 

•6 

. 2 3 

7 

8 

25 ' 

25 

4 

17 ' 

10 

3 

u3 

/ 

11 

11 

13 

«4 
i 

0 

.» 

u6 

3 

2 

9 

6 

18 

18 

: 

5 

* 3 

3 

2 

u3 

v l 

10 

31 

8 

• 

T ' 

3 

7 

w6 

T 

T 

4 

1 

T 

T 

T 

T 

T 

T 

OO 
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Appendix II Table I. (continued) 18:< 20.1 20.1 20:1 20:1 20.2 20:2 20:2 20:3 20;3 20:-
/ 

~x^_/ 

Pavlova lutheri 

Tetraselmis suecica 

Dunaliella tertiolecta 

.t-v 

Pr/nnesiuro parvum 

Isochyrsis galbana 

• -. 

Dicrateria inornata 

Cricosphaera carterac 

Thalassiosira pseudonana 

Cryptomonas sp. ^> 

Langdon + Waldock, 1981 

Chuecas t Riley, 1969 

, -w3" 

4 

1 

Langdon + Waldock,' M 8 1 4 

Langdon • Waldock, 1981 

Chuecus +"Riley, 1969' 

Chuecas • R-ilcy, 1969 

Chuecas • Riley, 1969 

Watanabo + Ackman, 1974 

Chuecas + Riley, 1969 

Watanabo + Ackman, 1974 

Chuecas + Riley, 1969 

Kates • Volcani, 1966 

Beach et al_. , 1970 

1 

.8 

2 

2 

8 

20 

T 

2 

T • 

44 

' 

u7 

1 -

1 

T 

M9 

* 

i 

T 

4 

ull 

1 

-

T 

T 

• 

u6 

T 

T 

T 

, 

u9 

1 

1 

T 

T 

"T 

u3 

* 

' 

• 

* 

u6 

-

2 

• 

2 

1 

1 

1 

-

, u3 

T 

1 

4 

1 

1 

T 

1 

. 

\ 



Appendix II, Table 1. (continued) 
20:5 22.1 22:1 22:1 22:1, 22:2 22:3 22:4 22:5 22:S 22:6 2-1:0 

Pavlova "lutheri 

Tetraselmis suecica 

Dunaliella tertiolecta 

Trymnesiura parvum 

lsochrfsn galbana 

Dicrateria inornata-

Cncosphaera carterae 

Thalassiosira pseudonana 

Cryptomonas sp. 

J 
Lanfldon • Waldock, 1981 

Chuecas * Kiley, 1969 

Langdon t Waldock, 1981 

Langdon t Waldock, 1981 

Chuecas + Riley, 1969 

Chuocas • Riley, 1969 

Chuecas * Riley, 1969 

Watanabo * Ackman, 1974 

Chuecas + Riley, 1969 

Watanabo + Ackman, 1974, 

Chuecas • Riley, 1J>69 

Kates * Volcani, 1966 

Boach et al., 1970 

u3 

14 
I 

19 

8 

10 

5 

4 

7 

8 

1 

20 

21 

16 

u7 

T 

T 

u9 

-

1 

. : 

L.13 

T 

» 

„ 

T 

1 

ui 

• 

*. 

' 

• ^ 

• 

cJ 

T 

3 

6 

1 

1 

3 

%' 

06 

1 

~v 

-3 

8 

4 

T 

'. 

10 

T 

T 

T 

1 
• * 

U1 

o 
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Appendix II. Table 1. (continued) ' y ^ ~~~~~ 

1 2 : 0 1 4 : 0 1 5 : 0 1 6 : 0 1 6 : 1 1 6 : 1 1 6 : 1 1 6 : 2 1 6 j 2 1 6 : 2 1 6 . 3 1 6 : 3 

Rhodomonas sp. 

Skeletonema costatum. 

•-

Chaetoceros 
soptcntrionale 

'hieodjctylun tr icornutur. 

-

1. 

Chuecas t'Riloy, 1969 

Chuecas- • Riloy, 1969 

Ackman et al., 1964 
(2 day oTdF" 

Ackman et nl., 1964 
(10 day oldT 

Chuecas • Rllcy, 1969 

Chuecas » Riley, 1969 

Katas • Volcani, 1966 

1 

10 

6 

10 

33 

t> 

i 

3 

T 

T 

1 

1 

T 

T 

13 

11 

9 

7 

11 

11 

15 

u7 

5 

22 

18 

17 

19 

27 

30 

u9 u4 

4 

9 

7 

3 

9 

6 

4 
^ u6 u7 

-

3 

1 

1 

2 

5 

3 

u3 u< 

11 

5 

6 

9 

10 

7 

Ln 
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Appendix II. Table 1. (continued) 

\ 

• 

Rhodomonas sp. 

5<clctoneira costatum 

Chaetoceros .. 
soptent cittnale 
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Appendix II, Table 1. (continued) 
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Appendix II. Table 1. (continued) 
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Appendix II., Table 2. The fatty acid composition (weight %) of Isochrysis 
galbana T-iso at various temperatures, 

-

F a t t y Acid 

14:0 

14: lto7 + u.5 

15:0 

16:0 . 

16:la.9 

16: 1^7 

16 : 2^6 

16 :3 -6 

16:4o-3 

1 8 : 0 

18:1_9 

* 18:2u6' 

18:3x3 • 

18:4w3 

20: Q -̂  

.20:5*}3-

22:60,3 

y To t a l L ip id . 

(% d r y w t . ) 

, (% f r e s h w t . ) • 

, 8 ° C 

< 17 .52 

0 . 5 1 

0 .67 

15.74 

0 . 8 6 

7 .12 

0 .47 

1.04 

0 .06 

1.-84 

36 .16 

5 .60 

2 .34 

6 . 1 6 

0 .92 

1.23 

1.74 

14 .0 

5 .1 

15°C 

, 

17 .03 

0 .46 

0 .32 

8.60 

0 .44 

5 .08 

0 .69 

1.07 

0 .01 

0 .41 

21 .55 
• • 

5 .1« 

6..26 

20 .62 

3.56 

0 .47 

8 .30 

12 .0 

3.2 

20°C 

, 

14.54 

0 .24 

0 .19 

12.24 

' 1 . 2 5 ' 

2 .76 

0'.47 

0 . 7 8 

0 .07 

0 .46 " 

22 .66 ••» 

5 .06 

6 .75 

20 .20 

2 .03 

0 .32 

9 .97 

17.0 

4 . 6 

25°C 
-

2 1 . 1 6 

0 . 2 6 

0 .27 

10 .89 

Q.22 

. 5 ,81 

0 . 6 9 

2 . 1 0 

0 . 1 1 

0 . 1 5 

14 .44 

• 4 . 1 9 

5 .11 

2 1 . 3 9 

1.38 

0 . 2 6 

8 .56 

23.J0 

6 .2 

25-30°C 

2 2 . 9 8 

0 . 2 0 

. 0 . 3 4 

13 .35 

0 . 3 0 

4 . 6 1 

1.01 

0 . 4 9 

0 . 0 1 

0 . 5 3 

17 .10 

6 .10 

. 6 .49 

18 .24 

0 . 7 3 

0 . 4 9 

7 .02 

2 8 . 0 

7.6'': 
-t ., 

Note: The. 4a ta -presented on t a b l e s 2 through 4 *were obtai-ned to 1982 , 
through c o l l a b o r a t i o n ' w i t h Mr. D. J a c k s o n , a hi^-h s c h o o l , "who^ • 
was working on a ;S£ience project- in Dr-. J . C a s t e l l ^ l a b o r a t o r y . . 

i -



156 
Appendix II, Table 3. The fatty acid composition (weight %) of 

Thalassiosira'pseudonana (3H) at various 
temperatures. 

