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relevant time scales of reactions that transform carotenoid pigments in
the oceanic water column were studied.
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Bay, Massachusetts and the Peru upwelling system has a carotenoid distribu-
tion reflecting the phytoplanktonic source of the material. The carotenoid
distribution of sediment trap samples collected in these same areas was
dominated by transformation products. Fucoxanthin, the primary carotenoid
of marine diatoms, typically constituted 77-100% of the total fucopigments
in suspended particulate material. In sediment trap samples this pigment
constituted only 4-85% of the total. The remaining 15-96% of the pigments
consisted of the fucoxanthin transformations products: free alcohols (2-94%),
dehydrates (0-6%), and opened epoxides (0-19%).-

Preliminary results suggest that carotenoid esters are hydrolyzed to
free alcohols at a rate determined by the turnover of primary productivity..
The dehydrated and epoxide opened intermediates of fucoxanthin represent
products of transformation reactions that operate over much longer time
scales (0.1-10 yrs). Dehydration and epoxide opening are not significant
water column transformations, but are important in surface sediments.
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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 carotenmoid
pigments by phytoplankton in the euphotic zone, 2) consumption and
metabolism of some fraction of these pigments by heterotrophic organisums,
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 15-962 of
the pigments consisted of the fucoxanthin transformation products: free
alcohols (2-94%), dehydrates (0-6%), 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
Chemistry 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 zome,
and what is deposited in the surface sediments (Andersenm, 1977). For
example, annually some 7 x 10193 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. Only 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 siace been couvincingly documented
with several classes of structurally different compounds (Baker and

Palmer, 1978; Ourisson et al., 1979; MacKenzie et al., 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 Qurisson, 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 reactioms
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 (nutritionm,
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
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
bxzterial 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 biogemic
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.




y——r~

Y

-
1

15

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

2-103 yr. Therefore, inherently

interest are on the order of 10
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
(LiaaemrJensen, 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
organisms (Liaaen-Jensen, 1978). In this study the transformations of
selected pigments from marine phytoplankton and zooplanktom will be
investigated in order to determine the rates and mechanisms of reactionm.
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 sedimenﬁ—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 Committee 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. B-carotene
(1)) 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.
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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 (species unidentifie.).
Several major unidentified yellow colored pigmerce !przs.usaily carotenoid
transformation products) were reported. Although the cvidence 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
3 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 pigmen:s 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 et al., 1980) were moored in Buzzards Bay,
Massachusetts (41°32'N, 70°%2'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 1 m with a 30 g Nisken bottle
immediately after retrieval of sediment trap 3. Particulate matter from
seawater and sediment trap samples was filtered through pre-combusted
(450°C, 24 hours) Gelman type AE glass fiber filters, and sonic
extracted with MeOH (twice, 20 min each) and CHZCI2 (once, 20 min),
Extracts were concentrated to approximately 200 uf by vaccum rotary
evaporation then separated into compound classes by gel permeation
chromatography on 1004 uStyragel (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 im amino (Buzzards Bay
sediment trap 2) and a Spherisorb 5 ym amino column (suspended particulate
matter, Buzzards Bay sediment trap 3) eluted for 45 min with a linear

gradient of hexane and 0-13% MeOH/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% MeOH/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 méde 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
(VILII). 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.a , 8 , 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 951

of the carotenoids isolated from BBSPM > 0.45 um can be accounted for by
five pigments: astaxanthin, fucoxanthin, peridinin, diadinoxanthin and
carotene (Figure l; 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). 1In 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 (I1), carotene (I), diadinoxanthin (III), fucoxanthin (IV),

peridinin (V) and their cis isomers conmstitute 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
diatoms, dinoflagellates, and suspended particulate matter.
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Astaxanthin 90 31 +
Astacene 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) carotenme, 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 5 u m Spherisorb amino column
(slurry packed in-house), eluted for 45 min with a linear gradient of
0-13% MeCH/THF (20/80, v/v) in hexane at 2 ml/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 (70-90%) in
their respective classes of organisms (Table 1). The natural occurrence
of carotene and diadinoxanthin is less precisely known. B -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 957 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 50% 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 Piggen:s- 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 302 MeOH/THF (20/80, v/v) in
hexane. Peak numbers refer to fractions in Table 2. Conditions given in
Figure 1 legend.
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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 1l
Fucoxanthinol 5'-dehydrate (VII) 6 6
Isofucoxanthinol 5'-dehydrate (VIII) 0 .

100% 100%

%0,.50 mg total pigments/gdw sediment. Determined spectroscopically omn

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

average molecular weight of 616 amu ( I (MW)(XX)).

]
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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 fractioms 2, 6, 8, 9, 10,
11 and 12 from BBST-3 have characteristic ions (M+l, M+1-18, M+1-60,
M+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 (VI), and
fraction 11 of BBST-3 as isofucoxanthinol (XII). Coinjection of authentic
fucoxanthinol (Chapter 4) confirmed the identification of fractiom 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

M

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

v-ﬁvw—vw -

5'~dehydro series have already been identified. These compounds may
represent 3, 5 or 3' dehydro isomers of fucoxanthinol and isofucoxanthinol
E‘ as illustrated in Figure 5.
f 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
1 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.
F! 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 isomerizatiom 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).
a Cary 118 scanning spectrophotometer.

Spectra recorded in hexane on
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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 (formatiom 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 MeOH/HZO (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 (VI) 5, 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.
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Figure 5. Dehydration reactions of fucoxanthinol.
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v Table 5. Thermal isomerization of fucoxanthin 3'-acetate

Retention Time (min.)* Peak Area
r - Isomer Run 1 Run 2 Run 1 Run 2
b Authentic fucoxanthin 3'-acetate (from fucoxanthin)
!
g cis isomer 1 0.88 0.88 0.088 0.081
t‘ cis isomer 2 0.95 0.96 0.27 0.27
i all trans 1.0 1.0 1.0 1.0
E 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
Pp 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
[n
| *300 x 3.9 mm Spherisorb 5y m amino column eluted with 52 B (B = 202

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

are normalized to the all-trans peak,

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

run,
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n Figure 6. Kinetics of base-catalyzed epoxide opening and ester hydrolysis
of fucoxanthin in 0.1lmM KOH MeOH:H70 (90:10).




(vrw) euyf

09€ 00€ ove 08l ocl

48

JOUIYJUDX0INJOS| v
UIyJubx09n40s/ ©

U1y uoxoany o

09 0

- 08

ool

jelisyeyy buijiels s




VYl ~. T

49

The mass spectra of fucoxanthin dehydrate (XI), fucoxanthinol
dehydrate (VII), and isofucoxanthinol dehydrate (VIII) are comsistent with
loss of the tertiary alcohol at the 5' position (Figure 7). The mass
fragment M+1-170 arises from cleavage of the 7,8 bond a to the 8-ketome.
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 vatalyzed 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/CHCl3. 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 (20-252) and the 3',4'-, 5',18'~diene (presumably
from rapid dehydration of the allylic 4',5'~ene) (0-202) (Figure 8). 1In
contrast, Bonnett et al. (1969) dehydrated fucoxanthir with phosphoryl
chloride and reported only 4',5'-ene formation, More thorough studies of
this reaction (Nitsche, 1970, 1972; Johansen and LiaaenJensen, 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+l= 599, M+1-18 = 581,
M+1-18-18 = 563, M+1-92 = 507, M+l-154 = 445, M+1-170 = 429), B)
fucoxanthinol (5?) 5'-dehydrate (BBST-3 fractiom 8) acylated with acetic
anhydride in pyridine (M+l = 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 = 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+1 =
701, M+1-18 = 683, M+1-60 = 641, M+1-60-18 = 623). Instrumental
conditiouns: CH, reagent gas at 900 um, ionization voltage 130 eV,
ionization current 500 uA,
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diacetate (XVI), fucoxanthin acetate (XIII), peridinin (V), peridinin
acetate (XVII), and minulaxanthin (XVIII) dehydrated with CHC13/HCI and
phosphorous oxychloride (P0C13) 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+l-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

13

for comparative chromatographic, IR, and "~C and proton NMR studies.
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Figure 8. 5'-hydroxyl dehydration of neoxanthin with 0.02 N HC1/CHClj,
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 epoxide 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 & 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, thzse sediments should have a high concentration of carotenoid
mono~ and di-dehydrac.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




YV e—r—r Y e v -

—

PR VU

57

trap samples are believed to be indigenous to the samples. Glasko et al.
(1969) did not report any isofucoxanthin or isofucoxanthinol 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 (80Z) 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 fractiom 5 of
BBST-3. 1In support of this assignment, fraction 4 of BBST-2 has
absorption maxima at 477, 447, 424 (acetone) and m/z 583 (87%), 565
(M+1-H20)(36Z), and 181(100%). Fraction 5 of BBST-3 had m/z 583(61%),
565(35%), and 181(100%). Authentic diadinoxanthin had X nax 477, 447,
425 (acetone), and m/z 583 (100%), 565 (78%), 181 (100Z). 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°C 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 ym 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-1,2-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 18l. 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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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+1l; M+1-18). The pseudomolecular ion (m/z 569) of BBST-2 fraction
2 requires C4002H56‘ characteristic of the widely distributed
carotenoid 3,3'-diols lutein (XIX), zeaxanthin (XX), and tunaxanthin
(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). cCarotenoid 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 resisi@nt terrestrial plant material or
macrcscopic 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 C4oll540,+ On the basis of
retention time, these fractions are most likely diols. Marine carotemoid
diols with C4otl540; include diatoxanthin (XXIII) and monadoxanthin
(XXIV). Diatoxanthin is a major pigment in many marine diatoms and
dinoflagellates, however the HPLC 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. 1In
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 C,0928s
(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-ome) 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 CAO“ZHSZ 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 ELE 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 (CAOHSG’ MW 536). Attempts at further
separation of the mixture on silica (hexane), and RP-C18 (80/20;
MeOH/HZO) 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 this
fraction as peridinin 5'-dehydrate (XXVIII). By analogy with the major
series of fucoxanthin dehydrates, dehydration is expected to occur at the

5'-alcohol.
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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
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 fucoxaathin (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 al. (1977) and that only

et
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),
i! 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 PARTICULATE MATTER, SEDIMENT TRAP MATERIAL,
AND ZOCOPLANKTON FECAL PELLET ANALYSIS.




T

—————

73

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
l., 1979; Phaffenhofer and Knowles, 1979; Rowe and Gardmer, 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 ym 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). &) To extend water
column sampling to below the euphotic zone, where synthesis of
phytoplankton 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, 75%).
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/mzday (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
15°s, 75°W. vertical profiles of suspended particulate material were
collected either with a 202 glass Bodman (Gagosian et al., 1979) or a 102

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

wvas immediately filtered through pre-extracted
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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.(8S) Long. (W)
10-8 3/15 1512-1820 159 27° 759 53!
36-3 3/21 2044-2058 15° 07! 759 36!
-5 1130~-1305
-10 1950
-25 1315-1340
=50 1735
-150 1912
44-3 3/24 1320-1345 15¢ 07' 759 37!
-10
=25
=45
53-5 3/25 1500 159 02! 759 35!
-10 1444-1500
=20 0928-0954 159 04° 759 34'
76-=5 3/30 1030-1047 149 59°¢ 759 38"
-30
77=-5 3/30 1728-1738 15° 02 759 41!
91-5 4/1 0915-0945 15° 08' 759 40"
-10 1606 159 07° 750 41!
=20 . 1244-1326
-100 1328-1410
=350 1445-1546 159 08' 759 42!
97-5 4/1 1736-1757 15° 07! 759 41!
g 99-5 4/2 0955-1015 15 06" 759 42!
=50 1057-1115
=200 0837-0920 15° 08! 759 40'
f; 104-10 4/3 1157-1212 159 04" 750 27!
g =20
=30
f 105-10 1453-1512 15° 00' 759 31°
L -20
=30
[
; 106-10 4/4 0843-0908 15° 08" 759 40!
-20
=30

117-1000 4/6 1134-1245 15° 25 759 58'
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(CH2C12. 24 hr), pre-combusted (450°, 24 hr) Gelﬁan 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 thebultimate 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 cousisted of a 41 cm diameter
PVC cylinder with a 3:1 aspect ratio atop a 45° cone with a 3/4" ball
valve terﬁinus. 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 234y 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 198l.

