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Abstract

It has been proposed that some marine phytoplankton use chemical feeding
deterrents to reduce or inhibit zooplankton grazing. While a number of studies have
shown that certain phytoplankton reduce zooplankton feeding, few studies have dealt
with both the chemistry (isolation and identification) and the physiology of production
of feeding deterrents.

A bioassay to detect feeding deterrents was developed. This bioassay measured
the rate of fecal pellet production of the harpacticoid copepod Tigriopus californicus
when fed a diet of the diatom Thalassiosira pseudonana in the presence of dissolved
feeding deterrents. Using this bioassay, the cellular extracts of several species of
phytoplankton were screened. The diatom Phaeodactylum tricornutum and the
dinoflagellate Gonyaulax grindleyi were found to deter feeding.

Bioassay-guided chemical fractionation was used to isolate the compounds
responsible for the feeding deterrent activity of Phaeodactylum tricornutum.
Spectroscopic techniques identified four of these compounds as apo-10'-fucoxanthinal,
apo-12'-fucoxanthinal, apo-12-fucoxanthinal, and apo-13'-fucoxanthinone. The IC5(
(concentration of compound at which feeding was inhibited by 50%) values ranged
from 1.8 to 20 ppm, while the LCgq (concentration of compound at which there was a
50% mortality rate in the test population) ranged between 37 and 340 ppm.

Preliminary studies on the physiology of production of these feeding deterrents
were performed. In order to carry out these studies, an analytical HPLC method was
developed to measure the apo-fucoxanthinoid concentrations in crude cell extracts.
Detailed analysis of HPLC data collected on Phaeodactylum tricornutum cell extracts
identified another potential feeding deterrent compound, apo-10-fucoxanthinal.

Production of apo-fucoxanthinoids during the growth cycle of Phaeodactylum

tricornutum and Thalassiosira pseudonana was tracked using HPLC and quantitative
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bioassays. Although apo-fucoxanthinoids were produced enzymatically from
fucoxanthin by both diatoms, P. tricornutum produced much greater amounts of these
compounds than T. pseudonana. Thus the degree of production appears to be species-
specific. The production of total intracellular apo-fucoxanthinoids increased with the
culture age and the degree of phosphate limitation experienced by the culture. The
concentration of total intracellular apo-fucoxanthinoids in P. tricornutum was calculated
to be 1000 times higher than the amount required to produce a 50% inhibition of fecal

pellet production in the copepod Tigriopus californicus.
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For anyone who has ever gazed with child-like wonder into a tidepool

"There are good things to see in tidepools and there are
exciting and interesting thoughts to be generated from the
seeing. Every new eye applied to the peep hole which looks
out at the world may fish in some new beauty and some new
pattern, and the world of the human mind must be enriched

by such fishing."

John Steinbeck, in the foreword from
Between Pacific Tides (Edward F. Ricketts
and Jack Calvin, 1948)



Chapter 1

General Introduction

Phytoplankton, the microscopic plants inhabiting the upper reaches of the
world's oceans, are the base of all oceanic food webs. These photosynthetic organisms
convert light energy from the sun into chemical energy in the form of various chemical
compounds. These compounds, when ingested, provide energy to other organisms
further along the food chain. However, phytoplankton are not simply convenient
packages of energy to be consumed at random by grazers. Various species of
phytoplankton can produce "protective” compounds - chemicals which can inhibit
grazing, reduce bacterial numbers, eliminate competition for space and inorganic
nutrients from other species of phytoplankton, or even produce lethal effects in other
organisms. Studies on the interaction of phytoplankton with other organisms via these
compounds can increase our basic understanding of the transfer of energy through
marine food webs.

The production of bioactive compounds by phytoplankton has been a topic of
research for a number of years. Algae secrete a wide variety of compounds into their
environment, including substances such as vitamins, amino acids, fatty acids,
siderophores, pigments, and simple carbohydrates. To explain the interaction of
phytoplankton with other organisms in their environment, Bell and Mitchell (1972)
introduced the concept of the "phycosphere”, a zone surrounding each phytoplankton
cell composed of a high concentration of these algal exudates. These compounds may
be actively secreted into the environment, or they may be released passively upon death
and lysis of the phytoplankton. In addition, phytoplankton may have compounds
closely associated with the cell surface, or contained in an external sheath of mucus,
which can be detected during the filtering/handling process by which grazers ingest

these cells. Compounds within the phytoplankton cells can also be released when the



cells are broken during ingestion. These substances can have a number of effects on
organisms coexisting with the phytoplankton. They may act as antibiotic or antifungal
compounds, toxins, allelopathic compounds, bacterial attractants, or compounds which

reduce or inhibit feeding of potential grazers.

i. Antibiotic, Antifungal, and Cytotoxic Compounds

It has long been known that certain species of phytoplankton are more resistant
to bacterial colonization than others. Living marine diatoms were found to exhibit
some resistance to bacterial attack (Waksman et al., 1938). Later, actively growing
populations of the diatom Skeletonema costatum were also shown to have low levels of
bacterial colonization (Droop and Elsen, 1966). These observations led to the belief
that some phytoplankton must be producing antimicrobial compounds.

The first partly identified antibiotic to be isolated from phytoplankton was a
substance called chlorellin, which was obtained from the green alga, Chlorella. This
substance was composed of peroxides of unsaturated fatty acids (Pratt ef al., 1944;
Spoehr et al., 1949; Scutt, 1964). The first positively identified extracellular
antibacterial compound was isolated by Sieburth, who determined that the antibacterial
properties of the haptophyte Phaeocystis pouchetii were due to the presence of acrylic
acid (Sieburth, 1959a, 1959b, 1960, 1961, 1965, 1968; Guillard and Hellebust, 1971;
Fig. 1). Eicosapentaenoic acid, a simple unsaturated fatty acid, was found to be an
intracellular antibiotic in the diatom Asterionella glacialis (= japonica; Pesando, 1972,
Fig. 1). More recently, B-diketone, another low molecular weight compound with
antibiotic properties, was isolated from the extracellular filtrates of the dinoflagellate
Prorocentrum minimum (Andersen et al., 1980; Fig. 1). Antibiotic compounds have
been isolated from every class of phytoplankton. However, the vast majority of these

compounds were isolated from intracellular extracts, and little is known about
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extracellular antibiotic production. These antibiotics belong to a wide range of
chemical classes, such as carbohydrates, proteins, or terpenoids, but few chemical
structures have been determined.

Some phytoplankton produce compounds which have potent antifungal activity.
Goniodomin A (Fig. 1), isolated from the cell extract of the dinoflagellate Goniodoma
pseudogoniaulax, has a strong antifungal activity, but little or no activity against
bacteria (Sharma et al., 1968; Murakami et al., 1988). Another group of antifungal
compounds, the gambieric acids (Fig. 1), have recently been isolated from the
dinoflagellate Gambierdiscus toxicus (Nagai et al., 1992a, 1992b). These compounds
inhibited the growth of the fungi Aspergillus niger, and were present both
intracellularly and in the culture medium.

Many species of phytoplankton have been screened for biologically active
natural products in the search for "drugs from the sea". Extracts from these
phytoplankton are tested for antibacterial, antifungal, and antiviral activity against
organisms which cause diseases in humans, and for antitumor activity to find drugs
which can combat cancer. The amphidinolides (Fig. 1), a group of antineoplastic
(antitumor) compounds isolated from the dinoflagellate Amphidinium sp. are an
example of biologically active compounds isolated from phytoplankton by this approach
(Kobayashi et al., 1986; Ishibashi et al., 1987; Kobayashi et al., 1988). These
compounds are potent cytotoxins, and probably play a protective role in the natural

environment.
ii. Toxins
To date, the vast majority of research on compounds produced by phytoplankton

has been focused on toxins which have human impacts. These toxins cause human

poisoning when fish or shellfish which have ingested the phytoplankton are eaten by



humans. The effects of these toxins on humans have been well studied, but the effects
on other marine organisms are only poorly understood. In freshwater systems,
livestock mortality due to toxins produced by cyanobacteria has received a great deal of
attention (Carmichael, 1986).

Paralytic Shellfish Poisoning (PSP)

Saxitoxin (Fig. 2) was first isolated from toxic Alaska butter clams, Saxidomus
giganteus, (Schantz, ef al., 1957; Schantz, 1960) and was later discovered to be
produced by the dinoflagellate Alexandrium (= Gonyaulax) catenella (Schantz et al.,
1966). The structure of this toxin was elucidated by Schantz er al. (1975). At this
time, there are at least 18 forms of saxitoxin which have been isolated and identified
(Taylor, 1990) from a number of different species of dinoflagellates. Ogata ez al.
(1990) suggested that the PSP toxicity in Alexandrium tamarense (= Protogonyaulax
tamarensis), Alexandrium (= Protogonyaulax) catenella, Alexandrium
(= Protogonyaulax) cohorticula, Gymnodinium catenatum, Fragilidium sp., and
Alexandrium sp. may in fact be due to intracellular bacteria (Moraxella sp.) which
produce the saxitoxins.

Diarrhetic Shellfish Poisoning (DSP)

At least 12 toxins have been isolated so far which are responsible for DSP.
These toxins can be separated into three groups according to their basic skeletons (Fig.
2). The first group includes okadaic acid and compounds based on okadaic acid. The
structure of okadaic acid was first determined by Tachibana ef al. (1981). The second
group consists of the pectenotoxins, which are polyether macrolides. The structures of
these compounds were elucidated by Yasumoto et al. (1985) and Murata et al. (1986).
The third group is based on the structure of yessotoxin, isolated and identified by
Murata et al. (1987). These toxins are produced by a number of Dinophysis sp., and

also by Prorocentrum lima (Yasumoto, 1990).
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Amnesic Shellfish Poisoning (ASP)

ASP (also known as domoic acid poisoning) is caused by the excitatory amino-
acid and neurotoxin, domoic acid (Fig. 2). Until recently, it was only known to be
present in two species of red algae (Chondria armata and Alsidium corallinum) of the
family Rhodomelaceae (Fattorusso and Piattelli, 1980; Ohfune and Tomita, 1982). In
1987, cultivated blue mussels (Mytilus edulis) in eastern Prince Edward Island became
toxic, and it was determined that the pennate diatom Pseudonitzschia (= Nitzschia)
pungens was responsible for the toxin production (Wright ez al., 1989). Another group
of compounds isolated from P. pungens, the bacillariolides (Fig. 2), was also
implicated as possible agents in the outbreak of amnesic shellfish poisoning (Wang and
Shimizu, 1990).

Ciguatera

The epiphytic dinoflagellate Gambierdiscus toxicus produces ciguatoxin (Fig.
2), which causes ciguatera poisoning in coral reef fish (Yasumoto ez al., 1977; Murata
et al., 1989). Two other toxins, maitotoxin (Fig. 2) and gambierol (Fig. 2), have also
been isolated from this species (Yokoyama ez al., 1988; Murata et al., 1993; Satake et
al., 1993).

Brevetoxin

The marine dinoflagellate Gymnodinium breve (= Ptychodiscus brevis) produces
at least 9 lipid-soluble neurotoxins called brevetoxins (Baden, 1989; Schulman et al.,
1990). These toxins are responsible for Florida's red tides and cause both fish kills and
human illness (neurotoxic shellfish poisoning, NSP). The toxins are based on one of
two different backbones of polyether trans-fused lactone-containing ring structures
(Fig. 2).

Other Toxins from Marine Phytoplankton
The benthic dinoflagellate Prorocentrum lima has been found to produce

okadaic acid and its esters. In addition to these previously identified compounds, P.



lima also produces prorocentrolide (Fig. 2), a toxic, nitrogen-containing macrocycle
(Torigoe et al., 1988). This compound may play a role in shellfish poisoning.

Some phytoplankton produce ichthyotoxins (toxins affecting fish), resulting in
massive fish kills and damage to marine ecosystems. The flagellate Chrysochromulina
polylepis and the dinoflagellate Gyrodinium aureolum both produce ichthyotoxins which
are also potent hemolysins (lyse blood cells). The structures of several of these

hemolysins (Fig. 2) have been determined (Yasumoto et al., 1990).
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Fig. 3. Some examples of toxins isolated from cyanobacteria.

Cyanobacterial Toxins

The alkaloid neurotoxin anatoxin-a (Fig. 3) is produced by strains of Anabaena
flos-aquae (Huber, 1972; Devlin et al., 1977). Poisoning of animals by this toxin can
occur after drinking water containing whole or lysed cells. Microcystis aeroginosa, M.

viridis, Anabaena flos-aquae, and Oscillatoria agardhii produce microcystins (Fig. 3),
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hepatotoxins which are also responsible for animal poisoning (Hughes ez al., 1958;
Carmichael and Gorham, 1981; Carmichael and Mahmood, 1984; Carmichael et al.,
1988a). Microcystin-LR has also been found in the marine environment. It has been
detected in mussels from the Northeastern Pacific Ocean, Eastern Canada, and Europe
(Chen et al., 1993), and has also been linked to a severe liver disease (netpen liver
disease, NLD) that occurs in Atlantic salmon which are net-pen reared in British
Columbia (Andersen er al., 1993). The organisms responsible for microcystin-LR
production in marine environments have not yet been identified. A compound similar
in structure to the microcystins, nodularin (Fig. 3), is produced by Nodularia
spumigena (Carmichael et al., 1988b, Rinehart er al., 1988). Cyanobacteria also
produce PSP toxins. Saxitoxin and some related compounds have been isolated from

Aphanizomenon flos-aquae (Carmichael, 1986).

iii. Allelopathic Compounds

Some algal exudates appear to play an allelopathic role. A rapid change in
phytoplankton populations over two days was observed in Brest Bay, France in July,
1987. The population shifted from domination by Chaetoceros sp. to domination by
Gyrodinium cf. aureolum. Filtered water taken from Brest Bay at this time decreased
the growth of cultures of the diatom Chaetoceros gracile (Gentien and Arzul, 1990a).
The dinoflagellate G. cf. aureolum was shown to release an exotoxin into its
environment which decreased the growth of other algae (Chaetoceros gracile,
Dunaliella tertiolecta, Isochrysis galbana, Skeletonema costatum, and Tetraselmis
suecica) in culture (Gentien and Arzul, 1990b). This production of exotoxins probably
plays an important role in bloom development. An extracellular autoinhibitor was
produced by the diatom Skeletonema costatum as it entered senescence. In addition to

autoinhibition, this compound also inhibited growth of a number of other diatoms and
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the flagellate Chattonella, but had no inhibitory effect on the growth of dinoflagellates
(Imada et al., 1991). Thus S. costatum not only contributes to cessation of its own

bloom, it may prevent bloom formation by other diatoms.

iv. Bacterial Attractants

Algal exudates can also act as bacterial attractants. Four marine bacteria
isolates showed chemotactic responses towards filtrates from cultures of the diatoms
Skeletonema costatum and Thalassiosira pseudonana (= Cyclotella nana) and the green
alga Dunaliella tertiolecta (Bell and Mitchell, 1972). Jones and Cannon (1986)

suggested that heterotrophic bacteria utilize these algal exudates for growth.

v. Feeding Deterrents

Phytoplankton produce compounds which can reduce or inhibit the grazing of
various herbivorous zooplankton. For the purpose of this thesis, a "feeding deterrent”
will be broadly defined as any substance which inhibits or decreases the normal feeding
of an organism on a preferred food, without causing death. Feeding deterrents
produced by phytoplankton may be:

1) a toxin which, in sub-lethal doses, causes a physiological response in the

organism which decreases feeding (e.g. a neurotoxin),

2) any non-toxic compound which causes a physiological response in the
organism such that feeding is reduced or inhibited (e.g. a compound causing
regurgitation),

3) any compound which an organism can detect using its sensory apparatus and
which causes it to reduce or cease feeding, either through an instinctive or

learned response.
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Feeding Deterrent Effects on Copepods

Much research has been done on the behavior of copepods feeding on a number
of phytoplankton species, ranging from laboratory feeding studies to field observations.
Originally, it was believed that consumption of phytoplankton was dependent only on
the physical attributes of the phytoplankton, particularly abundance and size. At low
concentrations, phytoplankton cells are ingested in direct proportion to their abundance,
while at higher concentrations, the functional response becomes saturated and the
ingestion rate remains constant or declines (Mullin, 1963; Parsons er al., 1967; Frost,
1972). Large cells are ingested with greater efficiency than small cells (Mullin, 1963;
Frost, 1977; Runge, 1980; Harris, 1982).

This model was unable to explain certain selective feeding behaviors of
copepods. In the field, the calanoid copepods Calanus pacificus collected from a
dinoflagellate bloom of Gymnodinium flavum had emptier guts than those collected
outside the bloom (Huntley, 1982). In laboratory experiments, C. pacificus preferred a
smaller diatom, Thalassiosira weissflogii (= 17 pm), over G. flavum (= 35 pm). In
another field study, the effects of a Phaeocystis sp. bloom in the English Channel were
observed (Bautista e al., 1992). Three copepod size fractions (dominated by the
species Calanus helgolandicus, Pseudocalanus elongatus, and Oithona sp.) showed
lower gut pigment contents, ingestion rates and copepod abundances during the
Phaeocystis bloom when compared with the previous period of diatom dominance.
Phaeocystis appeared to produce a compound which had a negative effect on the
copepods, and this compound indirectly contributed to the development of the
Phaeocystis bloom by reducing grazing pressure. These results suggest that factors
other than size and concentration of cells affect copepod feeding.

To determine if copepod feeding rates varied with dinoflagellate species, a
number of laboratory experiments were conducted using Calanus pacificus (Huntley et

al., 1986). The feeding rates of C. pacificus on various dinoflagellates were compared
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to the feeding rate on plastic beads of similar size. Plastic beads were known to be
rejected as food by copepods (Huntley ef al., 1983). The dinoflagellates Alexandrium
(= Gonyaulax) acatenella, Alexandrium (= Gonyaulax) catenella, Gonyaulax
polyedra, Gyrodinium dorsum, Gyrodinium resplendens, and Peridinium foliaceum
were consumed at rates higher than plastic beads of the same size, while the species
Alexandrium tamarense (= Gonyaulax tamarensis), Gonyaulax grindleyi

(= Protoceratium reticulatum), Gymnodinium breve (= Ptychodiscus brevis) and
Scrippsiella trochoidea were consumed at rates lower than plastic beads of the same
size. Furthermore, filtrate from exponentially growing G. grindleyi caused a decrease
in feeding upon the normally palatable G. resplendens, while the cell homogenate of G.
grindleyi did not alter the filtration rate. This suggested that G. grindleyi was
producing and secreting a compound which inhibited feeding. Huntley (1986)
proposed that the production of feeding deterrents allowed slow growing species (e.g.
dinoflagellates) to attain bloom concentrations.

The feeding deterrents produced by some dinoflagellates caused marked
behavioral changes in Calanus pacificus. In order to determine the mechanisms by
which feeding was inhibited, a video system was used to observe and record the
behavior of restrained copepods when presented with dinoflagellates producing feeding
deterrents (Sykes and Huntley, 1987). Copepods presented with Gonyaulax grindleyi
failed to maintain full guts, and often regurgitated after 45-120 min. In the presence of
Gymnodinium breve, copepods exhibited rapid heart rate and loss of motor control.
Copepods fed Scrippsiella trochoidea occasionally displayed mouth part twitching or
failure to maintain gut fullness. Thus, these feeding deterrents appeared to work by
reducing the efficiency with which the copepod could filter and absorb food particles.

A number of other researchers have found evidence for food selectivity by
copepods. Mullin (1963) showed that the grazing rates of four Calanus spp. decreased

as the concentration of phytoplankton cells of the species Ditylum brightwellii,
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Gonyaulax polyedra, Asterionella glacialis (= japonica), and Thalassiosira weissflogii
(= fluviatilis) increased. Mullin proposed that these effects could be attributed to the
presence of an inhibitory substance. Furthermore, Mullin showed that grazing rates
decreased as the age of the phytoplankton culture increased, suggesting that the
inhibitory substance was produced in greater quantities in senescent cells. Van Alstyne
(1986) showed that cellular extracts from the dinoflagellate Scrippsiella trochoidea and
the raphidophyte Heterosigma carterae (incorrectly identified as Olisthodiscus luteus)
and filtrate from cultures of H. carterae appeared to have an inhibitory effect on the
feeding rate of the copepod Centropages hamatus. The toxic dinoflagellate
Alexandrium tamarense (= Protogonyaulax tamarensis) was demonstrated to decrease
the ingestion rate of Pseudocalanus spp. by physiological incapacitation following
assimilation of the toxins (Ives, 1987). Gill and Harris (1987) designed experiments
which quantified the response of copepods to certain diets by measuring the beat
frequency of the first maxilla (a component of the copepod filtering apparatus). The
copepod Calanus helgolandicus showed strong decreases in beat frequency on diets of
the dinoflagellates S. trochoidea and Gyrodinium aureolum when compared to a diet of
the diatom Thalassiosira weissflogii. Decreases in beat frequency were also shown for
the copepod Temora longicornis on diets of S. trochoidea, A. tamarense

(= Protogonyaulax tamarensis), and G. aureolum. More recent experiments using the
inshore marine copepods Pseudodiaptomus marinus and Acartia omorii have shown that
the filtrates of the dinoflagellate Gymnodinium nagasakiense and the raphidophyte H.
carterae also contain deterrent compounds which reduce feeding on Hererocapsa

triquetra, a normally edible species (Uye and Takamatsu, 1990).
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Feeding Deterrent Effects on Other Zooplankton

Work has also been done on the effects of feeding deterrents on other
zooplankton species. The tintinnid Favella ehrenbergii showed decreased feeding on
the dinoflagellate Amphidinium carterae (Stoecker et al., 1981). Amphidinium carterae
is known to produce a choline-like substance (Wangersky and Guillard, 1960; Thurburg
and Sasner, 1973; Taylor et al., 1974), and it is believed that this substance may be
acting as a feeding deterrent. Heterosigma caterae has been shown to produce both
reduced growth rates and lethal effects on two species of tintinnids, Tintinnopsis
tubulosoides and Favella sp. (Verity and Stoecker, 1982). It was postulated that these
effects were due either to cellular toxicity, induced by ingestion or direct contact with
H. carterae cells, or to exposure to a short-lived exudate. Exudates in the culture
medium from the PSP-producing dinoflagellate Alexandrium tamarense caused the
tintinnid F. ehrenbergii to undergo ciliary reversals, resulting in continuous backwards
swimming, followed by swelling and subsequent lysis (Hansen, 1989). The toxicity of
the medium depended on the growth phase of the dinoflagellate. The highest level of
toxicity was found in the period following exponential growth, suggesting that the cells
exude toxins when growth becomes limited. Another PSP-producing dinoflagellate,
Alexandrium ostenfeldii, showed a similar effect on F. ehrenbergii (Hansen et al.,
1992). In both cases, indirect evidence suggested that the effect on the ciliate was
caused by PSP toxins. The toxic prymnesiophyte Chrysochromulina polylepis
negatively affected both the growth and ingestion rates of F. ehrenbergii (Carlsson et
al., 1990). Carlsson suggested that this limitation of grazing may contribute to bloom
formation.

Brachionus plicatilis, a marine rotifer, showed a lower ingestion rate when it
was fed Heterosigma sp. than for Chlamydomonas sp. (Chotiyaputta and Hirayama,
1978). Since Heterosigma sp. is larger than Chlamydomonas sp., this preference is not

food-size selectivity. A second marine rotifer, Synchaeta cecilia, showed feeding
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inhibition when given a mixture of an acceptable food species and low concentrations
of Heterosigma carterae (Egloff, 1986). It was proposed that contact with H. caterae
cells was required for inhibition of feeding and growth. Mucilage production by H.
carterae (Leadbeater, 1969) may mediate grazer inhibition.

Decreased filtration rates in molluscs have been attributed to inhibitory
compounds. The bivalve Hiatella arctica was found to have a lower filtration rate on
Isochrysis galbana than on Phaeodactylum tricornutum (Ali, 1970). This reduced
filtration rate was due to an inhibitory factor released into the medium by 1. galbana.
The effects of phytoplankton exudates on the feeding behavior of the blue mussel
Mytilus edulis have been observed (Ward and Targett, 1989). The filtration rates of
mussels presented with polystyrene beads suspended in filtrates from six phytoplankton
species, 1. galbana, Heterosigma carterae, Dunaliella tertiolecta, Tetraselmis suecica,
Thalassiosira weissflogii, and T. pseudonana, were measured. Filtration rates were
found to be reduced for the species H. carterae and D. tertiolecta. Aureococcus
anophagefferens, a brown-tide chrysophyte, was found to inhibit the lateral ciliary
activity in isolated gills of the bivalves Mercenaria mercenaria and M. edulis, but did
not inhibit the lateral ciliary activity of the bivalves Mya arenaria, Geukensia demissa,
and Argopecten irradians (Draper et al., 1990). The lateral cilia of species that were
unaffected by Aureococcus were also unaffected by the neurotransmitter dopamine,
while the lateral cilia of the species inhibited by Aureococcus were also inhibited by
dopamine. It was suggested that Aureococcus may be releasing a dopamine antagonist.
A detailed review on the effects of algal blooms on shellfish has been done by
Shumway (1990).

In the freshwater environment, the daphnid Daphnia pulicaria showed feeding
inhibition in the presence of the toxic cyanobacteria Microcystis sp., and in the

presence of the purified toxin, microcystin-LR (DeMott ef al., 1991). DeMott
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suggested that this feeding inhibition response was a physiological and behavioral
adaptation which allowed the daphnid to coexist with toxic cyanobacteria.

Feeding deterrents have both commercial and ecological significance.
Phytoplankton are an important food source in mariculture. They are an essential
component in the diet of marine bivalve molluscs (e.g. oysters, clams, scallops, and
mussels), the larvae of some marine gastropods (e.g. abalone), larvae of salt-water
shrimp (Penaeus and Metapenaeus), some fish species (e.g. Zilapia, silvercarp,
milkfish), and zooplankters. Zooplankters, in turn, can be used as live food for rearing
larvae of numerous freshwater and marine fish and crustaceans (prawns, shrimp, crabs,
and lobsters). Commonly used zooplankters are rotifers (Brachionus), copepods
(Tigriopus), cladocerans (Daphnia, Moina), and brine shrimp (Artemia). Today, more
than 40 different species of phytoplankton are being used in mariculture. The most
frequently used species are the diatoms Skeletonema costatum, Thalassiosira
pseudonana, Phaeodactylum tricornutum, Chaetoceros calcitrans, the flagellates
Isochrysis galbana, Paviova lutheri, Tetraselmis suecica, Dunaliella spp., and the
chlorococcalean Chlorella spp. (DePauw and Persoone, 1988). Production of feeding
deterrents by such species may decrease growth rates or increase mortality in
mariculture species (e.g. oysters). Identification of deterrent producing species will
improve mariculture practices. In the natural environment, production of feeding
deterrents may control grazing and determine which species will bloom and how long
the bloom will persist.

Although it has been known for the last three decades that certain phytoplankton
produce feeding deterrents, very little research has been done on the chemistry of these
compounds. This thesis attempts to combine studies on both the biology and chemistry

(isolation and structural characterization) of a few feeding deterrent compounds.
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vi. Thesis Objectives

The objectives of this thesis were as follows:

1) To develop a simple, rapid, cost-efficient, reliable, and accurate bioassay to
detect feeding deterrents from marine phytoplankton.

2) To isolate and characterize the structure of a feeding deterrent compound
produced by a marine phytoplankton.

3) To determine the effects of various concentrations of the isolated feeding
deterrent on the zooplankton used in the bioassay.

4) To develop an HPLC method for the quantitative measurement of the isolated
feeding deterrent.

5) To determine when during the life cycle of the phytoplankton the isolated

feeding deterrent was produced.
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Chapter 2

Evaluation of the Copepod Tigriopus californicus as a Bioassay Organism for the
Detection of Chemical Feeding Deterrents Produced by Marine Phytoplankton

A. Introduction

In order to screen phytoplankton species for feeding deterrent production and to
isolate and identify deterrent compounds, one needs to find a biological system which
responds to feeding deterrents. Such a system, when used to detect and quantify
deterrent compounds, is referred to as a feeding deterrent bioassay. This bioassay must
be simple, rapid, cost-efficient, reliable, and accurate, as it will be used to guide the
chemical fractionation of phytoplankton extracts necessary to isolate deterrent
compounds. A number of criteria were considered when selecting an organism to use
in this bioassay:

1) the organism must be capable of responding to feeding deterrents and must
react to the presence of these deterrents with a response which can be easily
measured in the laboratory.

2) the organism must have a short life cycle. As many samples must be
bioassayed in order to isolate a single deterrent compound, a bioassay
turnover time of hours or days would be preferable. Organisms which
require months to rear would mean that the waiting time for results would be
too long.

3) the organism must be easily cultured in the laboratory. Researchers requiring
this bioassay may not have the time or skill needed to grow sensitive,
difficult to culture organisms. Also, organisms grown in the lab can be

reared under controlled conditions and thus have known life histories, while
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organisms collected from nature may have undergone prior stresses which
will alter their responses in the bioassay.

4) the organism must be ecologically relevant. Test results from marine feeding
deterrents bioassayed using non-marine organisms cannot be ecologically
interpreted. The bioassay organism should be one which would be expected
to encounter phytoplankton feeding deterrents in nature.

Based on the above criteria, some candidates for this bioassay were the rotifer
Brachionus plicatilis, larvae of the oyster Crassostrea gigas, and the harpacticoid
copepod Tigriopus californicus. T. californicus was selected as best fulfilling the
requirements of the bioassay.

Tigriopus californicus is a small marine harpacticoid copepod which inhabits
supralittoral splash pools. This copepod is easily cultured in the laboratory, and has a
life cycle of approximately 24 days. It is an extremely tolerant organism (Burton ef
al., 1979; Dethier, 1980), capable of surviving long periods of starvation. It is
possible that compounds which would deter the feeding of a less tolerant copepod will
have little or no affect on 7. californicus. However, if a compound elicits a deterrent
response from T. californicus, that compound may completely inhibit the feeding of a
less tolerant species. Thus feeding deterrents detected by 7. californicus would
certainly be of ecological significance.

Feeding rate, measured by fecal pellet production, was used to assess the sub-
lethal responses of Tigriopus californicus to feeding deterrents. There are two methods
for observing a decrease in feeding rate: measuring ingestion rate or egestion rate.
Ingestion rate is defined as particles consumed per hour per animal. To get ingestion
rate, one can either measure the decrease of food particles from the medium over time,
using a device such as a Coulter Counter, or one can measure the increase in food
particles in the gut over time, using fluorescent beads or fluorescently labeled prey as

food particles and an epifluorescent microscope. Egestion rate is defined as fecal
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pellets produced per hour per animal. Egestion rate is obtained by measuring the
increase in number of fecal pellets in the medium over time. This is done simply by
settling the pellets out of the medium and counting them using an inverted microscope.
It was decided to use egestion rate for this work. The initial start-up costs for this
procedure are low, as the only instrument required is an inverted microscope.
Furthermore, fecal pellets are large, easily identified objects that require little training
in microscopy to be able to enumerate. Egestion rate has been shown to be
proportional to ingestion rate for the copepods 7. californicus (Wootton, 1989) and
Calanus pacificus (Huntley et al., 1983). As well, Ayukai and Nishizawa (1986)
found a linear relationship between ingestion and egestion rates for Calanus pacificus
feeding on the diatom Thalassiosira decipiens, as did Tsuda and Nemoto (1990) for
Pseudocalanus newmani feeding on the diatom Phaeodactylum tricornutum. Tsuda and
Nemoto (1990) recommended the use of fecal pellets as an indicator of ingestion rates
of copepods. Fecal pellet production rate has also been shown to be an indicator of
sub-lethal toxic stress in marine copepods (Reeve et al., 1977). Furthermore, the total
number of fecal pellets produced over a given time can be used to determine if there
was a decrease in fecal pellet production rate during that time interval (Appendix A).

