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BY
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Abstract

In an effort to understand the more general mechanisms and rates of
pre-depositional reactions that transform organic matter, the types and
relevant time scales of reactions that transform carotenoid pigments in
the oceanic water column were studied.

In the present study, a model was constructed for organic matter
cycling that consisted of three parts: 1) the synthesis of carotenoid
pigments by phytoplankton in the euphotic zone, 2) consumption and
metabolism of some fraction of these pigments by heterotrophic organisms,
and 3) removal of metabolic by-products to the sediments by large particle
(e.g. fecal pellet) transport. The model separates particlate matter into
reservoirs according to the degradation processes that have occurred since
synthesis. The goal is to sample these particulate reservoirs, determine
the compositional differences between them, and construct a mechanistic
pathway for the transformations that occur as material is transferred
between reservoirs.

Suspended particulate matter collected in the surface waters of
Buzzards Bay, Massachusetts and the Peru upwelling region has a carotenoid
distribution reflecting the phytoplanktonic source of the material. The
carotenoid distribution of sediment trap samples collected in these areas
was dominated by transformation products. Fucoxanthin, the primary
carotenoid of marine diatoms, typically constituted 77-100% of the total
fucopigments in suspended particulate matter. In sediment trap samples
this pigment constituted only 4-85% of the total. The remaining 15-96% of
the pigments consisted of the fucoxanthin transformation products: free
alcohols (2-94%), dehydrates (0-6Z), and opened epoxides (0-19%).

Postulated transformation products were synthesized to determine the
structure of isolated compounds. Simultaneously, iodine catalyzed
photoisomerization of fucopigments was tested as a potential method for
the unambiguous identification of caotenoids requiring only the nanogram
amounts of material typically found in samples.

Preliminary results suggest that carotenoid esters are hydrolyzed at
a rate determined by the turnover of primary productivity. The dehydrated
and epoxide opened degradation products of fucoxanthin represent products
of transformation reactions that operate over much longer time scales
(0.1-10 yr). Dehydration and epoxide opening are not significant water
column transformations, but are important in surface sediments. A trans-
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formation pathway of ester hydrolysis dehydration epoxide opening -

further dehydration is proposed for fucoxanthin. Preliminary evidence for
a parallel transformation squence for structurally similar carotenoids is
also presented.

Thesis Supervisor: Dr. Robert Gagosian
Senior Scientist
Chemis try Department
Woods hole Oceanographic Institution
Woods Hole, Mass. 02543
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INTRODUCTION

Recent studies of specific organic compounds in suspended particulate

matter and surface sediments have demonstrated that there is a major

compositional discontinuity between what is produced in the euphotic zone,

and what is deposited in the surface sediments (Andersen. 1977). For

example, annually some 7 x 10 19g of the carotenoid fucoxanthin is

synthesized by marine phytoplankton. However there are no reports of this

pigment in marine sediments. The recognition that rapidly sinking large

particles contribute a major portion of the mass flux to the sea floor

(McCave, 1975; Wiebe et al., 1976; Bishop et al., 1977, 1978, 1980; Honjo

1978, 1980; Rowe and Gardner, 1979; Hinga et al., 1979), led to the

hypothesis that reactions on these particles may contribute to the

discontinuity at the sediment-water interface. Organic geochemical

studies of particles collected in sediment "traps" placed at depths

intermediate between the sea surface and sea floor have since confirmed

this hypothesis (Crisp et al. 1979; Wakeham et al., 1980; Tanoue and

Handa, 1980; Lee and Cronin, 1982; Repeta and Gagosian, 1982; De Baar et

al., 1982; Gagosian et al., 1982).

One of the most significant conclusions to be drawn from studies of

organic compounds in sediments is that the diagenesis of biomolecules is a

systematic, not random, process. nly a limited number of transformation

products are formed compared to the number theoretically possible (Hunt,

1979). This concept was implicit in the earliest studies of organic

geochemistry (Treibs, 1936), but has since been convincingly documented

with several classes of structurally different compounds (Baker and

Palmer, 1978; Ourisson et al., 1979; MacKenzie etal., 1982). The
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precursor/product relationship is now an established axiom in organic

geochemical research, and has proved valuable in studies of petroleum

geochemistry, chemical evolution, and in identifying sources of

sedimentary organic matter. Perhaps the best illustration of this was the

discovery of bacteriohopanetetrol in sediments prior to its discovery in

Acetobacter xylinum (Rohmer and Ourisson, 1976)

By analogy, there is every reason to think that degradation of

organic compounds in the oceanic water column proceeds as it does in the

sediments, via a series of discrete transformation steps. Given this

hypothesis, it is pertinent to model water column transformation reactions

in order to answer questions on the rates and mechanisms of organic matter

recycling, and to characterize the physical properties of the system.

Answers to these questions are relevant to problems in organic matter

cycling (pollutant dispersal and degradation), biodynamics (nutrition,

chemotaxis, productivity controls), physical-chemical processes

(adsorption, oxidation-reduction), and sedimentary geochemistry.

Gagosian and Lee (1981) have recently reviewed work on the

transformation of specific organic compounds in the oceanic water column.

Broadly speaking, two approaches have been taken in studying this problem:

1) the isolation and structural determination of specific transformation

products that can be related to known biogenic precursors, and 2) the

chemical degradation of high molecular weight transformation products into

simpler molecules which can then be reassembled via model reactions. The

most widely documented example of a specific precursor/product

K transformation in seawater is the degradation of chlorophyll-a to

phaeopigments. Other classes of compounds have also been studied
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(sterols, hydrocarbons, fatty acids). However few precursor/product

relations have been demonstrated, and those that have been identified are

minor reactions. There is some dispute as to whether amino acid

racemization occurs as an major transformation reaction or as a product of

bxkterial resynthesis (Lee and Bada, 1977; Bada and Hoopes, 1979). At

present the status of these reactions is unclear.

The transformation of chlorophyll to phaeophytin and phaeophorbides

has be studied indirectly as a measure of productivity for a number of

years. As yet there has been no systematic study of the transformation

mechanism, and in those studies which have been made, the structures of

degradation products are poorly characterized. However, the unique

structure of the chlorin macrocycle and its relative abundance in

phytoplankton leaves little doubt that phaeopigments are in fact

transformation products of chlorophyll.

The second approach that has been used in studying the transformation

of organic matter is more indirect. A significant fraction of dissolved

organic carbon is bound as macromolecular polymers of simpler biogenic

compounds. Chemical degradation of these polymers yield data on the

relative amounts and types of subunits, which can then be used to

construct hypothetical structures for a "typical" molecule (Stuermer and

Harvey, 1978; Stuermer 1975). These experiments are accompanied by

laboratory simulations designed to mimic potential formation reactions

(Hedges, 1978). The results of these experiments are difficult to

interpet. Simplification of the reaction media and the necessarily higher

concentrations of reactants are geochemically unrealistic. Consequently

it is difficult to draw conclusions vis-a-vis the natural environment.
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The limited scope of these studies does not permit actual modelling of

transformation reactions occurring in the oceanic water column. However

they are useful in developing criteria for the selection of model

compounds to be used as tracers. Three characteristics make water column

models distinct from their sedimentary analogues: 1) the overwhelming

majority of transformations in the water column are biologically mediated,

2) the water column is spatially dynamic, and 3) the time scales of

interest are on the order of 10-2-103 yr. Therefore, inherently

different sampling strategies and model compounds of different

characteristics are required in experimental design.

This thesis describes an investigation of carotenoid geochemistry in

order to assess the suitability of carotenoids as model compounds for the

study of transformation reactions occurring in the oceanic water column.

Several characteristics make these pigments attractive as potential

tracers for water column processes: they are reasonably source specific

(Liaaen-Jensen, 1978; 1979), they encompass a wide variety of functional

groups (Straub, 1971), they are reactive over short time scales, and they

are widely distributed in both photosynthetic and non-photosynthetic

4 organisms (Liaaen-Jensen, 1978). In this study the transformations of

selected pigments from marine phytoplankton and zooplankton will be

investigated in order to determine the rates and mechanisms of reaction.

Previous research in carotenoid marine geochemistry has been confined to

sediments, and due to the differences in time scale and scope this work is

not directly applicable to the present study (Louda and Baker, 1981; Watts

and Maxwell, 1977; Watts et al., 1977; Peake et al., 1974; Fox et al.,

1944; Fox, 1937). However, the absence of phytoplankton pigments from
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marine sediments noted in these studies further testifies to their

reactivity in the overlying water column and at the sediment-water

interface.

Comprehensive reviews of carotenoid chemistry and biochemistry can be

found in Goodwin (1976), Isler (1971), and in the Proceedings of the

International Symposium of Carotenoid Chemistry published periodically in

Pure and Applied Chemistry (most recent volumes: v 47, v 51, and v 54).

The carbon numbering system recommended by the IUPAC Co-m-ittee on

Nomenclature of Organic Chemistry and the IUPAC/IUB committee on

Biochemical Nomenclature (Isler, 1971, p 857) will be used throughout the

text (Figure 1). Roman numerals following trivial names (e.g. $-carotene

(I)) refer to the structures given in Appendix I. Appendix II provides an

alphabetical listing of trivial and IUPAC names of carotenoids discussed

in the text.

V:

F7
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Figure 1. IUPAC numbering of carotenoids.
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CHAPTER 2

CAROTENOID TRANSFORMATION PRODUCTS IN COASTAL MARINE WATERS;
BUZZARDS BAY SUSPENDED PARTICULATE AND SEDIMENT TRAP SAMPLES.
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INTRODUCTION

The study of carotenoid transformation reactions in the oceanic

water column requires a detailed analysis of specific pigments. Only

three such studies have been reported. Jeffrey (1974, 1976) and Neveux

(1975) analyzed specific carotenoids in suspended particulate matter

collected at depths of 10-100 meters and 10-500 meters respectively. Both

studies found astaxanthin (II), carotene (I), diadinoxanthin (III), and

fucoxanthin (IV) as major carotenoid pigments. Neveux (1975) also

observed a number of unidentified yellow colored pigments and suggested

they were carotenoid transformation products. However, no data were

provided to support this hypothesis. Jeffrey (1976) reported only major

pigments, all of which were identified as untransformed natural products.

The author noted the presence of minor, unidentified pigments, but gave no

further details. Jeffrey (1976) also analyzed fecal pellets collected

from copepods feeding on small chain diatoms (specie! 'inidentifie.).

Several major unidentified yellow colored pigmera 'presvm.-ly carotenoid

transformation products) were reported. Although the evidence is

circumstantial, these two studies suggest that carotenoid transformation

products may be present in oceanic suspended and rapidly sinking (i.e.

fecal pellets) particulate matter.

This chapter describes a detailed analysis of carotenoids and their

transformation products extracted from suspended partculate matter and

sediment trap material collected in Buzzards Bay, Massachusetts. The

study will focus on the transformation reactions of the four

quantitatively most abundant carotenoids observed by Jeffrey and Neveux:

astaxanthin (from zooplanktonic crustacea), diadinoxanthin (from diatoms
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and dinoflagellates), fucoxanthin (from diatoms), and peridinin (V) (from

dinoflagellates). These four pigments provide a good cross-section of

functional groups reactive under a variety of relatively mild conditions

(Liaaen-jensen, 1971). In addition, there is some evidence from the

analysis of sea urchin coelomic epithelium that heterotrophic metabolism

of fucoxanthin leads to novel degradation products (Galasko et al., 1969).

EXPERIMENTAL

Sediment traps (Jannasch ec al., 1980) were moored in Buzzards Bay,

Massachusetts (41°321N, 70042'W) 4 m below the surface in a 10 m water

column. The traps were deployed for two thirty day periods (May 20 - June

21, 1980, sediment trap 2; June 21 - July 22, 1980, sediment trap 3).

Seawater was collected at a depth of I m with a 30 Z Nisken bottle

immediately after retrieval of sediment trap 3. Particulate matter from

seawater and sediment trap samples was filtered through pre-combusted

(4500C, 24 hours) Gelman type AE glass fiber filters, and sonic

extracted with MeOH (twice, 20 min each) and CH2C12 (once, 20 min).

Extracts were concentrated to approximately 200 pt by vaccum rotary

evaporation then separated into compound classes by gel permeation

chromatography on 100i pStyragel (Waters Associates, Milford, Mass.;

USA.). The carotenoid fraction was collected, reconcentrated, then

separated into individual components by high pressure liquid

chromatography (HPLC) using a Waters Associates 10 vm amino (Buzzards Bay

sediment trap 2) and a Spherisorb 5 um amino column (suspended particulate

matter, Buzzards Bay sediment trap 3) eluted for 45 min with a linear

gradient of hexane and 0-13% MeCH/THF (20/80, v/v) at 2 ml/min. After 55
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minutes, the composition of the eluant was stepped to 30% MeCG/THF in

hexane to elute polyhydroxy xanthophylls. Carotenoids were detected

spectroscopically at 436 nm, collected, and further analyzed by visible

spectroscopy and mass'spectrometry. Visible spectra were recorded on a

Cary 118 dual beam scanning spectrophotometer. Mass spectra were

collected on a Finnigan 3200 quadrupole mass spectrometer interfaced with

an Incos (Finnigan) 2300 data system. All operations were performed at or

below 20°C and in low light conditions. A more detailed description of

the analytical method is given in Chapter 5.

RESULTS AND DISCUSSION

Structural determination was made by comparison of HPLC retention

times, absorption spectra and mass spectra with authentic standards

(Chapter 4). Selective acylation of secondary alcohols with acetic

anhydride in pyridine was used to establish the structure of fucoxanthinol

(VI), fucoxanthinol 5'-dehydrate (VII), and isofucoxanthinol 5'-dehydrate

(VIII). Tables 1, 2 and 3 present compound identification, visible and

mass spectral data for Buzzards Bay suspended particulate matter and

sediment trap samples 2 and 3 respectively. The analysis is limited to

major carotenoid components. The relatively low sensitivity of off-line

direct insertion probe mass spectrometry, and the incomplete resolution

afforded by conventional packed-column HPLC, does not permit

identification of minor components. In addition, the chromatographic

conditions do not separate carotene isomers (e.g. c, B, y-carotene,

lycopene, etc.), and the specific isomers extant in fraction 1 of the

samples are undetermined. This fraction will therefore be referred to
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simply as "carotene". More complete separation and mass spectral analysis

of the complex carotenoid mixture must await development of on-line glass

capillary HPLC-MS (Tijssen et al., 1981).

Buzzards Bay suspended particulate matter (BBSPM): Greater than 95%

of the carotenoids isolated from BBSPM > 0.451im can be accounted for by

five pigments: astaxanthin, fucoxanthin, peridinin, diadinoxanthin and

carotene (Figure 1; Table 1). Two minor carotenoids, labelled A and B in

Figure 1 are also observed. Compound A coelutes with authentic astacene

(IX), an oxidation product of astaxanthin. Compound B coelutes with

diadinochrome (X), the 5,8-furanoxide isomer of diadinoxanthin. These two

carotenoids are not considered to be biosynthesized by marine organisms,

but are often cited as analytical artifacts (Liaaen-jensen, 1971). In the

analysis of blanks spiked with authentic astaxanthin and diadinoxanthin,

and of cultured phytoplankton (Peridinium triochoidium) of known

carotenoid composition (Johansen et al., 1974) no degradation other than

cis -) trans isomerization was observed (Chapter 5, Analytical Methods).

Therefore, the astacene and diadinochrome in BBSPM are indigenous to the

sample. These pigments most likely originate from partially metabolized

zooplankton (astacene) and phytoplankton (diadinochrome) cells.

The carotenoid distribution in suspended particulate matter

(Figure 1) is indicative of a mixed zooplankton/phytoplankton sample.

Astaxanthin (II), carotene (I), diadinoxanthin (III), fucoxanthin (IV),

peridinin (V) and their cis isomers constitute greater than 95% of the

total pigments in the sample. These five pigments are widely distributed

in common forms of marine zooplankton and phytoplankton. Astaxanthin is a

major pigment of zooplankton crustacea (euphausiids, copepods, etc.)
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Table 1. Carotenoid composition (% total carotenoids) of crustacea
K diatoms, dinoflagellates, and suspended particulate matter.

0 4

o/ oo C,

Astaxanthin 90 31 +

As tacene 3

B-carotene 10 3 8 +

Diadinoxanthin 22 11 9 +

Diadinochrome 3

Fucoxanthin 68 29 +

Peridinin 84 17 +

*Tanaka et al., 1976
**Abaychi and Riley, 1979
***Johansen et al., 1974
# Neveux, 1975; Jeffrey 1976
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Figure 1. High pressure liquid chromatogram of carotenoids extracted from
Buzzards Bay suspended particulate matter: 1) carotene, 2) astaxanthin, 3)
diadinoxanthin, 4) cis fucoxanthin, 5) all-trans fucoxanthin, 6)
peridinin, and 7) cis peridinin. Identification of peaks A and B
discussed in text. Conditions: 300 x 3.9 mm 5pim Spherisorb amino column
(slurry packed in-house), eluted for 45 min with a linear gradient of
0-13% HeC{/THF (20/80, v/v) in hexane at 2 mi/min. After 55 min the
eluant was stepped to 30% MeOH/THF in hexane for an additional 15 min.
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(Liaaen-Jensen, 1978). Fucoxanthin and peridinin are the principal

photosynthetic accessory pigments in diatoms and dinoflagellates

respectively (Johansen et al., 1974; Jeffrey et al., 1975). Like

astaxanthin, they comprise the bulk of carotenoid pigment (70-90Z) in

their respective classes of organisms (Table 1). The natural occurrence

of carotene and diadinoxanthin is less precisely known. a -carotene is

widely distributed in nearly all carotenoid containing marine and

terrestrial plants and animals (Weedon, 1971; Goodwin, 1976;

Liaaen-Jensen, 1978). Diadinoxanthin is characteristic of aquatic

photosynthetic organisms, including dinoflagellates and diatoms

(Liaaen-Jensen, 1978). The presence and distribution of these pigments in

suspended particulate matter supports the observations of Jeffrey (1974,

1976) and Neveux (1975), and is consistent with the interpetation that the

major fraction of pigmented material in the surface waters represents

living organisms.

Buzzards Bay sediment trap samples (BBST): Four classes of

carotenoids were isolated and identified in BBST 2 and 3: 1) fucoxanthin

and related pigments, 2) diadinoxanthin and related pigments, 3)

carotenoid diols, and 4) carotenes (Figures 2,3; Tables 2,3).

The carotenoid mixture of BBST-2 and BBST-3 (Figures 2, 3) is much

more complex than observed for standing crop particulate matter.

Approximately 60 peaks can be distinguished in the chromatogram of BBST-3,

compared with only 24 peaks in the chromatogram of BBSPM. Astaxanthin,

carotene, diadinoxanthin, fucoxanthin, and peridinin, which represented

greater than 95% of the total carotenoids in suspended particulate matter,

represent less than 8% of the total pigments in the sediment trap samples

(Table 4). Astaxanthin and peridinin were not observed in either sediment
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trap. Fucoxanthin, diadinoxanthin, and carotene appear only as minor

components.

Sediment traps are designed to collect rapidly sinking large

particles not typically collected by conventional water samplers.

Microscopic examination of material collected in other sediment traps

(Bishop et al., 1978; Honjo, 1978, 1980; Staresinic, 1982; Staresinic et

al., 1982) has demonstrated that a large fraction of the particulate

matter collected originates from the primary vertical flux of material

from surface waters in the form of fecal pellets, molts, carcasses, and

other debris produced by heterotrophic organisms. The sediment trap

samples collected for this study were deployed in a relatively shallow

water column (10 m). Roman and Tenore (1978) and Roman (1978) have

studied the resuspension of surface sediments at this same site in

Buzzards Bay. Greater than 50Z increases in particulate organic carbon

and chlorophyll-a were observed during tidal cycles. These studies

indicate that a large portion of the material collected in the trap may

originate from resuspension of surface sediments. This hypothesis is

consistent with the carotenoid distribution in BBST-2 and BBST-3. The

qualitative and quantitative distribution of pigments in the two sediment

trap samples is virtually identical. Such a result would be expected if

the traps were sampling the top 0-3 cm of sediments, where short term

fluctuations in inputs and transformations would be averaged over the last

0-10 yr.

