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The biochemical composition of ten species of estuarine phyto-

plankton was determined. Studies were made of their growth in

various culture media and of their relative value as food for oyster

larvae. Nine of the species were isolated from Yaquina Bay, Oregon.

An attempt was made to select species which commonly occurred in

the phytoplankton of the bay. The tenth species, Isochrysis galbana,

was obtained from the Culture Collection of Algae at Indiana Univer-

sity. The ten organisms comprised three species of Chlorophyta,

one species of Cryptophyta, and six species of Chrysophyta.

The relative value of each species as food was determined

using larvae of European and native oysters. Determinations were

based on the mean length of larvae at the end of the feeding period.

Isochrysis, known to be an excellent food source, was used as a

standard for comparison with the Yaquina Bay isolates.
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Cylindrotheca gracilis, Navicula abscondita, and an unidentified

centric diatom proved to be adequate food sources for the larvae.

Comparison of total protein, carbohydrate, lipid, and pigment

showed no differences that could be related to the taxonomy of the

organisms. Total protein ranged from 313 pg/mg dry weight to

521 i.g/mg. Total carbohydrate ranged from 78 to 316 p.g/mg. Total

lipid ranged from 53 to 202 kg/mg. Total pigment ranged from 11

to 40 J.g/mg.

The amino acid composition of the ten species was similar.

The five most abundant amino acids were glutamic acid, alanine,

glycine, aspartic acid, and leucine. Only Cryptomonas salina did

not have leucine. Hydroxyproline was present only in Chiamydomonas

palla. Ornithine was not present in Tetraselmis suecica, Prym-

nesium parvum, or the centric diatom.

The three species of Chlorophyta contained chlorophylls a and

b, beta carotene, lutein, neoxanthin, and violaxanthin. Cryptomonas

salina contained chlorophylls a and c, alpha carotene, and three

unidentified xanthophylls. The six species of Chrysophyta contained

chiorophylls a and c, beta carotene, fucoxanthin, and diadinoxanthin.

An unidentified xanthophyll was found in Cylindrotheca. Total chloro-

phyll and carotenoid, the ratio of chlorophyll a:b or c, and the ratio

of carotenoid:chlorophyll were estimated for each species.



Twenty-eight fatty acids were found in the ten species. The

fatty acids common to all species were 14: 0, 16: 0, 16: 1, 18: 0, 18: 1,

and 18:2. The Chiorophyta were distinguished by a high content of

linolenic acid, 18: 3. The diatoms were distinguished by very low

amounts of C18 acids and a high proportion of 20:5. All species

contained a high proportion of palmitic acid, 16: 0.

All species were grown in enriched seawater media and artifi-

cial seawater media, and a comparison was made of their growth

in the different media. Growth curves in an enriched seawater

medium were derived for each species.

Detailed descriptions of the nine species isolated from Yaquina

Bay are given.
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THE CULTURE AND BIOCHEMICAL ANALYSIS
OF SOME ESTUARINE PHYTOPLANKTON SPECIES

INTRODUCTION

The combined area of the oceans is approximately 71% of the

surface of the earth and their mean depth is approximately 3, 800

meters. Attached algae are generally limited to depths of less than

100 meters, the average depth of effective light penetration in the

oceans. Thus, the larger algae are limited to only a small area of

the continental shelves. Over most of the area of the oceans, the

primary producers are the microscopic, floating algae referred to

as phytoplankton. These tiny plants form the basis for nearly all

food chains in the ocean. Without the phytoplankton, the sea would

be a virtual desert. The major fisheries of the world would cease to

exist. This alone is adequate reason for studying this group of

organisms.

Despite their importance in the economy of the sea, very little

is known of the physiology of individual phytoplankton species. The

majority of studies of marine phytoplankton have been of primary

productivity and measured chlorophyll content or oxygen production

per unit volume of seawater without identifying the species present.

Determinations of the growth requirements of phytoplankton

species could not be accomplished until suitable artificial seawater



media were developed. Many oceanic species still have not been

cultured. Many of the species which have been grown successfully

in culture are not 'typical" phytoplankton species but occur in abun-

dance only in culture. Phaeodactylum tricornutum has probably been

studied in more detail than any other diatom, yet it is rarely found

in natural habitats. Lewin (1958) has described this species as

highly atypical, but it has been the subject of most of the investiga-.

tions concerning the physiology and growth requirements of diatoms.

Considering the importance of phytoplankton in the marine

ecosystem, much more knowledge is needed of the growth require-

ments and physiology of typical phytoplankton species. The need

for such information has prompted this study. The major purpose

was to provide information concerning the culture requirements and

biochemical composition of common species of estuarine phytoplank-

ton. The study includes information on the collection, taxonomy,

and occurrence of nine species isolated from Yaquina Bay, Oregon,

an estimate of the relative value of these species as food for oyster

larvae, a description of their growth in culture and detailed analyses

of their pigment, amino acid, and fatty acid composition.



LITERATURE REVIEW

The study of the physiology and biochemistry of marine phyto-

plankton requires that actively growing cultures be available. Much

has been learned of the nutrition and ecology of algae in the process

of developing suitable media. The development of both enriched

seawater and artificial seawater media has been reviewed in detail

by Provasoli, McLaughlin and Droop(1957), and Droop (1961) has

discussed chemical considerations involved in designing artificial

seawater.

The frequent reliance on soil extract to culture a species

when all else had failed indicated very early the importance of organ-

ic ingredients in the nutrition of many species (Bold, 1942; Pring-

sheim, 1946). Requirements for thiamine, cobalamin, biotin, and

specific amino acids are now known for many species (Droop, 1954,

1961, 1962; Provasoli, 1958, 1963). More recent studies on the

vitamin requirements of algae have been reported by Guillard (1968)

and Carlucci and Silbernagel (1969). Lewin (1963) and Bunt (1969)

have reviewed the subject of heterotrophy in marine diatoms.

General reviews and discussions of the laboratory culture of

algae have been given by Myers (1962) and Fogg (1965). Most bio-

chemical studies have used cultures of limited volume. This

involves inoculating a small volume of medium with a limited



number of cells and then exposing the culture to suitable physical

conditions. Such cultures go through five characteristic phases:

(1) an initial lag phase, during which no increase in cell number is

observed; (2) an exponential phase, with a geometrical increase in

cell number; (3) a period of declining growth rate; (4) a stationary

phase, in which cell numbers remain constant; and (5) a senescent

phase. Spencer (1954) described the changes that occur at each

stage in such cultures of Phaeodactylum tricornutum.

Other culture methods involve continuous cultures that hold the

cells at some given point on their growth curve (Myers, 1962; Miller

and Fogg, 1957; Maddux and Jones, 1964; Mann and Myers, 1968)

or synchronous cultures that produce populations of cells all at

uniform stages in the division cycle (Komarek, 1964; Tamiya, 1966;

Trainor and Rowland, 1968).

Much of the taxonomy of marine and freshwater flagellates

has involved cultural studies in order to investigate the life cycle

(Pascher, 1925, 1932; Carter, 1937; Lund, 1942; Parke, 1949;

Butcher, 1959).

Few marine phytoplankton genera have been studied in any de-

tail in culture. Shihira and Krauss (1963) provide an excellent re-

view of the studies on Chlorella; but most work with this genus has

involved non-planktonic, freshwater strains. Fogg and Belcher (as

cited by Fogg, 1965) apparently have made the only study of a
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planktonic Chiorella. Kain and Fogg (l958a, 1958b) have reported

on Asterionella japonica and Isochrysis galbana. Caperon (1968)

reported a more limited study of Isochrysis involving nitrogen re-

quirements. McLaughlin (1958) has investigated the nutrition and

toxigenesis of Prymnesium parvum and briefly discussed Isochrysis

gaib ana and Monochry s is luthe ri.

Prymnesium pvum has been related to massive fish kills in

European waters (Otterstrom and Steeman-Nielsen, 1939) and in

Israel (Shilo and Aschner, 1953). Because of its economic impor-

tance, this species has been studied in some detail. Shilo and Rosen-

berger (1960), Yariv and Hestrin (1961), and Parnas etal.,(1962)

have studied the conditions under which the toxin is produced and

attempted to identify the chemical nature of the toxin. Rahat and

Jahn (1965) have reported on the growth of this species on an organic

substrate in the dark.

The chemical composition of several species of marine phyto-

plankton has been determined (Ketchum and Redfield, 1949; Lewin

eta].., 1958; Parsons eta].., 1961; Udell eta].., 1969). Reviews of

the work in this area have been given by Fogg (1953, 1965).

Myers (1951) has suggested that the accumulation of lipids in

diatoms is a result of the conditions under which they grow rather

than of any genetically determined differences in metabolism.

Collyer and Fogg (1955) have concluded that all species tend to



resemble each other in relative amounts of proteins, fats, and carbo-

hydrates produced, when grown under similar conditions. The ef-

fects of environmental conditions on the chemical composition and

rate of growth in culture have been reported for a variety of fresh-

water and marine species (Spoehr and Mimer, 1949; Brown and

Richardson, 1968).

Very few quantitative studies of the amino acid composition of

marine phytoplankton have been made. Fogg (1953) has reviewed the

earlier analyses which relied largely on paper chromatography and

qualitative results. Parsons, Stephens and Strickland (1961) used

paper chromatography to identify the amino acids of 11 species of

marine phytoplankton. However, they did not find many of the 19

common amino acids present in all of the species. The development

of ion-exchange, thin-layer, and gas -liquid chromatographic methods

has allowed quantitative analyses using small samples. Quantitative

analyses of amino acids have been carried out on Chlorella (Eny,

1949; Schieler, McClure and Dunn, 1953), Nostoc muscorum

(Magee and Burns, 1954), and Skeletonema costatum (Cowey and

Corner, 1963). Cowey and Corner (1966) have published a study of

six species of unicellular algae for which they estimated the amounts

of 18 amino acids. Chau, Chuecas and Riley (1967) have analyzed

the amino acid composition of 25 species of marine phytoplankton

using gas -liquid and thin-layer chromatography.
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The results of amino acid analyses have shown a similar

distribution of amino acids in all species studied. No taxonomic

differences were found.

Little is known concerning the fatty acid composition of marine

phytoplankton. Early studies involved only a few species and the re-

suits were generally qualitative (Clarke and Mazur, 1941; Heilbron,

1942; Mimer, 1948; Low, 1955). Recent advances in lipid analysis

have made fatty acid determinations much easier to perform on a

quantitative basis (Stoffel and Ahrens, 1959; Ackman and Burgher,

1963). The technique most widely used for the separation and iden-

tification of fatty acids involves gas-liquid chromatography. The

positions of the double bonds in unsaturated fatty acids are determined

by thin-layer chromatography (Privett, Blank and Romanus, 1963).

The specific methods used for the analysis of fatty acids in phyto-

plankton are given in Chuecas and Riley (1966).

The fatty acids of various species of Chioreila have been

studied by Paschke and Wheeler (1954) and Schlenk etal., (1960).

Kelly, Reiser and Hood (1958) and Williams (1965) have studied

fatty acids of various marine organisms including a few algal species.

Miller (1962) concluded that the fatty acid composition of a

given species is dependent on environmental conditions rather than

taxonomic differences. Ackman etal., (1964) have shown that the

fatty acid composition of Skeletonema costatum varies with age of



the culture. Differences in the physical and chemical culture condi-

tions also affect the fatty acid composition (Schlenk etal., 1960;

Williams and McMillan, 1961; Hulanicka, Erwin and Bloch, 1964).

Korn (1964) does not agree with MillerTs conclusions. He has

noted that the same amino acids and sugars occur throughout plants

and animals, but the only fatty acids that have such widespread dis-

tribution are 16: 0, 18: 0, 18: 1, 18:2, and 18: 3. Korn suggests that

taxonomic differences may exist in the distribution of fatty acids

within the algae.

Recent studies have indicated that certain basic taxonomic

differences in the distribution of fatty acids do exist among the

divisions of the algae. Shaw (1966) has reviewed the fatty acid analy-

ses of marine and freshwater algae. It seems to be well established

that unsaturated C20 acids are abundant in the diatoms studied (Ack-

man etal., 1964; Kates and Volcani, 1966; Collier, 1967; Lewis,

1969). Chuecas and Riley (1969) have conducted the most extensive

study of the fatty acids Of marine phytoplankton. They have analyzed

27 species grown under similar conditions. They have concluded that

specific assemblages of fatty acids may characterize particular divi-

sions or other taxonomic units, but many more species need to be

studied. They found it difficult to compare the results of other

studies in which conditions varied from theirs.



Pigment distribution has long been recognized as an important

taxonomic criterion for the separation of the divisions of the algae.

Strain (1942, 1943, 1944, 1951, 1966) and Goodwin (1952, 1955, 1957,

1960) have been pioneers in the field of pigment analysis. Recent

tudies have characterized the pigments of a wide variety of species.

O'hEocha and Rafferty (1959), Haxo and Fork (1959), and Allen etal.,

(1964) have reported on the pigments of several species of Cryptomo-

nads. Allen, Goodwin and Phagpolngarm (1960) have analyzed the

pigments of wild-type and mutant strains of Chiorella pyrenoidosa.

Dales (1960) has reported on the pigments of some species of Chryso-

phyceae. Parsons (1961) has analyzed the pigments of 11 species

of marine phytoplankton. Krinsky and Bold (1964) have analyzed the

carotenoids of wild-type and mutant strains of Chlamydomonas

These studies have used either paper or column chromatography

which require large amounts of pigment for analysis. This has made

the study of phytoplankton pigments extremely difficult, since it is

often difficult to obtain large amounts of pigments. The recent de-

velopment of thin-layer chromatography has greatly advanced the

study of phytoplankton pigments because it requires much smaller

amounts of pigment for analysis.(Randerath, 1964). Madgwick (1965)

and Riley and Wilson (1965) have recently adapted this technique for

the analysis of phytoplankton pigments. Using thin-layer
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chromatographic procedures, Riley and Wilson (1967) have analyzed

the pigments of Z3 species of marine phytoplankton.

Methods for the spectrophotometric determination of the sepa-

rated pigments are given by Vernon (1960), Davies (1965), Holden

(1965), and McLean (1968). Revised equations for the determination

of amounts of chiorophylls a, b, and c have been developed by Par-

sons and Strickland (1963).

The food value of different species of marine phytoplankton for

zooplankton and larger filter-feeders has been extensively studied.

Raymont (1963) has reviewed the results of studies of copepod feeding.

The artificial rearing of bivalve larvae has made imperative the need

to know more concerning the diet of these organisms and the relative

value of different phytoplankton species as food.

One of the earliest studies of the artificial rearing of oyster

larvae was conducted by Bruce, Knight and Parke (1940). They showed

that naked flagellates less than 10 p.m diameter provided the best

food sources. Loosanoff etal., (1951, 1955) have used Chlorella to

grow various species of bivalve larvae. Davis (1953) and Davis and

Guillard (1958) found that Chlorella was not suitable for the rearing

of oyster larvae but did support the growth of clam larvae. They

also found that naked flagellates were the best food sources for oyster

larvae. Walne (1968) has reported on the relative food value of seven

species of phytoplankton for oyster larvae. Bardach (1968) has
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reviewed recent developments in the artificial rearing of many types

of marine larvae.
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MATERIALS AND METHODS

Description of Collecting Area

Yaquina Bay is located on the central Oregon coast at 44 de-

grees 37 minutes north latitude and 124 degrees 4 minutes west

longitude. Salinity of the surface water varies from 33% in late sum-

mer to less than 5%oin mid-winter. At any given time the salinity

tends to decrease from the mouth of the bay toward the head of the

estuary. The heavy rains occurring during the winter bring large

volumes of fresh water into the bay from increased stream flow and

from run-off from surrounding land areas.

Turbidity is high throughout the year. The increased run-off

during the winter causes the heaviest silt load to occur at this time.

However, the nature of the bottom and frequent wave action causes

the water to be extremely turbid even during the summer when run-

off is not a factor.

The bottom is a mixture of sand, silt, and mud with coarse

sediments near the mouth grading into finer materials toward the

head of the estuary. The bay has large areas of sand and mud flats

exposed at low tide (Plate I). The finer deposits are easily disturbed

by wave action and suspended in the water column.
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Plate 1. Map of Yaquina Bay showing the location of five sampling
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Sampling Stations

Following preliminary collecting trips during September, 1966,

five sampling stations were established along Yaquina Bay from Ya-

quina Bay Bridge to Marker Buoy 25 at River Bend (Plate L). The

first three stations were located along the south shore of the bay;

the last two stations were along the north shore.

The Yaquina Bay Bridge sampling area was located along the

rocky embankment under the bridge. This station was closest to

the mouth of the estuary. The sampling area east of the Marine

Science Center was located in a small bay which had been used in

logging operations. Plankton collections were made from large logs

which were grounded at one end and projected into the bay. The

King Slough sampling station was located in an area having abundant

growths of Ulva sp. and Enteromorpha sp. Collections were made

from a floating dock. The Yaquina sampling station was located

along the bay front road on a recent rock fill. Ulva sp. and Entero-

morpha sp. grew extensively at this station and oil scum often

covered large areas of the water. The River Bend station was loca-

ted just below Marker Buoy 25 along the rock fill next to the bay

front road. Fucus sp. grew attached to rocks throughout the area.
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Plankton collections were made at two-week intervals at each

of the sampling stations from September 15, 1966 through September

30, 1967. They were made at high tide, starting at the Yaquina Bay

Bridge Station and moving up the bay with final collections for each

day made at the River Bend Station.

Five tows were made with a 20 mesh plankton net before the

concentrate was poured into a flask for transportation back to the

laboratory. Two separate collections were made at each station

and placed in 125 ml Delong culture flasks with stainless steel do-

sures. The flasks were placed immediately in an ice chest contain-

ing approximately 2 cm of ice water for transportation.