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

1-20 75 3/18 1116 : 3/20 1116 48 150 03' 75926
2-30 80 3/18 1200 : 3/20 1028 46.5 15° 04'  75027'
3-301 200 3/23 0800 : 3/24 0820 24.3 150 g7'  75938'
4-50 3/21 1558 : 3/24 0820 64.4

5-20 80 3/23 1429 : 3/26 0811 65.7 1509 04'  75°27'
67:‘9*3'1 140 3/24 1822 : 3/27 0928 63.1 150 04'  75936'
8-7 80 3/26 0850 : 3/30 1610 104.7 15° 03' 75928’
9-40 140 3/27 1633 : 3/30 0928 64.9 14° 59'  75%0Q"'
11-22} 80 3/31 1155 : 4/3 0930 70.4 159 04' 75927
12-40

14-40 80 4/3 1438 : 4/5 0930 42.9 150 02'  75932°

*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(8l) Time (local) Latitude (8) Longitude (W)
’ ZOOPLANKTON
&‘ 23-25 3/18 2117-2232 159 10' 759 35!
? 34-40 3/21 0000-0339 159 13° 759 32!
é 57-64 3/25 2240-0310 15° 14! 75° 30
‘ 67-A, B* 3/26 2130-2234 15° 13! 75¢ 31
76-80 3/29 2050-0005 159 23’ 759 54'
88-89 4/1 1915-2110 15© 08' 759 41
107-108 4/5 2327-0055 15° 11' 750 37!

ANCHOVY FECAL PELLETS**

57-62 3/25 2240-0223 150 14' 759 30'

i *sample split between two chambers.
{ *%collected with zooplankton net towed at 25 m.,
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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°C for future analysis. Phytoplankton were
sampled with a 52 m mesh net towed 10 m below the surface. The cod end
of the anet was emptied directly into a glass jar and the contents frozen

at -20°C. Sampling times and locations are given in Table 3.

RESULTS

Oceanographic Setting A detailed account of the hydrographic data at

15%3, 75% 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 ug/l
at the 400 meter contour. Offshore values decrease to approximately 2

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

primary production value of 4 gC/m2 day for the sampling area in

February - March 1978, ?

S
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Figure 1. Sediment trap locations off the coast of Peru: ( O ) trap 1;
(&) traps 2,5,8,11,12; ( @ ) traps 3,4; (@ ) traps 6,7; ( A ) trap 9;
( 0) trap l4.
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Suspended particulate matter The concentration of diatoxanthin

(XXI1I1), 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 95X of the total carotenoid pigments in the samples (Figure 2). 1In
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
ug/l 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 sugpended 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 cuancentration 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
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Table 4. Concentration (ug/%) of ohytoplankton xanthophylls
is suspended particulate matter collected off the Peru coast.

>
§ § 5 $
~ v = i =
g X o ~ <
g g 5 5 §
$ v & =z &
Cast-Depth (m) 5’7 5'7 g I g
36-3 - 0.33 3.5 ~- 0.18
=5 0.02 0.03 0.19 0.11 0,01
-10 - 0.07 0.12 0.04 0.01
-25 - 0.13 0.27 0.12 0.04
=50 - - 0.13 - 0.02
=150 - - 0.04 - 0.01
44~3 1.5 1.8 0,2 - Q.10
-10 - - 1.6 -~ 0.02
-25 -— -~ 0.15 - 0.01
%45 0.03 0.02 0.10 -~ 0.01
53-5 - 1.1 11.0 - -
~-10 Q.91 t.3 6.0 4.61 4¢.20
=20 - 0.52 1.3 - 0.11
76=5 - 0.02 0.26 - 0.02
-30 <0.002
77-5 0.07 0.08 0.43 - 0.01
91-5 0.48 0.56 2.3 1.7 0.21
-10 0.00 0.39 3.1 1.3 0.30
-20 0.37 l.1 2.5 -
-100 <0.001
=350 -~ - 0.02 - 0.01
97=5 - - 1.5 - o
99-5 0.43 0.66 1.7 - 0.29
=50 - - 0.12 - 0.02
-200 - - 0.02 == 0.004
104~-10 - - 0.59 - 0.01
=20 - - 0.13 -~ 0.0l
=30 - - 0.28 - 0.01
105-10 0.12 0.26 0.44 -~ 0,01
-20 0.03 0.09 o0.21 -=- 0,006
=30 0.07 0.01 0.27 - 0.01
106-10 1.4 2.7 5.5 - --
-20 0.97 1.6 3.8 - --
-30 1.2 2.8 5.8 - -
10~1500 0.001 0.002 0.002 0.005 0Q.0006
117-1000 < 0.00005

-= not detected ( <2 ng/l)




85

.'W'f—'ﬁ':-—".—"‘—-—

Figure 2. High pressure liquid chromatograms of carotenoids in suspended
particulate matter samples 105-10 m, 105-20 m, and 105-30 m 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 (20/80Q) in

hexane at 2 ml/min., After 55 min the eluant was stepped to 30X MeCH/THF in
hexane for an additional 15 min.
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Figure 3. Correlation of fucoxanthin with chlorophyll-a in suspended
particulate matter sampled in the euphotic zone ( <20 m ) off the Peru
coast., Chlorophyll-a determined fluorometrically immediately 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 (0—0), chlorophyll-a (0--0),
and organic carbon (V-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 0.13-1.6u 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 conceantrations of fucoxanthin >0.02 ug/l
(Table 4). The patchy nature of the diadinoxanthin distribution is not an
artifact of analytical senmsitivity, 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/l (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 mm) 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, snd zooplankton,

Trap A Moles* MW*'* mg Carotenoid wmg Sample* wmg/gdw
max

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**

Melosira sp. 3.3

Phaeodactylum sp. 4.8

'.Vicul. .po 102
Dinoflagellatest*w

Glenodinium sp. 3.93

Algx'dx' nium carterse 2.91

Gymnodinium ogfonaonl 1.02
Zooplankton***

Tow 88-89 24,1 596 l.44 745 1.93

Tow 99 9.5 596 0.57 360 1.58

*determined spectroscopically at xnx assuming €=105. Values
sultiplied by 107.

++ £(2)(MW), see Table 8.

#dried overanight at 40°C.

*#*iagar and Stransky, 1970

wk4Johansen ot al., 1974

++*Mixed sample, predominantly euphausids and copepods.




Figure 6. Gel perssation HPLC separation of totsl carotenoids and total
chlorins in sediment trap sample 7 snd fecal pouot} from sooplanktoan
collected in tow 30-40. Three (Waters Assoc.) 100 Au Styragel columms in

series eluted with CH)Cl; at 1.3 ml/min. Peaks detected st 436 asm.
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Table 6. Ratio of total caroteacide/total calorias for suepended
particulate matter. sedinont trap. 304 acoplaniton fecal pellet samples.

Semple Car/Od}
!E“ 0.22
3o=50 0.08
&4=10 0.07
=29 0.10
=49 0.10
16~9 0.19
16-30 0.08
-3 0.29
104-10 000

=20 0.07

=30 00?7
10%-20 0.20

=30

% 20.0%
’ 0.2
3 0.01
& 0.1)
¢ 0.93
? 0.3?
] 0.09
1 11 0.0%
(73
«26 20,21

H 082
3)-04 0.01
67 004
oNn 9.01
$0-89 902

oot 8 oo
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carotensids (TCa), and mether containing (otal calerias (TOM)
(Pigure 4). The ratio: a7ea of carotensis paas:ares of caleria pess
(TCA/TCR) is eirectiy groportionsl (o the wolar retio of those (we
coupound ¢ 158000 I8 the sample (Ared ¢+ eems.i; aiay -
¢ é‘l«n.l)'lt éu«u.h, . Chonges is This retie betwoss
00peaded part Leulale Gatieor 200 secilasnt (Top sampies iadicites o
selective remuvel of ene clace of pignonts over the olher. Tadle o
presents TCa/TCR (2l i0s (0F (N IFTeen Svpedted DIt ioulste SO(LAr on
eight cedimenl trep sanples. Velune (o7 suopented partisviote astter
tenged frem 0.07 10 0.79. vith a0 sverage of 0.10:0.05. dediawnt rap
samples veried asre videly, fron 0.01 to 0.9}, vich o0 sverage of
0.20=0.21.

The relative sbutdanee of S10GOMNERIA. C181A0NBERIS. Turonshthia
and lescuaninion! frew twelve trop senpies {0 gives ia Todie 7.
loterectingly. 00 petidinis ves detected in any of the trap sempies. ever
oegh Ghio pignent o Crieeind 10 Seaposied perticslote astier Suring
the deployurat of traps 3. 8, 1, 11, ol L. fhe quantitetively sost
Susdent pigavets ote Psoamathis and Nooasathiasl. Tagethe: these
PiEnunts constitute beturen $39-978 of the totel pigamate. todividusily,
the contontretion of eoeh pigamet varied videly. betonee 945¢L for
fetounathio end 2918 for fwevasathinsl. fhe iswerse correistion of these
oo piganets io comsistent vith the transformmtion of fuvonsethia teo
fecounathion! oo propoved ia the previews chapter. Distorsathie sed
diadicvnanthie cure anesuted e oll trep samples in spproxiastely the seme
ebudaive aeevuted it suepended petticvlete astter samples (9-708;
Table 4). Seversl wnidentified saathoplyiis cere oive presest ie the trap
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Phytoplankton~derived pigments in zooplankton

snd sochovy fecal pellet samples.

Yable 8.

COoO0O0O0OWOWN

o _®
OO0 0O MOM™m

O 00 ¢ 0O~

I ™ oo
¢ @ -~~~ L J

ror~mnoldZ,

49

20

2?

*Sam of diadinonsathis and diadinmochrome

*"Peconanthin 3’ ~dehydrate oot completely resolved




105

ssmples, 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
were 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
fucoxanthinol 5'~dehydrate., Peridinin and peridinin 5'~dehydrate (XXVIII)
vere observed in two samples: 76-80 and 107-108. The HPLC traces of these
two samples slso 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
coatained only astaxanthin and a less polar carotenoid which coelutes with
astacene (Pigure 8). Astaxanthin is characteristic of marine crustacea,
often comprising greater than 90 of the total pigments in these organisms
(Lisaen-Jensen, 1978). Astacene is a base-catalyzed oxidation product of
astaxanthin, and may be an artifact of sample storage. The fraction which

coelutes vith 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
fucoxanthinol/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 zome
( <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
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Table 9. Fucoxanthinol/total fucopigment (f/F.) ratios for suspended
particulate matter, sediment trap, and zooplankton fecal pellet samples
collected off Peru.

Suspended Particulate Matter Samples

Cast-depth £/F, Cast-depth £/F, Cast-depth £/F,
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, Trap # £/Fp

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 Pecal Pellet Samples

Tow # £/F,
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
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fucoxanthinol may be attributed to the detrital background of senescent
and metabolized phytoplankton cells. In the first case the coaceatration
of fucoxanthinol should correlate with fucoxanthin. A plot of the
concentration of fucoxanthinol against fucoxanthin for all samples <100 a
is given in Figure 10. No correlation is observed. This result is
consistent with the hypothesis that a major fraction of the fucoxanthinol
in surface waters is contributed by detrital material.

The ratio f/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/lt)
varies widely, from 0.03 for Trap 1 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 environmental snd
physiological factors that affect heterotrophic metabolism. Trap samples
l and 2 were the only two samples which did not coatain any recognizable
fecal pellets. These traps vere set nearshore in an area with
characteristically low productivity (Pigure 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/l?t in these samples are a factor of 4-20




Figure 9. lacresse in the ratio of fucoxanthisol/fucopigmeats (£/F;) is
suspended particulate mstter with depth.
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Figure 11, Propoeed pathwey showing ester hydrolysis of fucoxanthin (IV)
to fuconamthinol (V1) ia the vater column. Debydration and epoxide
openiang to isofuconaathinol $'-debydrate (VIIl) occurs over longer time
scales in the surface sediment,
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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 heterotrophs, 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
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
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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 210 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.

The transformation pathway illustrated in Figure 1l 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
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zooplankton and other higher heterotrophs at a rate determined by the

L‘ turnover of primary productivity. Approximately 5S0¥ 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 l-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 upwelling experiment. As some of

L | ]
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these samples were highly metabolized by anchovy, zooplankton, and
bacteria, epoxide opening appears to be a chemically mediated
transformation. The high concentrations of isofucoxanthinol and
isofucoxanthinol 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 preseant 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).