Fucoxanthin Related Pigments- Authentic all-trans fucoxanthin

co-elutes with fraction 6, BBST-2 and fraction 7, BBST-3 (Figures 2, 3).

Comparison of visible and mass spectra confirm the identification of these
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Figure 2. High pressure liquid chromatograms of Buzzards Bay sediment
trap sample 2. A) gradient stopped after 45 min. B) gradient stopped after
45 min, after 55 min gradient stepped to 30% MeOH/THF (20/80, v/v) in
hexane. Peak numbers refer to fractions in Table 2. Conditions given in
Figure 1 legend.



34

A

4

31

\ 7



- 35

Figure 3. High pressure liquid chromatogram of Buzzards Bay sediment trap 3.
Peak numbers refer to fractions in Table 3. Conditions given in Figure 1
legend.
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Table 4. Quantitative distribution of fucoxanthin related

carotenoids (fucopigments) in BBST-2 and BBST-3.

%Total Fucopigments

BBST-2 BBST-3*

Fucoxanthin (IV) 9 5

Fucoxanthinol (VI) 61 69

Isofucoxanthinol (XII) 21 12

Fucoxanthin 5'-dehydrate (XI) 2 1

Fucoxanthinol 5'-dehydrate (VII) 6 6

Isofucoxanthinol 5'-dehydrate (VIII) 0 -7

100% 100%

*0.50 mg total pigments/gdw sediment. Determined spectroscopically on

whole extract at 450nm ( max) assuming -105 1/mole cm and an

average molecular weight of 616 amu ( E (MW)(X%)).
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fractions as all-trans fucoxanthin (Tables 2, 3). A mass spectrum

characteristic of fucoxanthin was also observed for fraction 8 of BBST-2.

The visible spectrum of this compound in acetone has a single maximum at

447 nm, flanked by two shoulders at (470) and (425) nm. All-trans

fucoxanthin has maxima at 449,(425)(acetone). The 2 nm difference in the

principal absorption maxima is consistent with the 1-3 nm bathochromic

shift observed for trans -+cis isomerization (Figure 4)(Vetter et al.,

1971; Bernhard et al.., 1974; Moss and Weedon, 1976). Co-injection of

fraction 8 of BBST-2 with cis/trans isomeric fucoxanthin produced by

thermal equilibration of all-trans fucoxanthin confirmed the assignment of

this fraction as cis-fucoxanthin isomer(s) (stereochemistry unassigned).

Fractions 2, 3, 5, and 7 from BBST-2 and fractions 2, 6, 8, 9, 10,

11 and 12 from BBST-3 have characteristic ions (M4+1, M+1-18, M+1-60,

H+1-170; m/z 197) which identify these fractions as fucoxanthin derived

pigments (hereafter refered to as fucopigments). Mass and visible spectra

support the identification of fraction 2 of BBST-2 and fraction 2 of

BBST-3 as fucoxanthin 5'-dehydrate (XI), fraction 7 of BBST-2 and fraction

8 of BBST-3 as fucoxanthinol 5'-dehydrate (VII), fraction 9 of BBST-3 as a

mixture of cis-fucoxanthinol 5'-dehydrate (VII) and isofucoxanthinol

5'-dehydrate (VIII), fraction 10 of BBST-3 as fucoxanthinol (Vt), and

fraction 11 of BBST-3 as isofucoxanthinol (XII). Coinjection of authentic

fucoxanthinol (Chapter 4) confirmed the identification of fraction 10 of

BBST-3 as this compound.

Fraction 12 of BBST-3 had mass fragments with m/z - 635, 633, 617,

599, 581, 541 and 197. Analogous fragments were observed in the mass

spectra of other fuco-pigments. This fraction is considered to be a
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fucopigment(s), although its structure has not been determined. Complete

structural elucidation will require isolation of larger quantities of this

pigment for derivatization. The mass spectra of fractions 3 and 5 of

BBST-2, and fraction 6 of BBST-3 include minor fragments at m/z - 599 and

581; consistent with dehydro-fucoxanthinol isomers. Fucopigments of the

5'-dehydro series have already been identified. These compounds may

represent 3, 5 or 3' dehydro isomers of fucoxanthinol and isofucoxanthinol

as illustrated in Figure 5.

Fucoxanthin (IV) is the major carotenoid in diatoms and some

dinoflagellates, and is the major phytoplankton carotenoid in standing

crop suspended particulate matter (Table 1). In BBST-2 and 3 fucoxanthin

comprised only 4-7% of the total carotenoids and 5-9% of the total

fucopigments (Table 4). The remaining 91-95% of the total fucopigments

consisted of the fucoxanthin transformation products: fucoxanthinol,

isofucoxanthinol, fucoxanthinol 5 '-dehydrate, isofucoxanthinol

5'-dehydrate, and fucoxanthin 5'-dehydrate. Together these compounds

consitute 82% of the total carotenoids.

Fucoxanthinol (VI) is the most abundant carotenoid in the samples

(Figures 2, 3; Tables 2, 3, 4). Acylation of fraction 10 of BBST-3 with

acetic anhydride in pyridine yields fucoxanthin 3-acetate (XIII) which

co-elutes with authentic fucoxanthin 3-acetate synthesized from

fucoxanthin (Chapter 4). Thermal isomerization of fucoxanthin 3-acetate

synthesized from fraction 10 of BBST-3 produces an equilibrium mixture of

cis isomers identical in both chromatographic retention time (HPLC) and

relative abundance to those derived from thermal isomerization of

authentic fucoxanthin 3-acetate (Table 5).
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Figure 4. Visible spectra of A) BBST-2 fraction 6 (all-trans fucoxanthin)
and B) BBST-2 fraction 8 (cis fucoxanthin). Spectra recorded in hexane on
a Cary 118 scanning spec trophotometer.
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The ester hydrolysis which converts fucoxanthin to fucoxanthinol can

occur via two pathways; a base-catalyzed chemically mediated ester

hydrolysis, or biochemical metabolism (esterase). Base-catalyzed ester

hydrolysis seems unlikely as epoxide opening (formation of iso

derivatives) should precede ester hydrolysis (Bonnett et al., 1969;

Nitsche, 1974). Figure 6 presents kinetic data from the reaction of

fucoxanthin with 0.01N KOH in MeGH/H 20 (90/10). The data suggest a

reaction sequence: fucoxanthin (IV)-+ isofucoxanthin (XIV)

isofucoxanthinol (XII). No fucoxanthinol was observed. In BBST-2 and

BBST-3 fucoxanthinol and fucoxanthin, which retain the 5,6-epoxide,

predominate over their opened epoxide derivatives isofucoxanthinol and

isofucoxanthin. This suggests a reaction sequence of: fucoxanthin (IV)

fucoxanthinol (Vl) -, isofucoxanthinol (XII).

Rather than chemical ester hydrolysis, biochemical metabolism by

zooplankton and other higher organisms is proposed. Fucoxanthinol has

been reported as a minor component in some marine algae (Nitsche, 1974;

Berger et al., 1977), and is thought to be an intermediate in fucoxanthin

biosynthesis (Liaaen-Jensen, 1977; 1978). Fucoxanthinol has also been

found as a major fucopigment in the gut of sea urchins (Galasko et al.

1969; Hora et al., 1970), so that it is not unreasonable to assume that

other higher heterotrophs have the ability to hydrolyze fucoxanthin

without rearranging the epoxide. Since resuspended surface sediments that

are the source of the material collected in the sediment traps are rapidly

reworked by heterotrophic organisms (Rhodes and Young, 1970), it is

proposed that fucoxanthinol represents a metabolite of this heterotrophic

activity.

3I
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Figure 5. Dehydration reactions of fucoxanthinol.
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Table 5. Thermal isomerization of fucoxanthin 3'-acetate

Retention Time (min.)* Peak Area

Isomer Run I Run 2 Run 1 Run 2

Authentic fucoxanthin 3'-acetate (from fucoxanthin)

cis isomer 1 0.88 0.88 0.088 0.081

cis isomer 2 0.95 0.96 0.27 0.27

all trans 1.0 1.0 1.0 1.0

cis isomer 3 1.13 1.17 0.20 0.19

Fucoxanthin 3'-acetate (from BBST-3, fraction 10)

cis isomer 1 0.90 0.86 ** 0.079

cis isomer 2 0.96 0.96 -- 0.26

all trans 1.0 1.0 -- 1.0

cis isomer 3 1.14 1.14 -- 0.19

*300 x 3.9 mm Spherisorb 5im amino column eluted with 5% B (B - 20%

MeOH/THF, 20/80), 95% hexane at 2 ml/min. Peak areas and retention times

are normalized to the all-trans peak.

**Insufficient sample to make accurate measurements of peak area for this

run.
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Figure 6. Kinetics of base-catalyzed epoxide opening and ester hydrolysis
of fucoxanthin in 0.1mM KCW MeOU:H 20 (90:10).
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The mass spectra of fucoxanthin dehydrate (XI), fucoxanthinol

dehydrate (VII), and isofucoxanthinol dehydrate (VIII) are consistent with

lose of the tertiary alcohol at the 5' position (Figure 7). The mass

fragment M+l-170 arises from cleavage of the 7,8 bond a to the 8-ketone.

The resulting mass fragments (m/z 471, 429) correspond to a loss of a

hydroxyl group at either the secondary 3' or tertiary 5' position.

Acylation of the isolated fucoxanthinol dehydrate and isofucoxanthinol

dehydrate with acetic anhydride in pyridine yields a diacetate. Under the

conditions used in this synthesis, acetic anhydride in pyridine acylates

only primary and secondary hydroxyl groups. The mass increase of 84 amu

for the acylated dehydrate over the underivatized parent is consistent

with the esterification of the two hydroxyl groups at the 3 and 3'

position (Figure 7). Therefore dehydration of fucoxanthinol,

isofucoxanthinol, and by analogy fucoxanthin proceeds with loss of tne

tertiary 5 '-alcohol.

The site of double bond formation from acid uatalyzed dehydration of

the tertiary 5'-alcohol is presently a matter of debate. Egger et al.

(1969) and Nitsche et al. (1969) dehydrated neoxanthin (XV) and neoxanthin

diacetate (XVI) with 0.02N HCl/CHC 3 . Three products were formed,

differing in the position of the resultant double bonds. The 5' ,18'-ene

(Figure 8) was the major product of both reactions (60-75%), followed by

the 5',6'-ene, 7',8'-yne (20-25%) and the 3',4'-, 5',18'-diene (presumably

from rapid dehydration of the allylic 4' ,5'-ene) (0-20%) (Figure 8). In

contrast, Bonnett et al. (1969) dehydrated fucoxanthi with phosphoryl

chloride and reported only 4' ,5'-ene formation. More thorough studies of

this reaction (Nitsche, 1970, 1972; Johansen and Liaaen-Jensen, 1974;

Buchecker and Liaaen-Jensen, 1975) with neoxanthin (XV), neoxanthin
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Figure 7. Chemical ionization mass spectra of A) fucoxanthinol-5'-
dehydrate (BBST-3 fraction 8) (M+29 - 627, M+- 599, M+1-18 - 581,
M+1-18-18 - 563, 1M+1-92 - 507, M+1-154 - 445, M+1-170 - 429), B)
fucoxanthinol (5?) 5'-dehydrate (BBST-3 fraction 8) acylated with acetic
anhydride in pyridine (M+1 - 683, M+1-18 - 665, M+1-60 - 623, M+1-60-18 ,
605, M+1-92 - 591, M+1-106 - 577, M+1-60-60 - 563, M+1-92-42 - 549,
M+1-212 a 471, M+1-212-42 - 429, M+1-212-60 - 411), and C) fucoxanthinol
(BBST-3 fraction 10) acylated with acetic anhydride in pyridine (M+l -

701, M+1-18 - 683, M+1-60 - 641, M+1-60-18 - 623). Instrumental
conditions: CH4 reagent gas at 900 Um, ionization voltage 130 eV,
ionization current 500 uA.

4

I
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diacetate (XVI), fucoxanthin acetate (XIII), peridinin (V), peridinin

acetate (XVII), and minulaxanthin (XVIII) dehydrated with CHC13/HC1 and

phosphorous oxychloride (POI3 ) suggested that dehydration occurs with

formation of all three isomers as reported by Egger et al. (1969) and

Nitsche et al. (1969). Unfortunately, yields were not reported, so the

product specificity and selectivity of reagents and reaction conditions

cannot be evaluated.

The site of double bond introduction for fucoxanthin 5'-dehydrate,

fucoxanthinol 5'-dehydrate, and isofucoxanthinol 5'-dehydrate isolated

from BBST-2 and BBST-3 was not fully established. Moss and Weedon (1976)

have proposed that loss of ketene is characteristic of allylic acetate

esters (Chapter 4, Figure 7). Loss of ketene (M+1-42) is not observed in

mass spectra of fucoxanthin and fucoxanthin 3-acetate. However fragments

corresponding to loss of ketene are observed in the mass spectra of

dehydrates isolated from Buzzards Bay sediment trap samples (see

M+1-212-42 = 429 for 3,3'-diacetyl-fucoxanthinol 5'-dehydrate). The data

is consistent with the observation of Bonnett et al. (1969), and the

double bond is tentatively assigned to the 4',5' position. However, it

must be noted that the observed enhancement of the M+1-42 fragment in the

mass spectra of fuco-dehydrates requires only that some of the pigment in

these fractions has the double bond in the 4',5' position. Major mass

fragments are also observed at M+1-60, and it cannot be determined if

these fragments arise from loss of acetic acid, or loss of ketene and

water. Definitive assignment of the double bond position must await

synthesis of the double bond isomers and isolation of sufficient material

for comparative chromatographic, IR, and 13C and proton NMR studies.
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Figure 8. 5'-hydroxyl dehydration of neoxanthin with 0.02 N HC1/CHC13,
after Egger et al. (1969). Compound in parenthesis was not isolated.
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Determining the mechanism of dehydration is difficult. There are no

reports of naturally occurring fucoxanthin dehydrates, and there is little

evidence to favor either a biochemically or chemically mediated reaction.

Chemically, an acid catalyzed dehydration seems most likely. However,

substantial amounts of the unrearranged 5,6 epoxide, diadinoxanthin (III)

is observed in both sediment trap samples. Under acidic conditions the

5,6 epoxide rapidly rearranges to the 5,8 furanoxide, diadinochrome (X).

When reacted with acids, neoxanthin (XV) which has a 3-hydroxy-5,6-epoide

(like diadinoxanthin) and a tertiary 5'-hydroxyl (like fucoxanthin),

undergoes epoxiJe rearrangment before dehydration. If the acidic

conditions necessary to dehydrate fucoxanthin existed in the samples, all

the diadinoxanthin should have rearranged to the 5,8 furanoxide.

Therefore, the dehydration of fucopigments is probably not a result of

chemical acid catalysis, but a more site-specific metabolic reaction.

The dehydration of sterols (Rhead et al., 1971; Rubenstein et al.,

1975; Dastillung and Albrecht, 1977; Gagosian and Farrington, 1978), amino

acids (Bada and Hoopes, 1979), and phytol (Simoneit, 1973; De Leeuw et

al., 1977), occurs in a variety of marine environments and both chemical

and biochemical mechanisms have been proposed. The dehydration of stanols

is structurally analogous to the dehydration of the secondary 3 or 3'

hydroxyl of carotenoid alcohols. Fractions 3 and 5, BBST-2 have mass

spectra consistent with the assignment of these peaks as 3, 5 or 3'

dehydrates of (iso)fucoxanthinol. However, the structural assignment is

not definitive. At most it can be concluded that dehydration of the 3 or

3' alcohol is a minor reaction.
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The major dehydration products of fucoxanthin arise from loss of the

tertiary 5'-alcohol. This suggests either that different processes are

operative in the dehydration of stanols and carotenoid alcohols, or there

is a general process which displays an order of biochemical reactivity

(i.e. tertiary alcohols dehydrate faster than secondary alcohols). In the

latter case a sequential dehydration through the 5'-monodehydro-, the 3,5'

(or 3',5') didehydro- and the 3,3'5' tridehydro-derivatives should be

observed. This hypothesis could be verified by an analysis of surface

sediments which contain high concentrations of sterenes as in surface

sediments from the Southwest African shelf and slope (Gagosian and

Farrington, 1978). If sterols and carotenoids are dehydrated by the same

process, thebe qediments should have a high concentration of carotenoid

mono- and di-dehydra~es.

Isofucoxanthinol (XII) was the second most abundant pigment in

BBST-2 and BBST-3. Isofucoxanthinol 5'-dehydrate (VIII) was also an

important fucopigment in BBST-3. Bonnett et al. (1969) observed trace

quantities of isofucoxanthin and isofucoxanthinol in their analysis of

Fucus vesiculosus. The authors concluded that these compounds originate

from reactions on alumina during chromatographic purification, and were

not natural products. A subsequent study by Nitsche (1974) confirmed this

hypothesis. Nitsche extracted 150 kg (wet weight) of Fucus vesiculosus

and purified the carotenoid pigments by chromatography on silica. Neither

isofucoxanthin nor isofucoxanthinol were isolated. In the present study

no opening of the fucoxanthin 5,6 epoxide was observed in blanks spiked

with fucoxanthin or in samples of Buzzards Bay suspended particulate

matter. Therefore opened epoxides (iso-compounds) observed in sediment
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trap samples are believed to be indigenous to the samples. Glasko et al.

(1969) did not report any isofucoxanthin or isofucoxanthino in the

coelomic epithelium of the sea urchin Paracentrotus lividus. Metabolism

by these organisms apparently does not open the 5,6 epoxide of

fucoxanthin. Griffiths and Perrot (1976) also report a fucopigment as the

major carotenoid (80%) in the gut of the sea urchin Strongylocentrotus

drobachiensis. The authors denote this pigment as isofucoxanthin.

However, no structural determination was made and the pigment is probably

fucoxanthinol. Since epoxide opening is a facile chemical reaction, the

source of isofucoxanthinol and isofucoxanthinol 5'-dehydrate in the

Buzzards Bay sediment trap samples is considered to be a chemically

mediated reaction.

Diadinoxanthin, Diadinochrome, and Related Pigments- Authentic

diadinoxanthin co-elutes with fraction 4 of BBST-2 and fraction 5 of

BBST-3. In support of this assignment, fraction 4 of BBST-2 has

absorption maxima at 477, 447, 424 (acetone) and m/z 583 (87%), 565

(M+l-H 20)(36%), and 181(100%). Fraction 5 of BBST-3 had m/z 583(61%),

565(35%), and 181(100%). Authentic diadinoxanthin had X 477, 447,max

425 (acetone), and m/z 583 (100%), 565 (78%), 181 (100%). Baldas et al.

(1966) have proposed that the mass fragment m/z 181 is characteristic of

3-hydroxy-5.6-epoxy and 3-hydroxy-5,8-furanoxides. A mechanism of 5,6

5,8 epoxide rearrangement followed by fission of the 8,9 bond was proposed.

HPLC fraction 4 of BBST-3 coelutes with authentic diadinochrome

x). Major mass fragments at m/z 583, 565, and 181 support this

assignment. The sample was stored at -20 C for 5 months prior to

analysis. Transformation of diadinoxanthin to diadinochrome is observed
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in suspended particulate sample extracts (MeOH) stored at -20 0C for

similar periods (Chapter 3). The diadinochrome observed in BBST-3 is most

likely a storage artifact. This conclusion is supported by the analysis

of BBST-2, which was done immediately after retrieval of the sample. No

diadinochrome was observed in this sample.

Three other peaks: fraction 5 of BBST-2 and fractions 3 and 6 of

BBST-3, have mass spectra with fragments characteristic of diadinoxanthin

(m/z, 583, 565). Fraction 5 of BBST-2 and fraction 6 of BBST-3 have the

same relative retention time and major mass fragments at m/z 583, 565

(M+1-18), and 547 (M+1-18-18). These fractions elute as a mixture of at

least three compounds. Futher separations with HPLC (5 u m Spherisorb

amino, eluted with mixtures of Hexane:MeOH/THF) were not successful. The

mass spectrum includes a major mass fragment corresponding to M+1-18-18.

