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“ Abstract .

& 4

The growth response of Ostrea edulis (L.) juVveniles when fed

various phytoplankton species at a range of feeding densities was

examined. Chaetoceros gracilis, C. calcitrans, Skeletonema costatum, C.

g

simplex, Rhodomonas sp. and Thalassiosira pseudopana, yielded higher

oyster growth rates than that obtained with the reference species
»

Isochrysis galbada (clone T-iso). When fed the best diet, C. gracilis,

the daily oyster growth rate was 1.5 to }.8 times higher than that of

N . -
. . ~
the reference diet.

The biochemical composition of C. gracilis was altered by varying

XV

the nutrient conditions of the culture. The cellular protein level of

the control cultures (complete f/2 media; Guillard and Ryther, 1962) and
the silicate limited cultures was similar, but the nitrogen.limited
cultures had ca. 60% less protein. There was little change in the amino

acid composition of all threé cultures. The total lipid per cell in the

€ -

silicate depleted cultures was 212% and 205% higher, respectively, than
the control and the nitrogen limited cultures. The predominant fatty
acids were 14:0, 16:0, 16:1,7 and 20:5,3. The essential fatty acid 22:6
w3 content of the controel, silicaté limited and nitrogen limited
cultures was 0.23, 0.08 and 0.10 Lg(106 cellsfq;respectively. The
carbohydrate levels of the silicate limited and nitroged limited cultures
were, respectively, 1637% and 320% higher than the control culture.

The growth response of 0. edulis juveniles to the manipulated

cultures of C., gracilis depgided on feeding density. 1In an optimal

feeding density range, the highest oyster growth rates were obtained



XV1

~ with the control cultures. The relatively high and adequate level of
the 22:6w3 }atty acid in this diet is a possible
explanation. é, gracilis grown under silicate limited conditions
yielded the highest oyster growth raze of all three diets at the lowest
feeding denSLCy where insuffic1entlfood was supplied: TGe éelatively
higher caloric value of the’silicate limited algal diet, dpe to the
enhanced lipid level, may explain this result, The growth response of
juvenile oysters fed various ratios of the three C. gracilis éiets 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 1s

supplied. e
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Objectives

\ N ’ 7

The goal of this research project was tokvéry the biochemical
compogition of selected algal species and evaluate the growth response
of 0. edulis juveniles when fed these algal diets. The first objecti;e
was to monitor the growth response of the'oyscers reared on various,
unEested phytoplankton food species and compare their growth response
with that obtained by feeding with traditional algal diets. The second
objéctivl:was to select a good algal diet for juvenile oysters, based on
the ré5ul§s of the pr;vious oyster growth trials, and grow this alga
under cul%ure 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, ¢ritical components of the oyster diet can be

-

identified.
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Part 1

Introduction

. .

a) Signifidance

~ v e
'

The ldck of a complete and 1nexpensive food source for the Ostrea

edulis (L.) juvenile is a major restriction in the pursuit ¢f intensive
—_— A v N

/

cultivation of this species. Because the nuttitional requirements of

juvenile oygters.are not known, it is difficult to develop an efficient

.. feed If a cost effective diet were available for juvenile oysters,

- -

the expehse of nursery culture would be greatly reduced.
M -
dySter develapment after metamorphosis 1is greatly enhanced when
&
oysters are transferred from hatchery to nursery, where they are

nurtured preceding the grqw out stage in the dcean. As g result of the

\ ™~

nursery stage, the oysters reach market size sooner, which can
potentially improve the economics of the industry. The nursery

operation, unlike the hatchery, is Aesigned to provide the large volumes

of food and heated water that are necessary.fdr accelerated juvenile
growth rates. Such a facility is ﬁacticularly important in the spring

Jn temperate regions where ambiéent seawater is too cold for feeding,

-

With a nursery operation, the oysters are not prematurely transplanted

to the grow out site, where higher.mortality may result due to

LY

insufficient food, low temperatures, predatien, storms, and handling. As

shown by a recent éurvey (De Pauw, 1981), the major é?oq&source for
.cuAt%red juvenile-oysters is provi&ed by the mass culture of

phytoplankton, Epifanic et al., (1975) and Pruder and Greenhaugh (1978)

have demonstrated that juvenile oysters widl develop and grow normally

i

to
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“ey

. onh dietJ“tomposed complerely of phytoplankton in ‘a non-axenic culture.
W@“ ~ b

*“1he phytoplankion species that are routinely fed to juvenile oysters by

.
&

vafious»workegé are catalogued in Enright and Newkirk (1982). Most
. ~ J ' C
laboratories 1lat¥ the time and facilfties to experiment with a large

number-of algal specles and tend to retain a given feeding, routine once

e
¢

it has proven adequate. Thus, the most commonly used species are not
necessarily the best,

v Persoone and Claus (1980) identified the expense of gasshalgal
culture as the ma jor restriction confronting the nursery culture of
molluscs. Pruder and Bolton (1983) estimate that algal production in
theic controllgd—environment system égr'rgar;ng bivalves from egg to
marketable size -accounts for hearly 80% of their total cpsts; a
substanti;l portion ofithié percentage covers the expens? of feeding the

. ) .
juveniles, A more specific diet céhld be developed with gxtensive
research directed towards’examining a wiaer range of algal species,
coupled with identifying the poorly understood nutritional requirements
of juvenile oysters. With the massive volume of food presently fed to

"the juvenile oyster, even a small impro&ement in feeding efficiency

) would result in a substantial reductiorn of feed costs in the nursery.

»

b) Criteria for Good Algal Diets

There are many variables contributing to a good algal food for
jyvenile oysters.

. Size may limit the usefulness of an algal species as a food

organism. Oysters are believed to filter food pgrticles of a narrow
¥
size range. Haven (1965), reported that oysters remove natural
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particles from seawater that are as small as 1 to 2y, The. maximum
particle s;ze.accepted by oysters.is not clear, Ingle‘sﬁ_ilflv1§8y)
report that gfound corn meal partic}es of SOuror less were retained by
oysters, Loosanoff and Edgle (1947) founq that oysters ingested species
of algée as large as 60y.. The maximum barticle size accepted by
oysters, however, ;;s not examined. In the diets used by Cagtell and”
Trider (1974), the suspended particles ranged in size from less than Jt

to ca. 50u in diameter with over 90% of the particles in the 5 to 15

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 ll.and 32 to
335;3,'whereas tﬁp less commonly used algal species tend to be either
larger or smaller. The filtration efficiency of bivalves is affected by

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

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

13

efficiently from 3 to 12u, with efficiencies which are reduced by
1/3 to 1/2 for particles which a;e between 1 and 3. (Haven and Morales-
Almo, 1970). | .

An acceptable algal dief for oysters must contain the nutrienté for
normal growth and development. These are: '1) _nitrogen sources, aming
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 begt way to provide them. The chemical composition of algal cells

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

-

—
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nutritional value of algae, "In general, however, no striking
L

differences in the chemical compositions of good,and poor algal oyster

feeds have been found. Parsons t "al. (1961) reported marine

phytoplankton develop a similar organic composition wﬁen‘growq under
like physical and chemical conditions, regardless of size or ciasdv

Cowvey and Corner (1966), Walne (1970), Castell and Trider®(1974) and
~

. Epifanio (1983} qﬁ that attempts to correlate differences in oyster

\ i
growth with the/ composition of the algal species have met with little

SUCCE68, W?en omparing the nutyitional status of various.algal species,

there are numerous other non-nutritional aspects that will dlso affect

the food value of the diet (cell size, digestibpility and toxicity). One

-

area,which has been vverlobked is the contribution made by algal

exudates. Algal exudaggsg& e a part 6f the oyster diet which are not.

1ncluded in the blochem1cal analyses of the diet‘since the phytoplankton

cells are typically separated from the medla prior to analy51s. A

i
considerable amount of research must be conducted befare-reliable

&
o -

correlations can be made between diet suitabriity and chemicaiﬁ?
’ - R ’ B
composition, o ' - . »

¢ 2

Many of the variations in the food value of phytoplarkton are a
A

reflection of the differences in toxicity of internal or external

products of the algal cells. Prymnesium parvum, Stichococcus Sp.,
¥ .

Chlamydompnas sp., Amphidinium carter? and Gymnodinium sp. were

. . N
considered by Guillard (1958) and Davis and Guillard (1958) tq;be toxic

, o) .
algae for oysters. Spoehr and Milner (1949) and Proétor (1957) have

v

suggea{sd that th% toxicity of ghe three. algaé, Chlorella sp.,

Chlamydomonas sp. and Stichococcu

sp., may be due to liberation of

D
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unsdatifated fatty acids. Ryther (1955) has explained the toxicity of

Chlorella sp. as being "due Eo the presence of senescent cells.

Loosanoff et al. (1954) found that a}concentfated filtrate of Chlorella

8p. culture was rela?ively more harmful than 4 high concentration of

living cells. Bayne (1965) demonstrated that the cell—ﬁfee medium of

4

Nannochloris sp., Particulafly dr the stationary phase, inmhibited the .

growth of Mytilug edulis., However, many of the algae mentioned above

have bgén successfully used as feed organisms in oyster ‘hatchery and

N .

nursery operations (Enright and Newkirk, 1982% Large differences
. . . i .

A 3
in toxic¢c levels may be common among various strains of these species.

ot

There does not'appear to be any class or characteristic type of

v . » - v

‘phytoplankton that is more toxic to oysters than any other, Fqr

example, the non~moti}e chlorophyte Chlorococcum sp. appéared to be as

-

good an oyster larval food as Pavlova lutheri or Isochrysis éalbana,

r

whilenthe non-motile species Stichococcus sp. was found to be highly

toxic (Davis and Guillard, 1958).

¥

The food source must be inherently non-toxic and care must be taken

_not to reader it toxjic duridg the manipulatory processes. f0xicity“hay

result through the chelation of,essential trace elements which are

required for cilia movements and activation of digestive enzymes. Even
algae that are normadly satisfactory as oyster food may become toxic as

a result of bacterial contamination. Interactions within .a culture are

complex and substance’s supplied by other organisms may affect the

toxicity of a given algal species. . Certain species of bacteria ih algal

feed’ cultures are believed to cause bivalve mortality kGuillard, 1959;

Tubiash et al., 1965). Thérfe is also evidence to suggest that large

' . 7
4



numbers of nontoxic-bacteria ﬁay cause a normally good food to become
’ ©

ineffective. (Ukeles and Sweeney, 1969). On the other hand, the toxicity

of Prymnesium parvum has been decreased by the addition of a bacterial
®
population (Shilo and Aschner, 1953). The condition of the culture

must ‘be carefully examined, as well as the alga} food species used.

‘
< ~

The nutritional substances of the algae must be acgessible to the

¢
oyster,. Digestion of the algal cell wall is determined by the oyster’s
enzymatic cépability as~well as the composition of the algal cell wall,

¥
There is little information on the susceptibility of algal cells to
mechanical and enzymatic digestion. According to Owen (1975), the
digestive enz§mes of 0. edylis are present in the style and the tissue
.of the digestive diverc{éula. The former typé)are released into the
stomach when the style dissolves; the latter remain in the tissue where
they act intracellularly. Phagocytes, which possess powerful digestive

-

enzymeé, are present throughout the digestive system, The main enzymes
of an oyster are amylase and glycogenase, with substantially less
amounts of lipase and proteinase kPurchon, l§715. bean (1958), who
stressed that the differences between gbod and poor foods may largely be
due to the oyster’s ability to digest al§7e, ohserved thatvCrzptomoneé
;pp.disingegrategbwhen swimming near an undissolved style.* Pavlova
lutheri behaved similarly, while, on the other Hand.l.galbana came in
coptact with a style for more than 72 hours with&ut any discernible
effect, The eﬁzymes-in the t&ssue of the digestive diverticula of the

oyster presumably digest I. galbana. Independent of the algal food

species used, many physical and chemical factors affect the oyster’s



v

o+
“ . )‘
.‘, -
ability to digest and absorb algal cells: gut enzyme level; the
presence of the st&le; and feeding temperature. ‘.

-

It is critical that the algal -food organisms selected for a bivalve

-

nursery operation be easily cultured, preferably with a reliable culture

- s

v 4 v &
technique already developed for the species. Althdugh productivity is an

important characteristic, it is critical thgt the’y%eld of the algae is

rm

also pnedictaﬁle and consistent. Culturing the algae should require *

“ - -

minimum labour and material costs. )

- - .

- Good quality seawater is fundamental for all nutritional'stugies

~

since it is a source of nutsients in addition fo its important role 1in

the osmotic and respiratory systems of oysters. Seawater qualigy can

determine~ the type of supplementary diet that is needed by the oysiers,
as shown by Walne {1970). He observed differences in oyster growth rate

when feeding various algae in both filtered and unfiltered ;eawater.

Poor quality seawater can_ Iinhibic oygler growth even if all the

-

nutritional requirements are being fulfilled. The nutritional

requirements of many marine animals are also affected by seawater
temperature (NRC, 1983). )

Walne (1970), in examining 18 different algal species, has
conducted the most extensive se;ies of juvenile oyster growth trials,
His experiments helped distinguish potentially satisfactory algal feé&
organisms for juveniles from algae that are unsatijsfactory.
Unfortunately, his results were expressed in terms of the mean change in
oyster size, with no reference to sample size or to the variation among

el ’
the individuals within the group. In cases where two or three oyster

- AN
trials were conducted with the same algal diet, there was a considerable

-
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range between the means. 1In Walne’s experiment (1970), there is no

mention of the number of oysters nor the volume of water used,

"Therefore, the amount of food per oyster 'biomass or feeding ration

-

cannot be calculated. While 1 x 10° cells ml~} may be an adequate
initial algal cell concentr;tion for a few small oysters contained in a
large volume of water, this same algal concentration may be insufficient
for ééveré% larger juvenilés contaiped in a s&all vessgl.

Table 1. conta}ns algal species ranked according t& the growgﬁ rate
obtained in fqediné t;ials with juVenile oysters. The relative values
which Walne (1970) obtained have been used as the basis for the ranking.,
Despite its short-comings, Walne’'s study.(}970) is the most
comprehensive of its type., The daLa of five other groups conducting
feeding trials on juvenile oysters havesalso been examined and their
findings have beén considered in the determination of the ranked order.
bistinctive characteristics of each of the algal species are also ;oted
in Table 1.

Oysters increase in biomass throughout the experimental period - a

fact that must be taked into account._ In a study by Walne and Spencer

(1974), where sufficient details are provided, atration of Tetraselmis

suecica fed to Q. edulis decreased from 35 to 2% of the oyster fresh

J

weight over a three week period., So that growth responses can be
obtained from a well-defined feeding ration, oyster biomass increases

must be compensated for by frequent increases in the amount of food

provided.

It has been amply documetited thQ; diers consisting of more than one

-

species generally promote more rapidq%rowth (Matthiessen and Toner,
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TABLE 1 Blochemical Information on Algal Species,

« 7. + '

Ranked With Respect To Food Potential For Juvenile Oysters.
(From Enright and Newkirk, 1982) . . '
Rank Algal Spectes Oyscer2 Feedtng Trial Discf{active Charactertstics of -

Ref.3, Rlgal Feeding
Density (10% cell/ml)

[Class!, Size Algal Species

(v), Volume (u})l

¢

1 * Chaetoceros e {1, 3-1.5 opt.]) 70% of dry wt. is silica (8), possible grinding
3pp g , 10] function; produces antibioric (11), 3I5% protein,
(B, 3, 39] . 71 carbohydrate, 71 liptd (8),

. excretes glycolic actd (10) & lipids (12). ‘

2 Pav'ova e (1, good, 2.5-10]) 48% protein, 311 carbohydrate, }2% lipid (8),
lutherd g (1, fatr, 2.5-20] 20 - 601 protein (13}, glycerol & cyclitols stored
Che, 5, %8) \ (1, poor, 2.5-15]) (14), releases glycolate & mannitol (10).

3. Tetraselmis e (1; >3) Non-crigid theca of galactose, uronic acid (17) &
suecica g {(2; 1) a pectin-11ke calctum matertal (18), grows on

. H; 11, 335 -51%] v (3, 30, poor] glucose {n the dark (16), 30T protein, 2% lipld,
- v [15; 2] « 52% carbohydrate (15), no fatty acids >20 carbons (2).

4. Skeletoncma e [1; 5-8) Low temp. adapted, opt. 15°¢C (19), high levels of

costatum 20:5493 (9), mannose - main polysaccharide (22),

(8. 3 - 20, 203 - 350)

excretes glycerol (10), produces antti-bacterial
substances (21), rcleases thiamine and biotin when
grown with a By) source (20).

»

»

5. lsochrysts e, g, {1, 1-30pt , filtered $.W.] Widely usad (34), bettcr ov<ter growth in unfilcered
yibana e {1, 8, unfiltered § V. ]} S.W. {1); 60T proteins, 17?% lipid, 16% carbohydrates

[H, 3, &b - 74) v [135, 0.2} (15), relceases glycolate, cyclohexanetetrol (26) & a
1. aff galbana v {4, 23, high temp. toleranct bacterfal fnhfbfror (24,25), glucose, galactose &
clone T-150 stain] arabinose ~ matn polysaccharide (24)

6. Thalassiosira e, v (5, 20) Exctracellular fibers made of chitin (27), 41% protein,
pseudonany v {15, 0.1) 27% carbohydrate, 12% lipid (15), excretes large
(8, 6, 36) amounts of polysaccharides (26).

cont, .../

0t
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7. Dicrateria e (1y 13) . Difficult specles to rear (1). .
inornata '
Ti: «; 21) v &
8. Cryptomanas spp. e (1; 1 opt.] ‘Oyster growth doubled+when fed with unfiltered
Cr; 5; 46] . S.W. (1); intracellular parasites (28); naked cells
possessing.trichocysts (30); contains 20:35W3.8
. 22:6W3 (31,32). .
<
9. Phacodactylum e (t, 1 opt.] Apparent absence of trytophan (7), high levels of
tricornutum e, g [5, good; 20] 20:5W3 & 22:5W37(31). )
B; 12 -32; 60} v [5, poor; 20)
e, 8, [6, good; 10 -30) -
v [6, poor; 10 -30} .
10. Lunaliella e (1, 0.5-5]} Opt. salinity, 1.2 M; high glycerol (33); lacks faccy
certfolecta e (2, 2.5} actd 22:6W3 (2); excretes biotin & thiam{ne & has no
[cn1; 10, 300) spectific vitamih requirements (20).
1. B (Bactillariophyceae), Chr (Chrysoplyyceae), P (Prasinophyceae), R (Haptophyceae), Cr (Cryptophyceae), “
Chl (Chlorophyceae) \
2. e (Ostrea edulis), v (Crassostrea virginica), g (C. glgal). 1 (0. lutlrgg) 4
3. (1) Walne, 1970; (2) Langdon & Watdock, 1981, (3) Epifanie, 1979; (4) Ewart & Epifania, 1981,
(5) Epifanio et al., 76; (6) Mann & Ryther, 1977; (7) Epifanio et al., 1981; (8) Aargnson er al,, 1980;
19) Chuecas & Riley, 1969; (10) Hellebust 1965; (11) Cauthier et al., 1978, (12) Bountry ec al., 1977;
(r3) Taub, 1980, (14) Craigle, 1974; (15) Romberger & Epifanfo, 198); (16) Droop, 1974, (17) Lewin, 1958;
(18) Manton & Parke 1965; (19) Soeder & Stengel, 1974; (20) Carlucci & Bowes, 1970; (21) Dulf ec al., 1966,
(22) Handa, 1969, (23) Ewarc & Pruder, 1981, (24) Marker, 1965, (25) Bruce et al., 1967; (26) Hellebust 1974,
(27) Blackwell et al., 1967; (28} Eccl & Moescrup, 1980; (29) Beach ec al., 1970; (30} Evans’, 1974;
(31) Kates & Volcaai, 1966, (32) Moreno et al., 1979;  (33) Wegmann, 1971; (34) De P.uw, 1581.
-
Pl )
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1966; Gruffydd and Beaumont, 1972; Walne, 1974; Koganeza;a, 1975;
Epifanio, 1979; and Newkirk and Waugh, 1980). Efitfanio (1983)

speculates that improved balance of micronutrients such as vitamins and

trace pinerals accounts for iwgreased oyster growth rates. Langdon and
Waldock (1981) on the otﬁer hand, Eelieve the iey additive components in
combined diets are related to the availability and balarice of fatty
acids. épifan;n ¢1979) ;ugg;st;.the combination of an easily diéestible
algal species such as 1. galbana with a lésé readily digestible species
such as T. suecica results in a more effective digestion of the less
digestiﬁle species. Many'oy;ter hatcheries are presently using a
mixture of algal species, Given the cost of culturing many species,
howevéf, oﬁe would want to feed wit~ algal species which produced the

highest oyster growth rates per unit o} culture effort,

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

12

phytoplankton species presently untested as food organisms for 0. edulis

juveniies yield higher growth rates than are obtained with traditional
algal diets. The cell concentration which produces the highegt growth
rate in juvenile oysters xgries, depending which algae is used (Walue,
1970), Thus a range of feeding concentrations must be examined for each

algal species which is evaluated.



Part I

Materials and Methods

a) Seawater
The seawater used for both the algal cultures and the oyster growth
trials was obtained from the Dalhousie University Aquatron system. The
source of this water is the Northwest Arm of Halifax. It is pumped
gghrough a pipeline Mhi;h is two meters above the sea floor. It then
passes through a sand bed pressure Filter (0'Dor et al., 1977). Before
being used for the oysters, the seawater {s 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

The al§al species and the origin of the cultures a}e shown in Table

" 2. The algal cultures were reared under batch conditions, Axenic stock
cultures were maintained in 250 ml flasks, plugged with cotton stoppers.
They were kept at ISQC + 2°C in a culture chamber (Percival, Model ES4-
U, Boone, lowa). Using a 1Zh:12h light:dark cyfle, the cultures were
irradiated w{th cool white fluorescent ligh&s (Gene}al Electric, F36 TI12
CW HO), which delxvgred ca. 100 yE n=2 1 (6.0 x 1019 photons) 1n the
Photosynthetically Active Radiation (P.A.R.) spectrum between 400 and
700 nm. These stock cultures were subcultured between one and three
times monthly in order to malntain actively growing cultures.
Approximately 50 ml of a dense stock culture were used in the sterile

inoculation of autoclaved, cotton—-stoppered, one titre flaéks, which

contained ca. 300 mls of seawater. Periodically, both the stoack

13
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cultures and the one litre flask cultures were manually agitated.
Within three to four da&s, a one litre flask culture was sufficirently
dense to be used to inoculate an autoclaved 20 litre carboy, The one
litre flask and 20 litre‘carboy cultures were maintained at 22°C - 1°C
unless otﬁerwise scaﬁéd.‘ The &ncident maximum irradjance at the culture
véssel surface was ca. 300L E n~2 -1 (18.1 x 1019 phocgns) in the
P.A.R, spectrum between 400 and 700 nm, Aeération, carbon and pH control
were supplied to the ;arboy cultures by a pressurized airstream which
was supplemented with CO, from a ga; cylinder. The pH of the algal
cuiturés ranged between 7.9 and 8.4. The £/2 nutrient mix of Guillard
and Ryther (1962) was supplied to all algal cultures. On the second day
afrer inbculatlon, 40 ml of N325103-9d20 (306 grl) was added to each of
the 20 litre carboy, diatom cultures. The total culture vnlum; was ca,
18 litres. Algal cell counts of these cu%tures were conducted at the
time of harvesting, prior to feeding the oysters. Cell counts were
obtained for each culture u31ng‘a Lagorlux IT microscope (Ernst Leftz
Wetzlar GMBH, Type 020-435.026, Germany) with a hemacvtometer

(Improved Neubauer,Ultra plane, spot lize, 1/400 sq. mm, 1/10 mm deep)
and/or a coulter counter (Model Zg» Coulter Electronics, Hialeah, Fla.).
Several replicate cultures of each specles were available. Algal

cultures were monitored for contamination using a uicrosco,e magnifd-

cation of 1000%. Cultures in which bacteria were obserbed were discarded. '

c) Algal Biochemical Analysis

.The method used to obtain the biochemical data on the algal

cultures {s outlined in Fig. 1. Cell counts were obtained for each
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algal culture. Culture subsamples, ranging from 3 to 50 ml, were

»
collected, using a millipore filter apparatus, on pre-weighed glass
microfiber filters (Whatman), 4.25 cm 1n diameter and used to determine

the dry weight of the algae. Chlorophyll a determinations were also

conducted on filter papers containing a known number'of algal cells and

a thin coating of MgCO4 to neutralize any acidic compounds the cells

may contact. The remaining culture was centrifuged (Sharples Super,
Centrifuge, The Sharples Corp., Phxladelphia): The resulting cell paste
was either used imquiately'or placed in 2 ml plastic vials and stored
at -60°C for a weék to several months prlér to analysis. Subsamples of
the cells were then placed 1n tared test tubes for protein, lipid,
carbohydrate and chlor;phyll a determination,

Protein and amino acid analyses were determined by Dr.: J. (Craigie,
National Research Council, using 10 to 40 mg of frozen algal cells and
nydrolysing with 2 ml of 6N redistilled HCL 11 vacuum-sealed glass
ampoules. The ampoules remained at 110°C for 45 to 69 hours and were
manually shaken twice during that period. The ampoules were opened and.
evaporated to dryness with an air jet. The éry samples were dissolved
in a citrate buffer, stirred with a magnetic stirrer, and centri%uged,
prior to placement on an amino acid analyzer, set at AR 1.0. {(Beckman
119 CL, Beckman Instruments Inc., Spifgo Division, Palo A{Eg;

4

California). Norleucine was the standard/{~fPajtial protein values were

’

obtained by the addition of the amino acids shown in Appendix I.
Total lipid was analysed, making use of the techniques outlined by
Folch et al. (1957) and Bligh and Dyer (1959). The algal sémples were

homogenized (Polytrdn, Type PT 10/35, Kinematica Gmbh, Switzerland) and



dried under a nitrogen evaporator. The extracted lipid was weighed and
dissolved in hexane. Fatty acid analysis either followed immediately or
the samples were frozen at -15 or -60°C for future analysis. Fatty acid
methyl esters (FAME) were prepared from the lipid sample by
transesterificalion, either with boron trifluoride in anhydrous
methanol (Mehlenbacher et al., 1965) or by adding Christoperson’s

reagent, (Christoperson and Glass, 1969) to a 10% lipid in hexane
solution. The FAME sample was passed through a column containing acid-
washed Florksil retained on a glass wool plug (Caroll, 1963) in order to
remove any remaining pigments, as pigments iamferfere in gas-
chromatography. 'The fatty acids’ were analysed by two* gas

chromatographs. A.Perkin-Elmer, model 3920 (Norwalk, <T), belonging to

Dr. J. Castell, Department of Fisheries and Oceans, was used during

.~ 1982. These samples were analfsed using a hydrogen flame detector and a

Silar SCP stainless steel column, 45m x 0.025 cm, which was coated with
butanediol succinate. The injector temperature was 200°C and the oven
temperature was 1809C., Helium was the carrler gas at an inlet preééure
of 50 psi. A similar gas chromatograph (Perkin-Elmer, Model 900) and
column, belonging to Dr, R. Ackman, Nova Scotia Technical University,
was*used during 1983, Thin layer chromatography was conducted on the
samplég analysed 1n 1983. The size of the algal lipid samples ranged
from 1 éQ‘B ug. Tentative FAME identifications were based upon
éopé&rigénwatbjghrom§;ograms of commercial fatty acid standards aﬁd the
meQLyl«esée?s_of cod liver oil, analysed under the' same chromatographic
conditgon§ %Xckman and Burgher, 1963). Semilog plots of retentlion time

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



18

1963). The

The

algal FAME and standards to aid identification (Ackman,
]
algal FAME were hydrogenated (Appelqvist, 1972) to confirm the accuracy

1]
of identification and quantification of majoT components,

chromatograms were quantified by a computer program developed by Dr.
each fatty acid peak.