At the laboratory, five one ml samples from each flask were

added to 50 ml of culture media in individual 125 ml Delong flasks.

The cultures and plankton samples were held at 17 + 2 C from the

day of collection. The plankton samples were examined for species

composition either the same day or the day following the collection.

Isolation

Isolation of cells directly from the fresh plankton tow was

undertaken only when the desired organism was present in large

numbers. Ordinarily isolation from the plankton sample was avoided
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in favor of using two or three week-old enrichment cultures. In a

few cases, isolation by streaking cells on petri plates of seawater

agar was successful; however, most of the phytoplankton organisms

would not grow on a solid medium.

When the enrichment culture was used, one ml of culture was

diluted to 10, 50, or 100 ml with fresh culture medium; the amount

of dilution depended on the number of cells per ml of culture. A

small volume of the diluted culture was taken up in a capillary pipet

and small drops were spotted three to a row with three rows across

a 22 mm square cover slip. A thin line of petroleum jelly around

the edges of the cover slip was used to secure it to a depression

slide.

The slide was examined with a compound microscope, and the

position of the drops containing only the desired organism was noted.

The cover slip was then removed from the slide and the drops with

one or a few cells of the desired species alone were taken up in a

capillary pipet. The cells were transferred to 30 ml of culture media

in a 50 ml Delong culture flask and placed in a controlled temperature.

room. Flasks were examined at four day intervals for the growth of

the desired isolate. Approximately 50 to 100 attempted isolations

were necessary to obtain one viable culture. The low rate of success

was due primarily to the requirement for only one or a few cells in

the inoculum.
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Transfer Techniques

When transfers were to be made, the number of cells per ml of

stock culture was determined. A volume of the stock culture contain-

ing approximately 150, 000 cells was transferred to 1500 ml of fresh

culture media. Most transfers resulted in a final concentration in

the new culture of 100 cells per ml.

Identific at ion

Tentative identification of organisms to be isolated was made

from the plankton collections. However, final identification of the

species of all but diatoms was made from cultured cells. Flagellates

were especially difficult to identify to species directly from plankton

collections. In certain genera, a knowledge of the life cycle also was

nec es sary for final identification.

Identification of flagellates was made using hanging drops; after

a few minutes, many cells become immobile with the flagella extend-

ed at the edge of the hanging drop. This allowed detailed examination

with the oil immersion objective of a compound microscope. Cell

dimensions were determined using an eyepiece micrometer.

For study of diatoms the cells were cleared of organic material.

Plankton collections or cultures were filtered through a 1. 2 acetate

Millipore filter. The material on the filter was scraped into a 100



ml beaker and 20 to 50 ml of 30% hydrogen peroxide added. The

covered beaker was allowed to stand for at least 24 hours. A small

crystal of potassium dichromate was then added to the solution and

the beaker again covered and allowed to stand for 12 to 24 hours.

The contents of the beaker were millipore filtered and the

material suspended in a small amount of distilled water. A drop

containing the cleaned diatom frustules was spread over a cover slip

and dried on a hot plate at 200 C. A small drop of Hyrax mountant

was placed on a heated glass slide and the benzene in the Hyrax was

allowed to boil off for a few seconds. The cover slip with the diatom

frustules was inverted over the Hyrax and pressed down firmly

against the slide. Any excess Hyrax around the cover slip was re-

moved with benzene.

Criteria for Selection of Experimental Species

Species were chosen on the basis of their suitability as food for

oyster larvae, growth in culture, and the presence of vegetatative

cells in plankton samples.

All species chosen were less than 10 t wide. Eight of the ten

species used in this study had an average length of 10 p. or less. Two

of the diatoms chosen for study were longer than 10 p.but less than

10 p. wide. These two diatoms were chosen partly to determine if

length and width were equally critical factors in the filter feeding of
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oyster larvae. The maximum cell dimension filtered by oyster larvae

has been given as 10 (Butcher, 1959).

Colonial and filamentous forms were excluded. Although tran-

sient palmelloid and filamentous stages do exist in life cycles of some

of the species chosen, the dominant vegatative stage of all species

used in this study is unicellular.

Those species which occurred only in enrichment cultures and

were never identified directly from plankton collections were excluded

from study. It was hoped in this fashion to select species which

might be the natural food of the native oyster larvae in Yaquina Bay.

A necessary criterion was that the species must grow well in

culture, The numerous tests required that a large number of cells

be harvested at frequent intervals. Many of the phytoplankton species

isolated could not be grown in mass culture and were eliminated from

study for this reason.

Culture Conditions and Procedure

Initial isolations were made using 50 or 1Z5 ml Delong culture

flasks with 30 or 80 ml of medium, respectively. Cultures to be

harvested were grown in Z000ml Ehrlenmeyer flasks with aluminum

foil caps. The volume of the culture in these flasks was 1500 ml.

Glass redistilled water was used in the preparation of all media.

All compounds used in preparing media were reagent grade. The pH
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of all media used was maintained between 8. 2 and 8. 5. The pH of

the enriched seawater media required no adjustment. The pH of the

artificial seawater media varied from 7. 5 to 7. 9 and was adjusted by

the addition of 1 N NaOH before the inoculum was added. All glass-

ware used in isolation, transfers, and subsequent culturing was auto-

claved at 20 pounds pressure for 20 minutes. All media were auto-

claved.

Cultures were maintained in a controlled temperature room at

17 + 2 C. Continuous illumination was provided by cool-white fluo-

rescent lights. The light intensity varied from 400 to 500 foot can-

dles over the culture area. Cultures to be harvested were grown at

470 to 500 foot candles. Cultures used in biochemical analyses were

grown on a rotary shaker at low speed.

All glass containers and pipets were washed in RBS S Concen-

trated Cleaning Solution (Fischer) or in Dreft followed by seven

rinses in distilled water.

TT.-1

The species of phytoplankton were grown in five kinds of media

(Tables 1 and 2). Most initial isolations were made in ESW-1, in

which only nitrate, phosphate, and chelated iron compounds were

added to autoclaved seawater. Cultures used in biochemical analy-

ses were grown in ESW-2, which is a modification of the basic



Table 1. Concentration of major nutrients in media used (grams/liter)

Compound ESW-1 ESW-2

Media

ASW-1 ASW-2 Bristol's

MgSO4 . 7 H20 5 8 0. 075

CaC12.2 H20 1 0.15 0.025

NaCl 20 24 0. 025

NaNO3 0. 15 0. 30 0. 25

KNO3 0. 15 1

K2HPO4 0. 10 0. 075

KH2PO4 0. 05 0. 175

NaH2PO4 H20 0. 05 0. 10

NaSIO3 9 H20 0. 04 0. 04 0. 07

NaHCO3 0.20 0.20



Table 2. Concentration of minor elements' and vitamins in media used (milligrams/liter)

Media

Compound ESW-1 ESW-2 ASW-1 ASW-2 Bristolts

FeCl32 0.54 0.54 0.54 2 (1 drop of 1%
solution)

H3B03 0. 62 0. 62 2

MnC12 4 H20 1.40 1.40 0. 01

ZnCl2 0. 10 0. 10 0.50

Cod2: 6 H20 0. oos 0. 005 0. 01

CuC12 2 H20 0. 000034 0. 000034 0. 02

Cobalamin 0. 001 0. 001 0. 02

Thiamine HC1 1 0.50 1. 0

Biotin 0. 005

'Minor elements, excluding Fe, are prepared in a stock solution so that 10 ml of stock
will give the above concentrations.

21n ESW-1, ESW-2, and ASW-1 FeCl3 was chelated with NaZEDTA in a solution having the
the following concentrations: FeC13, 0. 30 mg/ml; Na2EDTA, 0. 05 mg/ml. In ASW-2
FeCl3 was chelated with Na2Versenol in a solution having the following concentrations:
FeC13, 2 mg/mi; Na2Versenol, 30 mg/ml.

(')
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medium, Ala, used by the Department of Oceanography at Oregon

State University. ESW-1 and ESW-2 are enrichments of autoclaved

seawater, with no buffer added.

An attempt was made to grow the species in two kinds of arti-

ficial seawater. ASW-1 is a modification of Lewin and Busby's

(1967) medium. ASW-2 is a modification of Provasoli's (1957) ASP 6,

having a higher salinity than ASW-l. Both media were buffered with

one gram of Tris (trishydroxymethyl aminomethane) per liter of

medium. This buffer was made by dissolving 25 g of Tris in 75 ml

of distilled water and titrating with concentrated HC1 to pH 7. 1-7.3.

The volume was made to 100 ml, giving a final concentration of 0. 25

g/ml.

gel.

Bristol's medium (Bold, 1957) was made into a 1. 5% agar

All media were autoclaved using the following procedure. Iron

and phosphate compounds were autoclaved separately because of pre-

cipitate formation when they are autoclaved together. Care was taken

not to autoclave seawater too long. Unbuffered seawater forms pre-

cipitates if autoclaved longer than 20 minutes. Vitamin B12 solution

was not autoclaved. Fifteen ig of sterile B12 were diluted with auto-

claved glass distilled water to give 1 p.g of B12 per ml.
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Growth Curves

The growth of a species in culture was measured by the in-

crease in cell numbers. The curve of the rate of growth of each

species was obtained by plotting the number to log10 of cells in 0. 2

ml of culture against the age of the culture in days.

Counts were made using a Whipple Disk, calibrated with a

stage micrometer. Two-tenths ml of culture was placed on a slide

and covered with a 22 mm square cover slip. Two hundred Whipple

fields were counted and the average number of cells per field, x, was

determined. The area of the cover slip was divided by the area of

the counting field to obtain a number, n. The equation used to cal-

culate the density of cells in the culture was as follows: number of

cells/U. 2 ml = n x, since the total volume under the cover slip is

0. 2 ml. Counts were made using a magnification of lZ5X.

Counts were made of cells from 1500 ml cultures grown in

ESW-2 on a rotary shaker. Counts were terminated at the end of the

period of declining growth. Two growth curves were derived for

each species.

Feeding Studies with Oyster Larvae

Feeding tests were conducted using European oyster larvae,

Ostrea edulis L., and native oyster larvae, Ostrea lurida. The tests
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were begun the day following initial swarming of the larvae. All

larvae used in a feeding test were spawned at the same time.

Ten liters of filtered seawater were added to 15 1 wide-mouth

glass jars and 500 larvae/l were placed in each jar. Temperature

of the cultures was maintained at 20 C. The salinity varied from

33. 0 to 33. 7%. Compressed air was bubbled through an air stone

placed in the bottom of the container. The cultures were filtered

through an 88 screen, the larvae collected and placed in fresh sea-

water three times a week. At this time, 25 larvae were removed

from the screen with a pipet and their length was measured with an

eyepiece micrometer using the lox objective of a compound micro-

scope.

Each group of larvae was fed a different species of phytoplank-

ton. Larvae were fed 3000 cells of algae per ml of rearing water,

at two day intervals. All cell counts were estimated using a Colter

Counter. One group of larvae was used as an unfed control. A

curve for the growth of each group of larvae was obtained by plotting

age against mean length of the larvae.

Harvesting Procedures for Chemical Analyses

Phytoplankton cultures were harvested during the log phase of

growth for all analyses. The method given here was used for deter-

minations of protein, carbohydrate, lipid, ash, and for amino acid
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analysis. The exact methods used to harvest cultures for fatty acid

and pigment analysis differ from the method outlined here and will

be described with the particular analysis.

Approximately 1 liter of a culture in the log phase was harvest-

ed using a continuous flow centrifuge at 16, 500 rpm. The cells were

washed with 0. 5 M ammonium formate to remove the salts. The

cells were removed from the centrifuge with a metal scraper and

placed in porcelain crucibles. The crucibles were placed in a drying

oven at 70 C for 48 hours. The crucibles were removed from the

oven and placed in a desiccator for another 48 hours. The dried

algal samples were weighed and divided into 1 to 2 mg amounts as

used in the biochemical analyses.

Methods of Analysis

Determination of Total Nitrogen and Protein

A modified micro-Kjeldahl-Nessler procedure was used for

the determination of total nitrogen. One mg of dried algal cells was

placed in a 30 ml micro-Kjeldahl flask. One Henger boiling granule

and 1 ml of digestion mixture (Strickland and Parsons, 1965) were

added to each flask. The flasks were covered with aluminum foil

caps and placed in an oven at 150 C for 12 hours.
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After 12 hours, the flasks were removed from the oven and

cooled to room temperature. One to two drops of 30% hydrogen

peroxide were added to each flask and the flasks were placed, at low

heat, on an electric microburner equipped with a Kjeldahl digestion

rack. Digestion continued until the solution was clear. The flasks

were then removed from the microburner and the analysis was com-

pleted using the procedures and reagents used by Strickland and

Parsons (1965).

The extinction coefficient was read at 520 nm on a Beckman

DBG-Spectrophotometer. Values for various concentrations of nitro-

gen were obtained by comparing the extinction coefficient of the sam-

ple with that of a standard curve of nitrogen concentrations prepared

using various concentrations of a solution of ammonium sulphate.

Micro-Kjeldahl procedures, excluding digestion, were performed

using concentrations of ammonium sulphate equal to 10, 50, 80, 100,

and 130 g of nitrogen. Duplicates of each concentration were pre-

pared and the means of the two extinction coefficients were plotted

against ig N for a standard curve.

Total protein was estimated by multiplying the value for total

nitrogen by the factor 6. 25.



Determination of Total Carbohydrates

The modified anthrone colorimetric reaction (Strickland and

Parsons, 1965) was used for the determination of the amount of

sugars present. The only deviation from this method was the use

of a curve for various concentrations of glucose to obtain concentra-

tions of sugar in pg of glucose/mg of dry weight. Since this method

hydrolyzes carbohydrates to their component sugars, the amount of

sugars is used as a measure of total carbohydrate. One to two mg

of dried algal material were used in the analysis.

Determination of Total Lipid

The colorimetric procedure given by Strickland and Parsons

(1965) was used to determine total lipids in one to two mg of dried

algal material. The results are given in g stearic acid per mg of

dry weight by comparing the extinction coefficient of the algal sample

with a standard curve of various concentrations of stearic acid.

Determination of Ash

Fifty to 100 mg of dried algal material were placed in tared

crucibles and the weight of the crucible and the dried algal material

recorded. The crucibles were placed in a muffle furnace at 500 C

for five hours. The crucibles were removed from the furnace and
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cooled to room temperature in a desiccator and then weighed. The

weight of the crucible was subtracted from the total weight to obtain

the weight of ash. The weight of the ash divided by the original dry

weight of the samples x 100 gave percentage of ash content.

Determination of Concentration of Pigment

Total Chlorophyll. In the determination of the concentration

of chlorophyll, a known volume of a culture in the log phase was fil-

tered through a Millipore glass pre-filter. The filter was placed in

an acetone-methanol mixture (1: 1, v/v), and the extraction procedure

described by McLean (1968) was followed.

The weight of cells yielding this amount of pigment was deter-

mined by filtering an equal volume of the same culture through a

tared glass pre-filter that had been dried for 72 hours in a desiccator

at room temperature and weighed. The weight of cells on the filter

was calculated after the filter had been dried in a desiccator for 48

hours at room temperature. This weight was used in estimating pg

of pigment per mg dry weight of algal cells.

The extract was dried in a rotary film evaporator at 40 C and

the pigment was dissolved in 20 ml of 90% acetone. Two ml of this

extract were placed in a cuvette and the optical density measured on

a Beckman DBG-Spectrophotometer at 665 nm and 645 nm for mem-

bers of the Chlorophyta and at 665 nm and 630 nm for all other
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species in this study.

Equations for the estimation of total chlorophyll were derived

from Parsons and Strickland (1963). The amount of total chlorophyll,

mg/i, was calculated as follows:

(1) Total chlorophyll a + b = 19.4 D645 + 7. 26 D665

(2) Total chlorophyll a + c = 54. 86 D630 + 6. 96 D665

To obtain ig/mg of dry weight the following equation was used:

kg/mg = mg/i x mg cry wt. x 20 (volume of acetone extract)

Total Carotenoids. The chlorophyll extract was dried in a ro-

tary evaporator and saponified with 10 ml of 6% KOH at 40 C for 30

minutes. The procedure given by McLean (1968) was used to sepa-

rate carotenoids from chlorophyll and neutral fats.

Quantitative estimations were made by using the E1 ° method1cm

described by Goodwin (1955). The E1% is the extinction of a 1%1cm
solution of pigment in a 1 cm light path optical cell.

The amount of carotenoids present was calculated by the follow-

ing equation:
E y x 1o6pg of carotenoids where E = extinction
E10 100'1cm

coefficient of the extract and Y = ml of extract

For Chlorophyta, the value used was 2600 (McLean, 1968).

For Chrysophyta the value used was 1100 as given by Goodwin (1955)

for fucoxanthin. This value was arbitrarily chosen for use with
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Cryptomonas, even though fucoxanthin is not among the pigments

present, because the absorption characteristics of the major caro-

tenoids in this organism were more similar to fucoxanthin than to

any other known carotenoids.

Analysis of Amino Acids

Ion exchange chromatography was used for the separation and

determination of the total combined and free amino acids of the ten

species of phytoplankton. The analysis was carried out in a Techni-

con Amino Acid Analyzer, Model NC-i, with one column charged with

Chromobead Type A resin. Total running time was 21 hours. De-

termination of the separated amino acids was made by comparing the

chromatograph of the unknown sample with a chromatograph of a

mixture of known standards provided by Technicon.