F a t t y Acid 

1 4 : 0 ' 

14:1OJ7 + 

15:0 

15:1 

16:0 

16: 1OJ9 + 

16:2co6 

16:3a)6 

16:3u3 

16:4^3 

18:0 

18: 1_9 

18: 1_7 

18:lco5 

18:2cu6 

18:3(^3 

18:4<D3 

2 0 : ^ 6 

20: 5(o3 

22:6w3 

-

u)5 

0)7 

T o t a l L i p i d 

(% d r y wt 

(% f r e s h 

. ) 

w t . ) 

8°C 
f 

9.-59 

0 . 5 1 

2 . 1 3 

0 .17 

7 .16 

22 .74 

11 .89 

2 .09 

15 .54 

. 6 .61 

0 .42 

0 . 2 0 

1.16 

0 . 1 1 

0 . 1 1 

0 . 0 6 

7 .14 

0 .07 

10 .88 

1.33 

, 

2 3 . 0 

6 .9 

15°C 

7 .13 

-

1.75 

-

17.02 « 

2.7.91 

1.24 

4 . 4 2 

15 .21 

4 . 9 3 

0 . 5 4 

-

0 . 8 6 

0 .04 

0 . 2 9 

0 . 0 2 

9 .47 

-

7 . 9 5 

1.68 

4 2 . 0 

13 .0 

20°C 

5 .25 

-

0 . 6 0 

0 

27 .99 

33 .51 

1.26 

2 .25 

4 . 7 0 

0 .06 

' 0 . 4 7 

-

0 . 6 0 

o.o-i 

0 .52 

0 . 0 3 
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0 .09 

13.37 

0 .67 

2 2 . 0 

6 .8 

25°C 

} * 

• ' 8 . 1 3 • 
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0 . 1 3 
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" 2 8 . 1 2 
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14 .16 

1.44 
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26,, 11 
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1.25 

. ' 8 . 0 1 

4 . 3 6 

0 . 1 4 
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0 . 3 6 

0 . 8 5 

» 0 .02 

0 . ^ 5 

0 . 0 4 

3 .96 

0 . 1 2 

15 .95 

1.28 

6 . 0 
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Appendix II, Table 4. The fatty acid composition (-weight %) of 
Tetraselmis sp. at various temperatures. 

15°C 20°C - 25-30°C 
F a t t y Acid 

1 2 : 0 

14 :0 

14 :1 

15 :0 

16 :0 

16:loo9 

18:2036 

17 :0 

1 6 : 3 O J 6 

1 6 : 3 ( D 3 

16 :4u3 

18 :0 

1 8 i l u 9 
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18:4a)3 

2 0 : 0 

2 0 : 1 

20:4o)3-
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2 .49 

16.74, 

9 . 0 0 

1.24 
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Appendix I I , Tsfble 5. The f a t t y ac id composit ion ("veig-ht %> of. I s o c h r y s i s 
galbana T- i so c u l t u r e d a t 23°C - • ., 
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Appendix II,' Table 5. (continued) 
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^cpendlx - I I , Table 6. Fatty acid composit ion (weight I ) oJ • T h j a a s s l o s l r a pseudonana OK) 
cul tured wtth the complete f /2 nutroSij&bedl*' ( c o n t r o l ) . 
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Appendix II, Table 6. (contended) 
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Appendix II, Table. 6. (continued) 

' * • . . ' 
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Appendix I I , Table 7 •>' Fatty acid composition (weight I ) of T h a l a s s i o s i r a pseudonana 
, (3H) cultured under s i l i c a t e H a l t e d c o n d i t i o n s . * 

Saturated 

12:6 

13:0 

14:0' k 

15:0 

„16:0 

17:0 

18:0 

Total 

'Mofioethylenlc^ 

14:lu9 

1/.: Iu7 

14:lu5 

15:lu8 

15:lu6 

1.02 

£2.88 

2.18 

0,29 

0.09 

0.33 0 . 0 8 , - 0.27 

10.16 10.33* " 9 . 1 4 ^ . 1 0 . 9 5 4 

0.99 

23.05 

2 . 3 2 , 

0 .23 

1.05 1.34 

24.26 27.45 

2.1<& 1.53 

0.51 

0.36 
t 

0.08 

; - -

0.54 

36-.86 . 37.00 37.42 41.81 

s . d . 
951 
C.I. 

-

0. 15 

10.57 

1.32 

34 .'86 

0 .96 

0 .63 

48 .49 

0.04 

0.O6 

11.26 

1.48 

36.58 

0 .79 

• 
0.55 

50.-76 

0.07 

0 .18 

10.40 

1.20 

28 .18 

1.65 

0 .46 

42 .06 

0.04 

0 .12 

0.74 

0 .21 

6.09 

0 .66 

0 .16 

6 .18 

2 

5 

6 

6 

6 

6 

6 

• 6 

0 .05 

0 . 1 0 

0 .59 

0 .16 

4.87 

*0.53 

0 .13 

4 .95 

0.27 • o.to 

0.12 

-

-. 

0.10 

0.38 

-

0.89 

0.45 

0 .48 

-

0.51 

0 .36 

"̂" 

0.39 

0.12 

0 .96 

0.55 

_ -

0.47 

0 .20 

"0.61 

0.43 

0.35 

0.14 

0.4t) 

. 0.10 

1 

0.14 

3 

4 

3* 
<9 

6 

0.16 

0 .40 

0.11 

. 

0.11 

continued. 
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Appendix I I , Table 7 

V 
t 

• 

* 

• 

-

' 

Monoethylenic 

16:l«>7 

18:1^9 

18:lu7 

24:1 

Total 

Polyethylenic 

16:2u6 

16:3u6 

. 16:3-3 

16:41)3 

18:2u6 

18:3u6 

I8:4u3 

20:5w3 

22:5 

22:6w3 

Total 

^ 

33.63 

0 .40 

0.41 

-

35.07 
1 

1.14 

0 .65 

4.04 

0.33 

0.39 

0.16 

5.19 

. 10.39 

0.09 

1.55 

23.93 

(cont inued) 

4 
951 

s . d . n C.I . 

38.91 39.20 37.37 2.29 6 1.83 

0.50 0.66 0.50 0.36 0.29 0.45 0 .13 6 0.10 

0.47 0.48 0.21 1.00 1.09 0.61 0.35 6 0.28 
i » 

. 0.61 0.30 0.11 0.11 0.28 0.24 4 Q.23 

40.39 38.02 ' 40.40 41.64 42.79 39.72 2.78 6 2.22 

1.39 

0.50 

4.61 

0.44 

0.75 

-

5.74 

8.32 

0.77 

22.52 

1.11 

0.54 

4 .13 

0.32 

0.78 

0.14 

4 .65 

9.29 

0. 14 ' 

0 .84 

21.94 

0 .50 

0 .56 

2.28 

0.24 

0.56 

0.09 

3.63 

6.37 . 

0.11 

0 .59 

14.93 

0 .38 

0.14 

1.29 

0.19 

Q.20 

-

2.53 

, 2.99 

0^10 

0 .20 

8.02 

0.34 

0 .14 -

0 .92 

0.12 

-

-

1.49 

1.49 

0 .09 

0.40 

4.99 

0.81 

0 .42 

2.88 

0.27 

0.54 

0 .13 

3.87 

6.48 

0.11 

0 .73 

16.06 

0 .46 

0.22 

1.59 

0.11 

0.25 

0.04 

1.63 

3.57 

0 .02 

0.47 

8.08 

6 

6 

6 

6 

5 

3 

6 

6 

5 

6 

6 

c o n t l 

0 .36 

0 .18 

1.27 

0.09 

0.21 

0.04 

1.31 

2.86 

0.02 

0.37 

6.47 

nued. . , 

as 



. • • ' > . 