The bioassay was evaluated using the dinoflagellate Gonyaulax grindleyi, a
known producer of feeding deterrents, and the diatom Phaeodactylum tricornutum, a
suspected producer of feeding deterrents. Huntley et al. (1986) showed that G.
grindleyi caused decreased feeding in the copepod Calanus pacificus, and that the
material producing this response was extracellular. Phaeodactylum tricornutum is an
easily grown species which is commonly used in mariculture. Epifanio et al. (1981)
suspected that this species might produce a feeding deterrent based on the results of
their oyster larvae feeding experiments.

The diatom Thalassiosira pseudonana was used as the control for this research.

It is also used in mariculture, and is frequently used for laboratory experiments. Based
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on previous studies (Chapter 1), there is no indication that 7. pseudonana produces a

feeding deterrent.

B. Materials and Methods

i. Phytoplankton Cultures

Cultures of the diatoms Thalassiosira pseudonana and Phaeodactylum
tricornutum, and the dinoflagellate Gonyaulax grindleyi were grown and harvested to
yield cellular extracts suitable for testing in the feeding deterrent bioassay. Unialgal
cultures of P. tricornutum Bohlin (NEPCC #640), T. pseudonana (Hustedt) Hasle and
Heimdal clone 3H (NEPCC #58), and G. grindleyi (NEPCC #535) were obtained from
the Northeast Pacific Culture Collection (NEPCC), Department of Oceanography,
University of British Columbia. Natural seawater (salinity =28 ©/00) was collected
from West Vancouver, British Columbia at a site 100 m from shore and 15 m depth.
Seawater used for culturing was filtered through activated charcoal to remove organics
(Craigie and McLachlan, 1964), and then filtered through a 0.8 um Millipore filter to
remove particulates. The seawater was sterilized by autoclaving. All cultures were
grown using full ES enriched natural seawater (Harrison ez al., 1980) at 19°C under
continuous irradiance (=70 pmol m-2 s‘l) with stirring at = 60 rpm.

Culture growth was measured by ir vivo fluorescence. The growth rate (1) was
calculated by plotting the natural logarithm of the fluorescence values against the
culture age (days). The time during which the cells were in log phase was estimated,
and a straight line was fitted to the data points in this phase using the least squares
method. The slope of this line was the growth rate. Cell densities of Thalassiosira
pseudonana were determined using either a Coulter Counter (model TAII) or an
inverted compound microscope (400x power). Cell densities of Phaeodactylum

tricornutum and Gonyaulax grindleyi were only determined microscopically.
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Cultures were harvested in late log or early senescence phase. Phytoplankton
cells were collected by a series of gentle filtration (<50 mm Hg) techniques. Initially,
the cultures were filtered through a 30 um (nominal size) Nitex screen to remove large
cell clumps, followed by filtration through a 5 um (nominal size) Nitex screen. Cells
were rinsed from both screens with methanol and collected in a grinding tube. The
filtrate which passed through the screens was then filtered through a GF/F glass fiber
filter and this filter was added to the grinding tube. Cellular extracts of the
phytoplankton cells were obtained by grinding the harvested cells in methanol and
rinsing the cell debris repeatedly in methanol until all pigments were removed. This
methanolic extract was filtered through a GF/F glass fiber filter to remove remaining
cell debris. The methanolic extract then underwent rotary evaporation to yield a dry
solid which was used in the bioassay procedures.

Heat-killed Thalassiosira pseudonana cells were fluorescently stained with 5-
(4,6-dichlorotriazin-2-yl) aminofluorescein (DTAF) using the methodology developed
by Sherr et al. (1991). The stained cells were resuspended in filtered natural seawater
and sonicated (1 min in bath sonicator at 60 Hz) to remove clumps. The density of
fluorescent cells was determined using the Coulter Counter. These resuspended cells

were then used as fluorescently labeled prey in feeding experiments.

ii. Copepod Cultures

A culture of the harpacticoid copepod Tigriopus californicus was maintained to
provide a continuous supply of organisms for the bioassay. Tigriopus californicus
(Tig-1) was originally isolated from splash pools on the West Coast of Vancouver
Island by Dr. A.G. Lewis, University of British Columbia, in 1966 (Sullivan and
Bisalputra, 1980). Copepods used for the bioassay were maintained in filtered natural
seawater in 1 L Pyrex flasks at 18°C at an irradiance of = 100 umol m—2 s-1 and a L:D

cycle of 18:6 h. The copepods were fed either a diet of ground fish food (Wardley's
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Basic Fish Food for Tropical Fish) or a diet of the diatom Thalassiosira pseudonana.
To reduce variability in the bioassay due to differences in the sex or life stage of the
copepods, only the adult (C6) male copepods were used.

Copepods with reduced bacterial contaminants were prepared by soaking the
copepods in a solution of 800 mg penicillin-G, 180 mg dihydrostreptomycin, 8 mg
chloramphenical, and 20 mg dextrose in 100 ml of filtered, autoclaved natural seawater
for 48 h (adapted from Wootton, 1989). Both antibiotic-treated and untreated copepods
were then placed in autoclaved seawater without food for 24 h before being used in a
bioassay.

Differences in grazing rates were determined by measuring fecal pellet
production. The water in which the copepods were incubated was quantitatively
transferred to a 10 ml cylindrical settling chamber, the contents were settled for 30
min, and fecal pellets were counted at low power (100x) using an inverted compound

microscope.

iii. Egestion Rate Experiments

The suitability of fecal pellet production rate as a measure of ingestion rate in
Tigriopus californicus was tested in a preliminary experiment. Copepods were
preconditioned on a diet of ground fish food prior to the experiment. One male C6
copepod was added to a well (volume =15 ml) of a tissue culture plate and given an
excess of ground fish food. Two experiments with 5 replicates in each were done The
copepods were incubated at 18°C at an irradiance of = 100 umol m2slandaL:D
cycle of 18:6 h. In the first experiment the incubation time was 50.5 h, and in the
second experiment it was 137 h. The fecal pellet production rate of the copepods was
then measured, and the condition of the fecal pellets was examined microscopically.

A second preliminary experiment was used to determine if Zigriopus

californicus would feed on the diatom Thalassiosira pseudonana, and what the time
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course of fecal pellets production was on this diet. The copepods were preconditioned
for 24 h without food prior to the experiment. One antibiotic-treated male C6 copepod
was added to a well (volume = 15 ml) of a tissue culture plate and given an excess of
heat-killed, fluorescently stained 7. pseudonana cells (Sherr et al., 1991). Six
experiments were done. The copepods were incubated at 18°C at an irradiance of

= 100 pmol m2slandal:D cycle of 18:6 h. At various time intervals, each
experiment was terminated by the addition of formalin. The number of fecal pellets in
each experiment was enumerated, and the formalin-treated copepods were examined
under fluorescent microscopy.

Using egestion as an index of feeding, an experiment was designed to determine
the feeding response of Tigriopus californicus to Thalassiosira pseudonana cells and to
determine the concentration of 7. pseudonana cells required to saturate the egestion
rate of 7. californicus. Based on the results of the two preliminary experiments
(Results and Discussion), a convenient incubation period of 24 h was selected, as this
time was long enough to ensure a constant rate of pellet production.

Various concentrations of Thalassiosira pseudonana cells were placed in the
wells (volume = 15 ml) of a tissue culture plate and two male C6 copepods were added
to each well. The animals were incubated for 24 h at 18°C at an irradiance of = 100
pmol m-2 s-1 and a L:D cycle of 18:6 h. The fecal pellet production rate of the
copepods was then measured. To determine if treatment of copepods with antibiotics
had any effects, this experiment was repeated twice, once with untreated copepods and
once with antibiotic-treated copepods. The change in fecal pellet production rate with
food concentration fitted the equation:

F = (Fmax * ¢)/(Kc + ¢)
where F = the fecal pellet production rate (fecal pellets h~1 copepod-1), Fmax = the

maximum fecal pellet production rate, ¢ = the concentration of 7. pseudonana cells,
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and K¢ = the concentration of T. pseudonana cells required to reach the half-saturation

fecal pellet production rate.

iv. Bioassay Method Using Feeding Deterrents Adsorbed onto Ground Fish Food
Extracts from phytoplankton cells were adsorbed onto ground fish food
(Wardley's Basic Fish Food for Tropical Fish), and this treated fish food was presented
as a food source to copepods to determine if the presence of a feeding deterrent on the
surface of a normally palatable food particle would produce a decrease in feeding. Fish
food particles are very lipophilic, and were expected to behave in a manner similar to
the reverse phase microparticles used by Ward and Targett (1989) to adsorb dissolved
ectocrines. A weighed sample of the dry methanolic cell extract was dissolved in
methanol and added to autoclaved ground fish food. The fish food was dried under
vacuum to remove the methanol, then reground. The treated fish food contained 20-
28% cellular extract by weight. Two mg of this treated fish food was suspended in 10
ml of autoclaved seawater. This mixture was placed in a single well (volume =15 ml)
of a tissue culture plate with one male C6 copepod and incubated for =65-75 h at
18°C at an irradiance of =100 umol m-2 s-1 and a L:D cycle of 18:6 h. Fecal pellets
were settled and counted at the end of the bioassay. Untreated ground fish food was
used as the control. Six replicates were done. To observe if the antibiotic treatment
had an effect, the experiment was performed twice, once with untreated copepods and

once with antibiotic-treated copepods.
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v. Bioassay Method Using Dissolved Feeding Deterrents

Extracts from phytoplankton cells were dissolved in seawater and mixed with
live Thalassiosira pseudonana cells to determine if the presence of a dissolved feeding
deterrent would produce a decrease in feeding by copepods on a normally palatable
phytoplankton species. Two mg of the dried methanolic cell extract to be bioassayed
was dissolved in 5 ml of autoclaved seawater and sonicated (1 min in bath sonicator at
60 Hz) to facilitate mixing. If the extract to be tested was not soluble in seawater, it
was dispersed using 4 drops of dimethylsulfoxide (DMSO). When DMSO was used to
dissolve the extract, it was also added to the control.

Five ml of an exponentially growing culture of Thalassiosira pseudonana was
added to the dissolved cell extract. If the cell cultures were clumped, cell clumps were
broken up using sonification (1 min in bath sonicator at 60 Hz) and filtration (forced
through a 200 pm screen at a rate of =50 ml min-1 using a syringe; repeated 4 times).
Microscopic observations indicated that these procedures did not lyse the T.
pseudonana cells. The final concentration of 7. pseudonana cells was kept at or above
the level required for saturation of the egestion rate of Tigriopus californicus (Results
and Discussion), so decreases in fecal pellet production would not be due to decreased
food levels.

The mixture of dissolved cell extract and live Thalassiosira pseudonana cells
was placed in one well (volume = 15 ml) of a tissue culture plate and 2 male C6
copepods were added. The assay was incubated for =20 h at 18°C at an irradiance of
~100 pmol m2 sl and a L:D cycle of 18:6 h. Copepods were pretreated with
antibiotics and preconditioned in autoclaved seawater without food for 24 h prior to the
bioassay. Fecal pellets were settled and counted at the end of the bioassay. Six
replicates were done. A control was conducted using the cell extract from the diatom
T. pseudonana which had no feeding deterrent activity when bioassayed using the

ground fish food assay (Results and Discussion).
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vi. Bioassay Method Using Feeding Deterrents Produced by Live Cells

To determine if live cells produced feeding deterrents in concentrations
sufficient to inhibit feeding, copepods were presented with live cell cultures at a density
of 6 x 103 cells ml-1. Cell clumps in 10 ml of exponentially growing Phaeodactylum
tricornutum cell culture were broken up using sonification (1 min in bath sonicator at
60 Hz) and filtration (forced through a 200 xm screen at a rate of =50 ml min-! using
a syringe; repeated 4 times). The cell culture was placed in one well (volume =15 ml)
of a tissue culture plate and 2 male C6 copepods were added. The assay was incubated
for =20 h at 18°C at an irradiance of =100 gmol m=2 s-1 and a L:D cycle of 18:6 h.
Copepods were pretreated with antibiotics and preconditioned in autoclaved seawater
without food for 24 h prior to the bioassay. Fecal pellets were settled and counted at
the end of the bioassay. Six replicates were conducted. A control was run using
Thalassiosira pseudonana cell culture at a density of 6 x 105 cells mi-1, as this diatom

did not produce a feeding deterrent (Results and Discussion).

C. Results and Discussion

i. Phytoplankton Cultures

Typical data on the growth of Phaeodactylum tricornutum, Thalassiosira
pseudonana, and Gonyaulax grindleyi are listed in Appendix B. The growth rates of
1.57d 1 for T. pseudonana and 0.825 d-1 for P. tricornurum agree reasonably well
with published results of 1.59 d-1 for 7. pseudonana and 1.11 d -1 for P. tricornutum
under conditions of 17.5 °C and 44 pmol m2 51 (Thompson e¢ al., 1990). Huntley et
al. (1986) gave a growth rate of 0.131 d-1 for G. grindleyi. This concurs with the
value 0.271 d-! obtained for this research, even though Huntley's culture conditions
(17 °C, 15 klux, and Gonyaulax polyedra medium from Loeblich (1975)) were quite

different from those used in this work.
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ii. Egestion Rate Experiments

When fed a diet of ground fish food, fecal pellet production of Tigriopus
californicus was constant over time (Appendix C, Tables C1 and C2). Both the short
term experiment (50.5 h) and the long term experiment (137 h) yielded an average
fecal pellet production rate of 1.1 pellets h-1 (n=5, F=0.0036, =0.999). Since the
copepods were preconditioned on a diet of ground fish food prior to the experiment,
they were not expected to have a lag period in fecal pellet production. Microscopic
examination of the fecal pellets showed no signs of coprorhexy (the breaking up of the
fecal pellet by the copepod in order to remove and ingest the membrane which
surrounds the pellet; Lampitt e al., 1990) or fecal pellet degradation over the time
frame of the experiment. Therefore, it was assumed that fecal pellet production was
constant over at least 100 h.

To determine if Tigriopus californicus would ingest small Thalassiosira
pseudonana cells, the copepod was fed heat-killed, fluorescently stained 7. pseudonana
cells, and the ingestion of these cells was observed over time. These observations are
recorded in Table 1. From these results, it was apparent that the copepods were able to
ingest the T. pseudonana cells and produce fecal pellets on this diet. The first stained
fecal pellet was produced within 30 min of the addition of the food source, and fecal
pellet production had reached a constant rate within 4 h. The general staining observed
on the head and thorax appeared to be from breakage of cells during ingestion, thus
counting intact cells in the gut would not give a good approximation of ingestion rate.
For future experiments, an incubation time of 24 h was selected based on the results of
this preliminary experiment, as this would be a long enough time interval to ensure a

constant fecal pellet production rate had been reached.
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Table 1. Feeding of Tigriopus californicus on fluorescently stained Thalassiosira
pseudonana cells. Copepods treated with antibiotics prior to experiment.
Observations made on copepods preserved in formalin.

Time (min) Observations Fecal pellets

5 cell clusters on first pair of legs and feeding 0
apparatus

10 cell clumps on first pair of legs and feeding 0
apparatus (10-15 cells)

30 approximately 9 cells on feeding limbs 2
and 5 cells in first section of gut

60 general staining of head and thorax region including 1

first three pairs of legs; small clump of cells in
mid-gut region

240 cells found throughout the gut; heavy staining 9
of the thorax and first three pair of legs; 9 cells in
mid-gut; 7 cells in hind-gut

480 entire digestive tract stained; all legs stained; 23
clump of heavy staining near anus

The egestion rate response of Tigriopus californicus to varied concentrations of
Thalassiosira pseudonana cells is shown in Figure 4 (raw data and statistical analysis in
Appendix C, Tables C3 and C4). The data were analyzed using the Wilkinson method
for estimating the parameters of a Michaelis-Menten type equation
(F = (Fmax*c)/ (K¢ +c); Wilkinson, 1961). Untreated copepods had a maximum fecal
pellet production rate (Fyax) of 1.6 fecal pellets h-1 (S.E. = 0.1) and a half-saturation
constant (K) of 2 x 104 cells mi-1 (S.E. = 1 x 104). Antibiotic treated copepods had
a Fax of 1.9 fecal pellets h-1 (S.E. = 0.2) and a K of 2 x 104 cells mI-1 (S.E. =
1 x 10%). Using a two-tailed t-test, the maximum fecal pellet production rates (n=18,
t=1.4, «=0.09) and the half-saturation constants (n=18, t=0.21, a«=0.25) of treated
and untreated copepods were not significantly different. It appears that the antibiotic
treatment does not affect the feeding behavior of the copepods. For both treatments, a

cell density of greater than 1 x 109 cells ml-! produced a saturated egestion rate
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response in T. californicus. Therefore, all bioassays using 7. pseudonana were run

with cell densities at or above this concentration.
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Fig. 4. Feeding response, as measured by egestion rate, for untreated and antibiotic-
treated Tigriopus californicus feeding on Thalassiosira pseudonana.

Tsuda and Nemoto (1990) found similar results during feeding experiments
using the marine planktonic copepod Pseudocalanus newmani and the diatom
Phaeodactylum tricornutum. They gave an Fpax of 3.48 x 105 pm3 h-1 c:opepod‘1
and a K. of 5.95 x 105 um?’ ml-l. Using an average volume of 2.26 x 105 um3 for
fecal pellets produced by Tigriopus californicus (experimentally measured; Appendix
D, Table D1) and an average volume of 35 um3 for Thalassiosira pseudonana cells

(Rublee e al., 1989), the Fyyay is 3.7 x 105 um3 h-1 copepod-1 (S.E. = 3 x 104) and
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the K¢ is 6 x 103 ym3 mi-1 (S.E. = 4 x 105) for untreated copepods. Given the
degree of approximation involved in the conversions of the results from this research,
and the fact that different species were used in each work, the comparison of the results

is very good.

iii. Bioassay Method Using Feeding Deterrents Adsorbed onto Ground Fish Food

A cellular extract from Gonyaulax grindleyi was tested for feeding deterrents by
adsorbing this extract onto ground fish food. The data from this experiment were
arranged into 4 blocks (untreated copepods fed fish food with no adsorbed cell extract,
antibiotic-treated copepods fed fish food with no adsorbed cell extract, untreated
copepods fed fish food with adsorbed G. grindleyi cell extract, and antibiotic treated
copepods fed fish food with adsorbed G. grindleyi cell extract) and analyzed using two-
factor analysis of variance (Fig. 5A; raw data and statistical analysis in Appendix C,
Tables C5 and C6). There was significant interaction between the 2 treatments
(treatment of copepods with antibiotics; treatment of fish food with cell extracts)
(n=24, F=9.8, a=0.005). Protected two-tailed t-tests showed that there were
significant differences between antibiotic-treated copepods and untreated copepods and
between fish food with no adsorbed cell extract and fish food with adsorbed cell
extract. One-factor ANOVA showed that the antibiotic-treated copepods produced
significantly fewer fecal pellets on a diet of fish food with adsorbed cell extract than on
a diet of fish food with no adsorbed cell extract (n=6, F=15, «=0.004). This
indicates that G. grindleyi does produce an extractable cellular feeding deterrent.
These results correlated with work done by Huntley (1986), who also showed that G.
grindleyi inhibited feeding. However, Huntley showed that the feeding deterrent from
G. grindleyi was extracellular not intracellular. The deterrent compound may be

produced and stored intracellularly and released extracellularly only at certain times
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Fig. 5. Feeding responses, as measured by egestion rate, of Tigriopus californicus to
treatment of copepods with antibiotics and treatment of ground fish food with
cellular extracts from three phytoplankton species. Set A: UU = untreated
copepods fed uncoated fish food; UC = untreated copepods fed fish food
coated with Gonyaulax grindleyi cellular extract; AU = antibiotic-treated
copepods fed uncoated fish food; AC = antibiotic-treated copepods fed fish
food coated with G. grindleyi cellular extract. Set B: UU = untreated
copepods fed uncoated fish food; UC = untreated copepods fed fish food
coated with Thalassiosira pseudonana cellular extract; AU = antibiotic-treated
copepods fed uncoated fish food; AC = antibiotic-treated copepods fed fish
food coated with 7. pseudonana cellular extract. Set C: ATP = antibiotic-
treated copepods fed fish food coated with 7. pseudonana cellular extract;
APT = antibiotic-treated copepods fed fish food coated with Phaeodactylum
tricornutum cellular extract. Error bars are + 1 SD (n = 6).
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during the cell growth cycle. Thus, these conflicting results may be due to the fact that
the feeding deterrent is present intracellularly at some times and extracellularly at
others. Untreated copepods did not show a significantly different response between the
two diets (n=6, F=1.7, «=0.23), suggesting that the bioassay is affected by bacteria
on the copepods or in the medium.

A cellular extract from Thalassiosira pseudonana was bioassayed for feeding
deterrents. The data were arranged into 4 blocks, as in the previous experiment, and
analyzed using two-factor analysis of variance (Fig. 5B; raw data and statistical
analysis in Appendix C, Tables C7 and C8). There was no significant interaction
between the 2 treatments (treatment of copepods with antibiotics; treatment of fish food
with cell extracts) (n=24, F=3.8, «=0.07). Data from both groups fed fish food with
no adsorbed cell extract and both groups fed fish food with adsorbed 7. pseudonana
cell extract were combined and analyzed by one-factor ANOVA. There was no
significantly different response between a diet of fish food treated with 7. pseudonana
cell extract and a diet of untreated fish food (n=12, F=1.1, «=0.31). It appears that
T. pseudonana does not produce any cellular feeding deterrents that affect this
copepod. ANOVA also showed that antibiotic-treated copepods produced more fecal
pellets than untreated copepods (n=12, F=20, « <0.001), indicating that bacterial
contaminants have a significant effect on the copepods.

In both of the above experiments, antibiotic-treated copepods produced
significantly more fecal pellets than untreated copepods. As bacteria affect the feeding
of Tigriopus californicus on ground fish food, future bioassays were performed with
antibiotic-treated copepods to decrease this effect.

A cellular extract from Phaeodactylum tricornutum was bioassayed for feeding
deterrents (Fig. 5C; raw data and statistical analysis in Appendix C, Tables C9 and
C10). A cellular extract from Thalassiosira pseudonana was used as the control.

ANOVA showed that copepods on a diet of P. tricornutum treated fish food produced
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significantly fewer fecal pellets than copepods on a diet of T. pseudonana treated fish
food (n=6, F=130, « <0.001). Therefore, P. tricornutum produced a cellular
substance which was a feeding deterrent.

By adsorbing cell extracts onto ground fish food, the bioassay simulated the
situation where an algal cell has various compounds attached to or closely associated
with the cell surface (similar to the "phycosphere" concept proposed by Bell and
Mitchell (1972)). The copepod was then able to handle the food particle and accept or
reject it on the basis of its surface properties. This was a more realistic model than
simply dissolving the cell extracts in the medium, and provided some information on
the mechanisms involved (e.g. the copepods detected the feeding deterrent when
handling the food particles). Using cell extracts eliminated feeding preferences based
on size, shape, and texture of the algal cell. However, many of the fish food particles
were of a similar size and shape as the fecal pellets. This made counting fecal pellets
slow and subjective, since fecal pellets were difficult to distinguish from fish food
particles. Therefore, adsorbing cell extracts onto fish food was not a suitable method

for bioassay-guided chemical fractionation.

iv. Bioassay Method Using Dissolved Feeding Deterrents

A cellular extract from Phaeodactylum tricornutum was tested for feeding
deterrents by presenting the copepods with the extract dissolved in seawater and mixed
with live Thalassiosira pseudonana cells as the food source (Fig. 6A; raw data and
statistical analysis in Appendix C, Tables C11 and C12). Copepods produced
significantly fewer fecal peliets when presented with live 7. pseudonana cells mixed
with dissolved cellular extract from P. tricornutum cells than when presented with live
T. pseudonana cells mixed with dissolved cellular extract from 7. pseudonana cells
(n=6, F=61, ©<0.001). The feeding deterrent produced by P. tricornutum affects

Tigriopus californicus when dissolved in seawater.
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Fig. 6. Feeding responses, as measured by egestion rate, of Tigriopus californicus
when presented with a diet of live phytoplankton cells. Set A: ADTP =
antibiotic-treated copepods fed live Thalassiosira pseudonana cells suspended
in dissolved cellular extract from 7. pseudonana; ADPT = antibiotic-treated
copepods fed live 7. pseudonana cells suspended in dissolved cellular extract
from Phaeodactylum tricornutum. Set B: ALTP = antibiotic-treated copepods
fed live T. pseudonana cells; ALPT = antibiotic-treated copepods fed live P.
tricornutum cells. Error bars are + 1 SD (n = 6).

The fecal pellets were more easily and quickly counted when the feeding
deterrent was presented to the copepods as a dissolved material in the presence of live
phytoplankton cells than when the copepods were provided with ground fish food onto
which the feeding deterrent was adsorbed. There was no confusion in distinguishing

fecal pellets from phytoplankton cells. This removed the subjective bias found in the
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ground fish food method resulting from the difficulty in correctly identifying food
particles from fecal pellets. The speed and ease of performing this method made it
suitable for bioassay-guided chemical fractionation. As in the previous method, using
cell extracts eliminated feeding preferences based on size, shape, and texture of the
algal cell. However, presenting the feeding deterrent in a dissolved form may be
unrealistic, especially if the feeding deterrent is actually intracellular or closely
associated with the cell surface. In these cases, the feeding deterrent response in the

natural environment may be different.

v. Bioassay Method Using Feeding Deterrents Produced by Live Cells

To determine if feeding deterrents produced by Phaeodactylum tricornutum
could be detected in live cultures, Tigriopus californicus was exposed to both
Thalassiosira pseudonana and P. tricornutum live cells (Fig. 6B; raw data and
statistical analysis in Appendix C, Tables C13 and C14). Copepods fed live P.
tricornutum cells produced significantly fewer fecal pellets than copepods fed live T.
pseudonana cells (n=5, F=32, «<0.005 for both ANOVA and Mann-Whitney U
tests). Thus, a feeding deterrent can be detected from live P. tricornutum cells.

Presenting live phytoplankton cells to the copepods allowed the bioassay to
simulate the natural environment. The copepod was able to detect the feeding deterrent
at concentrations produced by live cells. Whether the feeding deterrent was present as
a component of the cell's "phycosphere”, as a dissolved exudate, or intracellularly was
not determined from this method. In addition, this method did not control for changes

in feeding due to differences in the size, shape, and texture of the phytoplankton cells.
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D. General Discussion and Conclusions

Many species of marine phytoplankton reduce or completely inhibit feeding in
various zooplankton (Ali, 1970; Chotiyaputta and Hirayama, 1978; Huntley, 1982;
Verity and Stoecker, 1982; Egloff, 1986; Huntley er al., 1986; Sykes and Huntley,
1987; Ward and Targett, 1989; Uye and Takamatsu, 1990). The known PSP toxins,
saxitoxin and its derivatives, have been shown to be feeding deterrents to both
copepods and tintinnids (Ives, 1987; Hansen, 1989; Hansen er al., 1992). Toxins from
freshwater cyanobacteria (microcystin-LR, nodularin) have also been found to be
feeding deterrents (DeMott et al., 1991). However, no feeding deterrent compound
has been isolated and structurally characterized from a marine phytoplankton using a
bioassay specifically designed to detect feeding deterrents. Isolation of an active
compound from a crude extract requires bioassay-guided chemical fractionation of the
crude extract to be performed. Therefore, a fast and reliable bioassay is needed, since
many samples must be bioassayed to isolate one active compound. Most feeding
deterrent bioassays presently in use are tedious, require expensive and specialized
equipment and supplies, or demand high levels of skill in culturing or collecting
delicate bioassay organisms (Huntley et al., 1986; Sykes and Huntley, 1987).

In previous work, feeding deterrents have been detected by measuring ingestion
rate (Huntley er al., 1986). This approach is often tedious and time consuming (e.g.
cell/bead counts). As fecal pellet production rate (egestion) has been correlated with
ingestion rate for copepods (Huntley et al., 1983; Ayukai and Nishizawa, 1986; Tsuda
and Nemoto, 1990), this approach was used. Counting fecal pellets is rapid, easy, and
requires little skill. As egestion rate is an indirect measure of feeding, it is not always
tightly coupled to ingestion rate, and a bioassay using egestion rate may have decreased

accuracy. In practice, however, this does not appear to be a problem.
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Bacteria associated with Tigriopus californicus or the culture medium reduced
the feeding of the copepod on ground fish food. When 7. californicus was treated with
antibiotics, the egestion rate increased, and the copepods were more responsive to the
presence of a feeding deterrent. Bacteria may be harmful to the copepods (decreasing
egestion rate), may be producing their own feeding deterrent compounds (decreasing
egestion rate), may be breaking down the feeding deterrent being bioassayed
(decreasing sensitivity of the bioassay), or may be providing an additional food source
for the copepods (decreasing sensitivity of the bioassay). Antibiotic treatment had a
much greater effect on copepods fed ground fish food than copepods fed live
Thalassiosira pseudonana cells. This may be due to the fact that ground fish food
contains large amounts of organics which may become dissolved in the medium during
the bioassay, while healthy diatom cells leak only a small amount of organics (as
compared with ground fish food) into the medium. As these dissolved organics provide
a good source of nutrients for any bacteria present, ground fish food would tend to
stimulate bacterial growth more than live diatom cells. Treatment of copepods with
antibiotics would greatly decrease the number of bacteria present at the start of the
bioassay, and prevent the formation of a large bacterial population even when ground
fish food is used as the food source. Antibiotic treatment is recommended for
copepods with heavy bacterial contamination.

The type of food source used in the bioassay is important. Food sources with
large particle sizes, such as ground fish food, make fecal pellet counts difficult, while
food sources with small particle sizes, such as diatom cells, produce a background
against which fecal pellets are easily counted. For greatest accuracy, small
phytoplankton (<20 um) should be used.

For bioassay-guided chemical fractionation of crude phytoplankton extracts, the
bioassay method using dissolved extracts is recommended. This is the most rapid and

simple of the three bioassay procedures examined.
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Using Tigriopus californicus as the indicator organism, a feeding deterrent was
detected in the cell extracts from both the diatom Phaeodactylum tricornutum and the
dinoflagellate Gonyaulax grindleyi. This is in agreement with recent work (in
collaboration with this author) done on the grazing rates of larval oysters (Thompson et
al., 1993) which showed a decrease in grazing rates when filtrates from P. tricornutum
or G. grindleyi were present. Therefore, it appears that the production of feeding
deterrents is not limited to dinoflagellates (marine) or cyanobacteria (freshwater), and it
is possible that many classes of phytoplankton produce these compounds. Further
screening of other phytoplankton is required.

Huntley et al. (1986) showed that Gonyaulax grindleyi produced an extracellular
feeding deterrent during logarithmic growth and that cellular extracts had no activity.
However, this research shows that the cellular extract does have feeding deterrent
activity. The cultures used for this work were harvested during late exponential
phase/early senescence. It is possible that the difference in results is due to the growth
phase in which the culture was harvested. Trick er al. (1981) and Hansen (1989)
showed that the release of extracellular materials by phytoplankton is dependent upon
their growth phase.

This work showed that Phaeodactylum tricornutum at a density of 6 x 103
cell ml-1 was capable of producing feeding inhibition in Tigriopus californicus.
Although this density is too high for a normal ecological system, further studies of
feeding inhibition by P. tricornutum at lower cell densities are merited. If
phytoplankton which produce feeding deterrents are found in bloom concentrations in
nature, these blooms could deter predators. Thus, feeding deterrents may control
which phytoplankton species are palatable and assimilated by zooplankton. This, in
turn, may initiate or extend blooms of non-palatable species. Ultimately, feeding

deterrents may control transfer of energy along some paths in the food web.
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A new, rapid, and reliable bioassay for feeding deterrents has been developed.
This bioassay is capable of detecting deterrent compounds from both live cells and cell
extracts, and should provide a valuable tool in screening other phytoplankton for the
production of feeding deterrent compounds and determining the chemical nature of

these compounds.
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Chapter 3

Isolation and Structure Determination of Chemical Feeding Deterrents from the

Diatom Phaeodactylum tricornutum

A. Introduction

The second objective of this research was to isolate and characterize the
structure of a feeding deterrent produced by a marine phytoplankter using
chromatographic and spectroscopic techniques. The development of a feeding deterrent
bioassay (Chapter 2) made it possible to carry out bioassay-guided chemical
fractionation in order to isolate active feeding deterrent compounds. Using this
bioassay, chemical feeding deterrents were isolated from the marine diatom
Phaeodactylum tricornutum.