Loss of two molecules of water is not typically observed in CI mass

spectra of carotenoid secondary diols, but is observed for carotenoid

triols which have a tertiary hydroxyl group. In addition, no prominent

fragment with m/z 181 is observed in the mass spectrum of fraction 6 of

BBST-3 (fraction 5 of BBST-2 was not scanned below m/z 220). Therefore

this compound is not a 5,6 or 5,8 epoxide. A stucture consistent with the

chromatographic and mass spectral data is the 5-hydroxy-l,2-ene derivative

of diadinoxanthin (Figure 9). A mechanism of formation from

diadinoxanthin is given in Figure 9. The mass spectrum of fraction 3,

BBST-3 also does not include a major fragment with m/z 181. Therefore the

6-hydroxy-4,5-ene or 6-hydroxy-5,18-ene derivative of diadinoxanthin is

proposed for this compound. Further characterization of these fractions

must await derivatization and spectroscopic studies.
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Figure 9. Reactions of diadinoxanthin in acid.
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Carotenoid Alcohols - HPLC fractions 2, 3 and 5 of BBST-2, and

fraction 6 of BBST-3 display mass fragments characteristic of carotenoid

diols (M+l; M+1-18). The pseudomolecular ion (m/z 569) of BBST-2 fraction

2 requires C40 02H56, characteristic of the widely distributed

carotenoid 3,3'-diols lutein (XIX), zeaxanthin (XX), and tunaxanthin

b(XXI). Lutein and/or zeaxanthin are distributed in nearly all higher

plants, and many marine algae, fish, and crustaceans. Tunaxanthin is

restricted in distribution to marine fish (Ronneberg, 1978; Liaaen-Jensen,

1978). Carotenoid 3,3' diols were not observed in suspended particulate

matter, and it seems unlikely that marine phytoplankton and zooplankton

are the source of this fraction in sediment trap material. A more

probable source may be more resistant terrestrial plant material or

macroscopic marine organisms such as fish. Farrington et al. (1977),

Farrington and Tripp (1977), and Lee et al. (1977) report significant

concentrations of terrestrial plant hydrocarbons, fatty acids, and sterols

in Buzzards Bay surface sediments. An input from this source would

contribute lutein, zeaxanthin, violaxanthin (XXII), and neoxanthin (XV).

However, violaxanthin and neoxanthin were not observed in either sediment

trap sample. Evidently terrestrial plants, which contribute a major

portion of the more resistant lipids for other classes of organic

compounds, do not contribute significantly to the carotenoids. Therefore,

the diol observed in BBST-2 appears to have a marine source.

Determination of the specific isomer of this compound is needed to more

clearly establish its origin.

The mass spectrum of HPLC BBST-2 fraction 5 and BBST-3 fraction 6

includes fragments with m/z 567 and 549 characteristic of a carotenoid
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alcohol with a molecular formula C4 0H5402. On the basis of

retention time, these fractions are most likely diols. Marine carotenoid

diols with C4 H 0 include diatoxanthin (XXIII) and monadoxanthin
40 54 2

(XXIV). Diatoxanthin is a major pigment in many marine diatoms and

dinoflagellates, however the PLC retention time of this pigment does not

correspond with fraction 5. Monadoxanthin is a minor carotenoid in algae

from the class Crytophyceae. These organisms are not considered to be

significant contributors to the organic matter in Buzzards Bay. In

addition, monadoxanthin differs from diatoxanthin only in the position of

the 5,6 double bond (retro shift in monaxanthin to the 4,5 position).

Other double bond isomer pairs of this class (a , 8-carotene; lutein and

zeaxanthin) are not separated by the chromatographic procedure, and it is

doubtful whether the technique would separate diatoxanthin from

monadoxanthin. Therefore, on the basis of HPLC retention time, fraction 5

of BBST-3 is probably not monadoxanthin. Further separation and

structural elucidation is necessary to fully establish the origin of this

compound.

HPLC fraction 3 of BBST-2 includes carotenoids with C4002H52

(m/z 565). The most widely distributed carotenoid of this series is

canthaxanthin (XXV); a dione. However, authentic canthaxanthin does not

co-elute with this fraction. The chromatographic retention time, mass

spectra, and multiple absorption maxima at 478, 451, and 421 nm are

consistent only with a diol. Conjugated keto carotenoids typically

display absorption spectra with no fine structure (i.e. a single

absorption maximum). The visible spectra of echinenone (XXVI) (mon-one),

canthaxanthin (XXV) (di-one), and astacene (IX) (tetra-one) all contain
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only one absorption maximum. In contrast, their hydroxyl analogues

display spectra with three distinct absorption maxima (Davies, 1976; see

also Figure 8, Chapter 4). The mass fragment m/z 547 is consistent with

loss of water, a fragmentation not observed for carotenoid ketones.

Carotenoid diols with a molecular formula C 402H52 are neither

qualitatively nor quantitatively significant pigments (Straub, 1971). The

observation of a major fraction with this composition suggests a

degradation product, perhaps 3 or 3'-dehydrodiadinoxanthin. Further

characterization is needed before a more complete structural assignment

can be made.

Carotenes - HPLC fraction 1 of BBST-2 and fraction 1 of BBST-3

eluted as broad peaks with multiple shoulders. The mixture had visible

absorption maxima at 666, 612, 535, and 411 nm characteristic of

chlorophyll pigments, and 475, and 450 nm characteristic of carotenoids.

Mass fragments were observed at m/z 549, 547, 537, 535, 523, 521, 495,

411, and 409 (Tables 2, 3). The mass fragment at m/z 537 corresponds to

the molecular ion of carotene (C4 0H5 6, MW 536). Attempts at further

separation of the mixture on silica (hexane), and RP-C18 (80/20;

MeOH/H 20) HPLC were unsuccessful.

Other Pigments - HPLC fraction 3 of BBST-3 contains mass fragments

with m/z 613, 595, and 553, consistent with the assignment of thi.s

fraction as peridinin 5'-dehydrate (XXVIII). By analogy with the major

series of fucoxanthin dehydrates, dehydration is expected to occur at the

5'-alcohol.



64

CONCLUSIONS

The carotenoid distribution in suspended particulate matter from

Buzzards Bay reflects the planktonic origin of the sample. No significant

concentration of transformation products were observed, which is in

agreement with the result of Jeffrey (1974, 1976) and Neveux (1975).

Trace quantities of the transformation products astacene (IX) and

diadinochrome X) were observed and may represent a detrital component.

Analysis of suspended particulate matter collected in oceanic deep water

q is needed to substantiate this hypothesis.

Approximately 95% of the carotenoids isolated from sediment trap

samples represent transformation products. A biochemically and chemically

mediated transformation pathway for fucoxanthin (Figure 10) is proposed.

In this pathway fucoxanthin is rapidly hydrolyzed to fucoxanthinol by

marine heterotrophs. Fucoxanthinol is then slowly dehydrated and

rearranged to isofucoxanthinol 5'-dehydrate. The distribution of

fucoxanthin transformation products isolated in the sediment traps

suggests that dehydration and epoxide rearrangement occur over

considerably longer time scales than ester hydrolysis. Isofucoxanthin was

not isolated in either trap sample, and fucoxanthin 5'-dehydrate was

isolated only in trace (< 1Z) quantities.

The present set of experiments does not permit modelling of the

water column transformation reactions independently of the surface

sediments due to the problem of resuspension. Consequently, time scales

and mechanisms cannot be clearly established. Assuming the sedimentation

rate of 2.95 mm/yr determined by Farrington et al. (1977) and that only

the bioturbated zone of 3 cm (Farrington et al., 1977, Rhoads, 1974) is
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Figure 10. Proposed transformation pathway showing ester hydrolysis,
dehydration, and epoxide opening for biochemical and chemical
transformation of fucoxanthin. Isofucoxanthin (shown in parenthesis) was
not isolated in this study.
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resuspended, the maximum time of reaction for the observed transformations

is 10 years.

The proposed degradation pathway for fucoxanthin also predicts that

structurally similar carotenoids (peridinin (V), neoxanthin (XV),

dinoxanthin (XXVII) etc.) will undergo analogous transformation

reactions. The tentative assignment of fraction 3 of BBST-3 as peridinin

dehydrate supports this hypothesis.
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CHAPTER 3

CAROTENOID TRANSFORMATION PRODUCTS IN THE UPWELLED WATERS OFF THE
PERU COAST: SUSPENDED PAEMICULATE MATTER, SEDIMENT TRAP MATERIAL,

AND ZOCPLANKTON FECAL PELLET ANALYSIS.
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INTRODUCTION

The relative significance, rates, and mechanisms of organic matter

transformation processes in the water column has become an area of

intensive study (Wiebe et al., 1976; Bishop, et al., 1977, 1978, 1980;

Honjo, 1978, 1980; Honjo and Roman, 1978; Spencer et al., 1978; Hinga et

al., 1979; Phaffenhofer and Knowles, 1979; Rowe and Gardner, 1979; Deuser

and Ross, 1980; Deuser et al., 1981). The approach to this problem, used

in the present study, is to construct a model for organic matter recycling

in the water column that consists of three parts: 1) the synthesis of

carotenoid pigments by phytoplankton in the euphotic zone, 2) consumption

of some fraction of these pigments by heterotrophic organisms, and 3)

removal of metabolic by-products to the sediments by large particle

transport. The model separates particulate matter into reservoirs

according to the degradation processes that have occurred since

synthesis. The objective of the present study is to sample these

particulate reservoirs, determine the compositional differences between

them, and construct a mechanistic pathway for the transformations that

occur as material is transferred between reservoirs.

In practice these reservoirs are separated by particle size. Marine

phytoplankton that synthesize carotenoids are typically 5-100 um in size.

These organisms are sampled as suspended particulate matter. In the model

phytoplankton are consumed by heterotrophs and the solid waste products

egested, in part, as rapidly sinking fecal pellets ( >100 um). These
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large particles, which can be sampled with sediment traps, should reflect

both the source (phytoplankton) and the process (heterotrophic metabolism)

responsible for their formation.

Significant concentrations of fucoxanthin transformation products

were observed in sediment trap samples collected in Buzzards Bay,

Massachusetts. Three processes were suggested as responsible for the

observed transformations: 1) ester hydrolysis via zooplanktonic

metabolism, 2) dehydration via bacterial metabolism, and 3) epoxide

opening via slow chemical degradation. In order to collect a sufficent

amount of material for analysis, traps had to be deployed for a period of

one month. As a result, short term (hours to days) and long term (months)

transformation processes could not be distinguished. In addition,

Buzzards Bay sediment trap material had two sources: the primary vertical

flux of material from above the traps, and resuspended surface sediments.

Consequently, transformations characteristic of water column processes

could not be distinguished from transformations occurring at the

sediment-water interface.

The goals of the present series of experiments are: 1) To sample the

primary vertical flux of material from the surface waters without the

influence of surface sediments. In this way transformation reactions

characteristic of water column organic matter recycling processes can be

isolated and studied independently of reactions characteristic of

processes occurring at the sediment-water interface. 2) To shorten the

time scale of transformation reactions sampled from the approximately 10

yr in the Buzzards Bay experiment (assuming resuspension) to 1-3 days. A

shortened experiment will help to more clearly establish the time scale
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and sequence of transformations outlined in Figure 8, Chapter 2. 3) To

(couple specific processes (i.e. heterotrophic metabolism) with specific

transformation reactions (i.e. ester hydrolysis). 4) To extend water

column sampling to below the euphotic zone, where synthesis of

0phytoplankton pigments does not occur, and 5) to extend the transformation

pathway proposed for fucoxanthin to other, structurally similar compounds

(peridinin (V), dinoxanthin (XXVII)).

This chapter reports the results of a series of experiments

conducted in the upwelling waters off the Peru coast (15°S, 750W).

Sediment trap experiments conducted in 1978 at the same location and time

of year demonstrated that the particulate carbon flux at 50 meters reached

values of 350 mg C/m2day (Staresinic, 1982). Hence trap deployments of

a day or less are sufficient to collect enough material for analysis.

Further, values of particulate organic carbon, chlorophyll pigments, and

selected classes of organic compounds showed no increase near the bottom

of the water column due to sediment resuspension (Gagosian et al., 1980,

1982). Therefore, resuspended material should not contribute

significantly to the particles collected in the traps.

SAMPLE COLLECTION

Suspended Particulate Matter All samples were collected on the R/V

Atlantis II cruise 108. leg 3 in March-April, 1981 off the Peru coast at

15OS, 750W. Vertical profiles of suspended particulate material were

collected either with a 20 Z glass Bodman (Gagosian et al., 1979) or a 10 L

Nisken water sampler. Sampling locations are given in Table 1. Seawater

was immediately filtered through pre-extracted

p,.
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Table 1. Cast number, depth, sampling time, and location of suspended
particulate matter samples collected off the Peru coast.

Cast-Depth(m) Date Time Lat.(S) Long.(W)

10-8 3/15 1512-1820 150 27' 750 53'

36-3 3/21 2044-2058 150 07' 750 36'
-5 1130-1305
-10 1950
-25 1315-1340
-50 1735
-150 1912

44-3 3/24 1320-1345 150 07' 750 37'
-10
-25
-45

53-5 3/25 1500 150 02' 750 35'
-10 1444-1500
-20 0928-0954 150 04' 750 34'

76-5 3/30 1030-1047 140 59' 750 38'
-30

77-5 3/30 1728-1738 150 02' 750 41'

91-5 4/1 0915-0945 150 08' 750 40'
-10 1606 150 07' 750 41'
-20 • 1244-13 26
-100 1328-1410
-350 1445-1546 150 08' 750 42'

97-5 4/1 1736-1757 150 07' 750 41'

99-5 4/2 0955-1015 150 06' 750 42'
-50 1057-1115
-200 0837-0920 150 08' 750 40'

104-10 4/3 1157-1212 150 04' 750 27'
-20
-30

105-10 1453-1512 150 00' 750 31'
-20
-30

106-10 4/4 0843-0908 150 08' 750 40'
-20
-30

117-1000 4/6 1134-1245 150 25' 750 58'
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(CH2Cl2, 24 hr), pre-combusted (4500C, 24 hr) Gelman type AE glass

fiber filters. Filters were stored at -50°C (on board cryocooler) in

foil wrapped glass vials filled with methanol and capped under ultra-high

purity nitrogen. Water samples were collected immediately after the

deployment and recovery of the sediment traps. In this way the suspended

particulate matter which serves as the ultimate source for the material

collected in the sediment traps, could be monitored for its carotenoid

composition throughout the period of sediment trap sampling.

Sediment Traps Moored sediment traps were constructed after the

design of Staresinic (1978). Briefly, traps consisted of a 41 cm diameter

PVC cylinder with a 3:1 aspect ratio atop a 450 cone with a 3/4" ball

valve terminus. The traps were deployed empty, allowed to fill with

surface water and to sink to pre-set depths. On recovery, traps were

drained to the top of the cone, the ball valve opened, and the sample and

remaining water collected for filtration. Samples (1-10 g wet weight)

were immediately filtered and stored as described above. Altogether

thirteen traps were deployed and recovered in this fashion. Deployment

times and sampling locations are given in Table 2.

Zooplankton Fecal Pellets Photomicrographs of material collected in

other trap experiments (Bishop, 1978; Honjo, 1978, 1980; Staresinic, 1982;

Staresinic et al., 1982) have shown that fecal pellets from heterotrophic

organisms contribute a significant fraction of the particles collected in

traps. In order to obtain a fresh sample of this material, fecal pellets

were collected from field cultures of zooplanktonic heterotrophs.

Zooplankton were collected in a 234V m mesh net towed 25 m below the
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Table 2. Depth, sampling time, and location of sediment traps
deployed off the Peru coast, March-April 1981.

Trap-Depth(m) Depth* Deployment Recovery Time** Lat.(S) Lonp.(W)

1-20 75 3/18 1116 3/20 1116 48 150 03' 75026 '

2-30 80 3/18 1200 3/20 1028 46.5 150 04' 75027 '

3-301 200 3/23 0800 3/24 0820 24.3 150 07' 75038 '

4-50 3/21 1558 3/24 0820 64.4

5-20 80 3/23 1429 3/26 0811 65.7 150 04' 75027'

6-401 140 3/24 1822 3/27 0928 63.1 150 04' 75036 '

7-90

8-7 80 3/26 0850 3/30 1610 104.7 150 03' 75028'

9-40 140 3/27 1633 3/30 0928 64.9 140 59' 75040 '

11-22" 80 3/31 1155 4/3 0930 70.4 150 04' 75027'
12-40

14-40 80 4/3 1438 4/5 0930 42.9 150 02' 75032 '

*depth of water column in meters.
**total deployment time in hours.
+traps deployed on same mooring line.
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Table 3. Tow number, date, sampling time, and location of
plankton samples collected off the Peru coast.

Sample Date(81) Time (local) Latitude (S) Longitude (W)

ZOOPLANKTON

23-25 3/18 2117-2232 150 10' 750 35'

34-40 3/21 0000-0339 150 13' 750 32'

57-64 3/25 2240-0310 150 14' 750 30'

67-A, B* 3/26 2130-2234 150 13' 750 31'

76-80 3/29 2050-0005 150 23' 750 54'

88-89 4/1 1915-2110 150 08' 750 41'

107-108 4/5 2327-0055 150 11' 750 37'

ANCHOVY FECAL PELLETS**

57-62 3/25 2240-0223 150 14' 750 30'

*sample split between two chambers.
4 **collected with zooplankton net towed at 25 m.

4.
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surface at 1-2 knots. All collections were made between 1900-0400 hr

local time. Immediately after the nets were brought on board, the

zooplankton were poured through a 2 mm sieve to remove small particles,

and transferred to holding chambers built after the design of La Rosa

(1976). Pellets were collected after 8-10 hr, filtered, and stored as

described above. During one collection period (Tows 57-62) spherical

green fecal pellets 2-3 mm in diameter, attributed to the anchovy

Engraulis ringens, were collected. These pellets were separated with

forceps and frozen at -20 0C for future analysis. Phytoplankton were

sampled with a 52 1m mesh net towed 10 m below the surface. The cod end

of the net was emptied directly into a glass jar and the contents frozen

at -200C. Sampling times and locations are given in Table 3.

RESULTS

Oceanographic Setting A detailed account of the hydrographic data at

150S, 750W is given in Gagosian et al., (1980, 1982). Underway maps

of chlorophyll-a and surface temperature display features characteristic

of actively upwelling systems. Cold, nutrient rich waters are upwelled

near the coast and slowly advected offshore. Surface water temperatures

increased from approximately 16°C at the 100 m contour to approximately

19°C at the 1000 m contour (Figure 1). Chlorophyll-a values increased

from approximately 2 g/l at the 100 meter contour to greater than 14 1 g/l

at the 400 meter contour. Offshore values decrease to approximately 2

p g/l at the 1200 m contour. Gagosian et al. (1980) report an average

primary production value of 4 gC/m 2 day for the sampling area in

February - March 1978.
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Figure 1. Sediment trap locations off the coast of Peru: C0 )trap 1;
CA )traps 2,5,8,11,12; (*)traps 3,4; a traps 6,7; (A )trap 9;
C0 )trap 14.
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Suspended particulate matter The concentration of diatoxanthin

(XXIII), diadinoxanthin (III), fucoxanthin (IV), peridinin (V), and

fucoxanthinol (VI) in suspended particulate matter collected from depths

of 3-1500 m is given in Table 4. These five pigments comprised greater

than 95% of the total carotenoid pigments in the samples (Figure 2). In

all samples the most abundant carotenoid was fucoxanthin, a pigment

characteristic of Bacillariophyceae (diatoms). Surface ( <10 m) water

pigment concentrations varied by nearly two orders of magnitude, from 0.12

pg/1 to 11 Ug/l, and correlated with chlorophyll-a (Figure 3).

In Dinophyceae peridinin replaces fucoxanthin as the principal

photosynthetic accessory pigment. The low concentrations and infrequent

occurrence of this pigment in suspended particulate matter is consistent

with the prior observation that dinoflagellates are relatively minor

contributors to primary production in the upwelling area (Blasco, 1971; De

Mendiola, 1981; Hendrickson et al., 1982). Diatoxanthin and

diadinoxanthin, synthesized by both diatoms and dinoflagellates, were more

frequently observed. When present, these pigments correlate well with

fucoxanthin (Figure 4). The relative abundance of diatoxanthin and

diadinoxanthin (10-30% of the total xanthophylls) is in accord with their

abundance in cultured diatoms and dinoflagellates (See Table 1, Chapter 2;

Riley and Wilson, 1967; Riley and Seger, 1969; Goodwin, 1970; Carreto and

Catoggio, 1977; and references therein). These two pigments were most

frequently measured in samples collected from surface waters <10 m, and

in samples where the cuncentration of fucoxanthin was high. However,

samples 44-10, 97-5, 104-10, and 104-20 do not contain any diadinoxanthin

or diatoxanthin, even though concentrations of fucoxanthin in these

I .. ° " ' m m mm lmmmm ~ m m m mmm a ~ m - ,d ,,m . ,t
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Table 4. Concentration (ug/%) of nhytoplankton xanthophylls
is suspended particulate matter collected off the Peru coast.