Ackman, or'by determining the area under
*

Carbohydrates were analysed wusing a colorimetric phenol-sulfuric
These samples were initially

t al., 1956).
A standard

acid method (Dubois
hydrolysed with: 2N H,S50y for one hour in boiling water.
Colour development in the
with a

was quantified

Y
curve was developed using glucose,
samples

reference

.and
spectrophotometer, using a wavelength of 485 nm (UV Visible,

experimental
Ottawa, Ont.).

Spectrophotometer, Varian Canada Inc.,
Chlorophyll a determinations were conducted on the weighed, frozen
algal cell samples in accordance with the procedure outlined by Jensen

(1978). The samples were extracted with methanol conéaining MgCa 4,
These data,

They were read on the Varlan spectrophotometer at 660 nm.
coubled with the relationship between algal cell number and the
chlorophyll & concentration, enabled the number of algal cells for a

Thus, the protein,

given algal weight to be determined for.each diet.
lipid and carbohydrate content could be expressed in terms of algal

cells.

The carbon and nitrogen ratio of the algal diets was measured by
Microanalysis Laboratories Limited, Markhanm, Ontarfo~ The analyses were

~

conducted on freeze-dried ;lgal samplés.

Wi



d) Oyster Growth Trials ) E -

The Dalhousie University Hatchery provided the juvenilefEufopean
-' \' -

Oysters (Ostrea edulis L.). Initially the oysters measured fr@d 3 s 7
- : ”\.’ ‘ ‘

‘19

mm in diamefer and weighed between 5.0 to 25.0 mg fresh weight, Prlbr;ﬁ?ﬂ

experimentation the oysters were held in a flowing seawatet system (22°C

+ 29C) in the Dalhousie hatchery and were fed a mixture of the following

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

Chaetoceros gracilis and ocgasionally'Pavlova lutheri and Dunaliella

tertiolecta., The 6ysters were not fed for one to two days prior to the

experiment,

“

The growth response oﬂkindividual juvenile oysters was monitored
.

-

using the following procedure. Individual oysters 'were blotted with ap
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 sﬁbsample

e

was placed on a labelled foil-covered board gnd put in a drying dyen

(Lab-line Instruments, Inc., No. 3305, Melrose Park, Illinois) at 6609¢ *

. . 4

5°C until the oysters reached a constant dry weight. The remaining
oysters were attached with a marine glue (Sea Goin’ Heavy Duty Poxy,
Permalite Plastics Co., Newport Beach, Ca}ifornia) to a numbered Dymo

tag. The oysters were positionedowith the convex side of their lower

¥
3

valves adhering to the glue. Care was taken to keep the glue away from
N .
the edges of the shell as this would impair the feeding capability of

the animal. In a prelimindry experiment of five weeks‘&uration; it was

determined that there’ was no significant difference between taggzd and

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

&9



3

to a string. Each string contained 25 animals which were ca. 1.5 cm

-4 .
L

apart. The strings (previously herg in a common tank) défé arbitrarilx

assigned to labelled, éightwlitre, plastic pails.'Three to four strings
were loosely hung across the pail, suspended from open rfngs made of PVC

) ’

plastic, which clipped to, the rim of the pail. The" pails were fllled to"

v
! .

the top- with 23°C t 1°C séawater. The seawater témperatdfé remained at
« N T ‘(-,-
this temperature for.the duration of the.experiment: The pH of the

seawater in the pails ranged between 7.7 and 8.1. Water circulation and

~

s »

“airlift tubes made from CPYC‘plastlc, and air stones in the final

experiments. The source of the pressurlzed air wasTthe Dalhousie

L4

'l
- - 7w

University compressor system. .
L. Y

- . v

The duration of the oyster growth experiments was' five weeks,

-

Daily, each pail was manually emptied and refilled with fresh seawater

and a known vqlume of -a specffic algal diet. The inside bf the paid, and

the oyster strings were cleaned daily by spraying 'with féesh-seawatér.

3

wéekly! the pails and airlift tubes or air stones were wiped with a

cloth which had been éoaggg‘in a dilute bleach solution. The position of

»
»

the pail in the oyéteroculgure room was rotated weekly. Since the’

. 2 N - «

nutritional value of algal species with varying dlgestiﬁilities was
. -

compared; kaolin' (K3gfboratory Grade, Riéﬁer Scxentiflc) wag addéd‘

daily to the pails at a con‘celf:ratio:} of ca. 30 mg/1l. It was.assumed
that kaolin functioned as a grit or gffnding substrate and‘incregsed
the digestibility of those algae with"a Tess digestible cell wall. The

? . 4 < .
addition® of kgolin“marginally enhanced the growth response of the

o?sters when a mixed algal diet consisting of Isochryéis galena,T;Lso;

' . B ]

oxygen was provided for the oysters in the initial éxperiments by



LS

¥

Dunaliella tertiolecta, Thalassiosira pseudonana and Pavlovaélutﬁerl was

.

provided in a five week Tong preliminary oyster grow%h trial. There
' ) <

were two types of unfed control treatmgnts; -a datly change of fresh
seawater either with or witheut the addition of kaolin. All remaining

peils received an algal diet. The reference diet for all the oyster
L P kY
e )y 7

growth experiments was I. galbana T-iso. Unicellular algal diets were

v

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

—

algal diet treatment, The mix€d algal diet was comprised of 1. galbana

T-iso, Chaetoceros gracilis, C. simplex, . Pavlova lutheri and

r

'?haeogactylum tricornutum. At the termination®of the experiment, the

~

oysters were removed from their numbered tags and blotted with an
absorbent cloth. Any traces of glue were scEaped off the oyster. The
final fresh weight was obcalned, ma}ntaining the same method that was
used to obtain tke in&tial yéiéht. Dry weights were obtained for the
oysters using the procedure previouély mentioned, The dried oysters
were grouped'acéording to their ekperimental treatment, placed in
labelled and sealed plas'tic petri dishes and stored in desiccators at
-15°C. ‘

A range of feeding dené%ties was examined for each algal species.

Algal densities were expressed in terms of a feeding ration using the
following eguation:

al Feeding ration = number of algal.cells
live oyster weight (mg)

»
- ~

. ) s
The amount of algal., food supplied was adjusted daily to account for the

. . w
estimated increasing oyster biomass, according to-the procedure outlined

< -



in Urban et al, ¢1984). Half-way through the experiment, the weight of

- -

arbitrarily selected oysters was- obtained from each pail. This

information was used to calculate an estimated growth rate for each

experimental treatment. The daily instantaneous relative growth rate

of, the oysters was calculated for each treatment using the following

équation (Brody, 1945). The rate is relative to the initial oyster

weight,

PR

Growth rate (k) ='[(dW /dt)/Wo] = (2.303/t) log (Wt/Wo)

-l

where Wo = initial live weight (mg)
-+« Wt = final live weight (mg)
t = 35 days
2.303 = conversion to mnatural log from log10 ﬁT\\>
W = weight - - %

L.

22
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Part I .

Results and Discussion

a

a) Oyster Growth Trials

The histograms in Figs. 2 through 7 show the comparative growth

response of juvenile European oysters fed a variety of algal cultures,

v

compared to oysters fed the reference species I. galbana T-iso and the

. 4 -
unfed control treatments. A range of algal cell densities was examined

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

5) the only common alga was the reference species, I. galbana. 1In
= - L. ga_bana

1]

experiment 3 (Figs. 6 and 7) several algal species previously examined

in experiment Il or 2 were retested at different densities. Daily
increases ;f algal cells were required to compensate for the increase in
oyster biomass, thereby maintaining a éonsiaﬁt feeding ration.

In Table 2 the algal.diets are ranked according to the highest
oyster growth rate obtained with each algal species over the density
range tested. The ;yster growth rate k, based on fresh weight, which
was obtaf%ed with each diet was divided by the k value obtained with the

¢

reference:species, I. galbana T-iso.

b) Algal Diets

Several phytoplankton species, previously untesfed as food
organisms for 0. edulis juveniles, produced higher oysteé growth rates
than results with traditional diets. The algal species ‘will be
discussed as oyster dieta,vwich refe;ence to ggeir biochemical
composition which {s presented in Appendix I, II and III and

summarized in Table 3.

23
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Fig. 2. The daily growth rate (k), based on fresh weight data of

Ostrea edulis-juveniles, when fed various phytoplankton diets

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

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

~
”

histogram bars.

-t\l
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Fig. 3.

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,
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Fig. 4.

The daily growth rate (k), based on fresh weight data of

Ostrea edulis juveniles, when fed various phytoblankton diets

at a range of feeding densities, 957 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,
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Fig. 6. The daily growth rate (k), based on fresh weight data of

Ostrea edulis juveniles, when fed various phytoplanktom diets

at a range of feeding densities. 95% confidence intervals afge P
shown, with the number of replicate oysters {ndicated above tij/;%/
A
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histogram bars. N £



a

0.08; . ] -
\ FRESH WEIGHT L
§
- i
o] 70 71 . )
A L
0.06t Th » 74
—~ * -}1 ! 70
= {" 67 ‘E 74 ‘
2 + 68. 72 74 -
@] ¥
o 73 {- 73 . 64 4{'
< gy e Le :
-— L
3 0.041- . i % JI" -—E
o ia .
O 67 . 57 ; X 70
'Z\ -+~ x .
.5 ' 1 Ld L
ar {' . ‘hl {- : L }
- <5 -
0.02¢ : - T ) 43 67
4 ‘\ o 54
: LI i [ ) S | * ' \.\\
. - o~ E . ] 34 '\/ .
L 4 o
0.00 L1 1. . ’ =
05 1.0 20 K2 2955 060825 02 10 32 0218.3.4 020510 OS5 1.6 3.6Seowater —
) ‘ . 105 x Feeding Ration CO\L’;:'?' .
Isochrysis ' Ch toceros L.+ Skeletonema* Rhodomonas C. S. . Kaolin
. _gaibgna #GCHIS . calcitrans costotum sp. simplex menzelii ‘
‘ T-150 ~— - )
* = -& » w
N " N t W

7



LS

p"
Y -
. 9
<
4‘._
.
Ay Y
3
~
f
.
¢
.
«
-

~ -
- ) 1
R N ;l , » f': .
£ 4 . .
} & p L .
. : - .
“ L]
. AN .
» o ¥ » 1 ¢
& P P .
. 24 - -
. A o - .
l'. ' L4
.
I £ . b
3 I .
Y
1 >
. ‘
, b4
- A t ’ « ¢
LA ’ t > PN
’a 3 ' -
' » v ¥ . .
'y
- ARY
i !
3 » - ) M
. " - ' 4 \ .
ra .
’ . ! I X
.
i . Pl v
! )
A .
. ) -
4
. ’ : .
- - »
.
* ’ .
B ¢ )
'
v
N
. il
-~ »
K ! . <
v L -
.
. Y 3
-~ ‘ A r *
4 © « .
, S . v,
- N H
' “* ]
19 % Ay
‘ \
-~
. \ ' . R
£
. ., o«
3 +
'
' K4 &
A .
- -
- , F) 3. -

% «

The daily growth rate (k), based on dry weight .data of~détrea

edulis juveniles, when fed various phytoplankton diets at a

‘

range of feeding densities. 95% confidence,intérvals are

-

shown, with the number of replicate oysters inﬂicétéd above the °

histogram bars. . ; 1 .
* B
L4 .
. .
;
.
.
.
. . ~
* .
& " '
~" , ’ .
P
.
. L .
.
¢
. .
f . K >
k] o l
.
. o
»
.
{
. .
3
.
. R . i
. .
e

34

Is‘



“q

35

_ ) 0S!1-1
HreZUsW xajdwys -ds » wnjoisod SUDJ}19|0D S1110D puoq|ob o~
U100 g 5 SHUOWOPOILY DWSUOIBIANS e . 0139013040 SISKIyo03| R
, dum . ‘ - US|y Bupesdx Ol s
2 |0Auod S G
* 13jomoBS Q¢ w_mo O_mzomo b€ 8120 2€ 0120 &28090 &G 6221 02 0150 000
T, 1
SS N ) P #
N i ' : J b L ’ o I e
M ) ) - : |
-
oo 19 ||| {1 - 1200
N ° . O
. ) . .Hh 1 g,
2 * . \* 4 <
b n { 1L @
i ) . o)
. z % 8% 100 £
. o - . \ T, ) L, =
) , % | %1, & .W : 1 - . By
. €L - ,M.. . a
. N ~| €9 T =
% 99 oy | % tL . o 2.
o .t T e ® =
7t ,.,A_Hy_ L9 m_‘_ﬂl ,ML £l 1900,
. ¢ v - * . R e °
: : e ™ vL Tl .
. ¢ ~ X4 ’ . rw < o P § N
‘ , . SO 1L 0L LR .
- 2 o} v
- $80°0
: LHOIIM Add e
Vo, L~ " v N ‘
’ B o » ¢ . .v~ _ . ﬁl e -
X . B . , ‘ LY. o ) ET
o " . B - ‘ 7 e - . W\
- < s A
' . e , C \ ) RN o
. 2 & 4’ I T “ g * \ ! Juiz < A . .0 o )
e ‘o E}

l\



iy

LY ! ‘. - i

Table 2. AI%I Diets, Ranked According to the Growth Response Obtained

wi gwﬂLd“_l_li juven.iles.
- Algal Cell . Relative Oyster
Diameter, Vglume GCrowth Response-
. . (u,w 3)g Experiment No.
. 1 2 3
1. )‘ﬂxed Algae (Chgra, Bbem, T-‘ito, . 1.9
Mono‘ and Pet Pd) .
2. Chaetoceros gracilis ((Ihgru)b 7 1.8% 1.5
J.wChaetoceros cnlci:mnsb 3 ‘ . 1.5 1.3
4. Skeletonema costatum® - e ‘_3-22.203-350 1.2 ’
5. Chaetocerog simplex (Bbsm)? 9 1.2 1.1
6. Rhodomonas ap.c 4-13, 46 . oo 1.1
7. Thalassiosira pseudonana (3H)? ) 4,6-36 - 1.1
8. Isochrysis galbans T-fso (REFERENCE)® 3-4,46-74, -j.o 1.0 1.0
9. Tetraselmis maculata® s 10 0.8
10. Tetraselmis sp. (Platy 1)* ;1.335—\55 0.8
11. Pavlova luthert (Momo)® $-6,32-58 0.6
12. Phaeodactylum tricornutua (Pet Pd)? 12-32,60 0.6 )
13. Pseudoisochrysis sp. (Va 12)® 6 0.5 ’
14. Chlorococcum sp. (Chloro)®? 7 - 0.5
15. Dunaliella terticlecta (Dun)‘; 9-11,300 0.3
16. Skeletonema mq_pzeliia (Men) 3-7 0.3
17. green flagellate ?Va 52)b 1-2 0.3
r‘\;y ) ~ v . -

Algal Culture Sources: 2 Guillard, R.; Bigelow Laboratory for Ocean Science,
@ West Boothbay Harbour, Maine.
b Pruder, G.; College of Marine Studies, University of
Delaware, lewes, Delaware. , '
€ Cratgie, J.; Atlantic®' Research Laboratory, National
Research Council of Canada, Halifax, Nova Scotia, .
d Enright and Newkirk (1982).
+ Growth Rate k, based on fresh weight for each algal
dfet relative to the reference diet lsochrysis

lbana T-iso. N
85__”‘— stt (kalgn/kl. galbana T—iao)-

% On a fresh weight basis the change in bilomass of the
oysters fed this diet was 3.5 tlx?s higher cthen that
e

obtained with oysters fed the referencediet for 35 days.
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Fatty Acid“

Carbohvdrates

ZO:ﬂml

* diy wt.

22:0u3
Z dry wt.

Reference
(Appendix no.,
lable no.)

v8

lucose

J
cquiv. (104 cclls)~l

R
Reference

Table no.)
»

(Appendix no.,

% dry wt.

Chactoceros
rgracilis (control)

11.5

(11,10)

|, 2

(silicate limited)’

5.6

(11,11)

13.5

(111, 2)‘

(nitrogen limiced)5

7.1

(11,12)

26.6

(I1L, 2)

Chaetocceros
calcitrans

NF

Skeletonena
costatun

30,23

2,7

ar,

Chaetuceros
sinplex

8¢
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£
oy N
X T -
. Protein | - Lip.c
\-. — ~— — - ————
- diy -
N we . f'.(lOU-boH':) Reference % dry wt., e {1\;(’ Celln) Rererence “odry wio Tl , .
* / .»10 (Arpundix no., , {Appendis no , wpnat
- . 10 Table ao0.) Table ro.) Table ~-
- . cells ’ . !
d ) ) ) T
o -
- ‘ - : _ .
[ e . M . -
. Rhodomonas .
. ~ » sp. (centroly Q5 33.0 - (1, 1) 35 2039 (11, 8) 22
) n
(nitrogen limited)” 06 26.9 < (1, 8) 13 47.2 (11, 8) " -
Thalassiosira 15 4
pseudonana (control) X
Y
S
(silicate limited) . .
Y
Isochrysis A .
galbana T-iso 31 7.1 (a, b 23 3.6 (11, s 28
v . 172 I, »
: 23° ar, o
Tetraselmis sp. 100 7.8
~ Paviova luthert 39 ‘

€
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Fatty Acid’

Cairbohydrotes

20:9%0 3 20:603 Reference ug, glucose .| Reference % drv wt.
Todiy v % odry we. (dppeadix no., | equiv. (100 celis)” (Appendix no., ‘
Table no.) Table no.)
Rhodomonas N 3
PuLLALLALEL 13 5 29.7 I, 31
sp. {(control) (1 3

(nitrogen limited)” | (11, 3 130.1 ¢ (111, %) 63
Thalagsiostra
pacuconana (cont\rol). 9.0 1.4 (11, 6)

\ ’
21 - (11, 1)

(s{ltcgc» linfted)’ 6.5 0.7 ar, 73 .
Isochiysis - )
Eaibana T- iso 0.7 10.8 (11, 35) 7.3 B (111, 2) 23

4,7 “ (11, 1)
2
. 4.0 - (11, &)
Terraselmis sp. '
= LN
8.0 0 (11, 1) )
Pavolva latherd la,19 8,0 (1r, 1y

oY


http://pscut.o-.nua

£

Protein . Lipid -
dry & -1 . 6
wt ,0{10" cell,) Refurence -~ uly wi ug (107 cells) Referepce A dry wt, Refer. ..
a1 {(Appendix no., (Appendix no., (Appesc.ay
1ot Tavle no.) Table no.) Table ro
[ WO8Y ‘ N
up)
?hncoductzlum 50
tyicorunutun
1
\ i
Dunaliclla N . L
tertiolecta 90 18.5 (1, L .
N .
Skeletoncma .
menzeliy 45 10.9 (I, 1) 24

-
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i) Isochrysis galbana cloné T-iso (hence referred tc as 1. galbana T-iso)

1. galbaqa T-1s80 was selected as the reference species in each
oyster gsiwth trial (Figé. 2 through 7) because it is commonly used in
bivalve hatcheries and nurseries. 1. galbana f—iso of the 1. galbana
spec;esis a hi%h temperature-tolerant, tropical fiagella:e. It was
isolated in the late 1970’s by Dr. K. Haines, University of Texas at
Austin,%%}om a mixed species culture received from Drl J. L. Martin,

Centre Oceanologique du Pacific,'Vairao, Tahiti. Ewart and Epifanio

(1981) have shown that 1. galbana T-iso is a suitable substitute for 1.

galbana as food for larval and juvenile C. virginica. 1I.galbana has a
growth rate maximum of ca. 1 doubling per day (18 to 20°C and 350 to 750
_2%

W cm In comparison, 1. galbana T-iso has a growth rate maximun

of ca. 2.8 doublings per day (27°C with an irradiance »f 1500 W cm”?).
1. galbana T-iso can adapt to a much broader range of temperature-light
conditibés than I. galbana, as shown by EwarE and Pruder (1981).
Although limited biochemical information is available on 1. éalbana
T-iso, scudie; have been conducted on 1. galbana. According to
Romberger and Epifanio (1981), the food energy value of 1. galbana is 26

J. mg‘l. This compares with 15 and 16 respectively for Tetraselmis

suecica and Thalagsiosira Epeﬁdonana (3H). All three algae were cultured

under the same conditions. Thé percentage of protein for 1. galbana is 60;

double Tetraselmis suecica's value and 1.5 times the value for Thalassio-

sira pseudonand (Romberger and Epifanio, 1981). The amino acid composition

composition among phytoplankton,is fairly uniform the arginine and

leucine levels of both I. galbana and I. galbana T-iso are relatively

of L. palbana T-is0 is given in Appendix I, Tables 1 and 5. While the amino acid



higher than those of the other glgal species shown in Appendix I, Table 1.
According to Romberger and Epifanio (1981), the lipid content of I.
galbana at 209C is 17% based on dry weight, which corresponds to the
results of the'present study for 1. galbana T-iso (Appendix II, Table
2.). The fatty acid compositionsof_i.galbana and.E.galbana T—i§o is
given in Appendix 1I, Tables 1, 2 and 5. The major saturated fatty
acids are 14:0 and 16:0, The principal uqsaturated fatty acids of both
organisms are 18:1, 18:2, 18:3, and 18:4 and 22:6x3. Compared with otger
algal species analysed 1. galbana T-iso has a very high level of 22i6.3
(10.8) and a very low level of 20:5-.3 (0.7), as shown ian Appendix II,

Table 5. Langdon and Waldock (1981) demonstrated 22:6«3-and 20:5 3 are

essential fatty acids in the diet of the Crassostrea gigas juveniles.

The carbohydrate eontent of 7.3,g glucose equivalent (100 cells)”!

(Appendix III, Table 1) or 21% of the dry weight for 1. galbana T-iso is
low when compared to the other algal species examined (Appendix TII,

Tables 1 and 3). The carbohydrate concentration of I, galbana,

accoYQing to Romberger and Epifanio (1981), 1s also relatively low; 16% .
-

compared to 27% and 52% of the dry weight respectively for Thalassiosira

pseudonana (3H) and Tetraselmis suecica. Marker (1965) found that after

acid hydrolysis:\ghe carbohydrates of I ,galoana contained mainly glucose
and small amountsso{;galactose, irabinose, xylose and ribose. 1.
galbana excretes glycolate and cyclohexanetetrol (Hellebust, 1974),
especially during the stationary grbwth phase (Guillard and Wangersky,
1958; and Marker, 1965). Wilson (19%9) found that I. galbana cultures

entering the stationary phase of growth, stimulated@ grazing in 0. edulis

larvae to a greater extent than cultures in other growth phases.
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Compared to other phytoplankton species, I. galbana T-iso has a high

protein level, an average lipid level and a low carbohydrate level. The
low carbohydrate level may account for the consistent mediocre oyster

growth response with this species (Figs. 2 through 7).

ii) Chaetoceros spp.