This introduction will give a brief description of the principles involved in the
chromatographic and spectroscopic techniques used in this research. The theories
behind these principles will not be dealt with in detail, however references will be

given for those who wish to pursue these subjects in more depth.

i. Chromatographic Techniques

The science of chromatography encompasses a wide range of separation
methods which allow scientists to isolate and identify related components from complex
mixtures. The one common element for these methods is the use of a stationary phase
and a mobile phase. Components in a mixture are carried through the stationary phase
by the flow of the mobile one. Separations are based on the differences in migration

rates among the various components.
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Several types of column chromatography have been used in this research to
isolate feeding deterrent compounds. In column chromatography, the stationary phase
is held in a narrow tube through which mobile phase is forced under pressure or by
gravity. If the mobile phase is a liquid, then this is referred to as liquid
chromatography. Liquid-solid chromatography (LSC) has a liquid mobile phase and a
solid stationary phase. Migration of components through the column is controlled by
an equilibrium between adsorption of the components on the solid stationary phase and
dissolution of the components in the liquid mobile phase. Liquid-bonded phase
chromatography (LBC) has a liquid mobile phase and an organic species bonded to a
solid surface as the stationary phase. Migration of components through the column is
controlled not only by an adsorption equilibrium, but also by an equilibrium between
dissolution in the mobile phase and dissolution in the bonded phase. This second
equilibrium is termed a partition equilibrium (Skoog, 1985).

Chromatographic separations are based upon differences in the extent to which
solutes are partitioned between the mobile and stationary phases. This equilibrium can
be described quantitatively by the equation K = Cg/Cyp, where K is the partition
coefficient, Cg is the concentration of the solute in the stationary phase, and C)y is the
concentration of the solute in the mobile phase. If one plots Cg against Cpp, then
ideally this is a linear function (since Cg = KxCypg) (Fig. 7, line A). A
chromatographic method which satisfies this ideal is referred to as linear or partition
chromatography. However, if the solute is adsorbed onto the stationary phase, then
one gets a curve similar to line B in Figure 7. This curve is described by the equation
Cg = K*CM“, where n is a constant. A chromatographic method which produces this

type of plot is referred to as absorption chromatography (Skoog, 1985).
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Fig. 7. Theoretical plots of solute concentration in the stationary phase (Cg) against
solute concentration in the mobile phase (Cpp). Line A is for partition
chromatography and line B is for absorption chromatography.

Separation of components in column chromatography is carried out through a
process termed elution, whereby a solute is washed through a column by additions of
fresh solvent. A single portion of a sample, dissolved in the mobile phase, is
introduced at the head of the column at time = t,, at which time the components of the
sample distribute themselves between the mobile and stationary phases. Addition of
mobile phase (eluent) at the head of the column forces the sample down the column,
where further partitioning takes place. Since solute movement can only occur in the
mobile phase, the average rate at which a solute migrates depends on the fraction of
time it spends in the mobile phase. Thus, if K is small, the solute spends a large
amount of time in the mobile phase and elutes quickly. Differences in the K's for
different components in a mixture allow components to separate into bands located
along the length of the column. Isolation of components in these separated bands is

then accomplished by passing sufficient eluent through the column to cause the
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individual bands to pass out the end, where they can be collected (time = t;) (Skoog,
1985).

If a detector that responds to solute concentration is placed at the end of the
column, and its signal is plotted as a function of time, one can obtain a chromatogram
(Fig. 8). This plot, which consists of a series of symmetric peaks, contains two
valuable pieces of information:

1) retention time - the time at which the component elutes. This can be used to

identify components in a sample.

2) area under the peak - this is a quantitative measure of the amount of each

component (Skoog, 1985).

Signal Intensity j\
| AN j\
t3

1
t1 t2

Time —

Fig. 8. An example of a chromatogram. tl, t2, and t3 are the retention times for
components 1, 2, and 3 respectively.

Column Chromatography

The types of column chromatography used in this research were:

a) alumina chromatography
This is a type of adsorption chromatography. Retention of components is a
function of interaction with the surface hydroxyls of the alumina stationary

phase through the formation of hydrogen bonds and dipole-dipole



46

interactions. Polar compounds are more strongly adsorbed than nonpolar
compounds. The mobile phase is generally an organic solvent lower in
polarity than the stationary phase.

b) normal phase silica chromatography
This is a type of adsorption chromatography. Normal phase refers to
chromatography in which the stationary phase is more polar than the mobile
phase. Retention of components is a function of interaction with the surface
silanols (Si-OH groups) of the silica gel stationary phase through the
formation of hydrogen bonds and dipole-dipole interactions. Polar
compounds are more strongly adsorbed than nonpolar compounds. Silica gel
has a lower adsorbing power than alumina.

c) reverse phase C-18 bonded silica chromatography
Migration of compounds through this type of column is controlled mainly by
the partition equilibrium. Reverse phase refers to chromatography in which
the stationary phase is more hydrophobic than the mobile phase. In C-18
bonded silica chromatography, long alkyl groups (C-18) are bonded to the
silanol groups of the silica gel. Retention of components is a function of
hydrophobic interactions with the surface alkyl groups of the stationary
phase. Nonpolar compounds are more strongly adsorbed than polar
compounds.

d) high performance liquid chromatography (HPLC)
HPLC is a form of column chromatography in which the column efficiency
(the ability of the column to resolve separate components in a mixture) and
speed have been increased by packing the column with particles of stationary
phase material as small as 5 um and pumping mobile phase through the
column using a high pressure pump. The packing material used in HPLC

columns is the same as for normal column chromatography.
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Detection Methods

Two methods for detecting feeding deterrents in eluent from various columns
were used:

a) feeding deterrent bioassay
As bands elute from the column, they are collected, and a portion of this
collected material is simply bioassayed as described in Chapter 2. This
allows the fraction containing the active feeding deterrent compounds to be
identified.

b) photo-diode array (PDA) detector
This is a detector unit which consists of an array of photo-diodes. Each
diode measures light intensity at a given wavelength of light. Thus, at any
given time, the array is capable of measuring light intensities at a number of
wavelengths. The output of this unit is a plot of absorbance (amount of light
absorbed by a sample passing through the unit = log(I/I), where I is the
intensity of incident light and I is the intensity of emergent light) against
wavelength. This is referred to as an absorption spectrum. When attached to
a column, this detector gives an absorption spectrum for each component
eluting from the column which has a light absorbing chromophore. The
absorption spectrum can be used to both identify and quantify the

component.

ii. Spectroscopic Techniques

Spectroscopy is the study of the quantized interaction of energy (typically
electromagnetic) with matter. Molecular spectroscopy deals with the spectroscopy of
atoms bound together to form molecules. Electrons within molecules can move, and

molecules themselves can vibrate and rotate. All these motions are quantized (Fig. 9).
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excited electronic state

ground electronic state
vibrational levels

Internuclear Distance —————>

Fig. 9. Potential energy curves (schematic) of a diatomic molecule showing quantized
energy states and transitions from a ground state to an electronic excited state.
PE = potential energy; internuclear distance = distance between the two
nuclei of the molecule; E = emitted energy; A = absorbed energy.

A photon of energy may be absorbed by a molecule, causing the molecule to be excited
from one quantized energy level to a higher energy level, if AE, the energy difference
between the two levels, corresponds exactly to the energy of the photon. Since AE =
hv (Planck-Einstein equation; h = Planck's constant; » = frequency of absorbed
radiation) and ¢ = A» (c = speed of light; A = wavelength of absorbed radiation), then
the equation AE = hc/A can be derived. Therefore, the greater the energy of the
absorbed photon, the shorter the wavelength of absorption. A typical spectrum is a plot
of the absorption or emission of energy by a molecule against the wavelength (\) or
frequency (») of that energy (Fig. 10). An absorption peak in a spectrum can be
characterized by the wavelength of maximum absorption (Amax) and the intensity of

the absorption at this wavelength (Forbes, 1965).
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I
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Fig. 10. An example of a typical spectrum generated by the absorption of energy by a
molecule.

The absorption of a photon of energy of a particular wavelength by a molecule
is a result of the structural features in that molecule which are capable of absorbing that
specific energy package. Thus, the wavelength of the absorbed energy can be used as
an indication of structural features of a molecule. Energy from several regions of the
electromagnetic spectrum give vital information about the structure of organic

molecules (Fig. 11; Pavia et al., 1979).

Ultraviolet-Visible Spectroscopy (UV-vis)

Ultraviolet-visible spectroscopy is the study of absorption of ultraviolet or
visible light (200 - 800 nm) by electrons in a molecule. This absorbed energy excites
the electrons from bonding to antibonding molecular orbitals in a process referred to as
an electronic transition. Molecular orbitals which are important in UV-vis

spectroscopy are shown in Figure 12 (Pavia et al., 1979).
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Fig. 11. A portion of the electromagnetic spectrum showing regions which provide
important spectroscopic information about the structure of a molecule.

o* o
C-C single bond antibonding  C-C single bond bonding
molecular orbital

molecular orbital
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C-C double bond antibonding  C-C double bond bonding
molecular orbital molecular orbital

Fig. 12. Molecular orbitals involved in electronic transitions in organic molecules
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It is possible to have the following electronic transitions: ¢ = o*; * = 7*; n »
«* and n - o* (Fig. 13). The w - 7* transition is of particular interest in molecules
containing conjugated double bonds. As the number of p orbitals making up the
conjugated system is increased, the transition from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied antibonding molecular orbital (LUMO) has
progressively lower energy. In practical terms, as conjugation increases, the
wavelength of absorbed light energy becomes longer. In polyenes with cis double
bonds (trans double bond = /\\/ ; cis double bond = /———\), a second, more
energetic = —> * transition is allowed, resulting in a "cis band" at a shorter wavelength

than the main = — #* transition (Pavia er al., 1979).

N\ antibonding o (o * )

antibonding 7 (7 * )

E nonbonding p (n)

bonding 7

bonding o

Fig. 13. Schematic representation of the electronic energy levels of molecular orbitals
in organic molecules.

The Apax for © — 7* transitions can be calculated empirically by various sets
of empirical rules depending on the type of molecule (Woodward-Fieser rules for
dienes; Fieser-Kuhn rules for polyenes; Woodward's rules for enones; Nielsen's rules
for a,B-unsaturated acids and esters). Therefore, for these types of compounds, one
can deduce the structure of the chromophore (a group of atoms responsible for the
absorption of a specific wavelength of energy by the molecule) from the Ay 5% (Pavia er

al., 1979).
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The intensity of the absorption of light at A5« is expressed as an extinction
coefficient, &€ (molar extinction coefficient or molar absorptivity). Absorbance and
molar absorptivity are related by the Beer-Lambert law:

A = log (Io/I) = écd
where A = absorbance
I, = intensity of incident light
I = intensity of emergent light
¢ = concentration of compound (M)
d = length of cell holding sample (cm)

& = molar absorptivity.

Infrared Spectroscopy (IR)
Infrared spectroscopy is the study of the absorption of IR radiation (2.5 -

15 pm) by a molecule. This absorption of radiation causes the molecule to undergo a
transition from one vibrational energy state to a higher vibrational energy state.
Radiation in this energy range corresponds to the stretching and bending vibrational
frequencies of bonds in most covalent molecules. Only bonds which have a dipole
moment (polar bonds) are capable of absorbing IR radiation, as there must be an
oscillating dipole moment in order for energy transfer from incoming radiation to
occur. Therefore, bonds which are symmetrically substituted will not produce a signal
in an IR spectrum.

The stretching vibration of a bond in a molecule can be compared to two balls at

the end of a spring:
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This vibration can be described by the equation:

fim, +m

[ )
mlm2

where = vibration frequency
k = constant

m1 and m) = masses of atoms in the bond

f = force constant of bond = bond strength.
Therefore, stronger bonds absorb IR radiation of higher frequencies. Carbon-carbon
bonds have vibrational frequencies such that:

|
— N7 - -
—C=C— >_jc=c{ > —C—C

Infrared spectroscopy provides two useful types of information: (1) IR spectra
act as "fingerprints" to identify molecules, since no two molecules produce identical IR
spectra; (2) IR spectra give structural information about functional groups in a

molecule, as specific functional groups give specific IR absorptions (Fig. 14; Pavia et

al., 1979).
Frequency (cm'1 )
4000 2500 2000 1800 1650 1550 650
OH CH | C=C|Very |C=0|C=N c. (§3-C1
C=N |few cC=C C-N

N-H X=C=Y] bands C-C

(C,0,N,$) NTOINFE
2.5 4 5 55 6.1 6.5 15.4
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Fig. 14. The approximate regions where various types bonds absorb (stretching

vibrations only). Note that frequency is given in wavenumbers (» =I/\ in
-1
cm™1).
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Nuclear Magnetic Resonance Spectroscopy (nmr)

All nuclei have charge by virtue of containing protons, and behave as though
they were spinning. A spinning charge generates a magnetic field, H, and has a
magnetic dipole. Nuclear magnetic resonance spectroscopy is the study of the
absorption of photons of suitable frequency (radiowave frequency = RF) by certain
nuclei when placed in an external magnetic field, resulting in the excitation of their
spin states. Spin (I) is a quantized value (I = +1/2, +1, £3/2, ...). The simplest
nmr spectra are given by nuclei with spin values of 1/2. Therefore, in organic
molecules, nmr spectroscopy measures the absorption of energy by 1g, 13, and 31p
nuclei, which all have I = 1/2. An nmr spectrum records increasing magnetic field
along the x-axis and increasing intensity of energy absorption along the y-axis. In
proton nmr, which only measures absorbances due to protons, every proton in the
molecule will generate a peak in the spectrum (Kemp, 1986).

The energy difference between two spin states of a nucleus is dependent upon
the applied external magnetic field (Hg) and the magnetogyric ratio (v, a unique
property of the nucleus). This relationship is described by the following equation:

AE = y(h/27)Hg = hv

where v = frequency of absorbed energy/frequency of spinning nucleus

h = Planck's constant

Therefore, the frequency of the absorbed energy is v = (y/27)Hy- When the spin of
the nucleus is oriented parallel to the applied magnetic field, H o’ the energy of the spin

state is lowest. When the spin is oriented opposite to the applied magnetic field, the

energy of the spin state is highest (Fig. 15; Kemp, 1986).
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5 .

Fig. 15. Orientations of spin states for a nucleus with I = 1/2 in a external magnetic
field. E = energy of spin states; H = magnetic field of spinning nucleus;
H, = applied magnetic field.

The atoms surrounding a nucleus in a molecule have electrons which can
generate induced local magnetic fields that enhance or oppose the applied magnetic
field, H,, such that the nucleus actually experiences a magnetic field, Hj, which is
different from H,. These "shielding" and "deshielding" effects are unique for each
molecule, and each proton in the molecule will experience a different H;. Therefore,
all protons will resonate (precess) at different frequencies and absorb photons of
different energies (since » = (y/27)H;). This resonance frequency (v;) is expressed in
terms of its chemical shift in ppm from the resonance frequency of a standard peak (vg)
(Stevens, 1987):

(v, —v¢)x10®
VS

chemical shift =

This explanation of nmr spectroscopy is somewhat simplified. The actual
acquisition of an nmr spectrum is quite complex, and a detailed explanation is not

within the scope of this introduction.
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a) proton nmr
The most basic nmr experiment, in which resonances due to all the protons in
the molecule are observed, is called a proton nmr (Fig. 16). A proton nmr provides
three important pieces of information which can be used to determine the structure of a
molecule (Bose, 1965):
1) chemical shift of a peak
The chemical shift of a peak is characteristic of the electronic and magnetic
environment of the proton corresponding to it. Protons attached to oxygen
containing groups are "deshielded” and resonate at a higher magnetic field
(resulting in a downfield shift towards larger ppm values). Protons attached
to groups containing only carbon and hydrogen are "shielded" and resonate at
a lower magnetic field (resulting in an upfield shift towards smaller ppm
values). Thus, the environment of a proton can be determined by its
chemical shift. Chemical shifts for protons in various environments have
been determined empirically and have been published in chemical shift
tables.
2) area under a peak (peak integration)
The area under a peak is proportional to the number of protons responsible
for that signal. Therefore, a proton spectrum can be used to calculate the
total number of protons in a molecule.
3) spin-spin coupling
A nucleus can "sense" the energy state of another nucleus via the agency of
the electrons in the chemical bonds separating them. This "coupling” of
nuclei is formally called electron-coupled spin-spin interaction. This spin-
spin coupling is generally observable only if four or less bonds separate the
two interacting nuclei. Spin-spin coupling produces splitting in the peak

produced by a proton. For simple systems, the resonance of a given proton
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will be split into n+1 lines, where n is the number of neighboring protons.
The spacing between the lines in a multiplet will be equal to the coupling
constant (J) between the interacting protons. Therefore, the number of near

neighbors a proton has can be determined from the splitting patterns in an

nmr spectrum.
5
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Fig. 16. A proton nmr spectrum for the compound ethyl acetate. The numbers on the
structural model of ethyl acetate represent the protons at those positions in
the molecule. The numbers associated with peaks in the spectrum indicate
which protons are responsible for each peak. Note that protons at position 1
in the molecule produce a signal which has three lines (2 neighbors + 1 =
triplet), the protons at position 2 produce a signal which has four lines (3
neighbors + 1 = quartet), and the protons at position 5 produce a signal
with no splitting (0 neighbors + 1 = singlet). The areas under the signals in
the spectrum have the ratio 3 : 2 : 3 for position 1 protons : position 2
protons : position 5 protons. Protons at position 5, which are in close
proximity to an oxygen atom, are deshielded relative to protons at position 1,
and have a chemical shift which is further downfield.

b) 1H - IH COSY (homonuclear correlation spectroscopy)
In a complex proton nmr spectrum, it is often quite difficult to observe and
interpret the spin-spin coupling between protons, as peaks may be overlapping or

coupled systems may not obey the n+1 rule. To obtain more information on proton
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coupling, additional nmr experiments must be performed. The simplest of these is
called a double irradiation experiment. In this experiment, there is a selective
irradiation of a particular proton in the molecule with an RF (radio frequency) field at
the same frequency at which that proton resonates. The resultipg effects of this
irradiation on the rest of the protons in the molecule are observed. In this type of
experiment, the spin-spin couplings due to the irradiated proton disappear from all
other resonances in the spectrum. By comparing the coupling patterns in the irradiated
spectrum with the patterns in a nonirradiated spectrum, one can determine which
protons are coupled to the irradiated proton. An irradiation experiment is termed a
one-dimensional (1-D) nmr. If one wanted to determine all the proton couplings in a
molecule, one could perform an irradiation experiment on every proton in the
molecule. This would generate a data set in which the independent variable would be
the proton being irradiated (given as a chemical shift, ppm) and the dependent variable
would be the protons coupled to the irradiated proton (given as chemical shifts, ppm).
However, such a series of experiments requires a great deal of time and work, and the
results may be ambiguous if there is overlap in the proton signals (Wiithrich, 1986).

A 2-D COSY (IH -1H COSY) is basically equivalent to a series of 1-D
irradiation experiments for each proton in the spectrum, although the process by which
the data is acquired is much different. Two-dimensional nmr experiments rely on
pulsing the nuclei with a series of RF pulses at specific angles to the applied magnetic
field, Ho, and at specific time intervals to generate the data set. Instead of performing
a number of separate experiments, all the data is collected in one experiment by
varying a single experimental parameter throughout the experiment (for more
information on the acquisition of 2-D nmr spectra, refer to Benn and Gunther, 1983).
Chemical shift information is contained in the positions of the peaks ("diagonal peaks"
shown by contour lines) along the diagonal from the upper right to the lower left.

Couplings between individual peaks are manifested by "cross-peaks" located at the
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intersection of straight lines parallel to the x and y-axes through the diagonal peaks. A
COSY spectrum allows one to "walk" through all the couplings in a spin system (a
group of coupled protons) simply by connecting the cross peaks to the diagonal peaks
(Fig. 17; Wiithrich, 1985).
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Fig. 17. A 1H-1H cosy spectrum for ethyl acetate. Note the cross-peaks which
indicate coupling between protons at positions 1 and 2. This coupling is
represented by an arrow in the structural model of ethyl acetate. All cross
peaks are reflected across the diagonal in a COSY, so that there are two cross
peaks for any given coupling, and the COSY spectrum is symmetrical about
the diagonal.
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Mass Spectrometry
Mass spectrometry is based on the principle that it is possible to obtain the

mass-to-charge ratio (m/e or m/z) of an ion in gas phase. Since multicharged ions are
much less abundant than those with a single electronic charge, then, in practice, m/e is
equal to the mass of the ion, M. A mass spectrometer performs three essential
functions (Fig. 18; Pavia et al., 1979):
1) it converts molecules into ions and accelerates these ions in an electric field.
2) it separates the accelerated ions according to m/e ratio in a magnetic or
electric field.
3) it detects ions with a particular m/e ratio using a device which is able to
count the number of ions which strike it. The output from this detector is
amplified and fed to a recorder which produces a graph with the number of

particles detected as a function of the m/e ratio. This graph is the mass

spectrum.
accelerator
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@
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Fig. 18. A schematic of a simple mass spectrometer. V = voltage across accelerator
plates; H = applied magnetic field.
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a) ion source
In this research, desorption chemical ionization (DCI) was used to ionize the
sample. Positive ions are generated by electron bombardment of an excess of reagent
gas, usually methane (CHy4) or ammonia (NH3). The sample is applied to a suitable
probe which is inserted directly into the reagent ion plasma. A programmed heating
current is used to "distill" the sample from the probe, and sample molecules are ionized
by collision with the positive ions from the reagent gas (Harrison, 1992). DCI is
considered a "gentle" ionization technique, and weak bonds are left intact. Therefore,
the primary peak in the mass spectrum is usually [M+H]* (where M+ is the molecular
ion). Using NH3 as the reagent gas, the following reactions occur:
I) NH; +e - NH3+ + 2e”
(an electron is removed from the reagent gas molecule by high energy
electron bombardment)
2) NHy . +NH; - NH; + NH; .
(stabilization of the reagent gas ion)
3)NH, +M — NH; +MH"

(proton exchange between the sample molecule and the ionized reagent gas)

b) ion analyzer
The most common ion analyzer uses the principle that a magnetic field causes
ions to be deflected along curved paths defined by the m/e ratio and kinetic energy

(KE) of the ion. The KE of an ion is defined:
1 2
KE =eV = —Z-mv

where KE = kinetic energy of ion
e = charge on ion

= mass of ion
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v = velocity of ion

V = accelerating voltage
2eV . . i .
Thus, v=,/——. To get the ion to travel in a curved path within the ion analyzer
m

chamber, centripetal and centrifugal forces must be equal:

l‘I‘IV2

T

= HeV

where r = radius of curve

H = magnetic field strength
2.2
2V

. Either the

. . . o m/ _
Therefore, for an ion analyzer using magnetic deflection, é =

accelerating voltage (V) or the magnetic field strength (H) is continuously varied in
order to detect all of the ions produced in the ionization chamber (Pavia et al., 1979).

A mass spectrum gives the following information for a molecule:

1) the molecular weight of the molecule.

2) parts of the molecular structure. The ionized sample molecule may be
unstable and can break up or fragment during the ionization process. These
"fragments" can be used as clues to determine the chemical structure of a
compound, as fragmentation patterns are typical of certain structural features

in a molecule.
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B. Materials and Methods

i. Phytoplankton Cultures

The source and maintenance of stock unialgal cultures of Phaeodactylum
tricornutum Bohlin (NEPCC #640) were described in Chapter 2. Culturing conditions
were the same as described in Chapter 2, with the following changes. Seawater used
for culturing was filter sterilized using a 0.45 pm Millipore filter. Cultures were
grown in 120 L plastic bags at an irradiance of =100 umol m-2 s-1 with a L:D cycle
of 18:6 h and at a temperature of 18°C. The cultures were aerated vigorously with air
filtered through a GF/F filter. Cultures were harvested in late log or early senescence
phase.

Cell culture (360 L) was harvested by gentle filtration through a 5 pm Nitex
screen. The cells were rinsed from the screen with methanol and collected in a
grinding tube. Cellular extracts of the phytoplankton cells were obtained by grinding
the harvested cells in methanol and rinsing the cell debris repeatedly in methanol until
all the pigments were removed. This methanolic extract was filtered through a GF/F
glass fiber filter to remove remaining cell debris. The methanolic extract then

underwent rotary evaporation to produce a gummy oil.

ii. Chromatography

The methanolic extract yielded 20.4 g of a dark green oil. This oil was divided
into 3 portions, and each portion processed as follows. The oil was dissolved in 10 ml
of 0.05 M sulfuric acid and extracted with 50 ml of diethyl ether. The organic phase
was dried, dissolved in 25 ml of 80% ethanol and extracted with 4 x 25 ml n-hexane.
The ethanolic phase was dried, dissolved in 20 ml of 0.45 M sodium hydroxide and
extracted with 50 ml diethyl ether. The organic phase was dried to give a brown gum.

The three portions of brown gum were combined (1.88 g).



A portion (630 mg) of the brown gum was dissolved in 20% ethanol and applied
to two C-18 sep-paks (in series). The sep-paks were rinsed with 20% ethanol and the
active material was eluted with ethyl acetate (yield 360 mg). This material was
chromatographed on a silica gel short column (Taber, 1982) with ethyl
acetate/dichloromethane (1:1) to give 4 fractions: A (green), B (yellow), C (orange-
red), D (blue-green). Fraction B (230 mg) was active. Further purification was
carried out on a 1 g silica gel short column in chloroform giving fractions B1 (yellow,
active) and B2 (orange-red). Final purification of B1 was carried out by HPLC
(Econosil C-18, § um column, 1 = 250 mm, [.D. = 4.6 mm; gradient system #1:
methanol/water/ethyl acetate (40:50:10 to 35:45:20), 0.7 ml/min, 90 min run). Yield
of pure apo-10'-fucoxanthinal (1) and apo-12'-fucoxanthinal (2) was = 1 mg each.

A second portion (1.25 g) of the brown gum was chromatographed on a 10 g
silica gel (TLC grade) vacuum column packed in a buchner funnel using
dichloromethane/ethyl acetate/acetic acid (25:25:1) to yield 3 fractions: X (green), Y
(active, red-orange), Z (blue-green). Fraction Y was dried and pumped under vacuum
to remove the acetic acid, and applied to a 10 g silica gel short column and eluted with
dichloromethane/ethy! acetate (1:1) to give 4 fractions: Y1 (green), Y2 (active, yellow-
orange), Y3 (red-orange), Y4 (blue-green). Y2 was further purified on an alumina
(grade IV) column using 5% acetone in hexane to give 3 fractions: Y21 (active,
yellow), Y22 (orange), Y23 (orange-red). Final purification of Y21 was carried out by
HPLC (Econosil C-18, 5 um column, 1 = 250 mm, I.D. = 4.6 mm; gradient system
#2 (for apo-12-fucoxanthinal (3)): methanol/water/ethyl acetate (65:25:10 to 65:0:35),
0.7 ml/min, 60 min run; gradient system #3 (for apo-13'-fucoxanthinone (4)):
methanol/water/ethyl acetate (40:50:10 to 0:0:100), 0.7 ml/min, 80 min run). Yield of

pure apo-12-fucoxanthinal (3) and apo-13'-fucoxanthinone (4) was < 1 mg each.
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iii. Feeding Deterrent Bioassays for Bioassay-guided Chemical Fractionation

A weighed amount of dried material to be bioassayed was dissolved in 5 ml of
autoclaved seawater and sonicated (1 min in bath sonicator at 60 Hz) to facilitate
mixing. If the material to be tested was not soluble in seawater, it was dispersed using
4 drops of dimethylsulfoxide (DMSO). When DMSO was used to dissolve the extract,
it was also added to the control. Five ml of an exponentially growing culture of the
diatom Thalassiosira pseudonana was added to the dissolved cell extract. If the cell
cultures were clumped, cell clumps were broken up using mild sonification (1 min in
bath sonicator at 60 Hz) and filtration (forced through a 200 pm screen at a rate of =
50 ml min-! using a syringe; repeated 4 times). This mixture was placed in one well
(volume =15 ml) of a tissue culture plate and two male C6 copepods (Tigriopus
californicus) were added. The assay was incubated for =20 h at 18°C with an
irradiance of =100 pmol m2 s-1 and a L:D cycle of 18:6. Copepods were
preconditioned in autoclaved seawater without food for 24 h prior to the bioassay.
Copepods were pretreated with antibiotics if they were heavily contaminated with
bacteria. Degree of feeding inhibition was measured by counting fecal pellets. Six
replicates were done. A control was done using a cell extract from 7. pseudonana
(which has no feeding deterrent effects on T. californicus). Data were analyzed by

analysis of variance (ANOVA) to determine statistical significance.

iv. Semi-synthetic Procedure

Fucoxanthin was isolated by the method described by Haugen and Liaaen-Jensen
(1989) from the brown seaweed Fucus distichus collected from Copper Cove, West
Vancouver, British Columbia on March 6, 1993. Zinc permanganate (Zn(MnQOyg)))
was prepared based on the methodology by Lux (1965) and Wolfe and Ingold (1983).
The fucoxanthin (1.2 g) was oxidized with Zn(MnOg4), based on the method described

by Bonnett er al. (1969). The reaction mixture was chromatographed on an alumina
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(grade IV) column using 5% acetone in hexane to give 3 fractions: E (pale yellow), F
(orange), G (dark orange), H (red-orange). Fraction G (12.9 mg) was purified on
HPLC (system #1) to give 1.6 mg apo-10'-fucoxanthinal (1) and 1.8 mg apo-12'-
fucoxanthinal (2). Fraction F (18.3 mg) was purified on HPLC (systems #2 and #3) to

give 0.2 mg each of apo-12-fucoxanthinal (3) and apo-13'-fucoxanthinone (4).

v. Spectroscopy

IH 1-D NMR and 2-D COSY experiments were carried out on either a 400
MHz or a 500 MHz Bruker instrument. Mass spectra were obtained by desorption
chemical ionization using either a Nermag R10-10C (for low resolution spectra) or a
Kratos MS80RFA (for high resolution spectra) mass spectrometer. Infrared
spectroscopy was done on a Perkin-Elmer 1600 Series Fourier Transform IR
spectrometer. Ultraviolet-visible spectroscopy was done on an LKB Ultraspec 11

spectrophotometer (Berges and Virtanen, 1993).

C. Results and Discussion

i. Chromatography

Crude methanolic extracts of the diatom Phaeodactylum tricornutum were found
to have feeding deterrent activity against adult C6 males of the copepod Zigriopus
californicus (Chapter 2). In order to determine which compounds in the crude extract
were responsible for this activity, various chromatographic methods were employed to
isolate these active compounds. Results from the feeding deterrent bioassay were used
to guide the chemical fractionation and isolation of the active components. Figures 19,
20, and 21 illustrate the various chromatographic techniques used to isolate the feeding
deterrent compounds, and the use of the bioassay to track feeding deterrent activity

through the fractionation scheme. Four active feeding deterrents were isolated in trace
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(< 1 mg) amounts. These compounds tended to track with the orange-yellow
carotenoid pigments throughout most of the isolation procedures, and compounds (1),
(2), and (3) were a yellow color. All four compounds contained impurities. However,

with such trace amounts, further chromatographic purification was not practical.

methanolic cell extract

dry
dissolve in dilute aqueous acid
extract with ether

B
aqueous phase (-) ether phase (+)
(basic compounds) (neutral and acidic compounds)
dry
extract with hexane/ethanol
B
hexane phase (-) ethanol phase (+)

(nonpolar compounds) (polar compounds)

dry
dissolve in dilute aqueous base
extract with ether

B

ether phase (+) aqueous phase (-)
(neutral polar compounds) (acidic compounds)

Fig. 19. Preliminary isolation scheme for feeding deterrent compounds using solvent-
solvent extractions and acid-base properties of molecules. B indicates points
in the scheme where bioassays were performed. (+) = feeding deterrent
activity; (-) = no feeding deterrent activity.