Cas t-Depth (M) Z, '

36-3 0.33 3.3 - 18
-5 0.02 0.03 0.19 0.11 0.101
-t0 - 0.07 0.12 0.04 0.01
-25- 0.13 0.27 0.12 0.0450.. .3 0 ".02

-150 .. . 0.04 0.01

44-3 1..5 1.8 b .2 -- 0.10
-1 .. . 1.6 -- 0.02Z5 0.1 - 0.01

-5 0.03 0.02 0.10 .1- 0.01

53-5 - I.L 11.0 . .
-10 0.9 L.0 6.0 0.61 0.0
-20 - 0.152 1.3 - 0.11

76-5 -- 0.02 0.26 -- 0.02
-30 <0.002

77-5 0.07 0. 5 -- 0.01

91-5 0.48 0.06 2.3 L.7 0.21-10 0.00 0.89 3.1 1.3 0.30
-20 0.37 1.1 2.5 0.11
-100 '0.001
-350 . 0.0 0.02 - 0.01

97-5 .. . L.5q . .
99-5 0.48 0.66 1.7 1- 0.29

-50 .0 .9 0.12 -- 0.02
-200 0 - 0.02 - 0.004

104-10 .0.59 0.01
-20 .. .. 0.13 - 0.01
-30 .4 .6 1.7 -- 0.01

105-10 0.12 0.26 0.44 0.01
-20 0.03 0.02 - 0.006
-30 0.07 0.01 0.27 -- 0.01

1,06-10 1 .4 2.7 .5.5 - --20 0.91 1.6 3.8 . 0.0-30 1.2 2. 0.8 . .0
10-1500 0.1 0.02 0. 0005 0.0006
117-1000 < 0.00005

n-- ot detec.ed ( 2 g/1)
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r

Figure 2. High pressure liquid chromatograms of carotenoids in suspended
particulate matter samples 105-10 m, 105-20 m, and 105-30 a collected off the
coast of Peru. Carotenoids separated on a 300x3.9 mm 5 Um Spherisorb amino
column eluted with a 45 min linear gradient of 0-13% MeOH/THF (20/80) in
hexane at 2 ml/min. After 55 min the eluant was stepped to 30% MeCH/THF in
hexane for an additional 15 min.
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Figure 3. Correlation of fucoxanthin vith chlorophyll-a in suspended
particulate matter sampled in the euphotic zone ( <20 ; ) off the Peru
coast. Chlorophyll-a determined fluorometrically Gmediately after sample
collection.
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Figure 4. Correlation of fucoxanthin with diadinoxanthin in suspended
particulate matter samples collected at depths < 20 m. Shaded circles
denote samples which contained significant contributions of peridinin.
Only samples with non-zero values for diadinoxanthin are included.
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Figure 5. Concentration of fucoxanthin (- o), chlorophyll-a (0--o),
and organic carbon (7----.7 ) in suspended particulate matter collected off
the Peru coast as a function of depth for cast 91.
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samples is relatively high, between 0.13-1.6 p g/l. The detection limit

for individual pigments is approximately 2 ng/l. Therefore, using a

minimim diadinoxanthin/fucoxanthin ratio of 0.1, diadinoxanthin should be

measureable in all samples with concentrations of fucoxanthin > 0.02 ug/l

(Table 4). The patchy nature of the diadinoxanthin distribution is not an

artifact of analytical sensitivity, but most likely results from

variability in phytoplankton bloom conditions (Mandelli, 1969, 1972; Hagar

and Stransky, 1970).

The concentration of all pigments decreases rapidly with depth,

correlating particulate organic carbon (POC) and chlorophyll-a (Figure

5). The concentration of fucoxanthin in suspended particulate matter

collected at depths >100 m ranged from 40 ng/l at 150 m (#36-150), to

< 50 pg/1 (not detectable) at 1000 m (#117-1000). Approximately 2 ng/l of

fucoxanthin was observed in the deepest sample collected at 1500 m.

Sediment Trap Samples Sediment trap samples 3-14 contained

significant amounts of large (2-3 me) green anchoveta fecal pellets. Trap

samples 1 and 2 did not contain any recognizable fecal pellets. No

zooplankton or zooplanktonic debris (molts, carcasses, fecal pellets)

could be distinguished in any of the trap samples. The ratios: total

carotenoids/gram dry weight of sample for sediment traps 6, 7, and 12 are

in good agreement with the values from cultured marine phytoplankton

(Table 5). This result supports the phytoplanktonic source of the trap

material.

As part of the analytical procedure, carotenoids are separated from

chlorophyll pigments by gel permeation HPLC (Chapter 5). This separation

results in two fractions as monitored at 436 nm, one containing the total
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Table 5. Milligrams total carotenoid per gram dry weight
for sediment trap samples 6. 7, 12, phytoplankton, and zooplankton.

Trap X Sox Moles* MW4  mg Carotenoid mg Sample* mg/gdw

6 455 4.2 618 0.26 133 2.0

7 453 7.4 626 0.46 105 4.4

12 455 0.88 614 0.054 35 1.5

Diatoms**
Relosira op. 3.3
Phaeodactylum op. 4.8
Navicula sp. 1.2

Dinoflagelates,*
Glenodinium op. 3.93
Aphidiium carcers* 2.91
FModinium op edens 1.02

Zooplankton
Toy 88-89 24.1 596 1.44 745 1.93
ToW 99 9.5 596 0.57 360 1.58

+determined spectroscopically at A .. assuming e-105. Values
multiplied by 107.

+ (Z)(M), see Table 8.
*dried overnight at 140 0C.
*iagar and Stransky, 1970
***Johansen et &1., 1974

"Nixed sample."predominantly euphausida and copepods.
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figure 6. Gel persation BPL separat ion of total carotesoids ad total
chlorine ins edimest trap ample 7 and fecal pellet from soopLankton
collected is tow 30-40. Three (Meters Assoc.) 100 lia styragel colmias is
series eluted with C92C12 at 1.5 sL/mis. Peaks detected at 436 oM.
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Table 8. Pbytopia.kr o-derived piguemors in gooplankton
ed ausbovy fecal pellet samples.

_4 9

5.

4k a

Ir.-23 39 0 0 '5 49 0 0- 1O 0
A 0 9 0 0 6 83 0 0 2 0
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samples, but these pigments comprise only a small percentage of the total

pigments (< 5%; Figure 7).

Zooplankton Fecal Pellets Eight samples of zooplankton fecal pellets

were collected. The increased complexity of the carotenoid mixture in

these samples relative to suspended particulate matter and sediment trap

samples is illustrated in Figure 8. Phytoplankton-derived carotenoids

wera characterized by high concentrations of fucoxanthin and fucoxanthin

5'-dehydrate, and low values of diatoxanthin and diadinoxanthin (Table 8).

All samples contained high concententrations of fucoxanthin

5'-dehydrate. Samples with high concentrations of fucoxanthinol and

fucoxanthin 5'-dehydrate also contained significant amounts of

fucozanthinol 5.-dehydrate. Peridinin and peridinin 5'-dehydrate (XXVIII)

were observed in two samples: 76-80 and 107-108. The HPLC traces of these

two samples also contained a peak that is tentatively identified as

peridininol (XXIX) (Figure 8). The sample size was insufficient for mass

spectral confirmation, consequently the assignment of this peak as

peridininol rests on liquid chromatographic evidence alone.

After completion of the pellet experiments, subsamples of zooplankton

from the upper chamber of the collector were collected for analysis. The

carotenoid distribution of all zooplankton samples were identical, each

contained only astaxanthin and a less polar carotenoid which coelutes with

a"tacese (Figure 8). Astaxanthin is characteristic of marine crustacea,

often comprising greater than 90% of the total pigments in these organisms

(Lis&*a-J..sen, 1978). Aotacene is a base-catalyzed oxidation product of

estazamthin, and may be an artifact of sample storage. The fraction which

coeletes with astacene also has a retention time characteristic of
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carotenoid esters. Fatty acid esters of astaxanthin are common to marine

crustacea, however no standards for these compounds were obtained and

co-elution could not be demonstrated. Astaxanthin and the peak

corresponding to astacene (or astaxanthin esters) were also observed in

some fecal pellet samples. Microscopic examination of the fecal pellet

samples immediately after collection revealed the presence of small

copepods which had passed into the chamber during the course of the

experiment. The presence of astaxanthin pigments in the fecal pellet

samples is attributed to these organisms.

Values of total carotenoids/total chlorins for zooplankton fecal

pellet samples were an order of magnitude lower than those calculated for

suspended particulate matter and sediment trap samples (Figure 6; Table

6). The low values suggest selective degradation of carotenoids with

respect to chlorins, and reflect the highly transformed nature of the

sample.

DISCUSSION

Carotenoids as tracers of water column recycling processes

Two parameters were studied as measures of organic matter recycling

processes in the water column, the ratio: fucoxanthinol/total

fucopigments, and the ratio: total carotenoids/total chlorins (as

determined by gel permeation HPLC). Fucoxanthinol is a by-product of

heterotrophic metabolism of phytoplankton. Therefore the ratio:

fucoxanthinol/total fucopigments is a measure of the relative amount of

metabolized phytoplankton material in a sample, high values being
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indicative of highly reworked material. Values for the ratio of

fucoxanthiol/total fucopigments (f/Ft )for 30 suspended particulate

matter, 12 sediment trap, and 8 fecal pellet samples collected off Peru

are given in Table 9.

The only report of fucoxanthinol in actively photosynthesizing marine

phytoplankton was made by Berger et al. (1977) who measured an f/Ft

ratio of 0.04 for members of the algal class Haptophyceae grown in

laboratory cultures. Phytoplankton of the class Haptophyceae do not

contribute significantly to the primary production in the sampling area.

However Liaaen-Jensen (1977, 1978) has proposed that fucoxanthinol is an

intermediate in the biosynthesis of fucoxanthin and may be present at low

levels in fucoxanthin-synthesizing marine phytoplankton. The ratio of

f/Ft measured by Berger et al. (1977) for cultured phytoplankton is in

good agreement with the average ratio of 0.045+ 0.036 measured for

suspended particulate matter samples collected in the euphotic zone

(<20m) off Peru.

Vertical profiles taken through the euphotic zone show a smooth

increase in the ratio of f/Ft with depth (Figure 9). Suspended

particulate matter samples collected at depths >50 meters had an average

f/Ft ratio of 0.17+ 0.03. a factor of four higher than measured for

surface waters. The high ratio in deep water samples is indicative of a

more highly metabolized standing crop of suspended particulate matter

below the euphotic zone.

The presence of metabolite quantities of fucoxanthinol in diatoms and

dinoflagellates could account for the low fucoxanthinol/fucopigment ratios

measured in surface water samples. Alternatively, the presence of

. . . . " - ' "=- ,=, =m- m =- nlm s li . .. ... .
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Table 9. Fucoxanthinol/total fucopigment (f/Ft) ratios for suspended
particulate matter, sediment trap, and zooplankton fecal pellet samples
collected off Peru.

Suspended Particulate Hatter Samples

Cast-depth f/F t  Cast-depth f/Ft Cast-depth f/Ft

10-1500 0.23 53-5 0.00 97-5 0.00
36-3 0.05 -10 0.03 99-5 0.00

-5 0.05 -20 0.08 104-10 0.02
-10 0.08 76-5 0.07 -20 0.07
-25 0.13 -30 -- -30 0.03
-50 0.14 77-5 0.02 105-10 0.01
-150 0.20 91-5 0.11 -20 0.03

44-3 0.02 -10 0.09 -30 0.04
-10 0.01 -20 0.00 106-10 0.00
-25 0.06 -100 -- -20 0.00
-45 0.09 -350 0.33 -30 0.00

Sediment Trap Samples

Trap # f/Ft Trap # f/FT

1 0.03 7 0.54
2 0.04 8 0.24
3 0.94 9 0.54
4 0.15 11 0.48
5 0.16 12 0.81
6 0.88 14 0.75

0.46+ 0.25

* Zooplankton lecal Pellet Samples

Tow # f/F t

23-25 0.10
34-40 0.02
57-64 0.08
67a 0.19
67b 0.03
76-80 0.31
88-89 0.23
107-108 0.16

0.14+ 0.08

4 . . . / 1 i m l n a e l....
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fucoxanthinol may be attributed Co the detrital background of senescent

and metabolized phytoplankton cells. In the first case the concentration

of fucoxanthinol should correlate with fucoxanthin. A plot of the

concentration of fucozanthinol against fucoxanthin for all samples <100 

is given in Figure 10. No correlation is observed. This result is

consistent vith the hypothesis that a major fraction of the fucozanthinol

in surface waters is contributed by detrital material.

The ratio £/Ft for sediment trap samples averaged 0.46+ 0.25, an

order of magnitude higher than observed in suspended particulate matter

collected from above the traps. These higher values reflect the higher

percentage of metabolized material in the samples. The ratio (f/Ft )

varies widely, from 0.03 for Trap I to 0.94 for Trap 3. The percentage of

fucoxanthinol does not correlate with either trap depth or length of

deployment, parameters usually associated with sample age (Lee and Cronin,

1982), but is more likely a function of the enviromental and

physiological factors that affect heterotrophic metabolim. Trap samples

I and 2 were the only two samples which did not contain any recognizable

fecal pellets. These traps were set nearshore in an area with

characteristically low productivity (Figure 1). The absence of fecal

pellets suggests that direct settling of phytoplankton is the primary

source of material collected by these traps. This is reflected in the low

fucoxanthinol/fucopigment ratio for these two samples (0.03 and 0.04),

values more characteristic of suspended particulate matter than of other

trap samples. Traps 3-14 all contained large quantitites of recognizable

fecal pellets. The ratio f/Ft in these samples are a factor of 4-20

---- -- mr'maia maaimml [] llt
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incapable of de-novo biosynthesis can only oxidize, not dehydrate, dietary

carotenoids (Gilchrist and Lee, 1976; Castillo and Lenel, 1978; Castillo,

1980; Castillo et al., 1980 and references therein). On this basis,

dehydrates in Buzzards Bay sediment trap samples and zooplankton fecal

pellets from Peru are attributed to bacterial metabolism. Two

observations support a bacterial source for the fuco-dehydrates in the

fecal pellet samples. First the concentration of dehydrates does not

correlate with the concentration of fucoxanthinol. The independent

behavior of the two transformation products indicates the processes

responsible for their formation are decoupled. Second, dehydrated

fucopigments were not observed in either sediment trap samples or in

anchovy fecal pellets collected off the Peru coast. It seems unlikely

that metabolic dehydration would be restricted to zooplankton and not

common to other higher heLerotrophs, as is ester hydrolysis.

The high concentration of fuco-dehydrates and short duration of the

fecal pellet collection experiments demonstrates that dehydration can

occur on a time scale of <0.001 yr. Like ester hydrolysis, the rate of

transformation is determined by the rate of heterotrophic metabolism of

phytoplankton material. However, ester hydrolysis is characteristic of

4 metabolism by higher heterotrophs, such as fish and zooplankton, whereas

dehydration appears to be characteristic of metabolism by bacteria.

Therefore, the ratio of fuco-dehydrates/total fucopigments is indicative

of the fraction of bacterially metabolized material.

Opened epoxides (iso-compounds) were not detected in any suspended

particulate matter, sediment trap, or fecal pellet samples. The high

percentage of biologically reworked material in sediment trap and fecal

.. . . . " - " - - .iI- m l i ~ ..... .
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pellet samples indicates that epoxide opening is not a metabolically

mediated transformation. Isofucoxanthinol and Isofucoxanthinol

5'-dehydrate are the second and third most abundant carotenoids in

Buzzards Bay sediment trap samples. These samples have a calculated age

of .10 yr. Hence epoxide opening has a timescale T on the order:

0.01 .T .IO yr. In Buzzards Bay sediment trap samples the relative

abundance of opened epoxides and dehydrates were approximately the same,

requiring a similar time scale of formation. Therefore, bacterial

dehydration of fucoxanthin in Buzzards Bay surface sediments is a factor

of 10 - 104 slower than in the fecal pellet collection experiments.

4The transformation pathway illustrated in Figure 11 suggests that

carotenoids structurally similar to fucoxanthin should undergo parallel

transformation reactions. This hypothesis is confirmed by the presence of

a parallel set of peridinin transformation products in fecal pellet

samples 76-80 and 107-108 (Table 9). Both samples contained fucoxanthin,

fucoxanthinol, and fucoxanthin 5'-dehydrate and the structural analogues

peridinin, peridininol, and peridinin 5'-dehydrate.

CONCLUSIONS

The results of the Peru sediment trap experiments demonstrate that

carotenoids are rapidly degraded and transformed in the oceanic water

column. Specific recycling processes yield characteristic products, hence

a detailed study of the carotenoid distribution in water column

particulate matter can provide information on the rates, mechanisms, and

efficiency of organic matter recycling processes. Carotenoid esters,

synthesized by marine phytoplankton, are hydrolyzed to free alcohols by

-.. . - --.h = -. m a lbi l i l lli -. . . ..
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zooplankton and other higher heterotrophs at a rate determined by the

turnover of primary productivity. Approximately 50% of the material

collected in sediment traps is undegraded. This material is thought to

supply a large fraction of the organic matter which is deposited to the

sediments. Therefore, the presence of unmetabolized fucoxanthin in

sediment traps and zooplankton fecal pellet samples suggests that the

metabolism of phytoplanktonic material is not coincident with it's removal

from the water column.

Dehydrates were significant components of zooplankton fecal pellets.

However, the data suggest that dehydration and ester hydrolysis are

decoupled. It does not appear that zooplankton metabolize fucoxanthin to

dehydrates. The short duration of the collection experiments (< 0.001

yr), and the coexistence of unrearranged diadinoxanthin suggests that

dehydrates are products of bacterial metabolism. Only trace quantities of

dehydrates were measured in sediment trap samples. The primary source of

material in the traps was anchovy fecal pellets. Traps were deployed for

periods of 1-4 days, therefore assuming a sinking rate for anchovy fecal

pellets of 1000 m/day (Staresinic, 1982; Staresinic et al., 1982),

material delivered to the sediments by this mechanism will not be

extensively reworked by heterotrophic microorganisms. Conversely, the

lower sinking rate (10-100 m/day) and high bacterial activity associated

with zooplankton fecal pellets suggests that bacterial transformation of

material delivered to the sediments by this process may be significant.

Epoxide opening of fucoxanthin is not a significant water column

reaction. No open epoxide (iso) transformation products were observed in

any of the samples collected in the Peru upvelling experiment. As some of

o- I , almi lm m a m
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these samples were highly mtaboliaed by anchovy, zooplankton, and

bacteria, epoxide opening appears to be a chemically mediated

transformation. The high concentrations of isofucoxanthinol and

isofucoxanthino 5'-dehydrate observed in Buzzards Bay sediment trap

samples are associated with resuspended sediments. Using an average

sedimentation rate of 0.3 cm/yr and depth of bioturbation of 3 cm, a time

scale of 10 yr was calculated for these reactions. Since no opened

epoxide isomers of either fucoxanthin or fucoxanthinol were measured in

suspended particulate matter collected as deep as 1500 m, the turnover of

particulate matter at this depth must occur on a relatively short time

scale. A more precise understanding of the kinetics of epoxide opening in

the deep sea is required before quantitative removal rates can be made.

Parallel transformations of fucoxanthin and the structurally

analogous peridinin were observed in samples of zooplankton fecal

pellets. Therefore the processes which transform fucoxanthin probably

operate on a variety of compounds with similar functional groups.