From 17-20 mg of dried algal cells were hydrolyzed using 2 ml

of 6N HC]/ mg of protein. Samples were hydrolyzed under reflux for

24 hours at 100 + 1 C. The resulting hydrolyzate was filtered and

evaporated to dryness at 40 C under vacuum. The residue was sus-

pended in twice distilled water and again evaporated to dryness. The

sample was then put in a known volume of starting buffer, pH 2. 875,

and frozen until analyzed. A volume of 0. 60 ml was injected on the

column.
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Only acid hydrolysis was carried out on the samples. Trypto-

phan is rapidly destroyed under acid conditions and did not appear in

the analysis. Cysteine is oxidized to cystine under these conditions.

Analysis of Fatty Acids

Gas-liquid chromatography was used for the determination of

fatty acid composition of the ten species. A known volume of a cul-

ture in the log phase of growth was filtered on a Millipore glass pre-

filter. The algal material was not removed from the filter prior to

extraction.

The lipids were extracted with chloroform-methanol (2: 1, v/v).

Gas chromatography was carried out according to the method de-

scribed by Mclntire etal., (1969).

In order to make possible analysis by gas chromatography,

volatile derivatives of the lipid extracts were made. The extracts

were methylated with 5% hydrochloric acid-methanol for 90 minutes

at 80 C and the methyl esters were purified on silicic acid columns

(Saddler !!: 1966).

The degree of unsaturation was determined by silver nitrate

thin-layer chromatography (Privett etal., 1963).
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Analysis of Pigments

Thin-layer chromatography was used to separate the pigments

of ten species of phytoplankton. The separated pigments were iden-

tified by spectrophotometric analysis.

Thin-layer chromatography was carried out on 5 x 20 and

20 x 20 cm glass plates coated with a 0.25 mm layer of Merck's

Silica Gel G and dried at room temperature in a desiccator. uBaker_

Flexrt 5 x 20 cm precoated plastic sheets with silica gel layers were

also used. The plastic sheets were mounted on 5 x 20 cm glass

plates during development. Development of the chromatographs

was carried out in darkness. All other preparations were carried

out in subdued light.

Approximately 500 ml of a culture in the log phase was filtered

through Millipore glass pre-filters. The extraction procedure was

the same as used for the determination of total chlorophyll. The

extract was evaporated to dryness on a rotary film evaporator at

40 C and redis solved in a few ml of chloroform. The chloroform

extract was spotted with a micropipet 2 cm from the bottom of a

silica gel plate. An attempt was made to keep the spot as small as

possible to give more precise pigment separation. The solvent was

added to a chromatograph jar, the plate placed inside and the jar

sealed. Approximate developing time for the chromatograph was one
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hour. The standard solvent system used was petroleum ether-ethyl

acetate-diethylamine (58: 30: 12, v/v) (Riley and Wilson, 1965). A

second solvent system containing hexane -ethyl acetate -diethylamine

(58: 30:12, v/v) was used for Cryptomonas.- A third solvent system

containing hexane-diethyl ether-acetone (60: 30: 20, v/v) was some-

times used as a check of the separations obtained with the first

solvent (Hirayama, 1967).

The solvent front was allowed to advance 15 cm and then the

plate was removed from the developing jars and air dried. The

colored bands were scraped and the pigments eluted in 3 ml of 95%

ethanol in Pyrex centrifuge tubes. The silica gel was separated

from the pigment by centrifugation at 5000 rpm for 10 minutes.

Duplicate plates were developed each time, and the pigments

eluted in either methanol or chloroform. This was done in order to

obtain the absorption spectrum of each pigment in two solvents. The

absorption spectrum for each pigment separated was obtained using

a Beckman DB G-Spectrophotometer, making continuous readings

from 720 to 380 nm. The absorption spectrum was recorded directly

on a Beckman 10 Inch Recorder. Rf values were calculated for each

pigment.
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Computation of Indices of Distance

Indices of distance were computed to compare the results of

the biochemical analyses of the ten species of phytoplankton chosen

for this study. A distance index was used to compare the amounts of

total protein, lipid, carbohydrate, pigment, and ash; and a second

index was computed from the four organic fractions, excluding ash.

Distance indices were computed to compare the amino acid composi-

tion and the fatty acid composition of the ten species.

All calculations were made by computer at the Oregon State

University Computer Center using the AIDTWO Program. An ex-

planation of the equations used in computing an index of distance can

be found in Mclntire etal., (1969).

Estimation of Confidence Intervals

Confidence intervals for the means of n determinations of total

protein, carbohydrate, lipid, and pigment for each species studied

were calculated (Appendix Table 1). Three determinations were

made of total protein, lipid, and pigment. Four determinations were

made of total carbohydrate.

The small sample confidence interval for means is X+t s/'fn,- a /2
where X is the mean, tc,2jS the tabular Studentts t value at the a/2

probability, a is the probability that a sample will fall outside the
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mean and / /n is the estimated standard deviation of X. Confidence

intervals were calculated using a confidence coefficient equal to

0.90, giving an a value of 0. 10.
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RESULTS

Description of Experimental Species

Nine of the ten species used in this study were isolated from

Yaquina Bay and one, Isochrysis gaibana, was obtained from culture

at the Oregon State University Marine Science Center. Isochrysis

gaibana is the standard food organism used in all oyster cultures at

the Marine Science Center. This species was chosen as a standard

for comparison with the species isolated from Yaquina Bay. The

culture at the Marine Science Center was originally obtained from

the Culture Collection of Algae at Indiana University, Bloomington,

Indiana. The Indiana culture number is LB987.

Tetraselmis suecica was isolated from the sampling station

east of the Marine Science Center (Plate ha). The cells are corn-

pressed, ovoid, quadriflagellate, with a distinct eyespot located

towards the posterior end. The chromatophore is bright green and

cup-shaped. The dimensions are 9-li x 7-8 x 4-6 . Detailed

descriptions of this species can be found in Butcher (1959) and

Hulburt (1965).

Chiorelia protophila was isolated from King Slough (Plate lila).

This is an extremely small species, 2-6 p. in diameter, described by

Shihira and Krauss (1963). The dimensions given by Shihira and

Krauss are somewhat larger than the isolate from Yaquina Bay;
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however, the species description fits this organism in every other

way, including the biochemical characteristics. The cells are spheri-

cal with a yellow-green, cup-shaped chromatophore. A pyrenoid is

present.

Chlamydomonas palla Butcher was isolated from the River

Bend sampling station (Plate LIIb). Motile cells are 6-7 x 2-4 i,

slightly ellipsoid, with an indistinct papilla. The chromatophore is

a parietal band occupying most of the cell. A small, red stigma is

located in the anterior half of the cell. A pyrenoid is present but

scarcely visible. Non-motile cells are 5-7 j. in diameter, spherical

to slightly ovoid, thin to medium-walled, with a parietal chloroplast.

A large pyrenoid is present.

Cryptomonas salina Wislouch was isolated from the Yaquina

Bay Bridge station (Plate lib). The cells are elliptical to rectangular,

compressed, with two flagella inserted in an obvious gullet. The di-

mensions are 8-12 x 4-6 i.. The chromatophore is reddish brown and

parietal with two lobes. A large pyrenoid is present. Trichocysts

are linearly arranged in the anterior of the cell. The cell membrane

has oblique striations faintly visible with the light microscope. De-

tailed descriptions of this species can be found in Carter (1937) and

Hulburt (1965).
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Prymnesium parvum Carter was isolated from the Yaquina Bay

Bridge station (Plate Iv). The cells are elongate, slightly corn -

pressed, with an obliquely truncate anterior end. The dimensions

are 8-12 x 4-6 p. There are three flagella, two slightly longer than

the cell and equal in length and the third is much shorter and much

stouter. The two chromatophores are brown, parietal, and extend

the length of the cell. Detailed descriptions of this species can be

found in Carter (1937) and Hulburt (1965).

Cylindrotheca gracilis (Brebis son) Grunow in Hustedt was iso-

lated from the Yaquina Bay Bridge station (Plate Va, b). The di-

mensions are 30-200 x 3-5 Fi. There are two large, brown chrorna-

tophores. The entire cell is twisted and the raphe spirals several

times around the cell. The raphe is located in an obvious keel. A

detailed description of this species can be found in Hustedt (1930).

Navicula abscondita Hustedt was isolated from the station east

of the Marine Science Center (Plate Vc, d). The cells are boat-

shaped with pointed to moderately rounded ends. The dimensions

are 15-30 x 4-6 Striae are parallel, 15 in 10 p. The striae have

a tendency to be slightly radial in the middle. Two parietal brown

chromatophores extend 3/4 of the length of the cell. A detailed

description of this species can be found in Hustedt (1949).

Navicula biskanteri Hustedt was isolated from the station east

of the Marine Science Center (Plate Ve). The cells are elliptical
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to broadly lanceolate with broadly rounded ends. The dimensions are

6-8 x 4-5 i. The striae are slightly radial, becoming more strongly

radiate toward the poles, approximately 24 in 10 p. Two brownish

yellow chromatophores extend nearly to the ends of the cell. A de-

tailed description of this species can be found in Hustedt (1949).

A small, centric diatom was isolated from the station east of

the Marine Science Center (Plate VI). This organism has not been

identified as to species. It resembles Cylindropyxis Hendey (1964)

in size and shape, but not in number of chromatophores. Cylindro-

pyxis is described as having numerous discoid plastids whereas this

organism has typically one discoid, parietal plastid. The cells are

drum-shaped, broader than long in girdle view and spherical to

slightly ellipsoidal in valve view. No striae were visible on the frus-

tule. The cells are 3-4 long and 4-5 p. wide. The organism is

typically unicellular but frequently forms short, 3-10-celled filaments

in culture.

The occurrence of the nine isolates from Yaquina Bay in plank-

ton collections from the five sampling stations is given on a monthly

basis in Table 3.
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1Table 3. Presence of the nine isolates from Yaquina Bay in monthly
plankton collections at five stations

Station Yaquina East of King Yaquina River
Bay Marine Slough Bend

Month Bridge Center

Sept 5,7 5,7 7 7 1

Oct 4,5,7 7 7

Nov 5 7 - - - - - - - -

Dec 7 --- --- 2

Jan 1 1,8,9 8,9 1 2,7

Feb --- 1,6 7

Mar 1,5,7 7,8 3,6,7 --- 2,7

Apr 1,3,4,7 4,7 3,4,6,7 2,7 2,7

May 1,2,4,7 4,5,7 2 2

Jun 7,8,9 1,5,7 1,2,7 --- 3

8, 9

July --- 1,5,7,9 3,4

Aug 5 5 7,8,9

1Key to species:

1 - Tetraselmis
2 Chlamydomonas
3 - Chlorella
4 - Cryptomonas
5 - Prymnesium

6 Centric diatom
7 Cylindrotheca
8 - Navicula abscondita
9 Navicula biskanteri
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Taxonomy of Experimental Species

The species chosen for this study belong to three divisions:

Chlorophyta, Cryptophyta, and Chrysophyta. Only the two species

of Navicula belong to the same genus. The remaining species are

not closely related taxonomically. The classification of the ten

species of phytoplankton is given in Table 4. The classification

system followed is that of Parke and Dixon(l964).

Growth in Culture

A Comparison of Different Media

The medium ESW-1 was used in the beginning of this study for

enrichment cultures and for direct isolations from seawater. The

salinity of this medium ranged from 32-33%, which closely approxi-

mated the water in the bay in the late spring and summer. It was

hoped that osmotic differences would not be large enough to affect

newly transferred organisms. However, the nutrient enrichment

was not sufficient to allow vigorous growth of a majority of the

species isolated. Only Prymnesium and Cylindrotheca grew well in

this medium. This was the medium used to isolate all species ex-

cept the centric and the two species of Navicula. These were iso-

lated in ESW-2.



Table 4-.. Classification of the ten phytoplankton species analyzed in this study.

Division Class Order Genus and Species

Chlorophyta Prasinophyceae

Chlorophyceae

Cryptophyta Cryptophyceae

Chrysophyta Haptophyceae

Bacillariophyc eae

Pyraminomonadales 1. Tetraselmis suecica

Chlorococcales

Volvocales

C ryptomonadales

Prymnesiales

Isochrysidales

Bacillariales

2. Chiorella protophila

3. Chlamydomonas palla

4. Cryptomonas sauna

5. Prymnesium parvum

6. Isochrysis galbana

7. Centric diatom

Perinales 8. Cylindrotheca gracilis

9. Navicula abscondita

10. Navicula biskanteri
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The only medium which supported adequate growth of all

species was ESW-2. This was a modification of the Ala medium

used by the Department of Oceanography at O.S.U. Ala was tried but

did not give satisfactory results with Cryptomonas or the two species

of Navicula. Various modifications were tried. In the final formula

for ESW-Z, the concentration of Na2HPO4 was increased from 10 to

50 mg/i. The minor element concentrations were also modified.

The best growth, as measured by maximum cell number/ml was

obtained in most cases using agitation supplied by a rotary shaker.

Only Prymnesium and Isochrysis did not show an increase in the

maximum cell numbers obtained when grown on a shaker as compared

with standing cultures (Table 5).

ASW-1 was the first artificial seawater media tried. This

medium always produced a precipitate resulting from the inclusion

of EDTA (ethylene diamine tetra-acetic acid) as the metal chelator.

EDTA precipitates at high pH, and the pH of ASW-1 was 8. 2-8.4.

Despite the precipitate, all species grew in this medium. Most spe-

cies produced maximum cell counts comparable to those produced in

ESW-1. However, the centric diatom and Navicula biskanteri grew

in this medium but not in ESW-1. The salinity was 25%.



Table 5. Comparison of growth1 in different culture media

Media
Species ESW-1 ESW-2 ESW-Z Sh2 ASW-1 ASW-2

Tetraselmis 1xl03 1x105 1. 55x105 1x102 1. 5x105

Chiorella 2x103 1x107 2x107 1x103 2x107

Chiorococcum 1. i0 9x104 1. 25x105 1x103 1. 2x105

Cryptomonas 1x102 1x104 8.5x104 1x102 8xl04

Prymnesium 1x105 1. 15x105 1. 15x105 1x105 1. 15xl05

Isochrysis 1x103 1. 5x105 1. 5x105 1x103 1. 15x105

Centric diatom none 5x104 51. 75x10 21. 10 none

Cylindrotheca 2x104 3x104 4x104 2x104 4x104

Navicula abs 1x102 1. 1O3 2x104 1x102 2x104

Navicula bis none 1x102 lxlO lxlO2 none

'Numbers represent maximum number of cells per ml.

2This is the same medium as ESW-2, but the cultures were grown on a rotary shaker.
Ui
C
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The second artificial seawater medium, ASW-2, had a higher

salinity and a different metal chelator. The salinity varied from

28 to 3O%c the pH varied from 8. 4-8. 6. Sodium versenol, which was

used as the metal chelator, did not precipitate. All but the centric

diatom and Navicula biskanteri grew very well in this medium.

When aeration was used, the results were similar to those obtained

with ESW-2.

At first, thiamine, cobalamin, and biotin were routinely added

to ESW-2. Later, combinations of the three vitamins at different

concentrations were tested and the maximum cell counts compared.

No difference in cell counts of any species was found when biotin

was omitted. When either thiamine or cobalamin was omitted, cell

numbers of Isochrysis, Prymnesiurn, Cryptomonas, Navicula ab-

scondita, and N. biskanteri decreased. No decrease in cell numbers

was observed when vitamins were omitted from cultures of Tetrasel-

mis, Chlorella, Chiamydomonas, and Cylindrotheca. The growth

patterns of the centric diatom were not determined.

A range of thiamine concentrations from 0. 25-1. 0 mg/l caused

changes in the maximum cell counts of only Navicula abscondita and

N. biskanteri. For both species doubling the concentration of thia-

mine, from 0.5 to 1. 0 mg/l, increased cell counts from 8 x l0 to

9 x lO cells/mi in N. abscondita and from 7. 6 x 1O4 to 8. 5 x l0 in

N. biskanteri.
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Variations of from 1 to 5 pg of cobalamin/l produced no changes

in maximum cell counts for any species. Reduction of the concen-

tration to 0. 5 pg/l reduced the maximum cell counts of Cryptomonas,

N. abscondita and N. biskanteri.

Morphology

Tetraselmis suecica grew in all media tested but grew only

slowly on Bristolts or seawater agar. The log phase lasted 17 days

(Figure 1). The stationary phase continued for 8-10 weeks.

Early stages of growth showed a predominance of motile over

resting cells. During the first week following inoculation the counts

showed a ratio of 20 motile to 1 resting cell. During the second week

this ratio became approximately 1: 1. After two weeks, resting cells

outnumbered motile cells. Even in cultures 4-8 weeks old, a few

motile cells were always present.

The movement of the flagellated cells was extremely rapid

and in a straight line. Motile cells showed no tendency to attach

themselves to the cover slip in hanging drop slides but remained

motile for 15-30 minutes.

In young, vigorously growing cultures, daughter cells were

released from parent cell walls as soon as flagella developed. All

cell division resulted in the formation of only two daughter cells.

The daughter cells either remained within the parent cell wall in
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Figure 1. Growth curve for Tetraselmis suecica in ESW- 2.
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an apparent resting state or developed flagella and were released.

The non-motile daughter cells were released from the old cell wall

prior to any further cell division. The release of the daughter cells

involved a disintegration of the old wall into thin slivers rather than

a gelatinization of the cell wall. These cellulose fragments re-

mained identifiable in the culture for long periods of time and often

represented a large proportion of the material in old cultures.

In older cultures, imprisoned, flagellated cells were often

seen inside the old walls and were not released during the periods

of observation. No oil droplets were observed in cells of older

cultures.

No sexual reproduction was observed.