68

ether phase (Fig. 19)
(neutral polar compounds)
dry
dissolve in 20% ethanol
apply to C-18 sep-pak
(reverse phase chromatography)

material eluted with 20% ethanol (-) material eluted with ethyl acetate (+)
(salts, very polar compounds) (less polar compounds)

dry

apply to short column of silica gel

elute with ethyl acetate/dichloromethane
(normal phase chromatography)

Fr. A(-) Fr. B(+) Fr. C(-) Fr. D(-)
(green) (yellow) (orange-red) (blue-green)
dry

apply to short column of silica gel

elute with chloroform
(normal phase chromatography)

Fr. BI(+) Fr. B2 (-)
(yellow) (orange-red)
HPLC

elute with methanol/water/ethyl acetate
(reverse phase chromatography)

Compound (1) Compound (2)
0.01% of crude 0.01% of crude
methanolic extract methanolic extract

Fig. 20. Isolation scheme for feeding deterrent compounds (1) and (2). B indicates
points in the scheme where bioassays were performed. (+) = feeding
deterrent activity; (-) = no feeding deterrent activity.
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ether phase (Fig. 19)
(neutral polar compounds)
dry
apply to short column of silica gel
elute with ethyl acetate/dichloromethane/acetic acid
(normal phase chromatography)

Fr. X (0 Fr. Y (+) Fr.Z(-)
(green) (red-orange) (blue-green)
dry

apply to short column of silica gel
elute with ethyl acetate/dichloromethane
(normal phase chromatography)

B

Fr. Y1(-) Fr. Y2 (+) Fr. Y3 (-) Fr. Y4 (-)
(green) (yellow-orange) (orange-red) (blue-green)

dry
apply to an alumina column
/
A\
Fr. Y21 (+) Fr. Y22 () Fr. Y23 ()

elute with acetone/hexane
(normal phase chromatography)
(yellow) (orange) (orange-red)
HPLC

elute with methanol/water/ethyl acetate
(reverse phase chromatography)

Compound (3) Compound (4 )
0.007% of crude 0.007% of crude
methanolic extract methanolic extract

Fig. 21. Isolation scheme for feeding deterrent compounds (3) and (4). B indicates

points in the scheme where bioassays were performed. (+) = feeding
deterrent activity; (-) = no feeding deterrent activity.
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ii. Spectroscopy

Four compounds with feeding deterrent activity were isolated from the crude
cellular extracts of the diatom Phaeodactylum tricornutum. In order to determine the
chemical structures of these four compounds, several spectroscopic methods were used
to provide information about structural aspects of the molecules. These methods were
mass spectrometry, ultraviolet-visible spectroscopy, infrared spectroscopy, and nuclear

magnetic resonance spectroscopy.

Natural Compounds

The compounds isolated from Phaeodactylum tricornutum cell extract (which
will be referred to as the "natural" compounds) were present in very small quantities.
This made analysis by spectroscopic methods difficult. However, it was possible to
obtain a low resolution DCI mass spectrum for all four compounds (Appendix E, Figs.
El - E4), a high resolution DCI mass spectrum for three of the four compounds, and a
proton nmr spectrum for all the compounds (Appendix E, Figs. ES - E17). As three of
the compounds were yellow in color, it was believed that the compounds were
xanthophylls. Comparison of the mass spectrometry and nmr data obtained for these
compounds with that given by Bonnett er al. (1969), tentatively identified three of the
four compounds as apo-10'-fucoxanthinal (1), apo-12'-fucoxanthinal (2), and apo-12-
fucoxanthinal (3) (Tables 2 and 3). By extrapolation, the fourth compound was
suspected to be apo-13'-fucoxanthinone (4). However, impurities present made it
unclear as to whether the biological activity was due to these identified compounds or

the impurities.
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Table 2. Desorption chemical ionization mass spectrometry data for the four isolated
feeding deterrent compounds. Note that the molecular ion is [M+H]* for
DCI-MS. An high resolution DCI-MS was not obtained for compound (3)
as the sample decomposed before the spectrum could be taken. This is not
surprising, as Bonnett ef al. (1969) reported this compound as unstable.

Compound Low High Deviation
resolution  resolution (AM)
DCI-MS DCI-MS (ppm)
(MH) (MHY)

Apo-10'-fucoxanthinal (1) 425 425.2694 0.3
Apo-12'-fucoxanthinal (2) 399 399.2560 2.5
Apo-12-fucoxanthinal (3) 425 - -

Apo-13'-fucoxanthinone (4) 333 333.2050 -1.6

Table 3. Comparison of proton nmr chemical shifts (in ppm relative to internal TMS)
for four feeding deterrent compounds with literature values from Bonnett et
al. (1969). Peak multiplicity abbreviations: s = singlet; d = doublet; dd =
doublet of doublets; m = multiplet.

Position Apo-12-fucoxanthinal (3) Apo-13'-fucoxanthinone (4)
Measured, ppm Literature, Measured, ppm Literature,
in CD>Cly ppm in CDClz in CD»Cly ppm in CDClj
16'-CH3 1.34 (s) 1.33 (s) 1.35 (s) unknown
17'-CH3 1.08 (s) 1.08 (s) 1.08 (s) unknown
CH3 (OAc) 2.01 (s) 1.97 (s) 2.01 (s) unknown
18'-CH3 1.36 (s) 1.33 (s) 1.37 (s) unknown
19'-CHj3 1.84 (s) 1.83 (s) 1.91 (s) unknown
20'-CHj3 2.04 (s) 2.04 (s) 2.25 (s) unknown
20-CHj3 1.86 (s) 1.83 (s) NA NA
2'-CHyp - -,- -, unknown
4'-CHp -y- - -y- unknown
3'-CH - - - unknown
8'-CH 6.08 (s) - 6.10 (s) unknown
10'-CH ~6.15 (d) - 6.12 (d) unknown
11'-CH ~6.74 (dd) - 7.46 (dd) unknown
12'-CH 6.38 (d) - 6.17 (d) unknown
14'-CH 6.32 (d) - NA NA
15'-CH 7.06 (dd) - NA NA
15-CH ~6.66 (dd) - NA NA
14-CH 6.96 (d) NA NA

12-CH 9.43 (s) 9.48 (s) NA NA




Table 3. Continued.

72

Position Apo-10'-fucoxanthinal (1) Apo-12'-fucoxanthinal (2)
Measured, ppm in  Literature, ppm  Measured, ppm Literature,
CeDg in CDCly in CgDg ppm in CDCIy
16-CH3 1.09 (s) 1.04 (s) 1.09 (s) 1.04 (s)
17-CH3 1.01 (s) 0.96 (s) 1.00 (s) 0.96 (s)
18-CH3 1.24 (s) 1.22 (s) 1.24 (s) 1.22 (s)
19-CHj3 1.72 (s) 1.95 (s) 1.78 (s) 1.95 ()
20-CH3 1.48 (s) 1.99 (s) 1.67 (s) 1.87 (s)
20'-CHj3 1.91 (s) 1.96 (s) 1.91 (s) 1.91 (s)
2-CH»y -, -y -, -
4-CHp -,2.22 (dd) - -, -y
7-CH» 2.63 (d), 3.53 (d) 2.60 (@), - 2.63 (d), 3.52 (d) 2.57 (d), -
3-CH 3.80 (m) - 3.80 (m) -
10-CH 6.24 (d) - 6.14 (d) -
11-CH 6.60 (dd) - 6.56 (dd) -
12-CH 6.45 (d) - 6.44 (d) -
14-CH 6.12 (d) - 6.40 (d) -
15-CH 6.43 (dd) - - -
15'-CH 6.52 (dd) - 6.42 (dd) -
14'-CH - - 6.53 (d) -
12'-CH 6.62 (d) - 9.43 (s) 9.45 (s)
11'-CH 6.12 (dd) - NA NA
10'-CH 9.55 (d) 9.62 (d) NA NA

Semi-synthetic Compounds

In order to confirm the spectroscopic identification of the four feeding deterrent

compounds, and to resolve the problems with impurities in the natural compounds, the

four compounds were prepared semi-synthetically from fucoxanthin, as these

compounds are clearly related to fucoxanthin. Fucoxanthin (Fig. 22) is a major

carotenoid pigment in both diatoms and macroscopic brown algae. However, brown

algae and diatoms are otherwise quite unrelated. Therefore, compounds produced

semi-synthetically from fucoxanthin isolated from a brown seaweed, Fucus distichus,

should contain impurities which are different from the ones associated with compounds

derived naturally from fucoxanthin in the diatom Phaeodactylum tricornutum. Using



this rationale, the four feeding deterrent compounds were prepared semi-synthetically
by oxidative cleavage of fucoxanthin using zinc permanganate. This reaction is non-
specific, and produced a number of cleavage products in addition to the four desired
ones. As a result, yields were low (=0.1% for compounds (1) and (2) and =0.01%
for compounds (3) and (4)). These compounds were isolated and purified using a

chromatographic scheme similar to the ones described previously.

Fig. 22. Structure and numbering scheme for the carotenoid fucoxanthin.

a) Apo-10'-fucoxanthinal (Fig. 23)

Fig. 23. Structure and numbering scheme for apo-10'-fucoxanthinal (1).

A low resolution DCI mass spectrum of the semi-synthetic apo-10'-
fucoxanthinal gave an [M+H]* peak at 425 (Fig. 24). High resolution DCI mass

spectrometry gave a value for [M+H]™* of 425.2683 (deviation = -2.2 ppm). These
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results are in good agreement with the mass spectrometry results for the natural apo-
10'-fucoxanthinal (Appendix E, Fig. El; Table 2), indicating that the natural and semi-
synthetic materials are indeed the same compounds. In both of these materials, one of
the major fragment ions shown in the low resolution DCI mass spectrum was at an m/z
value of 197. This peak can be explained by the loss of the long carbon chain from the

molecule, as shown in Figure 25.

Fig. 25. Fragmentation pattern (a-cleavage) of apo-10'-fucoxanthinal (1), explaining
the peak at 197 in the DCI mass spectrum.

The proton nmr spectrum of apo-10'-fucoxanthinal indicated that there were six
methyl groups, nine olefinic protons, one aldehyde proton, one methine proton, and six
methylene protons (Figs. 26 - 29; Table 4). The chemical shift values for these protons
match those for the natural apo-10'-fucoxanthinal (Tables 3 and 4). The relationships
between these protons were established by a IH-1H COSY nmr experiment (Figs. 30 -
34). The olefinic proton H-11' correlated with the olefinic proton H-12' and the
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aldehyde proton H-10', forming an AMX coupling pattern (a spin system containing
three protons, A, M, and X, which are separated by large chemical shifts [Appm >
J/50]). A second AMX pattern was formed by H-11 coupling with H-10 and H-12. A
four proton spin system was observed with the protons H-14, H-15, H-15', and H-14".
This was an AMNX spin system, with M and N separated by a small chemical shift
(Appm < J/50) and A and M and N and X separated by large chemical shifts. The
methylene protons, H-2a and H-2b, were geminally coupled (coupling between protons
on the same carbon atom), and coupled to the methine proton, H-3. The geminally
coupled methylene protons, H-4a and H-4b, were also coupled to H-3. The isolated
methylene protons, H-7a and H-7b, showed geminal coupling as well. Allylic coupling
of olefinic protons with methyl protons was seen between the H-20' methyl and the H-
14' methine protons, between the H-19 methyl and the H-10 methine protons, and

between the H-20 methyl and the H-14 methine protons.
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Table 4. Chemical shifts and coupling constants for the four semi-synthetic apo-
fucoxanthinoids. Peak multiplicity abbreviations: s = singlet; d = doublet;
dd = doublet of doublets; m = multiplet.

Position Apo-10'-fucoxanthinal (1) Apo-12'-fucoxanthinal (2)
Chemical shift, Coupling Chemical shift, Coupling
ppm in CgDg  constant (Hz)  ppm in CgDg constant (Hz)

16-CHj3 1.09 (s) NA 1.10 (s) NA

17-CHj3 1.01 (s) NA 1.01 (s) NA
18-CHj 1.25 (s) NA 1.24 (s) NA
19-CHj3 1.71 (s) NA 1.78 (s) NA
20-CHj3 1.49 (s) NA 1.68 (s) NA
20'-CH3 1.92 (s) NA 1.91 (s) NA
2a-CH» 0.91 (dd) 53,19 - -
2b-CH»p 1.36 (dd) 8.8, 19 - -
4a-CHj 2.22 (dd) 4.1, 14 2.23 (dd) -
4b-CH» 1.71 (dd) 8.8, 14 - -
7a-CH» 3.53 (d) 19 3.53 (d) -
7b-CH> 2.64 (d) 19 2.62 (d) -
3-CH 3.80 (m) - 3.80 (m) -
10-CH 6.24 (d) 13 6.16 (d) -
11-CH 6.60 (dd) 7.4, 13 6.56 (dd) -
12-CH 6.44 (d) 7.4 6.44 (d) -
14-CH 6.11 (d) 12 6.42 (d) -
15-CH 6.43 (dd) 12, 13 7.01 (dd) -
15'-CH 6.51 (dd) 12, 13 6.43 (dd) -
14'-CH 7.01 (@) 12 6.55 (d) -
12'-CH 6.61 (d) 16 9.44 (s) NA
11'-CH 6.10 (dd) 7.6, 16 NA NA
10'-CH 9.53 (d) 7.6 NA NA
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Table 4. Continued.
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Position Apo-12-fucoxanthinal (3) Apo-13'-fucoxanthinone (4)
Chemical shift, Coupling Chemical shift, Coupling
ppm in CD>2Cly  constant (Hz) ppm in CD>Cly»  constant (Hz)
16'-CH3 1.34 (s) NA 1.34 (s) NA
17'-CH3 1.08 (s) NA 1.08 (s) NA
18'-CHj3 1.36 (s) NA 1.37 (s) NA
19'-CHjy 1.84 (s) NA 1.91 (s) NA
20'-CHj3 2.04 (s) NA 2.25 (s) NA
20-CH3 1.86 (s) NA NA NA
CHj3 (OAc¢) 2.01 (s) NA 2.01 (s) NA
2'a-CHy - - 1.42 (dd) -
2'b-CH»p - - 2.00 (dd) -
4'a-CHp - - 2.21 (dd) -
4'b-CHp - - 1.48 (dd) -
3'-CH - - 5.31 (m) -
8'-CH 6.08 (s) NA 6.10 (s) NA
10'-CH =6.15 (d) - 6.12 (d) 16
11'-CH ~6.74 (dd) - 7.46 (dd) 12, 16
12'-CH 6.38 (d) - 6.17 (d) 12
14'-CH 6.32 (d) - NA NA
15'-CH 7.06 (dd) - NA NA
15-CH =~6.66 (dd) - NA NA
14-CH 6.97 (d) - NA NA
12-CH 9.44 (s) NA NA NA
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The UV-vis spectrum of this compound gave a Ajpax of 418 nm in methanol
(Appendix E, Fig. E18) and 409 nm in ether. These values compare reasonably well
with literature values (Table 5). Using the Fieser-Kuhn rules for calculating the Apax

of polyenes (Pavia et al., 1979), the following values were calculated:

base value: 114 nm

8 conjugated double bonds:

8x(48.0 - (1.7x8)) 275.2 nm
4 alkyl substituents:

45 20 om
total (in hexane): 409.2 nm

solvent correction for methanol:
+7 nm 416.2 nm

These values agree very well with the observed values. Note the "cis band" at 313 nm
(Appendix E, Fig. E18), which indicates the presence of one or more cis isomers of
apo-10'-fucoxanthinal in the sample. These cis isomers form rapidly from the trans
compound in the presence of light. The formation of these cis isomers was difficult to
prevent during the isolation procedures, and, once present, the cis isomers were very
difficult to separate from the trans compound. In addition, the cis isomers are capable
of transforming back into the trans compound in the presence of light, hence an
equilibrium is established between cis and trans isomers in light. As light is present in
the marine environment, these transformations probably occur once these compounds
are released from the phytoplankton cells during grazing. Therefore, since the cis
isomers did not interfere with structure determination and are probably present in the
natural environment, no further effort was made to isolate or remove them from the

semi-synthetic material.
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Table 5. Comparison of UV-vis data for the four semi-synthetic compounds with
literature values from Bonnett er al. (1969). Note that UV-vis spectra for
this research were not run in CHClj as several of the semi-synthetic
compounds decomposed in this solvent.

Compound UV-vis observed UV-vis literature
(nm) (nm)
g (Mmi cm” ) a,i m-1)
Apo-10'-fucoxanthinal (1) methanol: CHC13
418 (41.7x 103 &) 426 (100.9 x 103 ¢)
ether: light petroleum:
409 410
Apo-12'-fucoxanthinal (2) methanol: CHClj:
393 (33.9x 103 &) 400 (75.0 x 103 &)
ether: light petroleum:
383 384
Apo-12-fucoxanthinal (3) methanol: light petroleum:
407 (16.0x 103 ¢) 407
Apo-13'-fucoxanthinone (4) methanol: -

329 (15.4 x 103 ¢)

The IR spectrum of apo-10'-fucoxanthinal (Appendix E, Fig. E22) showed
stretching vibrations characteristic of an «,8-unsaturated ketone, an o,S-unsaturated
aldehyde, and a hydroxyl group, which corresponds to the proposed structure. These
vibrational frequencies were compared with data from Bonnett ez al. (1969) and were

in good agreement with his results (Table 6).
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Table 6. Comparison of IR data for the four semi-synthetic compounds with literature
values from Bonnett et al. (1969).

Compound IR, observed IR, literature Functional group
1 4 14
(em) (cm™h)
film solid
Apo-10'-fucoxanthinal (1) 3448 3450 OH
1662 1660 a,B-unsaturated ketone
- 1640 a,B-unsaturated aldehyde
1585 1585 conjugated C=C
1127 1125 C-O0
971 975 C-H
Apo-12'-fucoxanthinal (2) 3453 3450 OH
1660 1660 a,B-unsaturated ketone +
a,B-unsaturated aldehyde
1604 1605 conjugated C=C
1015 1015 C-O0
969 975 C-H
Apo-12-fucoxanthinal (3) 3437 3550 OH
2933 2900 C-H
1927 1935 C=C=C
1721 1720 Acetate C=0
1662 1670 a,B-unsaturated aldehyde
1609 1610 conjugated C=C
1017 1020 C-0
966 975 C-H
Apo-13'-fucoxanthinone (4) 3442 - OH
2964 - C-H
2926 - C-H
1931 - C=C=C
1732 - Acetate C=0
1661 - a,B-unsaturated aldehyde

1597 - conjugated C=C
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b) Apo-12'-fucoxanthinal (Fig. 35)

Fig. 35. Structure and numbering scheme for apo-12'-fucoxanthinal (2).

A low resolution DCI mass spectrum of the semi-synthetic apo-12'-
fucoxanthinal gave an [M+H]* peak at 399 (Fig. 36). Using high resolution DCI
mass spectrometry, a value of 399.2535 (deviation = -0.02 ppm) was obtained for
[M+H]*. This agrees well with the mass spectrometry results for the natural apo-12'-
fucoxanthinal (Appendix E, Fig. E2; Table 2). A major fragment ion shown in the low
resolution DCI mass spectrum at an m/z value of 197 can be explained by the loss of

the long carbon chain from the molecule, as shown in Figure 37.
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Fig. 36. Low resolution DCI mass spectrum of semi-synthetic apo-12'-fucoxanthinal (2) using NH3 as the reagent gas.

26



93

Fig. 37. Fragmentation pattern (a-cleavage) of apo-12'-fucoxanthinal (2), explaining
the peak at 197 in the DCI mass spectrum.

The proton nmr spectrum of apo-12'-fucoxanthinal indicated that there were six
methyl groups, seven olefinic protons, one aldehyde proton, one methine proton, and
six methylene protons (Figs. 38 - 40; Table 4). These signals were assigned to
positions in the molecule by comparison with the chemical shifts from apo-10'-
fucoxanthinal. The chemical shift values for these protons match those for the natural

apo-12'-fucoxanthinal (Tables 3 and 4).
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Fig. 39. Expansion of the proton nmr (400 MHz) spectrum of semi-synthetic apo-12'-
fucoxanthinal (2) in CgDg showing resonances from the methyl groups and
the aldehyde proton. * denotes impurities.
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Fig. 40. Expansion of the proton nmr (400 MHz) spectrum of semi-synthetic apo-12'-
fucoxanthinal (2) in CgDg showing olefinic protons.
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The UV-vis spectrum of this compound gave a Apax of 393 nm in methanol (Appendix
E, Fig. E19) and 383 nm in ether. These values are in good agreement with the

literature values (Table 5). The Apax was calculated as follows:

base value: 114 nm

7 conjugated double bonds:

7%(48.0 - (1.7x7)) 252.7 nm
4 alkyl substituents:

45 20 nm
total (in hexane): 386.7 nm

solvent correction for methanol;

+7 nm 393.7 nm
These calculated values agree very well with the observed values. As before, there is a
"cis band" at 290 nm (Appendix E, Fig. E19), indicating the presence of cis isomer
impurities.
The IR spectrum of apo-12'-fucoxanthinal (Appendix E, Fig. E23) showed
stretching vibrations for an «,(-unsaturated ketone, an a,B-unsaturated aldehyde, and a
hydroxyl group. These vibrational frequencies corresponded well to results from

Bonnett et al. (1969; Table 6).

¢) Apo-12-fucoxanthinal (Fig. 41)

20

Fig. 41. Structure and numbering scheme for apo-12-fucoxanthinal (3).
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Fig. 42. Low resolution DCI mass spectrum of semi-synthetic apo-12-fucoxanthinal (3) using NH3 as the reagent gas.
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A low resolution DCI mass spectrum of the semi-synthetic apo-12-fucoxanthinal
gave an [M+H]* peak at 425 (Fig. 42). High resolution DCI mass spectrometry gave
a value for [M+H]™* of 425.2670 (deviation = -2.1 ppm). These results are in good
agreement with the mass spectrometry results for the natural apo-12-fucoxanthinal
(Appendix E, Fig. E3; Table 2). In both of these materials, one of the major fragment
ions shown in the low resolution DCI mass spectrum was at an m/z value of 347. This

peak can be explained by the loss of water and acetic acid from the molecule, as shown

in Figure 43.

Fig. 43. Fragmentation pattern of apo-12-fucoxanthinal (3), explaining the peak at 347
in the DCI mass spectrum.

Apo-12-fucoxanthinal was the most unstable of the four apo-fucoxanthinoids

isolated in this study. When exposed to light, there were rapid interconversions
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between the cis and trans forms of this molecule. This resulted in a rather complicated
proton nmr spectrum. However, proton assignments were made based on nmr data
from semi-synthetic apo-13'-fucoxanthinone and literature values for all trans and 13-
cis B-apo-12'-carotenal (Vetter ef al., 1971). The proton nmr spectrum of apo-12-
fucoxanthinal indicated that there was an approximately 1.33 : 1 ratio of the all trans
compound and one mono-cis compound. For each compound, there were seven methyl
groups, eight olefinic protons, one aldehyde proton, one methine proton, and four
methylene protons (Figs. 44 - 47). Assignments for the all trans compound are shown
in Table 4. Assignments of the all trans and mono-cis (probably 13-cis) olefinic
protons by comparison with the all trans and 13-cis 3-apo-12'-carotenal are listed in
Table 7. The chemical shift values for the semi-synthetic all trans apo-12-
fucoxanthinal protons match those for the natural apo-12-fucoxanthinal (Tables 3 and

4).

Table 7. Comparison of proton chemical shifts of the all trans and 13-cis forms of
apo-12-fucoxanthinal and B-apo-12'-carotenal (Vetter et al., 1971).

Position 3-apo-12'-carotenal Position apo-12-fucoxanthinal
chemical shift (ppm) chemical shift (ppm)
CDCly CD»Cly

all trans 13'-cis all trans 13-cis

8 6.14 6.17 8 6.08 6.10
10 6.16 6.16 10 ~6.15 =~6.15
11 6.79 6.78 1 =6.74 =~6.74
12 6.36 6.91 12' 6.38 6.91
14 6.29 6.22 14' 6.32 6.20
15 7.03 7.20 15’ 7.06 7.20
15’ 6.66 6.61 15 =6.66 =6.66
14 6.94 6.96 14 6.97 6.97
12 9.45 9.46 12 9.44 9.44

The UV-vis spectrum of semi-synthetic apo-12-fucoxanthinal gave a Apygx of

407 nm in methanol (Appendix E, Fig. E20). This value corresponds very well with
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the literature values (Table 5). Using Woodward's rules for calculating the Apyax of

enones, the following values were calculated:

base value for an acyclic «,8-unsaturated aldehyde: 210 nm

5 double bonds extending conjugation:

5x 30 nm 150 nm
3 « or higher alkyl groups:

3x 18 nm 54 nm
total (in methanol); 414 nm

This calculated value agrees reasonably well with the observed value. Neither
Woodward's rules for enones nor the Fieser-Kuhn rules for polyenes corrects for the
presence of an allenic fuctionality in the chromophore. However, in this case,
Woodward's rules calculated a value closer to the observed value than the Fieser-Kuhn
rules (which calculated 393.7 nm). Woodward's rules generally produce good Apax
predictions for compounds with four conjugated double bonds or less. Thus the
difference between the calculated and observed values may also be due to the
inaccuracy of Woodward's rules in estimating the Ayyax of a compound with more than
four double bonds. There is a very strong “cis band" at 290 nm (Appendix E, Fig.
E20) indicating the presence of a large amount of cis compound.

The IR spectrum of apo-12-fucoxanthinal (Appendix E, Fig. E24) showed
stretching vibrations for an «,B-unsaturated aldehyde, an acetate group, an allenic
group, and a hydroxyl group, which corresponds with the proposed structure. These

vibrational frequencies agreed with the results from Bonnett er al. (1969; Table 6).
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d) Apo-13'-fucoxanthinone (Fig. 48)
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Fig. 48. Structure and numbering scheme for apo-13'-fucoxanthinone (4).

Low resolution DCI mass spectrometry of the semi-synthetic apo-13'-
fucoxanthinone gave an [M+H]* peak at 333 (Fig. 49). The high resolution DCI
mass spectrum generated a value for [M+H]* of 333.2056 (deviation = -1.0 ppm).
These results agree well with the mass spectrometry results for the natural apo-13'-
fucoxanthinone (Appendix E, Fig. E4; Table 2). The major fragment ion shown in the
low resolution DCI mass spectrum was at an m/z value of 255. This peak can be
explained by the loss of water and acetic acid from the molecule, as shown in Figure
50.

Apo-13'-fucoxanthinone is a novel compound. The proton assignments for this
compound were made based on data from the proton and 1H-1H COSY nmr's, and by
comparison with the literature values for the three previous apo-fucoxanthinoids. The
stereochemistry shown is based on the known stereochemistry for fucoxanthin, as this
compound is related to fucoxanthin. The proton nmr spectrum showed six methyl
groups, four olefinic protons, one methine, and four methylene protons (Figs. 51 - 53;
Table 4). The chemical shift values for these protons match those for the natural apo-
13'-fucoxanthinone (Tables 3 and 4). The relationships between these protons were
determined by the IH-1H COSY nmr experiment (Figs. 54 - 55). The olefinic proton
H-11' formed an AMX coupling pattern with the protons H-10' and H-12'. The

methylene protons at position 2' showed both geminal coupling and coupling to the
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Fig. 49. Low resolution DCI mass spectrum of semi-synthetic apo-13'-fucoxanthinone (4) using NH73 as the reagent gas.
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.
OH +

Fig. 50. Fragmentation pattern of apo-13'-fucoxanthinone (4), explaining the peak at
255 in the DCI mass spectrum.

methine proton, H-3'. The geminally coupled methylene protons, H-4'a and H-4'b,
were also coupled to H-3'. Allylic coupling of the olefinic protons with methy! protons

was observed between the methyl protons at position 19' and the H-10' methine.
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Fig. 52. Expansion of the proton nmr (500 MHz) spectrum of semi-synthetic apo-13'-fucoxanthinone (4) in CD2Cl) showing
resonances from the methyl groups.
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The UV-vis spectrum of semi-synthetic apo-13'-fucoxanthinone gave a Ay of
329 nm in methanol (Appendix F, Fig. F21). Using Woodward's rules for calculating

the Apax of enones, the following values were calculated:

base value for an acyclic «,8-unsaturated ketone: 215 nm

2 double bonds extending conjugation:

2 x 30 nm 60 nm
2 « or higher alkyl groups:

2x 18 nm 36 nm
total (in methanol): 311 nm

This calculated value is somewhat lower than the observed value. This is probably due
to the allenic functionality in the molecule which is not corrected for by Woodward's
rules. The Fieser-Kuhn rules calculated an even lower theoretical A% (300.8 nm).
The IR spectrum of apo-13'-fucoxanthinone (Appendix E, Fig. E25; Table 6)
showed stretching vibrations for an «,B-unsaturated ketone, an acetate group, an allenic

group, and a hydroxyl group, which corresponds with the proposed structure.

iii. Bioassay Results for Semi-synthetic Compounds

The four semi-synthetic apo-fucoxanthinoids were quantitatively bioassayed
using the copepod Tigriopus californicus. The IC5q (concentration of compound which
inhibits the fecal pellet production rate by 50%) values ranged from 20.2 to 2.2 ppm.
The details of this work will be discussed in Chapter 4. Clearly, these four compounds
behave as feeding deterrents at very low levels, and are responsible, at least in part, for
the feeding deterrent activity of the crude cellular extract from Phaeodactylum

tricornutum.
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D. General Discussion and Conclusions

The marine diatom Phaeodactylum tricornutum was shown to elicit feeding
deterrent activity in the copepod Tigriopus californicus (Chapter 2). However, the
compounds responsible for this activity were unknown. Using a feeding deterrent
bioassay based on fecal pellet production by 7. californicus (Chapter 2), this activity
was traced through a chemical isolation scheme, and four compounds were purified
which had feeding deterrent activity.

Spectroscopic methods (UV-vis, IR, and nmr spectroscopy and mass
spectrometry) were used to tentatively identify these compounds as apo-10'-
fucoxanthinal, apo-12'-fucoxanthinal, apo-12-fucoxanthinal, and apo-13'-
fucoxanthinone. However, as is often the case with bioactive materials, these
compounds were only present in trace amounts, and there was not enough material to
do the exhaustive spectroscopy needed to confirm these identifications. Furthermore,
these compounds were associated with contaminants which may have been responsible
for the feeding deterrent activity.

These compounds appeared to be derived from the carotenoid pigment
fucoxanthin by oxidative cleavage. Fucoxanthin is a major pigment in both diatoms
and macroscopic brown algae. In order to confirm the identification of the four
feeding deterrent compounds, these compounds were prepared semi-synthetically
(Bonnett et al., 1969) from fucoxanthin purified from the brown macroalga Fucus
distichus. It was believed that any impurities in the semi-synthetic preparations would
be different from impurities in the natural material isolated from the diatom
Phaeodactylum tricornutum.

Spectroscopic examination of the semi-synthetic compounds found them to be
identical to the natural compounds. A thorough study of these compounds using nmr

techniques, and comparison with data from the literature (Bonnett et al., 1969)



116

conclusively identified three of the compounds as apo-10'-fucoxanthinal, apo-12'-
fucoxanthinal, and apo-12-fucoxanthinal. The fourth compound was identified as apo-
13'-fucoxanthinone based on its proton and 1H-1H COSY nmr spectra. Bioassays
showed all four semi-synthetic compounds to be feeding deterrents at very low levels
(2 - 20 ppm).