124
REFERENCES

Barrett J. and Jeffrey S.W. (1971) A Note on the Occurrance of
Chlorophyllase in Marine Algae. J. Exp. Mar. Biol. Ecol. 7, 255-262.

Barrett J. and Jeffrey S.W. (1964) Chlorophyiase and Formation of a
Typical Chlorophillide in Marine Algae. Plant. Physiol. 39, 44-47.

Beregr R., Liasen-Jensen S., McAllister V., and Guillard R.R.L. (1977)
Carotenoids of Prymnesiophyceae (Haptophycese). Biochem. Syst. Ecol. 5.
71-75.

Bishop J.K.B., Collier R.W., Kettens D.R., and Edwond J.M. (1980) The
Chemistry, Biology, and Vertical Flux of Particulate Matter from the Upper
1500m of the Panama Basin. Deep Sea Res. 27A, 615-640.

Bishop J.K.B., Ketten D.R., and Edwond J.M. (1978) The Chemisty, Biology
and Vertical Flux of Particulate Matter from the Upper 400m of the Cape
Basin in the Southeast Atlantic Ocean. Deep Sea Res. 25, 1121-1161.

Bishop J.K.B., Edmoud J.M., Ketten D.R., Bacon M.P., and Silken W.B.
(1977) The Chemistry, Biology, and Verticsl Flux of Particulate Matter
from the Equatorial Atlantic Ocean. Deep Sea Res. 24, 511-548.

Blasco D. (1971) Composition and Distribution of Phytoplankton in the

Region of Upwelling off the Coast of Peru. Investigacion Pesquera 35,
61-112,

Carreto J. and Catoggio J.A. (1977) An Indirect Method for the Rapid
Estimation of Carotenoid Contents in Phaeodactylum tricornutum. Possible
Application to Other Marine Algse. Mar. Biol. 40, 109-116.

Castillo R. (1980) The tranformstion of g ~Carotene 15.15'-3H2 into
Astaxanthin by the hermit crab Clibanarius erytropus Latreille (1818)
Crustacea, Decapoda, Anomuria. Comp. Bioches. Physiol. 66A, 695-697.

Castillo R., Lenel R., and Negre-Sadorgues G. (1980) Determination, tissue
distribution and metabolism of carotenoid pigments in the hermit crab

Pagurus pridesuxi Leach (1815) Decapoda: Anomura. Comp. Biochem. Physiol.
668, 483-489.

Currie R.I. (1962) Pigments in Zooplankton Faeces. Nature 193, 956-957.

De Mendiola B.R. (1981) Seasonal Phytoplankton Distribution Along the
Peruvian Cosst. In Coastal Upvelling (editor F.A. Richards), pp. 348-356.

Deuser W.GC., ROSS E.H. and Anderson R.F. (1981) Seasonality in the Supply
of Sediment to the Deep Sargasso Sea and Implication for the Rapid
Transfer of Matter to the Deep Ocean. Deep Sea Res. 28A, 495-505.




7 e

f. 125

Deuser W.G. and Roes E.H. (1981) Sessonal Change in the Flux of Orgamic
Carboa to the Deep Sargasso Sea. Nature 283, 364-365.

Gagosian et al. (1982) Hydrographic and Mutrient Dsta from R/V Atlantis 11l

Cruise 108, leg 3. Woods Hole Oceanographic lmstitution Techanical Repore
(in preperation).

Gagosian R.B., Loder T., Nigrelli G., Mlodzsinska Z.. Love J. and
Kogelschiltz J. (1980) Hydrographic and Mutrient Deta from R/V KNORR

Cruise 73, leg 2. Woods Hole Oceanographic lastitution Techaical Report
80-1.

Gagosian R.B., Dean J.P., Hamblin R. and Zafiriou 0.C. (1979) A Versatile
Intrechangeable Chamber Seawater Sampler. Limn. Ocesnog. 24, 583-588,

Galasko G.. Hora Jo. Toube ropo. Weedon 8.C.L.. Andre D.. urbi.r N..
Lederer E. and Villaneuva V.R. (1969) Carotenoids and Related Compounds
XXII. Allenic Carotenoids in Sea Urchins. J. Chem. Soc.. 1264-1265.

Gilchrist B.M. and Welton L.L. (1976) The Incorporation of (Yc)
=Carotene into the Marine Isopod Idotes resecata (Stimpson, 1957) and the
Biosynthesis of Canthaxanthin. Comp. Biochem, Physiol. 34B, 343-346,

Goodwin T.W. (1971) Algal Carotenoids. In Aspects of Terpencid Chemistry
and Biochemistry, 315-356. Academic Press.

Hagar A. and Stransky H. (1970) Cas Carotinoid Moster und die Verbreitung

des Lichtinduzier ten Xanthophyllcycius in Verschieden Algenklassen. Arch.
Microbiol. 73, 77-89.

Hendrickson P., Sellner K.G., De Mendiola B.R.. Ochoa N. and Zimmermann R.
(1982) The Composition of Particulate Organic Matter and Biomass in the

Peruvian Upwelling Region During ICANE 1977 (Nov, l4-Dec. 2) J. Plankton
Res. &4, 163-185.

Hings K.R., Sieburth J McN. and Heath G.R. (1979) The Supply and Use of
Organic Material at the Deep Sea Floor. J. Mar. Res. 37, 557-579.

Honjo S. (1980) Material Fluxes and Modes of Sedimentation in the
Mesopelagic and Bathypelagic Zones. J. Mar. Res. 38, 53-97,

Honjo 8. (1978) Sedimentation of Materials in the Sargasso Sea at a
5,367m Deep Station. J. Mar. Res. 36, 469-472.

Hoajo S. and Roman M.R. (1978) Marine Copepod Fecal Pellets: iroduction,
Preservation and Sedimentation. J. Mar. Hes. 36, 45-57.

Jeffrey S$.W. (1976) Profiles of Photosynthetic Pigmeats in the Ocean
Using Thin Layer Chromatography. Mar. Biol. 26, 101-110.




m

126

Johannes R.E., and Sstomi M. (1966) Compositios and Mutritive Value of
Fecal Pellets of a Marine Crustacean. Limm. Oceanog. l1, 191-19).

Johansen J.E., Svec M.A. and Liasen-Jensen §. (1974) Carotenoids of the
Dinophycese. Phytoches. 1), 2261-22171.

Ls Ross J. (1976) A Simple Systes for Recovering Zooplanktoaic Fecal
Pellets in Quantity. Deep Ses Res. 26A. 995-997.

Lissen-Jensen $. (1978) Marine Carotenocide. Is Msrine Nstural Products 2
(editor P. Scheuer). pp. 1-73. Academic Press.

Mandelli E.F. (1972) The eftect of Growth lllumination on the
Pigmentation of a Marine Dinoflagellace. J. Phycol. 8. 387-369.

Moreth C.M. and Yentsch C.S§. (1970) The Role of Chlorophyllase and Light
in the Decomposition of Chlorophyll froe Marine Phytoplankton. J. Exp.
Mar. Biol. Ecol. &, 238-249,

Nitsche B. (1974) Neoxasnthin and Pucoxsathinol is Pucus vesiculosus.
no‘hho no»’.. Acta &. ’,2",‘0

Paffenhoffen G.A. and Knowles 8.C. (1979) Ecological Implications of
Pacal Pellet 8ize, Production and Consumption by Copepode. J. Mer. Res.
37, 3549,

Patterson J. and Parsons T.R. (1963) Distribution of Chlorophyll-a sad
Degradation Products in Various Merine Msterisle. Lisa. Oceancg. 8,
335-3%6.

Riley J.P. and Wilson T.R.S. (1967) The Pigments of Some Narioe
Phytoplankton Species. J. Mar. Biol. Assoc. U.K. 47, 331-362.

Riley J.P. and Seger D.A. (1909) The Pigmeats of Some Further Marine
'h"o,lm‘“ ,”ei‘.o J. Mar. .‘ol- Assoc. U.K. sl.m,-".

Rove C.T. and Cardoer W.D. (1979) Sedimentation Rates in the Slope Water
of the Northwest Atlasntic Ocesn Meassured Directly vith Sediment Trape. J.
Mar. Res. 37, 581-600.

Shumen F.R. and Lorenszen C.J. (1975) Quantitative Degredation of
Chiorophyll-a by a Merine Herbivore. Lisn. Ocesnog. 20, 580-586.

Spencer D.W., Brewer P.C., Fleer A., Honjo $., Krishnasvami 8. and Nozaki
Y. (1978) Chemical Pluzes from a Sediment Trap Experimeat ia the Deep
Sargasso Sea. J. Mar. Res. )6, 493-520.

Staresinic N. (1982) Downward Flux of Bulk Particulate Organic Matter in
the Peru Coastal Upwelling. J. Mar, Res., in press.




5 s

27

Stareeinic M., Parrington J.¥., Gagosian B8.5., Clifford C.U. and Wuiburt
€.8. (1982) Dowwwerd Tremeport of Particulate Nstter is the Porv Coastal

ST B T e i S L S

Thiese). Plesum Press.

Wiede P.B.. Boyd S.A. and Viaget C. (1976) Particulste Matter Sectiing ¢o
the Deop Sea Floor at 20008 i1s the Toague of the Ocess, Ushamse, Vith 3
Descripcion of o Nov Sedimsucacion Trap. J. Mar. Mes. Jo, Jel-)5%.




128

ClaPTES *

(SCLATION. SYWTRESIS. A STRICTUAAL SSTERIMIMATION
OF FICORASTRIS AND FICORASTELS TRANSFORNA TION PRONICTS.
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figure L. 13C-MR of fucoxanthin. Chemical shifts relative to TMS.
Peak numbers refer to IUPAC carbon designations,
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ii) Properties of Fucoxanthin: ) max(hex:me) 476, 448, 426 (476,
450, 427 Bonmnett et al., 1969), ) max(acecone) 449, 425,

Be-wr (Figure 1) - (CDC1,) §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), 197.7 (C-8), 134.5
(c-9), 138.9 (c-10), 123.3 (c-11), 144.9 (Cc-12), 135.3 (C-13), 136.5
(c-14), 129.3 (Cc-15), 25.0 (C-16), 29.1 (C~17), 21.0 (c-18), 1l1l.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 (Cc-7'), 103.3 (c-8'), 132.4 (Cc-9'), 128.4
(c-10'), 125.6 (C-11'), 137.0 (c-12'), 137.9 (C-13'), 132.0 (Cc-14'), 132.4
(c-15'), 31.1 (C-16'), 32.0 (C-17'), 28.1 (c-18'), 12.7 (c-19'), 12.6
(C~20'), 170.3 (C~1; acetate), 21.2 (C-2; acetate). The following
assignments 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.l1.M.8., (Pigure 2) - (Mel)= 659, (Mel-18)= 641, (M+1-18-18)= 623,
(Me1-60)= 599, (M+1-60-18)= 581, (Me1-92)= 567, (M+1-60-18-18)= 563,
(#01-92-18)= 549, (M+1-92-60) = 507, (Mel-170)= 489, (Mel-170-18)= 471,
(Mo 1-170-60)= 429,

iii) Derivatiszation: Pucoxanthin Acetate - acylation with acetic
anbydride yields a msoncacetate (next section).

J-(trimethylsilyl) fucoxanthinyl ether (XXX) - Fucoxanthia (30 mg) in
pyridine (1 m1) was added to | ml of hexamethyldisilazane (HDS). After
oin hours the resction was quenched with vater and the silylated
fuconanthio eatracted vith Clzclz. Chromatography on silica TLC
yielded two products: a sajor bend ll'(a-catotm) 0.59, and a very
winor bend which migrated with fucorsathia (llf(e-carotcu) 0.20)., The

et jot band ves identified as the 3-silyl ether of fucoxsathin (XXX),
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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 ym, ionization voltage 100 eV, ionization current 250
uA, conversion dynode 3 kV.
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A maxihexane) 476, 449, 425, C.I.M.S.: (M+l)= 731, (M+1-16)= 715,
(M+1-18)= 713, (M+l-18-16)= 697, (Mr1-60)= 671, (M+1-60-16)= 655,
(M+1-60-18)= 653, (M+1-90)= 641, (M+1-92)= 639, (M+1-60-18-16)=
637,(M+1-90-18) (M+1-92~16)= 623, (M+1-92-18)= 621, (M+1-72-60)= 599,
(M+1-90-60)= 581, (M+1-90-60-16)= 563, (M+1-90-60~18)(M+1-92-60-16)= 561,
(M1-242)= 489, (M+1-242-18)= 471 (Figure 2). An aliquot of the

wonosilane vas dissolved in two drops of THF, one drop of distilled H,0,

2
and 25 ul of glacial acetic acid. Reaction at room temperature for two
hours yielded only one product (silica TLC) with le( -carotens)
identical to fucoxanthin.