Chaetoceros species proved to be favourable diets for.O. edulis

juveniles (Table 2). In expériment 1 ané 3 C. gracilis yiélded
respectively a 3.5 and 3.1 ;old increase in oyster fresh weight gain
compared to I. galbana T-iso over a five week period. The results,
expressed 1n growth rate k bésed on frésh and dry weight values, are
shown'in-Figs. 2, 3; 6 and 7. The C. gracilis éulture was obtaineéd
origina'lly from Dr. E.. Laws, University of Haw% via Dr. G. Pruder,

tniversity of Delawate, upon our request for,an untested algal culture

with potential as an oyster diet. Chaetoceros species have been

overlooked in bivalve culture in the past, Walne (1970) found C.

calcitrans was an éxcellent food, and langdon and Waldock (1981) used

¢

this alga in their studies (Table 1).  DePauw (1981) lists C,.

14

éalcitrans, C. simplex and C. curvisetus as algal food in bivalue
nurseries; however, in most hatcheries and nurseries Chaetoceros species
have been underutilized. Since C., calcitrans is.éE: half the size of C.

racilis, one w;uld expect this smaller alga to'be a good larval diet.
Scura et al. (1979) used Cgaetoceros species 1isolated from cultures
which developed naturally in their Hawaiian oysger ponds, The only

literary reference to C. gracilis being used as one component of a

mollusc diet i{s Ukeles (1976), who cités 1ts use by Koganezawa in Japan.

LA
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As a result of this xesearch, C. gracilis is routimely used in the

Dalhousie University hatchery as a diet for larval, juvenile and

. s
spawning adult bivalves. C. gracilis is easy to grow and maintain in

culture., Like I. galbana T-iso, this tropical strain grows well over a
wide temperature range (10 to 30°C), with aa oétimal growing temperature

A

of ca. 289C. The high temperature tolerance of C. gracilis permits
- .

~
-

outdoor or greenhouse culture growth in subtropical and tropical
climates and under summer conditions in temperate climates., Of the
three Chaetoceros species, C. simplex was the most unreliable in culture
due to frequent, premature senescence.

The biochemical analyses conducted on Chaetoceros species (Tables
3 and 4; Figs, 14, 15 and 16; Appendix I, Tables 1, 3, 9, 10 and 11;
Appendix II, Tables 1, 9, 10, 11 and 12; and Appeandix IIL, Table 2) show
a typical C to N ratio a;d average levels of protein: caghohydrate and
lipid. fhe small cells of C, calcitran (hj have a very low protein
level of 2.2 ;g(loé cellss'l; howéve;, C. gracilis, a medium s;zed
alga (7u), has a low protein level of 10.8 ug(l()6 cells)‘l compared
with comparable sized algal specles. C., gracilis contains a
moderate level, 9.2 ug(lO6 celleﬁ”l, of total lipid (Appendix II,
Table 9). Although it is well established (Appendix II, Tables 1, 3, 6,
7,‘10, 11 and 12) that long-chain polyunsaturated fatty acids ar;
ébundant in diatoms, Kayama ‘et al. (1963) was unable ‘to detect any ?aﬁty—’

acids with a carbon chain longer than 18 in C. simplex. - Their lipid,
-‘\ . P - g
however, was extracted with-ether; a method which Chuecas and Riley

(1969) have demonstrated to be inferior. The discussion of algal fatty

acids in this report will be restricted to studies using a chloroform-
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16.0

15.3

Table 4. The carbon and nitrogen content (% dry weight) of
Chaetoceros gragcilis and Isochrysis galbana T-isa,
Algal Diet , c Nz "
X s.d. % s.d.
(n=3) (n=3)
Chaetoceros gracilis :
Cm 34,0 3.3 3.9 0.9
1.
Silicate Limited 43.1 1.8 2.7 0.7
Nitrogen Limited 33.7 3.7 2.2 0.1
- {
Isochrysis galbana T-iso 46.3 2.3 5.6 1.0

The results of the silicate and nitrogen limited cultures will be

discussed 1in part II.

~
a

8.3
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methanol extraction procedure. The 22:6w3 fatty acid content in C.

gracilis (2.5%) is very high compared with other diatom species. The

v

only diatom with a comparable value (2.'274) appez}‘rs to be Tha‘lassios*ira“.

\d g -
fluviatilis (Ackman and Tocher, 1968); however, this alga is of little

use as an oyster diet because it has an inhibitory effect on'0Q. edulis
juveniles (Walne, 1970). The 20:5w3 fatty acid content in C. gracilis

\
(11.5%) is low relative to the other diatom species listed i endix

II, Table 1. The biochemical composition of C. gracilis is discussgpd at

length in Part II. ” ’

Based on the success in the oyster growth trials with-C. gracilis,

a R B L,
C. calcitrans and C. simplex, other Chae€toceros species were obtained -

AR B

from\Dr. R. Gullllard, Culture Collection of Marine Phytoplénkton,

£

Bigelow) Laboratory for Ocean Sciences,""West Boathbay Harbor., Maine., N

wa ’

ceratosporum, .C. affine, C.

These included €. pseudocrinitus, c.
A3 . . C . . —, —

- - . -
= - *

costatumf«_(_l_‘: didy’*%fum' andq_E. pseudoc{xrvisett:xm.- These specles either did

-

3 L]

% v

. r . ~ ., " - "
ot grow well ,in our culture system or the cells tended to aggregate in

- - - v * . : ) [ * ° - : —
" clumps- considered too‘large for the-juvenild bivalves to Yngest. Thus, R
A . T
we did nor experiment fyrther with’thede ‘speféai?'s. o
. e N 3 o - :!i”,‘: N .Ja_ ’;9”. ; .
- 1i4) Skeletonema spp. e~ L I N R t
.Y . - N ‘ . ‘._" e ., .. &, x .
S. cdstatum (Table .2) was a favourdble diet for the juvenile * - 4
oysters. The culture-used was obtained f,n.om Dr: J. Craigie, National .,
Research Council of Canada. Several oc-h,er S. costatum cultures, received )
from various collections, proved difficult to culture. Walne (1970)
also encountergd problems when attempting to grow this diatom. Craigie -

(pers. comm.) has suggested a viral infection may be the cause of the

-~
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. ) -
problem with some S. costatum cultures, This s%%cies is considered a
2 o T T . :

low temperature adapted species and 1is abundant in inshore, temperate
waters. Nelson,(1947) suggested 'that _S_.‘ costatum supported the
nutritional requirements of the natural*oyster population in Delaware
Bay. | So;:der and Stengel (1974) found t:emperat:n'e adapted cultures of S.

/ .
costatum grew only 50% better at 20°C than at -79C. Perhaps only robust

stralns of this species are suitablé For mass culture at temperatures

near 22°C.

The chemical composition of S. costatum is typical of other diatom

-

spec{es (Sakshaug and Holm-Hansen, 1977). The amino acid composition is

shown in Appendix I, Tables 1 and 4. Chuecas and Riley (19693 and
« <

Ackman et al. (1964) have shown that’ the ma jor fatty acids in this

species are 20:5w3 and 16:1lw7. GIucose and oligosaccharides are its

u

. <
\E;jor storage products (Handa, 1969; and Allan et al., 1972).

S« menzelii yielded an unfavourable growth response when fed to "0.

A Y

v »
edulis juveniles; ‘ however, it was reported to be a very good food for

‘cultured clams (Mercenaria mercenaria) in New PEngland (Pe_trovits, pers.

r

comm.).'Although S. menzelii is smaller (2.9;* 0.9) than §. costatum

(4.7u% 1.2) the amipo acid  content of S. menzelii (Appendix I,

rd
Tables 1 and %) is ca. twice that of S.costatum, with the exception of

LE:

alanine which 18 comparable, S. menzelii was isolated in the Wes.teéh

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

i

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

chain-like form. On the basis of the oyster-feeding results algal chain. -~
’ N s 6-

¥

formdtion does:not appear to restrict bivalve feeding.

¢

-
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iv) Rhodomonas sp. g

Rhodomonas sp‘. p‘roved to Be a good diet for the juvepile oysters.
This dryptophycean culture was obtainéd iﬁ‘om‘Dr. J. Craigie, National
Research Council of Canada, and recommended for its high carbohydrate
levél, TP.le carbohydrate level of Rhodor;xac)nas sp. was ﬁ&a; four times

higher than that of I.-galbana T-iso or (. gracilis when cultures grown

with the complete (f/2) nutrient medium are compared (Appendix III).

Hollan§ and Hannant (1974) suggest that carbohydrates are the main
energy source for 0. edulis juveniles. .

Working with Cryptomonas sp., Walne (1970) suggested that

Cryptophyceae species were unsuitable for bivalve diets as they did not

‘form dense cultures. The contrary was found in this study, where the

Cryptophyceae species, Rhodbmonas sp., obtained cell densities in four
litre carboys ranging from 2.0 to 6.0 x 106 cells m1~! when harvested

for oyster food three days after inoculation. Iwasaki g_t_:_il_. (197.1)
recorded cultures of Rhodomonas sp. averaging concentrations of 5.8 x

10® cells m1~t.

< -
-~

The growth rate of 9’. edulis doubled when Cryptomonas sp. was

P »

supplied in unfiltered seawater compared 'to filtered seawatem (Walne,
»

1970). The seawater must contain nutritional components for the oysters
* )

.
[

which were hot present in the Cryptophyceae isolate used in Walne’s

. ’ -\
study. l’Crzgt‘.dmgnas spp. dg, however, contain the two fatty acids 20:5w

‘

3 and 22:6w3 (Kates and Volcaniy 1966; Chuecas and Riley, 1969; Beach et

al., 1970), which were shown to be growth limiting for ju\;enile biva\ives

(Langdon and Waldock, h1981‘). There 1is considerable variation in

» - ‘\ B .
,&ublished reports between. {:_he‘g.g;'arious fatty acid spectra of

- .
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© (10%) out of all the alga

Y - N

Cryptom%nas species. Differing culture conditions, such as nicrggen

limitation (Lichtle” and Dubacq, 1984),:- may account for this. The
analytical techniqdes used are also critical. For example, failure tq
extract lipids completely and to preVenf autoxidation of the
poiyunsaﬁurated components,is a freqdénthbause of error in -lipid
analyses, Differences among gas chrématograph'columns may account for

some of the discrepancies, Wiéh the exception of the 'members of the

Dinophyceae, Cryptomonas had the highest\level of the 22x§w3 fatty acid
pectrums reviewed by Pohl and
Zurheide (1979). 'Ctyptdmona% species are also unique because’ they have

a high concentration of the fatty acids 18:3w3, 18:4w3 and 20:5w3. A

. mixed algal Qiet\consisting of the unique fatty acids and high

\

.carbohydrate content o6f Rhodomonas sp., along with Chaetoceros gracilis

with*Yts abundant level of the fatty acids 22:5u3 and 22:6w3, geyld be
}
expected toé yield very high growth rates when fed to 0. edulis

juveniles, J

v) Thalassiosira pseudonana

T. pseudonana is commonly used in hatcheries and nurseries. The
- peruaniialile

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

species for 0. édﬂlis‘juveniles. -Protein (Epifanto, 1979; and Appendix

8 .
1, Table 1) and fatty acid (Kates and Vdélcani, 1966; Orcutt and

Patferson, 1975; and Appendix II,‘Tabies 1, 3, 6 and 7) analyses have
bgen conducted .on tgis speéles.-While the ;mino écid composition of T.
pseudonana is similar to gﬁe other algae examined, a relatively higher
level of isoleucine and tyrosin;, along with a relatively ibwer level of

. v

s,
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alanine ére apparent (Appendix I, Table 1). The fatty acid spectrum of

T. bseudohana (3H) cultured with a compfg{e nutrient mix (£/2) is

similar to that of Chaetocerosfgracilis, except for lower levels of the

13

essential fatty acids 20:5&;aqd 22:6w3 and higher levels of saturated
and monoethylenic fatty acids (Appendix II, Table 6). Ukeles (1976)
found this aléa difficulft to wmaintatin ip culture, although our results

do not concur,

-

- vi) Tetraselmis spp. .

The oyster growth response obtained using Tetraselmis sp. {Platy 1)

-

and T. maculata as diets was disappointing. Based ﬁn the'high position

-

Tetraselmis épp..received both “in Table 1, and Ukeles and Wikfors’

report (1982), it was predicfed this genus would rank higher tﬁan the
reference species 1. galbana T-iso in the present study. Despite the
heavy use of this species (Iabie 1), some reseap;ﬁ shows it is a péor
Qiet for oysters. Epifanio (1979) reported that I.;uecica was a poor
food-for C. virginica juveniles, possibly due, to digestibility problems.‘

This alga is bound by a non-rigid theca composed of proteins and complex

'
’

polysacéhdkidés (Lewln, 1958). Digestion of this material may be
largely an extracellular process {(Owen, 1975), Presumably, the
digestion rate of T. suecica cells would be slower than the rate for 1.
. galbana or Thalassiogira pseudon;na. Although Tetraselmis spp. have

: ~
high carbohlydrate levels (Rom

rger and Epifanio, 1981), they do not

contain any of the essential fatty acid 22:6w3 (Appendix II, Tables 1
S .

and 4), which greatly restrifts ics‘u8efu1neés as a juvenile oyster

feed. This genus appearsf/to have & typlcal amino acid composition

*
.

-~



,

“k

<

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

culture. Droop (1974) reports that 1t 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

The oyster growth results were also disappointing when the oysters
were fed with P. lutheri, as a better response was expected based upon

the rating this alga received in Table d. P. lutheri was a valuable

¢

algal species when combined with other phytoplankton (Dupuy, 1975). As

a diet for Mytilus edulis larvae, Newkirk and Waugh (1980) found the

combination ofil.galbana and P, lutheri was preferable to a sole diet
of P. lutheri, suggesting P. lutheri could not provide the complete
nutritional requirements of mussel larvae. Newkirk and Waugh (1980)
reported no pfbgres;ive decrease 1n mussel larval growth rates with a
mixed diet containing 1ncfea31ng amounts of P. lutheri, although
Fretter and Montgomery (1968) reported P. lutheri was toxic for
bivalvés.Fretter and MontgQmery (1968), however, also suggested that
bacteria could metaboliz:gtté\xoxic substance and create an algal
culture suitable for bivalves, The éffects of bacterial contamination
may explain the conflicting reports on the status of P. lutheri as a
bilvalve diet.

The biochemical composition of P. lutheri as reported by Aaronson,
et al. (1980) is 48% protein, 31% carbohydrate and 127 lipid. Variation

in 3L831 composition under culture conditions can limit the value of

such statistics. For example, Taub (1980) reports that the dry weight

53



protein yield of P.-lutheri can be environmentally manipulated from 20
to 60%.

\Qualitative information on the unique biochemical characteristics
of the algae is more useful. The amino acid tomposition of P, l&therl as
presented 1n Appendix I, Table 1, shows a relatively lower level of
glutamic acid compared to other algal species., The major fatty acids of
P. lutheri, determined by Langdon and Waldock (1981) and éhuecas and
Riley (1969) are 16:}1w7, 20:5.3, and 15:0 (Appendix I7T, Table 1).
Langdon and Waldock (1981) Sns Ackman and Tocher (1968) found P. lutheri
contained respectively 8.0 ahd\JB.lZ of 22:64«3; however Chuecas and
Riley (1969) did not identify this fatty acid 1in thelr culture., The
ma jor storage product 1s cyclohexane tetrol (Craigie, ]974). This
research also identified the unusual accumulation of cyclitols (low
molecular weight organic sugstances) in P. lutheri. Laycock and Craigie
(1970) discovered cyclitols such as myo—inositol, 2-deoxy-myo-inositol
and 1,4/2,5-cyclohexanetetrol in P. lutheri. Accumulation of the latter
could account for 7% of the organism’s dry weight. The levels of this
material are regulated by the external osmotic environment (Craigie,
1969). Decreased salinity results in the rapid expulsion of
cyclohexanetetrol while increased salinity lowers photosynthetic
accumulation. P, lutheri is also known to release glycolate and mannitol
(Hellebust, 1965). Droop (1974) and Kristensen (1956) showed that P.

lutheri can release a high molecular weight, vitamin 312 binding substanc

viii) Phaeodactylum tricornutum

Tables 1 and 2 indicate the poor growth response of the juvenile

54
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oysters when fed P. tricornutum. Epifanio et al. (1981) found the

growth rate of C. virginica oysters over a five week period was
inversely proportional to the amount of P, tricornutum in the diet. He

also reported that P. tricornutum did not support good growth with C.

gigas, 0. edulis or Mytilus edulis (Epifanio et al., 1975). Walne

(1970) reported that Oy edulis juveniles developed an abnormal shape

when fed high concentrations of P. tricornutum. Thg 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 Qay be due in part to the physical irritation caused
by the sxflceous spines of P. tricornutum. The addxt;on 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 thef do not exist.

In contrast to the findings of Walne (1970) and Epifanio (1983),

55

Wilson (1979) demonstrated that P. gxlcornutum was a good fged organisﬁ.'

He found the growth rate of O. edulis and C. gigas larvae developed
~ TN
equally well on P. tricornutum and 1. galbana. He also reported that

local populations of P. tricornutum routinely used 1n Irish oyster
hatcheries provided an ideal, low.cost feed organism. ioosanoff and
Murray (1974) and Géldman (1976) report that when mass cultures were
inoculated with several species of algae, P. tricornutum normally became

predominant, Fawley (1984) has shown that the maxi&hm division rate for

P. tricornutum 1935230C<n‘1ess, 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 reared_g.giggg_jﬁxeniles on'
Monas sp., which suggests this contaminant may increase the nutritional
value of the P, tricordutum diet.

Mann and Ryther (1977) grew six species of bivalve molluscs in a
séwage waste-recycling aquaculture system in which 2; tricornutum was

the predominant feed organism. They found O. édulis, C. gigas and Tapes

japonica grew-well while C. virginica, Mytilus edulis and Mercenaria

‘mercenaria grew poorly. This report suggests that biwvalve species have

a specific growth response to P, tricornutum which may explain the

conflicting conclusions discussed above, The presence of other algae
may csmpensate for the nutrient deficiencies of P, cr;éornutum.

The nutritional value of P. tricornutum for C. virginica juveniles
was increased by the addition of silt (Ali, 1981). Nutrients and
bacterial enzymes attached to the silt, or tge enhanced grlnding\
pp&mpted by the silt, may account for the increased nutritional value.

Insufficient grinding does not .explain the poor oyster growth response

‘obtained with P. tricornutum in the present study, since kaolin was

added to all algal diets.

The gross chemical composition of P. tricornutum varies

‘considerably, probably a function of environmental changés. According

to Aaronson et al, (1980), the dry weight yield of this alga is 33%

protein, 24% carbohydrate, 7% l1ipid and 4% nucleic acid. Strickland’'s

2

review of similar analyses from four different labs (1960) reports
ranges of 16 to 61% protein, 13 to 22% carbohydrate and 6 to 28% 1lipid.

P. tricornutum is lower in lysine, sulphur amino“acids, and histidine

' .

(the essential amino acids for mollusc growth) than Thalassiosira

L

N -
.
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pseudonana, for example, The absence of tryptogpan convinced EPifanio
33:32:(1981) that P, tricornutum was a poor di;t. Tryptophan, however,
is read;ly destfoyeg in hydrolysis. Furthermore, Boudreau (1984)
suggested that'phenylalanine is often substituted for tryptophan, and

P. tricornutum contains fairly high levels of phenylalanine (Appendix I,

”

Table 1). Thus it 1is unlikely that trytophan is a growth limiting

factor in this diet. The storage products of P, tricornutum include

glucose, lamidari-blose & -triose, sulphated mannan, myo-inositol
scyllo-inositol and laminitol (Ford and Percival, 1965). The nucilage
covering of this species contains xylose, mannose, fructose, and

galactose (Hellebust, 1974), The hajor fatty acids shown by both Chuecas

and Riley (1969) and Kateé and Volcani (1966) in Appendix 11, Table 1

are 16:1.3 and 20:5w3, P. tricornutum prnduces and releases biotin which
is used by other algae (Carlucci and Bowes, 1970). Sharp et al. (1979)

have attempted to explain the allelopathic 1interaction between P,

tricornutum and T. pseudonana in terms of vitamin competition. P.

tricornutum produces a B1o binding factor which is believed to inhibit

T. pseudonana. According to Ackman et al. (1966), P. tricornutum

contains the antibacterial compound dimethyl- £ -propiothetin (DMPT).
Brown et al. (1977) have sﬁown that C. gigas fed P. tricornutum contains

reduced Escherichia coli lévels, which has been attributed to the

antlbacterial effect of the DMPT.

ix) Pseudoisochrysis sp. (Va 12) and the Green Flageflate (Va 52)

Pseudoisochrysis sp. (Va 12) and the greeﬁ flagellate (Va 52) are

isolates which proved to be effective algal food species for® larvae at

e
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the Virgina Institute f?r Marine Science (Dupuy et al., 1977). The
results were not the same with 0. edulis juveniles in the present study.
.The carbohydrate level in these species may.be insufficient to support
the incgeased reguirehents of the juvenile stage oyster, The green
flagellate (Va 52) may be too small to be efficiently filtered by
oysters (Haven and Morales-Almo, 1970).

x) Chlorococcum sp. and Dunaliella spp.

Both Chlprococcun sp. and D. tertiolecta were very poor diets for

the juvenile oysters, Little useful informatinn 1s available on

Chlorococcum species. Langdon and Waldock (1981) felt they could not

explain the poor growth of Crassostrea gigas fed D. tertiolecta on the
basis of chemical composit{o§ because adequate levels of protein,
carbohydrate and a relatively high level of lipid was typical for this

species. D. tertiolecta had the highest protein level of the species

analysed 1n the present study, Relatively high levels of leucine,
alanine, glutamic acfd and aspartic acid were appatent (Appendix I,
Table 1). Using microencapsulated fatty acids, Lahgdon and Waldock
(1981) demonstrated that a deficiency of 22:6.3 in this algae (Appendix
II, Table 1) limited the growth of juvenile oysters. This fatty acid is
believed to‘be critical for maintaining the bivalve’s cell membrane
fluidity (Langdon and Waldock, 1981).

IATormatinh on the chemical composition of E? salina is presented
by Chapman (1970). He reports the following: 57% protein, 23%
carbohydrate, and 6% lipidf When Dunaliella 8PP, are;trdﬁqferred‘&o

-

higher salinity a change in colour from g;een tb,red of brown otcurs,
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due to the synthesis of carotenoids and the decomposition of chlorophyll
(Mironyuk and Einor, 1968).

The major storage product of D. tertiolecta is glycerol; the

concentration of which is environmentally controlled. Craigie and

. .

59

McLachlan (1964) demonstrated that the glycerol level in D. tertiolecta

increased as the culture salinity rose. Wegmann (1971) recorded a 13 to

65% increase in glycerol in the same species when the salt concentration

[y

~was increased from 0.2 to ca. 2.7 M. Subsequent work with other species

of Dunaliella supports these results (Ben-Amotz, 1975; Ben-Amotz et al,,

 — —

1982; Borowitzka and Brown, 1974; and Borowitzka_ et al., 1977).

Dunaliella spp. develop large amounts of glycerol to balance the high,

external osmotic pressures caused by the increasing saiinity (Enhuber
and Gimmler, 1980)., Extracellular products of Dunaliella spp. include
peptides, polysaccharides, glycolate and glycerol, as well as the
vitanins biotin and thiamine (Droop, 1974). Although Bro@p et al. (1982)
demonstrated through NMR spectroscopy that Dunaliella sp. does not
excrete significant amounts of glycerol in}o the media, there.are

reports of considerable leakage of this osmoregulatory compound: with D.

tertiolecta (Jokela and Tang, 1969) and D. parva (Ben-Amotz, 1975; and

Enhuber and Gimmler, 1980).

x1) Mixed algal diet
The highest oyster growth rates were obtained with a mixed algal
diet. This diet was an ancillary reference against which the single
species diets could be compared. The five algal species comprising the

mixed diet were added in approximately equal cell numbers daily so that

~ ~

e M
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the to&al feeding ration was ca, 1.2, An adequate density range was not
examined fqr-the mixed diet; therefore a true comparison cappot'be made
between this diet and the otheré. The mixed diet was used in the first
feeding trial (Figs. 2 and 3), pridr to.fuif realization of the
influence of cell density on oyster growth response. As shown in Figs.
2 through 7 it is ¥ssential that an optimum density be determined for
}gach algal diet. or the five algal speciés whiFh were included in the

mixed diet, the highest oyster feeding response obtained, when tested

singly, occurred at the following feeding rations: P. mricornutub, 073

e

Pavlova lutheri, 0.8; Chaetoceros simplex, 1.0; I. galbana T-iso, 1.0 to
2.0 and C. gracilis, 3.0 to 3.5, The average of these values approaches
a feeding ration of 1.2; however, t; ev§luate 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
”~

xﬁbnsistently poor growth rates were obtained in the oyster feed-
P

ing trials with the unfed control treatments (Figs. 2'throﬁgh 7).
C;mparableApyster growth rates were obtained with both unfed control >
groups; with and without kaolin (Figs. 2 and 3). This suggests that
the seawate} used ;n'the experinents was relatively free of particulate
and dissbdlved mate}Iai’yhich ecould have accumulated én the surface

of the kaolin and provided an ingestible source of nourishment for

L

the oyshexs.
e

- .
.
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c) Oyéter Mortality ’ -

-

-
¢

oysters may not have been in a healthy state at the beginning'of the
experimental period. The valves of some 6ys%ﬁ5ﬁ were inadvertently

glued closed when attached to the tags and fhus they could -not feed

properly. 1If the final fresh weight of qhe\oyster was less than-3%
\’ -

. . s .

greater than the initial weight, the oyster ‘was cons;deiﬁdﬁﬁnhealthy and

.
~

was not included in the statistics. (The 3% maréin accounts for any

—

differences in moisture content between the initial and final welphing).
Some oysters did not remain attached to their tags and were losgt.