Although these apo-fucoxanthinoids have been made synthetically in the
laboratory (Bonnett e al., 1969), they have never been isolated as natural products, nor
have they been tested for biological activity. Apo-13'-fucoxanthinone is a novel
compound, and has not been described in the literature before, as either a synthetic or
natural product. Furthermore, advancements in nmr technology have allowed a more
complete assignment of the proton spectra of these molecules than was done by Bonnett
et al. (1969). These four compounds are the first feeding deterrent compounds to be
isolated from marine phytoplankton using a bioassay specifically designed to detect
chemicals responsible for feeding deterrent activity.

As mentioned previously, these compounds appear to be related to fucoxanthin,
the major carotenoid pigment in diatoms. Although the diatoms Thalassiosira
pseudonana and Phaeodactylum tricornutum were bioassayed for feeding deterrent
activity, only P. tricornutum deterred feeding (Chapter 2), and this activity was traced
by bioassay-guided chemical fractionation to the four compounds described above. As
both diatoms produce fucoxanthin, one would expect to find apo-fucoxanthinoid
feeding deterrents in both species if they were being produced enzymatically from
fucoxanthin by an enzyme system common to diatoms. In fact, apo-fucoxanthinoids
are produced by both P. tricornutum and T. pseudonana (Chapter 6). However, P.
tricornutum produces these compounds in much greater quantities than 7. pseudonana,
thus explaining why P. tricornutum has a strong feeding deterrent activity while T.
pseudonana does not. Carotenoids can be oxidized in vivo by various oxidative

enzymes. In higher plants, one of the main oxidative enzymes, lipoxygenase, catalyzes
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the oxidation of unsaturated fatty acids by molecular oxygen to form fatty acid
hydroperoxides. It has been suggested by Gross (1991) that these hydroperoxides may,
in turn, oxidize carotenoids to apo-carotenoids. It is possible that a similar system
could exist in diatoms. The factors which induce or inhibit the activity of such an
enzyme would vary from species to species, as is obviously the case for 7. pseudonana
and P. tricornutum.

Apo-13'-fucoxanthinone is very closely related to the grasshopper ketone (Fig.
56) isolated from the grasshopper Romalea microptera (Meinwald ef al., 1968),
differing only in having a somewhat longer olefinic chain and one acetylated hydroxy!
group. Grasshopper ketone appeared to be produced by the degradation of
fucoxanthin-like carotenoids in the grasshopper's diet. This compound had a repellent
effect on ants and possibly other predators; thus there is a precedent for the feeding
deterrent nature of some apo-carotenoids. In terms of energetics, it would be quite
logical to produce a deterrent compound from an abundant pre-existing material. Thus,
it seems likely that the diatom Phaeodactylum tricornutum does produce apo-

carotenoids from fucoxanthin, and these compounds function as feeding deterrents to

grazers.
g 100 12 s
. 16" 7 0 17 16' 7 /\(0
) " )
18' 19’ 20 18 19
%, . 'y
Me—lc-O 'OH  Apo-13‘-fucoxanthinone H° w  OH Grasshopper ketone

Fig. 56. Comparison of the structures of apo-13‘-fucoxanthinone (4) and grasshopper
ketone (Meinwald er al., 1968).
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Chapter 4
Observations on Lethal and Sub-lethal Effects of Apo-fucoxanthinoids on the

Copepod Tigriopus californicus

A. Introduction

Bioactive compounds, such as the apo-fucoxanthinoids isolated and identified
from the diatom Phaeodactylum tricornutum, can have both lethal and sub-lethal (e.g.
feeding deterrence) effects on other organisms (Chapters 2 and 3). Quantitative
bioassays can be performed in which the test organisms are exposed to increasing
concentrations of the compound of interest, and various parameters, such as feeding
rate, swimming speed and survivorship, are measured. These experiments can
determine the concentration at which a compound produces a measurable effect in the
test organism (Hubert, 1984; Reish and Oshida, 1987).

Quantitative bioassays were performed in this research for two main reasons:

1) it was necessary to prove that the semi-synthetic apo-fucoxanthinoids
(Chapter 3) did indeed have feeding deterrent activity. Since these semi-
synthetic compounds are identical to the natural compounds isolated from the
cellular extract of Phaeodactylum tricornutum (Chapter 3), then this would
prove that the feeding deterrent activity of the cellar extract was due, at least
in part, to the apo-fucoxanthinoid compounds.

2) it was necessary to determine the effective concentrations of the apo-
fucoxanthinoids in order to determine if they existed in the natural
environment at concentrations high enough to produce feeding deterrence.

Therefore, various concentrations of apo-10'-fucoxanthinal, apo-12'-fucoxanthinal,
apo-12-fucoxanthinal, and apo-13'-fucoxanthinone were tested on the copepod

Tigriopus californicus. Two parameters were observed: the fecal pellet production rate
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and the percentage of copepods which survived after 24 h. From these observations,
the concentration at which there was a 50% inhibition of the fecal pellet production rate
(ICs0) and the concentration at which there was a 50% mortality (LCs() were
calculated.

B. Materials and Methods

Samples of the semi-synthetic apo-fucoxanthinoids were quantitatively
bioassayed as follows. A weighed amount of dried material to be bioassayed was
dissolved in 1 ml of autoclaved seawater and sonicated (1 min in bath sonicator at 60
Hz) to facilitate mixing. Five ml of an exponentially growing culture of the diatom
Thalassiosira pseudonana was added to the dissolved cell extract. Clumps were
removed from the cell culture prior to use in the bioassay by filtration (forced through
a 200 pm screen at a rate of =50 ml min-1 using a syringe; repeated 4 times). This
mixture was placed in a glass vial (volume =7 ml) and five male C6 copepods
(Tigriopus californicus) were added. The vial was stoppered loosely with cotton wool,
and placed in a wire rack. The wire rack held 15 vials. The assay was incubated for
24 h at 18°C with an irradiance of =100 umol m~2 s-1 and a L:D cycle of 18:6.
Copepods were preconditioned in autoclaved seawater without food for 24 h prior to
the bioassay.

Two separate experiments were run. In the first experiment, apo-10‘-
fucoxanthinal and apo-12'-fucoxanthinal were bioassayed. In the second experiment,
apo-12-fucoxanthinal and apo-13'-fucoxanthinone were bioassayed. In each
experiment, 5 concentrations of each compound were assayed, in addition to five
controls (total number of samples in an experiment = 15). The controls contained 5

ml of live Thalassiosira pseudonana cells and 1 ml of autoclaved seawater.
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At the end of 24 h, the number of live copepods and the number of fecal pellets
in each sample were enumerated. In each of the samples containing an apo-
fucoxanthinoid compound, 10 fecal pellets (or less if the total number of pellets in that
sample was less than 10) were selected at random and their dimensions measured.
Fecal pellet volume was calculated using the equation V = ar2h. In each of the two
experiments, 10 fecal pellets from each of two control samples (total pellets = 20 per

experiment) were also measured.

C. Results and Discussion

In each of the following sections, results will be illustrated graphically using
only apo-12'-fucoxanthinal. The results shown for this compound are typical for the

other three compounds.

i. Fecal Pellet Volume

The volumes of fecal pellets from copepods fed a diet of Thalassiosira
pseudonana mixed with varying amounts of feeding deterrent compounds were
measured to determine whether feeding deterrent concentration had any effect on fecal
pellet size (Appendix F, Tables F1 and F2). For all four apo-fucoxanthinoids, a slight
decrease in fecal pellet volume was observed with increasing concentration of feeding
deterrent (Fig. 57). However, due to the large variations in fecal pellet size, this
decrease was not statistically different from a line representing constant fecal pellet
size. In addition, copepods given high concentrations of apo-fucoxanthinoid feeding
deterrents produced pellets which were irregularly formed, small, and reddish in color,

as well as producing a number of "ghost pellets” (empty fecal pellet membranes).
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Fig. 57. Decrease in fecal pellet volume of the copepod Tigriopus californicus when
given increasing amounts of the compound apo-12'-fucoxanthinal. Error
bars = + 1 SD.

ii. Fecal Pellet Count

The number of fecal pellets produced by Tigriopus californicus on diets
containing varying amounts of feeding deterrent compounds was observed (Appendix
F, Tables F3 and F4). The number of fecal pellets decreased as the concentration of
feeding deterrent compound increased for all four apo-fucoxanthinoids.

The fecal pellet production rate (pellets h-1 copepod‘l) was calculated from the
fecal pellet count for each sample. A curve was fit to each of the four data sets using
the program Sigmaplot 5.0. These curves were of the general equation:

F = Fpseke?

where c = the concentration of the feeding deterrent (ppm)
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F = fecal pellet production rate (pellets h-1)
Fnm = the maximum fecal pellet production rate
(pellets h'l)

= the average value for the control (¢ = 0)
k,a = constants

This equation makes the following assumptions:

1) F-Fm whenc— 0

2) F=>0whenc— o0,
Figure 58 shows this equation fitted to data from the quantitative bioassays for apo-12'-
fucoxanthinal. Producing an equation for each data set allows bioassay results from a
sample containing an unknown amount of an apo-fucoxanthinoid to be used to calculate
the concentration of the apo-fucoxanthinoid. Table 8 lists the fitting parameters for

each of the four apo-fucoxanthinoids tested.

Table 8. Constants for the equation F = Fmake‘kCa when fitted to the data sets for
each of the four apo-fucoxanthinoid compounds.

Compound Type  Compound Fm k a

Epoxide Apo-10'-fucoxanthinal 1.09 0.59 0.20
Apo-12'-fucoxanthinal 1.09 0.45 0.39

Allenic Apo-12-fucoxanthinal 1.76 0.12 0.91

Apo-13'-fucoxanthinone 1.76 1.30 x 106 4.39
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Fig. 58. Decrease in fecal pellet production rate of the copepod Tigriopus californicus
when given increasing amounts of the compound apo-12'-fucoxanthinal. The
IC5( value, as calculated by the PROBIT method, is shown.

The ICs( (concentration at which fecal pellet production rate was inhibited by
50%) values were calculated by the PROBIT method (Appendix G; Hubert, 1984).
These values ranged from 1.84 to 20.0 ppm (Table 9). Therefore, the apo-
fucoxanthinoids act as feeding deterrents at very low concentrations. From these
results, one can see that longer chain compounds are more active than shorter chain
compounds. Of the two compounds containing the epoxide functionality, apo-10'-
fucoxanthinal, the compound with the longest chain length, acts as a feeding deterrent
at a lower concentration than apo-12'-fucoxanthinal, the shorter chain length
compound. Likewise, of the two compounds containing the allenic functionality, the

longer chain length compound apo-12-fucoxanthinal is more active than the shorter
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chain length compound apo-13'-fucoxanthinone. Thus, there is a structure/function

relationship for the feeding deterrent activity of the apo-fucoxanthinoids.

Table 9. IC5( values and standard deviations calculated from the fecal pellet
production rate data for the four apo-fucoxanthinoids using the PROBIT
method. a, b = calculated parameters from the PROBIT method (Appendix
G); r2 = coefficient of determination (a measure of how well the data fits

the PROBIT line).
Compound Type = Compound a b ICs0 o 12
(ppm)
Epoxide Apo-10'-fucoxanthinal 396 0.46 1.84 153 049

Apo-12'-fucoxanthinal 252 101 287 0.10 0.90

Allenic Apo-12-fucoxanthinal 059 160 575 0.04 0098
Apo-13'-fucoxanthinone 2.08 0.88 20.0 0.14 0.53

iii. Total Fecal Pellet Volume

The total volume of fecal material produced in a given sample was determined
by multiplying the total number of fecal pellets produced in that sample by the average
fecal pellet volume for that sample. This total fecal pellet volume was then converted
into a rate (fecal volume h~1 copepod-1), and the effect of varying concentrations of
apo-fucoxanthinoid feeding deterrents on this rate was observed (Appendix F, Tables
F5 and F6). As in the previous studies, increasing concentrations of feeding deterrents
had a negative impact on the feeding of Tigriopus californicus, and this was reflected
by decreases in the fecal volume production rate.

The four apo-fucoxanthinoid data sets were fit to the same equation as used
before (Fig. 59) except that total fecal volume was considered instead of fecal pellet
number. Table 10 lists the fitting parameters for each of the four apo-fucoxanthinoids

tested.
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Fig. 59. Decrease in fecal volume production rate of the copepod Tigriopus
californicus when given increasing amounts of the compound apo-12'-
fucoxanthinal. The IC5( value, as calculated by the PROBIT method, is

shown.

Table 10. Constants for the equation F = Fm*e'kca when fitted to the data sets for
each of the four apo-fucoxanthinoid compounds.

Compound Type = Compound F, k a

Epoxide Apo-10'-fucoxanthinal 5.65 0.92 0.17
Apo-12'-fucoxanthinal 5.65 0.63 0.34

Allenic Apo-12-fucoxanthinal 9.15 0.34 0.90

Apo-13'-fucoxanthinone 9.15 5.91x10-8 5.54
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The IC5( (concentration at which fecal volume production rate was inhibited by
50%) values were calculated by the PROBIT method (Appendix G; Hubert, 1984).
These values ranged from 0.40 to 7.93 ppm (Table 11), and reflected the IC5q values
calculated from the fecal pellet production rate. Again, longer chain compounds were
active at lower concentrations that shorter chain compounds. However, this method is
considered less accurate for predicting the IC5q values than the fecal pellet production
rate method because it relies on an average fecal pellet volume calculated from only 10

fecal pellets.

Table 11. ICs( values and standard deviations calculated from the fecal volume
production rate data for the four apo-fucoxanthinoids using the PROBIT
method. a, b = calculated parameters from the PROBIT method
(Appendix G); r2 = coefficient of determination (a measure of how well
the data fits the PROBIT line).

Compound Type  Compound a b ICsp a 12
(ppm)
Epoxide Apo-10'-fucoxanthinal 4.06 0.58 040 0.51 0.55

Apo-12'-fucoxanthinal 2.83 1.00 1.48 0.10 0.90

Allenic Apo-12-fucoxanthinal 209 137 1.34 0.05 0.91
Apo-13'-fucoxanthinone 1.92 1.06 7.93 0.09 0.49
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iv. Lethal Concentrations

The lethal effects of high concentrations of feeding deterrents were observed for
two compounds, apo-10'-fucoxanthinal and apo-12'-fucoxanthinal. Of the four semi-
synthetic compounds, only these two were produced in high enough yields (Chapter 3)
so that enough material was available for assays at concentrations at which mortality
was observed. As expected, increasing concentrations of the feeding deterrents
produced increasing mortality (Appendix F, Table F7).

The two data sets were fit to the equation:

S = 100xe-ke?
where S = percentage of subjects which survived at the end of
24 h
c = concentration of feeding deterrent compound (ppm)

k, a = constants
This equation makes the following assumptions:
1) S - 100 whenc -0
2) S=0whenc—> oo,
Figure 60 shows the data set and the fitted line for apo-12'-fucoxanthinal. Table 12

lists the fitting parameters for the two apo-fucoxanthinoids tested.

Table 12. Constants for the equation S = 100+e"K¢® when fitted to the data sets for
the two apo-fucoxanthinoid compounds tested for lethal effects.

Compound k a
Apo-10'-fucoxanthinal 6.61x10"3 1.07
Apo-12'-fucoxanthinal 1.14x108  5.04
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Fig. 60. Increased mortality of the copepod Zigriopus californicus when given
increasing amounts of the compound apo-12'-fucoxanthinal. The LCj5q
value, as calculated by the PROBIT method, is shown.

The LCsq (concentration at which the mortality rate was 50%) values were
calculated by the PROBIT method (Appendix G; Hubert, 1984). These values ranged
between 36.9 and 337 ppm (Table 13). Unlike the IC5( values, the shorter chain
compound (apo-12'-fucoxanthinal) was toxic at lower concentrations than the longer
chain compound (apo-10'-fucoxanthinal). This may be due to the fact that the modes

of action for feeding inhibition may be quite different from those for lethality.
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Table 13. LCjg( values and standard deviations calculated for apo-10'-fucoxanthinal
and apo-12'-fucoxanthinal using the PROBIT method. a, b = calculated
parameters from the PROBIT method (Appendix G); r2 = coefficient of
determination (a measure of how well the data fits the PROBIT line).

Compound a b LCsp ¢ r2

(ppm)
Apo-10'-fucoxanthinal 2.86 047 337 132 046
Apo-12'-fucoxanthinal 144 1.00 369 0.10 0.65

D. General Discussion and Conclusions

The lethal and sub-lethal effects of the apo-fucoxanthinoids were observed using
the copepod Tigriopus californicus. The use of quantitative bioassays allowed the
minimum concentrations at which either feeding deterrent or lethal effects were
observed to be determined. From this data, IC5( (feeding deterrent effect) and LCs
(lethal effect) values were calculated.

All four apo-fucoxanthinoid compounds tested displayed feeding deterrent
activity. This conclusively proved that the feeding deterrent activity in Phaeodactylum
tricornutum cellular extracts was due, at least in part, to these four compounds, since
the semi-synthetic compounds used in these tests were identical to the compounds
isolated from P. tricornutum (Chapter 3).

When Tigriopus californicus was fed a diet of Thalassiosira pseudonana cells
mixed with varying amounts of feeding deterrent compound, both the fecal pellet
number and the total fecal pellet volume showed a decrease with increased
concentrations of feeding deterrent. The IC5( values were calculated using either the
fecal pellet or fecal volume production rate. Both methods produced similar results,
however it was felt that the fecal pellet production rate was more accurate, as it didn't

depend on an average fecal pellet volume (it was too time consuming to measure the
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volume of every fecal pellet). The IC5q values calculated from the fecal pellet
production rate ranged from 1.84 to 20.0 ppm. Therefore, apo-fucoxanthinoids are
capable of acting as feeding deterrents at very low concentrations.

The structure of the apo-fucoxanthinoids appeared to have an effect on their
function. Longer chain compounds (such as apo-10'-fucoxanthinal) had a greater
feeding deterrent activity than shorter chain compounds (such as apo-12'-
fucoxanthinal). There are two possible explanations for this:

1) the receptor site to which these compounds bind in order to produce deterred

feeding may bind more strongly to longer chain compounds.

2) longer chain compounds are more lipophilic than shorter chain compounds,
and can penetrate membranes more readily. Thus, they may be able to reach
intracellular receptor sites better than shorter chain compounds.

An equation of the form F = Fm*e'kca was fitted to each of the data sets. This
provides a very useful tool for future studies. A sample containing an unknown
amount of an apo-fucoxanthinoid feeding deterrent can be bioassayed, and the results of
this bioassay (F) can be used to calculate the concentration (c) of the feeding deterrent
in the bioassay.

At high concentrations, the apo-fucoxanthinoids can have lethal effects. Both
apo-10'-fucoxanthinal and apo-12'-fucoxanthinal produced lethal effects, with LCg
values which ranged from 36.9 to 337 ppm. In contrast to the feeding deterrent effect,
the shorter chain compound was more active than the longer chain compound. This
suggests that the modes of action for the feeding deterrent effect and the lethal effect
are quite different.

This study shows how the simple procedure of quantitative bioassays can be
used to increase understanding of lethal and sub-lethal responses, concentration effects,

and modes of action. It also allows compounds which are suspected to be bioactive to
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be conclusively tested in a controlled situation. Thus, quantitative bioassays form one

more tool in the arsenal necessary to solve complex ecological problems.
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Chapter §
Development of an High Performance Liquid Chromatography Technique for

Quantitative Analyses of Apo-fucoxanthinoids

A. Introduction

The concentrations of apo-fucoxanthinoid feeding deterrents can be determined
by quantitative bioassays (Chapter 4). However, the precision of quantitative bioassays
is relatively low due to the natural variations in responses to feeding deterrents among
the individual subjects in the bioassays. Furthermore, these feeding deterrent bioassays
are very time consuming, as approximately a month is required to set up phytoplankton
and copepod cultures, and each quantitative bioassay takes a week to perform.

High performance liquid chromatography (HPLC, Chapter 3) is a very powerful
technique for separation, identification, and quantification of compounds. As HPLC
depends strictly on physical/chemical factors to quantify compounds, and these factors
have a low level of natural variability compared to the variability of organisms, the
precision of this technique is much greater than that for quantitative bioassays.

Analysis of a sample using HPLC is very rapid, requiring approximately 2 h to set up
equipment and equilibrate the HPLC column, and as little as 20 min to assay a sample.
Therefore, an HPLC method capable of quantifying apo-fucoxanthinoids would be a
very useful tool in further studies of these compounds.

All four apo-fucoxanthinoid compounds isolated have strong UV-vis absorptions
(Chapter 3) which are characteristic of these compounds, and which are readily
detected using a spectrophotometer, an instrument commonly coupled to an HPLC in
order to detect compounds eluting from the HPLC column. In this study, the apo-

fucoxanthinoids were detected using a photo-diode array (PDA) detector. This is



133

simply a spectrophotometer capable of recording an entire UV-vis spectrum
instantaneously (Chapter 3). Thus, a complete UV-vis spectrum can be taken for each
compound eluting from the HPLC column. Using the data collected from such a
system, compounds can be:

1) identified by their characteristic elution times and UV-vis spectra.

2) quantified by integration of the area under the elution peak at a given

wavelength.

An excellent HPLC system for the analysis of chlorophylls and carotenoids has

been developed by Wright er al. (1991). This system has been modified slightly for

use in detecting apo-fucoxanthinoids.

B. Materials and Methods

i. Sample Preparation

A cellular extract was prepared from the diatom Phaeodactylum tricornutum as
described in Chapter 2. A known amount of this dried methanolic extract was
dissolved in 10 ml of water/methanol (80:20) and applied to a C-18 sep-pak. The sep-
pak was rinsed with 20 ml water, and retained pigments were eluted with 10 ml ethyl
acetate. The ethyl acetate was evaporated under a stream of nitrogen gas. Just prior to
injection on the HPLC column, the sample was redissolved in 0.8 ml of methanol and
0.2 ml of water.

Samples containing known amounts of semi-synthetic apo-fucoxanthinoids were
used as standards. These standards were dissolved in 0.8 ml methanol and 0.2 ml

water just prior to injection on the HPLC column.
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ii. HPLC Method
The HPLC method used in this research was a modified version of the one
developed by Wright et al. (1991). The solvent system was as follows:
solvent A: 80:20 methanol : 0.5 M ammonium acetate (aq.; pH 7.2 v/v)
solvent B: 90:10 acetonitrile (210 nm UV cut-off grade) : water (v/v)
solvent C: ethyl acetate (HPLC grade)
The HPLC was operated in gradient mode (the solvent system composition underwent
programmed changes over the course of a run). The program used is shown in Table

14.

Table 14. Program for the HPLC solvent system gradient used for quantifying apo-

fucoxanthinoids.
Time Flow % A % B % C Conditions
(min) rate
(ml min'l)
0 1.0 100 0 0 Injection
4 1.0 0 100 0 Linear gradient
18 1.0 0 20 80 Linear gradient
21 1.0 0 100 0 Linear gradient
24 1.0 100 0 0 Linear gradient
35 1.0 100 0 0 Equilibration
36 0 100 0 0 Shut down;
linear gradient

The HPLC system used was a Waters HPLC with a PDA detector. The column
was an Econsil C-18, 5 um (1 = 250 mm, I.D. = 4.6 mm) reverse phase column. The
injection volume for all samples was 25 ul. Data was processed on an IBM-type 486

computer using Water's Millenium software.
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C. Results and Discussion

i. Standards

Apo-10'-fucoxanthinal, apo-12'-fucoxanthinal, apo-12-fucoxanthinal, and apo-
13'-fucoxanthinone were run individually using the previously described HPLC
method. Figures 61 - 64 show the data from the HPLC/PDA system for each of these
compounds. The retention times and absorbance wavelengths are specific to and
characteristic of each of these compounds. Note that each broad peak has at least one
major shoulder. These shoulders result from the presence of cis-trans isomers (Chapter
3). The major peak is probably the all trans compound, and the shoulder is probably
the 13-cis isomer. It is very difficult to isolate pure trans compounds, and once
isolated, the trans compounds undergo cis-trans isomerization as soon as they are
exposed to light. As this isomerization is believed to occur in the natural seawater
environment, and thus both cis and trans isomers play a role in feeding deterrent
effects, no further efforts were made to separate cis-trans isomers. For calculation
purposes, the area under the peak included the "cis" shoulder, as all previous
absorbance measurements also included cis compounds. Table 15 lists retention times
and absorbance maxima for all for compounds. The peak height (V) and peak area
(V s) normalized to 1 ug of compound are also given. Due to the very limited amounts
of pure apo-fucoxanthinoids available, a calibration curve was not done, and all
calculations were based on the HPLC response at a single concentration (assuming a
linear response with increasing concentration). The error resulting from this
assumption was quite small in comparison to the errors resulting from sample

preparation.
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Fig. 61. Data generated by the HPLC/photo-diode array detector system for the apo-
10'-fucoxanthinal standard. A. Contour plot. B. Chromatogram at 418 nm
showing peak at 9.045 min. C. UV-vis spectrum of peak at 9.045 min.
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Fig. 62. Data generated by the HPLC/photo-diode array detector system for the apo-
12'-fucoxanthinal standard. A. Contour plot. B. Chromatogram at 393 nm
showing peak at 7.710 min. C. UV-vis spectrum of peak at 7.710 min.
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Fig. 63. Data generated by the HPLC/photo-diode array detector system for the apo-
12-fucoxanthinal standard. A. Contour plot. B. Chromatogram at 407 nm
showing peak at 12.970 min. C. UV-vis spectrum of peak at 12.970 min.
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Fig. 64. Data generated by the HPLC/photo-diode array detector system for the apo-
13'-fucoxanthinone standard. A. Contour plot. B. Chromatogram at 329 nm
showing peak at 5.245 min. C. UV-vis spectrum of peak at 5.245 min.
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ii. Analysis of Crude Cellular Extract from Phaeodactylum tricornutum

A sample of crude cellular extract from Phaeodactylum tricornutum was
analyzed using quantitative HPLC to determine if this method could detect and quantify
apo-fucoxanthinoids in a mixture of other carotenoid and chlorophyll pigments. Figure
65 shows a contour plot of the region of interest for apo-fucoxanthinoid analysis.
Although they have not been shown here, fucoxanthin elutes at 16.440 min and
chlorophyll a elutes at 21.307 min, so this system could quantify these compounds as
well. By comparison with the standards (Table 16), two apo-fucoxanthinoid
compounds were identified and quantified. In the 25 ul injection volume of crude
cellular extract, there was 17.8 ng of apo-12'-fucoxanthinal and 140 ng of apo-13'-

fucoxanthinone.

Table 15. Data on apo-fucoxanthinoid standards for quantitative HPLC assays. V =
volts; s = seconds; V s = volt seconds = peak area as given by the photo-
diode array detector.

Apo-10'- Apo-12'- Apo-12- Apo-13'-
fucoxanthinal fucoxanthinal fucoxanthinal fucoxanthinone

Retention time (min):

major peak: 9.045 7.710 12.970 5.245
shoulder: 9.578 7.310 14.037 -
Observed peaks (nm): 424, 445 395, 418 417 333
Wavelength for
analysis (nm); 418 393 407 329
Peak height (V,
normalized to 1 ug): 0.0849 0.0718 0.0327 0.0653
Peak area (V s,

normalized to 1 pg): 5.68 4.76 1.97 2.61
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Table 16. Comparison of HPLC data from apo-fucoxanthinoids in a crude cellular
extract from Phaeodactylum tricornutum with HPLC data from standards.

Retention time (min) Observed Peaks (nm)

Apo-12'-fucoxanthinal, standard 7.310, 7.710 395, 418
Apo-12'-fucoxanthinal, crude 7.307 398, 417
Apo-13'-fucoxanthinone, standard 5.245 333
Apo-13'-fucoxanthinone, crude 5.240 330

D. General Discussion and Conclusions

Previous studies (Chapter 4) have shown that it is possible to quantify apo-
fucoxanthinoid feeding deterrents using a feeding deterrent bioassay. However, this
method is quite slow and has low precision due to the natural variability of the animals
used in the bioassay. A rapid, precise method for detecting apo-fucoxanthinoid
compounds has been developed based on an analytical HPLC method developed by
Wright et al. (1991).

This new HPLC method can separate, detect, and quantify apo-10'-
fucoxanthinal, apo-12'-fucoxanthinal, apo-12-fucoxanthinal, and apo-13'-
fucoxanthinone. Semi-synthetic standards of these four compounds were run to
calibrate the system. Coupling a photo-diode array detector to the HPLC system has
further increased the power of this system. Using the HPLC/PDA system, the apo-
fucoxanthinoids can be identified not only by their retention times, but also by their
characteristic UV-vis absorptions. This system was able to detect apo-12'-
fucoxanthinal and apo-13'-fucoxanthinone at ng levels in a crude cellular extract from
Phaeodactylum tricornutum.

A new analytical HPLC method was developed for measuring apo-

fucoxanthinoid feeding deterrent concentrations in crude cellular extracts from
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phytoplankton. This method is rapid and requires little preparation time. Therefore, it
should be a valuable tool for future studies on the factors affecting production of apo-
fucoxanthinoid feeding deterrents by phytoplankton such as the diatom Phaeodactylum

tricornutum.



144

Chapter 6
Comparison of Quantitative Bioassays and HPLC Analysis as Methods for

Detecting Apo-fucoxanthinoid Feeding Deterrents - A Preliminary Study of Biotic

and Abiotic Apo-fucoxanthinoid Production

A. Introduction

A quantitative bioassay has been developed for detecting and measuring feeding
deterrent activities in crude cellular extracts from phytoplankton (Chapters 2 and 4). In
the diatom Phaeodactylum tricornutum, several apo-fucoxanthinoid compounds were
found to be responsible for feeding deterrent activity (Chapter 3). This led to the
development of an analytical HPLC method for detecting and quantifying the individual
apo-fucoxanthinoid compounds in the crude cellular extract (Chapter 5). In order to
bring this research full circle, and to better understand the role of apo-fucoxanthinoids
as feeding deterrents, several questions remain to be answered:

1) Is there agreement between the analytical HPLC and quantitative bioassay

techniques on the total amount of feeding deterrent compounds in an extract?

2) At what point during the growth cycle of a culture are feeding deterrents

produced?

3) Are apo-fucoxanthinoids simply abiotic degradation products of fucoxanthin?

The analytical HPLC method developed for detecting apo-fucoxanthinoids can
be used to determine the concentrations of four compounds: apo-10'-fucoxanthinal,
apo-12'-fucoxanthinal, apo-12-fucoxanthinal, and apo-13'-fucoxanthinone. Using the
equations derived during the IC5q calculations (Chapter 4), these analytical results can
be converted into a predicted fecal pellet production rate. This rate can then be

compared with the observed rate from a quantitative bioassay performed on the same
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sample. This comparison will determine if the concentrations of the four apo-
fucoxanthinoids are a good predictor of total feeding deterrent activity in a cell extract.

Two theories have been proposed to explain the production of feeding deterrents
by phytoplankton. Huntley (1986) proposed that the production of feeding deterrents
allowed slow growing species, such as dinoflagellates, to attain bloom concentrations.
This theory would predict that maximum production of feeding deterrents should occur
during the logarithmic phase of growth when the phytoplankton are actively growing.
A second theory for the production of feeding deterrents is that they are produced when
the phytoplankton cells are stressed by an environmental limitation, are no longer
actively growing, and are therefore susceptible to grazing pressure (Hansen et al.,
1992). Using this theory, production of feeding deterrents would be expected to
increase during the senescent phase of phytoplankton growth, and would be correlated
with a limiting factor (e.g. nutrient limitation). Thus, the time at which feeding
deterrents are produced during the cell growth cycle is important in determining the
ecological significance of these deterrents.