However, the reactions are specific to particular structural types; only

the 5'-dehydrate of fucoxanthin was observed. At present it cannot be

determined if the processes that transform carotenoids are the same which

mediate similar reactions in other classes of compounds (i.e. the

dehydration of sterols, hydrolysis of chlorophyll esters).
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SPkvre L. U ic-mt of fucoiamotbin. Chemical shifts relative Co TNS.
PFok umbere refer to IPIAC carbon designations.
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ii) Properties of Fucoxanthin: x max(hexane) 476, 448, 426 (476,

450, 427 Bonnett et at., 1969), X max(acetone) 449, 425.
13 C-NNR (Figure 1) - (CDC1 3 ) a 35.1 (C-1), 47.1 (C-2), 64.1

(C-3), 41.6 (C-4), 67.1 (C-5). 72.5 (C-6), 40.8 (C-7), 197.P (C-8), 134.5

(C-9), 138.9 (C-10), 123.3 (C-11), 144.9 (C-12), 135.3 (C-13). 136.5

(C-14). 129.3 (C-15), 25.0 (C-16), 29.1 (C-17), 21.0 (C-18), 11.7 (C-19),

13.9 (C-20). 35.7 (C-1'), 45.3 (C-2'). 68.0 (C-3'), 45.4 (C-4'), 66.1

(C-5'). 117.5 (C-6). 202.3 (C-7'), 103.3 (C-8'). 132.4 (C-9'), 128.4

(C-10'), 125.6 (C-lI'). 137.0 (C-12'). 137.9 (C-13'), 132.0 (C-14'), 132.4

(C-IS'), 31.A (C-L6'), 32.0 (C-7'), 28.1 (C-18'), 12.7 (C-19'), 12.6

(C-20'), 170.3 (C-1; acetate). 21.2 (C-2; acetate). The folloving

aesigmats may be reversed (see discussion): (C-1, 1'), (C-2, 4), (C-5.

6). (C-16. 17. 18. 16'. 17'. 18'). (C-19. 20,19', 20'). and (C-2', 4').

C.I.N.S. (Figure 2) - (NWl)o 659. (Wl-18)- 641, ( 1-18-18)= 623.

(H1o-60)o 599. (N1-60-16)- 581, (H+1-92)- 567. (194-60-18-18)- 563,

(1-92-18)- 549. (191-92-60) a 507, (1-170)- 489. (I1-170-18)- 471,

(Ho -170-60)- 429.

iii) Derivatisation: Fucoxanthin Acetate - acyletion with acetic

sabydride yields a 6oaoaceztae (next section).

)-(trktot"leiLt) tscoxanini ether (XU) - rucoxanthin (30 ag) in

pylridiae (I ml) was added to I ml of besmthyldisilasane (11U8). After

six hours the reaction ya quamcbed with water and the silylated

fucomeethis extracted with Ca2CI2 . bromtography on silica TLC

yielded tw prodicte: a ")or bad t1 f(8-caroteae) 0.59. sad a very

sier bead which sigated with fucoxamthia (RRf(-csroteoe) 0.20). The

mmjor bead we idoetified as the 3-silyl ether of fuco"Oathia (XXM),

...... dilim a t om nU~ m m m msare I I I00I00Id
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Figure 2. Chemical ionization mass spectra of A) fucoxanthin, B)
3-(trimethylsilyl) fucoxanthinyl ether, and C) 3,5'-bis(trimethylsilyl)
fucoxanthinyl diether. Finnagan 4505 operarting conditions: methane
reactant gas at 900 Um, ionization voltage 100 eV, ionization current 250
,A, conversion dynode 3 kV.

!
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X (hexane) 476, 449, 425. C.I1M.Se: (M1)- 731, (M14-16)- 715,

(W0.-18)- 713, (M01-18-16)- 697, (1041-60)- 671, (104-60-16)- 655,

(WI1-60-18)- 653, (14+1-90)n 641., (14.1-92)- 639, (10,1-60-18-16)-

637,(Wl-90-18)(04l-92-16)- 623, (104-92-18)m 621. (M41-72-60)- 599,

(10+1-90-60)- 581, (x+l-90-60-16)- 563, (z*.l-90-60-l8)(10.1-92-60-16)- 561,

(*01-242)- 489, (301-242-18). 471 (Figure 2). An aliquot of the

monosilane was dissolved in two drops of TifF, one drop of distilled H12 0,

and 25 ;il of glacial acetic acid. Reaction at room temperature for two

hours yielded only one product (silica TLC) with RRf ( -carotene)

identical to fucoxanthin.

3.5-bis(trimethylailyl) fucoxanthin diether (mlI) - Fucoxanthin (U

mg) was dissolved in L mL of triasthyLchLorosilane (TMcS)/pyridine (50/50.

v/v). Af ter 30 minutes the reaction was quenched by dropvise addition of

water, and the pigments extracted into CH 2 C1 2  Chromatography on

silica TLC Save one band, U f (0-carotese) a 0.99. corresponding to the

3,51-disilyl ether (XXXI). 3.5'-bia(trimethylsilyl) fucoxanthinyl diether

had: X a (hex...) 477. 448, 424, 400, %ax (acetone) 449, 425.

C.I.N.S.: (10.1)- 803, (NWl-16)-787, (10.1-16-16)- 771. (10.1-58)o 745,

(Wl4-60)n 743, (10.-72)- 731. (10.-58-16)- 729, (10.140-16)- 727,

o (10.1-90)- 713, (10.142)- 711. (10*1-90-16)o 697. (M1.92-16)- 695,

(10.-72460)o 671, (*I.-90-42-16)- 655. (10.-90-60)s 653. (WI.-90-60-16)-

637, (10.142-60-16)- 635, (10.1-90-90)a423, (10.-90-72-Q)- 581,

* ~(10.-90-9040)- 563, (10.-242)- 561. (10.-242-16)- 545 (figure 2).

Silylation of fiacosuthis with trimethylsilyLimidaaole (ThS-Z)(Pi~rc*

1970) &ad 3-(trimethylsilyl) focoxanthiayl ether (from lWS) with TWS

mader coaditions described above also yielded the 3.5'-bis(trimethylsilyl)
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Table 1. Iodine catalyzed photoisomrization products of fucozanthin and
fucoxanthin 3-acetate. Retention times of cis isomers are normalized to
the all-trans peak. Chromatographic conditions given in text.

FUCOXANTHIN

(all-tranas) N* 'It
10 60.36 0.8 0.7 0.78 0.87 1 1.18 1.23 1.30 17T

5 2 0.36 0.48 0.73 0.77 0.87 1 1.18 1.23 1.31 1.44

2 2 0.36 0.48 0.73 0.77 0.86 1 1.17 L.22 1.30 1.43

1 2 0.36 0.49 0.74 0.78 0.87 1 1.18 1.24 1.31 1.44

FUCCKANMRIN 3-ACETATE
x Rkt

from fucozanthin 2 0.51 0.61 0.73 0.81 0.92 1

from fucoxanmhinol 2 0.51 0.62 0.73 0.81 0.92 1

* nmber of runs. Calculated errors in retention times were vithin the
analytical precision of the method (, 2%).
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fucox athinyl diether. Acid hydrolysis of disilano synthesized from all

methods yields fucoxanthin.

iv) Iodine Catalyzed Isomerization of Fucoxanthin: 1.07 ag of Iodine

(resublimed) was dissolved in 100 ml of toluene and the solution degassed

by sonication under vacuum for one hour. Aliquots (200 ul) were withdrawn

and added to glass vials containing 0.2 ug. 0.4 uS. 1.0 ug, and 2.0 Pg of

fucoxanthin. The vials were sealed under N2 and alloyed to equilibrate

in ambient (fluorescent artificial) Light. After 12 hr aliquots were

withdrawn for analysis. Nine cis isomers were separated by RPLC (300x3.9

me. Sn silica column, oLuted with 12.5% 5 (B - KeQI/TUF; 20/80. v/v) in

hexane at 2 *l/min)(Table 1).

FUCCRAirIN 3 '-ACETATI

i) From Fucoxanthin: 0.1207& of (N,N)-4-dimethylaminopyridin

(DMAP) was dissolved in 100 al of pyridine. pucoxanthin (96 mg) in 10 mL

of 0.1 mH OMP/pyridine was reacted at room temperature with 1 ml of

acetic anhydride. After 15 minutes, 10 al of CH2Cl2 and 10 al of

aqueous CaCO3 (sat) vere added to quench the reaction and neutralize

excess acid. Pigments were extracted into CH2 C12 and washed twice

with an equal volume of aqueous CaCO3 (sat), and once with distilled

820. The extract was dried over Va2804 , concentrated to a small
volume, and traces of pyridine removed by repeated aseotrophic

distillation with dry toluene. The crude product was purified by colu

chromatography on silica. The major red band was collected with the 102

acetone/hexaen eluant. Chrmatography on silica TLC yielded one band,

an f (a-carotene)- 0.45. fucotanthin 3-acetate (XIII) crystallized as

red needlso from toLuene/hexane. Yield, 75 ag (78Z).

. ... eueu lmmmuim• i ai~i HI I °4
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Figure 3. 13C-MU of fucozanthin 3-acetate. Chemical shifts relative
to ThS. Peak numbers refer to LiRAC carbon designatione.
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twcOSbthiG)'. ?ucoxanthinol yeas purified by repeated column

chromatoarapby (1.2 cm a 45 cm) on silica. The column was washed with 20%

acetoue/be'ueo to *lute tucoz anthin and fucoxanthin-8-ol. Fucoxanthinol

eluted with 301 acetone/hexane and was crystallized from hot

tolueneihezane.

ii) Properties of rucoxanthinol: UR f (8-carotene) 0.08,

ax (hamae) 477. "8. 424. XS t(acetone) 47. 13 C-NR (Figure

5) (CoC1 3 ) 31.1 (C-1). 47.1 (C-2). 64.1 (C-3). 41.6 (C-4). 67.2 (c-5),

72.9 (C-6). #,0.6 (C-7), 197.9 (C-6), 134.4 (C-9), 139.0 (C-LO). 123.3

(C-Il). 145.0 (C-12), 35.3 (C-13). 136.6 (C-14), 1.30.0 (C-IS), 25.0

(C-16). 29.) (C-17). 21.1 (C-li). 11.6 (C-19). 14.0 (C-20), 35.8 (C-i'),

49.0 (C-2'). 64.1 (C-3'). 49.0 (C-4'). 66.2 (C-5'). 117.8 (C-6'). ****

(C-7'). 103.2 (C-S'). 132.5 (C-9'), 128.4 (C-10'), 125.7 (C-1l'). 136.9

(C-12'). 135.0 (C-13'). 132.2 (C-14'). 32.5 (C-IS'). 31.2 (C-16'), 32.1

(C-I?'). 28.1 (C-18') 12.8 (C-19'), 12.7 (C-20')(w*** not recorded,

spectra scanned to 200 ppm). CR3S: (H.1)- 617. (M+1-18)- 599.

(l1-1-I6)- 581. (N01-92)" 525, (11.1-92-18)- 507, (1+I-170)= 447,

(We'-170-1S)- 429 (FPigure 6).

* The yield of fecoxanthinol is quite sensitive to deactivation of

LWA1(C39,) by trace mouts of water (presumably from gaassware and

ether). to correct for this deactivation, each synthesis was run on a

mll scale to detemsiae the precise amount of reagent needed to give

saximm yields. Largo scale syntheses were less susceptable to this

prob1~. as illustrated in Figure 4. which presents HPLC chronatograms from

two separate syntheses (100 a, fucoxanthin each).
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tbm. $ "C-40 of tacmbiato&. cbigal ebifi. rotaivo to MS.
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Table 3. Iodin catalyzed pbtoiainerisaeios products Ot
tucozasthisml, ieot"Coxasehin, aMW isotucoaathimol. Retention time of cis
isomners &re sornliaed to the .1 1-tras peak. SeparatiLon conditiLos are
give& is test.

Vw.stia~ 4 0.26 0.43 0.76 1 L.24

14eofeoaeftis-1* 4 0.AS 0.22 0.30 0.36 0.65 1 1.13 1.25 1.30

Ieotmoeithis-tg 2 0.19 0.25 0.31 0.37 0A? 1 1.14 1.24 1.29

Ieotueomammisol 4 0.18 0.25 0."4 0.59 0.69 0.79 0.91 I

**0010910est e@psrate *XpmiM9G9 Cmdsttd 00 difteret &MYS.

NO



iii) Drivatiaion: Fucoxanthin 3-acetate - Acylation with acetic

ashydrido in 0.1 an DW/pyridine yields a diacetate identical in

mntion time (VPLc with fucoianthis 3-acetate (see previous section).

Iodine catalyzed isomersatiom yields a mitur of cia/Cras isomers

identical is relative abundauce sd retention time to the Sizture derived

twoS isoMW isatioe of authentic twcaathis 3-satate (Table 1).

3.3-bis(trimaghvlailyl) £ucoxamagisol diother UMXZ) - Silytatiom

with )SS usn the procedure describ*4 for fucomantbin yi*Lded

3,3-bis(tiamclsylsilyl) fucomanthisol dietfter: ItI (4-carotes) 0.6e.

761, (Not-10) 745., (NO1-18)- 743. (Met1-10) 729, (No.140)s 471.

(3.1-92)0 649, (N.1-90-Rk)* 655. (Not140-18) 653 (Figure 4*..

3j'.V5-ttriethyim siIIl) hWuC..sci.1giehe UZI

Silylaui.. witb Ums-Z for 10 Siatee at room tom.ratere yield* tbe

3,3'.5-rtotntmhyli~y) tcesssaeiel critbekr: 431 (S artim)

0.99. (beam. 474."a 44 &5. so (acetos.) 45 ~..

(3.1. 4). N'114) 61. (l-1-15* 61. 3.15S-S)*799. (3.1-72)*

(W.142-14)o 72S. (3.1-1S0-14)0 fit, (No.140490) 03, (3.42-40).f 65t.

(3.1-90-0-S) W. M319-71) ) (FIgors, S0.

iv) Iodine Catalyzed loommisatie: Appromistely 4 4 at

fecossethie Was dieev" is 20@W I of 0.04 an iodiaeftlgeae

(de...io). lb. soloti.e ws "*led Wader 30 2sd allowed to equilibrate

is amiest (artificial) tiot. After 12 hr. Me siter* was amolyed by

*PLC t3f .1.9 m. S, ae .11.. @toted with 299 a is baones). Poor dC

isomme Wec serted from all-tame fuseathis.I M614l I).



0Iva Proucaethim: Facesasthie (120 a) was dissolved is 1S0 at

of ksOW"2 0 (4"l V/V) ad added toe e&a a "Us' m ofs' at 16 an /M

Aft to 3 br the reaction was queched by addition ot 0.1U acetic acid

(10 ale). and the products extracted into disibyl other. Six mj@r bonds

were observed as silica TLC (402 scoto../hoa.) (Table 4). Isotucommathis

was purified by renpeted chrometography an silica (1.6 cm X 45 cm). The

Column was washed with 202 acetomsiboae to oluto tractions I and 2

(Table 4). Isefucostbis (ZIV) stuted with 302 acetome/'heaee and wes

crystallised tro. tolselheuame. loetucoxshis caino be spretod from

l ucatbme.I arni, the couditioe sd is this psrifigotiom cems.

TboerS tbe purtty of the isolated product viat be coatifmed by

deriwtiso.:le (see below).

ii) Prop"fttea of loseeathis: u r(6-aarome) 0.06.

8(besaam) 41?. "1'. 42se '(.am) (Otome) u&6. cos: (NOl). 659.

(NOl-IS)o 641, (Ntl-S6) 62), (Wl-$-lsl) 0S., (N.140)e 119.

* iii) Detivtiatiee: 1-(trimtbisil ALA Ieucsthieu other

(A1IV1I)- Silylatis of ieefueeeernthim with amL secordia. to the

Preeaese deselibed tat hiswesthie yields )-(trinthylsilpl)

*iseftethisyl other . AS f(8'terot"O. 0.14. 1 a (beras) 476, *40,

(NmllS--1e. Gl. (aI--a&6).679" (*l-*0-lS)* 653.

021 (fiee ?a). moto the 0iecelar ion was set detectod is this spectra.



Tab.4 5..bya*.&si. 4 Fodocce of ttacouathis.

rvca u.. ton (f$1o

3 or** ead #2 0.4.

4. ks omasa 0.4 .9

&wse@* bre 03 04.7. 4.10. 3636

4 ~etuceaso l a

8is ase



)-~rmi~ti~&)tos..an"Sayl *a. &MEC) I.S as-jL(rmta~till$
tweacbol maimer. Cm~am Save. to n1Wo .lIspmE.



-4

*. t

a ~4LkeA1f~
a a

*
'S

a
4~9

4... t

"a
a a

a,. 4

* &

45

ILmLItII Ii>
4W * a a



"104"" Olg VI; -1 .. SeeIse go 00 tree~* aergtbd for tocammocus

tooae *9 ...4.(sW

*~ .~S&ib) tons-*))..~* 41). lw1t-6-o).ji -s. 41,.

4qm. ml.S4S ~e 4 .$1. * .q.I'Ibet Ioe Me St 10 I

4140"964004 enlittacll 164b. U1ig Cio 4#~4. ow 0"reo or u

096WJ.9 M, 1 'a *M44c. 010404 aesa IM to %sum*.). r*10 3 "Veen.te

two #e.as ies two ... etoe. .iwemb hlaelle I see 11 am T4640 3)

4041014 00 4&iI.WSI 401te

30MCA~Iuto

i IF ft i.eavm**e fttaet~i* Was ttweted witb can~i /NMI a S

b~t@oet"ed .tt.Vw em sil tes ("0/W 044taft(b.as") ytolded

isefutmtise1 (Sit). *sit& tr?.t.la.4 fte bet tlw@../b*S@ withb
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iii) Derivagotitom: 3.5.3' ,5'-etoais~ritblsil~l)

istucouathiot tetreoher (XXXI) -SiLylacion of isofucoxanthin with

DIuS-Z for 15 minutes at room tasperature yielded 3,5.3'5.'-tetrakis

(trimethyltilyl) soflucoxathinol tetretber. RR f(B-carotene) 0.99,

) (haaae) 450, 448. 425. -1 smx(aceone) 46. C.I.M.S.: (M+l)-

90$. 1 -2 833. 11t,-72o161-8$17. 1N*1490-721- 743. (K+1-90-72-16)-

721. (*lI-0-90)- 725. (If1-90-90-72)- 653. (1I-90-90-90)- 635.

"V) IodLne aCtalyzed IsouerizaCLon: Approximately 500 og of

eotucoxansagool We dissolved in 200 A! of 0.04 rd iodine/toluene

(eaaeed). Tbe solucio waee seaed under N2 and allowed to equilibrate

for 12 bt undr aient (fluorescent artificial) light. Seven cis isomers

wer separated by *PLC (3003.9 a. Su a silica, eluad with 20ZB in

bease)(Utble 3).

DISCUSSION

Visible Smectfoecool

The vieilie spectrum of fucoxenthin in hexzae displays absorption

makes at 4). 448, sad 426 m. consistent with a conjugated nonaene

chrmobore (RD" &ed Veedom. 1976). Naxim are generally broad and

lackiag is fle structure, a characteristic of conjugated ketones (Vetter

ii a1.. 1911). Ibis is particularly striking in acetone solutions, vhere

the smain at 476 an appears as a shoulder to the 448 peak. Spectra

recorded is heaea ted to have sharper peaks, due to the poor solvating

ability of this solvent.

the solubility of fucopigneate in hexane follows the order:

fucomsAthie acetate ' fucox,*nthin > isofucoxanthin, fucoxanthinol >
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015; on "Wi wefe 1916) emperimmee bov bo se"et ~at&*

Gevetemea" *AM 90emu1t seaof VO.'i.W Si ftf (1916). 4A*&WBW .t

ties cowboe is now fuotiwely .eputervwa'. to me Prese *Cmav

ftwrw gwases ma-o l deelte opew.e ow ceelt ter

twoeemnb.w eusmate aw0046 was.eme Pr&MCO to "ei e Oe at*

iS &WOOmM vtisa too "*leanew ed o ft" 4*10). .veow. m*e &*to

j"jW lu~eiam4 4f gM0 .a 4a4#M~ fo C_: C.6.C_. Ct. C_4 _&

4eS c 4O4(*ID@*lse &I Imes.