Chiorella protophila grew well in all media tested but grew

slowly on Bristol's and seawater agar. The maximum cell number

obtained in ESW-Z was the highest of the ten species tested. The

log phase of growth lasted 18 days reaching a constant cell num-

ber/mi at the end of this time (Figure 2). The stationary phase

continued from 8-10 weeks.

In young cultures, a majority of the cells were 2-2.5 in

diameter with only an occasional larger cell. After approximately

18 days following inoculation, the ratio of small to large cells began

to decline. The chromatophore in small cells was shallow, cup-

shaped. In cells with diameters greater than 4 i, the chromatophore
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appeared broken into irregularly shaped parietal pieces.

In the log phase the cultures were a bright, slightly yellowish

green. During the stationary phase the culture became more yellow.

Small, refractory bodies appeared in cells from older cultures.

Cell division occurred by the development of a median con-

striction in the cell wall. Cell division was observed only in cells

less than 4 in diameter.

Chlamydomonas palla grew in all media tested. It grew very

well on agar. This species showed marked developmental differences

when grown in different media (Figure 5a-d). The log phase of

growth lasted 4 days (Figure 3).

When grown in ESW-2, the typical vegetative stage appeared

to be non-motile, motile cells were apparently zoospores or gametes.

Non-motile cells outnumbered motile cells approximately 5: 1.

Typidally cell division resulted in the formation of four or rarely

eight, non-motile daughter cells. These daughter cells remained

within the parent cell wall for some time before release. The daugh-

ter cells often were arranged in a tetrahedral fashion (Figure 5a).

At times the gelatinous matrix of the daughter cells could be seen

within the parent cell wall.

Formation of swarmers was not observed in ESW-2. When

transferred from agar to liquid ESW-2 medium, cells remained

non-motile and no noticeable increase was seen in the number of
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Figure 5. a-d. Chlamydomonas palla, a. tetrahedral and
b. parallel arrangement of daughter cells, c. motile
cell, d. older cell with oil droplets.

e-i. Prymnesium parvum, e-g. typical range of cell shape,
h. extrusion of cellular metabolites, i. irregular-
shaped cell typical of aged cultures.

j-n. Centric diatom, j. typical 2-celled filament, k. valve
view, 1. dividing cell, m. release of auxospore,
n. curved filament formed by diagonal division.
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swarmers. This same morphology was observed when cells were

grown in ASW-l. As a result of these observations, this species

was assigned originally to the genus Chlorococcum.

When Chlamydomonas was grown in ASW-2, several differences

were observed. The early growth in culture showed a predominance

of motile over non-motile cells. Cell counts through the log phase

had a ratio of about four motile to one non-motile cell. Cultures 3-4

weeks old had about a 1: 1 ratio. When new medium was added to old

cultures or when cells were transferred from agar to liquid ASW-Z,

the number of motile cells increased noticeably.

Cell division resulted in four or rarely eight daughter cells,

arranged in either a tetrahedral or parallel pattern (Figure 5b).

Biflagellate cells were released by a gradual gelatinization of the

cell wall. The gelatinization appeared to start at one point in the

wall and radiate outwards.

The first of the swarmers or non-motile cells to be released

came through a very small opening in the wall which looked like the

pore observed in Chlorococcum species. However, this opening

continued to enlarge by further gelatinization of the wall. By the

time the last two cells were released, the entire cell wall had gela-

tinized.



In older cultures in all media, the non-motile cells developed

thickened, hyaline walls without ornamentation. Oil droplets, 1-3

in number, became very large (Figure 5d). The stigma which was

evident in young cells was not observed in these older cells.

Sexual reproduction occurred in both young and old cultures.

Gametic union resulted from the anterior fusion of two isogametes,

that were the same size as vegetative cells.

Cryptomonas sauna grew in all liquid media tested. It did

not grow on agar. The log phase of growth lasted eight days

(Figure 4).

The cells were moderately to strongly compressed and a gullet

lined with trichocysts was evident in all cells. In addition to a large

pyrenoid, numerous refractile bodies were present.

No palmelloid stage was observed. The cells moved rapidly

through the water in a spiral fashion. The majority of cells were

continually in motion during observation and did not become quiescent

until just prior to disintegrating.

Vigorously growing cultures of Cryptomonas were reddish

brown. Older cultures became rust-colored. Young cells were

rigid and markedly compressed. In the cells from older cultures,

the cell membrane appeared to be much more plastic and the cells

actually changed shape as they moved. These cells were only slight-

ly compressed in cross-section. The anterior invagination, in
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which the flagella were inserted, became deeper with age and the

trichocysts appeared to enlarge.

No sexual reproduction was observed. The only method of

cell division observed was the longitudinal division of immobile,

flagellated cells. Some time prior to cell division, the pyrenoid

divided.

Prymnesium parvum grew well in all liquid media tested. It

did not grow on agar. This organism apparently did not require

aeration since it grew equally well in standing cultures or on the

shaker. The growth curve for this species is given in Figure 6.

This species showed a wide range in cell shape, even in clonal

cultures. Cells varied from elliptical, with a truncate anterior end,

to spherical (Figure 5e-g). The change from elliptical to spherical

seemed to be associated with the aging of a culture.

Another characteristic of aging was the change in color of the

cultures. Vigorously growing cultures were gold and became golden

brown with increasing age. Cultures more than ten weeks old were

dark brown.

One of the unique aspects of the growth in culture of this

species was its extreme longevity. Three 125 ml cultures were

started on August 8, 1967 using ESW-2. No additional medium was

added. A count of 1. 2 x lO cells/mi was made on August 15, 1968.

The cells in the year-old culture did not resemble typical
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Prymnesium cells except in possessing the characteristic three

flagella. These cells were irregularly shaped and lumpy in appear-

ance (Figure 5i). The chloroplasts were disk-shaped and appeared

luminescent under the light microscope.

In vigorously growing cultures, cells were frequently observed

that had one to three round bodies attached to the posterior end by a

slender thread-like structure (Figure 5h). These bodies were ob-

served being extruded from the cell and eventually lost. This pro-

cess was never observed in older cultures.

Cell division occurred by the longitudinal fission of motile

cells. The union of two motile isogametes, the same size as vegeta-

tive cells, was also frequently observed in young cultures. Fusion

occurred at the posterior end.

No study was made of Isochrysis galbana in culture. The growth

curve was derived for use in harvesting procedures (Figure 7). A

description of Isochrysis in culture and a review of previous studies

are given in Kain and Fogg (1958b) and Caperon (1968).

The centric diatom did not grow in ESW-1 or ASW-2. It did

not grow on agar. The log phase lasted until the seventh day when it

abruptly terminated and a decrease in cell number occurred (Figure

8). In 1500 ml cultures the life span of a culture was never more

than 14 days. During this time cells could be transferred to fresh

media and would initiate a new culture. After 14 days in culture
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the cells apparently were no longer capable of division.

This diatom formed filaments only under certain conditions.

Older cultures, to which small amounts of fresh medium were added

regularly, contained a high percentage of filaments with few single

cells. Cultures in the first seven days of growth contained only an

occasional three to four-celled filament, with the majority being

unicellular or two-celled (Figure 5j, k). The development of four

to ten-celled filaments came at the end of the log phase.

Typical vegetative cell division involved a diagonal division

with the chromatophore also dividing in the same manner (Figure 51).

Prior to cell division, the chromatophore elongated at right angles

to the future line of cell division. Usually growth of the daughter

cells compensated for the angular division, giving rise to straight

filaments. Frequently this diagonal division resulted in curved

filaments (Figure 5n).

Spherical to ovoid auxospores were observed frequently in

cultures at all ages. The auxospores were formed singly in terminal

cells of filaments or in single cells. They were released by a

separation of the parent frustule at the girdle (Figure 5m).

Cylindrotheca gracilis grew in all liquid culture media. It

did not grow on agar. The log phase of growth lasted five days

(Figure 9).



The variation in length of cells in clonal cultures was quite

large and increased with age. Cells from cultures in log phase

were 30-60 p. long. Cells from cultures 4 to 8 weeks old ranged

from 38-100 p. long. Cells from cultures several months old some-

times varied as much as 160 p. in length.

Oil droplets were present in cells from older cultures. The

droplets appeared to be scattered throughout the cytoplasm.

Auxospore formation occurred after the log phase of growth

and continued for approximately two weeks. During this time the

cell density of the cultures remained relatively constant. Two auxo-

spores were formed per cell.

Navicula abscondita grew in all liquid culture media. It did

not grow on agar. The log phase of growth lasted eight days

(Figure 10).

Oil droplets were present in old cells, but were never large.

Generally four to six droplets occurred at each pole of the cell.

Auxospore formation did not occur until the stationary phase

of culture. Two auxospores were formed per cell. However, in

cultures 4 to 8 weeks old a third irregularly rounded body frequently

appeared in the cells in addition to the two auxospores. This object

was approximately the same size and color as the two auxos pores.
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Navicula biskanteri did not grow in ESW-1 or ASP-2 and grew

very well only in ESW-2 on the shaker. It did not grow on agar. The

log phase of growth lasted eight days (Figure 11).

This species was extremely difficult to culture, as the cultures

had to be transferred every 16-20 days or they would die. Care had

to be taken to have the temperature, pH, and salinity of the fresh

medium exactly as in the old culture. If any of these factors were

different, the new culture would not grow.

Large oil droplets were present in cells from cultures more

than ten days old. One droplet occurred between the plastids at

each pole. The droplets became massive with age, measuring as

much as 3-4 p. in diameter.

No auxospores were observed. Vegetative cell division was

the only method of reproduction observed.

Feeding Studies with Oyster Larvae

Four studies were conducted feeding the nine isolates from

Yaquina Bay and Isochrysis galbana to oyster larvae. Isochrysis was

used for comparison of the relative food value of the isolates with a

standard food organism.

The first study used European oyster larvae that swarmed on

9/25/67. Five tests were conducted using an unfed control and had

as food sources: Isochrysis, Cylindrotheca, Prymnesium, and
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Tetraselmis (Figure 12). The mean initial length of the larvae was

195 At the end of 17 days, average length of larvae fed Isochrysis

was 293 i.. The average length of larvae fed Cylindrotheca was 255 .i

The larvae fed Prymnesium and Tetraselmis were smaller than the

unfed controls.

The second study was made with native oyster larvae that

swarmed on 1/29/67. Three groups of larvae were used. One was

an unfed control, the other two were fed Isochrysis and Cryptomonas

(Figure 13). The mean initial length of the larvae was 176 j. An

average length of 258 was reached by the larvae fed Isochrysis at

the end of nine days. The average length attained by the larvae fed

Cryptomonas was only slightly greater than the unfed controls.

The third study used native oyster larvae that swarmed on

4/2/68. Five tests were conducted using an unfed control and the

following algae as food sources: Isochrysis, Prymnesium, Chiorella,

and Chiamydomonas (Figure 14). The average initial length of the

larvae was 171 p.. Larvae fed Isochrysis reached an average length

of 298 p. at the end of ten days. Larvae fed Chlorella and Chlamydo-

monas grew approximately the same amount, attaining an average

length of 227 p. at the end of ten days. At the end of two days,

Pryrnnesium-fed larvae reached an average length of 178 p. After

four days, the Prymnesium-fed larvae died.
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A final study used native oyster larvae that swarmed on

6/20/68. Five tests were conducted using an unled control and the

following algae as food sources: Isochrysis, the centric diatom,

Navicula abscondita, and N. biskanteri (Figure 15). The average

initial length of the larvae was 185.8 p.. Isochrysis-fed larvae

reached an average length of 242 p. at the end of 14 days. Larvae

fed the centric diatom had reached an average length of 234 p.. Those

fed N. abscondita had reached an average length of 227 p.. Larvae fed

N. biskanteri averaged only 4 p. longer than the unfed controls.

Biochemical Composition of Species

The biochemical composition of the ten species was determined.

Table 6 gives the composition as percentage of the dry weight of cells

divided into five fractions: protein, carbohydrate, lipid, pigment,

and ash. Table 6 gives the biochemical composition as percentage of

total organic fraction, excluding ash.

Protein was the principle organic constituent in all species.

It represented at least 40% of the dry weight of cells in all but two

species of diatoms. Protein represented at least 45% of the total

organic fraction in all species.

Ash content varied considerably among the species. The high-

est ash content was found in N. biskanteri and the lowest was found

in Prymnesium and Cryptomonas. Chlorella, Isochrysis and the
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Table 6. Biochemical analysis of the ten species based on percentage of dry weight.

Organic Fraction
b

Protein Carbohydrate Lipid Pigment Ash Total

Tetraselmis 52 12 s 2 24 95

Chiorella 54 16 13 3 13 99

Chiamydomonas 45 22 9 2 20 98

Cryptomonas 54 14 20 2 10 100

Prymnesium 47 32 12 4 9 104

Isochrysis 54 29 12 2 13 110

Centric Diatom 50 12 22 2 14 101

Cylindrotheca 31 24 12 2 38 107

Navicula abs 40 11 13 2 39 105

Navicula bis 36 8 18 1 44 107

C'



Table 7. Biochinicai analysis of the ten species based on percentage of total organic fractic.

Organic Fraction
L) p C LAC b

T e t r as e lmi s

Chiorella

Chiamydomona s

C ryptomonas

Prymne sium

Isochrysis

Centric Diatom

Cylindrotheca

Navicula abs

Navicula bis

Protein Carbohydrate Lipid Pigment Total

73 17 7 2 99

63 19 15 3 100

59 29 12 2 101

60 15 22 2 99

49 33 13 4 99

55 30 13 2 100

58 14 25 3 100

45 34 17 3 99

60 17 20 3 100

57 12 29 2 100



centric diatom had approximately the same ash content.

The principle storage product in the three species of Chlorophy-

ta was carbohydrate. The amount of lipid in relation to carbohydrate

was low in Tetraselmis and Chlamydomonas and high in Chlorella.

On a dry weight basis, Prymnesium and Isochrysis contained

the highest percentage of carbohydrate of the ten species studied.

Total lipid content was identical for both species.

Cryptomonas had one of the lowest ash contents and one of the

highest protein contents. The principle storage product was lipid.

Cylindrotheca had a higher percentage of carbohydrate than

lipid. The other diatoms had more lipid than carbohydrate. Cylin-

drotheca had the lowest protein content of the four diatoms.

Pigment content varied from 1-4% of the dry weight. The low-

est pigment content was found in N. biskanteri and the highest in

Prymnesium. Chlorella had the highest pigment content of the spe-

cies of Chiorophyta. In all species, pigment made up only a small

percentage of the total organic fraction.

Amino Acid Composition

The amino acid composition of the ten species is given in

Table 8. Tryptophan was not included in the analysis.

The five most abundant amino acids were glutamic, alanine,

glycine, aspartic, and leucine. The principle amino acids are given



Table 8. The amino acid composition of cell hydrolyzates of the ten species expressed
as percentage of total amino acids.

Amino Tetra- Chlor- Chiamy- Crypto- Prymne- Isochry- Centric Cylin.. Navicula Navicula
Acid selmis ella domonas monas siutn sis Diatom drotheca abs. bis.

Ala 12.2 12, 2 11.7 12. 1 11.0, 13.,l 10.5 9.2 10.4 9.4

Arg 4.4 4.4 4.1 , 4.6 4.4. 4..0 4.4 7.9 5.5 8.6

Asp 9. 0 8. 9 8. 6 10.4 8. 3 10. 0 12. 5 9. 0 9. 8 9. 9

Cys .5 0.9 0.9 0.8 0.6 0.7 0.7 1.5 0.6 0.8

Glu 11.5 16.4 13.6 15.7 15.0 5.0 10.6 19.6 17.2 15.0

Gly 11.2 9. 3 10.2 12.2 10.0 11. 0 11. 0 9.2 10.2 9.5

Hist 1.7 1.4 1.4 1.3 1.6 1.8 1.0 1.0 1. 1 1.5

Hypro --- --- 0. 1 --- --- ---

lieu 4. 3 3. 8 4. 0 4. 4 4. 6 4. 8 5. 1 4. 1 4. 2 6. 9

1For an explanation of the abbreviations of amino acids see Appendix Table 3.

-J
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Table 8. (Cont.

Amino Tetra-
Acid1 selmis

Leu 8.9

Lys 5.3

Met 1.8

Orn

Phe 4.3

Pro 5.0

Ser 5.3

Thr 5.5

Tyr 2.4

Val 6.8

Chior-
ella

8. 0

5. 1

1.4

0. 1

4. 0

5.5

5. 3

5. 2

2. 2

5.9

Chiarny- Crypto-
domonas monas

8.1

4.9 5.4

1.7 .2.1
0.1 0.3

4.3 3.8

5.8 5.5

6.4 6.2

5...6 5.7

2.4 3.0

6.1 6.6

Prymne- Isochry-
slun.1 sis

9.1 10.3

4.2 4.8

1.8 2.1

0.4

4.3 4.6

5.1 4.8

6.2 5.8

5.3 5.7

2.2 2.6

6.3 7.7

Centric
Diatom

Cylin-
drotheca

Navicula
abs.

Navicula
bis.

8.6 7.0 7,8 7.9

4.9 4.0 4.4 5.3

1.8 5.2 1.8 1.8

0.2 0.2 0.4

4.2 1.9 4.3 3.9

4.5 3.8 3.9 4.5

6.0 5.4 5.5 5.8

5.4 5.0 5.2 5.3

1.9 1.9 2.0 2.2

6.9 5.2 6.2 6.0



as percentage of the total amino acids in Table 9.

Arginine, isoleucine, lysine, phenylalanine, proline, serine,

threonine, and valine were present in amounts ranging from 4 to 8%

of the total amino acids. Histidine, methionine, and tyrosine were

present in amounts ranging from 1 to 3%. Cystine (which includes

oxidized cysteine) was present only in very low concentrations mea-

sured in tenths of a percent for most species.