These theories also apply to the production of phycotoxins (which may act as
feeding deterrents), antibiotics, and allelopathic compounds. There is evidence to
support both of these theories. Boyer et al. (1985, 1986) showed that PSP toxins from
dinoflagellates Alexandrium tamarense (= Protogonyaulax tamarensis) and
Alexandrium (= Protogonyaulax) catenella were found in greatest concentrations during
the exponential phase of growth. However, cells from cultures of senescent
Chlamydomonas sp. produced lower filtering and ingestion rates in the rotifer
Brachionus plicatilis than cells from exponential phase cultures of this flagellate
(Chotiyaputta and Hirayama, 1978). Wilson (1979) found that cell-free medium from
cultures of Isochrysis galbana, another flagellate, which were collapsing or declining
inhibited the feeding of oyster larvae Ostrea edulis, whereas 1. galbana cell-free

medium from cultures just entering stationary phase stimulated grazing. The
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dinoflagellate Prorocentrum minimum was shown to produce the antibiotic $-diketone
in a single "pulse" during stationary phase (Trick et al., 1984). The PSP-producing
dinoflagellate A. ramarense had increased toxin production in stationary phase when
growth was limited (Hansen, 1989). Pseudonitzschia (= Nitzschia) pungens, a diatom,
produced domoic acid (responsible for amnesic shellfish poisoning) only in post-
exponential phase (Subba Rao et al., 1990). Even autoinhibitor production displays
this pattern, as Skeletonema costatum was shown to produce increased amounts of
autoinhibitor during stationary phase (Imada ez al., 1991). However, as this
autoinhibitor also inhibited the growth of a number of species of phytoplankton, the
role of its production was probably the inhibition of competing species, not self-
inhibition. Thus, the production of protective compounds by phytoplankton during
specific times in the growth cycle is well documented.

The nature of the stresses to which a phytoplankton cell is exposed is also
important in controlling the production of these protective compounds. In particular,
limitation of cell growth by a nutrient such as phosphate has been well researched.
Trick et al. (1984) showed that phosphate-limited cultures of Prorocentrum minimum
produced twice as much S-diketone than nitrogen-limited cultures. Alexandrium
tamarense (= Protogonyaulax tamarensis) and Alexandrium (= Protogonyaulax)
catenella both produced more PSP toxins under phosphate limitation (Boyer et al.,
1985, 1987). Reguera and Oshima (1990) found that high N:P ratios (phosphate
limitation) produced increased PSP toxins in the dinoflagellate Gymnodinium
catenatum. The flagellates Chrysochromulina polylepis and Prymnesium patelliferum
also showed increased toxin production when phosphate-limited (Carlsson, 1990;
Larsen er al., 1993). Therefore, it is important not only to observe when a protective
substance is being produced, but the nature of the environmental conditions which may

be responsible for this production.
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Based on a review of this research, it was decided that an appropriate
preliminary study of the production of apo-fucoxanthinoid feeding deterrents by
Phaeodactylum tricornutum would be to observe this production during a cell growth
cycle in which the limiting factor was phosphate.

The apo-fucoxanthinoids isolated during this research appear to be derived from
the abundant diatom pigment fucoxanthin by oxidative cleavage. Thus, it could be
possible that these compounds are produced abiotically in the natural environment in
the presence of light and oxygen. A study by Milborrow (1974) states that the yield of
xanthoxin (a growth inhibitor produced by higher plants analogous to apo-10'-
fucoxanthinal) from violaxanthin (a xanthophyll pigment analogous to fucoxanthin) is
so low and light intensities required for photolysis so high, that such a method of
production is unlikely. To determine if the apo-fucoxanthinoids were produced
abiotically, an experiment was designed where fucoxanthin was incubated in seawater
in the presence of light and oxygen, and the accumulation of degradation products was

observed.

B. Material and Methods

i. Phytoplankton Cultures

Cultures of the diatoms Thalassiosira pseudonana and Phaeodactylum
tricornutum were grown and harvested to yield cellular extracts suitable for quantitative
bioassays and HPLC analysis. Culturing conditions were the same as those described
in Chapter 2 with the following changes. Cultures were grown under continuous
irradiance (=224 pmol m=2 s-1), bubbled with air filtered through GF/F filters, and
stirred at =60 rpm.

Three 12 L cultures were grown simultaneously. Space limitations in the water-

cooled tank used for culturing permitted only three cultures to be grown in a single
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experiment. Therefore, two replicate Phaeodactylum tricornutum cultures and only one
Thalassiosira pseudonana (control) culture were used.

Culture growth was measured by in vivo fluorescence. Cell densities were
determined microscopically. Cell volumes were calculated from microscopic
measurements of dimensions of cells preserved in Lugol's iodine solution.

The initial and final culture pH's were measured using a Radiometer PHM62
standard pH meter. Initial and final nitrate and phosphate concentrations were
measured using a Technicon Autoanalyzer.

Phytoplankton cells were harvested by gentle filtration (<50 mm Hg) through a
GF/F glass fiber filter. This filter was placed in a grinding tube and cellular extracts of
the phytoplankton cells were obtained by grinding the harvested cells in methanol and
rinsing the cell debris repeatedly in methano! until all pigments were removed. This
methanolic extract was filtered through a GF/F glass fiber filter to remove remaining
cell debris. The methanolic extract then underwent rotary evaporation to yield a dry
solid. This solid was dissolved in 7.0 ml of methanol, and 1.0 ml aliquots of this
solution were quantitatively transferred to 7 glass vials (volume = 7 ml). These
samples were dried under a stream of nitrogen gas and stored at -16°C. Exposure of
samples to light was avoided as much as possible during these procedures.

The extracellular material was collected by passing the filtrate from the
harvested cells through two C-18 sep-paks connected in series. The sep-paks were then
rinsed with 20 ml of water, and the retained compounds were eluted with 20 ml of
ethyl acetate. The ethyl acetate was evaporated under a stream of nitrogen gas and the
dried sample was stored at -16°C. Exposure of samples to light was avoided as much

as possible during these procedures.
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ii. Bioassay Procedure

The samples of crude cell extract in the glass vials were quantitatively
bioassayed as described in Chapter 4 with the following changes. Two male C6
copepods (Tigriopus californicus) were added to the bioassay mixture in each vial. Six
replicates were done for each culture sample (e.g. six of the seven vials, each
containing 1/7th of the total crude cellular extract for each sample, were used in the
bioassay). The assay was incubated for 23 - 23.5 h at 18°C with an irradiance of

~100 gmol m-2 s-1 and a L:D cycle of 18:6.

iii. HPLC Analysis

Cellular and extracellular samples were prepared for HPLC analysis as follows.
The cellular extract from one of the seven vials (e.g. 1/7th of the total cellular extract
from a sample) was dissolved in 10 ml of water/methanol (80:20) and applied to a
C-18 sep-pak. The sep-pak was rinsed with 20 ml water, and retained pigments were
eluted with 10 ml ethyl acetate. The ethyl acetate was evaporated under a stream of
nitrogen gas. Just prior to injection on the HPLC column, the sample was redissolved
in 0.8 ml of methanol and 0.2 ml of water. The extracellular extract was processed in
the same manner. The HPLC method used for the analysis of the samples is described

in Chapter 3.

iv. Fucoxanthin Incubation Experiment

Fucoxanthin was incubated in the presence of light and oxygen to determine if
apo-fucoxanthinoids could be produced abiotically under these conditions. Fucoxanthin
was isolated by the method described by Haugen and Liaaen-Jensen (1989) from Fucus
distichus collected from Copper Cove, West Vancouver, British Columbia on March 6,
1993. Twenty-eight mg of pure fucoxanthin was suspended in 500 ml of ES enriched

(Harrison et al., 1980) natural seawater. This mixture was incubated in a 1 L flask for
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6.75 d at 19°C with continuous irradiance of = 224 umol m2 s-1. The solution was
vigorously bubbled with air filter through a GF/F filter and stirred at 60 rpm.

Four times over the course of the incubation 50 ml of solution was removed
from the flask and passed through a C-18 sep-pak. The sep-pak was rinsed with 20 ml
of water, and retained compounds were eluted with 20 ml of ethyl acetate. The ethyl
acetate was evaporated under a stream of nitrogen gas and the dried sample was stored
at -16°C. Exposure of samples to light was avoided as much as possible during these
procedures. Just prior to injection on the HPLC column, the sample was redissolved in
0.8 ml of methanol and 0.2 ml of water. The HPLC system used for analysis of these

samples is the same as the one described above.

C. Results and Discussion

i. Phytoplankton Cultures

One culture of Thalassiosira pseudonana (#1) and two cultures of
Phaeodactylum tricornutum (#2 and #3) were grown and harvested to yield cellular
extracts suitable for quantitative bioassays and HPLC analysis. Each culture was
harvested at three points during the growth cycle (Fig. 66). The first harvest time was
at mid-logarithmic phase (M, = 2 days after culture inoculation), the second was at
late-logarithmic/early senescence phase (L, = 4 days after culture inoculation), and the
third was at senescence phase (S, = 6 days after culture inoculation) (Appendix H,
Tables H1 - H4).

The pH, nitrate concentration, and phosphate concentration were measured
before the culture was inoculated and again at the end of 6 days (Appendix H, Tables
H1 - H3) in order to determine which factors were limiting. The pH was constant
during the experiment for all cultures, which indicates that there was no carbon

limitation experienced by any of the cultures (which would have resulted in an increase
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in pH due to a decrease in dissolved CO7). The final N:P ratios of the medium were
111, 3830, and 493 for cultures #1, #2, and #3 respectively. The cellular N:P ratio for
Thalassiosira pseudonana is 33, and for Phaeodactylum tricornutum it is 37 (Harrison
et al., 1990). Therefore both diatoms were phosphate-limited. Culture #2 was
considerably more phosphate-limited than culture #3. As a result, these two P.

tricornutum cultures may not be good replicates.
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Fig. 66. Growth curve for Phaeodactylum tricornutum (culture #2). The dashed line
indicates the time at which the culture changed from logarithmic growth to
senescence phase. The culture was harvested three times for analysis as
shown. M = mid-log phase; L = late log/early senescence phase; S =
senescence phase.

The cell volumes were calculated for both phytoplankton species (Appendix I).
Thalassiosira pseudonana had a cell volume of 163 pm3. Using a Coulter Counter
(model TAII), the cell volume of T. pseudonana has been previously measured as 41.5

- 70.4 pm (Thompson et al., 1991; Thompson, 1991). However, it has been shown
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experimentally that the Coulter Counter volume = 0.45x(optically determined volume)
due to a "shape factor" (the Coulter Counter calculates volumes of cells assuming the
cells are spherical, which is usually not the case) and inaccurate optical measurements
(error of < 0.5 um; Montagnes and Berges, 1993). Thus an optically determined cell
volume of 163 um3 is equivalent to a Coulter Counter volume of = 73 um3. This
value is reasonably close to the values given by Thompson et al. (1991). The
dimensions of 7. pseudonana were optically determined to be 7 um x 6 um. The
dimensions given in the literature for 7. pseudonana are S pm x 3 um (Rublee and
Gallegos, 1989). Thus the T. pseudonana used in this study was slightly larger than
the T. pseudonana observed by Rublee and Gallegos (1989). Since no selenium was
added to the culture medium in which these cells were grown, this increase in cell size
may have been due to mild selenium limitation, which causes elongation of cells.
Phaeodactylum tricornutum had dimensions of 20 um x 2.9 um for the fusiform
cells and an arm length of 7 um for the triradiate cells. The literature values for P.
tricornutum give the dimensions of the fusiform cells as 25 -35 um x 3 - 5 um and the
arm length of the triradiate cells as 6 - 8 um (Hendley, 1964). Thus the P. tricornutum
used in this study was reasonably close in size to the observed sizes for P. tricornutum
in the literature. The optically determined cell volume of P. tricornurum was 37 pm3
(Appendix I). The overall length of P. tricornutum was much greater than that of 7.
pseudonana, but most of this length was taken up by spines, which have negligible
volume. In terms of volume, 7. pseudonana was approximately 4.5 times bigger than

P. tricornutum.

ii. Comparison of Quantitative Bioassays and HPLC Analysis
The relative apo-12'-fucoxanthinal concentration expected to be present in the
bioassay medium was calculated based on the concentrations of each of the apo-

fucoxanthinoids in the sample as measured by the HPLC, and on the relative feeding
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deterrent activities of each of the apo-fucoxanthinoids as determined by their ICs)
values (e.g. 1 ppm apo-13'-fucoxanthinone = (.14 ppm apo-12'-fucoxanthinal). This
relative apo-12'-fucoxanthinal concentration in the bioassay (Cb) was used to calculate
the predicted fecal pellet production rate (Fp) using the equations developed from the
IC5( experiments in Chapter 4 (Appendix K, Table K1; Appendix L, Table L1). This
predicted rate was compared to the observed fecal pellet production rate (Fb) from the

bioassay of that sample (Fig. 67).
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Fig. 67. Comparison of predicted fecal pellet production rates (Fp) from HPLC
analysis of samples with observed fecal pellet production rates (Fb) from the
bioassay. Comparisons are shown for 3 cultures (1, 2, 3) at 3 times (M, L,
S). Culture 1 was Thalassiosira pseudonana and cultures 2 and 3 were
Phaeodactylum tricornutum. M = mid-log phase; L = late log/early
senescence phase; S = senescence phase. Error bars are 1 SD (n=6) from
bioassay replicates.
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This comparison of bioassay results with HPLC results indicated that the
predicted fecal pellet production rate calculated from the HPLC data consistently
overestimated the observed fecal pellet production rate from the bioassay. Closer
examination of the data showed a small overestimation for 1LC, 1SC, and 2MC, and a
much larger overestimation for 2L.C, 2SC, and 3SC. This overestimation was probably
due to a combination of two problems:

1) there may have been one or more additional active compounds in the crude

extract which have not been identified.

2) the relative activities of the apo-fucoxanthinoids in the crude cellular extracts
may have been different from those measured in the IC5( experiments using
pure compounds. This may have been due to:

a) inaccurate measurements of the activities of the apo-fucoxanthinoid
compounds in the IC5q experiments

b) inaccurate measurements of the total activity in the crude cellular extracts
using the quantitative bioassay

c) altered solubility behaviors of compounds in the crude extract.

d) a synergistic effect between apo-fucoxanthinoids.

The three dimensional data sets generated by the HPLC/PDA system contained
UV-vis information on all the compounds in the crude extracts. These data sets were
rechecked to see if there were any additional signals for compounds which had UV-vis
spectra characteristic of apo-fucoxanthinoids. This search discovered a compound,
unknown #1, which had a retention time of 13.2 min and a Apax 0f 439 nm. The peak
shape was characteristic of an allenic apo-fucoxanthinoid. These values were very
similar to those of the allenic compound apo-12-fucoxanthinal (retention time = 12.97
min; Apax = 417 nm). This compound was tentatively identified as apo-10-

fucoxanthinal (same structure as apo-12-fucoxanthinal, but with 8 conjugated double
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bonds instead of 7). The Apax for this compound as calculated by Woodward's rules
for enones was 444 nm, which agreed quite well with the observed value.

The feeding deterrent activity of apo-10-fucoxanthinal was assumed to be the
same as for apo-12-fucoxanthinal. Therefore, based on the IC5q experiments, the
relative activities of apo-12'-fucoxanthinal : apo-13'-fucoxanthinone : apo-10-
fucoxanthinal was 1 : 0.14 : 0.50. These values were then used to calculate new
predicted fecal pellet production rates (Fp) based on the HPLC results. However, a
comparison of these Fp values with the observed fecal pellet production rates (Fb) from
the bioassays showed that the HPLC results were still underestimating the degree of
feeding deterrent activity in the crude samples. Further examination of the
HPLC/PDA data sets did not provide any evidence of more apo-fucoxanthinoid
compounds present in the crude samples.

In a final attempt to relate the HPLC and bioassay results, the assumption was
made that the relative activities of the apo-fucoxanthinoids as measured by the ICs(
experiments did not agree with the relative activities of the apo-fucoxanthinoids in the
crude extracts as measured by the quantitative bioassays (due to the reasons listed
above). A model was used to answer the question: If the relative activities of apo-12'-
fucoxanthinal : apo-13'-fucoxanthinone : apo-10-fucoxanthinal are 1 : a : b, then what
are the values of "a" and "b" such that the predicted fecal pellet production rate (Fp)
from the HPLC results is equal to the observed fecal pellet production rate (Fb)? The
model iteratively adjusted "a" and "b" until the values calculated for Fp fell within the
a = 0.05 confidence intervals of Fb (Appendix L). The relative activities calculated
by this model were 1 : 11 : 0.23. The results from this model are shown in Figure 68.
Therefore, it appears that the activity of the crude cellular extracts was due to three
compounds, apo-10-fucoxanthinal, apo-12'-fucoxanthinal, and apo-13'-fucoxanthinone
(note that no apo-10'-fucoxanthinal or apo-12-fucoxanthinal were detected by HPLC in

the samples). The results from the model showed that the relative activities for
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Fig. 68. Comparison of predicted fecal pellet production rates (Fp), calculated using a

model (described in Appendix L) and the results from HPLC analysis of
samples, with observed fecal pellet production rates (Fb) from the bioassay.
Comparisons are shown for 3 cultures (1, 2, 3) at 3 times (M, L, S).
Culture 1 was Thalassiosira pseudonana and cultures 2 and 3 were
Phaeodactylum tricornutum. M = mid-log phase; L = late log/early
senescence phase; S = senescence phase. Error bars are 1 SD (n=6) from
bioassay replicates.

apo-12'-fucoxanthinal and apo-10-fucoxanthinal were very similar to the measured

relative activities from the IC5( experiments (model prediction was 1 : 0.23 as

compared to the measured relative activity of 1 : 0.5, assuming apo-10-fucoxanthinal

and apo-12-fucoxanthinal have the same activity). However, the model prediction of

the relative activity of apo-13'-fucoxanthinone was markedly different from the

measured relative activity (model prediction was 11 as compared to a measured value

of 0.14). The calculation of the IC5q value for this compound may be suspect since
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the r2 (coefficient of determination) value for the fit of the data to the PROBIT line

used to calculate the IC5() value was 0.53, indicating a very poor line fit to the data.

iii. Quantitative Feeding Deterrent Bioassays

Quantitative feeding deterrent bioassays were performed on three cultures (one
Thalassiosira pseudonana culture and two Phaeodactylum tricornutum cultures) at three
times throughout the growth cycle in order to determine if culture age affected feeding
deterrent production. The raw data for these bioassays is shown in Appendix J, Table
J1. Analysis of variance calculations were performed on the untransformed fecal pellet
production rates (Appendix J, Table J3). All three samples taken from senescent
cultures (both T. pseudonana and P. tricornutum) were significantly lower than the
control (no cell extract). In addition, all three samples from culture #2 of P.
tricornutum were also significantly lower than the control, as well as being significantly
lower than the sample from the logarithmic phase of culture #1 (7. pseudonana). The
feeding deterrent activity from the T. pseudonana culture was unexpected, as this
diatom had been previously shown not to produce a feeding deterrent. However, the
increase in feeding deterrent activity in senescent cultures, and the increased feeding
deterrent activity in the most phosphate-limited culture (#2) agree well with work from
other researchers (Introduction).

Using the equations developed from the IC5( experiments, and correcting the
results for cell number and cell volume, the bioassay data can be transformed into
relative intracellular apo-12'-fucoxanthinal concentrations (Appendix J, Table J2). The
results from the two Phaeodactylum tricornutum cultures were then averaged, and these
average values were compared with the values for the Thalassiosira pseudonana
cultures (Fig. 69). Statistical differences were determined using one-tailed t-tests
(Appendix J, Table J4). Results from the t-tests showed that the relative intracellular

apo-12'-fucoxanthinal concentration (Cc) of the sample from the senescence phase of
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the P. tricornutum cultures was marginally significantly higher than both a Cc value of
0 (x = 0.077) and the Cc value for the senescent culture of 7. pseudonana (o« =
0.086). As well, a t-test between the L and S samples of the P. tricornutum cultures
gave o = 0.10. Therefore, P. tricornutum had a higher Cc value than 7. pseudonana
when both cultures were compared during their senescence phases, and the Cc value

increased slightly as the culture aged.
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Fig. 69. Comparison of the average relative intracellular apo-12'-fucoxanthinal
concentrations from Phaeodactylum tricornutum and Thalassiosira
pseudonana. Error bars are + 1 SD. No error bars are shown on data from
the T. pseudonana culture as it was not replicated.

As the degree of phosphate limitation varied between the two Phaeodactylum
tricornutum cultures, it was useful to look at the separate results from these two
cultures (Fig. 70). Note that the highest values for both occurred during the senescence

phase, and that the value for culture #2 was higher than that for culture #3. Since
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culture #2 was the most phosphate-limited, it would appear that increased phosphate

limitation produced increased apo-fucoxanthinoid production.
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Fig. 70. Comparison of the average relative intracellular apo-12'-fucoxanthinal
concentrations for the two Phaeodactylum tricornutum cultures. Error bars
are estimated from the relative error in the bioassays as there was no
replication of these samples.

iv. HPLC Analysis of Intracellular Apo-fucoxanthinoids

The intracellular concentrations of fucoxanthin, apo-10-fucoxanthinal, apo-12'-
fucoxanthinal, and apo-13'-fucoxanthinal were calculated from the HPLC data
(Appendix K, Tables K1 - K4; Fig. 71). No apo-10'-fucoxanthinal or apo-12-
fucoxanthinal was observed in these samples. The reason for this was uncertain, but it
was possible that the different conditions under which the cultures used for isolation
and identification of these two compounds (Chapter 3) were grown (e.g. day/night
cycle vs. continuous light) may be responsible. Note the large error bars on samples

taken at the late log/early senescence period in the growth cycle of Phaeodactylum
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tricornutum. The time at which these samples were taken was very close to the time
when the cells changed from log phase cell physiology to senescence phase cell
physiology. Since culture #2 was more phosphate-limited than culture #3, it entered
the senescence phase first. Therefore, when the samples were taken at L, culture #2
was in a senescent state while culture #3 was still in a growth phase. Since the two
cultures were in quite different states at this point, they had different intracellular
concentrations of fucoxanthin and apo-fucoxanthinoids, hence the large deviation
around the average value at L.

One-tailed t-tests were used to compare the intracellular concentrations from
Phaeodactylum tricornutum and Thalassiosira pseudonana (Appendix K, Table K5).
The intracellular fucoxanthin concentrations of P. tricornutum were significantly higher
than those of 7. pseudonana at both the M (a = 0.0005) and S (o = 0.000891)
phases. Apo-12'-fucoxanthinal and apo-13'-fucoxanthinal showed an unexpected
pattern. Both of these compounds were significantly higher in P. tricornutum only
during the logarithmic phase of growth (¢ = 0.0684 for apo-12'-fucoxanthinal and o
= (.0405 for apo-13'-fucoxanthinone). However, apo-10'-fucoxanthinal showed the
opposite pattern, with the P. tricornutum samples being significantly higher than the 7.
pseudonana samples during the senescence phase. As the P. tricornutum cell extracts
showed the greatest feeding deterrent activity in the senescence phase samples, most of
this activity must be a result of apo-10-fucoxanthinal.

The relative intracellular apo-12'-fucoxanthinal concentration (Cc) was
calculated from the HPLC data using the values for the relative activities, a and b,
which were calculated from the model developed during the comparison of HPLC
results with bioassay results (Appendix L, Table L2; Fig. 72). As in the previous
results, the error bars on the samples taken at time L were very large due to the fact

that cultures #2 and #3 were not in the same state at this point in time.
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Fig. 71. Comparison of the average intracellular concentrations of fucoxanthin, apo-
10-fucoxanthinal, apo-12'-fucoxanthinal, and apo-13'-fucoxanthinone from
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(open circles). Error bars are + 1 SD. No error bars are shown on data
from the 7. pseudonana culture as it was not replicated.
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One-tailed t-tests were used to compare the results from Phaeodactylum
tricornutum and Thalassiosira pseudonana (Appendix L, Table L3). The P.
tricornutum cultures had significantly higher Cc values than the 7. pseudonana culture
during both log phase (¢ = 0.0430) and senescence phase (o« = 0.0547). This reflects
the higher levels of apo-12'-fucoxanthinal and apo-13'-fucoxanthinal during log phase
and the higher levels of apo-10-fucoxanthinal during senescence phase. There was a
slightly significant increase in Cc concentration from log phase to senescence phase in
P. tricornutum (a = 0.107) which agreed with the previous observations that

senescence phase samples had higher feeding deterrent activity.
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The maximum Cc concentration reached by Phaeodactylum tricornutum was
2.17 ppt. This was 1000 times greater than the IC5q value range of 1.84 - 20.0 ppm
for the apo-fucoxanthinoids as calculated in Chapter 4. Therefore, if an organism,
such as the copepod Tigriopus californicus, was exposed to an intracellular
concentration of 2.17 ppt while handling/breaking/ingesting P. tricornutum cells, it

would experience significant feeding inhibition.

v. HPLC Analysis of Extracellular Apo-fucoxanthinoids

The extracellular material from the Phaeodactylum tricornutum and
Thalassiosira pseudonana cultures was analyzed using the HPLC/PDA method. No
apo-10-fucoxanthinal, apo-10'-fucoxanthinal, apo-12-fucoxanthinal, apo-12'-
fucoxanthinal, or apo-13'-fucoxanthinone was detected in any of the extracellular
samples (Appendix K, Table K1). Thus, one would expect the extracellular filtrate to
have no feeding deterrent activity. However, this disagreed with research results from
Thompson et al. (1993), who showed that P. tricornutum filtrate decreased ingestion
rate of plastic beads in oyster larvae. There were four possible explanations for this:

1) these compounds may have been present in the extracellular medium at levels
below the HPLC detection limit due to cell lysis or breakage during
harvesting procedures. The oyster larvae may be sensitive to the apo-
fucoxanthinoids at these low levels.

2) the methods used to concentrate the samples for HPLC analysis may degrade
some of the apo-fucoxanthinoids. If these compounds were present at very
low levels, this degradation may be enough to reduce the levels to zero.

3) the age and condition of the culture may affect the amount of apo-
fucoxanthinoids released extracellularly. The cultures in the Thompson et al.

(1993) study may have been in a different physiological state than the
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cultures in this study, and thus may have been releasing more extracellular
apo-fucoxanthinoids.
4) there may have been an additional class of feeding deterrent compounds
released extracellularly which were not detected by HPLC.
Fucoxanthin was present in the extracellular samples (Appendix K, Table K6).
This fucoxanthin was probably released from cell breakage during the harvesting
procedures or from natural cell lysis. However, no definite trends were seen in the

data, either by culture or by age.

v. Fucoxanthin Incubation Experiment

Pure fucoxanthin was incubated in for approximately 7 days in seawater with
continuous irradiance and bubbling with air in order to determine if apo-
fucoxanthinoids could be produced abiotically from fucoxanthin in the presence of light
and oxygen. However, HPLC analysis showed no detectable amounts of apo-10-
fucoxanthinal, apo-10'-fucoxanthinal, apo-12-fucoxanthinal, apo-12'-fucoxanthinal, or
apo-13'-fucoxanthinone. Therefore, these compounds were not produced abiotically
from fucoxanthin in the presence of light and oxygen, and under phytoplankton
culturing conditions.

Fucoxanthin did degrade over 7 days, as the amount of fucoxanthin present in
solution was reduced by 23% (Fig. 73). Several degradation products accumulated
(peaks #1, #2, and #3), but none of them appeared to be apo-fucoxanthinoids of the

type associated with feeding deterrent activity.
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Fig. 73. Degradation of fucoxanthin incubated in seawater at 19°C with continuous
irradiance of = 224 umol m-2 -1,

D. General Discussion and Conclusions

An attempt has been made to integrate the production of feeding deterrents by
Phaeodactylum tricornutum with the concentrations and feeding deterrent activities of
apo-fucoxanthinoids. The HPLC method for detecting apo-fucoxanthinoids and the
quantitative bioassay for measuring feeding deterrent activity were compared. Both of
these methods were then used to observe the effects of culture age on the production of
feeding deterrent compounds. In addition, the HPLC method was used to study the

abiotic production of apo-fucoxanthinoids.
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The HPLC method was found to underestimate the feeding deterrent activity in
crude samples. This was due to two problems. There was at least one more apo-
fucoxanthinoid in the crude samples which had not been previously identified. This
compound, identified as apo-10-fucoxanthinal, was produced only by Phaeodactylum
tricornutum, and appeared to be responsible for most of the feeding deterrent activity in
senescent cultures. It is possible that there may have been other types of feeding
deterrent compounds present as well. Secondly, given the assumption that there were
no other feeding deterrent compounds in addition to the apo-fucoxanthinoids present in
the crude cell extract, the relative activity of apo-13'-fucoxanthinone appeared to be
much greater in the crude samples than was measured in the IC5( experiments. This
apparent increase in activity may be due to an inaccurate measurement of the activity in
the IC5( experiment (the data fit very poorly to the PROBIT line used to calculate the
ICsq value), an inaccurate measurement of the activity of the crude cellular extracts
using the quantitative bioassays, an altered solubility behavior of the compound in the
crude extract, or a synergistic effects between the apo-fucoxanthinoid compounds (or
other compounds in the crude mixture).

Both Thalassiosira pseudonana and Phaeodactylum tricornutum had feeding
deterrent activity as measured by the quantitative bioassay, and both contained apo-
fucoxanthinoids. However, extracts from P. tricornutum were more active than those
from T. pseudonana, and P. tricornutum expressed feeding deterrent activity
throughout its growth cycle, while T. pseudonana only had feeding deterrent activity
during senescence. This production of apo-fucoxanthinoid compounds may be a
phenomenon common to all diatoms, with the level of production being dependent on
species (probably species-specific enzymes which have variable levels of activity).

Both diatom species showed increased total apo-fucoxanthinoid production
during senescence. This production may be a function of cessation of active growth

and the start of cell aging. Thus this process might be analogous to the increase in
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carotenoid degradation products in aging tissues (e.g. leaves) of higher plants (Gross,
1991).

In Phaeodactylum tricornutum, an increase in total apo-fucoxanthinoid
production during senescence was seen with increased phosphate limitation. This
agrees with observed increases in other biologically active compounds in phytoplankton
under phosphate limitation (Trick e al., 1984; Boyer et al. 1985, 1987; Reguera and
Oshima, 1990; Carlsson, 1990). From an ecological viewpoint, the production of
feeding deterrent compounds during senescence should prevent overgrazing of the
phytoplankton population during a period of time when they are unable to outgrow the
grazing pressures.

Apo-fucoxanthinoids do not appear to be produced abiotically. This agrees with
Milborrow (1974), who believed that the production of biologically active materials by
photolysis of carotenoids was too inefficient to account for observed biological activity.
Thus, the apo-fucoxanthinoids from diatoms must be produced by enzymatic oxidative
cleavage of fucoxanthin, possibly using an enzyme such as lipoxgenase (Gross, 1991).

Apo-fucoxanthinoids produced by diatoms act as feeding deterrents. This
production may be a process universal to all diatoms, although the degree to which it
occurs may be species dependent. This process is enzymatic, and appears to be related
to culture aging and phosphate limitation, which are factors that govern the production
of other biologically active compounds by phytoplankton. The results from this
research are preliminary, and more studies on the physiology of feeding deterrent
production by diatoms need to be done. In addition, this work has raised a number of
questions for which only suggested answers have been given, and more in depth studies

must be performed in order to validate these conjectures.
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Chapter 7

General Discussion, Conclusions, and Future Directions

A. Conclusions

The purpose of this research was to develop a series of methodologies which
would probe the production of feeding deterrents by phytoplankton. With these new
techniques, the understanding of the nature and function of feeding deterrent
compounds could be increased. Thus, this work was only a preliminary study, an
attempt to find new methods which would allow further studies in this field of research.
The initial findings from this work should bring some new insights into the study of
biologically active compounds produced by phytoplankton and the interaction of
phytoplankton with other organisms in their environment via these compounds. With
this in mind, the following conclusions can be drawn from this body of research:

1) A feeding deterrent bioassay was developed using the copepod Tigriopus
californicus. This bioassay was simple, rapid, cost-efficient, reliable and
accurate, and was designed to be used to guide chemical fractionation in
order to isolate a feeding deterrent compound. Using this bioassay, feeding
deterrent activity was detected in the dinoflagellate Gonyaulax grindleyi and
the diatom Phaeodactylum tricornutum.