Occasionally a section of one of the strings contain{pg thetagged

k]
.

oysters would be tossed up on the rim of the pail by the motion of the

circulating seawater. Also, on occasiaon the oysters were not all

-~

properly positioned below the water level of the pail, after daily

routine maintenance, If the oysters were left 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 tdtal mortaliﬁ?. The

remaining mortality is considered to be a ‘function of- the poor
L]

nutritional status of the oysters. In Figs. 2 through 7 the nymbers

above the histogram bars indicate the number of replicate oysters used

»

in the analysis. 1If mortality or losses did not otcur n equals 75,

Mortality is higher among the pod&er diets.

Oyster mortality eccurred for a va%?%ty of reasqgns. All of the -

v
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. Conelusiong

Out of the 16 phytoplapkton species examined as_diets'for juvenile

o

European oysters a greater growth response was obtained with the diatom
: . . ! .

,species, 4n particular Chaetoceros species when comparéd to flagel-

-

lated species. C. gfacilis was the highest ranking srngle algal diet.

t L .S

+ " This alga 1s an excellent»candidate for mass culture because it has =

* a wide temperagure eolerance range, is dependable in culture and multi-

? . ¢

pliés as, rapldIy or ‘more quickly ‘than the other algal species examined.

[ S

.. -
S. costatum and Thala551os1ra pseudonang also yielded oyster growth
- . ' . * q - “r
responses which were. greater than that obtaingd with the reference P
e
€
species-;_ gélbané T iso. Rhodgmonas, a ¢rxyptomonatl with a high

;cérbohydrate content was also & high féﬁking diet.  For reasons which

were not identified, the, two dlatoms Pheodactylum trlcornutum and

' S. menzelii were not goodidlets for 0. edulis auveniles. Since the

t
~

higher ranking diets of C. gracilis and Rhodomonas sp. have unexploited

. . .
potential as oyster feed specigs relative to the more traditional

‘diets these, results.wlld have great significance in an dyster nursery .

-

operation. The highesi oyster growth rate was achieved with a mixed
algal diet, although this diet was examined at only one feeding ration.

A combination of the algal speéi"swwhich singly yield the highest

>

oyster growth rate may further, enhance oystex prod\htion

As@ige algal species examined were f varfous sizes and morphologies

each algal species was fed at a range'of algal cell densities. Diets


http://specd.es

Lo L 63
. .o - ; ? - '
- "b . :v.’?% | ) 2.’
- Although carhohydrate is reportei tb be the nain energy séurce .
for ju;enile oysters (Holland and Han;ant, 1974), this could ndp\be T

B ‘e

“.demonstrated in the present study. The carbohydrate C ntent of the

s - P

_Rhodomonas'sgi diet was more than three’ times: higher tha

. gracilis or Irxpalhana T-iso, however, C. gracilis yield
highest oyster growth rate. The inherernt prpblem in attemo%ing to

. eﬁylain nutritional requirements by feeding a variety of algal species

’i5 that deveral components changed simultaneous]ly.
P 37

>

There aré several possible reasons for dlscrepancies ba¥ween the ) 153

initial ranking o{j%?%abﬁ?&e@s as, based\on literature reports (Table 1)’

Ll

~, , and the results of the present study (Table 2). Firstly, several
difgerent qyster species were useg in the total -evaluatton of Table 1.

g ,\,“ » P .' N .
Qedﬁndly, the strains and physiological state of the algal=cells used
A

in different Studies are not fully comparable.‘ The preconditioning
. o .
. 3envir29ment can greatly influence the biochemical composition of algae,
* EPEER 4

. as’ shown by the response of shade end sun adapted ‘phytoplankton -
a’cultures (Yentsch and Lee, 1966) or phosphorus limited Zultures (Perry,
1976). Thirdly, feéding rations-varied cons/y/@ably both. within gnd
émong feeding trials. , More research ’invrlying 1;r§e numbers of ’
phytoplankton Species under fully coupardhle, or at least. well defined,

culture coﬁﬁ?%%pns is, required hefore the relative potential df various

~ a&gal species for hivalve diets" can be further defined.

T ' .
IdE%ollusc culture there is: no commercial feed eyailable to reglace .
3. .

3 single C81§§§'algae. Although artificial aietS’may be used to. feed & A

e

v

[

oysters in the future, the industry will be based on natural feeds for .-

DR
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Were compared at the cell density yielding the highest éyster growtﬁ

rate. All diets were examined over a reasonable cell concentratjon

LY
~ s

range. . They were non-toxic, digestible and' within the acbepgable

cell size range for the oyster. Thus, the nutritional quality of the

ja%ﬁgl‘diet is believed responsible for the differences in-oyster
&y

~

growth‘reébonse. :
[ . . -

. o The 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,

)
-

16:1w7, and 20:5w3. These fatty acidg acaoupt for more than 50% of
the total fatty acids in diatoms. Thus, these fatty acids may be
a < -,

important nutritional components for juvenile ‘pysters. - The diatom

. -

spépies can be distinguighéd from other algae by the-yi}tual absence

of the fatty acids i8:2, 18:3 and’ 18:4, sﬁggest}gg these aré not
. A e e .. » -
critical in a juvenjle oyster-diet. Rhodomonas sp-4%a nember of the

Cryptophyceae, also was a good diet for the juveﬁile oyéte%s.

§

.The Cryptomonadales contain a large pg;ceﬁtagg‘of 18:3, 18:4; 20:5w3

and especially 22:6w3. The above fifidings -support the conclusions *
. , N £

of Langdon and Waldock {(1981) t¥at 20:503 4nd 22:6w3 are essential

o
L 3

fatty acids for juvenile.oystersh ~

There was no trend in the protein level of the diets and the
. . - . ' o ' X
vardous growthmrespoﬁﬁe obtained with the juvemile oysters. The

total proieinwlevel

-

tertiolecta, which whs one of the poore8t diets dsted, had a high

£,

the diets Qa;iqd.§§ﬁéwhati Dunaliella

~

protein level. The amino ac%ﬁ composition of the algal diets exaﬂgne

were similar.

64
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many years before such a method becomes vidble. The cost of culturing

»

aigae in a; nyrsery pperation may be significantly reduced' as more
- .
» suitable aléal diets are located and better culture.techniques are

developed. FEor example, with dialysis culture, Jensen and Rystad (1973)

reached cell densities of 1 x 107 and 4 x lQ7 cells per ml, respectively,

with S. ‘costatum and P. tricornutum, while Ney et al. (1981) maintained
-

. B ] 8
continuous cultures of T. pseudonana at a density of 5 x 10 cells per
ml. The dialysis process may reduce the eost and space requirements

for algal production.while maintaining a high level .of cell prod&e&ion-m_«-m

i <

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 moég effjciently sa%isfy the nutritional require-

ment of bivalves, will greatly improve the economics of shellfish

5

aquaculture. In the present study only a very small proportion of the
possible algal condidates were examined and yet substantial differences

betweewts'were observed. As additional §toplankton species are

isolated from nature and successfully grown in mass culture, improved

'

diets w{ll eventually emerge. The combination of good algal species,

. a

when tested ziér a suitable cell density range, may yield better oyster

- .

growth respokses compared to monculture diets. Such.advances in the *
. L o .

diet will greatly improvg the economics of hatchery or nursery reared

4

+ .
¥

juvenile European oysters. \ ' 3
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- k Part II

Introduction

fhe extent to which phytoplankton species are environmentally or

genetically controlled is of great interest to those rearing algae. The

protei;) carbohydrate, lipid, total pigment and ash analysis of .the 11

species of marine phyteplankton which were exam}qed by Parsons et al.
(1961) and which represeneifive classes, demonstrated that marine
phytopiankton have a similar o;ganic composition when grown under the
same culture conditions, irrespective of the size of the alga or its
class. Changes in macro— and micronutrient availability, culture age,
eaiinity, temperature, irradiance level, light'??ality and pH can induce
. differences in the chemical composition and growth rate of phytoplankton
QLewin, 1562; Lewin and Guillard, 1963; and SCewarf, 1974). Working

-

‘with Dunaliella tertiolecta, Phgeodactylum tricornutum and Pavlova

lutheri, Walne (1970, 1974) deﬁbnstrated that differences in chemical

composition within a single species caused by environmental and chemical
AY

’

culture changes were greater than the differences observed among the

three species when grown under the same conditions. Thus, culture

manipuration within one species may produce a sufficient range of

67 v

Uiochemically altered algae %o be used aas diets to deterrine the nut~

by
riticnal requirements of an organism such as a bivalve.

- 4 . . ‘ / / - . ¢

.~ When the growth rate of a phytoplankton culture is restricted

because of 3n insufficient supply of nutrients, the algae often dﬁter

oy . L3

‘their metabolism and divert energy into the production of storage*

_broducts., The effects of silicate ard dutrogen depLé%idﬁ'kiiI be

e LR °
’ o 2 - ‘
> ¢ ' - > ~ rd

[}
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-
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discussed in terms o6f the chemical composition of algal cells.

s

a) Silicon Depleted Algal Cultures T

-

With the exception of Phaeodactylum tricornutum (Nelson et al.,
1984), diatoms have an absolute dgﬁendence on silicon (Dariey, 1974),
requiring it, genergily in ‘the form of soluble silicic acid, for their
silicate cell wails (Lewin, 1962; ana Détley.agd Vo}caniz 19692."The
carbon to silicate ratio of silicate limited ;nd §Ea;véd Hiaégms is
three to five times higher than the ratio for non*limited:céLls

(Harrison et al.,, "1977). Cellular mechanisms requiring silicic acid and

*e

'tﬁe alterations observed in the diatom when silicon metabolism is halted

will be brieflytéegi?wed. ¥

In, the prese&%é of silicon, the cell’s protoplasm doubles prior to
cell givisionéand éilica wall %ormatipn. The carbon content of' the cell
increases as a result.of n;clear division and éytokinesis (Coombs éi
al., 1967b). Cell wall formation gy?ically followsiﬁitOSis while the

two daughter protoplasts are still enclosed iy the parent frustule,

. R
Using a radioisctope of silicon, Azam and Volcani (1974) studied the

mobilizat%on of silicic acid in Navicula alba. When giligic acid is

@i«km%ilabié, it is removed from the media, polymerized by an unknown

/@eéhanism and deposited within sequentially-appearing pairs of joined

hd e
bt

vesicles. The* vésicles are then bound by a unit membrane and form the

new cell wall. .This structure, believed to be derived from the Golgi-

apparatus, is called the silicalemma (Reimann, 1964). The developing
cell wall is surrounded by an organic casing (Reimann et al., 1966).
’ ‘ . P ‘ _—
4 ¥ N ~
°+ Coombs and Volcani (1968@)_found that'amﬁno acids were the first

. . -
L}

-t
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compounds added to the newly formed-Tell walls of N, pelliculosa; xylose
-
and fructose were added next, followed by mannose and gluconic acid.

Kates and Volcani (1968) have shown that lipid accounts for 1 to 13% of

. the organic wall matrix. Following wall formation, the cell separates
, ‘ ) C Lol
- and the daughter cells are released. - =g

Diatoms have a limjted abil'ity to store silicic acid. Cylindrotheca

fusiformis (Coombs _g_'t_ﬂ., l967b; Darley and Volcani, 1969), Ditylum

brightwellii (Eppley et al.,. 1967) and N. pelliculosa (Darley, 1969)

have been reportéd to absorb silicic acid from the growth medium solely
. v T

during .cell wall formatjion an.d rapidly incorporate it 1into the

developing frustukle. Ac,oc:ording to Rueter and Morel (1981), silicic acid
. -

uptake is mediatfed by a zinc-dependent, system which is 1inactivated by

. . -

. copper, They present only irf&ipeut-evid;nce to support this claim,

» ,
» -

o - 1 Y t
however, as_ the enzyme responsible for silicic acid uptake.has not been

- . * N » & e ¢ ~ " s
isolated. . 2 et .E\ .«
. . . h >
. When silicon is depleted o a diatom‘lculture cell divifj,ion deases.

o

. K * 3

1
‘- One may hypothesize titat silicon deprivatton restricts cell development,

‘- - .
- P . ‘.

due to an inadequate supply of - bul)gd‘ing mat\erial for the new cell wall. N

' e
,/"fv‘ . e

However, téacid 'is,arsyj-équired for an earlier st;age in cell’

¢

o

‘ division; ‘the Bj'zfoésIs of DNA (Darley, 1969; and Darley and Volcani,
& °’ J A &
-F969). ' DRA, polymerasé” and thymidyla&e kinase are essential ’enzymes in

s Je L]

ol .
@ DNA biosynthe.,sis whlnh.require silicic"acid (Sullivgn and Volcam.
i ~ - . » .

- SR 1973, Whegx‘z fusiﬁm‘mis was.deprived of sil%cate »for~12 hours tn_the
7 o, °

- P . - '-.’ . - f -~ .

,..(hg—ht, ghé DNA content inc’reased b-y dnl,y 4 'go 10%,, while the qnajor
- * T < n & n &
. .cellular congtit‘uents increased by at least, 752 (Darley and,\{q‘gc‘ani
1969). Berowdtzka.and Volcaai (&977} have showa that the ratiojof the .
Fd 5 . . . F. - ’ o N ‘,‘ - .
. . . . . . c... © :‘M rtﬁ . o or - . e

1% Y ' N
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AMP and GMP nucleotides in DNA is altered when cultures of C. fusiformis:.

2

are deprived of silicate, .

When cell division is blocked as a 'restilt of silicate limitation,

0}

the diatom alters its metabolis’m and chemical composition. The net

synthesis of proteins: carbohydrates, and nucleic acids continues to

increase for five to séven hours in §ilicate depleted cultures (Coombs

- .
b

et al., 1967;): 'The-pdol of L-glutamic acid, the main precursor of

proteinogenic amino acids, was reduced to one—third of. its original

level pridr to the indibition of net protein synthesis., whereas the pool
- ; . !

A

of the energy compounds, nucleoside triphosphate and glycerol-1-
phosphate, remaineagunchénged (Werner, 1978).'Thi§ suggests protein
synthesis ceases due to a deficiency in the basic building compound, L-

glutamic .acid, rather than a lack of energy. «In silicon-starved

'cultures of N, pelliculosa, the rates of photosynthetic carbon dioxide

fixation and oxyéen evolution decrease (Coombs et al., 1967d), as do the

rates of chlorophyll a, fucoxanthin and diadinoxanthin synthesis (Healey

PN E
G

* -
et al,,»1967).

-

‘The energy which was previously allocated for silicow uptake and
deposition (Coombs et al., 1967a, 1967b, 1967c; and Azam and Volcani,
1974), may be diverted to 1ipid_productioﬁ in silicon—sta;ved cultures.

The dfatom.gyclotella cryptica, when starved of silicate, doubled 1its

Iipid mass per cell in six to nine hours (Werner, 1978), or 12 hours

Ry

(Shifrfn and €hishokm, 1981). Silicate deprivatiop may inhibit many
cellular funetiona without directly affecting 1ipid production. : Werner

€1977), “however, suggests there is a shift from carboﬂydrate to lipid

accumulation in silicon-free diatom culc?rg&.hé'has identified the
A * - N

! . f Lt
i,
'
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site of enhanced fatty acid synthesis in silicon-deficient cells.as

<

being between acetyl CoA and a-kétqglutarate in the citric acid cycle.

Nothing more appears to be known about the mechanism. The quality of
“ x

the 1ipid produced by silica 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
N L
vital role in the -regulation of cell metabolism. ' The absence of silicic

~ .
acid in the gréwth medium prevents the syothei}s of nuclear DNA and

reduces the rate of biosyathesis of many other cell compobents, while

-

greatly enhancing lipid production.

b} Nitrogen Depleted Algal Cultures

-
Carbon is diverted into carbohydrate or lipid synthesis in many

algal cultures when nitrogen is unavailable. The level of nitrate

reductase declines and the pathways for protein synthesis betome blocﬁed

(Eppley et al., 1969).

.

The carbohydrate content 1is enhanced under conditions of nitrogen
limitation in many algal species., The carbohydrate ¢onte6t of €hlorella
+sp. varies ﬁépm 6 to 45% of the dry weight in resﬁonse to, nitrogen

. r ¢
deficiency (Strickland, 1960)., Specific storage products 14£king

nitrogen, such as gfucah in Chaetoceros species, are synthesized when

nitrogen levels limit culturehgrowtb,{Mykléstad and Haug, 1972; and Haug

et al/, - 1973), 1f :ni%qogen.squrce is available, amino acids are

produced-ﬁéforéﬂsdgdr.phosgﬁqtes;.as shown by the shoert term inclusion
P, : . . .-

.of carbon’ diockide with”Chlorella pyrenoidosa (Holm-Hansen et al., 1959).

» - e [ A
.

" . N - s
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Edge and Ricketts (1977) héve shown that the provision of nitrogen of"

’

ammonium ions -to nitrogen starved Platymonas striata célls.caused a drop-

in the abnormally high capbohydrate level. Howeyver, 16 hours after
nitrogen supplementation, the average carbohydrate level‘-in these cells

was significantly greater than the carbohydrate level of cells grown

v

under normal nutrition,

The 1lipid 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 1lipid fraction by two to thrée fold.

k-3

Nannochlordpsis salina, an Eustigmatophyte, reached a lipid level of 727%

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 nifrogen source lipid accumulated
. e .

(Heide, 1939). An equimolar concentration of various inorganic anad

organic nitrogen compounds had similar effects on lipid accumdlagion in

Heide’s study. 1In contrast, Spoehr and Milner (1949) reported that

lipid accumulation in C. pyrenoidosa was favaured by algae that were °

previously cultured with ammonium rather than nitrate nitrogen, The

4

results of Spoehr and Milner (1949) 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

4

treatments, Lipid results were obtained from calculations based on the

elemental composition of the algae instead of uéing'extractionA

techniques. ~ ¢

a b .

‘Nitrogén deficiency does‘not affect all algae swimilarly. In some

AN
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N «

-'t{algaef}nitrogen deficlency retards cell division and proteln synthesis

* R “t N
] . Y omtag e
: * without aljering the production of non-nitrogenous reserve products.

. v e wCollyexr and Fogg (1955) concluded that members of Rhodophyceae and
. . - M - ’ .
.- . = Myxophyceae differed from Chlorephyceae, Euglehophyceae, Xanthophyceae

, andBacillariophyceae since they did not accumulate lipid as the cell
» 2 '!N

- - - -

nitrogen cdngé;t fell. Thus, the effect of nitrogen upon the synthesis
oﬁ\lipids or carbohydrates may depené on a secondary-product of nitrogen
metabo}ism. | ‘
Werner (1978) notes that diatoms under nitroéen ligitation
initially store carbohydrate and shift to‘lipid storage oply after
. eftended periods of stress. In the. study by Shifrin and Chisholm
(1981), an increase ig the lipid level of several marine diatoms was not
. clearly defined after nine dé&g‘of nitr;gen l} itation. Fogg (1956)
asserts that,progressive nitrogen limitation caused a quantitative
change in the enzyme content of microalgae, which changes .the synthesis
from carbohydrate to lipid. Furthermore, the e;zymes responsible for
lipid synthesis ;re glowly produced ;6 response to the depyetion of
nitrogen (Fogg, 1956). An accumulation of carbohydrates may trigger the
“ “ lconversion of carbohydrates into lipid reserves, which are a more
efficient storage material: )
Some changes in lipid composition have been noted in cells cultured
. in nitrqgen lim{ited media. Algae grown in a nitrogen déficient medium
‘under light saturation ﬁroduce a high lipid content, rich in palmitic

(16:0) and oleic acids (18:1w9). Algae grown in a nitrogen rich medium

generally have a low lipid content consisting predominantly of

»
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polyupsaturated fatty acids (Schlenk’ S_._lﬂ 1?66;-Hulanicka Eé.il”
1964; and Pohl, 1974). ' - ' S
Nitroéen deficléncy hés other effects on the.ﬁgysio}ogy‘of
phytoplankton., An increagé'in ex;rac;llular pafbohydra;es in nitrogén
depleted cultures has bean reported’by Méﬁker (19865). Furthermore, in
about half of the 29 algal specLes which Shifrin and Chisholm (1981)
studied, the average cell mass decreased somewhat under conditions of
gitrogen deficiencies. French (1980) noted that nitrogen .depletion

»

trigéers resting spore formation in Chaetoceros diadema and’a similar

response ‘was observed with Cryptpmpnas rufescens (Lichtle afd Dubacgq,

1984) Aﬁ accumulatlon of lipid will increase the buoyancy of ‘the cells

.

and perhaps change their distribution in the water columm.

~

The diatom, Chaetoceros graciljs, which-yielded tﬁé,highest oyster

growth rates when fed to 0. edulis juveqileé,(ﬁart Ty, is cultured in this

“
?
[

chemical compositions, These cultures are biochemically anal}zed and fed

to juvenile European eysters to examine this bivalve’s growth response

13

to various levels of prokein, lipid and carbbhydrate. ‘By f;eding one
algal species which has been environméntally manipulated to produce
several diets of variing chemical composition, other components, such as
viFamins and minerals, which may affect the nutritional status of the
QLé;, would remain more constant tban if a variety of algal species were

used. , . .

74

study under three nutrient regimes in an attempt to produce diets with altered
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Part II -° v e

A

Materials and Methods R

« -] .
. P . ! -
The methods used for thé algal cultures, algal biochémical analyses

03

and oyster growth trials in Part I were muintained in the following

experiménts.gfgracilis was cultd;ed'wi%h'ﬁﬁe complete £/2 nutrient

.

medium and with two nutri%pf“iimited media; f/2 lacking silicate and £/2

lackipng nitrogen. On the day of ingculation, nutrients were added to
. ~

n

the 20 litre carBD(§ in the fqilowing p;oportiéns: 85 ml £/2 (controlﬁ
] -

N . '
45 ml £/2 and 40 ml fY2 minus Si (silicate limited); or .20 ml £/2 and 65

«

ml £/2 minus N (nitrogen limited). On the second day after inpculation,

»
the control cultures received 40 ml of Na, $i04 9H,0 (30 g/l), the
silicate limited cultures received 15 ml &f £/2 minus Si, and ‘the

<

nitrogen limited cultures recéived 15 ml of £/2 minus N. In breliminaty-

13

experiments, the growth restricting factor of the limited treatments 'was

+ *

verified by the addition-of either nitrate or silicate to subsamples of

the cultures. The cell division rate of these subcultures was compared
I * ®

to control subcultures. Monoculture diets of the control, silicate

" limited and nitrogen limited C. gracilis were fed to 0. edulis juveniles

in two separate experiments, both with a duration of five weeks.

Photographs were taken with a Carl Zgiss Photoﬁicroscope IT (West
»Germany) using the Nomarski Differential Interference.Contrast Technique
‘and High Speed Ektachrome, 160 ASA film. .

a) - Replacement Series Experiments

Two monocultures of either the control, silicate Limited :or

.

¢ ' :
nitrogen limited C. gracilis were combined in various rations, totaling

> . »

PP - -
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elther 3.5 or 6.0 x 102 cells mi_l, and fed to 0. edulis juveniles in a
replacement series experiment which lasted five weeks.

Three possible growth rate respornses may result when varying

»

portions of two speaies, A and B, are used as diets (Fig. 8). 1If the,

-

'growth response obtained with the combined diets equals the result
expectedifgom the summation of the two separate diets, represented ' by

the reference line, then a simpie additive response.ocggrs (Fig. 8b).’

If the growth résponse is greater than the predicted response based on

the addition of the component pérts, then an augmented growth response

results (Fig. 8a). A depressed growth response occurs when the
resulting growth response from the combined diet is less than would
be expected based on the response obtained from the diets fed

separately (Fig. 8¢).
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Part II

.

. Result
e
£ o

a) Oyster Growth Trials

M “

The growth response of 0. edulis juveniles to the test diets (Figs.
9, 10, 11 and 12) was a fgnction of feeding density. At the lower
feeding ration leyéls, the siliicate limited ;lgél diet yielded the
highesthgyster growth rate; whereas, at the higher ration levels, the
control diet produced the highegt growth response. A relatively poor
growth response was obtained over the entire fee;ing density range with
the nitrogen limited diet. A feeding ration of ca. 3.0 x 10%  provided
thé highest oyster growth response when either nutrient limited algai

cﬁlture was used. When fed the algal control diet, the growth r&te

of the oysters was satwated at a feeding ration of ca. 6.0 x 109,

»

1

"b) Algal Analysis
i) Morphology
‘ The algal:cells constituting lhe three diets are shown in Fig.
13. Frustﬁles of gﬁe silicate depleted C. gracilis culture did not
have the normal morphology. These cells, and to 2 lesser extent

the nitrogen limited cells, appeared rounder than the control cells.

) *
ii) Biochemistry \\\?ﬁ\\\“\,

Quantitative analyses were conducted on the\ carbdn, nitrogen,

protein, lipid and carbohydrate content for the three G gracilis algal
{ P .