The presence or absence of the amino acids is given in Table

10. Ornithine and hydroxyproline were not present in all species.

Leucine was present in all species except Cryptomonas. The amino

acid distribution for most of the species analyzed was very similar.

However, Isochrysis did not have glutamic acid as one of the five

principle amino acids but it constituted only 5% of the total amino

acid content. Nine other amino acids were more abundant. Cylindro-

theca contained the highest percentage of cystine, glutamic, and

methionine of all species tested and possessed the lowest percentage

of phenylalanine.

Analysis of Pigments

Identification

The absorption maxima in two solvents and the RI values of all

pigments identified from methanol-acetone extracts of the ten species



Table 9. Principle amino acids expressed as percentage of total amino acids

Species Glutamic Alanine Glycine Aspartic Leucine

Tetraselmis 11.5 12.2 11.2 9.0 8.9

Chiorella 16.4 12. 2 9. 3 8. 9 8. 0

Chiamydomonas 13. 6 11.7 10.2 8. 6 8. 1

Cryptomonas 15.7 12.2 12.2 10.4

Prymnesium 15.0 11.0 10.0 8.3 9.1

Isochrysis 5.0 13. 1 11.0 10.0 10.3

Centric diatom 10.6 10.5 11.0 12.5 8.6

Cylindrotheca 19.6 9.2 9.2 9.0 7.0

Naviculaabs 17.2 10.4 10.2 10.4 7.8

Naviculabis 15.0 9.4 9.5 9.9 7.9



Table 10. Presence of individual amino acids

Amino
Acid

Tetra-
selmis

Chior-
ella

Chiamy-
domonas

Crypto-
monas

Ala X X X X

Arg X X X X

Asp X X X X

Cys X X X X

Glu X X X X

Gly X X X X

Hist X X X X

Hypro 0 0 X 0
Ileu X X X X

Leu X X X 0
Lys X X X X

Met X X X X

Orn 0 X X X

Pro X X X X

Ser X X X X

Thr X X X X

Tyr X X X X

Val X X X X

Prymne- Isochry-
sium sis

x x

x x

x x

x x

x x

x x

x x

o a

x x

x x

x x

x x

o x

x x

x x

x x

x x

x x

Centric Cylin-
diatom drotheca

x x

x x

x x

x x

x x

x x

x x

o 0
x x

x x

x x

x x

o x

x x

x x

x x

x x

x x

Navic-
ula abs.

x

x

x

x

x

x

x

0
x

x

x

x

x

x

x

x

x

x

Navic-
ula bis.

x

x

x

x

x

x

x

0
x

x

x

x

x

x

x

x

x

x



were determined (Table 11).

The absorption maxima for each pigment were constant in all

species in which it was identified. However, the Rf values for a

given pigment varied from species to species and even on different

thin-layer plates.

The Rf values reported represent an average of all values

obtained from separations of a given pigment in the Riley and Wilson

(1967) solvent system. Although Rf values were different, the order

of separation as given in Table 11 remained constant. For example,

the order of separation of one of the species of Chlorophyta was

always neoxanthin-violoxanthin-lutein although the RI values varied.

It is emphasized that the order of separation in Table 11 applies

specifically to the Riley and Wilson solvent system. If other solvent

systems are used, a different order of pigment separation may re-

suit.

Distribution

The results of the pigment analysis of the ten species are given

in Table 12. Average concentrations of chlorophyll and carotenoid

and the ratio of carotenoid to chlorophyll are given in Table 13.

Chlorophyta. All three species of the Chlorophyta contained

chlorophylls a. and b, beta carotene, lutein, neoxanthin, and vio-

laxanthin. In all three species lutein was the most abundant



85

Table 11. RI values and absorption maxima of the pigments from the
ten species

Pigment RI
Absorption Maxima (nm)

Ethanol Chloroform

chlorophyll a . 75 430, 660 432, 665 (MeOH)

chlorophyll b . 82 460, 644 475, 650 (MeOH)

chlorophyll c 00 442, 630 450, 581, 624 (MeOH)

-carotene .96 446, 472 424, 455, 484

-carotene .96 452, 474 466, 497

diadinoxanthin . 37 448, 476, 421* 455, 485, 430*

fucoxanthin .48 450 457, 490

lutein . 63 448, 475, 424* 428, 457, 488

neoxanthin .31 416, 439, 468 422, 447, 477

violaxanthin .48 419, 442, 472 424, 452, 482

Cylind rothec a
unidentified
xanthophyll .30 424, 448, 474* 428, 454, 481

C ryptomonas
unidentified
xanthophyll s

#1 .36 449, 476, 423* 458, 488, 432*

#2 .44 453, 482, 430* 462, 492, 437*

#3 .71 420, 449, 477 456, 486, 430*

*This number represents inflexion or shoulder of the absorption
curve.



Table 12, Pigment analysis
carotenoid pigmE

Tetra- Chlor-Pigment selmis ella

chla:b 1: 0.68 1:0.50
chi a: c

-carot.
-carot.

lutein
viola-
xanthin
neo-
xanthin
fuco-
xanthin
diadino -
xanthin
unknown
xantho -
phyll s

of the ten species (the X's indicate relative abundance of the
nts)

Chlamy- Crypto- Prymne- Isochry- Centric Cylin- Navic- Navic-
domonas monas sium sis diatom drotheca ula abs. ula bis.

1: 0. 61

X X X

XXX XXX XXX

X X X

X X X

1: 0.75 1: 0.81 1: 1.02 1; 0.88 1: 0.62 1: 1.03 1: 0. 80
X

X X X X X X

XXX XXX XXX XXX XXX XXX

XX XX XX XX XX XX

Xxxi Xl

1For Rf values and absorption maxima of the unidentified xanthophylls of Cryptomonas and
Cylindrotheca see Table 11.



Table 13. Average concentrations of chlorophyll and carotenoid
pigments, as ug/mg of dry weight, and ratio of caro-
tenoid to chlorophyll of the species (n=3)

Species Chlorophyll Carotenoid Carotenoid:
Chlorophyll

Tetraselmis 13.81 2,38 .20

Chiorella 22.73 [
4..62 .20

Chiamydomonas 15.41 1.59 .11

Cryptomonas 15.75 3.74 .23

Prymnesium 30. 35 10. 09 . 33

Isochrysis 14. 97 4. 48 . 30

Centric Diatom 15.41 8.06 .52

Cylindrotheca 14. 41 8. 27 . 57

Navicula abs 16. 73 4. 25 . 25

Navicula bis 6. 18 4. 25 . 69



carotenoid.

Chiorella had the highest concentration of chlorophyll and

carotenoid pigments and the lowest ratio of chlorophyll a: b of the

three species. Chlorella and Tetraselmis had the same carotenoid

to chlorophyll ratio. Chlamydomonas had the lowest carotenoid to

chlorophyll ratio of the ten species analyzed.

C ryptophyta. C ryptomonas contained pink, water- soluble pig-

ments which were not soluble in methanol-acetone and were not ex-

amined. In addition, it contained chlorophylls a and c, alpha caro-

tene, and three unidentified xanthophylls. The absorption maxima

and Rf values for the unidentified xanthophylls are given in Table 11.

The major peak of all three is very close to that of fucoxanthin, but

the absorption curves did not resemble that of fucoxanthin. When

these three pigments were co-chromatographed with fucoxanthin and

diadinoxanthin extracted from diatom cells and with lutein from Tetra-

selmis, the unidentified pigments separated from the known pigments.

Chrysophyta. Six species representing two classes and four

orders of the Chrysophyta were investigated. All species contained

chlorophyll a and c, beta carotene, fucoxanthin, and diadinoxanthin.

The chlorophyll a:c and carotenoid: chlorophyll ratios varied widely

among the species.

The highest concentrations of chlorophyll and carotenoid pig-

ments of the ten species analyzed were found in Prymnesium. The



lowest concentration of chlorophyll was found in N. biskanteri, but

that species had the same concentration of carotenoid as N. abscon-

dita.

Beta carotene was a minor component of the pigments in this

division. Fucoxanthin was the most abundant carotenoid in all

species of this division.

The only unidentified xanthophyll in this division was found in

Cylindrotheca (Table 11). The absorption spectrum was similar to

that of diadinoxanthin in ethanol but not in chloroform. It was co-

chromatographed with diadinoxanthin and separated from it. The

pigment did not resemble any of the unidentified xanthophylls from

C ryptomonas.

Fatty Acid Composition

A total of 28 fatty acids were identified from the total lipid

extracts (Table 14). The relative retention times and location of

double bonds are given in Appendix Table 2. The identification of

16:2(6, 9), 15:br, 16:br, 19:?, and the C22 acids was not verified

by re-chromatography but was based on relative retention time.

The fatty acids 14:0, 16:0, 16: 1, 18:0, 18: 1 and 18:2 were

present in all species analyzed. Table 15 lists the fatty acids

present in amounts greater than 10% of the total fatty acid content.

Palmitic acid, 16: 0, was abundant in all species except Cryptomonas.



Table 14. Fatty acid composition of the ten species expressed as
percentage of total fatty acids

Fatty Acid Tetraselmis Chiorella Chlamy- Crypto-
domonas monas

13:0 --- 1.29
14:0 0. 17 1.37 1.77 7. 30
15: br - - - 0. 51 0. 79 0. 85
15:0 --- 0.94 1.46 0.69
16:br --- --- 0.89 0.28
16:0 10.66 21.35 15. 13 9.32
16: 1 2.27 2.72 2. 15 2. 18
16:2 0. 16 4. 12 0. 68 0.47
16:21
16: 3 1. 16 0. 32 1. 08 0.92
16:4 0.76 14.48 1.58 0.26
17:0 3.75 3.77 3.06 1.44
18:0 2.05 1.46 3.46 6.49
18: 1 23. 79 8. 09 22. 05 19. 72
18:2 1.76 11.66 3.12 0.67
18:? --- ---

18:3 17.34 24.94 24.51 8.55
18:4 --- 0.70 1.07 1. 12
19:? --- --- --- 0.57
20: 1 18. 24 0. 28 9. 96 23. 52
20:3 0.78 ---
20:? --- ---

20:4 1. 17 ---
20:42 0.82 --- --- 1.97
20:5 11.02 --- --- 12.40
22:? --- --- 3.33
22:3 --- --- ---

22:6 --- --- ---

others 4. 63 3. 31 2. 80 1.88

1The first 16:2 listed is 16:2(9, 12), the second is 16:2 (6,9).

2The first 20:4 listed is 20:4(5,8, 11, 14), the second is 20:4
(8, 11, 14, 17).



Table 14. (Cont.)

Fatty
Acid

Prymne-
sium

Iso-
chrysis

Centric
diatom

Cylindro-
theca

Navicula
abs

Navicula
bis

13:0 --- --- --- ---

14: 0 3.75 3.75 10. 61 19. 38 2.44 6.48
15: br --- 0.83 --- 0.28 1. 10 1.07
15: 0 0. 29 0. 87 1. 17 0. 65 1. 00 0. 99
16:br --- ---
16:0 11.35 15.08 15.14 16.40 26.84 20.23
16: 1 1.89 13.80 31.65 21.29 22.56 12.65
16:2 --- 0.94 2.56 0.78 1.48 1.14
16:2 --- 0.41 --- 3.43 4.60 5.04
16:3 0.87 1.25 --- ---

16: 4 -- 0. 83 2. 63 5.43 7.29 10. 60
17:0 1.14 --- --- ---
18:0 3.48 2.72 1.59 1.00 2.43 2.70
18: 1 19. 18 12.48 4. 84 5. 30 7. 32 7. 24
18: 2 6.90 2. 08 1.55 1.21 0. 62 0.70
18:? --- 0.51 --- --- --- 1.44
18:3 6.90 2.08 --- --- 0.21 0.99
18:4 0.55 0.52 --- --- 0.68
19: ? 0.95 0. 22 --- 1.73 --- -- -

20:1 23.37 6.44 0.49 2.34 1.26
20:3 14.34 0.93 --- ---

20: ? --- --- --- 0.33
20:4 --- 0. 10 2.64 6.20 ---
20:4 --- --- --- --- ---

20:5 4.39 14.40 13.06 24.39 17.14 26.70
22:? --- --- --- --- ---

22:3 --- 0.62 --- --- ---

22:6 --- 10.50 --- --- ---
others 0. 34 2. 87 3. 37 3.46 2. 97 2. 07



Table 15. Fatty acids present in amounts greater than 10% of the total fatty acid content
(numbers represent percentage of total fatty acid content)

Fatty Tetra- Chior- Chiamy- Crypto- Prymne- Isochry- Centric Navic- Navic- Cylin-
Acid selmis ella domonas monas sium sis diatom ula abs. ula bis. drotheca

14: 0 10. 61 19. 38

16:0 10. 66 21. 35 15. 13 11. 35 15. 08 15. 14 26.84 20.23 16.40

16:1 13. 80 31. 65 22.56 12. 65 21.29

16:4 14.48 10.60

18: 1 23.79 22. 05 19. 72 19. 18 12.48

18:2 11.66

18:3 17.34 29.94 24.51

20:1 18.24 23.52 23.37

20: 3 14. 34

20:5 11.02 12.40 14.40 13.06 17.14 26.70 24.39

22:6 10.50
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Myristic acid, 14: 0, was not abundant in any species except Isochry-

sis and the centric diatom. Stearic acid, 18: 0, was not abundant in

any of the species. Arachidic acid, 20: 0, was not found in any

species. Fatty acids with more than 22 carbon atoms were also

absent. C13 was present only in Chiamydomonas.

Branched fatty acids were found in some of the species in

small amounts. A branched C15 was found in Chlorella, Chlamy-

domonas, Cryptomonas, and Isochrysis. A branched C16 was found

in Chlamydomonas and Cryptomonas.

Analysis of Distance

A matrix of distance values comparing protein, carbohydrate,

lipid, pigment, and ash content of the paired species is given in

Table 16. The smaller values represent less difference in the bio-

chemical composition of the two species. The smallest values were

between Isochrysis and Prymnesium and between the two species of

Navicula.

Cylindrotheca had relatively large distance values when corn-

pared with all species except the two species of Navicula. The cen-

tric diatom had the smallest distance value when paired with Crypto-

monas and the largest values when paired with the other diatoms.

The biochemical composition of Tetraselmis was more like that of

the other species of Chlorophyta than any of the other species, but



Table 16. A matrix of distance values (D x 10_i) comparing protein, carbohydrate, lipid, pigment,
and ash content of the paired species

Tetra- Chlor- Chiamy- Crypto- Prymne- Isochry- Centric Cylin- Navic- Navic-
selmis ella domonas monas slum sis diatom drotheca ula abs. ula bis.

Tetraselmis X 1.44 1.47 2. 11 2. 72 2. 06 2. 02 2. 94 2. 19 2. 90

Chiorella X 1. 34 0. 83 1. 80 1.20 1. 05 3.40 2.95 3.56

Chlamydomonas X 1. 94 1. 45 0. 94 1. 82 2. 27 2. 28 2. 97

Cryptomona.s X 2. 11 1.66 0.62 3.77 3.27 3.76

Prymnesium X 0. 70 2. 23 3. 24 3.58 4. 18

Isochrysis X 1.79 3. 05 3. 16 4. 08

Centric diatom X 3.32 2.78 3.20

Cylindrotheca X 1.46 1.75

Navicula abs X 0.78

Navicula bis X
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none of the distance values for this species were low.

When compared on the basis of the four organic fractions, ex-

cluding ash, most of the distance values were smaller than when ash

content was included (Table 17). Cryptomonas, the centric diatom,

and the two Navicula species had similar distribution of the organic

fractions. The differences between Cylindrotheca and all other spe-

cies except Prymnesium were large.

A matrix of distance values comparing the amino acids compo-

sition of the paired species is given in Table 18. The smallest values

were between Chlamydomonas and Prymnesium and between Chlorel-

la and Prymnesium. The largest values were between Isochrysis

and Cylindrotheca and between Isochrysis and Cryptomonas. Tetra-

selmis, Chiorella and Chiamydomonas had a similar composition of

amino acids.

A matrix of distance values comparing the fatty acids composi-

tion of the paired species is given in Table 19. Cylindrotheca, Navi-

cula abscondita, and N. biskanteri had a very similar distribution of

fatty acids. The centric diatom showed slightly larger distance values

when compared with the three species of pennate diatoms. The larg-

est distance values were found when the diatoms were compared with

the three species of Chlorophyta, Cryptomonas, and Prymnesium.

Isochrysis had a fatty acid-composition more like that of the diatoms

thananyoftheotherspecies. The fatty acid composition



Table 17. A matrix of distance values (D x l0_l) comparing four organic fractions excluding
ash content of the paired species

Tetra- Chiamydo-Chiorella Crypto- Prymne- iso- Centric Cylindro- Navicula Navicula
sehnis monus monas sium chrysis Diatom theca abs. bis.

Tetraselmis X 1.29 2.00 1.98 2.96 2.27 2.35 3.41 1. 80 2.71
Chiorella X 1. 20 0. 86 2. 03 1. 38 1. 21 2. 36 0. 59 1. 62

Chlamydomonas X 1.76 0.99 0.29 2.02 1.46 1.50 2.38

Cryptomonas X 2.34 1.83 0.38 2.49 0.31 0.77

Prymnesium X 0.73 2.47 0.57 2.12 2.76
Isochrysis X 2. 05 1. 75 1. 59 2. 39

Centric diatom X 2.54 0.63 0.42

Cylindrotheca X 2. 32 2.76

Navicula abs X 1. 04

Navicula bis x



Table 18. A matrix of distance values (D x 10_i) comparing the amino acid composition
of the paired species

Tetra- Chlor ha Chiamy-
e

Crypto- Prymne- Iso- Centric Cyhindro- Navicula Navicula
selinis domonas monas shim chrysis Diatom theca abs. bis.