2) The feeding deterrent activity in Phaeodactylum tricornutum was traced to
four compounds: apo-10'-fucoxanthinal, apo-12'-fucoxanthinal, apo-12-
fucoxanthinal, and apo-13'-fucoxanthinone. These compounds were isolated
by chromatographic techniques and conclusively identified using various

spectroscopic means.
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3) The IC5 values of the pure apo-fucoxanthinoid compounds were
determined, and ranged from 1.84 - 20.0 ppm.

4) The LCs( values of apo-10'-fucoxanthinal and apo-12'-fucoxanthinal were
determined, and ranged between 37 and 337 ppm.

5) An HPLC/PDA method was developed to quantify the apo-fucoxanthinoids.
Using this method, a fifth apo-fucoxanthinoid compound, apo-10-
fucoxanthinal, was identified.

6) Given the assumption that there were no other feeding deterrent compounds
in addition to the apo-fucoxanthinoids, the relative activity of apo-13'-
fucoxanthinone appeared to be much greater in the crude cellular extracts
than was measured in the IC5( experiment. This may be due to an
inaccurate measurement of the activity in the IC5(q experiment, an inaccurate
measurement of the activity in the crude cellular extracts using the
quantitative bioassays, an altered solubility behavior of the compound in the
crude extract, or a synergistic effect between compounds.

7) The apo-fucoxanthinoids are produced enzymatically in two diatoms,
Phaeodactylum tricornutum and Thalassiosira pseudonana. The production
of apo-fucoxanthinoids may be a process common to all diatoms, however
the degree of production is species-specific, as P. tricornutum produces a
greater amount of these compounds than 7. pseudonana.

8) The production of total intracellular apo-fucoxanthinoids appeared to increase
with culture age and degree of phosphate limitation.

9) The concentration of total intracellular apo-fucoxanthinoids in Phaeodactylum
tricornutum was 1000 times higher than the concentration in solution
necessary to produce a 50% inhibition of fecal pellet production in the

copepod Tigriopus californicus.
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B. General Discussion

i. Ecological Implications

Based on the above conclusions, several general statements can be made. It
appears that aging diatom cells enzymatically produce apo-fucoxanthinoid compounds
intracellularly. Certain diatoms produce more of these apo-fucoxanthinoid compounds
than others. In Phaeodactylum tricornutum, the intracellular concentration of these
apo-fucoxanthinoids is high enough to act as a feeding deterrent for grazers when the
cells are ingested. An increase in the intracellular feeding deterrent concentration in a
cell would not increase the fitness of an individual cell (as the cell must be consumed in
order to deter the predator), but it would decrease the predation on the entire
population of cells. If it is assumed that all the phytoplankton cells in a bloom are
clones originating from one individual through asexual fission, then the bloom can be
considered a multicellular individual. Therefore, if a single cell containing an
intracellular feeding deterrent is ingested, and this results in deterred predation on the
entire population (all genetically identical to the sacrificed cell), then the production of
intracellular feeding deterrents will increase the fitness of the "multicellular” bloom.
Since all the cells in the bloom are genetically identical, increased fitness of the bloom
will increase the fitness of the founder cell of the bloom (Hansen, 1989).

Apo-fucoxanthinoids may also be released into the "phycosphere” surrounding
the cell or be bound onto the surface of the cell. Compounds closely associated with
the cell surface would not be distinguishable from intracellular compounds using the
methods developed in this research. However, contact chemoreception by grazers,
followed by subsequent particle rejection could reduce grazing of the phytoplankton
cells without ingestion of the cells. Thus predation could be deterred without

sacrificing individual cells (Targett and Ward, 1991).
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The bioassay organism, Tigriopus californicus, is a very hardy, tidepool-
dwelling harpacticoid copepod. It is not commonly associated with phytoplankton
blooms. However, if a deterrent compound produces a response in an hardy organism,
it is likely to have a much stronger effect on more sensitive organisms. The effects of
apo-fucoxanthinoids on other species of zooplankton need to be examined further.
However, if some species are more sensitive to apo-fucoxanthinoids than 7.
californicus, then low levels of apo-fucoxanthinoids may have a significant impact on
some grazers in the natural environment.

Although Phaeodactylum tricornutum is not an important bloom-forming species
in the marine environment, this research suggests that the production of apo-
fucoxanthinoid compounds may be common to all diatoms, and may be of ecological
significance in natural blooms of diatoms entering senescence. Diatoms which produce
larger amounts of apo-fucoxanthinoids may have a competitive edge in certain
ecological situations (e.g. under conditions of nutrient limitation when grazing
pressures are high). If the presence of these apo-fucoxanthinoid feeding deterrents
causes grazers to selectively prey on certain phytoplankton species and not others, then
the production of apo-fucoxanthinoids may play an important role in phytoplankton

species succession.

ii. Commercial Applications

The results of this research may be of commercial value. In mariculture, where
phytoplankton are used as a food source for organisms such as oyster larvae, it is
important to know which species of phytoplankton are good food sources. This work
clearly indicates that Phaeodactylum tricornutum is a poor choice. As well, any diatom
cultures entering senescence may be of reduced value as a food source if they produce
apo-fucoxanthinoids. Attempting to grow commercially important invertebrates using

phytoplankton which produce feeding deterrents would lead to decreased growth rates
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and increased mortality in the mariculture species, which would reduce the net profit of
the "crop”. A better understanding of which species produce feeding deterrents and
what factors affect the production of these feeding deterrents would improve culturing

practices in mariculture.

C. Future Research Questions

Any research generates as many questions as it answers. This work is no
exception. Many of the results from this work are preliminary in nature and still need
to be verified, while other areas have been left unstudied. Questions in three of the
more interesting areas for future research are listed below:

1) Feeding deterrents from dinoflagellates:

What is the nature of the feeding deterrent produced by the dinoflagellate
Gonyaulax grindleyi? Is this feeding deterrent the same type of compound as
the apo-fucoxanthinoids, or is it a neurotoxic compound, as suggested by
Sykes and Huntley (1987)? If it is a neurotoxin, is it related to the PSP
toxins produced by some dinoflagellates? Are the well known phycotoxins in
fact feeding deterrent compounds?

2) Apo-fucoxanthinoids produced by diatoms:

Is the production of apo-fucoxanthinoids a general phenomenon common to
all diatoms, or is it specific to only a few? Do all senescent cells produce
feeding deterrents? What effects do apo-fucoxanthinoids have on various
species of zooplankton? What is the ecological significance of apo-
fucoxanthinoid production by diatoms? Are there synergistic effects between

apo-fucoxanthinoids?
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3) Physiological studies of apo-fucoxanthinoid production:

What affects do nitrate and silicate limitation have on apo-fucoxanthinoid
production by Phaeodactylum tricornutum? What affects do variations in
irradiance and temperature have on this production?

From these questions, it can be seen that there is a need to screen more
phytoplankton species, both diatoms and dinoflagellates, as well as others. In species
shown to produce feeding deterrents, such as Gonyaulax grindleyi, the feeding
deterrents need to be isolated and their structures characterized. Finally, in species in
which the nature of the feeding deterrent in known, such as Phaeodactylum
tricornutum, the physiology of production needs to be studied in more detail.
However, now that several new tools have been developed for this type of research,

these studies should be somewhat easier.
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Appendix A. A Model Demonstrating the Use of Total Fecal Pellet Production as a
Measure of Fecal Pellet Production Rate

The following model demonstrates how measurements of the total fecal pellet
production over a given interval can be used as a measure of decrease in fecal pellet
production rate. Given the following assumptions:

1) food particles are not in limiting concentrations

2) feeding deterrents slow ingestion (and hence egestion) rate, but do not

completely stop feeding

3) gut fullness will eventually be reached regardless of the presence of feeding

deterrents, and this level of saturation is constant for all experiments,
then fecal pellet production rate can be modeled by the equation:
F = Fpay (1 —¢)
where F = the fecal pellet production rate (fecal pellets h-1 copepod-1), Fmax = the
maximum fecal pellet production rate, b = a constant (h‘l), and t = time (h). Fig. Al
shows two possible scenarios.

By integrating the area under the curve

. bt 2
( J; 12 F_ (1 —e™)dt = [met + E“’—“i‘;e——] ), which gives the total number of fecal

u
pellets, and dividing it by the total elapsed time, one gets the average fecal pellet

. production rate over the time interval. For graph A, the control, this is equal to 0.80
fecal pellets/unit time. For graph B, this is equal to 0.37 fecal pellets/unit time. Thus,
as Fao > Fg, it is possible to detect the decrease in fecal pellet production rate due to
the presence of a feeding deterrent by counting the total number of fecal pellets

produced in a given time.
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Fig. Al. Model for fecal pellet production rate. For simplicity, Fyax and the total
elapsed time are both equal to 1 unit. Graph A represents the control (no
feeding deterrent), with b = 5 (from equation for total number of fecal
pellets). Graph B represents the affect of a feeding deterrent, with b = 1.
The area under the curve, from t] = 0 to tp = 1 (vertical line), is the total
number of fecal pellets. The average fecal pellet production rate over this
time interval is shown by the horizontal dotted line.



Appendix B. Growth of Phytoplankton Cultures

Table B1. Growth of Phaeodactylum tricornutum, Thalassiosira pseudonana, and
Gonyaulax grindleyi cultures at 19 °C with continuous irradiance of
approximately 70 pmol m2 51,

Species Growth rate (i) Time at which Maximum cell density
(day‘l) cultures entered (104 cells-ml-1)
senescence
(days)

Phaeodactylum

tricornutum 0.825 2.77 233
Thalassiosira

pseudonana 1.57 2.08 74.8
Gonyaulax

grindleyi 0.271 6.57 0.82
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Appendix C. Raw Data and Statistical Analysis for Feeding Deterrent Bioassays in
Chapter 2

Tests for normality and homoscedasticity were done on all experimental data
sets before ANOVA and t-tests were carried out. The assumption of normality was

verified by calculating the skewness,

14 n 3
skewness = n? y (y; -y’ /1 ¥ (i =12,

i=1 i=1

of the data set. The standard error for skewness = Sg = \/6/N. The z-test for
skewness = (skewness - 0)/Ss. If -2.58 < z-test < 2.58, then the data were normal

(Tabachnick and Fidell, 1983). Homoscedasticity was verified by performing a two-
tailed F-test on the variances of the data sets. Fg is the ratio of the greater variance
over the lesser one, where Fg = S?/S2. The critical value is Fo/2[v1,v7]> Where a is
the accepted error level and the degrees of freedom are »{ = nq -1, »9 = ng -1 for the
upper and lower variance respectively (Sokal and Rohlf, 1987).

Simple one-factor ANOVA's were performed using a program written in basic
(based on Bishop, 1983). Two-factor ANOVA's and ANOVA's with unequal n were
performed using the statistical package included with the program Microsoft Excel 4.0

for Windows.
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Table C1. Raw data for the fecal pellet production rate of Tigriopus californicus over
two different time intervals when presented with a diet of ground fish food.

Experiment

Replicates

Fecal pellets Rate

(pellets h-1)
Short term experiment
(50.5 h)
1 53 1.1
2 62 1.2
3 45 0.89
4 52 1.0
5 52 1.0
Long term experiment
(137 h)
1 102 0.74
2 138 1.0
3 131 0.96
4 183 1.3
5 167 1.2

Table C2. Statistical analysis of raw data from Table C1.

Statistic

Short term experiment Long term experiment

Mean rate (pellets b1y
Standard deviation, S:
Variance, S2:;
Skewness:

Z-test for normality:

1.1
0.12
0.014
0.38
0.35

Test for Homoscedasticity:
F:
v1:
vy:
a:
One-way ANOVA
(two-tailed):
F:
dfy:
dfy:

(s

1.1
0.23
0.054
-0.065
-0.059
3.9
4
4
0.24
0.0036
1
8
0.999
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Table C3. Raw data for the fecal pellet production rate of both untreated and
antibiotic-treated Tigriopus californicus when presented with varying
concentrations of Thalassiosira pseudonana cells. Each replicate consisted
of two copepods incubated for 24 h.

Untreated Copepods Antibiotic-treated Copepods
Initial cell  Fecal pellets Rate Initial cell  Fecal pellets Rate
density (pellets h~1) density (pellets h-1)
(cells ml'l) (cells mi-1)
489000 105 2.2 489000 105 2.2
48900 50 1.0 48900 80 1.7
4890 14 0.29 4890 2 0.04
489 3 0.06 489 5 0.10
48.9 6 0.13 48.9 5 0.10
4.89 1 0.02 4.89 7 0.15
498000 82 1.7 460000 75 1.6
498000 91 1.90 460000 95 2.0
398000 83 1.7 368000 86 1.8
398000 59 1.2 368000 86 1.8
299000 52 1.1 276000 86 1.8
299000 77 1.6 276000 82 1.7
199000 46 0.96 184000 56 1.2
199000 64 1.3 184000 94 2.0
99600 46 0.96 91900 15 0.31
99600 63 1.3 91900 103 2.2
49800 70 1.5 46000 73 1.5

49800 76 1.6 46000 68 1.4




Table C4. Statistical analysis of raw data from Table C3.
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Statistic Untreated copepods  Antibiotic-treated copepods
Wilkinson's regression:
Fmax: 1.6 1.9
Standard error (Fppax): 0.14 0.20
Ke: 18000 21000
Standard error (K¢): 12000 15000
Standard deviation about 0.32 0.42
regression line, S:
Variance, S2: 0.10 0.17
Skewness: 0.11 -1.5
Z-test for normality: 0.20 -2.6*
Test for Homoscedasticity:
F: 1.7
ri: 17
vy 17
o 0.30
t-tests (one-tailed):
t-test for Fyax: 1.4
t-test for Kg: 0.21
df: 14
a for Fyax: 0.09
a for Kg: 0.25

*Note that the data for the antibiotic-treated copepods are slightly skewed. As t-tests
are relatively robust with respect to skewed data, and the degree of skewing was small,

the raw data was analyzed without any transformations.
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Table CS5. Raw data for the egestion rate of Tigriopus californicus in response to
treatments of copepods with antibiotics and treatments of ground fish food
with cellular extracts from Gonyaulax grindleyi. The coated fish food was
= 20-23% cellular extract by weight. UU = untreated copepods fed
uncoated fish food; UC = untreated copepods fed fish food coated with G.
grindleyi cellular extract; AU = antibiotic-treated copepods fed uncoated
fish food; AC = antibiotic-treated copepods fed fish food coated with G.
grindleyi cellular extract.

Experiment Replicates Fecal pellets Rate
(pellets h'l)
UU (68.5 h)
1 41 0.60
2 40 0.58
3 67 0.98
4 63 0.92
5 41 0.60
6 63 0.92
UC (68.5 h)
1 47 0.69
2 57 0.83
3 78 1.1
4 96 1.4
5 34 0.50
6 97 1.4
AU (66.5 h)
1 101 1.5
2 70 1.1
3 108 1.6
4 96 1.4
5 100 1.5
6 94 1.4
AC (66.5 h)
1 74 1.1
2 69 1.0
3 78 1.2
4 47 0.71
5 69 1.0
6 69 1.0




Table C6. Statistical analysis of raw data from Table C5.
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Statistic Uu UC AU AC
Mean rate (pellets h-1): 0.77 1.0 1.4 1.0
Standard deviation, S: 0.19 0.38 0.20 0.16
Variance, $2: 0.036 0.15 0.039 0.026
Skewness: 0.036 -0.052 -1.2 -1.3
Z-test for normality: 0.036 -0.052 -1.2 -1.3
Test for Homoscedasticity:

vy; v2: 55

F(UU,UC); a: 4.0; 0.16

F(UU,AU); a: 1.1; 0.96

F(UU,AQ); a: 1.4; 0.78

F(UC,AU); a: 3.8; 0.18

F(UC,AQ); o 5.6; 0.09

F(AU,AQ); a: 1.5; 0.73
Two-way ANOVA:

df;: 1

dfe: 1

dfy: 1

dfy: 20

F (interaction); «: 9.8; 0.005

F (row =antibiotic vs. no 11; 0.003

antibiotic); «:

F (column=uncoated vs. 0.79; 0.38

coated fish food); a:
Protected t-tests:

LSD (p=0.05; dfy,=20): 0.30

mean differences (UU-UC): -0.23

mean differences (UU-AU): -0.66

mean differences (UU-AC): -0.25

mean differences (UC-AU): -0.43

mean differences (UC-AC): -0.02

mean differences (AU-AC): 0.41
One-way ANOVA's:

dfy; dfp. 1; 10

F (UU,AU); a: 35; <0.001

F (UC,AU); a: 6.0; 0.04

F (AU,AC); a: 15; 0.004
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Table C7. Raw data for the egestion rate of Tigriopus californicus in response to
treatments of copepods with antibiotics and treatments of ground fish food
with cellular extracts from Thalassiosira pseudonana. The coated fish food
was = 28% cellular extract by weight. UU = untreated copepods fed
uncoated fish food; UC = untreated copepods fed fish food coated with 7.
pseudonana cellular extract; AU = antibiotic-treated copepods fed uncoated
fish food; AC = antibiotic-treated copepods fed fish food coated with 7.
pseudonana cellular extract.

Experiment Replicates Fecal pellets Rate
(pellets h~1)
UU (64.75 h)
| 67 1.0
2 49 0.76
3 59 0.91
4 50 0.77
5 53 0.82
6 60 0.93
UC (64.75 h)

1 63 1.1
2 63 0.97
3 64 0.99
4 48 0.74
5 50 0.77
6 64 0.99

AU (72 h)
1 110 1.5
2 76 1.1
3 99 1.4
4 85 1.2
5 79 1.1
6 82 1.1

AC (72 h)
1 79 1.1
2 78 1.1
3 74 1.0
4 66 0.92
5 81 1.1
6 84 1.2




Table C8. Statistical analysis of raw data from Table C7.
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Statistic Uu UC AU AC
Mean rate (pellets h~1): 0.87 0.92 1.2 1.1
Standard deviation, S: 0.11 0.13 0.18 0.088
Variance, $2: 0.011 0.017 0.034 0.0077
Skewness: 0.39 -0.58 0.77 -0.82
Z-test for normality: 0.39 -0.58 0.77 -0.82
Test for Homoscedasticity:

vy; vo: 55

F(UU,UC); a: 1.5; 0.75

F(UU,AU); a: 3.0; 0.30

F(UU,AQ); a: 1.5; 0.73

F(UC,AU); o: 2.0; 0.47

F(UC,AQ); a: 2.2; 0.45

F(AU,AQ); a: 4.4;0.14
Two-way ANOVA:

dfy: 1

dfe: 1

dfy: 1

dfy: 20

F (interaction); a: 3.8; 0.07

F (row=antibiotic vs. no 22; 0.0001

antibiotic); «a:

F (column=uncoated vs. 1.1; 0.31

coated fish food); a:
Protected t-tests:

LSDrow (p=0.05; dfy,=20): 0.11

row mean (untreated): 0.89

row mean (antibiotic-treated): 1.2

difference in means (untreated -0.25

- antibiotic-treated):
One-way ANOVA's:

dfy; dfy. 1; 22

F (untreated vs. antibiotic- 20; <0.001

treated); o
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Table C9. Raw data for the egestion rate of Tigriopus californicus in response to a diet
of ground fish food coated with cellular extracts from Thalassiosira
pseudonana and Phaeodactylum tricornutum. The coated fish food was
=~ 20% cellular extract by weight. ATP = antibiotic-treated copepods fed
fish food coated with 7. pseudonana cellular extract; APT = antibiotic-
treated copepods fed fish food coated with P. tricornutum cellular extract.

Experiment Replicates Fecal pellets Rate
(pellets h-1)

ATP (74 h)
1 86 1.2
2 67 0.91
3 80 1.1
4 84 1.1
5 64 0.86
6 64 0.86

APT (74 h)
1 16 0.22
2 10 0.14
3 22 0.30
4 27 0.36
5 11 0.15
6 20 0.27

Table C10. Statistical analysis of raw data from Table C9.

Statistic ATP APT
Mean rate (pellets h-1): 1.0 0.24
Standard deviation, S: 0.14 0.089
Variance, $2: 0.019 0.0079
Skewness: 0.068 0.12
Z-test for normality: 0.068 0.12
Test for Homoscedasticity:

vy; vQ: 5;5

F(ATP,APT); o 2.4; 0.40
One-way ANOVA's:

dfy; dfy. I: 1

F (ATP,APT); a: 130; <0.001
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Table C11. Raw data for the egestion rate of Tigriopus californicus when presented
with a diet of live phytoplankton cells. ADTP = antibiotic-treated
copepods fed live Thalassiosira pseudonana cells suspended in dissolved
cellular extract from 7. pseudonana; ADPT = antibiotic-treated copepods
fed fed live T. pseudonana cells suspended in dissolved cellular extract
from Phaeodactylum tricornutum.

Experiment Replicates  Fecal pellets Rate
(pellets hj
ADTP
(2 copepods, 22 h)
1 77 1.8
2 101 2.3
3 98 2.2
4 65 1.5
5 94 2.1
6 66 1.5
ADPT
(2 copepods, 22 h)
1 31 0.70
2 13 0.30
3 26 0.59
4 28 0.64
5 36 0.82
6 21 0.48

Table C12. Statistical analysis of raw data from Table C11.

Statistic ADTP ADPT
Mean rate (pellets h-1): 1.9 0.59
Standard deviation, S: 0.37 0.18
Variance, $2: 0.14 0.033
Skewness: -0.12 -0.43
Z-test for normality: -0.12 -0.43
Test for Homoscedasticity:

vy; V2! 55

F(ADTP,ADPT); o: 4.1;0.16
One-way ANOVA's:

dfy; dfp. 1: 10

F (ADTP,ADPT); a: 61; <0.001
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Table C13. Raw data for the egestion rate of Tigriopus californicus when presented
with a diet of live phytoplankton cells. ALTP = antibiotic-treated
copepods fed live Thalassiosira pseudonana cells; ALPT = antibiotic-
treated copepods fed fed live Phaeodactylum tricornutum cells. The cells
were presented to the copepods at a density of 6 x 105 cells mi-1.
Replicate 2 of the T. pseudonana series was anomalous (copepods were
unhealthy) and was not used for data analysis.

Experiment Replicates Fecal pellets Rate
~ (pellets h~1)
ALTP
(2 copepods, 19 h)
1 83 2.2
2 16 0.42
3 81 2.1
4 85 2.2
5 52 1.4
6 96 2.5
ALPT
(2 copepods, 19 h)
1 40 1.1
2 39 1.0
3 46 1.2
4 43 1.1
5 43 1.1
6 38 1.0
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Table C14. Statistical analysis of raw data from Table C13.

Statistic ALTP ALPT
Mean rate (pellets h- I): 2.1 1.1
Standard deviation, S: 0.43 0.079
Variance, $2: 0.19 0.0063
Skewness: -1.0 0.29
Z-test for normality: -0.92 0.29
Test for Homoscedasticity:

vy; v2: 4;5

F(ALTP,ALPT); o: 30; 0.003*
One-way ANOVA's:

dfy; dfp. 1,9

F (ALTP,ALPT); a: 32; 0.0003
Mann-Whitney U test:

ny; ng: 6;5

Ug; a: 30; <0.005

*The two data sets had significantly different variances. Several transformations (log,
square root, arcsine) were applied to the data, but none produced variances which were
not significantly different. Therefore, this data set does not meet the assumptions for
ANOVA. As ANOVA is a robust statistical technique, the results of the ANOVA may
still be valid, however a second nonparametric method (Mann-Whitney U test) was

applied.



Appendix D. Fecal Pellet Volume Measurements

Table D1. Measurements of diameter and length of fecal pellets from Tigriopus
californicus on a diet of ground fish food. Pellet volume is calculated using

the volume equation for a cylinder, V = ar2h.

Sample diameter length  volume [ Sample diameter length  volume
(pm)  (um) (105 pm3) (gm)  (um) (105 pm3)
1-1 43.8 219 3.30 4-1 54.8 110 2.58
1-2 32.9 131 1.11 4-2 32.9 153 1.30
1-3 32.9 131 1.11 4-3 43.8 153 2.31
1-4 43.8 142 2.14 4-4 43.8 164 2.47
1-5 54.8 175 4.12 4-5 43.8 186 2.80
1-6 32.9 65.7 0.557 4-6 32.9 131 1.11
1-7 43.8 98.6 1.48 4-7 43.8 175 2.64
1-8 43.8 110 1.65 4-8 32.9 230 1.95
19 43.8 76.7 1.15 4-9 43.8 110 1.65
1-10 43.8 120 1.81 4-10 54.8 219 5.16
2-1 54.8 120 2.84 5-1 43.8 208 3.13
2-2 32.9 175 1.48 5-2 54.8 219 5.16
2-3 43.8 98.6 1.48 53 32.9 164 1.39
2-4 43.8 110 1.65 5-4 54.8 208 4.90
2-5 43.8 87.6 1.32 5-5 32.9 153 1.30
2-6 32.9 76.7 0.650 5-6 43.8 98.6 1.48
2-7 43.8 120 1.81 5-7 54.8 186 4.38
2-8 32.9 87.6 0.742 5-8 54.8 175 4.12
29 43.8 98.6 1.48 59 32.9 120 1.02
2-20 32.9 110 0.928 5-10 43.8 131 1.98
3-1 43.8 142 2.14 6-1 43.8 142 2.14
3-2 65.7 186 6.31 6-2 43.8 153 2.31
3-3 43.8 131 1.98 6-3 54.8 142 3.35
3-4 43.8 87.6 1.32 6-4 65.7 186 6.31
3-5 43.8 98.6 1.48 6-5 32.9 98.6 0.835
3-6 43.8 131 1.98 6-6 43.8 131 1.98
3-7 43.8 87.6 1.32 6-7 43.8 153 2.31
3-8 329 76.7 0.650 6-8 43.8 110 1.65
3-9 54.8 175 4.12 6-9 54.8 197 4.64
3-10 43.8 131 1.98 6-10 32.9 110 0.928
Average fecal pellet volume: 2.26 x 109 ym3
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Appendix E. Spectroscopic Data for Apo-fucoxanthinoids
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Fig. E1. Low resolution DCI mass spectrum of natural apo-10'-fucoxanthinal (1) using NHj3 as the reagent gas.
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Fig. E2. Low resolution DCI mass spectrum of natural apo-12'-fucoxanthinal (2) using NH3 as the reagent gas.
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Fig. E6. Expansion of the proton nmr (500 MHz) spectrum of natural apo-10'-fucoxanthinal (1) in CgDgshowing resonances from
the methyl groups. * denotes impurities, probably grease or fatty acids.
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Fig. E7. Expansion of the proton nmr (500 MHz) spectrum of natural apo-10'-fucoxanthinal (1) in CgDg showing methylene
protons at position 7. * denotes minor impurities.
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Fig. E8. Expansion of the proton nmr (500 MHz) spectrum of natural apo-10'-fucoxanthinal (1) in CgDg showing the olefinic
protons and the aldehyde proton.
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Fig. E11. Expansion of the proton nmr (500 MHz) spectrum of natural apo-12'-fucoxanthinal (2) in CgDg showing the methylene
protons as position 7. * denotes impurities.
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Fig. E12. Expansion of the proton nmr (500 MHz) spectrum of natural apo-12'-fucoxanthinal (2) in CgDg showing the olefinic
protons and the aldehyde proton.
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Fig. E13. Proton nmr (500 MHz) spectrum of natural apo-12-fucoxanthinal (3) in CD2Cly. * denotes impurities, probably grease
or fatty acids.
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Fig. E14. Expansion of the proton nmr (500 MHz) spectrum of natural apo-12-fucoxanthinal (3) in CD7Cl, showing resonances
from the methyl groups. * denotes minor impurities, probably grease or fatty acids.
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Fig. E18. Ultraviolet-visible spectrum of semi-synthetic apo-10'-fucoxanthinal (1) in methanol.
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Fig. E19. Ultraviolet-visible spectrum of semi-synthetic apo-12'-fucoxanthinal (2) in methanol.
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Fig. E20. Ultraviolet-visible spectrum of semi-synthetic apo-12-fucoxanthinal (3) in methanol.
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Fig. E21. Ultraviolet-visible spectrum of semi-synthetic apo-13'-fucoxanthinone (4) in methanol.

¥yl



91.064
T
OH
-T
! c=cC
CH
0
]
AN
80.39 T T T T 1 T 1
4000 3500 3000 2500 2000 1500 1000 ca 500

Fig. E22. Infrared spectrum of semi-synthetic apo-10'-fucoxanthinal (1) (film).
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Fig. E23. Infrared spectrum of semi-synthetic apo-12'-fucoxanthinal (2) (film).
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Fig. E24. Infrared spectrum of semi-synthetic apo-12-fucoxanthinal (3) (film).

LTT



. E25. Infrared spectrum of semi-synthetic apo-13'-fucoxanthinone (4) (film).

99.00-J
X7

QO =T
-

- I Cc=C

9]

95.28 T ' .
4000 3500 3000 2500 2000 1500 1000 cm™! 500

8ct



229

Appendix F. Raw Data for Calculation of 1C5¢_and 1.C5¢_Values in Chapter 4

Table F1. Measurements of fecal pellet volume (105 um3) for Tigriopus californicus

feeding on Thalassiosira pseudonana in the presence of various

concentrations of apo-10'-fucoxanthinal or apo-12'-fucoxanthinal.

Concentration of apo-10'-fucoxanthinal (ppm)

Replicate: 100 235 6 2 0.5
1 1.36 1.12 1.86 5.82 1.57

2 0.61 1.05 1.36 5.82 2.42

3 3.72 3.49 2.42 9.63 2.79

4 0.42 1.86 4.95 2.98 2.05

5 0.33 6.11 4.95 3.35 5.53

6 4.65 0.47 5.82 2.05 2.79

7 0.70 1.15 1.26 4.65 2.79

8 3.91 2.05 4.95 1.36 4.07

9 1.36 2.42 5.86 4.07 3.91

10 1.26 1.57 2.42 7.12 4.36
Average: 1.83 2.13 3.58 4.69 3.23
1SD 1.62 1.64 1.88 2.50 1.21

Concentration of apo-12'-fucoxanthinal (ppm)

Replicate: 113 28 7 2 0.6
1 2.23 1.47 1.78 4.65 1.68

2 1.86 4.65 3.72 3.72 2.61

3 1.68 6.11 4.95 4.36 5.53

4 3.72 1.05 2.61 5.82 9.22

5 1.05 3.17 5.24 2.23 6.11

6 - 3.17 7.96 3.17 2.23

7 - 4.95 3.17 4.95 6.11

8 - 2.61 5.24 1.15 2.79

9 - 6.40 5.24 5.53 2.98

10 - 2.98 2.98 8.38 2.98
Average: 2.11 3.65 4.29 4.40 4.22
1SD 1.00 1.82 1.80 2.02 2.40




Table F1. Continued.

Control
(no feeding deterrent)
Replicate: Sample 1 Sample 5
1 5.82 7.27
2 4.07 10.1
3 4.95 3.54
4 4.95 3.35
5 6.70 5.24
6 5.24 4.36
7 4.95 4.28
8 5.24 2.79
9 2.61 6.11
10 8.38 4.10
Average: 5.29 5.11
1 SD 1.52 2.21
Average: 5.20
1SD 0.13
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Table F2. Measurements of fecal pellet volume (107 p.m3) for Tigriopus californicus

feeding on Thalassiosira pseudonana in the presence of various

concentrations of apo-12-fucoxanthinal or apo-13'-fucoxanthinone.