"diets., The nitrogen limited cultures had the lowest nitrogen content

while the silicate limited cultures contained ca. 30% more carbon than



Fig.

80

Y

The daily growth rate (k), based on fresh weight data (n ranges

between 66 and 72) of Ostrea edulis juveniles, when fed

Chaetoceros gracilis at various feeding rations. C, gracilis

was cultured with the complete f/2 nutrient medium (control)
and with two nutrient limited media; £f/2 lacking silicate (-Si)

and £/2 lacking nitrogen (-N). 95% confidence intervals are

shown.
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Fig.

10.

h ]
-
-

The daily growth rate (k), based on dry weight data (n ranges

»

between 65 and 72) of Ostrea edulis juveniles, when fed

-

Chaetoceras gracilds at various fééding rations. C. gracilis
was .cultured with the complete f/z nutrient medium (control)
and with two nutrient limited m&dia; f/2 lacking silicate (-

Si) and £/2 lacking nitrogen (-N)., 957 confidence intervals

are shown.
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Fig. 11.

¥

The daily growﬁhvrate (k), based on fresh weight data (n

ranges between 137 and 146) of Ostrea edulis juveniles, when

fed Chaetoceros gracilis at various feeding rations. (.
gracilis was cultured with the compiete f/2 nutrient ;edfhm
(control) and with two nutrient limited media; f/2 lacking
silicate (~Si) and f/2 lacking nifrogen (-N). 95% confidence

intervals are shown. .
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Fig.

w2

12,

The daily growth rate (k); based on dry weight data of Ostrea

edulis juveniles, when fed Chaetoceros gracilis at various

feeding rations. C. gracilid was cultured with the complete

»

f/2 nutrient medium (control) and with two nutrient limited

o
media; f/2 lacking silicate (-Si) and f/2 lacking nitrogen (-

N). 95% confidence intervals are showny n ranges from 133
o - e

to 145 with the“txception of the control diet at the lowest

feeding concentration where n 1is 103 due to a handling

accident during the drying process.
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Fig.

13.

.
.

Chaetoceros graéilis cultured with:

nutrient medium (control);

c) £/2 lackfng'nitrogen (-N).
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" the control or nitrogen limited.cultures (Table 3). Proteinllevelé of

R

10.8 ug (10° cg,lls)'l and 10.1 pg (10% cells)”! were obrained,
{ ’ » - P

respectively, for the control and silicgte limited algal cultures (Fig.

o

14 and Apgéndix>1, Tables 9, 10 and 11). Nitrogen limited algal cells

N . »?:. - . »

contained léss than half~the protein level of the other two cultures,
. "\ [ »

The total lipid per cell in the silicate depleted cultures was 2.1

¢

times higher than the ¢$ﬁt§pl and the nitrogen limited

cultures (Fig. 14, and Appendix II, Table 65. The carbohydrate levels .of

. the nitrogen limited and silicate limited algal cells were,respecttfélx

rd
3.2 and 1.6 times higher than the control algal cells (Fig. 14, and

"

Appendix 1III, Table 1). * s .
Qualitative dhalygesfhere conducted on”the protein and lipid

fraction~of the three C. gracilis diets. With the exception of glutamic

s

acid, the 1lgvels of thg various amino acids were simtlar in the control
’z‘ -

and silicaté limited cultures (Fig. 15, and Appendix 1, Tables 9, 10 and

11). The level of each amino acid in the nitrogen limited cultures was

ca. 407% that of the other two cultures...The fatty acids ofithe thrge
7y N ~

diets have been grouﬁed according to lipid class (Fig. 16 and Apperdix™>

I1, Tables 10, 11 and 12). The levels of the total saturated and total

monoethylenic fatty a%ﬂds in the silicate limfted culture were higher

than the levels found in¢ the other two diets. 'The:control diet had the

highest total polyethyleric fatty acid level. The level of 22:6w3 in ‘

RS
S

the control cultures_was, respectively, five and two times higher than

»~

that of the silicate limited and nitrogen limited cultures.

v
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Fig. 14, Chemical composition, expressed in ug(lO6 cells)‘l, of

Chaetoceros gracilis culture with: the complete f£/2 nutrient .

. fu -
- - medium (control); f/2 lacking silicate (-Si); and 'f/2 lacking
R .
e v -
-~ nitrogen (-N). 95% confidence intervals are shown.
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Fig. 15.

/ .
. /
Amino acid composition, expressed in ug(10® cells)~!) of
f
Chaetoceros gracilis cultured with: the complete f/2 nutrient
/

”meaium (control); f/2 lacking silicate (-Si); and f/2 lacking
v /‘ . -

nitrogen (~N). 95% confidence intervals are shown.
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Fig. 16. Fatty acid composition, expressed in yg(100 cells)fl, of

Chaetoceros gracilis®tultured with the complete f/2 nutrient

medium (control); f/2 lacking silicate (-Si); and f/2 lacking

nitrogen (-N). 95% confidence intérvals are, shown.
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Fig.

17.

Py

Replacement series experiment. The daily growth rate (k),

based on fresh weight data of Ostrea edulis 'juveniles when fed

various proportion; of Chaetoceros gracilis cultured with the

complete f/2 nutrient medium (control); .f/2 lacking silicate
(-81); and £/2 lacking nitrogen {(-N). 95% confidence

intervals are shown} n ranges from 136 to l46.
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Fig.

18.

t

¥

Replacement series expeéiment. The daily growth rate (k),

‘based on dry weighx daéa of Ostrea edulis juveniles when fed

. N .
various proportions of Chaetoceros gracilis cultured with the

complete £/2 nutrient medium (control); £/2 lacking silicate

(-Si); and f/2 lacking nitrogen (-N). 95% confidernce

intervals are shown, n ranges from 133 to 145.
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¢) Diet Combigations

The oyster growth responses obtained with algal monocultures in the,

replacement series experiment (Fﬁgs. 17 and 18) support the-results
shown in Figs. 9, 10, 1l and 12. An augmented&growth response resulted
when the diets were combined in various ratios. The highest gré&th
response at both feeding rations was obtained with 75% of the control
diet and 25% of the nitrbgen limited diet. A diet consisting of 75% of
the control diet and.ész of the silicaté limited diet yielded a growth
response equal to that of the control monoculture diet, . 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. .

s



Part iI - K

Discussion . i .

.
H

Under conditions of nutrient.stress, the production of carbohydrate

. and 1lipid, relative to protein, may be a survival mechanism- for

-~
-

- N

phytoplankton. Lipids are the most e%ficient form of energy storage
a3 . .

Y Ay - . ¢
oIlowed respectively by carbohydrate and protein (Lloyd et al., 1978).
- a « . "

"Amino acids "are more valuable when directly involved in the structural

s&nthesis of pfoteinskfas opposed to- enetgy+storage when carbohydrates
or lipids are available. Under adversé'culture conditions, the
phocosynthezi//process may favour the production of the higher energy

compounds.g On the other hand, under optlmal.condxclons, the production

< e

of proteinis and nucleic acids may be enhanced, meeting the requirements

of cell-dfvision and growth.

.
-

The marphological differences between the control, silicate 1imited

i

and nitrogen limited E& gracilis cultures, agparent in Fig. 13, were not

o T tge
thought to affeot the food qualit%\of the diets. ~The oysters ingested

all three diets. ‘The s}itcate frustule of the control and nitrogen

?
<

limited algal celkis may provide additidnal grjnding material. in the
s . , i .

diet,.compngd to the silicate limited cells where the f}ustule ils

P
reduced..” However, since kaolin was added to all dietsg to provide addlt—

1on/l ‘gritc materLaI it s unlikely chere were any differences in dlgest—

~

ibility among the three diets.

-~ . .

’ .
Trerdds in the juvenile oyster growth rates, ag a fundétion'of feed-

[.

18), w111 be disfussed using the blochemlcal data presented (Tables 3,

1bg densitijes, wZ;h the C. gracilis diets (Flgs g9, 10, ll,~12 17 and

. A
-
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;) Ca{gon.to Nitrogen Ratio

M ¢
4, 5; Figs. 14, 15, and '16; Appendix I, Tables 9, 10, and 11; Appendix

IT, Tablgs 9, 10, Il and 12; and Appendix ITI, Table 2).

©~ . ? P

S

r g , e

The ;hange‘in a carbon to nitrogen ratié of the phytoplankton

culture is.an indication of alteration in the chemical compoeition-of

-

the aigae. The carbon to nitrogen fatio of the silicate 1limited cdlfure

-~

15’16{)on a dry weighc basis compared top8 7 for the control cultdre,

(Table 3)‘» Depnivxng C.. gcacilis of nltrogen increased the carbon to

' nltrogen ratio from 8.7 to 15.3. As reviewed by Craigie (1984), these

-

values are comparable to other carbon to nitrogen ratios reported for

-

algal species eultured undeq similar conditiors., Eppley and Renger

(1974) maintained Thalassiosira pseudonana~under steady state growth

conditions in a continuous culture, aﬁ three' different levels of ’

nitrogen limitation. The carbon to nitrogen ratio for the cultures in

. .

-

1

their study increased from 5.0 to 12.0 with lncreasing nitrogen

. - - ~

liditation. The carbon to nitrogen ratip«Qf-exponentially growing

. R - B
b SV APRN

Skeletonema costatum and P. lutheri cultures increased from 6.0 to

35, O as a result of nitrogen deficiency (Sakshaug and Holm-Haansen,
1977). In these reports, the ‘partitioning of. the additional carbon into

various compounds was not examined, as was done.in the present study.

-

e
5 4 ES

b) 'Protein

fiﬁé absence*oﬁ a nitrogen source irhibits amino'acid’gynthesis. In

algae, the level of the enéyme, nitrate reductase, declines and the
¢ .

synthetic patﬁways for protéiﬁg become blocked (Eppley et al., 1969).

. Hence, the control and silicate limifed C. gracilis diets, which have a
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L
-~ . - v

nftrogen source, contain more than twice the proteim level of the

. nitrogen limited lgal diet (Fig. 15).

£l

. . In order to obtain growth with juvenile oysters, residual protein
. . .

.. % must be avallable in the diet after catabolic nitrogen loe;es have been

reﬁlaced. The poor growth response obtained with the nitrogen limitpd

o ~

algal diet (Figs. 9, lO,ﬁll'and 12) correlates with the low protein

2

. > level of the diet (Figs. 15 and Appendix I, Table 11). The leicaté

limited and cortrol dieté have protein levels, respectively, of 10.1 and
- ”y - -

,10.8 ug(108 ce11s)™! while the nitrogen limited diet has a protein
Epvel of 4.3 ug(lO6 cells)'l.

Prorein deficient diets typically result in reduced growth rates

-
3

and dépressed appetite among animals (NRC, 1983). Langton et al. (1977)
found the gain in dry total weight, shell weight and the pfotéin of
juvenile cfams correlated with the total amount qf/é&gal protein

available. Webb and Chu (1983) found that the nutritional value of an

-

algal species for oyster larvae—was correlated with the total protein

a

level of the alga as'opposed to the total lipid .or carbohdrate content.

Working with a’'limifed number of animals, Flaak and Epifanio (1978)

-

in contrast found tha§7a marginally higher oyster growth rate (0.9% vs.

. Ly

- @ -~

- 0.3% d‘l) resulted when Crassostrea wirginica was fed a bl% protein
A Lo

diet on a dry weight basis compared to diets containing protein levels

.

- several fold higher. Furtherﬁbre, Lhey found that z diet of” 12.9%
resulted in a ggywﬁh rate of 0.7% d~1., The diets ysed by Flaak and

Epifanio (1978) were oitained by<£ultufing T. pseudonana under several

" light regimes and harvesting at various growth phases. The res;lts of

the above studies are intriguing, because the protein content on a dry

\ -

~

+

e

e
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weight basis of most of the algae which juvenile oysters feed upon is

e “above 40% (Stricklapd, 1960). Also, the protein content of oysters,

-~

which ma§ reflect -the Eietary requirements of fne animal, has peen estim-

. o _ ated at ca. 59% of the dry weight (Quayle, 1969; and @alné and Mann, 1975).

- [

Ogsters must consume protein to produce a continual supply of amino

' -~ - M

acids. Upon’digestion,}fﬁe pmotefﬁ‘is hydrolyzed and freé amino acids

¥ . ~
\,ﬂlw are released. The free amino aclds are used to - synthesize new proteins

) o~

ip various organs and tissues for either growth or tissue repair (NRC,

1983). Molluscs require.a dietary souéée ‘of arvginine, histidine,

.

methioniqg, cysteine, leucine,.isdleucin&, valine, lysine, tryptophane,

threonine and proline (Boudreau, 19§4; Harrisqp7'1975); Rice gﬁ'gle

v
- P

- (1986), used radiotracers to measure a net influx of diksolved alanine
and glycine in juvenile g&ledulis. Dissolved amine acids may be. an

, ~important source of nitrogen”for bivalves (Manahan et at,, 1982). With
the exceptions of cysteiné, tryptophan and proline, all of the above
. } h‘

mentioned dmino 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

agids in the diet have a sparing Fffeqt on the animal, in that the

wv * ke . - M -
. .~ “oyster does not have to ﬁrodu%e them. The level of glutamic acid in the

-

$1licate limited diet was lower than that of the control’diec’(ffg. 15

-and Appendix I, Tables 9 and 10). However, since glutamic acid is a

: poﬁ*essential amino acid, little significance has been attributed to

this finding. Similar levels of all other amino acids were contained 1in
" the control diet and the silicate limited diet. This suggests that the

. 5 protein quality of the silicate limite@ diet was not the cause of the

-

.
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depressed growth response of the oysters at the higher feeding rations.

In both feeding densities in the diet combination experiments
(Figs. 17 and 18) the highegt growth response yas obtained with a
mixture of 75%‘of th; control diet and 257 of the nitrogen limited‘diet,

with a total protein level of 8.8 ug(lO6 cells)_l (Table 5). Ai:hough

diets with higﬁer protein levels were tested they also differed in other

. components such as lipids and carbohydrates. Thus it is ?mpossibie to

determine the effects of higher protein levels.

¢) Lipid ~

\The higher levels of saturated and monoethylenic fatty acids ip‘the
silicate limited diet relative to the other kwo diets (Fig. 16; and
Appendix II, T;bles;lo, Il and 12) may be beneficial at the lower
feeding rations where the caloric content of all diets is insufficient
(Fig§, 9, 10, 11 and 12). Lipids are the most energy }ich class of
nutrients, supplying 8 to 9 kcal/g (Lloyd et al., 1978). Saturated and
monoethylenic fatty acids provide more energy than other fatty acids due
to their'hydrogeﬂ bondIng'arraqgement. As lipids provide a rich supply
of energy, the mor; valuable proteins can be directed towards growth.
Takeuchi et al.-(1978) found éhat when the lipid-content of the rainbow
trout diet was increa;ed'to 15 ar 20% the protein {n the diet was more
afficié%tiy ;tiiized and could be reduced from'48z to 35% witﬂfno loss
in fish weight gain. The higher ealorbc content of the lipid-rich
s{licate iimited diet may account for tﬂe ?élatively higher'growth rate

obtained with this diet at the lower feeding range.

At the highe;\kqeding densities, the silicate limited culture was a

- e
d
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Table 5 .,

v
«

Chemical Composition of the control, silicate llmited, and nttrogen limited (haetoceros gracilis

‘ diets fed i{n the Replaccment Serles experriment and the resulting oyster growth response, ranked fn-
*order of highest growth rate.

Algal Diet

Control 7S5Z,
Control 75%,
Control 100%
Control 501,
Control 50Z,
Control 25%,

Control 25X,

-N 75%

-5 25%

-N 502
=St 50%
-N 752

-5 75%

=51 50%, -N 50X

-$1 25%, ~-N 75%

-Si 75X, ~N 25X

~-N 100X

~-St 100%

:

Feeding
Ratin
1.5 < 10

0.084
0.077
0.077
Q.075
0.074
0.072
0.068
0.068
0.006
0.064
0.064

0.057

Oyster Growth Rates (k)

Feeding
, Ratto
B0 x 107

0.081

0.075

0.074

0.074

0.065

0.066

0.052

0.051

(.048

0.050

Q.048

0.042

Protein
b Ct!ll«:)'l

10.1

5.8

10.0

7.0

0

x

Lipid
cells)”

9.2

12.1

1.

- Algal Biochemistry

Carbohydrate
ug(10 cells)"l

.

Protein* Lipld:

1.00 : 1.09

1.00 : 1.19
1.00 : 0.88
1.00 : 1.29
1.00 : L.51
1.00 : 1.62
1.00 : 1.81
F.0Q ¢ 2,20
1.00 : 2.18

-_— . i
1. ;18(106 cells)™! of lipid In the diet x weight Z of 22:6w} in the lipld for each componeat, Summed.

Carbo-
hydrate

: .81

2.41

T 6.09

6.138

1.7

Facty Acad

22:6w3

welght ‘,

in diet

.19
0.19
G2 .
016

.16

0.12
" 0.08
¢.08
Q.08
0.08

n.08 -

Possible Limiting

Component

P
catbohydrate
carbohydrite
protein, 22.6m)
22: 603

proteln, 22.6»)

22,603

‘proteln, 272:6w}

protein, 22:60)
protein, 226013
protedln, 22:6w}

22:6w}
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poorer die{ ﬁo; the juvenile oyster relative to the control diet,
desplte the higher total lipid level. Several possible explanatiaons
related to the quality of the lipid are suggésted.

The high lipid level of the silicate limited diet may restrict the
growth rate of the'juvenile oysters as a result of contaminants in the
lipid. Lipids can accumulate p;orly‘biodegradable éoQbonentq such as
polychlorinated biphenyls, pesticides, herbicides, crude oil and other
hydrocarbon contaminants (NRC, 1983). There is no evidence in the
present study to suggest that contaminants are present in the lipid of
the silicate limited cultures. A decline in oyster growth rate

.

corresponds with increasing food ration in the higher feeding density
range w;th the silicate limited diet (Figs. 11 ahd 12). The opposite
trend, however, occu}s at the lower feeding densities range (Figs. 9,
iO,’ll and 12). Thus fhe growth results are probably not in response to
an accumulation of a toxic substance.

. There may be an improper balance in the composition of the fatty

acids in the silicate limiaﬂd\diet. The high levels of saturates and

monoethylenic acids may have a diluting effect on the essential w6 and’

[4

w3 fatty acid levels, The ratio of total saturate plus total
monoethylenic fatty acids to total w6 and w3 fatty acids for the three
diets are as folléws: control, 2.3; silicate-limited, 4.9 and the
nitrogen limited, 4.7. The higher growth rate obtained with the control
diet, at thé higher feeding dens{ties may be a result éf a better
balanced diet, characterized by a lower value for the above
ratio. ' -

Several studies have demonstrated that growth inhibition is the



\ ' 165
( ’ . . .
result of a highly saturated or §hort-chain fatty acid content ip thé
diet.‘ Feeding a rich source of saturaged fatty acids, such as
hydrogenated coconut oil, resulted in poor growthwwith C. virginica
(Trider and Castell, 1980): For several species, frowth decreased when
saturated fatty agids were added to an essential fatty acid def;cient‘
diet (Ases-Jorgensen and Dam, 1954a and b). Increased‘fluid consumption
was also observed (Aaes~Jorgensen and Dam, 1954c). An increase in the:
20:3w9 to 20:4wé ratio of the animal, and adverse dermal characteristics
were evident (Evans and Lepkovsky, 1931). A 20% supplement of triolein
(18:1w9) to the algal diets of Langdon and Waldock (1981) had an adverse
effect on the growth rate of juvenile oyste?s. High lipid levels may
depress the growth rate of juvenile European oysters due to an imbalance
in the diet’s fatty acid composition:

With the possible exception of the land snail (Van der Hors; and
Oudejans, 1973), animals are not capable of de novo synthesis of fatty
acids with double bonds in the wé or w3 position. These. essential fatty

: 3
acids are synthesized by plants and are obtained through the diét
(Ackman, 1983). Inadequate levels or dilution of these important fatty
acids can be detrimental to the animal. Burr and Burr (1929, 1930)
showed that Thomeothermic animals such as the rat have an essential
dietary requirement for wb. Castell et al. (1972a, b and c) were the

——

first to demonstrate that poikilothermic animals like the rainbow trout
have an essential fatty acid requirement for w3 rather than w6 fatty
acids.

Castpll (1983) suggests that the w3 structure in cald-blooded

animals permits a greater degree of unsaturatioﬁ;‘hhich may'bg critical

»
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in the membrane phospholipids for maintaining the required flexibilirty

and permeabiiity characteristics at low temperatures. Cell membranes
require adequate levels of essential fatty acids to form a normal

permeability barrier around the cells and subcellular particles.

A}

Additional fungctions of the w3 fatty acids include the trapsportation of

L) -

other lipids such as cho%esterbl, the activation of several specific

-

enzymes and the regulation'gﬁfvarious’vitql processes by prostaglandins

-

(Castell, 1970). -

The essential fatty acid raguiréhents in fish have since been shown

P +

to differ considerably from species to species, Carp-(?gténabé =t al,,

® .

1975; Takeuchi and Watanabe, . i977), eels (Takédchi Sﬁjii" 1980), and
c%um salmon‘(Takeuchi and Watanabe, 1982)'rqquire lﬁzéiblin addition to
18:3.3. ‘

éastell and co-workers have pioneered the studies on the essential
fatty acid requirements of oysters. -“Castell and Trider (1974) and
Trider and Castell (1980), using a semi-purified test diet, found that
cod liver &6il, high in 20:5@3 and 22:6w3, promoted better growth ana
reproduction in the adult oystet, C. virginica, than di?ts with corn oil
which are high in 18:2w6. A 1:2 mixture of corn oil (w6) and cod liver

0il (w3), in the diet of C. virginica adults produced only marginally

higher growth rates than the cod liver oil diet. Thus, the w3

requirements appear to be greater than the w6 requirements. Ackman

r

(1981) asserts that w5 and w3 cannot be interdén&erted. These fatty

acids are either dégraded for energy or elongated (eg. 18:34W3 to.

20:5¥3  and 22:6w3). Severe wb and (I fatty acid deficiencies may occur

in an oyster hatchery or nursery operation where a limited number of’

-5
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algal species are routinely used. On the basis of the above eviQence,
it appears that C. virginica adults have a requirement for both .6 and
w3 fatty acids, with the requirement for w3 being much greater.
Waldock and Nascimento (1979) found that the ratios of 18:2w6/18:3
w3 and 20:4w6/20:5.3 plus 22:6,3 in the triglycerides (the fatty acid
energy storage component) of C. gigas juveniles were very similar to the-
ratios i1in the algal feed o;ganism. Since the fatty acids of
phospholipids (eg. structural components in membranes) can be derived in
an unchanged form from the triglfcerides {Ackman, 1;83), fatty ac’lds can
be transferred direcsly from the diet, to a storage mode, into a
structural mode, However, sinc; the 20:4 .6 level in bivalve
phospholipids appears higher than the level supplied in the algal diet,
Ackm;g (1983) suggests this isomer may also be formed from the supply of
18:2,6 stored in the triglyceride fraction within the oyster’s cells,
When comparing the .6/w3 fatty .acids value 1in phospholipids, 0. edulis
appears to be somewhat unique amomng oysters. Both the wild C. vi;glnica
and hatchery-reared C. gigas spat have a «6/u3 fatty acid value of 0.25,

“while the value for wild O. edulis is 0.07. Other bivalves such as

Mytilus edulis (0.07), Pecten maximus (0.05) and Arctica islandiga

(0.07) share similar values with 0. edulis. The ~6/.3 ratio may have
species specific characteristics (Ackman, 1981), éurthermore, it is
also possible the different ratios reflect species specific differences
in polyene requirg¢ments or the types of food which the énimal has been
feeding upon.

The w6/w3 fatty acid values for the three C. gracilis diets are:

control, 0.3; silicate limited, 0.8; nitrogen limited, 0.7. .Webb and



a
Chu (1983) report that most algal.éiets which are good for C. virginica
oys;er larvae have a «6/4 3 value o} 0.3 to 0,5, while poor algal diets
have a .6/.3 value of ca. 0.2. The present stud; supports the fknding
of Webb and Chu (1983) that a ratio of 0.3 is~«haracteristic of a good
bivalve diet and also suggests that values higher than 0.5 may'indicate
a poorer algal diet for juvegile European oysters,

The imporcancé of the linolenic fatty acids (.3), relative to the
linoleic fatc; acids (~6), for several other marine animals has been
reported. The studies of both Nicolaides and Woodall (1966) and lee et
gi.(l967)_suggest that.3 fatty acids are more valuable in fish diets
than the .6 fatty~acids. In their study, raising the .3 fatty acid
content in the diet clearly increasé@ the growth fesponge of the fish,
‘Sinnhuber and Hendricks (1979) féund that the weight gain and feed
conversion efficlency were greater when rainbow trout were fed a diet
~ontaining 1% of 18:3+«3 compared to a diet of 1% 18:33 plus 1.5% 18:2
<6, Cowey et al, (1976) demonstrated that turbot not only required the
-3 structure hut specifically needed 20:5,3 or 22:6~3 to satisfy its
essential fatty acid requiremantg. ~Webb and Chu (1983) report that C.
Qirginica larvae require .6 to a lesser extent than ,3 fatty acidg,

The relatively low level of 22:6.3 in the silicate and nitrogen
depleted diets may be a grgwch limiting factor fgg,épg juvenile ofstersu
Langdon and MWaldock (1981).demonstrated that a defiz;ency in 22:643 in
D. tertiolecta.was a growth-limiting factor in C. gigas juvenlles. When
a T. suecica diet was supplemented with 22:6.3, the growth rate of these

juveniles improved.