Tetraselmjs X 0. 55 0. 30 1. 01 0.43 0. 70 0.43 1. 08 0. 65 0. 69

Chlorella X 0.33 0. 89 0.29 1.22 0.76 0.74 0. 32 0. 63

Chiamydomonas X 0. 90 0. 23 0. 94 0. 55 0. 91 0. 48 0. 62

CryptOmonas X 0.98 1.51 1.06 1.08 0.88 1.01

Prymnesium X 1. 07 0. 64 0.79 0. 36 0.55

Isochrysis X 0. 71 1. 68 1. 30 1. 20

Centric diatom X 1.16 0.74 0.70

Cylindrotheca X 0.58 0.71

Navjcula abs X 0.51

Navjcula bis X

-J



Table 19. A matrix of distance values (D x 10_i) comparing the fatty acid composition
of the paired species

Tetra- Chiamy-Chiorella Crypto-. Prymne- Iso- Centric Cylindro- Navicula Navicula
se]inis domonas monas sium chrysis Diatom theca abs. bis.

Tetraselmis X 3. 54 1. 76 1. 49 2. 14 3. 10 4. 92 4. 12 4. 21 3. 99

Chioreila X 2. 52 4. 15 4. 05 3. 92 4. 93 4. 49 4. 06 4. 11

Chiamydomonas X 2.. 69 2. 83 3. 49 5. 03 4. 62 4. 38 4. 44

Cryptomonas X 1. 86 2. 69 4.50 3. 82 4. 07 3.75

Prymnesium X 3. 16 4. 86 4. 33 4. 36 4. 32

Isochrysis X 2. 59 2. 13 2. 36 2. 28

Centric diatom X 2. 15 2. 50 2. 99

Cylindrotheca X 1. 60 1. 37

Navicula abs X 1. 68

Navicula bis X

I



of Prymnesium was more like that of Cryptomonas than any of the

species. Prymnesium and Isochrysis had dissimilar fatty acid corn-

positions. The fatty acid composition of Tetraselmis was more like

that of Chiarnydomonas than any of the other species. Chiorella had

relatively high distance values when compared with all the other spe-

cies and showed no low distance values.



100

DISCUSSION

Taxonomy

The greatest problem in the identification of estuarine phyto-

plankton species is the lack of a single reference work on this sub-.

ject or even on the broader category of marine phytoplankton. Lack-

ing such literature, it has been necessary to search through mono-

graphs and papers dealing with particular divisions, orders, or even

genera scattered through a wide variety of journals. Often the sole

reference has been the original description of the species. This has

been true for both species of Navicula, Chiorella protophila, and

Chiamydomonas palla.

Both Navicula abscondita and N. biskanteri were identified

from the original species description given by Hustedt (1939) in a

study of diatoms from the North Sea. This was apparently only the

second identification of these two species in plankton collections.

Although the two collecting areas were several thousand miles apart

and no other record has been found of these two species in Pacific

Coastal waters, the descriptions given by Hustedt fit very closely.

Some difficulty was encountered in assigning a name to the

Chiorella isolated from the bay. It averaged less than 4 p. in dia-

meter. Descriptions of the common laboratory strains of Chlorella

pyrenoidosa, C. vulgaris, and C. ellipsoidea did not fit this organism.
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The species was finally identified from the monograph on Chiorella

by Shihira and Krauss (1963), using the key to physiological charac-

teristics.
The Genus Chiorella is complex comprising a multitude of

species which, prior to the work of Shihira and Krauss, had been de-

scribed, largely from nature, on the basis of morphological differ-

ences. This led to different names being given to the same organism

when isolated from different habitats. The physiological approach

is a definite improvement, but the key is difficult to use since it re-

quires the application of different substrates and culture conditions.

In this key, species are often separated primarily by their

response to various nitrogen sources and organic substrates. Cer-

tainly these responses included physiological characteristics of the

strain studied, but the question exists whether they are at the species

level or perhaps represent ecotypic responses developed over long

periods under artificial conditions. However, the physiological

approach offers a system for repeatedly identifying an experimental

organism, regardless of whether it should be given species rank or

some lower status in classification.

The organism isolated from Yaquina Bay fits the morphological

and physiological description given for Chlorella protophila. This

entity grew equally well on fresh- or saltwater media. The mono-

graph did not describe the salinity tolerance of this species, nor did
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it describe any marine strains. Perhaps other species of Chiorella

have a similar range of adaptability to different salinities.

The organism finally identified as Chiamydomonas palla was

originally thought to be a Chiorococcum species. When identified in

plankton collections and when grown in ESW-2, the dominant vegeta-

tive stage was unicellular and non-motile. When grown in ASW-2,

motile cells far outnumbered non-motile cells and keys to the Genus

Chlamydomonas were therefore consulted.

Butcher (1953) described C. palla and C. plethora as being

very similar salt marsh species. C. plethora had spherical resting

cells 7-10 i in diameter, with thick walls, and oil droplets becoming

numerous in older cells. Mother cells produced 8, 16, or 32 daugh-

ter cells. Chlamydomonas palla had spherical to subspherical

non-motile cells 5-7 in diameter with thin walls; oil droplets were

not described. Mother cells produced four daughter cells.

The Chiamydomonas isolated from the bay showed similarities

to both species. The non-motile cells were 5-7 pin diameter but

the walls were of medium thickness. Oil droplets were prevalent

in old cultures, a characteristic of C. plethora, but typically four

daughter cells were produced, typical of C. palla. The Yaquina Bay

isolate seems to lie between the two species which B u t c h e r d e -

scribed, and this may be sufficient reason for combining the two

species.



lO3
The centric diatom was the only organism used in this study

which has not been specifically identified. It had a weakly silicified

wall which remained after charring but was destroyed by acid or

hydrogen peroxide treatment. The cylindrical frustules had no

ornamentation and there was typically one disk-shaped brown chro-

matophore per cell. The presence of only one chromatophore dis-

tinguished it from the majority of centric genera. Except for the

number of chromatophores, it closely resembled Cylindropyxis

(Hendey, 1964). Due to the weakly silicified frustules, it is doubtful

that this organism would ever appear in prepared mounts of plank-

tonic diatoms. It may be an undescribed genus.

Tetraselmis suecica, Cryptomonas salina, Prymnesium par-

vum, and Cylindrotheca gracilis were identified using a number of

sources. No particular problems were encountered in their identi-

fication.

Growth in Culture

Culture Media and Vitamin Requirements

All cultures harvested for biochemical analysis were grown in

the same medium and under the same conditions. A major problem

in this study was to develop a single medium suitable for all species

studied. The basic medium, Ala, used by the Department of Oceano-

graphy at Oregon State University was tried after ESW-1 failed to
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provide adequate conditions for growth of most species. Ala

sustained the growth of the species tested but cell counts of Crypto-

monas and both species of Navicula were lower than desired. Various

modifications of this medium were tried until ESW-Z was developed.

This medium provided suitable conditions for all species.

Cobalamin and thiamine increased the maximum cell counts in

Isochrysis, Prymnesium, C ryptomonas, Navicula abscondita, and

N. biskanteri. Only a few concentrations of each vitamin were tested.

Thiamine concentrations above 1 mg/l increased the numbers of bac-

teria present in the cultures. At higher thiamine concentrations,

bacteria became a problem in all cultures. Such an effect was not

observed with higher concentrations of cobalamin. Biotin was added

at first because it was included in most standard media. It was

omitted after tests showed that it did not increase the growth of any

of the species.

Provasoli (1958) has listed the vitamin requirements for a wide

range of algae. A majority of the species of Chlorophyta listed

showed no vitamin requirements. None required biotin. A few

species required either cobalamin or thiamine, and only one required

thiamine and cobalamin.. Of four species of Chlamydomonas listed,

only one required cobalamin and none required thiamine. Chlorella

vulgaris required no vitamins. Cylindrotheca is a member of the

Nitschiaceae. The only member of this family listed by Provasoli
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is Nitschia putrida which does not have a vitamin requirement.

Growth in media containing various concentrations of vitamins

suggested that the three species of Chiorophyta and Cylindrotheca did

not have a vitamin requirement, since no increase in cell number

occurred when vitamins were added. However, the requirement

might be for very low concentrations already present in the seawater

base. However, Carlucci and Silbernagel (1969), working with auxo-

trophic species, reported increases in cell numbers with increase in

concentrations of cobalamin in the range used in this study. Deter-

mination of an absolute vitamin requirement would necessitate using

a defined medium; this was not done.

Provasoli listed Prymnesium parvum and Isochrysis galbana

as requiring thiamine and cobalamin.. He also listed several species

of Cryptophyta including Cryptomonas ovata. All Cryptomonads

studied had a requirement for thiamine or cobalamin. Cryptomonas

ovata required cobalamin but not thiamine. In the present study, C.

sauna gave a quantitative response to cobalamin.

Both species of Navicula responded quantitatively to thiamine

and cobalamin. Navicula pelliculosa was listed by Provasoli as

having no vitamin requirement.

The vitamin tests conducted in this study do not establish the

absolute vitamin requirements of any of the species. It is possible

to produce a quantitative response to vitamins not based on an
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absolute vitamin requirement. The fact that an organism shows in-

creased growth in the presence of a substance is not conclusive proof

that the organism has an absolute requirement for that substance.

An example is the increased growth of facultative heterotrophs in the

presence of various organic substrates (Lewin, 1963).

Chlorophyta

Tetraselmis, Chiorella, and Chlamydomonas were the only ones

of the ten species studied that showed sustained growth on agar. This

characteristic may be correlated with the ability to produce non-

motile or palmelloid vegetative stages. The palmelloid stage allows

cell division to continue and thus the formation of colonies of cells on

agar. The other species did not form palmelloid stages.

None of the species of Chlorophyta showed changes of shape

of cells at different stages. In Chlamydomonas and Tetraselmis,

aging of the culture was accompanied by an increase in the number of

non-motile cells. The appearance of large oil droplets in older cells

occurred in Chiamydomonas but not in Tetraselmis. In Chlorella

aging was accompanied by a change of the chromatophore from bright

green to yellow-green and by fragmentation of the chromatophore.

Cells in older cultures tended to be larger than in log phase cultures.

Accumulation of fat in older cells has been reported for many

species (Collyer and Fogg, 1955; Fogg, 1965). Under conditions of
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nitrogen deficiency, such accumulation seems to be typical for algae

of all divisions except Rhodophyta and Cyanophyta. These two divi-

sions apparently have a different mechanism for the biosynthesis of

unsaturated fatty acids (Fogg, 1965). It is interesting that no accu-

mulation of oil droplets was observed in Tetraselmis, which had the

lowest lipid content of all species studied and showed the least varia-

tion in amounts of total lipids (Appendix Table 1). It is possible that

this organism does not accumulate fats as the culture ages. The

conditions which affect fat accumulation should be determined.

C ryptophyta

Cryptomonas seemed to undergo an aging process with marked

changes in cell structure and shape. The change in color and in-

crease in size of the gullet and trichocysts may have been associated

with a change in mode of nutrition from auxotrophic to heterotrophic.

The change in color from brown to red may have been associated with

either an increase in the amount of carotenoids or in the amount of

phycobilins. No extensive studies of Cryptomonas species in culture

have been reported.

According to Smith (1950), prior to division the cells become

immobile and surrounded by mucilage with longitudinal division

occurring in a plane that divides the gullet. He does not mention the

Late of the flagella. In the present study, immobile cells still
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completed. Division of the pyrenoid occurred some time prior to

actual cell division.

Chrys ophyta

Prymnesium also underwent an aging process accompanied by

drastic changes in cell shape and structure. These morphological

changes were probably associated with a change from an auxotrophic

to a heterotrophic mode of nutrition.

It is difficult to account for the extreme longevity of Prymne-

slum cultures. These cells have remained viable for as long as a

year in stagnant cultures. No other species studied showed this

characteristic. The answer probably lies in the progressive change

to a heterotrophic metabolism, enabling the cells to utilize organic

substrates recycled within the culture. Although the cultures were

not axenic, bacteria were never abundant even in older cultures.

This may be due to the inhibitory effect of the toxic substances pro-

duced by this species.

Isochrysis was not studied in any detail in culture.

The centric diatom was predominantly unicellular, but two-

and three-celled filaments were always present in cultures. The

filamentous stage became dominant only at the end of the log phase

of growth. Filament formation may be indicative of a change in the
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amounts than previously. This may be associated with aging of the

culture or be a response to the increased numbers of bacteria at this

stage. During early stages of growth, no bacteria were observed,

but as cell division slowed a few bacteria appeared and increased

rapidly in number. This was the only species in which bacteria pre-

sented a problem at a stage prior to actual senescence.

Prior to cell division, the chromatophore elongated in a dia-

gonal direction across the cell and divided by a median constriction.

The longitudinal axis of the dividing chromatophore was at right

angles to the future line of cell division. Cell division occurred

diagonally across the girdle. This angular cell division was probably

the cause of the twisted and curved filaments often seen in culture.

Parke (personal communication) reports that many of the smaller

centric diatoms exhibit this characteristic in culture. In Rhizoselenia

stoltiferi, a common centric diatom found in plankton, regular angu-

lar division results in circular or spiral filaments.

Formation of auxospores seemed to be associated with the end

of the log phase in Cylindrotheca, Navicula abscondita, and somewhat

similarly in the centric diatom. In Cylindrotheca and N. abscondita,

auxospores were not formed during the log phase of growth but

appeared during the period of decreased cell division and continued

to be formed throughout the stationary phase. This was probably a
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response to the onset of conditions in the cultures unfavorable for

vegetative growth. A few auxospores were produced throughout the

log phase in the centric diatom, but the numbers increased toward

the end of the log phase.

No auxospores were observed in N. biskanteri. This species

was extremely difficult to maintain in culture. A wide range of pH

and salinities was tested without success. For brief periods of time,

the diatom would grow abundantly and then cultures would abruptly

decline and die. Apparently, this species is extremely sensitive to

small changes in pH, ion concentration, or salinity. The conditions

of growth in this study were probably at the limits of its range so that

even minute changes had a drastic effect.

Feeding Studies with Oyster Larvae

Only one feeding test was conducted with European oyster lar-

vae. Of the algal species tested from Yaquina Bay, only Cylindro-

theca provided growth of the larvae above that of the unled controls.

The fact that Tetraselmis actually reduced the growth rate below that

of the controls, even below that of larvae fed Prymnesium, indicated

that a toxic substance was produced by Tetraselmis cultures. If this

resulted because Tetraselmis had no food value then the larvae

should have averaged the same amount of growth as the unfed con-

trols. Prymnesium has been shown to be toxic to oyster larvae in
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other tests (Davis and Guillard, 1958).

Three tests were conducted using native oyster larvae feeding

Isochrysis as the standard and Chlorella, Chiamydomonas, Crypto-

monas, Prymnesium, the centric diatom, Navicula abscondita, and

N. biskanteri. The centric diatom and N. abscondita provided growth

increments comparable to, but slightly less than, that of Isochrysis.

Larvae fed Prymnesium quickly died. This indicated that native oys-

ter larvae were much more sensitive to the toxin of Prymnesium than

were European oyster larvae. Mortality rates were very low in the

European oyster larvae fed Prymnesium, but were almost 100% in

the native oyster larvae after four days. The other species tested

provided only slightly increased growth over the unfed controls.

Although Loosanoff etal., (1955) reported using Chlorella sp.

to grow oyster larvae, Davis (1953), Davis and Guillard (1958) and

Walne (1968) reported that Chiorella was not utilized by oyster lar-

vae. The results of the present study were in agreement with the

latter findings.

Davis and Guillard (1958) have tested Chiamydomonas sp. and

reported that, like Prymnesium, it reduced the growth rates below

that of the unfed controls. The species of Chiamydomonas fed during

the present study provided a small increase in growth over the con-

trols. Apparently, C. palla did not produce toxic metabolites.
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Loosanoff and his coworkers and Davis and Guillard (1958) have

not reported any success in growing oyster larvae with diatom spe -

cies. However, Walne (1968) did find that Phaeodactylum provided

adequate growth and at lower food densities was actually a better food

source than Isochrysis. In the present study, the best food organ-

isms proved to be diatoms.

Loosanoff (unpublished data) found that an unidentified species

of Cryptomonas was a good food source for oyster larvae. Crypto-

monas sauna did not produce much greater growth than found in un-

fed controls.

Bruce, Knight and Parke (1940),. Davis (1953), Davis and Guil-

lard (1958), and Bardach (1968) concluded that small, naked flagel-

lates were the best food for oyster larvae. They suggested that the

upper size limit for food organisms was 10 and that organisms

with a cell wall were not utilized to any extent. The results of the

present tests with three species of Chlorophyta tended to corrobor-

ate the observations concerning cell walls.

Chlorella protophila and Chiamydomonas palla were well within

the 10 p. limit. Apparently neither had a toxic effect, but neither was

utilized to any extent. Omitting any biochemical considerations

(which will be discussed later), the cell wall may have been the limit-

ing factor. Cryptomonas salina was also within this size limit, did

not appear to be toxic, did not have a cell wall, but was not utilized
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as a food source. The reason for the poor results with this species

may have been its biochemical composition.

Although diatoms have a cell wall impregnated with silica,

three species tested were good food sources and one was not.

Cylindrotheca and N. abscondita were more than 10 .i in length but

were utilized by the larvae. It may be that size is limiting only if

exceeded in two dimensions and that the length can exceed 10 iiI

the width is less than 10 i.. Navicula biskanteri was within the 10

limit but was not utilized. This may have been because N. biskanteri

was not fed in concentrations comparable to the other species.