CMee aate tor tweememebis twoommusto wevo . am

tweemmniblm se Givv to tble $. 4OIsmom a& by m# ame &too

14*10" IMe 041iM. 6pSfl4i.S of 421e C-3 bpAregpt SM O

#tmua.eme oerm k*600a )-soetme is elpsio to obit me

msm" vwqomsp of tow C1 #Ore deitield. *4IAWIet. pbrltvi. of

too. C-1 eem me ftof mwbk to gem hemftint ia .qmt.E to abit

to e wwow ftegmp ot too C-1 *tw wonoild. Soto" woor obmical

owite of 0 .malmeaee 0 .1, 6 A" 1" 60 awoe. too $.** be .epeCd,

to$* I "a pemm9 .lowlp otheo owntv efmal oiift*.

bmiinie6" C-1 am CA)' eemefiv at 06.1 we am@ "A wem

t~putI%*. b C-1' 0006"q is roteftem IaeoCe 944.4 pwe to

webo~ " saItmie. brow" 1.5 w ofeio0*1 viftt *boewd is

t" le) f*8o fet.f p"W(flm" 91. editillr tsmt iee so too

is, Vie u. wbft Wwi of te C-8, A"C4 eadem (ALI Wppo.

*s wa moveuirnetp & P"m Wfiold obi ft is the ee9oe teqeser of

C-1 a* (4G is 06 w Th. C-1. C-2. a" C-4 ,.. tveboeeo fcsmathis

tlfitUIM)Stfei*tt ue0iI(41
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47.1, sd 41.6 me nespecgiv.Ip). £ upet as 40tietId obt .t 3.9

Pon. coinsstdmfg h rh" r.04smin ot &ho 3-ester toea 3satcel. is

orved ter gba CwP' (,C5S C06024"O 4Wle 91f14 dtsf&jd shIft of 4

pp go app'esimg1, 60.0 pp s .bsorwe tor C-24 MWd C.4 cerhoo.

The.. observatios raqvire revessis to o cicol saitt

.s.&9"G9gs s0e 61 WOO (1916)(Tsbif 3). The, aadg ~ze s by

a*& toold got eegoons"a* use alogo &&Sja~c of C.I. C-Is. C-1. C..

'Sw C-6". 3wo ootmo 555 * s caoms VooAfc# st *... 60.0. '61.6.

4S.4. i 40.1 "a no"Mciwely. bag eatod cbat the soosseto sa o

gev"ead. to too eYOeai, ot tecssastis )-oos sad tucemtIs

ties hicsetbi e y Gal a C-1 carbo* Mems . abwli be 'attote.E * Of

tooie flee r mwe asloed by "o to C-2. C-Is. C-1. C-24. and 4.

Sol? OWe tee at 40.8 pp itbis study. ftess 4.0.9 ppm) to vacafed

for twe~east*is. twoomasthis )-eocts, MWd tecomosthise1. ft*here .

roekoset ot Cho 40.64 "a tEws C-4s (wool to C-? is req.6ued. to

eMdit ls. Cho iceseat6 at 0).) pp ed 41. pp Sre 6ofts" with the

.wyIagie .1 focsstais be& ebitted aple umtoiy 4 ppe Spe *$tot

byely. is. lborffe tao e r*69mes are motioned to C-i * sed C-40 . Sy

*Ijakimation. UMe ree~eftfw at 41.1 pM So 41.0 p"m essiped to C-2 Add

C-1 7 Ma. east be ceSifod to C-2 sad C-6.

Adiitieo11y. me* assipsd towemsce at 21.1 "am sod 21.1 "am to

***tot@ C-2 (Setbyl) "M C-1S totbea tespeielf. Acylatiom of

fsoomstais iseteases tae istsity of thM 21.4 pp (this study)

tesomme.. but dos sot effect the ietessity of the 21.0 ppe (this study)

tiveul. cowwooa.I. tbo 21.6 OM waamiefe is oat observed is the

~C-oSI of (veesothieel. while the tavemasc@ at 21.1 is whschaned.



VWr*wo. OWe as&efs of aetaite C-3* tmcbyt) ad Cw.S garbae gives

by Mmo ae reesese. lb. oerect saee mne mm. givs t Table S.

""a Save wmgsry

Sleesiss impact (Ott) ess spetomtry bas beon widely so"d to

carecooeid scud&*@. I%* tragecatem .t " di tterseg sad groups has bee

receoity reviewe (ND" sad W604". MO.b OW to isae caes OW

IIamstI.IWS secaim doeu s by soeQic ltabelli.4 (&)*** 1L g~.

19M1. lowever, ..rn'e"ss £SM setters trees lack et sesaietity. saw

g00 everett einpty et Me. Speta. Cbmat"I (ASLttCM 0040

spectromety be bean s tudle as a seme et c Lcms ift tbee. preblom

(Caruseele ZL ILL.. Isla). is avowal. l. spectra are mmob simpler and

disPlay as Overall greaer seasuivity. especially tosd toL Sams

r.s. I*es ebsratioa "ere motimd is Ofe preset scty. lbs CI

(C% reegeet as) see spectra of teessabl ad twcosasbim

dersiatim Pro"to sa derivatiweS are "chaterised by totasse teas at

W119 foc1 39 * WI. Nt.'18(Se l-4)(Wster). N*1-40 (acetate).

No.414( 1-1)) NeI'470. W.110-ts. sad not-0?0 (Tigure ls, Table

6). A &tser series of iese W"r eereed at 3.142 (toluese)-atW(e 0-2)

sad3.-106 (STleee-18.

lbs Not predfmam: series of ieee is all Opecra &rise tres loe of

Voer.. to apuronst vita the rpert by Sommett 21 !j.. (1969) Cossecutiw.

debyastife of kydeayl groups is observed is all spectra. sase*

fugornetbis loses two, sod isofecosastbis, fucessasthisel, fecossthift-

$-*l. *ad ioefocasethis eack lose three soisculeso of water. Owly

"y[y fomp. &to lost, Olle# of the 5.5-ePeiWe followed by



deboti. t .a Woof roctw.. Tretoe. fuseamasto am be

distimewsb*d twom i~fstmalmhis twbib kee rh ome Gotecular votrot).

@6 tOw eas of thdi mao secra. moever. is .oti be sole tut owe

reltgive 46604406 of too* rapidly toceaeo th too bhi$@f 406y4rat

(tow titoceostato 0601-1,6 Mt. **1-ts.18. $34. an at)1-W8.U.

so %bag seli v ie a dtett isL rmeaso the soo~it ft orwad saw

wamb lumvs om"h tor doetea ohe 040r otftle"WitV vST"s

V446ib'. tho 1-Il sad SS0l.,O-0t)) toa*t is*~ *&to opectre ot

1"aooaatbim-6.ol are relat ively sort tog**" the " corrmsposdiS. toad

to ta. ese opsetwa of iasommomsti eam tesaftiol. ftis #%es

&hat lose of wat trom ase soesary 8-sllylic alcobol toa s Loaeia

roauties them toe loe of Che osdau7 3 or 30-oi.

Lose of bootie acts (m, @) is catatefletic of fucomumtsie.

ieofsoomgais. dad ftwemasi I-ecegege. AUIioelly. Cho X0l-60

Psn"O olecalar Joe give tis to a eoam sauce of debydratoo

(0014"18I). b. iftemity Of the 9*140 JON Varies C40GSi6rably trOD

SpPfOeiin~le1R 0 o o4e"aOsal beift abest. depsedieg s OWe

issteCl Gooditios No Joe. from lose of WONee (SLA 42) ae

obestwd t nito" ice).

Pecommothim )-acotte 4ispia71 a soesuhat Ses tfese 31 iods

(relative to W3.18) Me futmsthis, O pep &w to Mhe relative

stability to elisistioe of the I-scetyl sod J-bydrosyl group. A *ore

isteese sigoel at WI140 is also oboot.e . So ftams are obsetw 4 from

loe of keteme or from loe of two uolec-. le of acetic acid (-120 am).

Cleavag* of the 7.8 bond nk to Mhe coojugattd 8-keteee gives rise to

the W1-170 series of jogs, this fissios PrOduces fragmsets whuich
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visure 10. promgcmtation reactiooa of fucoznchin: A) major C.I.
frg.memgaioo roactions. 3) loss of ketone, C) fragmentation of 8.9 bond,
OWd 0) loss of tolueee.
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INThODUCT ION

Carotenoids occur in sediments and suspended particulate matter as

complex mixtures of biosynthetic pigments and their transformation

products. Until recently, the complexity of these mixtures outstripped

the techniques available for separation, precluding analysis of all but

major pigments (fox. 1937; Fox et &l.. 1945; Jeffrey. 1974, 1976; Neveux.

1975). The introduction of high pressure Liquid chromatography and mass

spectromecry to non-volatile compounds have largely solved problems of

separation and identification, such that quantitative analysis is now more

limited by methodology (sampling, choice of chromatographic system,

development of suitable internal standards, etc.) than by analytical

capabilities per s. These developments in sophisticated analytical

techniques have stimulated a renewed interest in carotenoid geochemistry.

Carotenoids characteristic of specific classes of organisms have nov been

used to identity sources of sedimentary organic matter (Watts et al.,

1977; Watts and K&xveLl, 1977; Hajibrahim et al., 1978, Cardoso et al.,

1978; Griffiths at al.. 1978). deduce transformation pathways (Repeta and

Gagosian, 1982 ab). recognize pollution events (Griffiths and Edmondson.

1975; Griffiths et al., 1969), and monitor eutrophication in Lake Zurich

(Zullig, L981).

There are numerous reports of HPLC separations of marine carotenoids

(Stewart and Wheaton, 1971; Cadosch and Euguster 1974; Eskins et al.,

1977; Fiksdahl et al., 1978; Hajibrahim et al., 1978; Vecchi and Muller,

1979; OhmachL, 1979; Eskins and Dutton, 1979; Abaychi and Riley, 1979;

Paankker and Gallegraeff, 1979; Ronneberg et al., 1980; Davies and
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Holdsworth 1980; Schiedt et al..., 1981). Schwartz and Von Elbe (1982) have

reviewed HPLC analysis of plant pigments, and systematic studies of a wide

variety of carotenes and xanthophylls have been reported by Fiksdahl et

al., (1978) and Matus et al., (1981). In general these studies have

focused on separating specific carotenoid mixtures, and have ignored the

aspects of pigment degradation during analysis, reproducibility, and

recovery that are fundamental to quantitative analysis.

The present chapter describes an isolation technique using cold

solvent sonic extraction, gel permeation chromatography, and analytical

HPLC which permits quantitative isolation of highly purified carotenoids

from geochemical samples. A carotenoid not found in nature was added as

an internal standard to monitor pigment degradation during sample storage

and analysis. Three criteria were considered in developing the method; 1)

the chromatographic system must separate the five most quantitatively

important marine carotenoids (fucoxanthin, peridinin, diadinoxanthin,

diatoxanthin, and astaxanthin), 2) recoveries must be quantitative at the

nanogram level, and 3) carotenoids must not be transformed during

analysis. Presently no published technique meets these requirements.

As in most other carotenoid analyses, the present method includes

steps to extract, concentrate, and separate carotenoids from samples, and

identify individual pigments on the basis of their physical properties.

However the method differs from previously published techniques in several

important respects. Most published methods either include the lipids

extracted with carotenoids in the analysis, or remove them by methods

incompatible with the recovery of many geochemically interesting

pigments. For example, Watts et al., (1977) saponified sediment extracts
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as a means of removing lipids which interfere with mass spectrometric and

HPLC analysis. Since many marine carotenoids are esters, or are unstable

toward saponification (astaxanthin, fucoxanthin, peridinin) this treatment

is satisfactory only for the analysis of relatively stable pigments.

The present analysis also differs in that it incorporates an

internal standard to monitor recoveries and transformations which may

occur as a result of the analysis. The sensitivity of modern HPLC systems

has made nanogram analysis of carotenoids routine. This three to six

orders of magnitude increase in sensitivity over conventional liquid

column, paper, and thin layer chromatography has not been accompanied by a

similar scaling of chromatographic systems. Nanogram losses of pigment

are below the detection limit of conventional liquid column and thin layer

chromatography, but may account for the whole sample in many geochemical

analyses. Most published carotenoid HPLC analyses use silica columns.

Tanaka et al., (1981) have demonstrated that recovery of carotenoids from

silica is not quantitative for many pigments ( a-carotene (I), lutein

(XIX), astaxanthin ester (III), canthaxanthin (XXV), zeaxanthin (XX), and

isozeaxanthin (XLII)). In the present study astaxanthin was totally lost

from samples at the 1-10 ng level using conventional packed (300 x 4.1 -,

approximately 3 grams of silica adsorbent) HPLC columns.

EXPERIENTAL

A Waters (model 6000A pumps, 660 solvent programmer, 440 two channel

detector, and U6K injector) HPLC system was used for all analysis.

0
Pre-packed 1OOA polystyrene-divinylbenzene columns for gel permeation

0
chromatography were purchased from Waters Associates, Milford, Mass. (100A
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U Styragel). Spherisorb 5 u m amino, octadecylsilane (ODS), and silica

columns for analytical HPLC separations were packed in-house using aI-
balanced density slurry (CH2Br2-CH2Cl2 ) at 15,000 psi (Majors,

1972).

Particulate matter samples were sonic extracted twice in 30 ml of

MeOH (20 mn each) and once in 30 ml of CH2 Cl2 (20 min). Extracts

were combined, filtered through a Gelman type AE glass fiber filter, and

concentrated to approximately 200 1 by vacuum rotary distillation before

gel permeation chromatography. All solvents were distilled in glass

(Burdick and Jackson).

Chemical ionization mass spectra were collected on either a Finnigan

3200 of 4505 quadrupole mass spectrometer interfaced with an Incos 2300

data system. Operating conditions for the Finnigan 3200 mass spectrometer

were as follows: mass range 150-700 amu at 275 amu/sec, 900 um methane

reagent gas, ionization voltage 130 eV, ionization current 500 uA,

multiplier gain 1.5 k, and preamplifier 10- 7 A/V. The vinnigan 4505

mass spectrometer was operated at: mass range 150-1000 amu at 425 amu/sec,

900 1m CH4 reagent gas, ionization voltage 100 eV, ionization current

250 hA, multiplier gain I kV, conversion dynode 3kV, and preamplifier

10 - 7 A/V. Unless other ioted, all manipulations were carried out at

room temperature and unce: . light conditions.

-I RESULTS AND DISCUSSION

Gel Permeation Chromatography Separation of carotenoids from chlorophylls

and other non-carotenoid lipids was considered necessary as a means of

simplifying HPLC and mass spectrometric analysis. Eskins and Dutton
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(1979) described a simple method of separating carotenoids from polar

lipids using a short ODS column. Chlorophylls were retained with

carotenoids on the ODS column and made subsequent HPLC separations more

difficult. Watts et al. (1977) saponified sediment extracts, then

partitioned carotenoids into ether. The ether solution was passed through

an alumina column prior to HPLC analysis. Since astaxanthin, fucoxanthin,

and peridinin are unstable towards saponification and chromatography on

alumina, this method is unsatisfactory for the analysis of these pigments

in recent sediments.

In principal, carotenoids can be separated from chlorophylls and

most non-carotenoid lipids on the basis of their molecular size. Zwolenik

(1970) reported the separation of carotenoids from chlorophylls on

crosslinked polystyrene divinylbenzene gels. Highly crosslinked

semi-rigid polystyrene divinylbenzene gels have been used in the

separation of n-alkanes (C1-C3 6), aromatic hydrocarbons, alcohols

(CI-C16 ), glycol ethers, esters (phthalates), triglycerides, quinones,

phenols, acids (C1-C16 ), ethers (glycol), and diamines (Krishen and

Tucker, 1977; Hausler et al. 1979; and references therein). 100

PStyragel has an exclusion limit of approximately 1000 amu polystyrene,

and an optimal separation range of between 400-100 amu polysytrene. This

gel should exclude carotenoids and efficiently separate them from low

molecular weight lipids. Table 1 presents retention time data for

thirteen carotenoids, chlorophylls -a and -b, and representative alkanes,

0
aromatic hydrocarbons, wax esters, fatty acids, and sterols on two 100A

P Styragel columns in series eluted with CH2C12 at 2 ml/min.

Carotenoids elute shortly after the dead volume (approximately 10 ml) and
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Table 1. Retention volumes (Rv ) for carotenoids, chlorophylls, alkanes,
aromatic hydrocarbons, triglyerides, fatty acids, and sterols on two 10d
uStyragel columns in series eluted with dichloromethane at 2 mls/min.

RP(mls) MW

3,3 '-Diols
Fucoxanthin (IV) 11.94 658
2,2'-Dihydrolycopene (XLIII) 12.12 568
Diadinoxanthin (ii) 12.22 582
Lutein (XIX) 12.28 568
Zeaxanthin (XX) 12.28 568

Ketones
Astacene (IX) 12.06 596
canthaxanthin(XXV) 12.02 566
echinenone (XXVI) 12.38 550

4,4'-alcohols
Isozeaxanthin (XLII) 12.40 568
Isocryptoxanthin (XLIV) 12.60 552

Carotenes
Lycopene (XLV) 12.30 536
$-carotene (I) 12.78 536
a-carotene (XLVI) 12.74 536

Docosane (n-C22 ) 12.00 310
Tripalmitin 12.38 806
Tristearin 12.48 890
Oleic acid 13.50 282
Squa lane 14.72 412
Cholesterol 16.04 386
Stigmasterol 16.04 412
Desmosterol 16.04 384
O-sitosterol 16.04 414
Campes terol 16.04 400
Napthalene 20.80 128
Benzene 21.20 78

.
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are not well separated. Retention volume correlates with apparent

molecular size, acyclic carotenoids elute before their btcyclic isomers

(lycopene 12.30 ml vs. 12.76 ml for a.B-carotene; 2,2'-dihydroxy-

lycopene 12.12 ml vs. 12.28 ml for lutein and zeaxanthin) and double bond

isomers (cya-carotene; lutein and zeaxanthin) are not separated. Within

each carotenoid subclass listed in Table 4 (hydrocarbons, ketones,

4,4'-alcohols, 3,3'-diols) retention time (R t) follows molecular weight:

Rt astacene (tetra-ketone) > canthaxanthin (di-ketone) > echinenone

(mono-ketone).

8 -carotene was the most strongly retained carotenoid. Good

4 separation of 8-carotene from chlorophylls -a and -b, fatty acids .! C18 ,

squalane, sterols, and low molecular weight aromatic hydrocarbons was

achieved on two 30 cm columns connected in series (Figure 1). Separation

of total carotenoids from total chlorophylls extracted from the marine

dinoflagellate Peridinium tricornatum was greater than 99.7% (as measured

by absorbance at 665 nm of the collected fractions).

Table 2 presents data for the recovery of $-carotene (I),

canthaxanthin (XXV), isozeaxanthin (XLI), lutein (XIX), and fucoxanthin

(IV) after gel treatment. A standard solution of these five pigments was

volumetrically split in half, one half run through the gel column, and

collected. Both samples (untreated and gel treated) were taken to dryness

and redissolved in equal amounts of methylene chloride. Aliquots of the

untreated and gel treated standard mixtures were alternately injected onto

a Waters UPorasil column eluted with 25% acetone in hexaue at

4 ml/minute. Greater than 91% recovery was observed for all pigments.

The gel treated sample was systematically lower than the untreated sample,
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Table 2. Recovery of B-carotene, canthaxanthin, isozeaxanthin, lutein,
and fucoxanthin fromu Styragel. Chromatographic conditions given in Table
1 legend.