A requirement fgr 22:6m3 in young or developing stages of other
< '
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marine animals 1is recognized. The die%ary levels of 22:6u3
significantly affect egg hatchability in the common carp (Shimeno et
al., 1977). The major phospholipid during thé development of the rainbow

trout was 22:63 (Ando, 1968). The shrimp, Penaeus setiferus, would not

produce eggs unlegss the diet contained 22:6w3 and 20:5.3 (Middleditch et
éLH 1986). Morris (1973) pointed out that juvenile marine crustaceans
.typically have higher levels of eséentiai fatty acids than adults of the

same specles.  ~

Es

¢

The 22:6w3'fatey acld may be a key component of the diets in the

present study. #he Chaetoceros gracilis control diet which has more

E

than six times the 22:653 level than the silicate limited diet (Appendix
| .
II, Tables 10 aand 11), yielded a growth response that wasg ca. 257

greater at ;ﬂe ﬁlghe} feeding ration (Figs. 9, 10, 11 and 12). The

»

principal signs of essential fatty acid deficlencies, reported in

studies with wara water fishes, are reduced growth rate and reduced feed

Al

efficiency (NRC, 1983), The observed differences between the control ,

and the silicate limited diet cannot be explained by the level of the
total w6 or 20:5.3 as similar levels of these fatty aclids were obtained
in both diets. This study suggests, and Langdon and Waldock (1981)

present evidence for, a 22:6&.,3 fatty acid requirement in the diet of

-

juvenile oysters.

The fatty acdd composition of a second diatom, Thalassiosira
pseudonana, cultured under the control and silicate limited conditions
was also analysed (Appendix 11, Table 6 and 7). While'the differences
between the control and the silicate limited cultures were not as

striking with this diatom when compared to C. gracilis, the trends are
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the same. The saturated and monoethylenic fatty acids are more abundant

in the silicate limited culture, while the polyethylenic fatty acids

*
are more prominent in the cdntrol culture. The level'of the 22:6w3

>

fatty acid was twice as high in the control culture as it was in the
silicate limited CUltu;e. Thus, the changes 1n chemical composition as
a function of silicate concentration may be éommon among diatom species.

The findings presented in this report and those reviewed above will
help in establishing'a good basal diet for m%croencapsglatlon studies.
Such studieg can verify the nutritional contribution of single dietary
components for oysters. lHowever, the economic viability of routinely
using microencapsulation in commercial hatcheries and nurseries {is
dbubtful. '

There 1s a potential problem 1in satisfying the essgntxal fatty acid
requirement of the juvenile bivalve. Fish oils, a common source of L3
in animal feeds, can easily become oxidized and render the diet rancid.
Ko et al. (1975) showed that oxidized lipids reduced the. digestibility
of brotelns and the availability of lysine. Sakaguchi and Hamaguchi
(1979) found that oxidized oils were less dlgéstible than fresh oils and
caused hyperglycemia 1n red sea bream. Hung et al. (1980), however,
showed that vitamin E protects ralnsaw trout from the toxic effects of
oxidized oi1ls. Castell et -al. (1984) recognize. that antioxidants and
proper storage conditions are more critical in artificial diets when the

'
~3 fatty acid requirement is satisfied by the additiéq of fish oil.
While the costs involved in culturing phytoplankton for diets is

high, a live food is still the most reliable and affordable way of

providing a high quality source of the essential fatty acids for

- U
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séve;al years to come. The present study has demonstrated the effect
thgt nutrient culture status can have on the various fatty acid
components and especially tg; 22:6 3 level in algal species, With
bettér 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 II1, Table 1). A
similar respomrse occurs with other species (Shifrin and Chis;lm,
1981, Appendix III, Table 3). The rate of excretion or release of
carbohydrates is normally greater under stressful conditions sutch as
nitrogen depletion (Marker, l?éSL The carbohydrate level shown 1n

1

Fig. 14 and Appendix I11, Table | may underestimate the total

%
b}

carbohydrate provided by the diet, as only algal cells were analysed;
however, both cells and media were é;d 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
rese;ve (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 207 carbohydrate content., High carbohydrate

levels in the tissue characterize healthy spat and larvae, while

depleted levels are typical of starved or stressed animals (Bayne, 1973;

115



" Gabbott and Béyne, 1973; and Mann, 1979). . : . B AT

Glycogen, the D-glucose staorage polygacchafide,_is the major

-
- -~

carbohydrate in juvenile oysters, repré%;ntiné AO—SO%:of the’ total
: . T P _ . ) &
carbohydrate content. Glycogen levels change readily during development

‘i

while othe? polysﬁgchérides and free—reducing:sugars remain quﬁcant ~
during larval deveiopmént, metamorphosis and spat neve¥opment ZHollanS/f_
and Spencer, 1973). Holland and Hénnaqt (19;2) have shown that g1§cogeﬂ
replaces triglyceri&es as the major energy stérage compoqnd in 0. edulis

at an age of 3 to 5*months. In their study, reduced glycogen levels and
highe{ triglycéride levels were evident among 3 go 5 month.o%dioystersi'
set in June cémpared‘to oysters set in January or March.'

In the'present stuﬁy, qualitative carbohydrate analyses'haye not
been cgnducted oé the algal diets but Ehe importance of various sugarcs
can be determined from the literature. L-Fande gi éé:‘(1972) examined
glycogen synthesis from fructose, glycerol, pyruvat;,.l—leucine, and -

- .

hydroxybutyrate in the gill tissue of 0. edulis, and found that g%ycerol

produced the ‘'highest gkycogen‘leyel. Glycerol is ) a co@ponen; in

<
a P
fats which may suggest that fat metabolism plays some ro g’in

gluconeogenesis.in'oyst,r§. L—Fandq et al. (1975) indicaced.thaé
glycogen behaves as a négafive feedback inhibiltor regulatéed by 1its own
syanthesis intg.eéulis, as_ suggested b; Danforth (£965) for»mammals.
The meta?olis@ of glycogen.and trebalose are closely related. Trehalose
contains two D—élucose residues %ng is the major sugar_founq in the

hemolymph of many indsects (Lehninger, 1970). Badman (1967) found

substantial amounts ., of trehalose'in Crassostrea virginica, yet Whyte

and Englar (1982) found no evidence of this carbohydrate, in C. gigas,

. .
N.,\. v i .
L . . ?
.
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Galactogen, anothier key fiolluse polysaccharide, is a polymer of

'¥galéétose found onli in the albu@in‘glaﬂd (May, 1932). L-Fando et al.
(1972) speculate that infer-conversion between galactogeﬁ and glycogen
i .4

. . ~

occurs. | -

The' Righ carbehydraté level in the’dAitrogen limited algal culture

-

-

*

appeared’ to be of little use to the juvenile oysters (Figs. 9, 10, 11 and

-
»

12) Beeause.of the low protein level of this diet, as previously discussed

0 . .

limits its usefulness as a éomplete food. When the protein level of the

nitroéen lipited diet is increased, by replacing a portion 5f this diet
. . - ~ - \’ N -

with the control diet, a higher oyster growth response was obtained

-(Figs. 17 and '18). This suggests that while ;surplus protein- is

!
-

available in the control diet, the carbohydrate lévql or quality limits

the growth rate of the juvenile oysters.
) ot
- Carbohydrates may have a protein~sparing action, serving as energy

—

- . N . 5
sowrces so proteins may be utilized for growth instead of energy. In

addition, c?rbohydrates are the least expensive source of dietary
energy., The desirable, cohesive echaracteristics of- g4rbohydrates may -

aleo be an important factor in the development of artificial foods for

.

bivalves. M
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Conclusions .
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-

" " THe ‘chemical composition of C. gracilis was greatly altered when cells

[ 4
were cultrured under garious nutrient regimes. Diets of the alt®%ed C.

- 1

. gracilis proauced‘profdund diffefences in the growth rate of 0, edulis

[}

during five weeg-growth trials. The growth response of the oysters to

- 2 ! M ¥ .
the diets was a function of feeding ration. Examination of the diets

A
.

"and growth response gives some insight into the diet requirements of 0.

” -

edulis.'glhgracilis grdwn in a silicate limited culture had 30% more

~

carbon., Part of this‘excess carbon was lipidyas these cultures had a

o

lipid level twice that of the eontrol or nitrogen limited cultures. The

. ’

silicate limited diet .enhanced the growth rate of the oystersk relative

' il

to the control diet, only at low feeding densities where total food

] S @
eﬁergy wasirestricred. Most of the increase in lipid of the silifate

limited algae, was in the'energy—rich saturated and momoethylenic .fatty

acids., Thus, the oygtefs responded positively to the higher energy

diet when the food supply was limited.

A

4

At the higher feeding densities where ample energy is avaihible as
indigated by the higher growth rates, the growth response of the oysters

fed the silicate limitéd diet was poorer than tha& of the .control. An

"
. ~

improper balance in the composltion of the - fatty acfdg in the silicate

-

limited diet was suggested. The, high liuels of saturated and

monoethylenic fatty 5cids.may have a diluting effect on the esgentialwb

?

T~



\‘A\/

.-,

b

and 43 fatty acids. Diéts consisting of high levels of saturated and

monoefhylenic fatty ac1ds have shown to be detrimental to the growth of

5 R

oysters- (Trlder and’Castell 1980 ; and Langdon and Waldock, 1981).

The higher oOyster grow;h response obtained with the control diet

¢ ' - ¢

was.considered to be the result of a better balanced dlet or the five

-

times hlgher 22 6w3 level ‘as s1milar ievels of totaluwb and 20:503 were
present in both the conérol and.sichate llmltee diets. Whlle 1ong
chain polyunsaturated,fatty acid;u;eve previously been d¢hown td be
3
essentfﬁl.in the diet of C.. gigas Juvenlles (Langdon and Waldock,
&
19815, this study provides evidence that é 3 is essentidl for 0.
edulis. Once theaceloric level‘of ége diet is adequate the level of

22:643 may greatly influence the growth rate\ég)the juvenile oyster.

Although there was a two to\tﬁree fold increase in the

-
¢

carbohydrate content of the nitrogen limited diet relative to the other

o ‘ g
two diets, the protein content of the nitrogen limited diet was less

£

o .
than half, of the level of the other two diets. The low protein cobntent

appears to be the‘ cause of the poor growth response with the nitrogen
iimited diet,’ Increaeing the feeding ration did increase the grewth
response of: the oyster over a narrow'feeding range, however an increase
in the feeding ration above 3.5 did not further increase the growth
rate, The reasons for this.are not clear; however, it could be a result

of a need for an ex kive amount of energy required to obtain the

necessary protein,
A

o

The amino acid composition of all three diets were similar, with

“.the exception of a relatively higher glutamic acid level in the silicate

[

limited diet. Since glutamic acid is considered to be “a non-essential

.~ .

.
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amino acid in the bivalve diet, 1little significance has been associated

L4

with this finding. |

s
*

Since the contr'ol, silicate limited and nitrogen limited diets

have different levels of either protein, lipid or carbohydrate,. the
’ - - e T e e

I AR
6ysters were fed these ‘diets in various combinations. The
4 - .
augmented.growth respdnse which resulted with each diet combination
suggests that the oysters respondéd to a better balanced diet in

the combined diets. The highésc oyster growth rate was obtained with a

3

diet cbnsiéting of a 1.0:1.1:1.5 ‘protein to lipid to carbohydrate ratio,

which was obtained by replacing 257 of the control diet with an equéi
cell number of the carbohydéate rich, nitrogen limited diet.

The nutritional status” of the algal cultures fed to juvenile
oysters has trémendous impact on the growth response, It is,’ therefore,
important that stgict attention be paid to éhe various 1levels of
essential nutrients in an algal culture, as the nitrogen level can
great;y alter the protein content of the cells and the silicate level
may profoundly change the carbohydrate and lipid content, as well as the
fatery aéid‘composition. Other components in the algae such as vitamins‘
or sterols also quite likely change as a function of nutriéional stafus
and may well account for some ¢f the different oysted growth responses
observed in the presqu ;tud§. At present very little is kn;wn about
changes in algal viﬁamin or sterol copteﬁtin phytoplankton as a function
3f env%ronmental conditions; thﬁs this would be an excellent topic for
future study. The presenL study hasrzonito;ed‘changes in biochemical

composition of the algae and correlated these changes with differences

observed in the oyster growth rates. While components, other than those °

~
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identified, may also affect " the growth rate of the oyster, studies

. ' ’
using a technique such as microencapsulation, in which one component can

&

be vafied at a time, would be necessary to identify the impagt of an

po

individual component definitively:u Such experiments would comprise a

S

very interesting future study project, The techniques required- for
supplying a sufficient number of the required kinds of microcapsules

must be available, such that oyster growth trials of adequate duration

. .
.can be conducted.,: While advances have recently been made with the

development of micigencapsulaCed diets for bivalves, considerable

P

refinement of this technique will be required before it can

be used: to identify the complete nutritional requirements of the

juvenile bivalve. The present study demonstrates the importance of

carefully monitoring the nutritional status of the algal cultuiiikused
e pz

to feed juvepnile oysters and identifies soﬁe of the bio{ﬁémicaL

components and their levels which should be included in the basal diets.

Such information will be necessary to begin microencapsulation studies.

1

With the type of data generated from this study, we enter an era in
- .
which selegted phytoplankton species are domesticated on a production

scale to fulfil] very precise specifications, such as the nutritional

. -

requirements of bivalves, The ability of phytoplankton to convert light

energy {hrough photbsyntﬁesis to carbohydrates, proteins and lipids is

being harnessed in a wvariety of specialized industries, These-

industries prodﬁce algae as fogd for various aquatic and domestic land
animals, as Qell as for human consumption (Shelef and Soeder, 1980).
The mass culture of‘}ipid—rich phytoplankton for industrial chemicals,
vegetable oils and energy-rich hydrocarbons 1s rapidly developing

(Shifrin and Chisholm, 1980). Because of the diversity of phytoplankton
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a fange of potential commercial appiications 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 conditiong, on the biochemical compositi;n 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

repregent the

Aspartic Acid
Threontne
Serine
Glutamic Acid
Glyctine
Alanine
Yaline
Hethionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Histidine
Lysine

Arginine

Sources: 1.

(s

specified amino acid as a percent of the &£otal 15 ami{no acids shown.

lsochrysis
Skeletonema Chaetoceros Skeletonema galbana Isochrysis
menzelit calcitrans costatum T-1s0 galbana
1. 1. 1. 1. 3.
14.4 11.3 11.2 11.1 10.38
5.3 5.9 5.5 5.8 4.0
6.1 5.9 5.9 5.4 4.8
17.2 14.9 16.8 15.2 13.3
5.3 5.4 5.5 5.2 6.8
6.3 7.7 9.2 8.1 9.0
6.3 5.9 5.5 6.5 7.7
1.7 2.3 1.3 2.1 2.4
4.9 S.4 5.9 7.1 5.7
8.1 9.0 8.4 9.6 10.3
3.8 s 4.5 3.8 ! 4.0 3.2
5.0 5.9 5.5 5.4 5.8
°
2.1 2.3 2.1 2.3 2.2
7.4 7.2 7.0 6.7 . 6.2
6.1 6.3 7.8 8.1 7.9

Present Study, mean values, based on {nformation in Tuhlgs 2 through 6{ 2.
Cowey and Corner (1966); 3. Epifsnio (1979(; 4. Chau (19%7; 5. Ualn€ (1970)."

continued. ..

e

97T



TN,
Appendix I, Table 1. (continued)

Thalassiosira Phacodactylum Pavliova Rhodomonas
pseudonana . tricornutum lutheri sp.
3. 4. 2. 4. 2. 1.
Aspartic Acid 11.0 10.8 "o1l.4 . 10.5° 10.1 - 10.7°
"l‘hre_onine s 6.3 5.3 5.2 5.3 6.0
Serine 5.3 3.7 5.7 3.8 5.6 5.0
Glutamic Acid 12.0 15.4 14.2 11.9 - 11.5 «  13.7
Glycine 7.5 6.1 6.1 5.4 6.3 ., 6.0
Alanine 7.3 12.3 7.6 11.5 9.1 9.2
Valine 7.2 . 5.6 8.1, b1 X1,3 6,8
Methionine 2.5 . 2.4/ '2.3—___’_3_./ 2.9 3.0
Isoleucing 6.0 4.9 5.3 5.1 4.8 4.5
Leucine 0.3 82 9.0 9.9 1.8 7.7
Tyrosine 3.8 4.0 4.0 3.7 4.9 5.1
Phénylalanine 6.4 9.3 . 6.1 7.1 5.7 5.1
Histidine 2.6 - 0.8 2.1 1.9 2.3 2.1 ‘
Lysine 6.7 5.3 ° 7.4 7.9 7.4, 7.1
Arginine 7.1 4.9 5.7 8.5 v 6.2 W ’].;

LZt



Appendix 1, Table 1. {(continued)

Aspartic Acid
Threonine
Serine
Glutamic Acid

Glycine

Alanine

Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Histidine
Lysine

Arginine

7.4

6.9

Dunaliella
tertiolecta

14.2

12.5

'11.0
3.6

8.3

6.5

r+Chaetoceros

Cartaria
12.2 10.2
5.5 4.1
5.7 4.7
) 16.3 13.9
5. 7.0
7.8 8.7
6.1 6.9
2:3 2.5
5.9 5.0
8.4 10.2
4.0 3.5
’ 5.4 6.9
1.9 5
7.1 6.9.
5.8 7.1

10.5

3.8

2.1

5.0

10.2

3.4

2.3

6.9

6.7

‘

t

Tetraselmis
suecica

10.1

11.0

14.1

6.8

6.2

4.5

continued...
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Appendix I, Table 2. Amino acids

Sample No. 77

No. of cells in
sample (x 10%) 48.0

78

48.0

123

7

of Skeletonema medzélii.

79 76

- - ) 95%
42.0 61.0 x s'd. C'I—.

Amino Acids ug(lO6 cell)'l

Aspartic Acid 1.64.
Threonine 0.61
Serine 0.67
Glutamic Acid 1.96"
Glycine 0.61
Alanine - 0.73
Valige 0.73
Methionine 0.20
Isoleucine 0.56
Leucine - 0192
Tyrosine 0.43
Phenylalanine 0.56
Histidine 0.23
Lysine : 0.96
, Arginine , - 0.71

Partial Protein 11.52
ug(10® cells)™!

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 1.50  1.57 0.08  0.08
0.53 0.55 0.58  0.04 0.04
0.60 0.60 0.63 0.05 0.05
1.75 1.80 1.87 0.11 0.11
0. 54 0.55  0.58  0.04 0.04
0.63 0.68  0.69 0,05 0.05
0.63  0.67 0.69  0.05  0.05

©0.19 © 0.10  0.18  0.06  0.06

* 0.50 0.51 0.53 0.03 0.03

0.82  ‘0.84  0.88  0.05  0.05
0.38  0.39  0.41  0.03  0.03
0.50  0.52  0.54  0.03  0.03
0.22  0.22  0.23 0.0l 0.0l
0.73  0.75  0.81  0.10  0.10
0.63 0.65  0.67  0.04  0.0% ,

i
10. 14 10.33 10.85 0.71 0.70
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ke Appendix‘ , Table 3. Amino acids of Chaetoceros calcitrans, N

= b ' a - Y
. -
) Sample No. 87 84: 85 86
No. of tells in ' b . 95%
samples(x 10%)  507.0  680.0 547.0, 374.0 - % s.d.  C.I.
\ ) “Amingo Acids pg(10% ce1lls)”! .
. y . L .
' Aspartic Acid '0.24 . 0.24  0.25  0.26 - 0.25 6ol 0.01
Threonine 0212 0.13  *0.13  0.13 0.13 0.01 0.01
bt “ 3 » * M ’ .
Serine 0.13 6,13 013 0.4 0.3 0.01  o0.01
Glutamic Acid , '0.32  0.33 0.32  0.35 ¢.33 0.01  0:01
. J
Glycine 0.1 0.12  0.11  0.12  0.12 0.0t 0.0l
Alanine . 0160017 0.7 017 0.7 001 0.0
Valine 0.13  0.13  0.13  0.13  0.13  0.00  0.00
Methionine 0.04 - 0.05  0.05 0.04 0,05 0.0l 0.0]
Isoleucine ° 0.12. 0.12 Q.12 0.13  0.12 ‘0.0l 0.0l
Leucine 0.19 0.20  0.20  0.21  0.20 . 0.0l  0.01
Tyrosine 0.10  0.10  0.10 0,10  0.10  0.00  0.00
Phenylalanine 0.12 <0413 0.13 . 0.13 0.00 000
i Histidine 0.05 + 0.05 % 0.05  0.05 0.00  0.00
Lysine 0.15 0.16  0.17  0.16  0.01 Q.01
" Arginine | 0.13 0.14  0.16  0.14 “0.00 0,00 °
Partial Protein  2.11  2.21  ,2.19  2.27  2.20 .0.07  0.06
ug(106 cells)‘"1 K . . I

- ’ - " - LIS PRI
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Append%ﬁxl, Table 4. Amino acids of Skeletonema costat

s

k3

Samiple No. 89

pg(10% cel1s)™!

A

90
- Noi of cells in
Jsample (x 10%)  132.0  115.0
) Amino Acids
7 Aspartic ‘Acid .0.73  0.75

- ‘e
Threodine . 0.36 0.37
Serine : 0.35 0.,36
Glutamic Acid 1.11 1.13
Glyéine 0436 0.37

" Alanine 0.60  0.62
Valiﬁe 0.36  0.37
Methionine 0.08 ‘ 0.11
Isoleuéine 0.32 0.33 ‘
Leucine 0.55  0.57
Tyrosine . 0.25 0.26
Phepylalanige + 0.36 0.37
Histidine O 0.13  0.14
LysiAé . 0.51 0152
Arginine ) 0.40 0.41
Partial Protein 6.47 6.68

4,

¢

91

0.77 -

0.39

0.64

0.37

0.08
0.43
0.57

0.27

’0. 38

-

6.88

88

96.0. 111.0
ng(10% cells)”

0.77

0.38

0.50

0.57

0.27.-

0.38

0.54

. 0.42

.6:96

0.76

0.37

«0.37

0.37

0.62

0.37

0.09

0.40

0.57.

" 0.26

N

s.d.

0.02

0.01
0.02
0.01
0.02
0.09
0.01
0.01
0.01
0.01
0.01
0.01

0.2%

3

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

131

0.01

0.00



3

'g:'\

¢ x

-~

-,

+ 7 k™ Y -
S
‘ . \ : : 132
. : b
bl ’ - ‘;\&)‘
;\ppendi}; I, Table 5. Aming acids of Isochrysis galBana Tiiso. \

* /\j'/ L] >
o
s - s
. .
- /o e " * [ ’ - &
[T 44 A »

Sample No:¢ * 81; 83 82" 80 .
N.o.-of cells i - \ " 'D: ’ 95%
sample {x~10%) * 305.0 239.0 159.0 118.0 ., X s.d. . C.I.
. b , ",
s f Amino Acids' pg(10° cells)~! . ‘
rcl ,
Aspartic Acid . 0.73 0.98  6.75  0.89  0.78  0.08  0.08
Threonine 0.39  0.39 - 0.40  0.4%. 0.41  0.04 0.0
Serine : 0365 0.35 0.37  0.43  0.38  0.04 -0.04
Clutamic Acid; .01 6.96 . 1,03 1.22 1.06 0.11  0.11
Glycine “ 0.35  ©.34 0,36  0.42 §3 0.0 0.04
Alanine,’ .55  0.53 0,5  0.65  0.57  0.05  0.05
Valine ‘ , 0,45 0.44 0.46 0052 0.46  0.06  0.04
Methionine -EE}=‘ 0.17  0.13  ©0.13 0717  0.15  0.02  0.02
Isolelicine ‘ 0.32 0,32 0.33 0.39 0.34 0.03 . 0.03
Leucine 065 0.60 066 0.77 ' 0.68 " 0.06  0.06
Tyrosine 0.28  0.26  0.27  0.32  0.28  0.03. 093
Phenylalanine " 0,37 0.3  0.36  0.43  0.38  0.03  0.03
Ristidine , 015 0.15  0.16  0.19  0.16  0.02  0.02
LySine ) 0.45  0.44 0.45 0.54 0.47 0.03 0.05
Arginine 0.53 0.51  0.54 0.63  0.55  0.05  0.05
Partial Protein 6.76  6.54°  6.81  8.04  7.04  0.68  0.66
pg(lO6 cells)’_l i
. < ) )
. " .
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Appendix 1, Table 6. Amino acids of Dunaliella tertioleeta.