Concentration of apo-12-fucoxanthinal (ppm)

Replicate: 25 6 2 0.4 0.1
1 1.05 2.42 4.19 3.72 5.24

2 1.05 0.84 2.42 3.54 3.91

3 1.12 2.79 5.24 6.11 1.15

4 2.91 0.73 2.42 4.95 4.07

5 0.33 1.68 4.95 2.98 7.54

6 0.37 1.05 3.72 6.40 4.65

7 0.94 2.98 3.72 2.79 1.68

8 1.86 1.57 4.10 6.98 5.82

9 0.06 0.37 1.86 3.78 2.23

10 1.30 1.05 3.35 5.53 8.38
Average: 1.10 1.55 3.60 4.68 4.47
1SD 0.83 0.91 1.11 1.51 2.39




Table F2. Continued.
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Concentration of apo-13'-fucoxanthinone (ppm)

Replicate: 25 6 2 0.4 0.1
1 4.65 3.49 2.61 5.82 5.82
2 0.63 5.82 1.26 1.86 3.17
3 1.86 6.40 2.61 6.11 6.69
4 0.42 5.82 6.69 4.36 5.53
5 1.05 5.82 6.69 2.79 5.53
6 0.33 8.80 5.82 6.40 6.40
7 0.63 4.07 3.78 10.9 3.78
8 0.47 4.65 4.65 2.98 6.69
9 0.63 2.42 7.56 6.11 7.27
10 0.52 5.53 5.24 2.23 3.35

Average: 1.12 5.28 4.69 4.96 5.42

1SD 1.32 1.76 2.08 2.72 1.48
Control
(no feeding deterrent)
Replicate: Sample 1 Sample S
1 1.49 4.95
2 2.91 6.28
3 7.96 5.45
4 2.79 6.69
5 1.15 5.82
6 2.23 5.53
7 5.82 9.31
8 6.69 9.22
9 2.61 5.24
10 7.56 4.36
Average: 4.12 6.28
1 SD 2.60 1.70
Average: 5.20
1SD 1.53




232

Table F3. Measurement of fecal pellet production rate (pellets h-1 copepod-1) for
Tigriopus californicus feeding on Thalassiosira pseudonana in the presence
of various concentrations of apo-10'-fucoxanthinal or apo-12'-

fucoxanthinal.
Concentration of apo-10'-fucoxanthinal (ppm)
100 25 6 2 0.5
Fecal pellets 17 39 84 74 55
Rate 0.14 0.33 0.70 0.62 0.46

(pellets h-1 copepod” 1)

Concentration of apo-12'-fucoxanthinal (ppm)

113 28 7 2 0.6
Fecal pellets 5 26 62 51 103
Rate 0.04 0.22 0.52 0.43 0.86

(pellets h-1 copepod‘l)

Control replicates (no feeding deterrent)

1 2 3 4 5
Fecal pellets 154 132 131 113 122
Average: 130
Rate 1.09

(pellets h-1 copepod'l)
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Table F4. Measurements of fecal pellet production rate (pellets h~1 copepod-1) for
Tigriopus californicus feeding on Thalassiosira pseudonana in the presence
of various concentrations of apo-12-fucoxanthinal or apo-13'-

fucoxanthinone.
Concentration of apo-12-fucoxanthinal (ppm)
25 6 2 0.4 0.1
Fecal pellets 25 108 169 207 210
Rate 0.21 0.90 1.41 1.73 1.75

_(pellets h-1 copepod'l)

Concentration of apo-13'-fucoxanthinone (ppm)

25 6 2 0.4 0.1
Fecal pellets 32 256 169 207 210
Rate 0.27 2.13 1.80 1.72 1.83

(pellets h-1 copepod'l)

Control replicates (no feeding deterrent)

1 2 3 4 5
Fecal pellets 219 182 222 221 211
Average: 211
Rate 1.76

(pellets h-1 copepod'l)

Table FS. Measurement of fecal volume production rate ( 109 um3 h-1 copepod'l) for
Tigriopus californicus feeding on Thalassiosira pseudonana in the presence
of various concentrations of apo-10'-fucoxanthinal or apo-12'-

fucoxanthinal.
Concentration of apo-10'-fucoxanthinal (ppm)
100 25 6 2 0.5
Rate 0.26 0.69 2.51 2.89 1.48

(105 um3 h-1 copepod-1)

Concentration of apo-12'-fucoxanthinal (ppm)
113 28 7 2 0.6
Rate 0.09 0.79 2.21 1.87 3.62
(103 um3 h-1 copepod‘l)

Control (no feeding deterrent)
Average rate 5.65

(105 ,um3 h-1 copepod'l)
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Table F6. Measurements of fecal volume production rate (105 um3 h-1 copepod‘l) for
Tigriopus californicus feeding on Thalassiosira pseudonana in the presence
of various concentrations of apo-12-fucoxanthinal or apo-13'-

fucoxanthinone.

Concentration of apo-12-fucoxanthinal (ppm)

25 6 2 0.4 0.1

Rate
(105 um3 k-1 copepod-1)

0.23 1.39 5.07 8.07 7.82

Concentration of apo-13'-fucoxanthinone (ppm)

25 6 2 0.4 0.1

Rate
(105 pm3 n-1 copepod‘l)

0.30 11.3 8.44 8.51 9.90

Average rate
(105 /.cm3 h-l copepod‘l)

Control (no feeding deterrent)

9.15

Table F7. Percentage of Tigriopus californicus which survived at the end of 24 h when
feeding on Thalassiosira pseudonana in the presence of various
concentrations of apo-10'-fucoxanthinal or apo-12'-fucoxanthinal.

Concentration of apo-10'-fucoxanthinal (ppm)

100 25 6 2 0.5

Percentage survived

40 80 100 100 80

Concentration of apo-12'-fucoxanthinal (ppm)

113 28 7 2 0.6

Percentage survived

0 80 100 100 100




Appendix G. Probit Method for Calculating IC50 and L.C5(_Values

(Hubert, 1984)

i. IC5¢ Value

Definitions:
¢ = concentration of feeding deterrent (ppm)
F = fecal pellet or fecal volume production rate
(pellets h-1 or volume h‘l)
Fm = maximum fecal pellet or fecal volume production rate
(pellets h-1 or volume h'l)

= average fecal pellet or fecal volume production rate of control

Calculations:

X = log)o(100xc)

I = 100«[1-(F/Fpy)]
if I = 100, then replace I with the value 100x[1-(1/2n)]
if I < 0, then replace I with the value 100x(1/2n)

where n = number of subjects in the assay

Y = PROBIT(l)
obtain value from PROBIT tables

Perform a least squares linear fiton X and Y
a = y-intercept

b = slope

235



r2 = correlation coefficient

Theory:

Y =[(X-plo}+5

where

Therefore:

In original units:

§ = mean
o = standard deviation
a=>5-(lo

= 1/o

o = (10/%)/100
IC50 = (10G-a)y/100

i. LC5¢ Value

Definitions:

¢ = concentration of feeding deterrent (ppm)

S = percentage of subjects surviving after 24 h

Calculations:

X = log10(100xc)

M =100-S
ifM >
ifM <

100, then replace M with the value 100%[1-(1/2n)]
0, then replace M with the value 100x(1/2n)

where n = number of subjects in the assay
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Y = PROBIT(M)
obtain value from PROBIT tables

Perform a least squares linear fit on X and Y
a = y-intercept
b = slope

r2 = correlation coefficient

Theory:
Y =[X-wlo]+5
where 4 = mean
o = standard deviation
Therefore: a =35 - (u/o)
b=1/o

In original units:
o = (10/%)/100
LCs0 = (10(5-2/%))/100
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Appendix H. Growth of Phytoplankton Cultures

Table H1. Growth of Thalassiosira pseudonana (culture #1) at 19°C with continuous
irradiance of 224 pmol m2 s-1. Errors given are £ 1 SD.

Time Fluorescence Cell Nitrate Phosphate = pH = Harvest
(d) numbers uM) (uM) volume
(cells mI-1) (ml)
n=3>5
0.00 - - 515 10.6 7.70 -
0.02 0.44 - - - - -
0.73 2.66 - - - - -
1.06 5.92 - - - - -
1.73 13.8 - - - - -
1.75 - 9.5 x 109 - - - 4000
+2.3x 103
2.08 21.0 - - - - -
2.75 39.4 - - - - -
3.08 43.2 - - - - -
3.75 42.5 - - - - -
3.77 - 1.8 x 106 - - - 3000
+0.3 x 106
4.13 44.0 - - - - -
4.79 38.5 - - - - -
5.02 39.0 - - - - -
5.77 39.4 - - - - -
5.79 - 1.4 x 106 165 1.49 7.75 3000

4+0.5 x 106
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Table H2. Growth of Phaeodactylum tricornutum (culture #2) at 19°C with continuous
irradiance of 224 pmol m-2s-1. Errors given are + 1 SD.

Time Fluorescence Cell Nitrate Phosphate  pH Harvest
(d) numbers (M) (uM) volume
(cells ml'l) (ml)
n=>35
0.00 - - 527 12.1 7.65 -
0.02 1.01 - - - -
0.73 5.99 - - - -
1.06 10.1 - - - -
1.73 25.0 - - - -
1.83 - 1.1x 106 - - - 4000
+0.1 x 106
2.08 36.7 - - - -
2.75 65.5 - - - -
3.08 76.8 - - - -
3.75 89.2 - - - -
3.88 - 3.5 x 106 - - - 3000
+0.5 x 106
4.13 90.6 - - - -
4.79 97.3 - - - -
5.02 107 - - - -
5.77 120 - - - -
5.96 - 3.9 x 106 85 0.02 7.77 3000

4+0.6 x 106
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Table H3. Growth of Phaeodactylum tricornutum (culture #3) at 19°C with continuous
irradiance of 224 umol m=2s-1. Errors given are + 1 SD.

Time Fluorescence Cell Nitrate Phosphate = pH  Harvest
(d) numbers (M) (uM) volume
(cells mI-1) (ml)
n=3>5
0.00 - - 453 10.0 7.69 -
0.02 0.675 - - - -
0.73 4.84 - - - -
1.06 8.09 - - - -
1.73 20.9 - - - -
1.98 - 1.2 x 106 - - - 4000
40.2 x 106
2.08 30.9 - - - -
2.75 66.8 - - - -
3.08 78.5 - - - -
3.75 96.6 - - - -
3.98 - 1.7 x 106 - - - 3000
+0.2 x 106
4.13 98.1 - - - -
4.79 108 - - - -
5.02 124 - - - -
5.77 130 - - - -
5.96 - 3.9 x 106 53 0.11 7.74 3000
+0.3 x 106

Table H4. Calculated growth constants from the data in Tables H1 - H3 for
Phaeodactylum tricornutum and Thalassiosira pseudonana.

Species, culture Growth rate (1) Time at which cultures
(day'l) entered senescence
(days)
Thalassiosira pseudonana, 1.47 2.51
culture # 1
Phaeodactylum tricornutum, 1.34 2.46
culture #2
Phaeodactylum tricornutum, 1.38 2.65

culture #3
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Appendix 1. Calculation of Cell Volumes

Table I1. Cell dimensions for Phaeodactylum tricornutum and Thalassiosira
pseudonana as measured with a microsope (n = 10). Errors shown are + 1

SD.
~ Species Dimension Measurement (um)
Thalassiosira pseudonana
height (h) 7+1
diameter (d) 6+1
Phaeodactylum tricornutum
triradiate diameter (d) 14 +1
fusiform total length (3L) 20+ 1
width (w) 29+ 04

Cell Volume Calculations:

Thalassisira pseudonana:

Thalassiosira pseudonana was treated as a cylinder, and the cell volume was
calculated using the equation V = ar2h. The diameter of the cell was measured as
5.54 pm, hence radius was 2.77 um. The height of the cell was measured as 6.79 um.

Therefore the volume was 163 um3 = 163 fL

Phaeodactylum tricornutum:

The volume was calculated for both the fusiform and the triradiate forms of
Phaeodactylum tricornutum, and averaged based on a casual observation of a
population consisting of 50% triradiates and 50% fusiforms.

For the fusiform form:

L —>

< L 3¢ L

From measurements, H = 2.91 yum and L = 6.65 um. The volume of the body of the

cell was estimated using the volume generated by rotating the line y =4/x around the
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x-axis from O to L/2, and multiplying this volume by 2. The spines were assumed to

have negligible volume.

o

L/2

The cross-section of this rotation was a circle of area 712 = w(Vx )2 = 7x. The
volume was calculated by integration from 0 to L/2:
L2 L2
3V =L wxdx ='7r(x2/2)]0
Since L/2 = 3.32 um, then V = 34.7 um3. An average width, w, of this shape can

be calculated using a cylindrical estimate:

V = 7rh
34.7 = 712(6.65)
r = 1.29 um

Since w = 2r, then w = 2.58 um.

The triradiate form can be represented by this diagram:
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The volume of the spines was assumed negligible. The radius of the inner
circle = 1/4d and spine length = 1/4 d. The area of the circumscribed equilateral
triangle divided by the area of inner circle = (1.5)cos30°/m. Since the area of the
inner circle = 12, therefore:

(area of triangle)/vrr2 = (1.5)cos30°/=x

area of triangle = (1.5)r2cos30°
By measurements, d = 13.9 um, therefore r = 3.46 um. The area of the triangle =
( 1.5)(3.46)200530° = 15.6 um2. To get a volume, the average width of the fusiform
form was used:

V = w(area of triangle)

V = (15.6)(2.58) = 40.2 um3
Therefore, the average volume of Phaeodactylum tricorntum was (34.7 + 40.2)/2 =

37.4 um3 = 37.4 fL.
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Appendix J. Results from Feeding Deterrent Bioassays of Samples from a
Thalassiosira pseudonana Culture (#1) and Two Phaeodactylum tricornutum

Cultures (#2 and #3)

Table J1. Raw data from quantitative bioassays of samples from cultures #1, #2, and

#3.
Sample Fecal pellet counts Incubation = Mean rate  Standard deviation
time (h)  (pellets h-1)
Control 33, 80, 48, 78, 82, (96)* 235 1.37 0.475
IMC 26, 37, 89, 60, 58, 96 23 1.33 0.601
1LC 34, 50, 31, 44, 39, 33 23 0.837 0.160
1SC 50, 40, 5, 11, 30, 41 23 0.641 0.390
2MC 15, 44, 43, 30, 13, 14 23 0.576 0.317
21LC 13, 34, 28, 14, 15, 29 23 0.482 0.200
28C 17,7, 13, 12, 20, 15 23 0.304 0.0972
3MC 63, 7, 67, 36, 42, 27 235 0.858 0.479
3LC 44,57, 82, 27, 18, 19 235 0.876 0.534
38C 22,49,22,3,7,6 235 0.387 0.366

* this replicate had 3 copepods instead of 2, and was not used in further analyses.

Table J2. Calculated values for the relative concentration of apo-12'-fucoxanthinal in
the bioassay medium and in the intracellular fluid of the cell. The error
values shown are estimates based on the variability of the bioassay results.

Sample  Relative apo-12'- Estimated  Relative apo-12'- Estimated

fucoxanthinal error of Cb fucoxanthinal error of Cc
concentration in due to concentration in due to
bioassay, Cb variability in cell, Cc variability in
(ppm) bioassay (ppt) bioassay
1IMC 0.000944 2.74 0.0000640 0.186
1LC 1.28 0.727 0.0609 0.0347
1SC 3.89 1.77 0.239 0.109
2MC 5.47 1.44 1.40 0.368
2L.C 8.87 0.911 0.948 0.0973
2SC 22.7 0.443 2.17 0.0425
3MC 1.11 2.18 0.261 0.510
3LC 0.993 2.44 0.219 0.536
3SC 14.5 1.67 1.39 0.160

Equations used in calculations for relative apo-12'-fucoxanthinal concentrations:
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1) Rate:

(fecal pellet count, pellets)
(incubation time, h) * (number of copepods)

(rate, pellets h'l) =

2) Relative apo-12'-fucoxanthinal concentration in bioassay medium:

In (fecal pellet rate of test, pellets h'l)
(fecal pellet rate of control, pellets h'l)
—0.4456

J 1/0.3892

(Cb, ppm) =

3) Relative intracellular apo-12'-fucoxanthinal concentration:

(Cb, ppm) * (bioassay volume = 6.0 ml) * (dilution factor = 7x109)
(cell density, cells ml'l) * (harvest volume, ml) * (cell volume, fL cell'l)

(Cc, ppt) =



Table J3. Pairwise comparisons of the fecal pellet production rates for samples from cultures #1, #2, and #3. As the sample
variances were significantly different, an ANOVA analysis could not be applied to the entire data set. Each pair of
samples was compared using an ANOVA on the raw, untransformed data (AU), an ANOVA on the log transformed

raw data (AL), or a Mann-Whitney U test (MW), depending on the normality and variances of the sample data sets. S

= samples were significantly the same; D = samples were significantly different.

IMC

1LC

1SC

2MC 2LC 28C 3MC 3LC 38C
C AU; S Mw:; S AU; D AU; D AL; D AL; D AU; S AU; S AU; D
F=0.0144 U=24 F=1.76 F=10.9 F=17.4 F=41.4 F=3.09 F=2.53 F=15.0
e =0.907 a=0.075 a=0.0212 a=0,00919 a=0.00241 a=1.20E-04 «a=0.113 a=0.146 a=0.00380
IMC MW; S AU; D AL; D AL; D AL; D AU; 8 AU; S AU; D
U=25 F=5.49 F=17.80 F=13.4 F=31.4 F=2.22 F=1.88 F=10.7
a>0.10 a=0.0412 a=0.0190 a=0,00439 a=2.25E-04 «=0.167 a=0.200 a=0.00843
1LC MW; S MW; S AU; D AU; D MW; D MW; S MW; D
U=22.5 U=27.5 F=11.6 F=48.7 F=31.4 U=19 U=31
a>0.10 «a=0.0875 «=0.00677 a=3.80E-05 «a=2.25E-04 «>0.10 «a=0.025
1SC AU; S MW; S MW; § AL; S AU; S AU; S
F=0.101 U=23 U=25 F=0.464 F=0.755 F=1.36
a=0.757 a>0.10 a>0.10 a=0.511 a=0.405 a=0.270
2MC AL; S AL; S AL; S AL; S AU; S
F=0.169 F=4.01 F=0.608 F=1.33 F=0.919
a=0.690 a=0.907 a=0.454 a=0.275 a=0.360
2LC AL; S MW; S AL; S AU; S
F=3.56 U=27 F=2.83 F=0.313
a=0.0885 a=0.10 a=0.123 a=0.588
2SC MW; D AL; D MW; S
U=30.5 F=10.6 U=18.5
a=0.0313 a=0.00868 a>0.10
3IMC AU; S AL; S
F=0.00366 F=3.40
a=0.953 a=0.0952
3LC AU; S
F=3.42
a=0.0941

144
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Table J4. Comparison of the average relative intracellular apo-12'-fucoxanthinal
concentrations for the two Phaeodactylum tricornutum cultures (#2 and #3)
with the control (Cc = 0) and with the Thalassiosira pseudonana culture

#1).
Sample
M L S

Average: 0.828 0.583 1.78
Standard deviation: 0.802 0.516 0.553
t-tests with control:

(Cc =0)

t (one-tailed): 1.46 1.60 4.56

o 0.20 0.19 0.077
t-tests with culture #1:

Comparison with: 1M 1L 1S

t (one-tailed): 1.46 1.43 3.95

o 0.20 0.20 0.086
t-test between L and S:

t (one-tailed): 3.07

o 0.10
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Appendix K. Results from the HPLC Analysis of Samples from a Thalassiosira
pseudonana Culture (#1) and Two Phaeodactylum tricornutum Cultures (#2 and #3)

Table K1. Raw data from analysis of culture samples for apo-fucoxanthinoids using the
HPLC/PDA system.

Peak heights (xV)

Sample Fuco. Apo-10'  Apo-12' Apo-12 Apo-13'  Unknown
#1
IMC 454831 0 0 0 0 0
IME 5668 0 0 0 0 0
ILC 1688338 0 0 0 1140 0
ILE 2170 0 0 0 0 0
1SC 1341524 0 974 0 1477 0
1SE 1421 0 0 0 0 0
2MC 1206136 0 2247 0 1315 0
2ME 2574 0 0 0 0 0
2LC 1604784 0 0 0 385 74511
2LE 2131 0 0 0 0 0
2SC 2517302 0 500 0 543 479692
2SE 1822 0 0 0 0 0
3MC 1314196 0 1212 0 960 0
3ME 1151 0 0 0 0 0
3LC 2185300 0 6763 0 6587 100801
3LE 1496 0 0 0 0 0
3SC 2502549 0 0 0 1215 254056
3SE 5638 0 0 0 0 0

Table K2. Retention times and absorbance maxima wavelengths for compounds of
interest eluting from the HPLC.

Compound Retention time  Absorbance maxima
(min) (nm)
Apo-12'-fucoxanthinal 7.31 395 (max), 418
Apo-13'-fucoxanthinone 5.25 333 (max)
Fucoxanthin 14.8 448 (max), 467

Unknown #1 13.2 439 (max)
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Table K3. Amounts of fucoxanthin and apo-fucoxanthinoids in the volume of sample
injected onto the HPLC column.

Amount of compound in injection volume (ug)

Sample Fucoxanthin Apo-12' Apo-13' Unknown #1
IMC 1.90 0 0 0

1LC 7.06 0 0.0175 0

1SC 5.61 0.0136 0.0226 0
2MC 5.05 0.0313 0.0201 0

2LC 6.71 0 0.00590 2.28
2SC 10.5 0.00696 0.00832 14.7
3MC 5.50 0.0169 0.0147 0

3LC 9.14 0.0942 0.101 3.08
3SC 10.5 0 0.0186 7.77

Table K4. Intracellular concentrations of fucoxanthin and apo-fucoxanthinoids based
on the results from the HPLC analysis.

Intracellular concentration (ppt)

Sample Fucoxanthin Apo-12' Apo-13' Unknown #1
IMC 0.860 0 0 0

1LC 2.25 0 0.00555 0

1SC 2.30 0.00555 0.00925 0
2MC 8.58 0.0532 0.0342 0

2LC 4,78 0 0.00420 1.62
28C 6.73 0.00445 0.00532 9.38
3MC 8.57 0.0263 0.0229 0

3LC 13.4 0.138 0.148 4.52

3SC 6.69 0 0.0119 4.97
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Table KS. Comparison of the average intracellular concentrations of fucoxanthin and
the apo-fucoxanthinoids for the two Phaeodactylum tricornutum cultures
(#2 and #3) with the control (Cc = 0) and with the Thalassiosira
pseudonana culture (#1).

Sample Fucoxanthin Apo-12' Apo-13' Unknown #1
M:
mean 8.57 0.0398 0.0286 0
1SD 0.00733 0.0190 0.00801 0
t-test with IMC 2580 5.12 8.74 0
o < 0.0005 0.0684 0.0405 1
t-test with Cc=0 2870 5.12 8.74 0
o < 0.0005 0.0684 0.0405 1
L:
mean 9.10 0.0691 0.0761 3.07
1SD 6.10 0.0977 0.102 2.05
t-test with 1LC 2.75 1.73 1.70 3.67
o > 0.1 > 0.1 > 0.1 0.0909
t-test with Cc=0 3.65 1.73 1.83 3.67
o 0.0912 > 0.1 > 0.1 0.0909
S:
mean 6.71 0.00223 0.00861 7.17
1SD 0.0280 0.00315 0.00465 3.12
t-test with 1SC 388 -2.58 -0.339 5.63
o 0.000891 > 0.1 > 0.1 0.0606
t-test with Cc=0 589 1.73 4.53 5.63
o 0.000575 > 0.1 0.0776 0.0606

Equations for the calculation of the intracellular concentrations of fucoxanthin and apo-

fucoxanthinoids:

1) Amounts of fucoxanthin and apo-fucoxanthinoids in the volume of sample injected
onto the HPLC column:

peak height of apo - 12'-fucoxanthinal, V) *10°
(le'a ©g) =( £ PO LV)

0.0718
(peak height of apo - 13'-fucoxanthinone, pV) *10°
(Wis-, pg) =
0.0653
peak height of unknown #1, uV) *10°
(Wyp» 1g) = £ 1Y)

0.0327
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_ (peak height of fucoxanthin at 446 nm, uV)*10°
0.239

(Wf ’ ”'g)
2) Intracellular concentrations of fucoxanthin and apo-fucoxanthinoids:

(w, ug) * (dilution factor = 280 x 109)
(cell density, cells ml'l) * (harvest volume, ml) * (cell volume, fL cell'l)

(Cc, ppt) =

Table K6. Amounts of fucoxanthin present in the extracellular medium, expressed as
amount "leaked” per cell.

Sample Fucoxanthin in Amount of Leaked fucoxanthin

injection volume  fucoxanthin leaked  as a percentage of
(ng) per cell total intracellular
(fg) fucoxanthin

IME 0.0237 1.75 1.25

1LE 0.00908 0.471 0.129

1SE 0.00595 0.396 0.106

2ME 0.0108 0.685 0.213

2LE 0.00892 0.238 0.133

2SE 0.00762 0.182 0.0724

3ME 0.00482 0.281 0.0876

3LE 0.00626 0.344 0.0685

3SE : 0.0236 0.565 0.225

Equations used to calculate amount of fucoxanthin leaked per cell:
1) Amount of fucoxanthin in injection volume:

(peak height of fucoxanthin at 446 nm, uV) *10°
0.239

(W, pg) =

2) Amount of fucoxanthin leaked per cell:

(W, ug) * (dilution factor = 280 x 10°)
(cell density, cells mI™) * (harvest volume, ml)

(leakage per cell, fg) =

3) Leaked fucoxanthin as a percentage of total intracellular fucoxanthin:

i 11
(percentage leakage) = (amount of fl.Jcoxanthm leaked per ?e , fg) 100
(amount of intracellular fucoxanthin, fg)




252

Appendix L. Comparison of the Results of the Quantitative Bioassays and the

HPLC Method for Detecting Feeding Deterrents

Calculations for comparison of bioassay and HPLC methods:
1) Amount of compound in injection volume:

(peak height of apo - 12'-fucoxanthinal, pV) *10°°
(w12' ’ ”’g) = O 0718

(peak height of apo - 13'-fucoxanthinone, V) * 10
(W5 pg) = 0.0653

__(peak height of unknown #1, uV) *10°®
0.0327

Assumption: Unknown #1 is apo-10-fucoxanthinal (as identified by its UV-vis

(Wyn > #8)

spectrum and retention time on the HPLC column) and will have similar
absorption to apo-12-fucoxanthinal.
2) Relative concentration of apo-12'-fucoxanthinal in the bioassay:
(Cb, ppm) = [(W,,, ug) +a * (W, pg) +b* (wy,, , pg)l* (dilution factor = 40/6)
3) Predicted fecal pellet production rate from HPLC results:
(Fp, pellets h™1) = Fc * exp[— 0.4456 * (Cb, ppm)?-3892]
where Fc = fecal pellet production rate of the control = 1.37 pellets h-1

4) Comparison to results from quantitative bioassays using two-tailed t-tests:

- [(Fb, pellets h'ly— (Fp, pellets h™1)]
sd /+/n

where Fb = fecal pellet production rate measured by the bioassay

sd = standard deviation from the bioassay
n = number of replicates in the bioassay
5) Minimizing t values:
a) while the constant b = 1, optimize the constant a such that

|tie| Htise| Htame| Htsme| is @ minimum
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b) with a optimized, optimize b such that b = 0 and
ltoie| Hease| Htsie| Htasc| is @ minimum

6) The optimized values are:

a=11.0

b = 0.225
7) Therefore, assuming the ICg( value of apo-12'-fucoxanthinal is 2.87 ppm, the IC5q
values calculated from the HPLC results are:

apo-12'-fucoxanthinal: IC5qg = 2.87 ppm

apo-13'-fucoxanthinone: IC5g = 0.262 ppm

apo-10-fucoxanthinal: IC5qg = 12.74 ppm
8) Relative concentration of intracellular apo-12'-fucoxanthinal from HPLC results:

(Cb, ppm) * (dilution factor =42 x 10°)
(cell density, cells ml'l) * (harvest volume, ml) * (cell volume, fL cell'l)

(Cc, ppt) =

Table L1. Comparison of the fecal pellet production rate calculated from the HPLC
results (Fp) with the fecal pellet production rate measured by the
quantitative bioassay (Fb). For this comparison, a = 2.87/20.00 (from
IC5( calculations, Chapter 4) and b = 0. Ata = 0.05and n = 6,
| terit(two-tailed)| = 2.571.

Sample Cb Fp t Cc
(ppm) (pellets h-1) (ppt)

IMC 0 1.37 -0.163 0
ILC 0.0167 1.25 -6.30 0.000797
1SC 0.112 1.13 -3.07 0.00688
2MC 0.228 1.06 -3.77 0.0581
2LC 0.00564 1.29 -9.87 0.000603
2SC 0.0544 1.18 -22.1 0.00522
3MC 0.127 1.12 -1.33 0.0296
3LC 0.724 0.922 -0.211 0.159

3SC 0.0178 1.24 -5.74 0.00171
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Table L3. Comparison of the average relative intracellular concentrations of apo-12'-
fucoxanthinal for the two Phaeodactylum tricornutum cultures (#2 and #3)
with the control (Cc = 0) and with the Thalassiosira pseudonana culture

#1).

Sample
M:
mean 0.353
1SD 0.107
t-test with IMC 8.10
o 0.0430
t-test with Cc=0 8.10
o 0.0430
t-test with S -17.94
o 0.0418
L:
mean 1.59
1SD 1.67
t-test with 1LC 2.25
o > 0.1
t-test with Cc=0 2.33
o > 0.1
S:
mean 1.71
1SD 0.65
t-test with 1SC 6.01
o 0.0547
t-test with Cc=0 6.41
o 0.0496
t-test with M 2.95
o 0.107
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Appendix M. Fucoxanthin Incubation Experiments

Table M1. Changes in peak areas (uV s = uVolt seconds) over time for samples from
a 500 ml solution of fucoxanthin incubated in ES enriched (Harrison er al.,
1980) seawater at 19°C with continuous irradiance of = 224 pmol m2 s-1.
Absorbance was measured at 446 nm. No apo-10'-fucoxanthinal, apo-12'-
fucoxanthinal, apo-12-fucoxanthinal, apo-13'-fucoxanthinone, or unknown
#1 was present in these samples. Peaks #1, #2, and #3 are unidentified
breakdown products of fucoxanthin. Peak #5 is probably a cis-trans isomer

of fucoxanthin.
Time Peak #1 Peak #2 Peak #3 Peak #4 Peak #5
(days) 1V s) uV s) 1V s) fucoxanthin 1V s)
(@Vs)

0 196056 0 711743 171485739 3291935
1.958 3091413 3483758 4575414 178484762 3257799
3.708 3773224 4856831 6096454 169243738 2223169
6.75 4053281 4994634 6026110 131065021 0

Table M2. Peak areas of the fucoxanthin breakdown products measured as a
percentage of fucoxanthin peak area.

Time Peak #1 Peak #2 Peak #3 Peak #5
(days)

0 0.11 0 0.42 1.92
1.958 1.73 1.95 2.56 1.83
3.708 2.23 2.87 3.60 1.31
6.75 3.09 3.81 4.60 0

The initial starting concentration of fucoxanthin was calculated from the weight
of fucoxanthin added to solution. The initial concentration was 0.056 g L-1- The final
concentration of fucoxanthin was estimated from a ratio of initial peak area of
fucoxanthin to final peak area of fucoxanthin. The final concentration was 0.043

g L-1. Therefore, there was a 23% decrease in fucoxanthin over 7 days.
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Table M3. HPLC data for five peaks observed during analysis of samples from the
fucoxanthin incubation experiment.

Peak HPLC retention time Absorption maxima
(min) (nm)
1 10.9 334, 362, 380 (max), 406, 420
2 12.5 381, 400 (max), 424
3 13.3 380, 400 (max), 424
4 15.2 448 (max), 467
[fucoxanthin]

5 17.2 417, 441 (max), 467