Peak Height
Run 1 2 3 4 5 6 7 8 Mean R*

Untreated
R-carotene 180 184 199 191 218 151 167 177 183+ 14
canthaxanthin 142 155 159 173 173 124 137 148 1517 11
isozeaxanthin 141 151 158 152 179 121 132 147 1487 12
Lutein 162 167 174 169 191 140 144 147 162+ 11
Fucoxanthin 159 160 169 164 183 142 147 146 1597 10

Gel Treated
- -carotene 165 158 167 166 172 160 161 174 165+ 4.4 91%
Canthaxanthin 139 136 143 140 153 137 141 152 143+ 5.1 95%
Isozeaxanthin 131 127 134 131 142 128 137 143 1347 5.0 91%
Lutein 146 141 149 146 157 152 146 158 148+ 4.6 91%
Fucoxanthin 150 142 151 149 159 155 149 165 153+ 5.5 96%

Untreated Normalized Peak Height
( 8-carotene 128 125 126 126 122 125 126 120 125+ 2.4
Canthaxanthin 101 103 101 101 97 102 104 100 101+ 2.0
Isozeaxanthin 100-
Lutein 115 110 110 111 107 116 109 100 110+ 3.2
Fucoxanthin 113 106 107 108 102 118 111 100 108. 5.5

Gel Treated
8-carotene 126 124 125 127 121 125 118 122 124+ 2.8
Canthaxanthin 106 107 107 107 108 107 103 106 106. 1.4
Isozeaxanthin 100
Lutein 111 111 111 111 110 119 106 110 111+ 3.4
Fucoxanthin 114 112 113 114 112 121 109 115 1147 3.2

*Recovery

1I
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1

Figure 1. HPLC separation of carotenoids (car) ajd chlorophylls (chl)
extracted from Peridinium trichoidium on two 100 A U Styragel columns in
series eluted with methylene chloride at 1.5 ml/min. UV detection at 436
nm.
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suggesting the difference in recovery may be due to sample dilution rather

than on-column or handling losses. This hypothesis is supported by the

normalized data presented in Table 2. The only significant difference

observed between the two samples was for canthaxanthiu, where the range

for the two samples differed by 1Z.

High Pressure Liquid Chromatography Separations of phytoplankton and

zooplankton pigments have been reported on reverse phase ODS (Eskins et

al., 1977; Daves and Holdsworth, 1980), and silica (Abaychi and Riley,

1979; Paankker and Gallegraeff, 1979). It is difficult to compare

different chromatographic systems. Typically, resolution and selectivity

are considered. However, these parameters are dependant on analysis time,

choice of gradient, and the specific compounds being separated; such that

choice of an optimal system is highly subjective. Four criteria were used

in the choice of an optimal system for the present study: 1) the system

must separate fucoxanthin, peridinin, diadinoxanthin, and astaxanthin, 2)

recovery of pigments must be quantitative, 3) analysis time must be < 1

hour, and 4) effective plates per second (Neff/sec) should be maximized.

Table 3 summarizes data for three chromatographic sytems evaluated

with the above criteria: an ODS column eluted with aqueous MeOH, silica

eluted with hexane/acetone, and an n-propylamino (hereafter amino) column

eluted with hexane/(THF/MeOH). Reverse phase separation on ODS provides

good separation of fucoxanthin, peridinin, diadinoxanthin, and astaxanthin

(Figure 2). Analysis time was under one hour and all pigments were

quantitatively recovered. Values of Neff/sec ranged from 0.53

(fucoxanthin) to 3.2 (diadinoxanthin). Comparable separations and
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Table 3. Comparison of carotenoid separations on ODS, silica, and amino
columns.

Column Commnents Recovery Analysis Neff/sec
Time #

ODS*** Good separation of peridinin, all pigments 50 0.8:0.5:3.2:2.9
fucoxaxthin, diadinoxanthin, recovered
and astaxanthin.

Amino** Good separation of peridinin, all pigments 60 1.4:2.3:5.8:8.9
fucoxanthin, diadinoxan thin, recovered
and astaxanthin.

Silica* Good separation of fucoxanthin astaxanthin 60 not determined
and diadinoxanthin. not recovered

Neff/sec = (16(Rt/w)2/Rt), where Rt is retention time (min) and w
is peak widith at base (min). Ratios expressed as peridinin:

A fucoxanthin:diadinoxanthin:astaxanthin.

*** 80-100% aqueous methanol, linear 1 hour gradient at 1.5 mls/min.

** 0-13% MecH/THF (20/80) in hexane, linear 45 minute gradient at 2 mls/min.

* 3-75% acetone in hexane, linear 20 minute gradient at 2 mls/min.

# in minutes
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analysis times were achieved using an amino column. However, values of

N eff/sec were up to a factor of 5 higher than measured on ODS.

Separation of fucoxanthin, peridinin, diadinoxanthin, and

astaxanthin on silica was not successful. Astaxanthin was completely

removed by the column at the 1-10 ng level. Very broad peaks could be

observed with the application of 1-101wg of astaxanthin (Figure 3).

Paankker and Gallegraeff (1979) reported similar tailing of astaxanthin on

silica during separation of zooplankton pigments. Tanaka et al. (1981)

report extensive degradation of astaxanthin ester on conventional liquid

columns packed with silica. Similarly, Englert and Vecchi (1980) were

unable to separate astaxanthin cis/trans isomers on silica HPLC although

70 different solvent systems were tested. Apparently astaxanthin reacts

irreversibly with this adsorbent.

To further test this hypothesis a comparative study was made of a

conventional HPLC column (4.1mm i.d.) packed with 3 g, and a microbore

column (1 mm i.d.) packed with 200 mg of Spherisorb 5 )m silica. Flow

rates were adjusted to produce equivalent column volume/sec. The results

are presented in Figure 3. Good recovery of approximately 10 ng of

astaxanthin was achieved on the microbore columns. As in the preliminary

optimization experiments, astaxanthin was not recovered from the

conventional HPLC column (4.1 mm i.d.) at the 10 ng level. Experiments

with astacene gave similar results. Since the distribution of

astaxanthin, astaxthin esters and astacene in sediments and suspended

particulate matter are of interest in the present study, and in view of

the transformation of 5,6 epoxides on silica reported by Strain et al.

(1967), further separations using silica were not pursued.
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Figure 2. HPLC separation of 1) peridinin, 2) fucoxanthin, 3) astaxanthin
and 4) diadinoxanthin on 5 1m Spherisorb ODS (300 x 3.9 ,m, eluted with
80-100% aqueous MeOH, 1 hr linear gradient at 1.5 ml/min) and on 5 Um
Spherisorb n-propyl amino (300 x 3.9 m, eluted with a 45 min linear
gradient of 0-13% MeCH/THF (20/80; v/v) in hexane at 2 ml/min). UV
detection at 436 nm.



202

I " 4

ODS• 2
3

L1

2

amino 4



203

Figure 3. HPLC of astaxanthin on silica column: A) Approximately 5 Ug
astaxanthin from a 300 x 4.1 mm 5 pm Spherisorb silica column eluted with
50/50 acetone/hexane at 2 ml/min. B) 10 ng astaxanthin from a 300x1 mm 5
I'm Spherisorb silica column eluted with 35Z acetone in hexane. C) 10 ng
astaxanthin injected on a 300 x 4.1 -m 5 U'm Spherisorb silica column
eluted with 35% acetone in hexane. Flow rates adjusted to give equal
column volumes/sec.
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ODS and amino columns give equally good separation of fucoxanthin,

peridinin, diadinoxanthin, and astaxanthin. Efficiencies on amino columns

are higher than on ODS, affording greater resolution of complex mixtures

(Figure 2). The latter technique has the added advantage that fractions

can be collected in organic solvents which can be easily removed for

further spectroscopic analysis. Glass lined 300 x 3.9 mm columns were

packed with Spherisorb 5 u m amino using a balanced density

CH2 Br2 :CH2 CI2 slurry at 15,000 psi. Column efficiencies of 15,000

plates/m were typically achieved. Linear gradients of 0-10%, 0-11%,

0-12%. 0-13%, 0-14%, and 0-15% MeCH/THF (20/80) in hexane were run to

optimize separation and efficiency. A 45 min linear gradient of 0-13%

MeOH/THF in hexane provides a good compromise of analysis time and

separation. More difficult separations can be achieved by decreasing the

concentration of MeCH/THF in the final solvent mixture. Retention times

and peak areas were reproducible to + 2% and + 5% respectively. Detector

response was linear for injections of 1.7-170 ng of B-carotene (least

squares regression correlation coefficient 0.9999).

Mass Spectrometry Mass spectrometry of carotenoids has been

accomplished using electron impact (E) (Moss and Weedon, 1976), chemical

ionization (CI) (Carnevale et al., 1978), and field desorption (FD) (Watts

et al., 1975) techniques. El mass spectrometry usually yields complex

spectra with few high mass fragments (Watts, 1975). CI and FD techniques

both lead to simpler spectra with enhanced abundances of high mass

fragments. Field desorption has the added advantage that ionization

occurs on the surface of the emitter, avoiding problems of thermal

decomposition during heating to volatilize the sample. Recent advances in
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the mass spectrometry of nonvolatile and thermally labile molecules have

focused primarily on sample ionization (Daves, 1979 and references

therein). Hunt et al. (1977), Hansen and Munsen (1978), Cotter (1979),

and Thenot et al. (1979) have described the use of in-beam sample

introduction to obtain CI mass spectra of high molecular weight, thermally

unstable lipids and nonvolatile salts. The technique has the advantage of

low cost and requires only a very simple modification of the mass

spectrometer.

In-beam probe studies have emphasized the importance of probe

material. Ideally, the probe surface should be inert towards the sample

and have good thermal conductivity for rapid heating. Hunt et al. (1977)

used a tungsten wire coated with graphitized carbon. Hansen and Munsen

(1978), Cotter (1979), and Thenot et al. (1979) used teflon, vespel, and

glass probes respectively. Carroll et al. (1979) compared probes

constructed of different materials and concluded that the composition of

the probe tip was not critical. However, probes constructed from

materials with poor electrical conductivity often produced spectra with

erratic peaks due to localized charges on the probe suface. A siloxane

coated copper tip was tested and found to give reproducible spectra

comparable to those collected using teflon, vespel, or glass probes.

Glass and copper probes were fabricated to replace the recessed

quartz sample holder of the Finnigan 3200 (Figure 4). Samples dissolved

in CH2CI2 were applied to the probe tip and the solvent allowed to

evaporate. The probe tip was inserted into the edge of the ion beam (as

monitored by a sharp change in the ion plasma), and ballistically heated

to 400 C at approximately 100 C/min. Sensitivity varied with heating
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Figure 4. Schematic diagram of "in beam" direct insertion probes for A)
Finnigan 3200 and B) Finnigan 4505 mass spectrometers.
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rate. Slow probe heating (20°C/min) resulted in extensive thermal

decomposition of the sample and poor sensitivity. In general, larger

sample loads had to be applied to the glass probe than to the copper probe

to yield comparable spectra. Greater than 100 ng of B-carotene had to be

applied to the glass probe for single scan detection (SIN > 2). Detection

limits for the copper probe were 4 ng for $-carotene, 13 ng for

diadinoxanthin, and 55 ng for fucoxanthin. This difference in sensitivity

most likely results from the poor thermal conductivitiy and slow heating

rate of the glass probe. Addition of a $-carotene carrier to the

fucoxanthin standard to a final concentration ratio of 2:1,

a-carotene:fucoxanthin did not lead to any measurable increase in

sensitivity for fucoxanthin. coating the copper tip with OV-101 similarly

did not lead to any enhancement of sensitivity. Representative spectra of

diadinoxanthin and astaxanthin are given in Figure 5.

Internal Standards Neoxanthin acetate (XVI) was used as an internal

standard to monitor pigment recoveries and degradation during analysis.

Neoxanthin isolated from spinach was acylated with acetic anhydride in

DMAP/pyridine. After 5 min, the reaction was quenched with saturated

aqueous CaCO 3 and the pigments extracted into CH2C12. The extract

was dried over NaSO4 , filtered, and neoxanthin acetate purified by HPLC

(amino column, 5% MeOH/THF in hexane). Neoxanthin acetate has 5,6

epoxide, 5'-hydroxy, and 3,3'-diacetyl functional groups. Therefore, this

pigment can be used to monitor acid rearrangement of the 5,6-epoxide in

diadinoxanthin, dehydration of the 5'-hydroxyl in fucoxanthin, and ester

hydrolysis of the 3'-acetate in fucoxanthin during analysis. The

resulting degradation products (5,8-furanoxide, 5'-ene, and 3'-alcohol)
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Figure 5. Chemical ionization mass spectra of diadinoxanthin and
astaxanthin. Conditions: Finnigan 3200 mass spectrometer, scanned from
100-700 amu at 300 amu/sec, 900 pm CH4 reagent gas, ionization voltage
130 eV, ionization current 500 uA.

1

. .



211

J sAzO IINGM~THtN.CI-CH4.OC1
. 17

I150 IJil~d~ .i. - k.,61JL.. Ill

IG IO 40 50

A SI I . w 6

20

so too Ilia 20a 250 300

310 4b0 550SS

00 597
20

L6 0 g



212

can be separated from the parent compound using an amino column eluted

with 0-13% MeOH/THF (20/80) in hexane.

Application of method Suspended particulate matter and sediment

trap samples were collected with 10 Z Niskin bottles off the coast of

Mexico (170 30.8' N, 1090 15.3' W). Samples were filtered through

Gelman type AE glass fiber filters, and the filters stored for

approximately one month at -200C in foil wrapped glass vials filled with

MeOH. Immediately before storage 0.5 ml of 5.0 pM/l (1.71 ug) neoxanthin

acetate in methanol was pipetted into the samples. Blank filters in MeO

were also spiked with neoxanthin acetate and stored as described for the

samples.

After returning to the lab, filters were sonic extracted in MeOH

(twice, 20 min each) and CH2C12 (once, 20 min). Extracts (MeOH and

CH2 Cl 2) were combined, filtered, and concentrated by vacuum rotary

evaporation. Blank samples were analyzed directly by HPLC (amino

column). Particulate matter samples were subjected to gel permeation

chromatography prior to amino column HPLC.

Quantitative analysis of blank and sample filters showed that 93% of

the neoxanthin acetate was recovered from the samples relative to the

blanks (Figure 6). Epoxide rearrangement to the 5,8 furanoxide was

observed for both neoxanthin acetate and diadinoxanthin in all samples.

No dehydration or ester hydrolysis of neoxanthin acetate or fucoxanthin

was observed in suspended particulate inatter, however significant

concentrations of fucoxanthinol were measured in sediment trap samples.

Samples which contained fucoxanthinol did not contain neoxanthin,

therefore transformation of fucoxanthin to fucoxanthinol is not a result
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of either sample storage or analysis. Analysis of a standard mixture of

neoxanthin acetate, diadinoxanthin, fucoxanthin, astaxanthin, and

peridinin showed that no transformations resulted from the method.

However, if the sample is taken to dryness, equilibration with cis isomers

will occur. Since no epoxide rearrangement results from the analysis, the

neochrome acetate and diadinochrome measured in the samples are considered

to arise from storage.

CONCLUSIONS

The carotenoid distribution in extracts from geochemical samples can

be quantitatively analyzed at the nanogram level by a combination of gel

permeation chromatography, bonded n-propyl amino phase analytical HPLC,

and "in beam' mass spectrometric techniques. Gel permeation
0

chromatography on 100A polystyrene-divinylbenzene columns provides a

rapid, mild, and reproducible method for separating carotenoids from

chlorophylls and low molecular weight lipids. Carotenoids are almost

totally excluded from the gel and elute as a single fraction.

A comparison of analytical separations on amino, silica, and ODS

columns showed that good separation of fucoxanthin, peridinin,

diadinoxanthin and astaxanthin is afforded by n-propyl amino columns

eluted with 0-13% MeOH/THF (20/80) in hexane. Separations on silica lead

to extensive loss of astaxanthin and related pigments due to irreversible

adsorption onto the column. Good separations of phytoplankton and

zooplankton pigments were also achieved on ODS columns eluted with aqueous

MeOH, however N eff/sec were up to a factor of 5 lower than measured on

amino columns.
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Greater than 92Z recovery of neoxanthin acetate from samples and

blanks was measured in replicate analysis. No transformations resulted

from the analysis. However, rearrangement of 5,6 epoxides to 5,8

furanoxides was observed during storage of samples at -20OC for periods

of one month.
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Figure 6. Separation of carotenoids in A) blank, and B) suspended
particlate matter sample collected off the coast of Mexico. The blank was
prepared and stored at the same time as the sample. Compound
identification: 1) neochrome acetate (XLV), 2) neoxanthin acetate (XVI),
3) diadinochrome (X), 4) diadinoxanthin (III), and 5) fucoxanthin (IV).
Separation conditions given in Figure 2 legend.

-e



i 216

.. : A

B

3i 5



217
I.-

REFERENCES

Abaychi J.K. and Riley J.P. (1979) The Determination of Phytoplankton
Pigments by High Performance Liquid Chromatography. Anal. ChiN. Acta 107,
1-11

Cadosch H. and Eugster C.H. (1974) Beweis der Absoluten Konfiguration der
Xanthophyll-5,6-epoxide (Lutein Epoxide). Helv. Chim. Acta 57 1466-1472.

Cardoso J.N., Watts C.D., Maxwell J.R., Goodfellow R., Eglinton G., and
Golubic S. (1978) A Biogeochemical Study of the Abu Dhabi Algal Mats: A
simplified Ecosystem. Chem Geol. 23, 273-291.

Carnevale J., Cole E.R., Nelson D., and Shannon J.J., (1978) Chemical
Ionization Mass Spectrometry of Carotenoids. Biomed. Mass Spect. 5,
641-646.

Carroll D.I., Dzidic I., Horning M.G., Montgomery F.E., Nowlin J.G.,
Stillwell R.N.. Thenot J.P., and Horning E.C. (1979) Chemical Ionization
Mass Spectrometry of Nonvalatile Organic Compounds. Anal. Chem. 51,
1858-1860.

Cotter R.J. (1979) Probe for Direct Exposure of Solid Samples top the
Reagent Gas in a Chemical Ionization Mass Spectreometer. Anal. Chem. 51,
317-318.

Daves G.D. (1979) Mass Spectrometry of Involatile and Thermally Instable
Molecules. Acc. Chem. Res. 12, 359-365.

Davies D. and Holdsworth E.S. (1980) The use of High Pressure Liquid
Chromatography for the Identification and Preparation of Pigments
Concerned in Photosynthesis. J. Liq. Chrom. 3, 123-132.

Englert G.and Vecchi M. (1980) Trans/Cis Isomerization of Astaxanthin
Diacetate/Isolation by HPLC and Identification by 1H-NMR. Spectroscopy
of Three Mono-cis-and Six Di-cis-Isomers. Helv. ChiN. Acts 63, 1711-1718.

Eskins K. and Dutton H.J. (1979) Sample Preparation for High Pressure
Liquid Chromatography of Higher Plant Pigments. Anal. Chem. 51, 1885-1886.

Eskins K., Scholfield C.H. and Dutton H.J. (1977) High Performance Liquid
Chromatography of Plant Pigments. J. Chrom. 135, 217-220.

Fiksdahl A., Mortensen J.T., and Liaaen-Jensen S. (1978) High Pressure
Liquid Chromatography of Carotenoids. J. Chrom. 157, 111-117.

Fox D.L., Updegraff D.M., and Noveili G.D. (1945) Carotenoid Pigments in
the Ocean Floor. Arch. Biochem. Biophys. 5, 1-23.

Fox D.L. (1937) Carotenoids and Other Lipoid-Soluble Pigments in the Sea
and in Deep Marine Mud. Proc. Natl. Acad. Sci. 23, 295-301.



218

Griffiths M. (1978) Specific Blue-Green Algal Carotenoids in Sediments of
Esthwaite Water. Limn. Ocean. 23. 777-784.

Griffiths M. and Edmondson W.T. (1975) Burial of Oscillaxanthin in the
Sediment of Lake Washington. Liman. Ocean. 20, 945-952.

Griffiths M., Perrot P.S., and Edmondson W.T. (1969) Oscillaxanthin in
the Sediments of Lake Washington. Limn. Ocean. 14, 317-326.

Hajibrahim S.K., Tibbetts P.J.C., Watts C.D., Maxwell J.R., Eglinton G.,
Colin H., and Guiochon G. (1978) Analysis of Carotenoids and Porphyrin
Pigments of Geochemical Interest by High Performance Liquid
Chromatography. Anal. Chem. 50, 549-553.

Hansen G.and Munson B. (1978) Surface Chemical Ionization Mass
Spectrometry. Anal. Chem. 50, 1130-1133.

Jeffrey S.W. (1976) A Report of Green Algal Pigments in the Central North
Pacific Ocean. Mar. Biol. 37, 33-37.

Jeffrey S.W. (1974) Profiles of Photosynthetic Pigments in the Ocean
Using Thin Layer Chromatography. Mar. Biol. 26, 101-110.

Krishen A. and Tucker R.G. (1977) Gel Permeation Chromatography of Low
molecular Weight Materials with High Efficiency Columns. Anal. Chem. 49,
898-902.

Hausler D.W., Hellgeth J.W., McNair H.M., and Taylor L.T. (1979) Size
Exclusion Chromatography for the Separation of Whole Coal Liquids. J.
Chrom. Sci. 17, 617-623.