3,5'-bis(trimethylsilyl) fucoxanthin diether (XXXI) ~ Fucoxanthin (1
ag) was dissolved in 1 ml of crimethylchlorosilane (TMCS)/pyridine (50/50,
v/v). After 30 minutes the reaction was quenched by dropwise addition of
wvater, and the pigments extracted into cazcxz. Chromatography on
silica TLC gave one band, nf(ﬂ-carouue) = 0.99, corresponding to the
3,5'-disilyl echer (XXXI). 3,5'~bis(trimethylsilyl) fucoxanthinyl diether
had: ) “x(hcuno) 477, 648, 424, 400, A -“(acctonc) 449, 425,
C.lM.8.: (Mel)= 803, (Me1-16)2787, (Mel1-16-16)= 771, (Mel-58)= 745,
(Me1-60)= 743, (Mel=72)= 731, (Me1-38~16)= 729, (Me1-60~16)= 727,
(Me1-90)= 713, (Me1-92)= 711, (Me1-90-16)= 697, (Mel-92-16)= 695,
(M01-72-60)= 671, (M+1-90-42-16)= 635, (M+1-90-60)= 653, (M+1-90-60-16)=
637, (He1-92-60-16)= 6335, (Me1-90-90)=623, (M+1-90-72-60)= 581,
(M0 1-90-90-60)= 563, (Me1-262)= 561, (Me1-242-16)= 545 (Pigure 2).
Silylation of fucozsathin with trimethyleilylimidagsole (TM8-Z)(Pierce
1970) and 3-(trimethylsilyl) fucoxsanthinyl ether (from HMDS) with TNCS

under conditions descrided adove also yielded the ),5'-dis(trimethylsilyl)
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Table 1. JIodine catalyzed photoisomerization products of fucoxanthin and
fucoxanthin 3-acetate. Retention times of cis isomers are normalized to
the all-trans peak. Chromatographic conditioas given in text.

FUCOXANTHIN
(all-trans) N* RR;
(ng/ul) —
10 6 0.36 0.48 0.74 0.78 0.87 I 1.18 1.23 1.30 L1.44
5 2 0.36 0.48 0.73 0.77 o0.87 1 1.18 1.23 1.31 1.44
2 2 036 0,48 0,73 0,77 0.86 1 1.17 1.22 1,30 1.4)
1 2 0.36 0.49 0.74 0.78 0.87 1 1,18 1.26 1.31 1.44
FUCOXANTHIN 3-ACETATER
N RR,
from fucoxsathin 2 0.51 0.61 0.73 0.81 0.92 1
from fucoxanthinol 2 0.51 0.62 0.73 0.81 0.92 1

* aumber of ruas.

Calculated errors in retention times vere within the
analytical precision of the method (¢ 21).
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fucoxanthinyl diether. Acid hydrolysis of disilane syathesized from all
methods yields fucoxanthin,

iv) lodine Catalyzed Isomerization of Fucoxanthin: 1.07 mg 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 vithdrawm
and added to glass vials containing 0.2 ug, 0.4 ug, 1.0 ug, and 2.0 ug of

fucoxanthin. The vials vere sealed under N, and allowed to equilibrate

2
in ambient (fluorescent artificial) light. After 12 hr aliquots were

withdrawn for analysis. Nine cis isomers were separated by HPLC (300x3.9
mm, 5,m silica column, eluted with 12.5% B (B = Me(H/THF; 20/80, v/v) in

hexane at 2 ml/min)(Table 1).

FUCOXANTHIN 3 '-ACETATE

i) From Pucoxanthin: 0.1207g of (N,N)-4-dimethylaminopyridine
(DMAP) was dissolved in 100 wl of pyridine. Pucoxanthin (96 mg) in 10 ml
of 0.1 aM DMAP/pyridine was reacted at room temperature vith 1 al of
acetic anhydride. After 15 minutes, 10 al of cn2c12 and 10 =ul of
aqueous c:co, (sat) vere added to quench the reaction and seutralisze
excess acid. Pigments vere extracted into cuzmz and vashed twice
victh an equal volume of aqueous c:co,tuc). and once with distilled
nzo. The extract vas dried over luzso,‘. coucentrated to a small
volume, and traces of pyridine removed by repeated azeotrophic
distillation with dry toluene. The crude product was purified by column
chromatography on silica. The msjor red band wvas collected vith the 102
acetone/hexane elusnt. Chromatography on silica TLC yielded one bdand,
RR, (g-carotene)= 0.45. Pucoxanthin 3~acetate (XII1) crystallized as

red needies from toluene/hexane. Yield, 75 mg (78%).
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FPigure 3. L3c-mR of fucoxanthin 3-acetate. Chemical shifts relative
to TMS. Peak numbers refer to ILUPAC carbon designations.
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ii) Prom Pucoxanchinol: acetic amhydride (10 v 1) was added to )0 g

of fuconaathisol (see sext sectioce for syuthesis) is 100 ;i of 0.1 =M

DMAP/pyridine. The reactios ves momitored by WPLC (201 B is henane).

- Within 15 seconds of initiation, formatios of fuconsathin and
fuconanthinol J-ecetate was observed. After 20 @inutes the reaction wis
quenched vith aqueocus Caco’(u!) aad the product isolated as descrided
in the previous paragraph. Apgroximstely 12.5 _g of fuconassthin )-scetate
(1102 yield) vas recovered. lodine catalyted phocoieonerisation yielded
an equilidrium eiature 1dentical to that observed ia pavaliel experiments
using fuconanthis )-ecetate synthesised (ros fucozaathia (Yable 1),

$14) Properties of Puconasthis }-~Acetate: ) m(uun) “le,
w8, 420, o, (scetome) 443, 'Yc-mm (pigure D) (cOC1y) 332
(C=1), 42.9 (C=2), 07.7 (C~3), 37.7 (C=4), 07.2 (C~-3), 72.0 (C-0), 40.?
(C=7), 197.6 (C=8), 134.0 (C9), 139.0 (C-10), 12).} (C~11), 143.0 (C-12),
13%.4 (C=13), 6.6 (C-1a), 9.4 (C-13), 26.9 (C~-18), 29.2 (C~17), 21.0
(C=18), 11.8 (C=19), 14.0 (C=20). 35.8 (C-1"), &5.4 (C-2"), ©8.1 (C~)'),
43.9 (C-4"), 65.8 (C=3°'), 117,80 (C=0°), 202.& (C-7"). W0].4 (C~8°), LI2.)
(C9°). 120.9 (C~10"), 129.7 (C=11°), 137.1 (C~12°), 138.0 (C~1)"), 132.1
(C=14"), 132.9 (C-13"), J1.2 (C~16"), 2.1 (C-17"), 27.8 (c-18"), L2.9
(C=19"), 12.7 (C-20'), 120.&4 (C~1, acetate), 21.6 (C=1. acetate).
C.lM.8.: (Wel)s 701, (Mel=18)» 68], (Ne1-00-18)* 62]).

iv) Derivetisation: Silyletion - Reactiom of fuconsathin )-scetate io
pyridine vith DS yielded a0 products (as determined by TLC) after 24
ht. A similar experimvat esing TACS and TN9-Z (15 misutes) yielded

S’~(trimethylsilyl) fuconsmthin acetyl ether (XXX11): llf(p,-uroten)-




W)

0.99. ‘\m(houn) ale, 450, #2%, ¢ m(muu) w3, Acre

hydrelyois rogeaerated fucessnihis acetatle.

v) Thermal (somerisation: Pucosaminia J-acetats is “3"2 vas
GVEPOTELed Lo 4TYRESS under 2 sireas of %,. redissolved i1a cuzct:.
sealed under '2' ane aliowed to equilidrate aC ro0n tomperature
Overnight. NPLL analysis of (e CIA/LFans equilibriue sisture 10 gives ia
Table 3, Chapter 2, with (he reselts of & parailiel cxperianat wiing
(€O%INIRLIN I =dcelile sTRINRSI2ed (F00 wioiaaininal ie60ldted frow
Bsdaards Doy sediaval trap ¥).

vi) lo¢ine Catalysed locmeriastion: Appronimately 2 g of
teconanthia )-ecetote wao diseolved 1o 200 | of 0.0 all iodine/toluene
(degsseed). The s0letion vas sealed under 3,, and siloved to
equilidrate wnder ambicat(flosreecent artilicial) lignt. Alter 12 wr
4liquots vete withdrawn for anaiysis. Seven ioomets were sepatsted by

WPLL (JO0R).9 am, ¥ @ silica, eluted with 19% B i Nexane)iTodle 1),

FUCORANTHI ML

i) From Puconsathia: Boenett ¢¢ g1, (1969) syathesised (ucosanthinegl
by complete rfeduction of the S-aetone snd )'~estet of fuconsathia,
folliowed by onidetion of the allylic S-alcohol with
1.)dichlore-) b-dicysmoysinone (DOQ). Am oversll yield of 5.31 was
tepotted. Ritsehe (1974) cepeated this syathesis using p-chloronil
insteed of DOY to onidice the S-vlcohol. The yield vas not tepotted. The
synthesis of Bonmett ¢ gl. (1969) is wnsatisfactory for lstge scale
prepatation of feconsmthinel; greatet then 2 ga of fuconsathia wvouid be

£y

tequited to synthesisze the sppronimetely 00 ag weeded fot .




1)

Consequent iy, siternative routes vere sxplored. Mouciios wilh Nal,
Mol . ond LiBE,_ 414 oot yiold 20y Deasurabie quastitios of
feconanthinel. Boductiion vwith Luut 18 etner (or oae Wour yislsed
snglusively fucosaninin-é~0) JAXI11) ane Tuconantmol (KXRIV). dNowever,
VE CRe FoaCtion 16 Taploly Quanchod (30 sec), o omail quanticy of
(uconantniael 15 recoverod, The preseace of (D19 IteTENMISLe Sugpests
(90 conpeling PAIAUETY (oFf [wEosININI]l [OMALINS: [woNdARIA =
NN i A= 0=0] = (e rINNO]l. oA Tw(IBdRENID = TwoidB(NiDO] =
fesanantiel, Jeponding o0 the (L76t feduciion ostep. Luua,»,u is o
silder sud eore seleciive reducing 4geal thas LIAIN, . #04 it wae felt
et woe of RIS feageat a8y iserease the pield of fuvonsathiasl (Breve,
100) .,

Liale, (1.1097 g) was telflunnd for fosf boute in 300 ol of dry
(treshly distilled over M0 aetsl) u:o. he ether solution (130 wi
containiag spprtoniantely | amwle tiMl*) uae vithitswd sbd deactiveted
eith KO 4l of WUl (2.4) ameles)i Drown sid Wfariin. 1938, Browve end
Oueh, 1983), Pecoranthin (400 ag) id ether ()0 Bl) vos sdded to the
sumcu,r,a soletion. Altet five Gidutes the tesction v guetched by
Stopwise eddition of 0.1 squeses scetic seid (40 a1)iThe tesction gyt Pe
qeetched vith Jdilute 2eid to provent isodetisetion of the 5.6 eponide ¥y
M(G)’. the Pigawats vete ettt octed inte ethet snd the ether igver
dech-enirtacted twice with V.13 seetic acid ond twice vith sguesus
CaCO,(set) ., then deied over salydtows Ya,90 . WAL snelysis of the
ptodeet Gintete vielded seven peghs (Iabie 2, Figete }) imivding

feconanthinmel (IV) (cale. 313 vield, ot 572 ohen cottected for wnrescted




73]

Table 2. u.mu,),n reduction products of fucozsathis.

fracsion ‘ean * ) Yield (8)ow
) (wnhaows ) w1, «01. 31y, 35 - 2
: Fucosdntlin wl3), «¥, )8 L3Y | g
| R feconniBin=8-0 l¥% Wy, «2), 394, 318 90 P

(RS yoomers)
3 Pocosanthinel (2%, &«32. (4)2) ole n
.,? fedosanthe 1vve “we, u22, )98, 379 o8 1

(8.3 tosmevs)

* Speetire colleetled 00 ¢ Cotey 118 dual Dean spectrophotoneter. Solvest:
103 b/hensne, shete B * THP:-MeON., 2:8, viv,

¢ Coleviated frton WPLL. Cottected for diffetences in shsorption at
d)éam. Enpreesed 29 U of sterting msterial.

e 1.8 iseunts con Ve sepetated on silice wsing 101 B in hename.
lovnetic totios wvete 3:3 (fuconshthin-O-0l) snd 2:1 (fecosanthol).