H

sample 'No. 75 73 %72
No. of cells in )
sample (x. 10%) 78.0 ¢ 128.0  78.0  94.0 X 's.d.
; . Amino Acids pg(lO6 cells)—l
Aspartic Acid 1.86  2.01  2.05  1.95  1.97  0.08
Threonine ' 1.02 103 1.3 1.08  1.09  0.05
Serine _ 0.95  1.03° 1.05  1.00  1.01  0.04"
Glutamic Acid 2.48 _ 2.6 2.65  2.60  2.59 0.07.
Clycine 1.00 ° 1,07 1.11 © 1.05  1.06  0.05
‘Alanine 1.52  1.63  1.66  1.58  1.60  0.06
Valine 1.13  1.28  1.25 L2l 1.22 0,07
Methionine 0.30 0.34 '0.33 0.41 0.35 0.05
Isoleucine 0.77 6.84 . 0.86 0.82 0.82 0.04
Leutine . 168 179 1.88  1.79  1.79  0.08
Trosine 0.76  0.82  0.84 - 0.81  0.80  0.04
, Pﬁenylalanine' ~1.02 1.11 1.15 1,10 ) 1.10 0.05
Histidine 0.40  0.43  0.45  0.43  0.43  0.02
Lysine B 1.28 1.33 1.43 1.38 1.36  0.06
Arginine . 1,18 1.26  1.34  1.30  1.27  '0.07

Partial Protein 17.33 18.68 19.18 18.51 18.43 0.78
ug(lOﬁ cells)_l

; i »

95%

0.08
s
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
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Appendix I, Table 7. Amind acids of Rhodomonas sp.
Ratald Sl S

ey ’

B 95%
Sample No. 92 93 94 95 X s.d., C.1.
No. of cells in  29.1  50.7  52.2°  56.2
sample (x 10%) -

. . 6 -1 \
; Amino Acids pg(10” cells)
4

. Aspagtic Acid .46 4002 339 33 355 0432 0.3

Thréodin 8 o7
Thréonine 1.98 2.15 . 1.80 +1.91 1.96 0.15 O.IS\“\

o . \
Serind® - 1.67  1.79  3.03  1.57 2,02 0.68  0.67
“Clutamic Acid 4.9  5.10  4.19  4.21 460 0.47  0.46
Glycine 2,02 2.32 1.93 1.7 .2.00- ~ 0.25  D.25
Alanine - 272 3.12 2.5 .’3.82  3.06  0.56  0.55
Valine 2.26  2.52 2012 .27 2.29  0.17  0.17

" Methionine 1.07  1.01 0.8  0.92 0.96 0.10  0.10
Isoleucine 1,64 1.66 1,39 1.4k 1.53  0.14  O.l4
Leucine 2.93  2.87  2.42  2.25  2.62 0,33  0.32
Tyrosine 1,77+ 1.84  1.54  1.67 1.7 - 0313  0.13 -
Phenylalanine ©1.84  1.80  1.52  1.65. 1.70 - Q.15  0.15
Histidine 0.79 . 0.75  0.62  0.64  ©0.70 ..0.68  0.08

« P "z:‘ v P g N 2
Lysine . 2.69 2.55 2,21 211 2.39. .27 0.26
Arginine 2,67  2.51 2,16  2.29° . 2.41  0.23 . 0.23

> -

Partial Protein  32.50  36.01 31.72  31,80°=[33:00 ° 2.03  1.99
pg(}06 cells)™! . SPRL .

. wr
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Appendix I, Table 8. Amino acids of Rhodomonas sp. cultured under

Sample No.

No. 6f cells in
sample (x 106)

Aspartié Acid

" Threonine <{}

‘Serine
Glutamic Acid
Glycihe
Alanine
Valine
Methionine
Isoleucine
Léucine .-
Tyrosine
- Phenylalanine
Histidine .
Lysine
Arginine

Partial Protein
ug(10°% celle)™!

nitrogern limited conditions.

x|
n
o
.
@]
.
P

97 98 99

36.8  36.8  39.6 -

I

Amino Acidg pg(106 cells) 1
3.43 Zéél 2:68 -1.01 '0.38 0.43
1.97 l.68~. 1.64 1.76 0.18 0.20
l.44 1.29° 1.20 1.31 0.12 9.14

4.34 3.85 3.40 3.86 0.47 0.53

1,99 1.72 . 1.58 1.76 0.21 0.24

}).93 0.74  '0.81  0.83  0.10 0.1l
1.36  1.15  1.08  1.20  0.15 /0.16
2.45  2.08  2.05  2.19 0.2%///fb.25
.71 1.6 1.50  1.55  0.14  0.16
1.52 1.27 1.60  1.46  0.17  0.19
0.63 0.53  0.62  0.59 ~ 0.06  0.06
2.10 1.79  2.10 , 2.00  0.18  0.20 °

1.88 1.61 1.88 1.79 0.16  0.18

29.78 25.51 25.53 . 26.94 2.46 2.78
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Appendix I, Table 9.

°
Sample No.

No. of cells in
sample (x 106)

Aspartic Acid
Tﬁreonlne
Serine
Glutamic Acid
Glycive
Alanine
valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Histidine
Lysine
Arginine

Partigl Proteln
pg(10° cells)™!

£/2 nutrient media (cantrol).

30

0.54
0.79
0.35

0.53

18 21
96.0 113.0
Anino Aclids
0.94 0.94
0.45 0.50
0.46 0.49
1.29 1.28
0.46 0.45
0.66 0.66
0.51 0.51
0.21 0.19
0.49 0.48 -
0.74 0.72
0.34 0.33
0.47 0.47
0.15 0.17
0.57 0.57
0.54 0.50
8.28 8.26

24 KX ]

\

103.0 87.0

ug(106 (:ells)"'l

1.01  1.07
0.47  0.44
0.49  0.52
.31 1,32
0.46  0.54
0.68 0.78
0.52  0.58
0.20  0.16
0.49  0.59
0.74 0.87
0.3 0.38
0.47 ~0.54
0.17 0.21
0.58  0.67
0.52  0.58
8.45  9.25

52.0

0.61
0.97

0.46

0.67
0.66

10.95

46

64.0

.0.69

11.08

47

56.0

1.01

0.48

Amino acids of Chaetoceros gracilis cultured with the complete

51

76.0

1.10
0.53
0.70

0.28

12.72

continued...

52

122.0

0.73

0.57

0.23

0.52

0.81

0.40

0.53

oeT
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Appendix I, Table 9.

(continued) ’
Sample No. 53 63 64 65 6? n 70 100 . 101 102
No. of cells {n
sanple (x 106) 100.0 49? 46.0 72.0 67.0 9.0 62.0 37.1 28.9 28.1
Anino Aclids ug(lO6 cells)'l
Aspartlc Acid 1.09 1.45 1.41 1.25 1.44 1.34 1.37 1.43 1.57 1.72
Threonine 0.52 0.65 0.62 0.57 0.69 0.64 0.65 0.64 0.71 0.80
Serine 0.53 0.68 0.65 0.58 0.69 0.64 0.6b 0.68 0.76 0.84
Glutamic Actd 1.34 2.04 1.99 1.75 2.10 1.94 1.93 1.91 2.09 2.24
Glycine 0.51 0.63 0.60 0.56 0.67 0.62 0.63 0.57 0.63 0.58
Alanine 0.74 0.85 0.82 0.81 1.00  0.93 0.93 0.90 0.96 1.35
Vallns 0.57 0.70 0.67 0.61 0.75 1.13 0.70 0.66 0.70 1.06
Methionine ¢ 0.22 0.3% 0.28 0.27 0.33  0.30 0.31 0.27 0.27 0.27
Isoleucine 0.53 0.67 0.65 0.58 0.69 0.65 0.66 0.67 0.74 0.97
Leucine 0.82 1.04 1.01 0.89 1.08 1.00 1.031 0.98 1.10 1.16
Tyroslne 0.39 0.48 0.47 ) 0.42 g.51 0.48 0 56 0.43 0.49 0.45
Phenylalanine 0.52 0.66 0.63 0.57 0.67 0.63 0.64 0.59 ) 0.64 0.63
Histidine 0.20 0.26 0.23 0.22 0.25 0.23 0.24 0.22 0.26 0.19
Lysine 0.70 0.88 0.80 0.74 0.88 0.85 0.87 0.83 0.9€ 1.02
Arginine 0.60 0.72 ) 0.67 0.61 0.78 0.71 0.73 0.60 0.67 0.64
Part{gl Protein 9.28 12.03 11.50 10.43 12.53 12.09 11.84 11.38 12.53 13.92
ug(10° cella)” ‘ 2
&
\
“l“

continued...
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Appendix I, Tabdble 9.

Sample No.

No. of cells In

sample (X 10%)

Aspartic Acid
Threonine
Sexine
Glutamic Acid
Clycine
Alanine
Valine
Methlonine
Isoleucine
leucine
Tyrosine
Phenylalanine
Histidine
Lysine

Arg{nine

Part{gl Protein

ug (10" cells)”™

(continued)

103

69.4

1.42

0.66

1.95

0.60

. 0.92

0.69

1.04

0.47

0.65

11.85

112

20.3

0.96

0.61

12.49

113

30.5

0.44

11.58

114

8.1

1.47
0.66
0.71
1.90
0.60
0.73
0.54
0.29
0.67
1.01
0.42

0.59

W

118

38.0

Anino Actds ug(10® cells)™

1.34°

0.62
0.67
1.70

0.56

0.28
0.62
0.93
0.40

0.57

0.54

10.49

o

1.32
0.60
0.62
1.76
0.58
0.84

0.66

0.64
0.96
0.43
6.59

0.21

0.63

10.83

s.d.

0.06

0.07

0.09

0.04

0.03
0.06
0.06
0.02
0.04
0.05
0.02
0.03
0.01
0.05
0.03

0.62

8¢T



Appendix I, Table 10. Amino acids of Chaetoceros gracilis cultured under silicate l{mited
conditions,

Sacple No.

No. af cells {(n
sample (x 106)

AaPnrtlc Acid
Threonine
chrlno
Clnﬂpmic Acid
Clyc;nc
Alanine
Valine
Methionine
lsoleucine
Leucine
Tyrosine
Phenylglanine
Histidine
Lysine
Argintn

Protein

Pnrtizl
cells)”}

ug(10

23

48.Q

0.61
1.42
0.53
0.66
0.60
0.23
0.60
0.93
0.8
0.56
0.21

g.70

26

48.0

0.86

2% 32 35 a1 36 kY 38 39 "0 48
$7.0, 48.0 47.0 59.0 ° 80.0 65.0 115.0 .83.07 167.0° 42.0 -
Anino Aclds ug(lOd cells)fl S

1,09 119 1.31 , 121 - 1.Q8 LE JI08 1,40 1.66 1i33
0,52 0.52 0.59 0.5 0:44  0.46 0.42 0.70  o.51 'B,oé )
0.52 0.5 0.63 b.'sf_ .48 1,053 to.tl‘s' 0.l 0.6 0.72, '
LB L2 Ll LY L2 L3136 L8 186 L.
0.51 0.56 0.8 --0.52 ~ 6.50 0.32  0.4) ;fé‘;a A 0.67 " 0.65
0.62 0.65 0.69 0.65 .0.63 01;3' 0.5 . 0.87 G0 0.77 ,
0.57  0.59 0.66 o'.sjk 0.53 770,56 ° 054 0.70 ‘0.7 070,
0.19 0.22 0.27 0.24 0.24 0,25 0.2 028 0.32 0.32
0.58  0.62 0.83 0.5 .57 0.5 '-:o.;b 0.66. 0.70 070 4"
0.86 0.94 1.02 0.90 0.83 0.8% ..0,7% t; Low™ e s Y
038 0.40 0.4 D.41 O‘Effi“'*-P-";% ~o.zz‘;f-n.aa ~, 050 ,0.53 .
0,53 0.58 0.63 0.5 0.52 0.5 ° 4.505 0.64; 069 0.b9
0.20 0.23 0.20 0.21 0.19 0.31% 0.8 o:ia_. 0.28 0.29 .
0.66 0.71 0.77 0.64 -0.60 disi . ovEs ‘J.ea oﬁ71»2}o§9a
0.59 0.63 0#68 0.61 0.57 0.4 -0.58  0.78 0.81 0.80s
9.00 9.68 9.51  B.74 5“:3_51. B.61. .63 11.91 ‘11.97 .

10.79%

<

N

contfinued...
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Appendix 1, Table 10.

Sanmpld No. 49

No. of cells In
sample (x 10%) $7.0

Aspartic Actd 1.31
Threonine 0.64
Serine 0.69
Glutamic Acld 1.60
Glycine 0.63
Alanine 0.81
Valine 0.70
Methionine 0.29
Isoleucine 0.66
Leuc{ne 1.03
Tyrosine 0.48
Phenylalanine 0.65
Hist{dine 0.26
Lysine ’ 0.83
Arginine 0.73

Per!igl Protein 11.31]
w10 ce\lo)-l

{continued)

50

78.0

1.32

0.87

0.75

11.41

5%

120.0

53

111.0

56

'97.0

60

80.0

61

113.0

Anino Acids ug(lO6 ctzlla)-I

0.995

0.46

L. 15

0.61
0.5)

8.20

1.05

1.11

0.80

0.29

0.88

1.06
0.52
0.53
1.33
Q.49

0.67

0.54%
0.84
0.40

0.54

0.68

0.62

62

95.0

1.00
0.49
0.50
1.26
0.47
0.63
0.54

0.23

0.78
0.36

0.49

zrg‘s’:S

105

40.4

1.87

0.90

2.30

107

63.4

0.84

1.03

0.97

0.47

1.04

15.09

‘4

a.

120

49.9

0.33
1.09
0.84

14.98

continued..

OvI



AL RN

//

AR&au&ix 1, Table 10. (coatinued)

»

Sample No. 121

No. of cells {(n
sample (x 106) 48.0

Aspartic Acid 1.61
Threonine 0.80
Sering 0.83
Clutamic Acid 2.12
Gl;ctne 0.81
Alanine 1.09
Valine 0.88
Methionine 0.43
Isoleucine 0.84
Leucine 1.30
Tyrosine 0.62
Phenylalanine - 0.88
Hlstldlncﬂ 0.28
Lyeine “ 1.08
Arginine ) 0.87

Pnrtigl Protef 14.44
ug(10° cells)”

123

40.7

0.91
0.39
0.86
1.29
0.59
0.85
0.30
1.04
0.82

14.61

124

127.3

0.63 "

0.30

0.34

125

105.5

126

81.7

127

161.6

x|

Anino Acids ug(lO6 ccllal'l

0.64

0.30

0.42

0.69

0.25

0.35

0.35

0.12

0.65

0.12

0.32

0.46

0.20

0.65

1.20

0.22

0.73

0.65

10.13

s.d.

0,18

0.23

0.20

0.09

952
C.1.

0.03
0.09
0.08

1.12

»

vl



Appendix I, Table 1l. Amino acids 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 R
sanple (x 107) 26.0 44,0 48.0 104.0 103.0 107.0 114.0 111.0 . 73.0 710.0 53.0 52.0

Aatno Actds ,g(10% cells)”!

Aspartic Acid 0.66 0.56 0.53 0.50 0.49 Y, 1 0.45 0.49 0.59 0.60 0.67 0.42
Threonine 0.32 0.26 0.21 Q.33 0.25  0.24. 0.20 0.22 0.33  0.32 0.40 0.19
Serfne 0.3 0.27 0.25  0.27  0.26 W0.26  0.23 0.2 0.3z 0.35 0.3 0.2
Glutamic Actd 0.75  0.66 0.5  0.57  0.56  0.54  0.45 0.5 0.68 0.70 0.76 0.6
Clyctne 0.28 0.25 .23  0.23 gl -0.2¢ +0.21 0.2 0.27 0.27 0.30 0.18
Alaqine 0.32 0.23 0.27 0.27 "0.27 0729  0.25  0.27 0.31 0.33 0.33 0.20
Valine 0.28 0.21 0.19  0.25  0.24  0.27  0.23  0.24 0.27 0.28 0.30 0.15
Methionlne 0.09 0.08 0.10 0.10 ©0.09 0.06 0.09 0.10 0.12 0.13 0.13 0.09
leoleucine 0.29 0.26 0.24  0.25 0.25  0.27  0.24  0.25 0.28 0.30 0.32 0.20
Leucine 0.48  0.42 0.39  0.39  0.37  0.40  0.35  0.38 0.45 0.46 0.50 0.31
Tyrostne 0.19 0.18 0.17  0.18  0.17  0.16 Q.16  0.17  0.21 0.22 0.23 0. 14
Phenylalaoine “0.26  0.25 0.23 ° 0.2 043  0.25  0.22  0.26 0.28 0.29 0.32 0.18
Histidine ' 0.09 0.08 0.08 0.09 0.09 0.09 0.08 0.08 0.12 0.13 0.15 0.08
Lysine "0.33 0.29 0.28 0.29 0.28  0.30  0.26  0.29 0.35 0.37 0.60 0.25
Arginine _6.23 0.2y 0.2 0.25  0.24 0,24 0.22 0.2 0.28 0.29 0.3 0.17
Partigl Protetn 4. $.21 397 421 4.02 4.12 3.66  4.00 4.86 5.02  5.49  3.25

ug(10° cells)"!

continued...
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Appendix I, Table 11, (continued)

95X
s.d. C.I.

_
w
=
|

Sample Bo. 67 68 108 109 110

No. of cells tn

Sample (x 10°) 63.0 72.0 54.0 39.7 27.8 382.2  475.0 469.0
s .

Aspartic Acid 1 0.49 0.46 0.61 0.77 0.73 0.3} 0.33 0.33 0.5& 0.14 0.06

Threonine '0:22  0.22 0.28 0.35 0.31 0.41 0.18 0.16 0.16 0.26 0.07 0.03
Serine . 0.27  0.25%5 0.32 40,40 0.44 0.47 0.19 0.16 0.17 0.29 0.08 0.04
Clutamic Acid 0.54 0.53 0.67 - 0.84 0.72 0.99 0.45 0.43 0.63 0.61 0.15 0.06
Glycine 0.22 0.20 0.26 0.32 0.32 0.41 0.16 0.16 0.16 0.24 0.06 0.03
Alanine 0.26 0.25 0.32 0.39, 0.36 0.46 0.26 0.20 0.20 0.29 0.07 0.03
Valine » 0.20 0:20 0.22 -, - - 0.22 0.19 0.19 0.23 0.04 0.02
Methionine 0.11  0.09 0.13 0.15 - 0.19 0.08 0.08 0.08 0.\%% 0.03 0.01
Isoleucine 0.23 0.22 0,29 0.36 0.33 0.44 0.19 0.17 0.17 0.26 0.06 0.03}°
“Leuclne 0.37 0.34 0.47 0.59 0.54 0.72  0.27 0.26 0.26 0.42 0.11 Q.05
‘Jyrosine 0.17  0.16 0.1% 0.2; 0.18 0.25 0.12 0.13 0.12 0.18 0.04 0.02
ﬁhlnylalanlne 0.22 0.21 0.27 0.34 0.25 0.38 0.18 0.19 0.19 0.25 0.05 0.02
Hfitidinc 0.10 0.08 0.07 0.08 - 0.17 0.07 0.07 0.07 ° 0.09 0.03 0.01 -
Lysipe 0.28 0.27 0.37 0.46 0.36 0.58 0.22 0.20 0.20 0.32 0.09 Oféh
Arginine 0.21 0,21 0.24 0.31 0.24 0.63 0:18 0.18  0.18 0.25 0.10 0.04

Parei 1 Protein 3.87 3.69 4,71 5.61 4,78 6.98 3. 14 2.91 2.90 4,30 0.99 0.42
ug(10 ‘:ella)'l
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App_endix IT, Table 1. Fatty acids of selected phytoplankton species. (From Enright and Néwkirk, 1982)
Y Y . o, ' . 12:0 14:0 15:0 16:0 16:2 16:1 16:1 16:2 16:2 16:2 1€:3 16:3
se 07 A . . 97 YY) u4‘ wé w? wl ot
. o e} =~
’ Pavlova lutheri Langdon + Waldock, 1981 11 T 23 7 47 26 1 1 T
g e e . & . -
. Chuccas + Riley, 1969 | 9 10 20 5 2 15
- A
- : 5 - v
Tetraselmis suecica Langdon + HWaldock, 1881 5 T 25 2 2 T T 1
Dunaliella tertiolecta |Langdon + kaldock, 193] 1 2 1 16 4 1 2 - 2 2
7 e 0.
Chuecas + Riley, 1969 L 61 17 13 : 5 s} s 5 5.
: : .
Prymnesium parvum Chuecus + }Rileyd, 1969 4 " 16 10 2 T o1
Isochrysis galbana Chuccas + Riley, 1969 | & 16 10 2 T L,
. — - -
Watanabe ¥ Ackman, 1974 11 1 22 14 1. . T
» 3 1 -’
Dicrateria inornata Chuecas + Riley, 1969 1 16 8 1 T 2
— 4% v =
Hatanabe + Ackman, 1974 12 4 ~ 30 10 -2 6
¢ >
Craicosphaera carterae Chuecas + Rirley, 1969 9 9 21 6 4 . 15
Ay . 5 -
(‘Thalassxosxra pseudonandg Kates + Volcani, 1966 S 24 30 3 3 4
Cryptomonas sp. Beach et al., 1970 6 4 2 T T T
. -
0 . R " L4
4 - . A\ :
. proy ¢
v . ° '
- - v “ *
s )
. . . )
~
- ,
— — 3 [ :

PN
\\/\/'\—*,‘




Appendix II, Yable 1. (continued) . ¢!
’ -
16,4 16:4 17:0 18:0 18: 108:) 18:1 18:2 18:2 18:2 18:3 18:3
) ’ wl wd | ( w? | w9 wd :;,4, w6 w3 wb
d o«
Poviova luthery Langdon * Faldock, 1981 T . 2 \\ 3 3 3 o 1 T
— ———— g L .
N A 0
Chuccas + Riley, 1269 T 6 , 2
Trtraselmis suecica Langden + tlaldock, 1981 11 2 L T V23 * 10 T
puraficllc tertidlecta Langden + Haldock, 1981 7 12 T 1 T 7 9 31 4
Chuecas + Riley, 1969 7 ! . . 8 6 8 1
Prymnesius parvum Chuecas + Riley, 1969 2577 11 18 T
i 2
IsochTys: s galtuna Chuecas + Riley, 1959 25 11 18 : T
wWatanabe + Ackman, 1974 ff 1 2 1 9 4 13 K} T’ T
il F) L N
4
Dicrater:a 1nornata +Chuccas + Riley, 1969 T | 17 5 T
¢
Watanabe + Ackman, 1974 T 2 5 10 3 [' 3 T
Crzicesphasra carterae Chuccas + Riley, 1969 ' T 3 3
— - -
Tralassiosira Bseudonana Kates + Volcani, 1966 2 3 . 2 T
: .
Cryptoronas so. Beach et al., 1970 T 3 7
¥
" bl -
. - -
~ v
) b
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Appendix II Table 1. (continued) 18:4 20.1 20.} 20:1 20:1 20.2 20:2 20:2 20:3 20;3 '20:4
/ Ly w1 | W | un Ctes | ows B NI
e - . -
Pavliova lutheri |Langdon + Waldock, 1981 4 ' T : T
C}l'ﬁecus + Riley, 1969 1 ’ ) 2
Tatra%efnis succica Langdon + Waldotk,*3981] « 1 - i,‘ 1 T . , 1
Dunaliella tertiolecta Langdon + w;ldock, 1981 1 ' T 1 )

e b Chuecus + Riley, 1969 .8 . 1 2‘ 4
Pr/mnesium parvum Chuecas + Riley, 1969 2 . , T 1 1
Isochyrsis galbana Chuecas + Riley, 1969 2 ' T 1 1

. . R Hatanabe + Ackman, 1974 8 1 T ?

Dicrateria inornata Chuecas + Riley, 1969 20 ’ T 1 T
Watanabe + Ackman, 1974 T T 4 T

€ricosphacra carterac Chuecas + Riley, 1969 2 B 2

Thalassiosira pseudonana | Kates + Volcani, 1966 T »

Cryptomonas sp. é Beach et al., 1970 4« e : ,

crtT
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ppendix IT, Table 1. (continued) 20:5  22.1 22:1 22:1  22:1, 22:2 22:3  22:4  22:S  22:5 22:6 24:0  °
/ - wl w? w9 wld wb w3 wb wd
Paviova “lutherl I,A?Zon + Waldock, 1381 14 T 1 8
R p .
Chuecas + Riley, 1969 19 3 T .
Tetraselmis suecica Langdon + Waldock, 1981 8
~ »
Dunaliella tertiolecta Langdon + Waldock, 1981
Chuecas + kiley, 1969 10 3
L4
Prymnesium parvum Chuecas + Riley, 1969 5 X T
lsochpysis galbana Chuecas + Riley, 1969 4 1 T
Watanabe + Ackman, 1974 7 T T 4
Dicrateria i1nornata. Chuecas + Riley, 1969 8 R 3
Watanabe + Ackman, 1974 1 T 1 1 ~d T
- < .
Cricosphaerd carterae Chuecas + Riley, 1869 20 sl -~ ’g' L
a ™ Y 7'—
Thalassiosira pseudonana | Xates + Volcani, 1966 21 . = ){( ,
Cryptomonas sp. Beach et al., 1970 16 10 .
J !
’
" ]
[oy
- v
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Apdendix II, Table 1. (continued) e T
- 14:0 15: 16:0 16:1 16:1 16:1 16:2 16;2 16:2 16.3 16:3
5
. &
w? [*}] wd N1 w? wl wd
Rhodomonas sp. Chuecas +'Riley, 1969 19 ’ 13 ]
Skeletonema costatum Chuecas~ + Riley, 1969 6 T 11 22 ¢ 3 11
) . Ackman et al., 1964
- (2 day oTal— . 10 T 9 18 9 1 s
’ Ackman et al., 1964
{10 day o1 33 1 7 17 ? 1 6
Chaetoceros
saptentrionale Chuecas + Riley, 1969 [ 1 11 19 3 2 9
Phaeodactylum tricornutunfChuecas ¢+ Riley, 1969 3 T 11 27 9 5 10
éxa:es + Volcani, 1966 3 T 15 30 s 3 7

IST



Appenﬁix II, Table 1.