These results are based on feeding equal numbers of cells of

each species, which presents a problem when analyzing such data.

Equal cell numbers of different species do not represent either equal

cell volumes or equal dry weights. Most of the previous feeding

studies have been based on either cell numbers or packed cell vol-

umes, not on dry weight. It is of course possible to relate packed

cell volume, and even cell numbers, to dry weight but this is usually

not done.

The ideal might be to base the results of feeding tests on ash-

free dry weight, so that the comparisons would be made on equal

amounts of organic matter. This, however, would also have its

limitations. The problem with this method can best be explained by

an illustration.
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An equal number of cells of N. biskanteri weigh about 1/3 less

than those of Isochrysis. Also 100 mg of N. biskanteri would contain

only 56 mg of organic matter, whereas 100 mg of Isochrysis would

contain 87 mg of organic matter. If feeding tests were to be based

on total organic matter, it would take more than twice as many cells

of N. biskanteri than Isochrysis to have equal amounts of organic

matter being fed to the larvae.

For a comparison of food value based on equal organic content

of different species, the comparisons would have to be made at one

cell density for one food organism and at a different cell density for

another. Different food densities, although not affecting the rate at

which water is filtered, do affect the efficiency of filtration (Ray-

mont, 1963). Therefore, another variable is added. If twice as many

cells of N. biskanteri are fed as cells of Isochrysis, more of the dia-

tom cells will be filtered than Isochrysis cells, which would bias the

results. Perhaps the best method for testing food values would be to

feed at a wide range of cell densities and to relate cell numbers to

ash free dry weight.

None of the species isolated from Yaquina Bay provided as great

growth increments as Isochrysis. However, it is very unlikely that

Isochrysis is a food source for the oyster larvae in the bay. Iso-

chrysis was not found in any of the plankton samples or enrichment

cultures. If it occurs in the bay, it is probably present in insufficient
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density to provide a major food source.

Cylindrotheca was found in plankton samples throughout the year,

and Navicula abscondita was found commonly in the spring and early

summer. Both of these species may be important food sources for

the native larvae in the bay. Isochrysis may be the "ideal" food but

not the natural one. It is also likely that a combination of species

obtained under natural conditions would provide the basis for much

better growth than any single species. Davis and Guillard (1958)

found that feeding mixed flagellates produced better growth in oyster

and clam larvae than did Isochrysis fed alone.

Biochemical Composition

Relatively few studies have been made on the biochemical com-

position of phytoplankton species. Table 20 presents a summary of

the results of these studies. The relative percentage composition

varies widely within any species depending on the conditions under

which the organism has been grown (Spoehr and Milner, 1949; Fogg,

1953; Parsons, Stephens and Strickland, 1961).

Brown and Richardson (1968), in a study of 19 species, showed

that pigment content and cell morphology were directly affected by

light intensity. Budd, Tjostem and Duysen (1969) have shown that

the ultrastructure of Chlorella pyrenoidosa changed markedly in re-

sponse to environmental conditions. Therefore, in comparing the



Table 20. Percentages of protein, carbohydrate, lipid, and pigment of various
phytoplankton species (based on total organic fraction)

Species

Chlorophyta

Tetraselmis maculata
Tetraselmis suecica
Dunaliella sauna
Chlamydomonas palla
Chlorella pyrenoidosa
C. pyrenoidosa
C. vulgaris
C. protophila
Scenedesmus obliquus
Stichococcus bacillaris

C ryptophyta

Cryptomonas salina

Protein CH2O Lipid Pigment Reference

72 21 4 2 Parsons & Strickland, 1961
73 17 7 2 Present Work
58 33 6 3 Parsons & Strickland, 1961
59 29 12 2 Present Work
50 32 18 --- Spoehr & Mimer, 1949
48 27 25 - - - Ketchum & Redfield, 1949
48 32 20 -

II

63 19 15 3 Present Work
50 23 27 - - - Ketchum & Redfield, 1949
41 38 21 ---

60 15 22 2 Present Work

I-

C.'



Table 20. (Con)
Species Protein CH2O Lipid Pigment Reference

Chrys ophyta

Monochrysis lutheri 53 33 12 1 Parsons & Strickland, 1961
Syracosphaera carterae 70 23 6 1

Isochrysis galbana 55 30 13 2 Present Work
Prymnesium parvum 49 33 13 4 H

Centric Diatom 58 14 25 3

Cylindrotheca gracilis 45 34 17 3 I?

Nitschia closterium- 42 33 25 --- Ketchum & Redfield, 1949
Phaeodactylumtricornutum 39 22 28 --- Lewinetal., 1958
Phaeodactylum tricornutum 49 36 10 4 Parsons & Strickland, 1961
Navicula abscondita 60 17 20 3 Present Work
Navicula biskanteri 57 12 29 2 1

'This species was actually Phaeodactylum tricornutum according to Lewin (1958).

I-:
-.1
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results of the present study with other studies, a comparison of the

culture conditions must also be made.

Ketchum and Redfield (1949) used enriched seawater with 5% CO2

bubbled through the cultures. No details of light intensity or tempera-

ture were given, making any comparison difficult. Spoehr and Mimer

(1949) grew Chiorella under a variety of conditions using continuous

illumination and freshwater media. Lewin, Lewin and Philpott (1958)

grew Phaeodactylum in enriched seawater in continuous illumination

of 300 foot candles. The temperature was maintained at 21 C with

aeration by filtered air. It is unfortunate that many details of the

culture conditions were omitted in the above reports. Lewin, Lewin

and Philpott provided the most complete description.

Parsons etal., (1961) analyzed 11 species using Provasoli's

ASP-2 at 18 + 2 C. The cultures were aerated with a stream of fil-

tered air. Illumination was continuous at an intensity of . 04 cal/cm2!

mm. These conditions were quite similar to those of the present

study with the exception of a slightly higher light intensity and the use

of ASP-2. The salinities in Parsons et al., were slightly higher than

in the present study.

in comparing the results of Parsons et al., with those of the

present study, a higher ratio of carbohydrate:lipid is noted for all

species. However, the results for the two species of Tetraselmis

were quite similar. Differences may be due to the differences in
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culture media or light intensity.

Chiorella protophila differed markedly from other species of

Chiorella (Table 17). It is difficult to reach any conclusions from

these data. Culture conditions for the studies cannot be compared.

The other species listed are not planktonic. The much higher pro-

tein content of C. protophila may be a specific characteristic or it

may have been due to differences in culture conditions. The effect

of different culture conditions can be seen in the results for the three

analyses of Phaeodactylum. Valid comparisons can be made only

when species are grown under the same conditions.

In comparing the analyses of the various species in the present

study certain patterns can be seen. The pennate diatoms had the

highest ash content of the ten species studied. This was due pri-

manly to the silica of the cell walls. The centric diatom had a rela-

tively low ash content but also had only a weakly silicified cell wall.

Myers (1951) suggested that the high lipid content of diatoms

is due to the environmental conditions under which they grow. This

would imply that when diatoms and species from the other classes

are grown under identical conditions no differences should be found

in lipid content. However, three of the four diatoms studied pro-

duced more lipid than carbohydrate. The three species of Chlorophy-

ta and the two species of Chrysophyceae produced more carbohydrate

than lipid under the same envirommental conditions.
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Collyer and Fogg (1955) have concluded that different species

of algae tend to resemble each other in total biochemical composition

when grown under the same conditions. It seems apparent from the

present study and from earlier work (Ketchum and Redfield, 1949;

Parsons etal., 1961) that the amount of protein does not vary signi-

ficantly from class to class, especially if the variation within a single

species is considered (Appendix Table 1). Protein is the basic struc-

tural fraction in all species, although carbohydrates are important in

cell walls of Chlorophyta. It seems logical to assume that the protein

requirements would be similar for all living organisms.

Carbohydrates and lipids, although to some degree structural,

are the basic storage materials of cells and as such could vary wide-

ly without affecting the basic metabolism of the cell. If protein con-

tent were not considered, the carbohydrate: lipid ratio showed marked

differences among the classes of algae.

The analysis of diversity did not show any striking patterns

which could be associated with different taxonomic units. The total

biochemical composition did not vary greatly from species to species,

if ash content were excluded. When ash content was included in the

comparisons, the pennate diatoms separated from the other orders.

Although the ash content of the centric diatom was low, Parsons etal.,

(1961) found a high ash content in the two centric diatoms they analy-

zed.
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Amino Acid Composition

Most earlier workers found no striking differences in the amino

acid composition of different species (Parsons etaLl96l; Chau etal.

1967). Tables 21, 22, and 23 compare the results of the amino acid

analyses of the genera in this study and in Chau etal. (1967).

The results of this study showed higher values for glycine,

valine, and cystine and lower values for lysine than those of Chau

etal. Although culture conditions were similar, the conditions for

the hydrolysis of the proteins were not. Chau hydrolyzed proteins

for 12 hours as compared with 24 hours used in this study. This

would result in numerous quantitative differences but few qualitative

ones. The longer period of hydrolysis would result in larger amounts

of valine and glycine and in the destruction of some of the other

amino acids. The odd amino acids found by Chau, two through six

in the lists, were not included in the analyses of the present study.

The Haptophyceae and the two species of Chiamydomonas

showed a close agreement between the two studies. There were,

however, marked differences when Cryptomonas salina was compared

with the other two species. Cryptomonas salina showed a much

higher percentage of alanine and, most significantly, no leucine.

The two species analyzed by Chau had a high content of leucine.
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Table 21. Amino acids 1 of Cryptophyta (numbers represent
percentage of total amino acids)

Cryptomonas C. appendi- C. salinaAmino maculata culataAcid (Chauetal.) (Chauetal.) (Present work)

Ala 8.3 7,7 12.1
mono-.AA - - - 0. 8 - - -

Di-AA --- 0.1
2AIB 0.4 0.5
2ANB 2.1 1.3
4ANB - - - - - -

Arg 6.2 5.2 4.6
Asp 11.6 11.1 10.4
Cys - --- 0.8
Glu 8.3 9.1 15.7
Gly 5.0 5.3 12.2
Hist 1.6 0.6 1.3
Hypro --- 0.4
lieu 4.4 4.8 4.4
Leu 9.4 10.0
Lys 8.9 8.4 5.4
Met 2.2 2.3 2.1
Orn 0.7' 0.5 0.3
Phe 5.0 5.3 3.8
Pro 4.9 5.4 5.5
Ser 7.2 6.8 6.2
Thr 6.6 6.4 5.7
Tyr 4.2 4.8 3.0
Val 3.0 3.2 6.6

'See Appendix Table 3 for key to abbreviations of amino acids.



123

Table 22. Amino acids of Chiamydomonas (numbers represent
percentage of total amino acids)

Amino Acid Chiamydomonas sp. Chiamydomonas paila
(Chau et al.) (Present work)

Ala 11.5 11.7
mono-AA 0.4
di-AA 0.2
2AIB 0.2
ZANB 2.6
4ANB - -

Arg 4.0 4.1
Asp 8.5 8.6
Cys --- 0.9
Glu 12.5 13.6
Gly 6.1 10.2
Hist 0.9 1.4
Hypro 0. 2 0. 1
lieu 4.1 4.0
Leu 9.2 8.1
Lys 7.8 4.9
Met 2.2 1.7
Orn 0.3 0.1
Phe 5.9 4.3
Pro 4.4 5.8
Ser 6.8 6.4
Thr 5.7 5.6
Tyr 2.8 2.4
Va1 3.7 6.1
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Table 23. Amino acids of Prymnesium parvum and Isochrysis
galbana (numbers represent percentage of total amino
acids)

Amino Isochrysis galbana Prymnesium parvum
Acid (Chauetal.) Present Work (Chauetal.) Present Work

Ala 9.7 13.1 6. 1 11.0
mono-AA --- --- 0.5
di-AA --- 0.2
2AIB 0.5 --- 0.6
2ANB 1.3 1.9
4ANB - - - - - - - - - - - -

Arg 5.7 4.0 8.2 4.4
Asp 9.9 10.0 7.2 8.3
Cys 0.5 0.7 --- 0.6
Glu 8.4 5.0 9.4 15.0
Gly 6.3 11.0 6.6 10.0
Hist 1.9 1.8 2.0 1.6
Hypro - - - - - - - - - - - -

lieu 3. 3 4. 8 6. 8 4. 6
Leu 10. 3 10. 3 12. 1 9. 1
Lys 7.3 4.8 5.9 4.2
Met 3.2 2.1 2.9 1.8
Orn 0.4 0.4 ---
Phe 4.4 4.6 5.3 4.3
Pro 6.7 4.8 5.3 5.1
Ser 6.0 5.8 7.0 6.2
Thr 5.0 5.7 6.3 5.3
Tyr 2.1 2.6 2.6 2.2
Val 6.8 7.7 3.1 6.3
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In agreement with earlier studies, the principle amino acids

were glutamic, alanine, glycine, aspartic, and leucine. Ornithine

and hydroxyproline were present in small amounts in some species

and absent in others.

There is always some destruction of amino acids during hy-

drolysis. Generally, this results only in lowered amounts in the

final results. However, when an amino acid is present in very low

amounts or is extremely susceptible to hydrolysis, it is possible that

that amino acid will not appear in the final analysis. This may ac-

count for the erratic occurrence of ornithine and hydroxyproline.

Isochrysis yielded the lowest percentage of glutamic acid of

the species tested. This may indicate that there is a qualitative

difference in the protein composition of this organism. The absence

of leucine in Cryptomonas salina would certainly involve a different

amino acid sequence in the proteins of this organism.

The analysis of distance did not show any patterns which could

be associated with different taxonomic units. The distance values

were low for all paired species, indicating that the amino acid corn-

position of the ten species was very similar. No other mathematical

comparison of the amino acid composition of different species was

found in the literature.
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Pigment Distribution

Except for the studies of Parsons (1961) and Riley and Wilson

(1967), no other extensive studies have been made of the pigments

of marine phytoplankton species. The pigment distribution for all

species of a given class appears to be very similar (Strain, 1951;

Goodwin, 1965). This applies to the freshwater and marine species

in the same class.

The total pigment content as related to the species varied wide-

ly, with the highest content found in Prymnesium and the lowest in

N. biskanteri. The ratio of chlorophyll a:b was similar for the three

species of Chlorophyta. The ratio of chlorophyll a: c in the Chryso-

phyta varied widely.

Beta carotene was the dominant carotene in all species except

Cryptomonas, which agrees with the results of Haxo and Fork (1959),

Allen etal., (1964), and Riley and Wilson (1967). The earlier

studies found that alpha carotene was present in large amounts in

species of the Cryptophyta.

Allen etal., (1964) identified the xanthophylls of Cryptomonas

sp. as diatoxanthin and one unknown pigment. Haxo and Fork (1959)

and Riley and Wilson (1967) could not identify the xanthophylls found

in species of Cryptomonas. The xanthophylls of C. salina were also

not identified as any known pigment. Allen et al. may have been in
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error in identifying diatoxanthin since it has not been found in any of

the other studies. The xanthophylls of the Cryptophyta may be unique.

For a comparison of the absorption maxima of the unknown xantho-

phylls with the results of Riley and Wilson see Table 24. On the

basis of the absorption maxima, only xanthophyll #2 appeared to be

identical for the two species. The others had very different absorp-

tion spectra.

Table 24. Absorption maxima in ethanol of the unidentified
xanthophylls from two species of Cryptomonas

Xanthophyll # C. maculata C. salina
(Riley and Wilson, 1967) (Present Work)

1 450,479,428*1 449,476,423*

2 454,483,431* 453,482,430*

3 446,476,425* 420,449, 477

4 446.476,,425

asterisk indicates a shoulder in the absorption spectrum.
2Xanthophyll #4 had a different absorption spectrum in hexane
and a different Rf value than #3.

Riley and Wilson analyzed the pigments of Chlamydomonas sp.

and found a chlorophyll a:b ratio of 1:0.9, higher than was found in

C. palla. The pigment distribution was otherwise identical for the

two species. Krinsky and Bold (1964) analyzed C. reirihardii and

found small amounts of alpha carotene, luteoxanthin, zeaxanthin,
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and trollein, not detected in C. palla.

Parsons (1961) analyzed the pigments of Tetraselmis maculata

and found a chlorophyll a:b ratio of 1:0.49 as compared with 1:0. 68

of Tetraselmis suecica. He also found beta carotene to be the most

abundant carotenoid pigment. In T. suecica, lutein was much more

abundant than beta carotene.

Allen et al. analyzed the carotenoid distribution in Chlorella

pyrenoidosa and found small amounts of alpha carotene and unknown

pigments, neither of which was detected in C. protophila. They did

not examine the chlorophylls.

Allen etal. ,(1960) and Riley and Wilson (1967) have analyzed

the pigments of Prymnesium parvum. Riley and Wilson found a

chlorophyll a: c ratio of 1:0. 52 compared with 1:0. 82 of the present

study. Fucoxanthin was found to be the predominant carotenoid pig-.

ment in both previous studies and in the present work. Allen etal.

reported diatoxanthin in this species, but this has not been verified

by Riley and Wilson or the present work. Both subsequent studies

found diadinoxanthin not diatoxanthin.

Dales (1960), Jeffrey (1961), and Riley and Wilson (1967)

have analyzed the pigments of Isochrysis galbana. Jeffrey obtained

a chlorophyll a:c ratio of 1:0.54 and Riley and Wilson obtained a

value of 1: 0. 35 compared with 1: 1. 02 of the present work. It should

be noted that Jeffrey and Riley and Wilson did not use the same
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equation to obtain concentrations of chlorophyll c as was used in this

study. This probably accounts for the differences in the ratios.