\' ' ' 

Appendix II, Table 7. (continued) 

T o t a l u)6 

T o t a l u)3 

T o t a l o)9 

T o t a l o)6/o)3 

TotaJ. L ip id 
(X f r e s h w t . ) 

1 

2 .61 

21 .50 

0 .76 

0 .12 

5 .3 

2 

2 .74 

19.88 

0 .50 

0 .14 

5 .7 

_ 3 

2 .95 

19 ,23 

0 .78 

0 .15 

5 .2 

4 

2 .19 

13. 11 

0 .50 

0 .17 

3.2 

\\ 

\>* 

7 

' l i l l 

7.,20 

0 .36 

0 .15 

4 . 4 

8 

0 . 9 5 

' 4 . 42 

0 .41 

0 . 2 1 

. 4 . 5 

X 

2.09 

14.22 

0 .55 

0 .16 

•4.7, 

s . d . 

ol~86 

7.17 

*0 .18 

, 0 . 0 3 

0 .89 

n 

6 

6 

"6. 

6 

6 

95% 
C . I . 

0 .69 

5i 73 

0 .14 

0 . 0 3 

0 .71 

./. 

as 
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Appendix II, TdVIe Jf. Lipid level of Rhodomonas sp. cultured with the complete 
f/2 nutrient ra^ia (control) and under nitrogen limited 
con'd'itiona.. -a • ''" 

. 9 . - ' ' \ . \ i " • " 

; . - • ' ' < \ \ \ 
-CODVPQI - ' -' • N i t r o g e n L i m i t a t i o n 

' - - * . " K^\ 
'• , Culture ,ug(10" cel'isV*. t fresh ' * Culture Ug"(106 cells) l X fresh 

'« ' Dates wt. ,, ' Dates * wt. 

v. 

» 
- i 

i -.. 

t f r e s h 
w t . ,. 

?s 7 " . 
"e.6 
• 

7 ' 5 v ^ _ 
• 

6 .6 

• 

~V 

C u l t u r e 
Da te s 

. 1 3 \ 
130 

133 

133 

ug 'UO 6 c e l l s ) - 1 

« 

• 4 8 . 8 
1 

4 6 . 3 

4 8 . 6 

4 4 . 9 

• . < \ , ' .130 ^ • - ' 20 .1 - ' ' "6 .6 13\? >48 .8 9 .9 

• " ' ' • ' .% t - ,Sfc '130 ' 2 2 . 8 • 7 . 5 . . • - 8 130 • 4 6 . 3 9 . 9 

' • V *, ^ . ' .130 ' ' . 19.9 " • 
1 * . . * • , H . : ' • 

- -' , \ ! • • 133 4 8 . 6 9.'2 

-* ~ - - " \ ' 133 4 4 . 9 ^ 8 .5 

• _ ^ • • / ' ' 

« — z \ - • 

» » 

-9 

% ' 4 

, 5 . I 
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fi \ 

\ 

C u l t u r e 
Dates 

.6 7 

/ bl 

11 

!•>-

6 3 

1 5 4 . " 

$ 1 5 4 X 

\ 
168 

168 

168 

1 6 8 . 

235 

235 

237 

237 

2 4 5 ' 

245 « 
^ 

V 

n tdo 6 

7 . 3 

U)-2 

9 . 4 

' 10 .1 

6 . 7 

1 0 . 1 

1 0 . 6 

1 0 . 0 

9 . 1 

8 . 3 * 

' 11-4 

• 

-* 

« 

Contro l 

C u l t u r e 
Average 

c e l l s ) " ' 

8 . 8 

9 . 4 

10 .1 

6 . 7 

10 .4 

V 

9 . 7 
5 - 9 . 2 

s . d . - 1 . 3 
n -6 

. 

I f 

3 .1 

2 . 1 

2 .7 

2 . 4 

3 . 6 

4 . 1 

2 . 6 

2 . 6 

2 . 3 

2 .1 

2 . 9 

• 1.3 

2 . 1 

3 . 5 

1.9 

2 . 2 

2 . 4 

Cu l ture 
Average 

r e s h w t . 

4 2 , 6 

2 . 7 

2 . 4 

3 . 6 

3 . 4 

• 

2 . 5 

t 

1.7 

-

2 .7 

-» 
2 . 3 
jr-2 .7 

s . d , - 0 . 6 
i i -9 

^--
C u l t u r e 
Date s^ 

67 

63 

77 

80 

154 

154 
i 

154 

175 

175 

175 

178 y 

178 

178 

178 

59 

235 

235 

235 

237 

237 

S i l i c a t e L l a l t e d 

-VigdO 6 c 

\ 18 .8 

1 8 . 3 

V 1 9 . 0 

1 6 . 5 

3 1 . 5 

4 2 . 5 

3 0 . 5 

2 2 . 5 

2 6 . 8 

2 3 . 8 

14 .4 

12 .7 

1 0 . 3 

19 .4 
1 

1 0 . 0 

. 

C u l t u r e 
Avurnge 

: e l l s ) _ ! 

1 8 . 8 

1 8 . 3 

1 9 . 0 

1 6 . 5 

3 4 . 8 

2 4 . 4 

1 4 . 2 

*! 
1 0 . 0 
X - 1 9 . 5 

s . d . - 7 . 4 
n - 8 

c 

' 

*> 

C u l t u r e 
Average 

t f r e s h w t . 

' 7 . 4 

6 . 1 

5.7% 

5 . 2 

1 0 . 9 

1 1 . 6 

8 . 3 

7 . 5 

8 . 9 

7 .9 

9 . 6 

8 . 5 

6 . 9 

6 . 3 

7 . 3 

5.7 

5 . 9 

5 . 2 

6 . 0 

7 .1 

. 7 .4 

6 . 1 

5.7 

5 . 2 

1 0 . 3 

. 

a. 1 

-

f 

7 . 8 ' 

7 . 3 

> 

5 . * 

6 . 6 
X - 7 . 0 

s . d . - 1 . 5 

-

1 
£ u l t u r v 
Dates 

' * 75 

59 

, 154 

154 

154 

168 

168 

168 

178 

178 

178 . 

67 

245 

" 24 5 

2*4 5 

Nit rogen L l a l t e d 

Cu l ture 
Average 

g g ( l 0 6 c e l l s ) - 1 

6 . 9 

' 1 2 . 2 

1 0 . 9 

0 . 8 

1 2 . 5 

8 . 8 

8 . 7 

1 2 . 3 

8 . 6 

8 . 9 

8 . 3 

»-

, 
* 

6 . 9 

, 1 2 . 2 

10.-1 

, 

• 

9 . 9 

8 . 6 
K-9 . 

s . d . - 2 . 
n-5 

. 

-

• 

5 
0 

I f 

2 . 4 

2 . 2 

4 . 5 

3 . 0 

5 .5 

4 . 4 

4 . 4 

6'. 1 

5 .4 

5 . 6 

5 .2 

*2.4 

3 . 4 

3 . 2 

3 . 1 

CulCure 
Average 

r e s h w t . 