Abselute steteochewistty ves wet sssighed.
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! fucoxanthin)®. Pucoxanthinol vas purified by repeated column

’l

chromatography (1.2 cm x 45 cm) on silica. The column was washed with 20%

acetone/hexane to elute fucoxsnthin sad fucoxanthin-8~ol. Fucoxanthinol
eluted with 30 acetone/hexans and was crystallized from hot
toluene/hexane.

ii) Properties of Fucoxanthinol: uf(B-caroteno) 0.08,

13
x“‘(mmo) A7, 648, 624, .“(acotono) 447,

C-MMR (Figure

\ 33 (CoCly) 3 33.1 (C-1), 47,1 (C-2), 64.1 (C-3), 4.6 (C=4), 67.2 (C-5),
72.9 (C-0), 40.8 (C-7), 197.9 (C-8), l34.4 (C-9), 139.0 (C-10), 123.3
(C-11), 3.0 (C-12), 135.3 (C-13), 136.6 (C-14), 130.0 (C-15), 25.0
(C-16), 29.3 (C~17), 21.1 (C~18), 11.6 (C-19), 14.0 (C~20), 35.8 (C-1'),
9.0 (C=2"), 64.1 (C-3'), 49,0 (C=4'), 66.2 (C-5'), L17.8 (C~6"'), *www
(€-7°), 102.2 (C-8'), 132.5 (C-9'), 128.4 (C-10'), 125.7 (C-11'), 136.9
(C~12°), 138.0 (C-1)'), 132.2 (c-14'), 132.5 (C-15'), 31.2 (C-16'), 32.1
(C=17'), 28.1 (C~18"), 12.8 (C-19'), 12.7 (C=-20')(w*%* not recorded,
spectra scanned to 200 ppm). CINS: (Mel)= 617, (Mel-18)= 599,
(Ne1=18~18)= 561. (N 1=92)= 3525, (Me1-92-18)= 507, (Mel-170)= 447,

(Ne1=170=18)= 429 (Pigure 6).

d The yield of fucozanthinol is quite sensitive to deactivation of
Lul(cu)),n by trace smounts of vater (presumably from glassware and
ether). To correct for this deactivation, each synthesis was run on a
saal]l scele to detetrmine the precise smount of reageat needed to give
saxisun yields. Large scale syntheses vere less susceptable to this

prodblem as illustrated in FPigure &, wvhich presents HPLC chromatograms froam

two separate syntheses (100 ag fucoxanthin each).
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Figere 5. )C-0R of fuconantnisol. Chemical enifes relative to THS.
Peak aumbere refer to {UPAC carbon deeignaticss.
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Figure 6. Chemical iomizations msss spectra of A) fucoxaathisol, B)
3.)'=dis(crimethyloilyl) fuconenthinol diether. and C)
3,3 ,5'=erio(trimechyloilyl) fuconanthinyl ctriether. Comditions gives in

Pigure 2 legend.
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Table 3. lodine catslysed photoisomerizations products of
fucoxanthinol, isofucoxsnthin, and isofucoxanthinol. Retention time of cis
isomers are nvormslized to the all-trans pesk. Sepsration conditions sre
given in text.

ne aR, (all-trans)
Peconsathinol Y 0.26 0.3 0.78 1 1.2
leofuconsathin-1*e & 0.18 0.22 0.0 0.6 0.85 1 1.13 1.25 1i.30

lsofuconsmthin-il 2 0.19 0.23 0.)1 0.37 0.87 1 1.l 1.2¢ 1,29
fsofuconsathinol ] 0.18 0.25 0.4 0.39 0.69 0.79 0.9 1

* sumber of reme.
** 1. I1 dencte separate experiassts conducted on diffesreat daye.
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iii) Derivatization: Mucoxanthin l-acetate - Acylstion with acetic
snhydride in 0.1 uM DMAP/pyridine yields & diacetate identicsl in
retention time (HPLC) with fucoxsnthin J-scetate (see previous section).
lodine catalysed isomsriszation yields & mixture of cis/trans isomers
identical in relative sbundasce snd retention timee to the mixture derived
from isomeriaation of sutheatic fucoxanthin J-scetate (Table 1).

1,)'~bis(crimechyleilyl) fucoxanthinol diether (XXXV) - Silylstion
vith DS using the procedure described for fucoxanthin yielded
J.)'-bis(trimethylailyl) fucoxanthinol diether: n!(s-cnrotm) 0.88,

} aaxiPenane) 476, 448, 423, ) _ _(acetome) 44b. C.l.M.8.: (Mel)=
761, (Mel=16)=e 743, (Nel-18)= 743, (Nel=-16-16)= 729, (Ne1=-90)= 671,
(1-92)e 669, (Ne1-90-16)= 635, (Ne1-90~18)= 65) (Figure 6).
3,3'.3"crio(crigechylotiyl) (uconsachisol triecher (XXXV1) -
Silylation vith TNS~2 for 10 misutes st room temperature yields che
3,3’ S'~cris(trimetnyloilyl) fucozsathinol triether: u‘(bccmuu)
0.99, . (hexane) 476, 448, 425, } __ (scetome) uk6. C.L.NM.8.:
(el)= 833, (Ne0l=16)= 817, (Nel-16-16)> 801, (Nel~18=16)= 799, (Nel=72)»
761, (W01-90)= 74), (Ne1~92)= 24l, (Nel-92-90)= 631, (W*1-90-16)= 727,
(Ne192-10)= 723, (Nel-90-10=16)e 711, (Ne1-90-90)= 653, (Nel-92-90)» 651,
(W 1-90-90=16)* 017, (M= 1-90-92~16)= 65 (Pigure 6¢).

iv) lodise Catalyzed locmerisstion: aApprozimstely & ig of
feconanthinol was dissolved ia 200, | of 0.04 aN iodine/toluene
(degassed). The seletion wee sesled wader N, sad sllowed to equilibrate
in sabient (ertificial) light. Alfter 12 he, the sisture was snalyced by
RPLC (3002 3.9 am, 3, @ silica, eloted with 201 B ia hexane). Post cis

isoners verte sepsteted from ali-trans feconsathisol (Table J).




[SOFUCCKANTEIN
i) Prom Pucozanthia: Pucoxaathis (120 mg) vas dissolved in 1350 al
of noauuzo (4:1 v/v) and added to an equal volume of | mi KOH/NeON.
After ) hr the reaction wes quenched by addition of 0.12 acetic acid
(10 mls), and the products excracted iato diethyl echer. S6ix asjor bands
were observed on silica TIC (403 acetome/bexsne)(Table 4). lsofuconsathia
vas purified by repeated chromatography om silica (1.8 c» x 4% ce). The
column ves vashed with 202 acetone/hexane to elute fractions | and 2
(Table 4). lsofuconanthin (XIV) eluted with }0L acetone/hexsne, and wvas
crystallised from tolusne/hexane. lsofuconanthia canmot be separated from
fuconanthinol vader the conditions uwsed (a this purification echeme.
Therefore the purity of the (eolated product auet de coafirwed by
derivatisetion (see delow).
ii) Properties of lsofuconsathis: u'(l-cmcou) 0.08,

‘m(buuo) 27, 649, 429, 1} ,(mtuo) 6., CINS: (Nel)= ¢39,

(man
(We1=-18)= 641, (Nol=18-18)= 62}, (Wel-18-18-18)= 603, (N+1-00)= 399,

(W 1-60=18)= 381, (We1-00-18-18)" 50). (N=1-92-18)= 549,
(We1<60=18-18-18)= 343, (W 1-92-40-18);(Ne1=-170)= 489, (Nel-170~18)= 471
(Pigete 7A).

iii) Derivatisation: )-(tr loilyl) jso e
(XXXViL)= Silylation of isofuconanthia vith WNDS accordiamg to the
procedure desctibed for fugonsathis yields J-(trimethylsilyl)
isofesonenthinyl ether , ll‘(c-emun) 0.34, .“(lcun) 4T, 449,
8. ‘agglfCotone) 447, C.I.W.8.: (Wel-18)= 71], (W1-18-16)* 697,
(M 1=18-16-160) 681, (W 1-10-18-18)= 679, (W 1-60-18)* 5],

(Mo 1-60-18-16)* 617, (M1 60-18-18)* 615, (N1-92-16)* 623, (N+1-92-18)=

621 (Pigete 78). WNote the molecwlar iocn was not detected in this spectra.

M
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Table 4. Base bydrolysis products of fucozaathis.

fraction n‘ (* -caroteae) ) .“'
I green bdang ¥) 0.7
2 fuconanthin 0.08 9
) green band 92 0AY
4 isofuconanthin 0.3 ' VN
S grees band ¥) 0.24 “r, 420, 396, (378)
¢ jeofuconsathisol 0.1? 49
*ia scetone
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rigeve 7. Chemical ionizstion ases spectra of A) isefuconancthia, B)
J=(erimethylsilyl) fuconanthianyl ether. sad C) 3,5.%'- crimecnylsiiyl)
fuconanthinyl criether. Coaditicas gives ia Pigure 2, .
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3.5.%"~ [} ] § ) ¢ (RKXVI11) -
Silylation ¢ith TS~ accorsing (o (ho procedure Goscridbed for fuconpathia
fileleee 3,3.9 °=tsisilsi=isalecasantnian, u‘lgwuotmb .97,

~mtm¢) w28, &30, W22, ¢ ‘uauut we®, C. AN b.: (e])s

L ¥
613, (Meieib)s 839, (Wni=l)s 83), iNeimel=in), (Mei~d-in)® 417,
(N 1~00)s 81), (Mi=4l=10=10)+ 801, (Mei-00)= 145, (Mei-90)e 74),
(Nuie0Q=in)e 209, (Wi 0wl Je), (M) W2=~ed)® Yi), (W01-90=00)» ]2},
(b=t 2= bBx §8) % 2L, (R i=Ons0IE ¢¥), (Mi=90=~¥0=e])* 03] (Figure "C),
W) toRine Callyeed MOtaNerildatios . approsiadtely 300 ag of
1 00 leinuanit i0 020 15001004 10 00 | of iodiae/tolvene. The solutioe
ws seeled widet n. 200 lloved to equilibrate for 12 Bt in ambient
(flesteseent ot ificial) Light. Right cis isomnre were separated by UPLC
{(JO0RI.9 &, ¥ .0 silica, cluted wild 205D in besote). Table ) presents
the tesells Ften tvw sepatete cxpetinmnts (Labelled t 208 1Ll (a2 Tadle })

condet ted o0 difletent doye.,

(SOt RANTHI L

i} Pron Pecontnthin: Pocosanthio ves ttested vilh KB M/l;o s
desetibed in the previows seetion. Potificotion of froection & (Tadle &)
by tepeated chtemtogroghy o0 silice (Y0/50 scetone/hesshe) yielded
isofeconsnthinwl (Xi1). ohich crystalliced from hot tolvese/hessee with
clow cowling.

ii) Prepetties of jeofwcosmmthinel: - aes (scetome) «50,
CofB.8.: (Nsl)= 617, (We1-18)* 599, /Ms]-18-18)* 581, (Ms1-18-18-18)=

363, (W1-170)* &7, (Wi~170-18)* 429,
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iii) Derivstisstion: 3,53 ,S‘-u:ukingttiuthzloilzl)

isofuconanthinol tetrasther (XXXIX) ~Silylation of isofucoxanthin with

™$~2 for |5 minutes at rooms tesperature yielded 3,5,3',5'-tetrakis
(trimethylsilyl) isofuconanthinol tetrasther, ut(ﬁ-caroune) 0.99,