Dales and Riley and Wilson found fucoxanthin and diadinoxanthin.

The present study agrees with the earlier findings. Jeffrey also re-

ported diatoxanthin present in amount equal to diadinoxanthin. How-

ever, three of the four analyses have not detected diatoxanthin.

Very little work has been done on the analysis of diatom pig-

ments. Phaeodactylum tricornutum has been analyzed by Jeffrey

(1961), Parsons (1961), Riley and Wilson (1967), and Mann and

Myers (1969). Strainetal. (l944)analyzed several species including

a species he lists as Nitschia closterium which was probably Phaeo-

dactylum (Lewin, 1958). For a review of these earlier studies, see

Strain (1951).

The principle pigments were chlorophyll a and c, fucoxanthin,

and diadinoxanthin. Diatoxanthin was not detected in the four species

analyzed. The diatoms had a higher ratio of carotenoid to chloro-

phyll than the three species of Chlorophyta. The higher carotenoid:

chlorophyll ratio was characteristic of the Chrysophyta and not solely

of the diatoms.

çylindrotheca contained an unidentified xanthophyll which was

not found in the other species and could not be correlated with any

known pigment.
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Fatty Acid Composition

Previous analyses of species of Tetraselmis were not found in

the literature. Of the three species of Chiorophyta, only Tetraselmis

had a high content of 20:5 and no C or 18:4 acids present. Chuecas

and Riley (1969) found a high content of 20:5 in Heteromastix rotunda,

another species of the same class.

The distribution of fatty acids in Chiorella protophila closely

resembled that of Chiorella sp. harvested from nature and reported

by Shaw (1966). In both entities the contents of 16:0, 16:4, and 18:3

were high and the content of 18: 1 was low. Chlorella protophila had

a high content of 18: 2 not present in the other species. Other studies

of Chlorella reviewed by Shaw involved cells grown for high fat con

tent in which there were no 16:0, 18:3, or 18:4 acids present.

The most abundant fatty acids in Chlamydomonas palla were

16: 0, 18: 1, and 18: 3. This agrees with the results for C. reinhardii

given in Shaw and with one of the two species analyzed by Chuecas

and Riley. Of the three species of Chlorophyta analyzed in this study,

only C. palla had C22, C13 and a branched C16 acid present.

The three Chiorophyta had a high content of 16: 0 and 18: 3.

Only the Chlorophyta had a high content of 18: 3. All had 17:0 present

and none had 16:2(6,9) present.
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The most abundant fatty acids in Cryptomonas sauna were 18: 1,

20: 1, and 20: 5. Cryptomonas sauna was unique in having a low con-

tent of C16 fatty acids. Chuecas and Riley analyzed the fatty acids

of two other species of Cryptomonas and found much higher contents

of C16 acids. Chuecas and Riley suggest that a high content of 20:1

distinguishes the Cryptophyta. However, high contents of 20: 1 have

also been found in Tetraselmis and ymnesium.

The two species of Haptophyceae did not have a similar fatty

acid distribution. The only fatty acids abundant in both species were

16: 0 and 18: 1. The most abundant fatty acids in Prymnesium were

16: 0, 18: 1, 20: 1 and 20:3. Isochrysis was unique among the ten

speäies analyzed in having a high content of 22: 6 and in having the

widest range of fatty acids containing 22 of the 28 fatty acids identi-

fied from phytoplankton species. There were significant differences

between the results of the present study and those of Chuecas and

Riley in the distribution of fatty acids of these two species. Table 25

compares the fatty acids present in amounts greater than 10% found

in these two studies. The differences, at least in part, may be due

to different cultural conditions which will be discussed later.

As a group the diatoms appear to show much closer similarity

in their fatty acid composition than any of the other classes. Diatoms

are characterized by a very low content of C18 acids, which sets them

apart from the other classes. The presence of a high content of 16: 1



Table 25. Comparison of the predominant fatty acids of Prymnesium parvum andtri.s from two studies

Fatty Acid Prymnesium parvum Isochrysis galbana
Present Work Chuecas & Riley (1969) Present Work Chuecas & Riley

14:0 10.61 0.6

16:0 11.35 15.7 15.08 15,6

16: 1 1. 89 10. 1 13.80 5. 1

18: 1 19. 18 24. 9 12.48 14. 6

18:2 6.90 17.8 2.08 10.7

18:3 6.90 11.2 1.54 14.3

18:4 0.52 17.2

20:1 23.37

20:3 14.34 1,2

20:5 14.40 3.1

22:6 10.50 0.3
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is another characteristic. This unique distribution has been found in

previous studies (Shaw, 1966: Kates and Volcani, 1966; Chuecas and

Riley, 1969).

Other unique differences found in this study may be largely

the results of environmental conditions since they were not found by

Chuecas and Riley. These include the fo1lowing observations. The

four diatoms analyzed in this study had no 16:3 or 17:0 acids. The

three pennate species had both isomers of 16: 2 present but the cen-

tric had only one. The centric was unique among the diatoms in

having a high content of 14: 0. The most abundant fatty acids in the

diatoms were 16:0, 16: 1, and 20:5. Only N. biskanteri had a high

content of 16:4. These results agree with those of Kates and Volcani

but not Chuecas and Riley, who found 16: 3 present in all species

studied and 17: 0 in six of the seven species.

The fatty acid content of any species may vary widely in re-

sponse to environmental conditions. Ackman etal. (1964) have shown

that the fatty acid composition of Skeletonema costatum changes with

age of the culture, with 20:5 decreasing and 14:0 increasing with

age. Numerous studies on the composition of fatty acids in uni-

cellular green algae have shown that low nitrogen content or a high

C:N ratio leads to accumulation of fat in the cell (Shaw, 1966). High

light intensity also leads to increased fat content.
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Paschke and Wheeler (1954) and Schlenketal. (1960) have re-

ported that at low nitrogen concentrations 16: 0 and 18: 1 predominated

in cells of Chiorella pyrenoidosa and at high nitrogen concentrations

16: 3, 16: 4 and 18: 3 acids increased. This is consistent with Mil-

ner1s (1948) observation that as the lipid content of Chlorella cells

increased the degree of unsaturation of the fatty acids decreased sig-

nificantly. This may explain some of the differences in fatty acid

content found in the two studies of Prymnesium and Isochrysis, but

it does not explain the differences found in the C20 and C2 acids.

Different culture conditions would affect the degree of unsaturation

found in the fatty acids but should not affect the chain length.

Most of the studies concerning the effect of environmental con-

ditions on fatty acid composition have been limited to species of

Chiorophyta. Except for Tetraselmis suecica, most species do not

have significant amounts of fatty acids above C18 (Shaw, 1966).

Changes in fatty acids above C18, therefore, have not been con-

sidered. A study should be made of the changes that occLlr in C20

or C22 acids in response to environmental changes.

Many workers have suggested that linolenic acid, 18: 3, may

be required for one or more of the reactions leading to the evolution

of oxygen in photosynthesis of green plants (Erwin and Bloch, 1962).

The sulfolipids of chioroplasts may contain 90% linolenic acid (Benson

and Shibuya, 1962). The photosynthetic bacteria do not evolve oxygen
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and do not have linolenic acid. Diatoms, however, do not fit this

generalization. Cylindrotheca and the centric diatom had no 18: 3,

and the other species studied had very low amounts of this fatty acid.

Among the other algae, only the Phaeophyta and Rhodophyta show a

low content of 18: 3 (Shaw, 1966).

The low concentrations of linolenic acid found in diatoms,

Phaeophyta, and Rhodophyta may indicate a significant difference in

the photosynthetic mechanism as compared with the other groups of

algae. It may, however, indicate that the requirement in photosyn-

thesis is for a certain degree of unsaturation, which in diatoms may

be supplied by 20:5. If 20:5 is required in the photosynthetic

mechanism of diatoms, this would explain its abundance in the dia-.

toms investigated. It would be interesting to analyze the fatty acid

content of diatom chioroplasts to find out if a high content of 20:5 is

present or if it is localized in the rhloroplast as opposed to the

storage lipids.

The analysis of distance showed certain patterns which may

have been associated with different taxonomic units. This mathe-

matical analysis supported the conclusions of earlier workers that

diatoms have a very similar fatty acid composition that sets them

apart from the other classes of the algae (Kates and Volcani, 1966;

Shaw, 1966; Chuecas and Riley, 1969). The fatty acid composition

did vary from species to species with the most similar distribution
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found within the three species of pennate diatoms. The centric diatom.

had a somewhat different composition but was more similar to the

pennate diatoms than to any other species except Isochrysis. Iso-

chrysis had a fatty acid composition much like that of the diatoms.

Biochemistry in Relation to Food Value

Parsons etal. (1961) have suggested that, on the basis of total

analysis, a ratio of protein, carbohydrate, and fat of 5:3: 1 is suit-

able for zooplankton nutrition. This ratio holds true for Isochrysis

and Monochrysis, both excellent food sources for oyster larvae.

However, Dunaliella and Phaeodactylum have also been shown to be

good food sources (Davis and Guillard, 1958; Walne, 1968) and do

not have this ratio. Parsons etal. (1961) have analyzed these or-

ganisms and found ratios of 6: 3: 1 and 3: 2: 1, respectively. In the

present study the species found to be utilized by oyster larvae had

the following ratios: centric diatom, 5:1:2; Cylindrotheca, 3:2: 1;

Navicula abscondita, 4: 1: 1. This wide range would indicate that

there is little if any correlation between the ratios of the organic

fractions and food value.

The presence of a cellulose cell wall probably prevents

efficient digestion of the cell, especially by young oyster larvae

(Davis and Guillard, 1958). The three species of Chiorophyta tested

had cell walls, which probably explains why they did not provide an
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adequate food source for the larvae. Therefore, any comparison of

their biochemical composition with species which were utilized might

lead to erroneous conclusions.

Cryptomonas salina, like the three species of Chlorophyta, was

not utilized by the larvae. This cannot be explained on the basis of

toxicity or the presence of a cell wall. The reason can probably be

found in its amino acid composition. No leucine was found in this

species. Leucine is an essential amino acid for mammals; it may

also be essential for oysters, although no information has been found

on the subject. It seems reasonable to assume that the lack of leu-

cine may prevent this species from being of any food value when fed

alone.

Of the four diatom species fed, three were utilized by oyster

larvae. Oyster larvae fed N. biskanteri grew only slightly more

than the unfed controls. This was probably because of its small cell

size and high ash content, which has been discussed earlier.

In terms of size and organic content, the centric diatom was

quite similar to Isochrysis. Cylindrotheca and N. abscondita, al.

though having a higher ash content than Isochrysis, were also larger

cells. Thus, by feeding equal numbers of cells, the total organic

content was similar for Cylindrotheca, N. abscondita, the centric

diatom, and Isochrysis.



138

The basic requirements of oyster larvae in terms of chemical

composition of the food organism would appear to be that all essential

amino acids be present and no cellulose cell wall. The silicious cell

walls of diatoms apparently do not affect their availability as food.

Another obvious requirement is for non-toxic organisms, which

eliminates Prymnesium. If these requirements are met, growth of

the larvae is probably dependent on the amount of organic material

in the cells ingested and not on any quantitative differences in the

biochemical composition.

Biochemical Taxonomy

Most algal taxonomists today would agree that the Chiorophyta,

Cyanophyta, Pyrrophyta, Euglenophyta, Phaeophyta, and Rhodo-

phyta comprise distinct divisions. The position of the algal groups

included within the Division Chrysophyta is questionable. Parke

and Dixon (1964) and Round (1965) have kept this group as a single

division with four classes: Xanthophyceae, Chrysophyceae, Hapto-

phyceae, and Bacillariophyceae. The Class Haptophyceae is a

relatively new grouping of species formerly included under the

Chrysophyceae by earlier workers (Smith, 1951). Silva (1962) has

elevated the Bacillariophyceae, Xanthophyceae, and Chrysophyceae

to separate divisions and reduced the Haptophyceae to an order under

the Division Chrysophyta.
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The Cryptomonads were not included within any division for

some time (Smith, 1951) because so little was known concerning

either their physiology or morphology. Parke and Dixon (1964) and

Round (1965) have elevated the group to division rank.

These systems of classification have been based largely on

morphological and anatomical characters. The results of many of

the recent studies on the biochemistry and physiology of species from

a variety of classes should be consulted in evaluating any taxonomic

system. The present study has included species from three divisions

representing five classes and eight orders based on the classification

of Parke and Dixon (1964). The results of this study when added to

those from other similar studies strengthen the arguments in favor

of certain of the newer classification systems.

There is still little information available concerning the Crypto-

phyta. However, the pigmentation of this group appears to be unique

among the algae. Phycobilins are present in abundance (O'hEocha

and Rafferty, 1959; Haxo and Fork, 1959). This would distinguish

them from either Pyrrophyta or Chrysophyta, and perhaps indicate a

closer biochemical relationship with the Rhodophyta. Haxo and Fork

(1959), Riley and Wilson (1967), and the present study have found a

distinctive group of xanthophylls present, which do not resemble

those found in other algae. It also appears that this is the only group

in which alpha carotene is the most abundant carotene present
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(Goodwin, 1965). This unique combination of pigments seems to

provide sufficient grounds for placing the Cryptomonads in a separate

division.

Tetraselmis has recently been placed in a separate class,

Prasinophyceae, based on significant differences in fiageilar struc-

ture (Parke and Dixon, 1964). Tetraselmis had a much lower lipid

content than the other species and did not produce fat droplets in

older cells. However, other species of Tetraselmis as well as other

members of this class should be studied before any meaningful con-

clusions can be drawn. Tetraselmis was the only species of Chloro-

phyta analyzed to have a high content, 32%, of unsaturated C20 fatty

acids. Chuecas and Riley (1969) analyzed another member of the

Prasinophyceae and also found a high content of unsaturated C20

fatty acids, amounting to 29% of the total fatty acids. Differences in

fat accumulation and in fatty acid composition, in addition to the

morphological differences, may distinguish this class from the

Chlorophyceae.

The fatty acid composition of Prymnesium differs considerably

from that of Isochrysis. However, the differences between the re-

suits of the present study and those of Chuecas and Riley (1969) pre-

vent any conclusions from being drawn. It may be that physiological

strains exist in these two species similar to those found in Chlorella,

but there is insulficient evidence to prove or disprove the possibility.
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On the basis of fatty acid composition, the diatoms seem to

represent a closely related group. The lack of significant amounts

of C18 fatty acids may indicate a different photosynthetic mechanism

or differences in the types of storage lipids. This may not provide

sufficient justification for including them within a separate division

as Silva (1962) does, but it does indicate that the diatoms as a class

are much more closely related on a biochemical basis than species

within the Chrysophyceae or Haptophyceae.
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APPENDIX



Table 1. Estimates of the confidence interval for the means2 of total protein, carbohydrate
lipid, and pigment of ten phytoplankton species

Species Protein Carbohydrate Lipid Pigment

Tetraselmis 521 + 32.42 121 + 37.41 53 + 1.69 17 + 2.06

Chiorella 540+26.00 160+11.50 130+9.50 27 +4.34

Chiamydomonas 450 + 80.00 224 + 6.23 90.+4 30 17 + 1. 61

Cryptomonas 543 + 98.6 136 + 8.80 202 +4.90 19 +3.94

Prymnesium 466+40.81 316+29.21 124 +2.92 40 +6.43

Isochrysis 537 + 39. 20 290 + 40. 73 124 + 2.92 20 + 1. 20

Centric 503 + 51.60 120 + 23. 81 218 + 19.50 24 + 5.46

Cylindrotheca 313+0.00 236+43.30 118+19.50 23+5.46
Naviculaabs 398+5.84 110+18.10 132+9.75 21+1.61

Naviculabis 363+38.30 78+17.80 183+19.50 11+2.06

'Estimates are based on the 10% level of significance, ci/2=. 05. The t,2=2. 92 for n = 3 in all
but determinations of carbohydrate where ta/2Z 353 for n = 4.

2The means are calculated from 3 determinations for protein, lipid, and pigment and from 4
determinations for carbohydrates. The numbers are given in ug/mg dry weight.
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Table 2. Relative retention time and position of double bonds in the
fatty acids of ten species of phytoplankton

Fatty Acid Relative Double Bond Position
Retention Time

13: 0 .26
14: 0 .28
15: branched . 32

15:0 .38
16:branched .43
16:0 .52
16:1 .59 9

16:2 .72 6,9
16:2 .76 9,12
16:3 .79 6,9,12
16:4 .89 6,9,12,15
17: 0 .63
18:0 1.00
18: 1 1. 11 9

18:2 1. 32 9, 12

18: ? 1. 81
18: 3 1. 70 9, 12, 15

18:4 2. 10 6,9,12,15
19: ? 1.50
20: 1 2.00 11

20: 3 2.42 8, 11, 14
20:4 3. 10 5, 8, 11, 14

20: 4 3.93 8, 11, 14, 17

20:5 4.00 5,8,11,14,17
22:? 4.54
22:3 6.46 ?

22:6 8.23 4,7, 10, 13, 16, 19
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Table 3. Key to abbreviations of amino acids

Ala alanine
nono-AA 2-amino-adipic acid
di-AA 2,5-diamino-adipic acid
2AIB 2-amino-iso-butyric acid
ZANB 2-amino n-butyric acid
4ANB 4-amino-n-butyric acid
Arg arginine
Asp aspartic acid
Cys cysteine
Glu glutamic acid
Gly glycine
His histidine
Hypro hydroxyproline
lieu isoleucine
Leu leucine
Lys lysine
Met methionine
Orn ornithine
Phe phenylalanine
Pro proline
er serine

Thr threonine
Tyr tyrosine
Val valine