2 . 4 

2 . 2 

• 

4 . 3 

1 

5 . 0 

Cs 

5 .4 

2 . 4 

• 

3 . 2 
X - 3 . 6 

s . d . - 1 . 3 
n-7 

-

as 
^ 1 
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, .IVppendlK 11, T a b i c 10. Tlie f a t t y a c i d c o m p o s i t i o n ( w e i g h t I ) of Cl iaerocuros g r a c i l i s c u l t u r e d wlt l i the c o m p l e t e (II n u t r i e n t racdl.) ( c o n t r o l ) . 

\ - ' 
• •• • . \ ' ^ t ' _ ? * 951 

I. Z 1 4 5 6 I 8 9 10 1 I 12 13 14 x l i . d . C . l . 

7.92 

0.42 

0.98 

3.37 

1.00 

_ 

11.22 

<£).05 

-

9. 11 

0.81 

-

7.74 

2.38 

_ 

9.76 

15.52 

-

9.39 

1.71 

2.49 

4.02 

1.31 

2.11 

f 

S a t u r a t e d - , % 
j 

12:0* . 0 . 2 0 0 . 2 4 0 . 2 0 0 . 2 6 0 . 1 3 - - - _ • - , ' _ 1.66 

13:0 1.31 2#33 1.34 1 .20 0.5.3 - ' - - - -

\ ]4:0r > 9 . 5 2 9 . 3 3 7 . 8 9 10,57 10 .04 1 1 . 0 8 1 4 . 7 8 9 . 1 1 

15:0 0 . 4 1 0 . 3 0 0 . 3 5 0 . 4 3 0 . 6 2 1.35 0 . 0 6 0 . 1 8 

U o 16:0 0 . 0 9 - 0 . 1 8 0 . 2 5 d . 4 0 0 . 2 8 0 . 9 0 0 . 0 4 
+ 

16:0 13 .22 9 . 1 5 1 1 . 2 0 13 .11 1 1 . 4 0 1 7 . 5 0 2 0 . 7 5 2 8 . 3 6 1 ? .93 2 2 . 0 7 1 8 . 2 2 1 3 . 2 2 , 2 1 . 3 4 1 8 . 1 0 1 6 . 8 3 5 .27 2 . 7 « 

' 18:0 0 . 7 2 0 . 7 2 0 . 6 8 0 . 8 3 fl.65 . 0 . 4 5 1 .40 1.34 1.40 1.B8 0 . 9 5 1.09 1.85 0 . 8 9 1.06 0 . 4 5 0 . 2 4 

• 2 4 : 0 ^ _ - . _ _ _ - 0 . 5 0 - 0 . 0 1 3 . 2 6 0 . 5 2 ' - - 0 . 0 7 

T o t a l . .e 2 5 . 4 S 2 2 . 0 7 '21.84 2 6 . 6 5 " 2 1 . 7 7 3 1 . 1 6 37 -89 3 9 . 0 4 3 1 . 9 1 2,8.84 3 0 . 4 4 2 5 . 8 9 3 3 . 3 8 4 4 . 2 7 30 .19 6 . o 9 3 .50 

4& Monnu t t i y l e n l c , 

14:lu>9 '0.45 0 . 7 5 0 l 5 4 0 . 7 1 0 . 4 9 - < • - * - - - - - - -

I4 : iw7 0 . 2 2 0 . 0 6 0 .31 0 . 2 4 -0 .08 • - - - - " ' -

1 4 : l u 5 . 0 . 0 4 , - 0 . 0 6 0 . 0 5 0 \ 0 2 ' - .'- - - - - , -

• » 1 5 ! l u 8 0 . 3 9 0 . 1 6 0 . 3 7 0 . 4 1 0 . 2 8 - , - . „ -
S * ^ 

1 5 : l w 6 ' 0 . 3 3 0.'59 0 . 7 7 0 . 9 1 . 0 - 8 6 - ' . - ' - t 0 . 3 4 _ " <l - - -
" . . « -! 

. 1 6 : 1 '-'9 • 0 . 0 9 - 0 . 1 9 0 . 2 7 0 . 8 4 - * _ . _ . . _ . . ' 

c o o t i n u e d . . . 

OO 
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Appendix II, Tab le 10. (continued) 

V 
Mounethy t o n i c 

I6 : iw7 

16.1u)5 

1 8 . l u l l 

18: hi 

18 .1 U 7 

Tota l 

P t i l y e t l i y l e n l c 

16:*'>4 

I6:3">4 

16:3u>J < 

16:4k3 

I 8 : 2 c 7 

18.2u*> 

18 3u6 

18:>..4 

3 1 . 5 1 

0 . 4 1 

-

1.59 

3 . 8 8 

3 9 . 4 1 

3 . 5 3 

2 . 2 5 

> 0 . 0 5 

7 . 0 2 

0 . 0 9 

J.05 

0 . 4 9 

0 . 1 2 

2 1 . 15 

4 . 5 1 

-

6 . 4 2 

0 . 0 6 

3 3 . 7 0 

2 . 16 

2 . 0 9 

0 . 0 7 

6 . 5 2 

0 . 0 2 

1.22 

0 . 9 4 

0 . 8 0 

*21 .05 

0 . 5 8 

-

1.33 

4 . 2 7 

31.-41 

2 . 2 0 

1 .40 

0 . 0 6 

3 . 5 5 

0 . 0 5 

0 . 0 4 

0 . 0 4 

6.S\ 

3 2 . 3 2 

0 . 5 8 

-

1.39 " 

3 . 7 9 

4 0 . 6 7 

3 . 6 ^ 

2 . ? 8 

0 . 0 6 

6 . 7 8 

0 . 0 9 

2 .51 

0 . 4 5 

0 . 14 

3 1 . 9 9 

0 . 0 4 

-

0 . 7 0 

2 , 3 8 

3 7 . 6 8 

3 . 7 5 

2 .67 

0 . 1 5 

6 . 2 9 

0 . 0 5 

0 . 6 4 

0 . 7 5 

0 . 0 2 

1 
f3 . l l 

-

1.55 

1.17 

4 5 . 8 3 

3 . 9 5 

0 . 0 9 

0 . 0 2 

-

0 . 0 2 

0 . 1 2 

- . 

0 . 14 

3 3 . 9 j 

-

-

1.75 

1 .04 

3 6 . 7 0 

4 . 0 7 

0 . 6 9 

0 . 0 6 

-

0 . 0 / 

0 . 0 8 

-

0 . 0 6 

30.54. 

-

-

1.53 

0 . 2 4 

3 2 . 3 1 

2 . 5 5 

0 . 6 4 

1.88 

-

0 . 0 7 

1.14 

-

0 . 0 3 

V 

10 II 12 13 14 s.d. 
9,5* 
C.I. 

21.17 37.94 37.61 29.50 37.85 22.31 31.00 6.97 3.65 

0 .51 

0 .29 

0 .18 

22.49 

0.08-

0.38 

0 .22 

. 38 .62 ; 

-
0.63 

0 .44 

38.68 

-
2.49 

0 .43 

32.42 

-
0.66 

0.62 

39.13 

-
0.19 

0 . 19 

22.69 

1.49 

1.35 

35.12 

1.56 

1.55 

6.56 

-
0 . 8 2 1 

i 0 .81 

' 3.43 s > 

1.03 

1. 14 

0 . 16 

3.06 

9.07 

4 . 15 

-

5.00 

-

1.58 

0 .76 

3.75 

3.99 

3. 11 

-

7.59 

5.45 

2.62 

0.2B 

4.49 

5.68 

3. 70 

-

6.45 

2.03 1. 18 0.62 

ff' 

0 . 18 

1.01 

0 . 6 0 

-

1.58 

0 . 3 6 

0 . 2 3 

1.61 

1 .55 

0 , 7 6 

1.74 

0 . 6 5 

-
1.44 

0 . 6 2 

0 . 6 6 

1 .85 

0 . 8 9 0.4T 0.45 0.23 

• continued.., 
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Appendix 11, 

18:Vo3 

18:4u3 

20:2«6 , 

20:3^6 

20:3<J3 

20:4U6 

20:4'.'3 

20u.5i..3 

22:5^6 

22:6u3 

Totdl 

Tota l o>6 

Total u>3 

Total u>9 

-Total n>6/ii)3 

* not Included 

Tnble 10. (con 

1 2 

0.11 0.19 

0.25 2.89 

3.65 6.10 

13.74 16.32. 