(continued)

-
. 16:4, 16:4 18:1 18:1 18: 18:2 18:2 18: 18.
wl w3 w? % w3 wd w6 w3 wb
/
Rhodomonas sp, Chyecas + Riley, 1969 10 2 2 16 -
“sxcletonera costatum Chuecas + Riley, 1969 1 2
Ackman ot al., 1964 éa
(2 day olal 3 S 1 T T
Ackman et al., 19614
{10 day old) s T 1 T T
Chaetoceros . .
scptentribnale Chuecaa + Riley, 1969 1 ), 1 1
Bhacodactylum tricorntum | Chuecas + wiley, 1969 3 % 5 1 T
g —
. 2 1 1

Kates + Volcanl, 1966

4

C



Appendix II, Table 1. (continued)
18.4 20: 20. 201 20:2 20.2 20: 20, 20 3 20:4 20 4
wl w? w9 wll { wé w9 wl wb w3 wb
y
Rhodomonas sp. Chuec8s + Riley, 1969 13 1
Skelatonema costatum Chuecas ¢+ Rlley, 1969 1 T 2 2
Ackman et al., 1964
(2 day oldl ™ 2 1 T r T 1
. Ackman &t al., 1964
N (10 day ol1dY 3 T T T T T
»
Chaetoceros
septentrionale N Chuecas ¢+ Riley, 1969 T 1 1 1 1 1
Pnacodactylum tricornutum | Chuecas + Riley, 1969 T 1 T

Kates + Volcanl, 196‘J

ST



Appendix II, Table 1.

(continued)

20:5

22:1

22:1

J(i‘

22,1 22: 22:2 22:3 22:4 22:5 2M2:5 22:6 24 0
w3l w? w9 wll w6 wl w6 wl,
Rhodomonas sp Chuecas ¢+ Riley, 1969 13 1 3
Skoletonoma costatum Chuecas + Riley, 1969 3q T 2 1
Ackman et al., 1964 ’
(2 day oldT 23 T 7 T
v
Achkman ot al., 1964 L
(10 day old}y 1) 1
B g
Chaetoceros 'Q \ .
Scptencrionale \ Chuecas ¢« Riloy, 1969 21+ 1 6 |3 4 T 1
Phacodactylum tricornutum} Chuecas ¢+ Rilay, 1969 18 T 1 T
Kates + Volcani, 1966 30
-
] R
e
e
) ot
. 1]
!
~ . " .

ot

a



Appendix I1I, Table 2.

Note:

Fatty Acid
14:0
16: 107 + w5
15:0
16:0 |
16:149
16:1u7
16:2u6
16:3.6
16:4u3
18:0
18:1W9
~ 18:206
18:323 -
18:4uw3
26:Q“ “
,20:5w5'

22:6u3

“ Total Lipid .

(% dry wt.)

(% fresh wt.}

The fatty acid composition (weight %) of Isochrysis

galbana T-iso at varilous temperatures.

-

. 8°¢C.

. 17.52

0051

15.74

0.86

0.47
1.04
0.06
1.84
36.16
5.60

2.34

0.92
1.23

1.74

14.0
P

5.1

15°cC

17:03
0.46
0.32
8:60
0.44
'5.08
0.69
1.07
0.01

0.41

21.55

5.18
6.26
20.62
3.56
0.47

8.30

12.0

3.2

20°¢C

14,56
0.24

0.19

12.24

2.76
0.47
0.78
0.07
0.46
22.66
5.06
6.75
20.20
2.03
0.32

9.97

17.0

4.6

" 25%¢

21.16
0.26
0.27

10.89
Q.22

. 5,81
0.69
2.10
0.11

0.15

4 14,44

21.39

0.26

8.56

23.9
6.2

PN

25-30°C

22.98
0.20
. 0.34

13.35

0.30°

4.61

1.01
0.49
0.01
0.5?
17.10
6.10
6.49
18.24
0.73
0.&9‘

7.02

. 28.0

*

-

7.6

The. data presented on tablés 2 through 4 .were obtained im 1982
through collaboration’with Mr. D. Jackson, a high school,

was working on a sgience project in Dg. J. Castellgs laboratory.

who

»

i A
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Appendix II; Table 3. The fatty acid composition (weight %) of
, . Thalassiosira  pseudonana (3H) at various
tempaeratures,

\

8°c 15°c  20°c  25°C  25°-30°C
Fatty Acid - )
14:0° © 9059 7.13  5.25 . 8.13 . 7.4l .
l4:1w7 + w5 0.51 - - - 0.02 °
15:0 2.13 .75  0.60 0.93 0.63
15:1 0.17 - - ‘l 0.13 0.04
16:0 7.16 17,02 : 27.99  17.47 26,11
7 16:1u9 + w7 22,74 27.91  33.51 " 28.12 - 30.37
16: 2wb 11.89 1.24 1.26 3.71 1.25
16: 3ub 2,09 4.42 2.25 5.58 ‘ ’8.01 ’
16: 3w3 15.54  15.21 4.70 9.75 4.36
16:4u3 . 6.61 4.93 0.06 0.47 0.14 |
18:0 0.42 0.54  "0.47 0.17 0.50
18: 1.9 '0.20 - - 0.65 0.36
18: 1w7 1.16 0.86 0.60 1.83 0.85
18:1w5 0.1  0.04 0.01 - .+ 0.02
18: 2uwb 0.11 0.29 0.52 0.65 0.55
18: %3 0.06 0.02 0.03 0423 0.04
18: 4w3 7.14 9.47 8.63 4.94 3.96
20: 4wb 0.07 - 0.09 1.59 ° 0.12
20: 503 ©10.88 7.95  13.37  14.16 15.95
22:6w3 1.33 1.68 0.67 1.44 1.28
Total Lipid
(% dry wt.) 23.0 42.0 22.0 11.0 . 6.0 .

(% fresh wt.) = 6.9 13.0 6.8 3.4 1.9

v
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Appendix 1I, Table 4. The fatty acid composition (weight %) of
Tetraselmis sp. at varlous temperatures.

) . 15°C zobc . 25-30°
. , Fatty Acid ,
. 12:0 0.04 0.05 0.03
14:0 0.68  .1.48 1.87
14:1 0.06 1.11 0,76
15:0 " 0.09 0. 64 C/' 0.41
16:0 26,05  20.37 21.54
Q 16: 109 + w7 3.73  ~ 1.22 2.12
18: 2w 1.15 1.33 0.53
”“*j> 17:0 0.20 .62 3.00
' 162306 5.46 4.03 0.99
’ 16:3w3 0.24 0.45 0.3;
16 4w3 . 17.89  18.90 13.85
18:0 0.17- 0.33  0.57
18:1w9 6.00 5.52 18.87
. 18:1w? 4,04 4,17 0.03
) 18: 2u6 2.49 2.73 6.37
, ) 18:3w3 ' 16.74, 17‘ol 20.71
. 18:4w3 9.00  14.14 2,96 S
20:0 1.24 . 0.72 0.12 e
) 2031 1.40 ° 0.77 0.97
. 20: 403 0.78 4.46 0.25
20:543 448 3.95 3.73

Total Lipid

(% dry wt,) 3.2 7.8 8.0

157
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Appendix II, Table 5. The fatty acid composition (welght 7) of Isochrysis ’
galbana T-iso cultured at 23°C.

- P -

: _ : 95%
1 2 3 4 x 's.d. n . C.I.
Satugated . .
12:0 0.06  0.06 J1 0.37  0.15  0.15 - e:fﬁro.ls
13:0 0.02 0.49(‘ 0.06  0.36  0.23  0.23 - 4 - 6.22
14:0 22.40 11,90 \ 24.42  12.87 17.90  6.43 4  6.30
~ - ]
15:0 0.26  0.20  0.27 17 0.23  0.05 4  0.05
16:0 15.42  19.75 -17.40 17.59  17.54  1.77 * 4 . 1.73
17:0 0.67 0.30 0.71  0.30  0.50  0.23 4 _0.22
18:0 0.41  1.36  0.38  0.85  0.75  0.46 &  0.45
Total, 39.24  34.06  43.35  32.28  37.23  5.03° 4  4.93
'Monoethylenic T
147147 0.02 - - 0.03 © 0.03 0.01 .2  0.07
14: 105 0. 34 - 0.59 . 0.02  0.32 ,0.29 3 .0.32
15: 166 - 0.05  0.17 - 0.11. 0.11 _ 0.06 3~ 0.07
16:169 - 0.18 - 0.21-© 0.12  0.17  0.05 3 «~ 0.05
16:107 o 3.09  2.16 +3.92  1.44  2.65 1.08 4  1.06
18: 149 19.94 29.10 22.81 23.75 23.90 3.83 . 4 3.75
Total 23.62  31.43  27.53  25.47 27.01  3.35 4  3.28
Polyethylenic -
16 2u6 0.49  0.19  0.47  0.23  0.35 0.6 4  0.45
16:303 ' ’6.81 0.18  1.21  0.17 0.59 0,§1~ 4  0.50
16 366 0.0l  1.05 - 0.93  "0.66  0.57 -3 0.6
18:2uw6 ‘ 4,45  8.81  4.60  8.15  6.50 T2.30 4 2.25
181 3u6 . - 0.14 0.1 0.3 0.02 2 0163

continued...
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Appendix II,; Table 5. ({continued) .

- . - 95%
L, 2 3 4 - . s.d. n C.I.
o ;
PolyethyXenic -
18: 3u3 . 6.10- 3.17.  5.31  3.66  4.56  1.38¢% 4  1.35
18: 43 17.03.  9.14 15.66 12.01 13.46  3.58 &  3.50
20 2ub 0.63 - - 0.97 . - 0.80 0.26 2  0.33
20: 406, 0.06  0.06 - - 0.06  0.00 2  0.00
20:5w3 0.26 1.19 - 0.54 0.66 0.48 3 0.54
22:603 5.33 10.74 - 16.3p#.10.81  5.52 3 6.25
- N , . (6%'25'3%? .
Total 35.17  34.53  28.36  42.17  35.06  5.65 4 5.5
Total w6 5.69 10.11  6.18  9.53  7.88  2.26 4  2.22
Total 3 29.53  24.42 22.18 32.58 27.18' 4.74 4  4.64
Total w9 20.12 29.10, 23.02 23.87 24.03  3.74 &  3.67
Toral w6/w3  0.19  0.41  0.28  0.29  0.29  0.09 4  0.09
P ay £ .
Total Lipid & - . o0
% fresh wt. 6.7 6.6 7.1 5.9
5.9 6.9 6.9 ~ ° 5.5
] 6.3 6.5 6.8 — 5.7 Z,
— > ¢
x = 6.3 6.7 6.9 5.7
s.d. = 0.4 0.2 0.2 0.2
95% C.1. = 0:5 0.2 0.2 0.2 a
ug(100 cells) ™ 9.8 8.4 8.7 8.5 "
8.5 8.8 8.5 8.1 ) '
9.1 8.3 8,4 8.2 -
X= - 9.1 8.5 8.5 8.3
g.d. = a.6 0.3 ' 0.2 0.2 L '
. 95% C.I. = 0.7 0.3 0.2 0.2 :
- \/' "-,
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’ A‘pendix -H, Table 6,

.

> %
- . * ?
- . 5
“- \ Snm\Eted .
. RS T X o ~ -
- LT, . [
{/ : L 13:0 . 0.3
N . 15:0 9.10
5 2 N - »-"\
) L is:0" . *1.22
- N . T
’ "a N
, Iso, 16:0 0.07
N » , £y N -
> . 16:0 2735
’ s ' Transiso R\’—T’
T L .» 1,80
© o 18:0 .. 0.29
P > .
a Total® . #0.20°
‘ TN ’ g ) ‘
i ! - Monoethylenfc D
> , P . P PR
r - 1% w97 0414
% . - -
.- 443 Lw? 0.31
e “higws ) 0.14
‘ * 4
: , 15: 108 0.09
'3 " »
L4 & »
LA
R g
’ - s
PR ;
[ 87 I | .., .
L NRY ' 3] ’ ‘ '
- - > >
3 ™ -,
g ‘o ¢ e ’m ~ ¥
' hd o s

Fa:ty scid composition (weight )

'@'

! ot ¢ < “ds
6 9 . 10a 1 zt

B N o {5

“ .

- - - - 0.16

Lo f,

-7 0.6}, ©0.67  0.33  0.65
. ‘ -

59.38  10.59  10.41 - 10.2]  14.00
(0-99 Q.95 0.94  1.08 1.5
-~ 0.2 0.26 . - =
© 2706 17.63  17.88  22.90  19.1F ,

I 4 . 2 . ‘

i '

- 0.17 0.8 - -

‘-

assiosira Leudonana (3’1{)

cultured witth the complete f/2 nut(ﬁ&edia (control).

951

- s.d. n C.I.
0.53 8.16 5. 0.14
10.63 '1.76 6 1.4l

1.06 -0.11 6 0.09
0.18 0.10 3¢ 0.1l
o
21.9%3, 4,46 6 3.57
%3 0.08 2 0.11
1.57 3.19 3.33 1.94 2.14 2.33 0.5 &  0.60
" (s
-7 0.4) 0.61 0.29 0.48 0.42 0.14
39,00, 33.77  34.38  36.81  37.6%, 5 36.98 2.53
.j * P € - )
’ oo ® e "o - a .
‘0.34 0.33 0.45 0.35 - 0.32 a.11 5 0.10
0.14  0.04 - - -
- 0.14 _ 0.19 - - %ig’f 0.05. 3 0.06
. . N . R .
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* Appendix II, Table 6. (conE&Pded) bt
5 "6 9 ° 10 R
b . Monoethylenic ) T
. .
Hs: 106 . 0.46 = - '0.32  0.60  0.21
< gleT . AL04 46,29 33,30 33.91  35.92
» P PO "
T 18: w3 0.31 - 0.45 0.51 0.40
s . .
(, . 18: lw7 035 - - 0,40  0.50 , 0.40
= 4 )
. 2611 - - - 0.35 -
th‘” Total 42.82° 46.77 435,18  36.51 37.28 -
’ e . Polyethylenic R
v.
‘ 16:206 o 118 0.83  1.71 _ 1.82  1.15
T - ..
: 16: 36 0.53  0.42  0.80 0.90  0.88
RV 16:3u3 2,92 3.51 5.9 4.96  4.05
. 16:4w3 0.14 - 0.49  0.35  0.34
® 18:206 , . 0.20 - 0.36  0.59  0.38
v e o ! .
18:3w6 ‘  0.08 - 0.09 . -, 0.16
o 5
18: 403 4,13 4.06 S5.46  4.09  5.19
. 20: 503 . 5.43 3,48 11,99 J11.04 10.40
s A ,
227603 0.29 - 0.96 © 1.43  1.62
- <250 - - - 0.17  0.10
<
) N
v, - &
. N ’

12 x

0.11  0.38
27.76 36,37
0.42  0.42
0.42  0.41

28.11 37.88

1.74 N 1.:.‘1
1.59 Jo.ssf
4:.62// 4.33
0.32  0.33
2,71 0.85
- 0.11
3.81 4,48
11.88  9.04
2.7 1.40
0.32  0.20
L
. .

*

EXE:
.hié ) N
¥ .
]
s,
» 1
L]
t
«
952

s.d. nt¢,C.I.-

0.33

0.86

0.12 S 0.11

1.05 5  0.92
0.04 * 3 0.05
0.69 6 0.5%

3.65 6 2.92

0.90 S 0.79°
s ’ ‘Q
0.11° 3 0.13
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e, Appendix II, Table 6. (continued)
’ ' - - ~ .
. A - % ¢
vy . '
‘ . 5 6 9
' . ) »n b Tdtal 11’090 120 30 27-78
R s " N .5 ~ :} . N '
Toor ot . Total wé 2.48 1.25 3.48
Y R ' - ot
ii Total w3 .- = 12,91 1I¢ 24.82
"ot T Tt Ay Toral w9 - 0.45  0.34  0.78
; Total w6/w3 ~ 0.19  0.11 0.1
] ) ‘ o Total Lipid 5.8 5.1 4.0
. ) (% fresh wt.) '
3 B '
v s " / ' .

R

11

24.27

2.78

21.60

0.75

0.13

12,

i
29.70
6.15
23.34

i
0.42

.

0.26

3.9

X

22.38

3.33
19.27
0.62
0.17

4.7

95%
s.d. n C.I.
7.11 6 5.69
1.66 6 1.33
5.79 6 4.63
0.25 6 0.20
0.06 6 0.04
0.79 5 0.69

-4
{
R
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Appindix II, Table 7. Fatty acid composition (weight %) of Thalassiosira pseudonana
- , (3H) cultured under silicate limited conditions.

. 1 2 3 4
’Satura:ed [—ﬁ\T“- . '
12:4 - - 0,09 -
13:0 0.33  0.08% 0.27 -
16:0° " 10.16  10.3% '9.1&4&10.95
1510 1.02  0.99  1.05 1.3
160 £2.88 ‘_23.05 26.26  27.45
17:0 218 2,32, 2..0% 1.53
18:0 0.29  0.23  0.51  0.54
Total 36.86 .37.00 37.42  41.8)
.‘Honoethylenld::
1619 0.36 - 0.12 -
1107 .ot 0.08 - 0.89
161 165 - / .- .- 0.45
’.
15: w8 - - 0.10 .-
15: W6 0.27 -0.Y0  0.38  0.48
L Y
#
L

.

3J4.86

0.96

0.63

48.49

0.04
0.06
11.26
1.48
36.58
0.79
Q.55

50.76

x s.d.
0.07 0.04
0.18 0.12
10.40 0.74
1.20 0.21
26.18 6.09
1.65 0.66
0.486 0.16
42.06 6.18

L.
0.20  0.14
°0.61  0.40

0.45 . 0.10
0.35 ‘0.14

o

952
a C.1.
2 0.05
5  0.10
6 0.59
6 0.16 °
6 4.87
6 0.53
6 0.13
©6 4,95
3 0.16
4 0.40
3* 0.1
?
6 0.11

continued...
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Appendix II, Table 7. (continued)

. , "
N 95%

1 2 3 4 7 8 x s.d. o c.1.
Hono;:hylenlc .
16: 107 33.63 9.2 35.67  37.57  38.91 39.20 37.37 2.29 6 1.83
181109 0.40 0.50  0.66  0.50 0.3  0.29  0.45 0.13 & 0.10
18: w7 0.41 0.47  0.48  0.21  1.00 1.09 0.51 0.35 6 0.28
2611 - - . 0.6l  0.30 0.1l  0.11  0.28 0.2 013
Total 35.07 40.39 38,02 © 40.40 41.64  42.79 3972 2.78 6 2.2
Polyethylenic ,,aj
16:2u6 1.14  1.39  1.11 0.5  0.38 0.3 0.8 0.46 6 0.36
16: Ju6 0.65  0.50 * 0.5  0.56 0.14 0.14- 0.42 0.22 6 0.18
16: 33 4.06 461  4.13 2,28 1.29  0.92  2.88 1.59 6 1.27
16: 483 0.33  0.44  0.32  0.26  ©0.19  0.12  0.27 0.1l 6 0.09
18: 266 0.39  0.75  0.78 0.5 Q.20 - 0.56 0.25 5 0.2l
18: Jub 0.16 - 0.14  0.09 - - 0.13  0.04 3  0.04
18: 43 S.19  S.74  4.65  3.63  2.53  1.49  3.87 1.83 6 1.3l
201 5w3 10,39 832 929 637 . 299 149 648 35T 6 2.86
22:5 0.09 : 0.16 - 0.11 0,10 ©0.09 0.]1 0.02 5 0.02
22:6w3 1.ss  0.77 0.8 0.5  0.20  0.40  0.73 0.47 6 0.37
Total 23.93  22.57 25.96  14.93 8.0  6.99 16.06 8.08 6 6.47

continued...
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Appendix II, Table 7. (contfnued)
' 1 2 ) P
Total wé 2.61 2.74 2.95
Total w3 21.50 19.88 19,23
Total «9 0.76 0.50 0.78
Total w6/w3 0.12 0.14 0.15
Total Lipid 5.3 S.7 5.2
(X fresh wt.) .
£
’ %‘\\'\ PR
N

-

4

2.19

13.11

dy

0.95

4.42
0.41

0.21

4.5

s.d:

* |

2.09  0.86

14,22 7.17

3

0.18

0

0.53
0.16 . 0.03

4.7, 0.89

SoT
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R T e :
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. - P . ' )
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- 3 \ '..i , e .

S o 130 . 19.9 - 6.6
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Appendix kU, Table 9.

Culture

Dates
167
&7

17

Control

Culture
Averag

1g(106 cells)

1.3
.2 8.8
9.% 9.4
ta.1 10.1
6.7 6.7
10. 1
10.6 10.4
10.0
-
9.1
8.3
11.4 9.7
- §‘9c2
s.d.»].]
n=%
"o

Culture
Average

X fresh wt.

3.1

2.1

2.7

2.4

3.6

4.1

2.6

2.6

2.5

Culture
Datesy

67
63
77
80

»

154

175

175

178

178

178

178

59

235

235

237

_Sflicate Limfted
3

wg(10® cells)

18.8

Culture
Avnrng

8.8

18.3

34.8

24.4

o

.

Culture
Average

X fresh wt.

7.4

7.3

5.7

5.9

5.2

6.0

7.1

LY

. 7.4

5.7

7.8°

7.3

5.6

6.6

K=7.0

s.d.=1.5

Liptd level of Chaetoceros gracilis cultured undgr three nutrieat treatmgnts.

L)

-

Lulture
Dates

75

59

168
178
178
178

67
245

245

i

Nitrogen Limited

i

6.9

“12.2

Culture
s Averag
wg(10° cells)

6.9 2.4

12.2 2.2

4.5

3.0

101 5.5

. 4t

4.4

9.9 6.1

5.4

5.6

8.6 5.2
=9.5

s.d.= 2.0 2.4

ned

3.4

\

3.2

3.1

é:?bure

Average

X fresh wt,

2.4

2.2

4.3

5.0

2.4

L9T
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=X

24:0 «
v

Total , "

Monoettylenic

14: 109

Ta:fw?

14:1ws f

« 215108

15:1wb !
”~

L 16:im9

13.22

25.49

0.45
0.22
0.04
0.39
0.83

0.09

0.24

2:3)

9.33

0.20

0.18

11.20

0.68

21.84

0.26
1.20
10.57
0.43
.25
13.11

.83

26.65

0.71

0.2

0.13
0.53
10.04
0.62
6.40
11.40

V.65

"4

d.49
.08
.02
0.28

.0.86

11.08
1.35
0.28
17.50
L0465
-0.50

31.16

0.06 0.18
0.90 0.04
20.75 28.36
1.40 1.34
- 0.01
37 .89 319.04
= -

7.92

0.42
0.98
11.93
1.40
3.26

31.91

f

\

10 ]
Vs
\
'v
3.97 11.22
1.00  4.05
22.07  18.22
1.88  0.95
0.52 -
LY
28.84  130.44
- "R

1.66

9.11

0.81

13.22,

1.09

~

25.89

. .

I 1
13 1 ;¥
7.74 9.76 9.39
2.38 15.52 1.

21.34 18.10 16.83
1.85 0.89 1.006
0.07 -

33.38 44,27 30.19

\

tured with the complete (/2 nutrient media (control),

951
¥.d. c.1
2.49 1.3
4.02 2.11
5.27 2.76
0.45 0.26
b.09 3.50
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Monoethylenic
16:1w]
A
16.1wS .
18.10]1
18: 1009
18. le?
2
Total
Pnlyethylenlc‘
;
16224
16:3wé
16:3w3
~16:40u3 *
18: 2w7?
18, 206

[8 w6

18: 304

31,51

0.41

1.59
3.88

39.41

3.05
0.49

0.12

!

21.15

4.51

6.42
0.06

33.70

2.09

0.07

\

Jl:4t

1.40
0.06
3.35
0.05
0.04
0.04

a.

32.32

0.58

1.39

3.79

40.67

p)

3t.99

0.04

0.70

2.38

37.68

0.75

0.02

0.02

0.2

33.9]

1.75
1.04

36.70
4.07
0.69

0.06

0.0/

0.08

0.06

30.54

0.07

I.14

0.03

1.01

.60

»,

',
\1
. >
i
q
10 1t 12
37.94 37.61 29.50
0.08, - -
0.38 0.63 2.49
0.22 Q.44 0.43
38.62: 38.68  32.42
9,07 - 3.99
4.15 1.58 3.11
- 0.76 -
5.00 3.75 7.59
- 0.23 0.76
1.58 1.61 1.74
0.36 1.55 0.65

39.13

b

22,31

0.19

22.69

i

31.00

1.35

35.12

?

L4
95
s.d. C.1
6.97 3.65°
1.56 0.82%
1.55 5 0.81
-
6.56  3.43
L 3 .
.18 0.62
% .
» i
0.45 0.23
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Appem;ix I, Tui)le 10,  (continued) . v ’ R . {?
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Appendix 11, Table 1I.
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e ]
+ 18:3u3 0.18 - 0.02  0.17, - - 0.04 - - 0.03 - -
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Total 18.75 12.82  21.93  16.40  21.84  14.58  18.21 16.78 25.94 23.29 13.88 17.44  18.49
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