A gey (DORADE) 450, 448, 423, 1 . (acetome) 446. C.I.M.§.: (Mel)=
909, (Mel=22)= 83, (Ne1-22-16)= 817, (Me)1-90-72)= 743, (M+1-90~72-16)=
121, (#e1=90-90)= 723, (N+1-90~90-72)= 653, (Me1~90-90-90)= 635.

iv) lodine Catalyzed [somerization: Approxisately 500 ng of
tsofuconanthiaol vas diseolved in 200 41 of 0.04 mM iodine/toluene
(cegassed). The esolution was sesled under '2 and allowed to equilibrate
for 12 hr under ambient (fluorescent artificisl) light. Seven cis isomers

vere separated dy HPLC (300x).9 mm, Su @ silica, eluted with 202B in

hezane)(Tadle )).

piscussion

Visible Spectroecopy

he visidle spectrum of fucoxanthin in hexane displays absorption
saxise st 476, 443, and 426 am, consistent with a conjugated nonaene
chronophote (Moss and Weedoa, 1976)., Maxime are generally broad and
lackiag ia fise structure, a characteristic of conjugated ketones (Vetter
et al.. 1971). This is particulaerly striking in acetone solutions, vwhere
the eszisua at 476 na appears as a shoulder to the 448 pesk. Spectra
recorded ia hezane tend to have sharper peaks, due to the poor solvating
ability of this solvent,

fhe solwbility of fucopigments in hexane follows the order:

feconsathin acetate > fucoxsnthin > isofucoxanthia, fucoxanthinol >
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1975; Wses and Vaedea, 1976) exnperimsats have bess wsed Co s8eige
cherestenistic ehemical shifte. 'IC-WEB chamicel shifts for 21
Caretlensids Nave recontly boon revisownd by Noes (1976). Assigament of
TIRG COTF0ans 15 0w Felatively straigatforvard. (a (e presest ostusy
fourior irenelore Proad-0and ‘l ecovpled opictrd vere collected for
fetonaninin 206 select transfomiation products. s gosersl he datd sre
0 Agreement wilR (R 4ssignaents 2dde by Nees (1910}, lewewver. the date
(940 ifes (06 i of (Re SIEPRtS foF C=), L=, (=), C=i8, ¢, (=’
e ¢ (acetater=| sade by Woes.

Chemical saifis for fuconsntnia, fuconsnthis acetite, and
ftonsnthine! ofe gives in Nable 5. Aseigmmeate adde by Mpes ave dioe
itcleded (or conpatisen. Acylation of the C~) nydreoxyl grew of
futonanidin (o fore heousatdie )=0eetate is oxpeeted (o it the
tesunante (tequaasy of (he C=) corden dovalield. Siailariy. bSparelpysise of
he C+)" coter of Fotondatdia to (orm fuconanthinsl is eapeeted to ot
the reoununce ftequaney of the C=)° carden wplield. Second order sheniecsi
shilte of the avighbetiag I, & and 1°, &’ c0tPe00 cob aive Do oxpeeted.

Tadle 3 snd Pigute 9 cleotly show the enpreted chemicsl obifts.
Fconnthia Bae C-) aad C»)" tvounonees ot 0.1 ppo and 8.0 ppo
tespuetively. The C+)° reovnante i Pucosenthin J-ecetote (66.0 ppa) i
wichetyged ¥y seylotion,. busweet o 1.6 ppo dovalield silt is sbserved ia
the <) tevonsmee (61.7 pym)(Mgete 9). Additionslly there io 8o chonge
e the teosaste fteguetey of the C+1" and (4’ cotbene (45.) ppal.
Tosevetr o spgrerinntely & ppo wpfield shift ia the tesonstre freguency of
C+2 and €4 io sboerved. The C-3. C-2., and (¢ tesonsices of fucossnthin

teanios vachonged sftee wmc‘,),l tedection to fuconsnthinel (64.1.
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Pigeve 9. VIC-m of A) fusensachis. B) fuconssthis .  etate amd C)
fesonanthisel fres 10-00 ppu (THNS). Peck aumbere refe. .o LUPAC cartos
ceoignat iene.
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47.1, and 4).6 ppu respectively). As expected an wpfisld sbift of 3.9
pP®, coincident with the reduction of the )'-eater to & 3'-sicobol, i

observed for the C~)’ cardoa resonaace. A parallel dowafield edift of «
PP® to approximetely 49.0 ppe io observed for C-2' and C-4' cardoms.

These OBEErvations require revisicas ia (he chemical enift
assignments aade dy Noss (1976)(Teble ). The SPOR messureasnts asde by
N0es could 80t determine e adsolute assigmment of C-2, C=4, C-7, C-2°,
3 K=", NOSS FSSIZNEE (NESE CITVONS TOSORIACYS 3L 47.), 40.9, «i.6.
3.4, and 49.9 ppu respectively, Dut s0Ced ThSL (e S04IigREOALS BAYy be
reversed. I[n the syathesis of fuconsntdia )-ecetste and fucosanthisol
fron leconsathia, cely the C-7 carvos rescasace should be wnaffected. Of
the five rescnances aseigned by Noes to C~2, C=4, C-7, C~2°, and C=4',
only the reccnsnce ot 40.0 ppm (thin study. Noes's &0.9 ppm) is uachanged
tor fuconanthia, feconsathis J-ecetate, aad fuconaathinol. Therefore
teass igmmeat of (he 40.8 ppa from C~¢ (Noes) to C-7 is required. 1o
addition, the tescaances at 45.) ppu sad 43.4 ppa ere ehchanged vwith the
scylation of feconanthio Dat shilted sppronimitely & ppn wpon ester
hydtolysis. Thetefore these resunances ate essigned to C~2° snd C~'. By
eliminetion, the reocasaces at &7.1 ppu and 41.6 ppd ssrsigned to C-2 and
C=7 vy Noes. swet e assigned to C~2 sad Co%,

Mditionally, Moes secigned teccnsaces at 21.2 ppn end 21.5 ppa to
acetote (<2 (methyl) and C-18 carbons tespectively. Acylatiom of
foconsnthin isctessss the intensity of the 21.4 ppa (this stedy)
tesonence, Dut does not affect the intensity of the 21.0 ppo (this stedy)
signel. Couversely, the 21.4 ppa tesonsace is sot obsetved in the

"cmu of feconsathinol, vhile the tesonance at 21.1 is wachenged.
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Therefore, the sseigameats of acetate C-2 (wethyl) and C-18 carbons gives
by Waee ave reversed. The cervect assignmests avre gives is Tadle §.

Mss Speciromerry

Slectron impect (1) wass spectrometry has beea videly used ia
caroteacid studies. The fragmentation of 86 different ond groups has been
recently reviowed (Dse and Veedon, 1970), and 10 s0me cases the
(ragnentation Sechanisne deternined by isotopic labelliag (Kjoeen ¢t 3.,
1971). HNowever, conveatiosal EINS suifers f(rom lack of seasitivity, and
the overall complesnity of the spectra. Chemical icaization msse
SpeEtronetry has Dot otudied a8 & 80088 Of circunwenting these prodlems
(Carmevale ¢§ 8l.. 1978). 1a geseral, the spectra ore auch simpler and
display an overell grester sensitivity. eopecially ia the high mase
region. These cbeervations vere coafirmed in the preseat stedy. The €1}
(CI‘ reageat gas) aase specira of feconsathin and fuconsathis
degr sdat ion products and derivatives ate characterised by (atesse ions at
W19 (+C 0,0, Wel, Wel-all(es 1-4)(vater), N+1-60 (acetate),

W 1-460-all(e= 1=)), Nei=170, We1-170~18, and W+1-170-00 (Pigure 104, Tabdle
6). A sisor series of icas vere cbeerved st W l-92 (toluene)-all{es 0-2)
and W 1-106 (aylene)-18.

The acet predoninsat series of ions ia all spectre arise from loss of
weter. In egreemeat with the report by Bommett ¢¢ si.. (1969) comsecutive
dehydration of hWydroxyl growpe is observed in all spectra. Sence
feconsnthin loses twvo, and iscofeconsathia, fuconsathisol, fuconsathin-
$-ol, and isofuconsathin each lose three solecules of vater. Omly

hydronyl groepe ste lost, opening of the 5.6-eporide followed dy
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debydration is & winoY resction. Therefore, fucousnthis cas be

[ distinguished from isofuconsathia (vhich has the same aslecular weight).
R the Dasis of their Bass spectira. Nowever, it shoulé be 2oted that the
relative abundance of 1000 rapidiy decreases with the bigher debyerates
(for 1sofuconanthin Nel-18+ 1WO0L, Mel-18~18= 53L, and Nei-iB-18-i18= &%),
80 that selective ¢erivatiastion reasins (he aoet scraight forvard ang
wRand iguous @ethod (or determiniag the susber of nyeroxyl groups.
Fiaally, the Wel=(J)I8 and W 1-00=())l8 1006 (A (B¢ BasS specira of
fucosanthin-8~ol are relatively sore 1atense than (he COrrespodding ione
te the 8800 spectra of 1s0fuconsathin and fucosanthinol. This suggests

, that 1oes of weter from the secondary 8-sliylic alcohol s a wore facile
feaction than the loes of the secondary ) or )'-ol.

Loss of acetic acie (@/3 60) is characteristic of fuconamenise,
isofucozanthin, s0d teconanthia J-acetate. Additioselly, the Wel1-90"
peeudo~aoleceular ioa gives rise (o & second series of denydrates
(%e1-00-018). The iatemsity of the W*1-60 ion varies comsideradly tros
approsisstely 3502 to occasiocsally being abseat. depending on the
instrumental conditiocns. W0 ions from loes of ketese (a/e 42) are
obeerved (Pigere 108).

Peconsathin )-acetate displays a somewhat sore intense Wel {on
(relative to W0 1-18) thea feconsathin, perhaps dwe to the relative
stability to elimisation of the J-acetyl sad )-hydroxyl growp. A more
istense signal ot W 160 is also cbsetved. Mo fragments ate observed froa
loes of keteme or from loes of two molec- les of acetic scid (~120 emu).

Cleavage of the 7.8 bond 1 to the comjugsted S~ketome gives rise to

the W 1-170 seties of ioms. This fission produces fragments which

M
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rigure 10. PFragmentation reactions of fucoxanthin: A) major C.lI.
fragmentation reactions, B) loss of ketene, C) fragmentation of 8,9 bond,
and D) loes of toluene.
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Ciln o8 MW i W MRS AN L e WITINe LR, CalimapaRSing (o
Lo 28 e 0.5 Seotid,. o Wed el vel. Tie 16 B NGt (o The
PO G@UIME0h s oh J0SSatbn o8 s c b UGIimd Qs W5 s ii SOLaMs IR e ¢ sialaRaid
SRS (A) . D ORI R ARG . b W TTAgERE e $Aiai0g THen iRe
siadpaags of Sudlh 2idow 25 (he tod ot os0 shenrued (eIl S8 31, . iveY,
e WMd elew V38 (givepsgie ss 23 inieyn,

W 2o S agiund o B ¢ “P' 40 YReMI MBS s s 0 RG6s tegieh «f
b M EFI. MBile sioPtags of We § 0" 1ioRis BuRD cavil Lonidibete (o
Rl v oA wetdtoe. (e spPedi e of B8 V) 00 1he Dese past ia (W
WwWer WMo ite »§ Rhuiaohihitel, Faewiadihinel Jotplsts.
v o i etan s dn i dotpdi o€ S wen (hel (e oMt ibULion 40 aBeil. hise
HORe e ien (9 conl iMIEd V) (e SBIEr VIt ion of the bese post ot /g 7)Y
(b0 nes) & 100 B09e spectts of U OMINBIN d=pewtote. The sbsonce of on
Wi ben ady teswit Frel sianitabeses (ose of the Pmeiiyi grevp o
wthene (Pigute WC), (o fotm o W 1:196:16" porvdensiecuiot ion, ohich
Jeseviates snd devdtotes Lo form the intonse iohe sbserved st 189 and o7
atw tespeetively. Sequentisl lose of 16 ame is 0ot sheotved id aermel
catoteneide. but hae been obeetved id acyelic cobjugsted keto-csastotenoids.