0.14 0.38 

0.61 4.53 

35.10 44.23 

8-. 16 9.23 

21.78 30.52 

2.13 7.17 

0.37 0.30 

In x 

Inui'il) 

3 " 4 

0.19 

3 .77 . 3.50 

.1 

9.73 12.32 

0.06 

•25.95 0.54 

45.02 32.68 

4.62 7.43 

39.29 20.00 

2.06 2.37 

0.12 0.37 

5 6 

0.10 0.01 

0.35 0.53* 

0.03 

0.04 0.09 

0.01 

4.96. 5.00 

0.54 

17.53 7.30 

0.95 0.13 

0.62 1.14 

38.60 19.12 

8*20 5.37 

ft.04 9.55 

2.03 1.55 

0.33 0.56 

7 8 

1.54 1.24 

0.53 0.53 

0.12 

0.10 0 .18 

0.09 

4.85 4.04 

0.43 0.16 

7.05 8.33 

2.71 4.64 

22.31 25.52 

5.15 5.36 

12.32 16.87 

1.75 1.53 

6.42 0'<;32 

J\ {•r 

•*f 

.% 

J--

9 

0.49 

1.11 

0>2O 

\ 
0.33 
0 .33 

7.90 

0.82 

14.09 

10 

0.71 

-

0.16 

0.04 

1.68 

0.25 

6,64 

1 1 

-

0.30 

-

-

-

5.72 

-

10.37 

12 

0.22 

1.06 

0.02 

0.01 

-

5.77 

0.33 

13.86 

13 

0.47 

0.10 

0.15 

0.07 

2.11 

0.11 

7.40 . 

14 

0.49 

0,. 15 

0.12 

0.02 

0.07 

4.41 

0.21 

6.00 

X ' 

" 

A. 53 

11,48 

_% _ 
j s . d . 

1.62 

5.20 

#95X 
C. I . , 

0.85 

2.73 

i*f 

3.35 2.90 5.00 2.50 2.19 2.34 2 , 5 4 -

45.80 32.54 30.87 41.61 27.50 33.04 3 3 . 8 5 ' 

9.96 3.42 7.56 8.30 3.80 7.06 6.69 

i 

3*.41 15.54 20.18 25.56 15.01 15.71 21.48 

0 . 1 ^ 0.38 0.63 2.49 0 .6* 0.19 1.80 

O.30 0.22 0.37 0.32 ' 0.25 0.45 0.34 

1.55 

8.47 

2.05 

8.47 

1.74 

0.11 

0.84 

4.44 

1.08 

4.44 

0.91 

0.06 

o 
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Appendix l l , Table 11. fatty acid composition (weight Z) of fjhnetoceros g rac i l i s cultured under -.l l lcate 1-Lralted Conditions. 
* 

S a t u r a t e d 

1 2 : 0 

1 3 : 0 

14:0 

15;0 

l s o 16:0 

16:0 

1 8 : 0 

T o t a l 

M o n o e t h y l e n i c 
i 

"14:V9 

14:lu>7 

1*4: l u 5 . 

1 5 : l u 8 ' 

15:lt»6 

1 » 

0 . 2 1 

0 . 3 4 

1 0 . 6 8 -

0 . 9 3 

"0 .12 , 

2 4 . 1 0 

2 . 0 5 

3 8 . 4 3 

- . -

0. id 

, -

. 0 . 3 2 " 

0 . 4 7 , , 

«• 

2 

0 / 2 4 

0 . 5 0 

11.-07 

0.9*9 

0 . 1 2 ' 

2 6 . 6 6 

2 . 1 2 -

4 1 . 7 0 

-

0 . 1 3 

-

0 . 4 0 ' 

0 . 4 8 

r» 

3 

13 .49 

0 . 9 5 

9 . 4 7 

oT« 

-

2 4 . 2 6 

1.48 

37 .57 

0 . 1 7 . 

0 . 0 5 -

" 0 . 0 2 

0..08 

6 . 3 4 

4 -
-

0 . 1 8 

0 . 3 3 

8 . 1 4 , 

0 . 6 9 

0 . 0 8 ' 

2 7 . 0 3 

1.41 

3 7 . 8 6 

0 . 2 5 ' 

0 \ 5 6 

0 . 0 5 . 

0 . 1 4 

• '0- .$3 ' 

5 

0 . 3 5 

0 . 5 3 

9 . 5 8 

0 . 8 3 

-

2 5 . 4 6 

1.37-

3 8 . \ i 

0 . 0 7 

"0..54 

o.o3 

- -

-0.11 • 

J ^ 

6 ' " 

0 . 3 4 

1 ,08 

9 , 5 8 

. 1.00 

-

27 . 12 

-

39 . 12 

-

0 . 3 5 

-

-

-

'*' 

7 . 

0 . 0 8 ' , 

0 . 2 7 

1 1 . 3 3 •; 

1 . 3 7 . " 

-.-

2 7 . 8 6 

0 . 5 4 

4 1 . 4 5 

0 . 0 6 

• 0 . 9 2 

0 . 4 6 

0 . 0 8 

. 0 . 4 9 

8 

. 0 - 1 ? 

o ! 6 1 

-10.6,7 

1.07 

0 . 0 5 

2 7 . 8 7 

1.76 

4 2.-15 

0 . 1 9 

-

-

So. fo 
f t 

•0 .43 

9 . 

. 

^ o.oa 

0 . 0 8 

1 0 . 3 5 . 

0 . 9 8 

-

2 2 . 6 4 

0 . 4 3 

3 4 . 5 6 

- • 

" 0 . 0 8 

-

-

0 . 10 

10 

" 0 . 5 0 

1 .06 

8 . 8 6 

0 . 8 4 

1 « 

2 5 . 7 9 

1.48 

3 8 . 5 3 

• 0 . 1 7 

0 . 3 1 

' 0 . 0 4 

0 . 0 8 

0 . 2 8 

"-11 

1 1 . 0 3 

r. 21 

6.55 

3 5 . 6 4 

1.20 . 

4 9 . 6 3 

-

-

-

-

-

12 

• 

['T.-65 

0 . 6 5 

0.29 

2 7 . 5 9 

1.08 

4 1 . 2 6 

• 

' -

-

-

-

-

; 

x • 

1 0 . 2 0 

0 . 9 6 

26.-84 

4 0 . 0 3 

• 

. 

3 s ' d . 

' 

1.07 

0 , 2 0 

3 . 2 3 

3 . 7 3 

• 

951 
C . I . 

. 