Hunt D.A., Shabanowitz J., Botz F.K., and Brent D.A. (1977) Chemical
Ionization Mass Spectrometry of Salts and Thermally Labile organics with
Field Desoption Emitters as Solids Probes. Anal. Chem. 49, 1160-1163.

Majors R.E. (1972) High Pressure Liquid Chromatography on Small Particle
Silica. Anal. Chem. 44, 1722.

Matus Z., Baranagai M., Toth G., and Szabolcs J. (1981) Identification of
Oxo-, Epoxy, and Some Cis-Carotenoids in High Pressure Liquid
Chromatography. Chromatographia 14, 337-340.

Moss G.P. and Weedon B.C.L. (1976) Chemistry of Carotenoids. In
Chemistry and Biochemistry of Plant Pigments (editor T.W. Goodwin),
149-224. Academic Press.

Neveux J. (1975) Analyse Chromacographique des Pigments du Phytoplankton
en Mediterranee Nord-Occidentale et Pres Cotes Atlantiques Marocaines.
Int. Revue Ges. Hydrobiol. 6, 675-690.

Ohmacht R. (1979) Einfache Mischapparatur zur Gradientelution in Der
Flussigchromatographie. Chromatographia 12, 565-566.



219

Paanekker J.E. and Hallegraeff G.M. (1978) A Comparative Study on the
Carotenoid Pigmentation of Zooplankton of Lake Maarsseveen (NE) and of Lac
Pavin (FR)-l. Chromatographic Characterization of Carotenoid Pigments.

Cop___hm Pyil.6B 51-58. Fea nosl

Repea D an Gaosin RB. 198) Crotnoi TrnsfrmaionProducts in
the pweledWatrs ff he eruian oas: SspededParicuateMatter,
SedientTra Maeril. nd oopanktn FcalPelet nalses InAdv.

Org. Geochem. (editor M. Bjoroy). 3. Wiley. In press.

Ronneberg H., Renstrom B., Aareskjold K., Liaaen-Jensen S., Vecchi M.,
Leuenberger F.J., Muller R.K. and Mayer H. (1980) Natural Occurance of
EWnantiomeric and meso-Astaxanthin 1. Ex. Lobster Eggs (Homarus
gammarus). Helv. Chim. Acta 63, 711-715.

Schiedt K., Leunenberger F.J. and Vecchi M. (1981) Natural occurance of
Enantiomeric and meso-Astaxanthin 5. Ex Wild Salmon (Salmo salar and
Oncorhynchus). H-elv. Chim. Acta 64, 449-457.

Schwartz S.J. and Von Elbe J.I{. (1982) High Pressure Liquid
Chromatography of Plant Pigments- A Review. J. Liq. Chrom. 5 (supp.),
43-73.

Stewart I. and Wheaton T.A. (1971) Continuous Flow Separation of
Carotenoids by Liquid Chromatography. J. Chrom. 55. 325-336.

Strain H.H., Sherma J. and Gandolfo M. (1967) Alteration of Chioroplast
Pigments by Chromatography with Siliceous Adsorbents. Anal. Chem. 39,
9 26-9 36.

Tanaka Y. , Katayama T. , Simpson K.L. and Chichester C.O0. (1981) Stability
of Carotenoids on Silica Gel and other Adsorbent$. Bull. Japan. Soc. Sci.
Fish. 47, 799-811.

Thenot J.P. , Nowlin 3. , Carroll D.F. , Montgonis F.E. and Horning E.C.
(1980) Coated Glass Probe Tips for the Determination of Thermally Labile
Compounds by Mass Spectrometry. Anal. Chem. 51, 1101-1104.

Vecchi M. and Muller R.K. (1979) Seaparation of (3S.3'S)-. O3R, 3'R)- and
(3S.3'R)- Astaxanthin via (-)-Camphanic Acid Esters. 3. High Res. Chrom.,
195-196.

Watts C.D. (1975) The Organic Geochemistry of Carotenoids and the
Quincyte Pigments. Ph.D. Thesis. U. Bristol. ENG.

Watts C.D. and Maxwell J.R. (1977) Carotenoid Diagenesis in a Marine
Sediment. Geochem. Cosmochem. Acta, 41, 493-497.



220

Watts C.D., Maxwell J.R. and Kjosen H. (1975) The Potential of
Carotenoids as Environmental Indicators. In Adv. Org. Geochem. (editors
R. Campos, J. Goni), pp. 391-413.

Watts C.D., Maxwell J.R., Games D.E. and Rossitier M. (1975) Analysis of
Carotenoids by Field Desorption Mass Spectrometry. Org. Mass Spec. 10,
1 102-1 110.

Zullig H. (1981) On the Use of Carotenoid Stratigraphy in Lake Sediments
3for Detecting Past Developments of Phytoplankton. Limn. Ocean. 26,

970-976.

Zwolenik J.J. (1970) U.S. Patent 3,513,467, Chem. Abstr. 73, 32263.

Ie



221

SUMMARY AND CONCLUSIONS



222

SUMMARY AND CONCLUSIONS

Three classes of fucoxanthin transformation products were isolated

from oceanic suspended particulate matter: free alcohols (fucoxanthinol,

isofucoxanthinol, fucoxanthinol 5'-dehydrate, and isofucoxanthinol

5'-dehydrate), opened epoxides (isofucoxanthinol and isofucoxanthinol

5'-dehydrate), and 5'-dehydrates (fucoxanthin 5'-dehydrate, fucoxanthinol

5'-dehydrate, and isofucoxanthinol 5'-dehydrate). Numerous other pigments

which did not coorespond to major phytoplankton or zooplankton carotenoids

were also detected in sediment trap and fecal pellet samples. Mass

spectrometric characterization of these pigments suggests they originate

from marine phytoplankton. However, the specific structures of these

pigments is as yet undertermined.

Rapid hydrolysis of fucoxanthin to fucoxanthinol by higher

heterotrophs was observed in sediment trap samples collected in both

Buzzards Bay and off the Peru coast. Hydrolysis of triglycerides,

chlorins, and wax esters in the oceanic water column and surface sediments

has been proposed to explain the distribution of free fatty acids, chlorin

free acids, and alcohols in Recent sediments. It seems reasonable that

hydrolysis is a quite general transformation reaction operative on diverse

classes of organic esters and mediated by a wide variety of higher

- heterotrophs.

Schuman and Lorenzen (1975) have provided circumstantial evidence for

the hydrolysis of chlorophyll-a to phaeophorbide-a by zooplanktonic

herbivores. The data of the present study supports this conclusion, and

suggests a need for direct experiments in which the hydrolysis of

U
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chlorophyll, carotenoid, and other organic esters can be monitored

simultaneously.

5'-Dehydrates were observed in Buzzards Bay sediment trap material and

fecal pellet samples. Like ester hydrolysis, dehydration may be a general

transformation pathway operative on diverse classes of compounds.

Dehydration products of sterols (Dastillung and Albrecht, 1977; Gagosian

et. al., 1980), phytol (Simoneit, 1973; De Leeuw et. al., 1977), and amino

acids (Bada and Hoopes, 1979) have been reported in a number of marine

environments. However, unlike ester hydrolysis, there are no data which

suggests a coon transformation process. Both chemically mediated acid

catalyzed and microbially mediated metabolic reactions have been

proposed. An acid catalyzed chemical dehydration seems unlikely due to

the coexistence of unrearranged diadinoxanthin and dehydrates in some

samples. More direct evidence could come from further studies of expected

peridinin, dinoxanthin, and neoxanthin dehydrates. These carotenoids

contain both a 5,6 epoxide and 5'-alcohol within the same molecule.

A second, but more indirect route to establishing the mechanism of

dehydration could come from simulation experiments of potentially

important transformation processes. Dehydration of the tertiary

5'-alcohol can result in three products which differ in the position of

double bond formation: the 4',5'-ene, 5',18'-ene, and the

5',6'-ene-7',8'-yne. Acid catalyzed chemical dehydration appears to be

nonspecific, and all three isomers are observed. There are no reports of

bacterial dehydration of carotenoids and the distribution of double bond

isomers produced by this pathway is not known. However, studies of

dehydration using enrichment cultures (Taylor et. al., 1981) should enable

determination of the isomer distribution resulting from this dehydration

pathway.
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Another area which warrents further research is the distribution of

carotenoids, especially opened epoxides of fucoxanthin, in suspended

particulate matter collected below the euphotic zone, i.e the zone of

synthesis for phytoplankton pigments. Unaltered phytoplankton derived

carotenoids were observed in suspended particulate matter samples

collected as deep as 1500 m. Assuming a fucoxanthin to organic carbon

ratio of 0.005, then approximately 0.4 1g/t of carbon can be accounted for

by undegraded phytoplanktonic material. Using an average deep water value

for POC of 5 j.g/9 (Cauwett, 1981), some 8% of the total carbon at 1500 m

is supplied by relatively undegraded phytoplankton.

Epoxide opening is thought to arise from a base catalyzed chemically

mediated transformation. Assuming that the material collected in the

Buzzards Bay sediment traps has an average age of 10 yr, and that the

-I
reaction follows first order kinetics, a rate constant of k-0.l39 yr

is calculated for this reaction. If the rate constant for epoxide opening

in Buzzards Bay approximates that for the deep sea, then a residence time

of less than 72 yr for the particulate matter collected at 1500 m (based

on a 0.2 ng/ Ldetection limit for isofucoxanthin) is calculated. This

residence time is in general agreement with the C derived residence

time measured by Williams et. al. (1978) for POC collected at 2000 m in

the eastern North Pacific Ocean.
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APPENDIX I

Astacene (IX) 3,3'-Dihydroxy-2,3,2' ,3'-tetradehydro-3,1-carotene-4,4'-

diane

Astaxanthin (II) 3,3 '-Dihydroxy-a1, 1-carotene-4 ,4'-dione

3 ,3'-bis(Triinethylsilyl) fucoxanthinol diether (XXXV)
3 ,3'-bis( Trimethylsl'loyl)-5,6-epoxy-3,3' ,5'-trihydroxy-6' ,7'-didehydro-
5,6,7,8 ,5' ,6 '-hexahydro-13,1-caroten-8-one

3,5'-bis(Trimethylsilyl) fucoxanthinyl diether (XXXI)
3,5'-bis(Trimethylsiloyl)-5,6-epoxy-3,3' ,5'-trihydroxy-6' ,7'-didehydro-
5 ,6,7 ,8, 5',6 '-hexahydro- 1, 1-caroten-8-one 3 '-acetate

c-Carotene (XLVI) 1,E-Carotene

$-Carotene (I) , 1 -Carotene

Canthaxanthin (XXV) 13, f-Carotene-4 ,4 '-diane

Capsanthin (XVI) 3,3 '-Dihydroxy-a1, c-caroten-6 '-one

Diadinochrome WX 5 ,8-Furanoxy-7' ,8 '-didehydro-5 ,8-dihydro- 1, 1-carotene-
3,3'-diol

Diadinoxanthin (III) 5 ,6-Epoxy-7' ,8 '-didehydro-5 ,6-dihydro- 1, 1-carotene-
3 ,3 '-diol

Diatoxanthin WXXIO 7,8-Didehydro-3, 1-carotene-3,3'-diol

2,2 '-Dihydrolycopene (XLIII) 2,2 '-Dihydroxy-, 1 p-carotezne

Dinoxanthin (XXVII) 5,6-epoxy-3,3',5'-trihydroxy-6' ,7'-didehydro-
5,6,5' ,6' ,-tetrahydro-3,1-carotene 3'-acetate

Echinenone (XXVI) 1,1-Caroten-4-one

Fucoxanthin (IV) 5,6-Epoxy-3,3' ,5'-trihydroxy-6' ,7'-didehydro-5,6,7,8,5',
6 '-hexahydro-13,1-caroten-8-one 3 '-acetate

Fucoxanthin 3-acetate (XIII) 5,6-Epoxy-3,3' ,5'-trihydroxy-6' ,7'-
didehydro-5,6,7 ,8,5' ,6'-hexahydro-13,1-caroten-8-one 3,3 '-diacetate

Fucoxanthin 5'-dehydrate (YO) 5,6-Epoxy-3,3'-dihydroxy-6' ,7' ,18'-
tridehydro-5 ,6 ,7,8,6 '-pt.crahydro-3,1-caroten-8-one 3 '-acetate

Fucoxanthinol (VI) 5,6-Epoxy-3,3' ,5'-trihydroxy-6' ,7'-didehydro-
5,6,7,8,5' ,6'-hexahydro-13,1-caroten-8-one
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Fucoxanthirt-8-ol (XXXIII) 5 ,6-Epoxy-3 18,3' ,5'-tetrahydroxy-6' 17'-

didehydro-5,6,7,8,5' ,6'-hexahydro-s ,a-carotene 3'-acetate

Fucoxanthinol 5'-dehydrate (XI) 5,6-Epoxy-3,3'-dihydroxy-6 ',7' ,18'

Fucoxanthol (XXXIV) 5 ,6-Epoxy-3 ,813',5 '-tetrahydrox-6' ,7 '-didehydro-
5,6,7,8,5' ,6'-hexahydro-a,a-carotene

Isocryptoxaithin (XLIV) 8a a-Caroten-4-o.

Isofucoxanthin (XIV) 3,5,3,'5'-Tetrahydroxy-6' ,7'-didehydro-5,8,5' ,6'-
tetrahydro- 3, -caroten-8-one 3 '-acetate

Isofucoxanthinol (XII) 3,5,3' ,5'-Tetrahydroxy-6' ,7'-didehydro-5,8,5' ,6'-
tetrahydro- , -caroten-8-one

Isofucoxanthinol 5'-dehydrate (VIII) 3,513' ,-Trihydroxy-6' ,7' ,18'-
tridehydro-5 ,8,6 '-trihydro- 8, -caroten-8-one

Isozeaxanthin (XLII) B,a8-Carotene-4,4'-diol

Lutein (XIX) a, c-Carotene-3 ,3 -diol

Lycopene (XLV) t,4,Carotene

Mimulaxanthin (XVIII) 6,7-Didehydro-5,6,5' ,6'-tetrahydro- 8, 8 -carotene-
3,5,3' ,5'-tetrol

Monadoxanthin (XXIV) 7 ,8-Didehydro- 8,E-carotene-3 ,3 '-diol

Neochrome acetate (XLVII) 5,8-Epoxy-6' ,7'-didehydro-5 ,8,5' ,6'-tetrahydro-
3,3' ,5'-trihydroxy-B,a-carotene 3,3'-diacetate

Neoxanthin (XV) 5,6-Epoxy-6' ,7'-didehydro-5,6,5' ,6'-tetrahydro-
3,3' ,5'-trihydroxy-B. -arotene

Neoxanthin acetate (XVI) 5,6-Epoxy-6' ,7'-didehydro-5,6,5' ,6'-tetrahydro-
3,3' ,5'-trihydroxy-B,B-carotene 3,3'-diacetate

Okenone (X) l'-Methoxy-l' ,2'-dihydro-x ,i-caroten-4 '-one

Peridinin (V) 5,6-Epoxy-3,3' ,5'-trihydroxy-6' ,7'-didehydro-5,6,5' ,6'-
tetrahydro-1O,1l,2-trinor-,a3-caroten-.9' ,ll'-olide 3'-acetate

Peridinin 3-acetate (XVII) 5 ,6-Epoxy-3 ,3' ,5 '-trihydroxy-6' ,7 '-didehydro-
5,6,5' ,6'-tetrahydro-1O,1,20-trinor-8,-caroteI-I9' ,l1'-olide
3 ,3 '-diacetate
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Peridinin 51-dehydrate (XXVIII) 5,6-Epoxy-3,3'-dihydroxy-6' ,7' ,J8'-
tridehydro-5,6,6'-trihydro-1O,11,20-trinor-$,$-caroten-19' ,11'-olide
3 '-acetate

Peridininol (XXIX) 5,6-Epoxy-3,3' ,5'-trihydroxy-6' ,7'-didehydro-
5,6,5' ,6'-tetrahydro-10,1l,2O-trinor-5,6-caroten-19' ,1i'-olide

3,5,3' ,5'-Tetrakis(Trimethylsiiyl) isofucoxanthinol tetraether (XXXIX)
3,5,3' ,5'-Tetrakis(Trimethylsiloyl)-3,5,3' ,5'-tetrahydroxy-6' ,7'-
didehydro-5 ,8 ,5' ,6 '-tetrahydro-a3, -caroten-8-one

3-(Trimethylsilyl) fucoxanthinyl ether(XXX) 3-Trimethylsiloyl-5 ,6-
epoxy-3,3' ,5'-trihydroxy-6' ,7'-didehydro-5,6,7,8,5' ,6'-hexahydro-3, 3--
caroten-8-one 3 '-acetate

5'-(Trimethylsilyl) fucoxanthinyl 3-acetate (XXXII)
5 '-Trimethylasiloyi-5 ,6-epoxy-3 ,3' ,5 '-trihydroxy-6' ,7 '-didehydro-
5,6,7,8,5' ,6 '-hexahydro-g, a-caroten-8-one 3,3'-diacetate

3-(Trimethylsiiyl) isofucoxanthinyl ether (XXXVII) 3-Trimethylsiloyl-
3,5,3, '5 '-tetrahydroxy-6' ,7 '-didehydro-5 ,8 ,5' ,6 '-tetrahydro- , --
caroten-8-one 3 '-acetate

3,3w ,5'-Tris(trimethylailyl) fucoxanthinol triether (XXXVI)
3,3' ,5'-tris(Trimethylsiioyl.)-5,6-epoxy-3,3' ,5'-trihydroxy-6',7'-
didehydro-5 ,b,7 ,8,5' ,6'-hexahydro-a,a-caroten-8-one

3,5,5'-Tris(trimethyisilyl) isofucoxanthinyl triether (XXXVIII)
3,5,5'-tris(Trimethylsiloyl)-3,5,3, '5'-tetrahydroxy-6' ,7'-didehydro-

5,8,5' ,6'-tetrahydro-B,a-caroten-8-one 3'-acetate

Tunaxanthin (XXI) 3 ,3'-dihydroxy-c, E-carotene

Violaxanthin (XXII) 5,6,5' ,6'-Diepoxy-5,6,5' ,6'-tetrahydro-3,3 '-dihydroxy-
, -carotene

Zeaxanthin (XX) 3,3 '-dihydroxy-3, -carotene
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APPENDIX II

B-carotene I

0

HO Astaxanthin NI

OH

Diadinoxanthin III

HOFucoxanthin IV Ac

*Ac



230

HOb H. flAc

Peridinin V

HOHOO

Fucoxanthinol Vi

Ha"' OH

Fucoxanthinol 5'-dehvdrate Vii

HOH

isofucoxait'inol 5'-deh-,drate VIII
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Fucoxanthin 3-acetate XIII

Ac

Neoxanthin XV

AcO 
H 06 ~Neoxanthin acetate XVI~
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OH

HOuaxnhn VI
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OH
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00

Canthaxanthin XX'!
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HO A
Dirioxanthin XX'II

HO
OAc
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OHPeridininol XXIX

0N

3-(Tri-iethylsilyl) fucoxanthinyl ether XXXOc

3,5'-Bis(tri',ethylsilyl) f'coxanthinyl dietherQA

XXXI

Ac 0
TMS QAcF. 5'-(TrP-'ethvlsilyl) fucoxant'hin 3-4'cetate XXXII
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H OH

Fucoxanthin-g-ol XXII Ac

Fucoxartthol XXXIVH

3,3'-Bis(trinethylsilyl) fucoxanthinol dipth1er XXXV

3,3g ,5'-Tris(triiethylsilyl) fucoxanthinol triether XXXVI
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T! SO 
H Ac

3-(tririethvlsilvl) isofucoxanthinyl ether XXXVII

e) Tris Ac

3,5.5'-Tris(trirmethylsilyl) isofucoxanthinyl triether XXVIII

TIIS ) ,i ris ISOoTI S
3,5,3 ,5'-Tetrakis(tririethvlsilyl) isofucoxanthinol tetraether XXXIX

Okenone XL
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Cansanthin XLI O

IO

OH Isozeaxanthin XLII

2,2' -fihydrolycovene XLIII

OH Isocrvotoxanthin XLIV
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Lyconefle XLV

ct-carotene vYUllI
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