Piseion of the 7.8 bond is still obsetved after reduction of the
Retone to the $-alcohel with n-& ond Lull‘. The iatensity of the
W1<170 amd N0 1-170-18 signels sey be sonewhst enhanced, although futther
enpetigmuts sre needed (0 determine if the odserved enhaacement is treal or
an artifect of the instrumental conditions,

The elisinetion of alkyl erometic (fragments a/t 92= toluenr, m/t

106= gylene, and 8/t 156 dimethylaspthalene) froe the conjugated polyene
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Mnutuad e Jnee 2F (ol S S31ans. Bul asl SIARIN LNADING Lone 1y 9
+t e Pue 5 sf QIS ot elomiile. 4 e prosant sl uly Be Bisi0e o
WLrL3h e s st umd,, hewsed s e il JoaPpaRdsig 1o MIriLGr 0 wele
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th olitem (0 (Ao omd Disewsond ohove,. Siivieted Sofivatives
Sioploy NeNe 2ighale o =10 BeUhade), B=i=7] (CrimwOMyieiipi), oo
M= (EF et ISt lop ) IRKRith 4l Liadn Jossod, 1900, Nitoows, 1974,
Cotuvvele gf pl.. 10}, Sweerel features of the siiylated cototoneid
e speetire oste of note. 10 (00lrdet (0 (Deir ualerivetided perents the
putoiipl Sativetives of Fuscondnthin abd iselutonanthia doth &isplsey
telatively intense (toghmate ¢orresponding (o W i=4), Wi~kl=9is,
Wi-w0-ai, Wi914], s0d =1 90%1~alp, vhete o* I-). Lliminatios of
ketens appeots (o De awte (evotable .40 i (he ondetivitized acetates,
slthoegh lees of seetic #o¢cid still predoninates. The signal fros the
wi-92 (cagnwnt iv slso intensified, A parallel intemvification of the
W 1-100 fragneat sey occur, but this canaot be evalusted due to
interference from the Ne1-90-16 signal in the di, tri, snd tetrasilyl
ethere. Wowever, the wsss spectira of J-silyl-fuconanthin (only one
silyl), which canmot lose M+1-90-16, does not display any fragments at
n+1-106, suggesting thet lose of xylene from silylated derivatives is oot

aa isportant reactioun.
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55 NN Al i S acast. 16 CORPAUREs GRIRIRIS {6 Gioed CAPITLery
b TSNP SS WIS, AN AT ISAE 00 Ao Jedihed ¢ Righ love] of
¢l A A . NI . fad pseldfile onl ThoPRily VR(aRie { ampounds
wi SEPRdlie (¥ K N8 MBI, IDSItENE NI TOmSiIs. RIS ie
thhuaftetmd 33 fhe ohis) Souant oliwtCuioi clucidotion of WP (Quites of
g o VROW), o dete. idwalilizeation of cototoaneids issistes TeR
FAEuall (A0 M QAT i P ABINES 200 telind 0D ¢ cOdiAdtlion of vioidile

' MWL (100¢OPY . RIURNLOG IPRIE Duebevior, 006 BD0O PR LIOBNLry (Wattle ¢¢
Rl V1, oot coferentes thetein). Wile (hese todhaiques are goaeraily
setislactlory lor @0 )or conponeats torreospoading te ~aretonsids of kaswe
sttuatute 308 A (40 Do iwlated 2t (he Dirogen ievel. they ore aot
setislectory loe identifying sinet conpeaeats and transtormstion
prtodecis. Covvequentiy. isomerization of feconsnthia sad feuconanthie
degtadation prodects was enploted 89 3 potential secthod of assisting in
the vhambigeowe (dentification of compounds at the asnogran level.

he steteomstation of carotesvids by iodine catalysed

photoisomerization has dewn eshaustively treated in s sonograph by
lechmeister (1961). Spectroscopic properties of fuconsathia cis isomers
are discussed by Bernard et al.. (1974). Of relevence is the observation
that complicated mixtures, with s large aumber of isomers, are forwed upon
irradistion of cerotenoid/iodine solutions. The isomerizetion is
reproducible and has the characteristics ¢{ an equilidrium mixture: it is

independent of concentration, and individual isomers can be separated and
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tadle }. (2010¢ s0601 1904 OIS ILNBNT 1LAML 108 3 ALINEATE T ORIARID
00 s aaniBiA 15010100 (700 a0 10MNE (7 0p CIpaTimntts. USotoniion (iLmse
Ol CLELIENS 310 FOMBLIIINE (0 (M0 BII-CTON0 Pods. CRFrOBBLOG dPNI(
CMOLEONG 468 JLven I8 (N (eaS.

Semple My (oli=trame)
Mmthentic fosonsathie 0.0 0.9 ] 1.4% 1.04
Tep 6. ali=ccane 0.8¢ »*» ) i.1s 1.40
Trep &, cio 0.04 0.89 i t.1% 1.38
teap 7, ali=ctrame 0.84 0.09 1 1.1 1.40

** Bot resolved, appears 09 showlder to the all-trams pesk.




Mgete Li. EPLL separatios of cloitrans Loomevre of: A) fuconsstsia, 8)
tsofuconantdia, C) fusonanininel, 2ad D) isofusonsathinel produced oy
todi0e catalysed protoisanerisaiion. Sepsratios conditions: )00 s )0 e

3.0 SgRETiIsnrd 20ine ¢olumn eleted wilh 208 MON/THF (20/00) i1a Senane at
: al/min,
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to-equilibrated (o the origiasl Leemeric sisture. The large sumber of
toomere gonereted in the SLlerecmutiation Process suggeets there ie 3 low
prebadility that two ¢ifferenl compounds will have Che same equilidrive
sisture (80 detovmined Dy chromstograghic reteation and relative
adendance). Therelore, the reproducidility, concentration jadepeadence,
and chromstographic resoletion by contemporary UPLC aske cis/trans
tsomerization & poteatislly poverful tool for idestifyiang carotesoids
tsolated (rom jeochemical samples.

The equilidriem sisture of cis/trans iscmers from solutions
containing | ag/l. 2 ug/l. 5 ag/l sad 10 ag/l of fuconenchis (e givea ia
Tadle I. The dats confirs the odssrvatios by lechmeister (1962) and
Sershard et gl,. (197¢) chat teomerization is conceatration tndepeadest
aad reproducidle. The strikingly differest fsomeric aixtures of
teconsnthin, fuconsuthia )-acetste, isofuconsnthia, fucoxanthinol, and
isofuconanthia is illustrated by the data in Tables 1, ) and Pigure L1,
Under identical equilidration and chromstographic conditions fucoxanthion
yielded 6, isofucozsathin 8, fucoranthinol &, and feofuconanthinol 7 cis
isomers. 1o all sixtures. the all-trans isomer vas the most abundant.

Table 7 preseats the results of an experiment in which fucoxsathin
isolated from Peru sediment trape #6 and ¢7 and standard fucoxsnthin were
isomerized. As in the previous set of experiments, agreemeat vas within
the expected analytical precision of the measurement (+21). 1a addition,
the major cis isomer of fuconanthin (absolute stereochemistry unknown)
isolated from sediment trap #6 yields an isomeric mixture identical to the
all-crans fractions isolated from sediment traps #6 and #7, and standard

fucoxanthin. In these experiments approximately 50 - 100 ng of pigment
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ves amslysed. Opersting ot msuisus 60asitivity, (he sand Ssssuremsats cas

be sede oe approxzimstely 10 - 15 ag of saterisl.

coucLosions

The visidle spectra, o

C-MMR. derivitization experimeats, sud aasse
SPOCITONOLYIC 4488 8T consisteat vwith the structures of fucozaathia (IV),
\sofuconaathia (XLV), fucoxasathinol (V1). and isofuconsathimol (X1I) firec
proposed Dy Bommect et al., (1966). Selective reductioa of the
fuconanthia J-ester vich Lul(Cl,))l provides a simpler and higher
yielding syuthesis of fuconsathinol thaa the Lialn, -00Q syathesis uveed
by Bommett (1909).

Silylatioa of fucopigments vith NNDS and THS-L provides & rapid,
acedestructive method for determisisg the number and type of hydroxyl
groupe. and ia deteruianiag the exteat of isomerisation of the
S.0-eponide. Silylation is sleo useful ss & msans to purify carotesoids
for MMR spectroscopy and mass spectrometic studies. The mass spectra of
silylated fucopigments are more complex than the underivatized pereants.
Howvever, interpetation is straight forward and the sensitivity i
generally enhanced due to the increased volatility of these derivatives.

lodine catslyzed photoisomerigsation is a promising technique for
identifying carotenoide isolated from geochemical samples. The method is
highly specific, nou-destructive, and requires only 10-20 ng of pigment.
Pucoxanthin, isofucoxanthin, fucoxanthinol, and isofucozanthinol produce
distinctly different cis/trans equilibrium mixture vhen isomerized under
the same conditions. Pucoxanthin isomers isolated from sediment traps

generate the same cis/trans equilibrium mixtures as authentic fucoxanthia,
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INTRODUCTION

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 al.. 1945; Jeffrey. 1974, 1976; Neveux.
1975). The introduction of high pressure liquid chromatography and mass
spectrometry to non-volatile compounds have largely solved problems of
separation and ideatification, such that quantitative analysis is now more
limited by methodology (sampling, choice of chromatographic system,
development of suitsble internal standards, etc.) than by analytical
capabilities per se. These developments in sophisticated analytical
techniques have stimulated a renewed interest in carotenoid geochemistry.
Carotenoids characteristic of specific classes of organisms have now been
used to identity sources of sedimentary organic matter (Watts et al.,
1977; Watts and Maxwell, 1977; Hajibrahim et al., 1978, Cardoso et al.,
1978; Criffiths et al., 1978), deduce transformation pathways (Repeta and
Gagosian, 1982 a.b). recognize pollution events (Griffiths and Edmondaon,

1975; Griffiths et al., 1969), and monitor eutrophication in Lake Zurich
(Zullig, 1981).

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; ohmachi, 1979; Eskins and Dutton, 1979; Abaychi and Riley, 1979;

Paankker and Gallegraeff, 1979; Ronneberg et al., 1980; Davies and




RD-A121 459 TRHNSFDRHRTIONS OF CRROTENOIDS IN THE OCERNIC WATER
COLUMNCU) W00DS HOLE OCEANQGRAPHIC INSTITUTION MR
D J REPETR NOV 82 HHOX-BZ 46 NOOO14-74-C-8262

UNCLASSIFIED ~ F/G 8/1a NL




WZ\.\).“.};_‘\'~_.>.> Py

ke 2
ik
=I':-:m

[l

iz flea. e

=
B

(o]

MICROCOPY RESQLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS - 1963~ A

T —T———




|

A a dmad o s _.m -

189

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., (198l1). 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 highiy 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 publiahed 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 columnms,
Tanaka et al., (1981) have demonstrated that recovery of carotenoids from
silica is not quantitative for many pigments ( g-caroteme (I), lutein
(XIX), astaxanthin ester (I1I), 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 mm,

approximately 3 grams of silica adsorbent) HPLC columnms.

EXPERIMENTAL
A Waters (model 6000A pumps, 660 solvent programmer, 440 two channel
detector, and U6K injector) HPLC system was used for all analysis.
Pre-packed 106% polystyrene-divinylbenzene columns for gel permeation

)
chromatography were purchased from Waters Associates, Milford, Mass. (100A
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U Styragel). Spherisorb 5um amino, octadecylsilane (ODS), and silica
columns for analytical HPLC separations were packed in-house using a

balanced density slurry (CH,Br -CHZClz) at 15,000 psi (Majors,

2
1972).
Particulate matter samples were sonic extracted twice in 30 ml of

MeOH (20 min each) and once in 30 ml of CH 12 (20 min). Extracts

2C
were combined, filtered through a Gelman type AE glass fiber filter, and
concentrated to approximately 200 k1 by vacuum rotary distillatiom before
gel permeation chromatography. All solvents were distilled in glass
(Burdick and Jacksonm).

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, iomization current 500 HA,
multiplier gain 1.5 kV, and preamplifier 10-'7 A/V. The Finnigan 4505
mass spectrometer was operated at: mass range 150-1000 amu at 425 amu/sec,
900 pm CH4 reagent gas, ionization voltage 100 eV, ionization current
250 yA, multiplier gain 1 kV, conversion dynode 3kV, and preamplifier
10.7 A/V. Unless other t1oted, all manipulations were carried out at

room temperature and unaer . light coanditiomns.