0 . 6 1 

0 . 1 1 

1.83 

2 .11 

continued... 
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Appendix I I , Table 11. (cont inued) 

Monoethylenic 

16:1»9 

16: lu.7 37.82 41 .32 34.98 . 31.46 27.92 45.95 

S 
16;,1«5 _ • _ • _ / • _ 

18: It-11 - \ 0.14 -

18:1*9 0.94 0.88 1.37v 1.75' ^1.44' 

18:4U7 • • - ' - * 3.45' 10.65 4.89 

18:1M5 . , ' 3.14 2.22- - - - 5.89 

22:'lu7 - 0.03 0.01 0.38 0.11 
t 

24:1 0.02 0.04 / 

Total 42.81 45.50^ 40.47 /45 .71 41.02 46* 30 

Polyethylenic _ N ^ . •' 

. 16:2u>4 0.94 - 0 . 9 3 1 .65/ 1 .'20 1.09 0.81 

"16:3u>4 0.71 0.70 ' l . 2 8 

16:3wJ - - l '" -

16:3w6 »- "* ' -. \ v- , 

- • -

16:4(.-3 4.03 1.93 3.07 2.37 2.37 3.42 

1.41 

1.42 

/ 

l . ) 7 

-

f 

. 1.54 

0.41 

_* 

/ 

'- ' - 95Z 
7 8 9 10 -11 1 2 * x s.d. C.I. 

0.03 

37.75 37.27 38-17 - 31.63 35.26 37.74 36.'44 4.74 2.68 

0.19 -

0.15 - 0.22 '0.06 

0.50 0„.80 0.48 o;72 0.76 0.80 

0.21 .2.09 0.45' ' 4.85 0.69 

'Ok.02 " - - ' 
I 

0.28 - - - . 

! 
4 0 . 9 0 " 4 1 . 0 7 . 39 .50 38.19 36.71 38.54 41.65 3.13 1-77 

0.50 1.61 1.34 1,65 1.65 1.11 1.21 . 0 . 3 8 0.22 " 

1.53 ' 1.26 2.24 1.40 1.07 0.58 1.26 0/46 0.26 

0.55 - ' 0 . 4 8 ,, - 0 .15 
i 

2.24 2.27* 5.39 3.07 0.74 

» c o n t i n u e d . . . 
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Appendlx'll, Table 11. (continued) 

& 

"\ 

Polyethylenic 

18:2u7 . 

18:2a* 

18:3w6 

18:3u4 *-

ft 
18:3u3 

I8:4w3 

20:3o)6 

20:4w6 ' 

20:4u3 

20:5io3 

22: 5w6 

22: 6u3 ' 

Total 

^ T o t a l <o6 " 

Total <.i3%> 

Total u>9 
* 

Total t>6%i3 

-

0.99 

1.42 

-

0.18 

0.56 

0.24 

3.85 

-

5.03 

0.16 

0.64 

re.75 

y . 1 3 . 

10.44 

0.94 

' o : 6 8 

• % 

0.52 

0.93 

-

-

0.11 

-

3.30 

-

3.81 

" 0.23 

0.36 

'12.82 

5.46 

' 6.21 

0 . 8 8 -

0.88 

' 

-

1.03 
1 

1.29 

0.05 

0.02 

0.34 

-.0.40 

5.13 

0.04 

6.81 

0.35 

0.'47-

21.93 

8.54 

10.75. 
* 
1.54 

0.79 

-

1.02 

0.68 

• 

0.17> 

0.06 

-

4.25 

-

3.53 

0.28 

0.01 

16.40 

6.56 

7.56 

"2.00 

0.87 

-

0.90 

1.20 

-

-

0.10 

-

7.70 

0.09 

6.03 

O.W 

0.55 

21.84 ' 

10.35 

-9."l4 

1.51 

1.13 

-

-

-

-

-

4.16 

-

-

-

4.23 
* A 

0.01 

14.58 

-

12.23 

-

_ 

-

0.56 

0.08 

0.09 

0.04 

3.76 

: 

-

-

7.83 

0.15 

6.88 

18.21 

1.28 

15.30 

J3.56 

0.08 

10 11 12 s.d. 
952 
C.I. 

-

0.67 

1.12 

- ' 

0.7.1 

_ 

\-
i 

1.21 

1.08 

-

0.50 

1.40 

0.05 

0.64 

1.66 

0.13 

0.36 

4.29 

0.03 

4.52 

, 0.33 

0. 19 

16.78 

7.20 

7:14 

0.99 

1.01 

5.76 

9.90 

» -

0.12 

25.94 

0.81 

21.65 

0.48 

0.04 

0.03 

0.14 

0.18 

7.41 

0.02 

6.24 

0.39 

0.47 

23.29 

10,55 

9.97 

0.92 

1.06 

0.40 

0.26 

3.70 

0.11 

3.53 

0.37 

13.88 

5.86_ 

0.76 

1.14 

0.43 

0.22 

6.13 

0.15 

5.72 

i 
0.75 

1.33 2.01 1.13 

5.60 1.92 ..1109 

V ' 

0.40 0.28 0.16 

17.44 18.49 4.03 X 2>28 

8.65 6.58 3.19 1.89 "• 

7.05 10.22 4.58 2.59 

0.80 

. V 

» c 

1.23 0.81 Q.40 0,24 

" \ 

-> 
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Appendix I I , Table 12;* -Fatty acid composition (weight X)' of Chaetoceros g r a c i l i s cul tured under nitrogen l imi ted c o n d i t i o n s . 
•* " * ^ s ' .. I 

' ' • • • - . ' i 

• / "__ " ' " . « . . ' / ' « , 953S 
"— ' ' 1 , 2 S 3 ' - 4 . , 5 * 6 7 8 9 , " * 0 11 v 12 . 13 14 x s . d . C.I . 

: " ? ' " ' . " . . .** * ' .• .. ' - . 
Saturated . - --fl* \ 

' '; • • , " • » ' ' ' . JI " * 
12:0 « • 0 .10 0.04 ' 1.12 0.05 0 .05 0.04 0.25 0.62 0.91 0.05 - . 0.27 0 .06 - • , 

" . - - - . - • • • • . . — - • \ 

13:0 ; ' " 0.52 0.07" , . 0 .21 0.64 0 .70 0.16 0.04 0.50 « 0.57 - -'. - - ., ' -

I4r0 4*- • • 9.36 11.67 21.28 10.90 10.73 10.92 10.76 11.36r 19.15 1 0 . 8 5 ' 11.-69.-- 11.25 9.05 . 9.66 "•12.05 '3 .89 2.04 
' . : / • , " ' • ' - ' * - . ' t"",~ 

,13'Vo""" .1.13" ." 1.52 1.14 ._ 0.97 0.96 - 1 . 3 5 0 .79 0 .78 1.25 1.08*--- l . * l 0.2j> 0.77 0.28 
v ' "" - .. . . i " 

Iso 16:0 - * - - 0 .20 0.27 0.01 - - -' -O.'lO . - . - - - - - - • - ' 
v • a ' - '" ' , . ' 
14:0 '24.36 3 7 . 1 9 ' 33.76 17.80 18.08 35.31 SO.05 23.40 38 .61 ' - 23.98 28.77 23.68 31.57 22*.57" 27.08 . 7 . 0 7 3.70 

, ' • . ' ' - * 
18:0 ' 0.50 0.55 2.0L 0.4,3 -0.61' 0.62 1.56 2.25 ,2.45 0.41 1.36 1.18 <'. 1.51 .1.40 1.20 0.70 0.37 

20:0 - " . ' * - 4.69 -. - - 6.18 0.18 • 4.92 - - - ' " - . - " " 

24:0 ' - - - ; - . - 0.33 - - - - - - * -

Total 35.97*' 51.04 64.21 30.99 31.73 48.41 39.63 39.19 67.86 -36.37 43.23 36.67 42.96 33.91 43.01 11.35 5.95 

Monoethylenic 
/* 

1 4 : U 9 S 0 .12 0 .12 - * 0.34 0.4fr 0.05 0 .13 0 .08 

MjpW \ ..0.07." l'.OO 0.30 ' 0.04 0.06 0.53 1.05 0.6*9 1.4,2 - •» 0.94 - - - - * * • 

14:lu5 0.02' (0;54 * 1 . 3 3 - - 0.37 0 .23 "0.19 

,15:11*8 ,- " 0.10 0.05 - 0.14 0.19 0.04 : - - " -

, 15:1<»6 , * 0.3& 0.47 - 0 .53 0 .60 0.40 0.09 0.14 - - 0.27 0.49 0.06 0.04. 0.04 
" . • * - - • ' „ 

' . " . » * ' - • "• .. . * ' cont inued . , . ' 

-
— «• 

-

0.01 

0 .27' 

0.06 

0.94 

0.48 

0,01 

0.49 

':l. \ ,. 
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Appendix I I , .Table 12. (continued) 

* '^\- " ' * 

.Morioethylen,lc 
1 

16:loi9 . 

16:l<u7 

16:lu5 

I8:lo(9 ' . 

'1*8"; lu7 

•24:1 

; . , ~ Xotai • 

v|*J.y^tiiyieiiic 

_^rf>i2w4 ' 

'.fA '•' : %•;• ' ' " 
-•'••"<< * I6:3w'1f' -

"'•';i6:3w6 ."-~-""s";> 

l6:4(oi' 

• 18:2<il6 

18: 3w6, .' - -y ^ 

• • ^ ', ' " 18:-3oi4' ' ''?, 

18:3&fc',"' 

" " ?'," • 
• ' ' * - / ' * ' ' 

1 

35.46 

-

$$65' 

0.40 

- 0 .58 ' 

37.7.8 

't'^0-9 

K '• 

0.'53" 

•. ' - • 

4.02 

0.76; 

" "6.14. 

0.Q7 

6.O6 

2* 

39.46 

._-" 

;" fctF' 

~~1.08 

O.10 

43.11 

0.34 

0.79 

0,14 

0.92 

.' 0 .12 

-

. . -

A 

0 

•3 

22.93 

• -

~^ . - t«_ 

JL 

29.58 

-

0.51 . 

0.62 

3.25 

0.51, 

" -

'& 

4 

0.17 

33.28 

_̂  - """"" 

X).44 

0.40 

35.34 

f.69 

3.16 

0.79 

5.82 

0.35 

0.09 

• & 0 3 

- 0.07 

5 

0.29 

33.95 

* ™~ * , 

0.50 

0.49 

36.54 

1.80 

3 . 3 0 -

0.89 

-

4.87 

0.58 

-

0.07 

0 .08, 

:. 6 

* 

, 3 9 . 0 2 

• 
0.35 

0.98 

0.10 . 

41.84 

0.38 

' , 0 . 9 5 ; ; 

0.13 

-

1.27 

0.?0 

"^0.04 

-

0.03 -

'• 7 ' 

, 

0.05' 

28.72 

0.37 

1.53 

8.92 

, 0 . 0 5 

41.14* 

2.24 

1..76 -

0.04 

-

7.16 

0.06 

0 .83 

0.63 

-

"-0.97 

•8 

20.38 

2.71 

3.40 

4.86 

0^07 

32. >2 

2.06 

2.26 

0.34 

1.93 

"4.36 

2.07 

0.52 

0.15 

0.24 

"S 
44" / 

% : • : . . • ' 

\ J . 

- * * . 
, 
« 

. * , - 1 . • \? 
*. ' 
.,.,, 

f 

'l4 

K 

-. .<. 
%-

• J -

i 

* " .-

_ 
X 

' \ 
* ' , 1 

-

. > 
s>. d. 

95Z 
C.t . 

W 
« 

" 
\. 

9 10 11 12 13 
'*' - ^ ' . " - ' 

•0.70 •-- . - ' - - * ' V \ - ";" ' ^ 
- . "-i '• ,- ' • > 

"7 .90 42,*33 ' 444.64 3 4 . 2 9 ' 35.18 '22.16 ' 31,41 ' 10-02 5.25- * . 

- ' " - "•' '- '* - ,o • • ' ,„• 

3.34 0 .50 ' 0.51 - 0.72 0.64' 0.67 '• , -

•2..78 0.42 0.22' 0.65 0.64 0.67 
> . . . . . . " • ' V 

0.28 - I 
« •' 

15.44 44.23 '• 47 .63 35.72 36.50 -. 23.54 35.78 8.54 4.48 

• • . . . . . . " ; • • • v: 

0.05 1.71 3.88. 19.21 - ' •' v .. 

1.57 1.08 0.81 1 . 1 4 s ' 

0.57 0.22 ' 0 .08 0.68 

2.30 - " -" . - I • - - • - J . — 

0.56 1*69.. 1.77 .. 3.57 ' 
• ' - ' -" * * ' _ 
* " .-- t_f-01 - ° * 0 4 - ° - w x" ' 

0.-23' 0.42 0.59 0.77 1.29 0.7& 
*i-

0.19 . 0 . 0 1 1.90 1.61 1.65 ^ — 

,^" 
0.06 0 .10 - - , - ' 

. 0.09 0.05 0.01 - ' 0.01 . l̂ J 
tn 

continued-. . . \-
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r'; .̂ Append I rt'll, .Table 12^ ' .(continued)%/•); 

J*-4; * - ' " • ' - . • • • -• 
- " ' - ' " * / . - . - [ - - ' 2 3 4 ; 5 

v . iiilyefUyl.tinlc i- • 

" \f .18:4^'5 •"• '_'-' 4.7/"/ 

* '26:2o)6 ~ , . ' - . . " 

20i3">6 .. ;. : .., }-^ 

-' 20: 3W3- '. J "• • ' r*"' * 
* * 

, 20:4^6- . '0;.'02 

: ,j20>.4u)3 , - r-'^OiOa 

: "'•'•?0.ft<*3:'^ ' i-1.30: ' 
- . - ' i% . ! ' -

->>22:'54J6; " . ! ; ' v ' 0 . l 9 - V 

-

1.5 5 

, - "'* 

f 

'. - - '-

-"' '" 

. J » - ) 

"'i.ai" 

0.13 . 

'5 .63 4.23 , .2.62 

•0.67 • , -r ; - ,- - 3.20 

0.!64 14.66 13„5,2 . 3-67 1.63 

- - - - - 0.24 Q. 13, 0 .72 

-..- t- • ; . . - - y - " ! * < ^ • " ' : • ' * ' .' • ' • • • ' , . 
• 22:60)3- / , > U 2 4 , ,;O.0S • -, 1.40 j 2 .13' - 0 .30 0.07 

. * . - ' ' • -" * " ' ' . ' ' - ' ' . ' . ' . . ' • • * ' . ' ' * " . ' 

r ^ t a l . . ; , , ' 26.34 ~ 5.85 6.20 33.69 3 1 . 7 1 ' ; 9 .72 ,19.?1 

. c ^ To,tol u6 . , :U%$!'" 1-.52-' ' 1 . 18 ' 0.97 1.42" . 0.77. . 5 . 4 7 

' -Total' oh. " '22 .00 ' J3,67 1;26 28.37" 25/72 - 8 . 0 2 "9.87 
, - ; ' , - i * 1 , . • ' . • . . . . 

. '" '• Tota l -H9 • . 6.7,7 < 0.41" 5 . 0 2 " 0.95 1.25 , 0 . 4 0 1.71 
t „ ^ V, ,,,"' t ' . J 'h ' 

V ... Total: .u6/&3';.,;. ,0,*p7 . 0 . 4 1 - 0.94 . 0 . 0 3 , 0 ,06 , 0 . 1 . 0 . . 0.55-

.;' $&>: 

• > * • < * ' . 

10 • 11, 12 -. 43 14 .d . 
952 
C I . 

0.51 5.>1,:;. ; 3,90S; : , 0 .69 . P . 4 5 . , 0 . 5 1 

, - .,'; 

' - . ' • ' . 

6.31 

5.37-. 

. 1.59 

28i,38 • 

10>63 

9.061. i 

3.48 

1.17 

,"r 

'- '"\, 

0.29'~ 

r-

0 .69 

2 . 3 2 . 

,16.70 

-" ,2.84 

•P1..69 

3.341" 

4.12-

.' "-

. r 

" -'- .' 

-

; -

•13.20 

2y40 
.' it 

29190' 

. 0?!S9 

2 5 J 7 1 

'U2©1' 

' -0',"04v> 

.'" — 

' " , . " . 
\ " " ^ • •' 

.- v 

o4)8 

' ; - A 

0.09 :" 

'if.87; 

3,3?-V: 
. 1 3 . 2 5 , w 

• > 0 ^ 7 " 

. j . 0 . 2 6 •'' 

0 .01 

;'.?#; 
\ 0.03' 
• v ft 

,5.99 

0.20'< 

9 .81 

- ;i.-32 

27..63" 

%ij32 

io.68' 

0 ; 7 2 ' 

', 'i-*»:i 

" '-

' OV23 

. 0;'04'-

..-,3«09/ 

a 0 .06 
• 1 

, 6 . 6 1 / 

;V 0 . 7 2 

: 205 .68-

6.26 

• '%Hs 

\ , 0 : 64 ; -

. . 0 ,64 . 

, 

0 .15 , 

. 0 .06 

5..01 

0 . 2 0 -
„ 1 v> " 

. 8 . 2 0 

- V ' 

'1.03 

42,29" 

- t'$l" 
-14.26 ' 

•"' °.-;^7" 

,.''b'.S3 ,* 

i -

• • / > ' - ' ' , ; " ' 

" • / . ' " '• . >• >. 

' . . - - ' . • • / • ' • y ' : 

t - • V ' '; 

i,7.09 4.95' 

't ' - " " ^ . ' ' ,- ". 
; 0 . 9 3 6^:79 

, - • . - - ^ < * 

22/59; 10.77> 

;;3..78. 3.28 

"13.02 - 9 . 1 4 

', '.,/l-.5;l. , '"l.Al", 

" 9 ; 6 i 1.05" 

;' 

» 

, • 

. 

2 .59 

0 .44 

5.64-

1.72. 

' 4 ,78 

/ ° \ 7 4 

0.55, 

->>Vx' 

& • » . 

* 

t -V . 
.1— 

6\ 

:t •: 
... ^ 
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'„ - :-. APPENDIX III 

~ .'; "''Algal Carbohydrates 

v 

y 

$ • s 

:~(., : -., 

•••••'' \:'~'-~~ '_»/•- -'C.. •'-- -'•, •'-*.".-,'V --.4> 1"'--V" '-'•" 
»•' •* ,5 •• '. _'• ., ' " • •" ..* irlT-" •-• . „ ' '-
\ *. -' -i - •". *• s -:-fy.'-'' •--- - - • .-WV-- -. , -\-".'' ' ,-z -
' . -• - - '.- ' -v^-' ' * , . " - . » * 

.'.-- >,,*,r ... • 

J2 " -" ' 

;.. .i^jjri • /••..'/,-" ;- ""„ 

; * ; -A 
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APPENDIX, I I I ' 

f , *"v- : : v/~v- / 

. "~ t \>177. :-'-:' t 
ALGA-.- CARBOHYDRATES 

2JCpfessed in jig>glu- 3" , ..' 

^ .»:. 

Tabl^" 1*. The car.bohy4r.a'te;;,coittet»C,, -e: 

, -. -" ' : ?cose/?eq>4Y^ ^ ^ " ^ c e l f s ^ " 1 . of,.; 

--1. - Isochgysis g'albana;.- T-lsp. .-.. i-. 
• . - ' - ' , . - ' - ' ' - * ' " / ' " - • • ' ! ' ' . ' - ' ' ' - • • ' • . - • " ' 

~l ;Table. 2 . therearboKydCate cb"h6eht^";.exp,r,ess|d fa -jig glucose -.' 
""'-"-"' - J . " . ' , ' - ' •'. -- ' *"-;•: -" '>. . £- . ' * :--„ ^ - ' ' ! % • « ' . " • , ; . - * •" •- ' " ' > . '•';•'"' 

179 

..'."• '•&? ••- .: eqvtlv'.v( 106 cel ls . ) ; , p f -Chaetoceros' g r a c i l i s . , / " . , 

. . ' culturedkAin'de.r. var ious .Hutrleitt 'xegiineg. .*4...».« : ".,.^8.0 

•':' . • Table; 3> "The "carbohydrate, cqritent,,. expressed iti ^ig glucose^ / . _. -

• equiv^- (106 ce l l s ) ,* : of Tthodomonas sp.. cul tured 

.' . ..with thfe .complete -f/2tiiitxieiyt jmedia- (control ) ._-
, V . . . 

anS udder "ni£_:ogea-limit^d cbndit ibns, • * »*•.• ..*. ^. -. ; /*&-> 

7- - j -. -^ 

" - ; ' - • * ' - , . - • > ! " * . 

•» -- -.'.. '" ^ ' . ' " " ! ¥ - -•:.. 

. : . ' ; .**. * «• '- OS"1 •--,n- •, V-", / - ' " w - ' - v '* -v.1-- .t>' «••'":• * /-*"-•.' -.. '/.'".' "*'•'". ,-^.-.-z<\.^'lsr-. *••*-

""y;*" - > ' . - " '.- s * ' •-' ' > ' " • -''.<-•?. £ • • -"•? . ? " - L ' ; : ' "V* - "-.'- '- ' : .^- ' . . -"i?' / - ' - •-*': ?J-fcJ.-:^'.- ' -; >*"• 
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Appendix III, Table' 2. (continued) 
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- Appendix III. Table 3. The carbohydrate content, expressed in ug glucose 
equiv. (10 celle)^1 of Rhodooonas sp. cultured with 

v , t*he complete f/2 nutrient oedla (control) and under 
nitrogen United conditions. ' 
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Studies of ai tr attĝ  reductase in marine. - " "•"* 

phytoplaaktoa. Limnol.- Oceanogr. 14: 194-204. '•••"' 7 / 

Eppley, R. W.,,.Holmes, R. W. and Paasche, E. 1961... 
* *^ ' - .- * - *~ ',*-. . . ' - . • • - . < 

Periodicity in cell division, and. phy siologi^cal behavior 
<*' ' 

of, Ditylnm brightw'ell ii,, ..a marine plaaktonic diatom, • 
* - • - ... * - « —' 

dux ing; growth -ia light- dark . ' ^ 
- t , - • -. . -

cycles. ..Arch. Mikrobiol. 56 : . 305^3.23^, .. ' • 
' . * , * ' . • " * . • - • • - ' . - * -

Ettl, . H.. and .Moestr.up, 0. ( 1980. Qrf" an intracellular . 

•parasite in Cryptomonas (Crvptophvcea'e ). 

. " I. PI. Syst. Ev*ol> " 135; 211-226. .... - •.:'."" 
'""•'. * • . * . - . - i - • 7,\ -

Evans, L. V. 1974., Cytoplasmic' Organ el le'-ŝ :-In Stewards' 
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