RESULTS AND DISCUSSION
Gel Permeation Chromatography Separation of carotemoids 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 om
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 (Cl-c36), aromatic hydrocarbons, alcohols
(Cl-Cl6). glycol ethers, esters (phthalates), triglycerides, quinones,
phenols, acids (Cl-Cl6), ethers (glycol), and diamines (Krishen and
Tucker, 1977; Hausler et al. 1979; and references therein). 100K
uStyragel 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,
aromatic hydrocarbons, wax esters, fatty acids, and sterols on two 1002
U Styragel columns in series eluted with CHZCI2 at 2 ml/min,

Carotenoids elute shortly after the dead volume (approximately 10 ml) and
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Table 1. Retention volumes (R,) for carotenoids, chlorophylls, alkanes,
aromatic hydrocarbons, triglyerides, fatty acids, and sterols on two 100A
uStyragel columns in series eluted with dichloromethane at 2 mls/min.

Ry(mls) MW
3,3'-Diols
Fucoxanthin (IV) 11.94 658
2,2'-Dihydrolycopene (XLIII) 12.12 568
Diadinoxanthin (III) 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
B-carotene (1) 12.78 536
a=-carotene (XLVI) 12.74 536
Docosane (n-Cjy3) 12.00 310
Tripalmitin 12,38 806
Tristearin 12.48 890
Oleic acid 13.50 282
Squalane 14.72 412
Cholesterol 16.04 386
Stigmasterol 16.04 412
Desmosterol 16.04 384
B-sitosterol 16.04 414
Campesterol 16.04 400
Napthalene 20.80 128
Benzene 21.20 78

L - T e . L e 4 o e e e 4 A ma a .o e T R T AT

LSS A SR SR




Vo b

I
)
b
t
i
|
b
-

ASAASOLED g 4 i

:?

194

are not well separated. Retention volume correlates with apparent
molecular size, acyclic carotenoids elute before their bicyclic isomers
(lycopene 12.30 ml vs. 12.76 ml for a B8 -carotene; 2,2'~dihydroxy-
lycopene 12.12 ml vs, 12,28 ml for lutein and zeaxanthin) and double bond
isomers ( of -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 (Rt) follows molecular weight:
R, astacene (tetra-ketone) > canthaxanthin (di-ketone) > echinenone
(mono~-ketone) .

B -carotene was the most strongly retained carotenoid. Good
separation of g-caroteme 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 8-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 25X acetone in hexane at
4 ml/minute. Greater than 91X recovery was observed for all pigments.

The gel treated sample was systematically lower than the untreated sample,
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1.
:L Table 2. Recovery of 8 -carotene, canthaxanthin, isozeaxanthin, lutein,
& and fucoxanthin fromu Styragel. Chromatographic conditions given in Table
E 1 legend.
_ Peak Height .
3 Bun 1 2 3 4 5 6 7 8 Mean R¥*
1
: Untreated
»'! f=-carotene 180 184 199 191 218 151 167 177 183+ 14
LY canthaxanthin 142 155 159 173 173 124 137 148 151+ 11
isozeaxanthin 141 151 158 152 179 121 132 147 148+ 12
Lutein 162 167 174 169 191 140 144 147 162+ 11
Fucoxanthin 159 160 169 164 183 142 147 146 159+ 10
L; Gel Treated
- f~carotene 165 158 167 166 172 160 161 174 165+ 4.4 912
- Canthaxanthin 139 136 143 140 153 137 141 152 143+ 5.1 952
k- Isozeaxanthin 131 127 134 131 142 128 137 143 134+ 5.0 912
g Lutein 146 141 149 146 157 152 6 158 148+ 4.6 912
Fucoxanthin 150 142 151 149 159 155 149 165 153+ 5.5 962
Untreated Normalized Peak Height
f-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
g-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 114 112 113 114 112 121 109 115 114+ 3.2

*Recovery
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Figure 1. HPLC separation of carotenoids (car) apd chlorophylls (chl)
extracted from Peridinium trichoidium on two 100 A M 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 oo-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 canthaxanthin, where the range

for the two samples differed by 1X.

High Pressure Liquid Chromatography Separatious 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 ome 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 Comments

Recovery Analysis Ngfg/sec
Time #

ODS*** Good separation of peridinin,
fucoxaxthin, diadinoxanthin,
and astaxanthin,

Amino** Good separation of peridinin,
fucoxanthin, diadinoxanthin,
and astaxanthin,

Silica* Good separation of fucoxanthin
and diadinoxanthin.

all pigments 50 0.8:0.5:3.2:2.9

recovered

all pigments 60 1,4:2,3:5.8:8.9

recovered

astaxanthin 60 not determined

not recovered

Negg/sec = (16(Ry/w)2/R.), where R, is
is peak widith at base (min). Ratios

fucoxanthin:diadinoxanthin:astaxanthin,

*%* 80-100Z aqueous methanol, linear 1

retention time (min) and w
expressed as peridinin:

hour gradient at 1.5 mls/min.

*%* 0-13Z MeOH/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
Neff/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 1-10 ug 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.lmm i.d.) packed with 3 g, and a microbore
column (1 mm i.d.) packed with 200 mg of Spherisorb 5 Um 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 um Spherisorb ODS (300 x 3.9 mm, eluted with
80-100Z aqueous MeOH, l hr linear gradient at 1.5 ml/min) and on 5 um
Spherisorb n-propyl amino (300 x 3.9 mm, 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 am.
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Figure 3. HPLC of astaxanthin on silica column: A) Approximately 5 ug
astaxanthin from a 300 x 4.1 mm 5 pm Spherisorb silica colummn eluted with
50/50 acetone/hexane at 2 ml/min. B) 10 ng astaxanthin from a 300xl mm 5
Um Spherisorb silica column eluted with 35% acetone in hexane. C) 10 ng
astaxanthin injected on a 300 x 4.1 mm 5 Wm 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 um amino using a balanced density
CHZBrZ:CHZCI2 slurry at 15,000 psi. Column efficiencies of 15,000
plates/m were typically achieved. Linear gradients of 0-10Z, 0-112,
0-12%, 0-13Z, 0-14Z, and 0-15Z MeCH/THF (20/80) in hexane were run to
optimize separation and efficiency. A 45 min linear gradient of 0-13%
MeCH/THF in hexane provides a good compromise of analysis time and
separation. More difficult separations can be achieved by decreasing the
concentration of MeGH/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 (EI) (Moss and Weedon, 1976), chemical
ionization (CI) (Carmevale et al., 1978), and field desorption (FD) (Watts
et al., 1975) techniques. EI 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 CH2012 were applied to the probe tip and the solvent allowed to
evaporate. The probe tip was ingserted 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)
L 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 gB-carotene had to be
applied to the glass probe for single scan detection (S/N > 2). Detection
limits for the copper probe were 4 ng for g-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 ; B-carotene carrier to the
fucoxanthin standard to a final concentration ratio of 2:1,

B-carotene: fucoxanthin did not lead to any measurable increase in
gensitivity 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 C_aCO3 and the pigments extracted into CHZCIZ. The extract

was dried over Nasqa. 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 nf 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 um CH; reagent gas, ionization voltage
130 eV, ionization current 500 uA.
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can be separated from the parent compound using an amino column eluted
with 0-13X MeOH/THF (20/80) in hexane.

Application of method Suspended particulate matter and sediment

trap samples were collected with 10 ¢ Niskin bottles off the coast of
Mexico (17° 30.8' N, 109° 15.3' W). Samples were filtered through

Gelman type AE glass fiber filters, and the filters stored for
approximately one month at -20°%C in foil wrapped glass vials filled with
MeOH. Immediately before storage 0.5 ml of 5.0 uM/1l (1.71 ug) neoxanthin
acetate in methanol was pipetted into the samples. Blank filters in MeOH
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 Cﬂzcl2 (once, 20 min), Extracts (MeOH and
CHZCIZ) 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 watter, 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
chromatography on 106; 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 Neff/sec were up to a factor of 5 lower than measured omn

amino columns.
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Greater than 927 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 -20° 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.
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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
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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 common 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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L‘ . 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 ug/2 of carbon can be accounted for
’ by undegraded phytoplanktonic material. Using an average deep water value
for POC of 5 ug/ 2 (Cauwett, 1981), some 8% of the total carbon at 1500 m
9 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

reaction follows first order kinetics, a rate constant of k=0.139 yr-'l

is calculated for this reaction. If the rate constant for epoxide opening
i! 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/ 2detection limit for isofucoxanthin) is calculated. This

14

¥ 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-8,R-carotene~4,4'-
dione
Astaxanthin (II) 3,3'-Dihydroxy-8,gR~carotene~4,4'-dione

3 3'-b13(Tr1methy1311y1) fucoxanthinol diether (XXXV)
3,3’ -bls(Trlmethyls loyl)-5,6-epoxy-3,3',5'~-trihydroxy-6',7'-didehydro~

5,6,7,8,5', 6'-hexahydro~g,f~caroten-8-one

3,5'-bis(Trimethylsilyl) fucoxanthinyl diether (XXXI)
3,5 bxs(Tr1methy131loy1) -5,6=epoxy=-3,3',5'-trihydroxy-6',7'-didehydro-
5,6,7,8,5',6'-hexahydro-8, f~caroten-8-one 3'-acetate

a=-Carotene (XLVI) B,e-Carotene

B-Carotene (I) B8,B-Carotene

Canthaxanthin (XXV) B,B-Carotene-4,4'-dione
Capsanthin (XVI) 3,3'-Dihydroxy-B8, <-caroten-6'-one

Diadinochrome (X) 5,8~Furanoxy-7',8'-didehydro-5,8~dihydro-8g, i~carotene-
3,3'"=diol

Diadinoxanthin (III) 5,6-Epoxy-7',8'-didehydro-5,6~dihydro- 8, f~carotene-
3,3'~diol

Diatoxanthin (XXIII) 7,8-Didehydro-g,g-carotene~3,3'-diol
2,2'-Dihydrolycopene (XLIII) 2,2'-Dihydroxy-y,y~carotene

Dinoxanthin (XXVII) 5,6-epoxy-3,3',5'-trihydroxy-6',7'-didehydro~
5,6,5',6',~tetrahydro~-g,g-carotene 3'-acetate

Echinenone (XXVI) Bg,g-Caroten-4-one

Fucoxanthin (IV) 5,6-Epoxy-3,3',5'-trihydroxy-6',7'-didehydro~5,6,7,8,5',
6 '-hexahydro-8,8-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-8,R-caroten-8-one 3,3'-diacetate

Fucoxanthin 5'-dehydrate (¥{) 5,6-Epoxy-3,3'-dihydroxy-6',7',18"'~
tridehydro~5,6,7,8,6'-pu.ctahydro-8,R-caroten-8-one 3'-acetate

Fucoxanthinol (VI) 5,6-Epoxy-3,3',5'-trihydroxy-6',7'-didehydro~-
5,6,7,8,5',6'-hexahydro~g,8-caroten-8-one
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Fucoxanthin-8-o0l1 (XXXIII) 5,6-Epoxy-3,8,3',5'-tetrahydroxy-6',7'-
didehydro-5,6,7,8,5',6'-hexahydro-g,g-carotene 3'-acetate

Fucoxanthinol 5'-dehydrate (XI) 5,6~Epoxy-3,3'~dihydroxy-6',7',18"
-tridehydro-5,6,7,8,5',6'-hexahydro-g,3—caroten—-8-one

Fucoxanthol (XXXIV) 5,6~Epoxy-3,8,3',5'-tetrahydroxy-6',7'~didehydro-
5,6,7,8,5',6'-hexahydro-g8,8-carotene

Isocryptoxanthin (XLIV) g,g-Carotem—4-ol

Isofucoxanthin (XI1V) 3,5,3,'S'-Tetrahydroxy-6',7'-didehydro~5,8,5',6"'~
tetrahydro-g, 3~caroten-8-one 3'-acetate

Isofucoxanthinol (XII) 3,5,3',5'-Tetrahydroxy-6',7'-didehydro-5,8,5',6"'-
tetrahydro—g, g~caroten-8~one

Isofucoxanthinol 5'~dehydrate (VIII) 3,5,3',-Trihydroxy-6',7',18'-
tridehydro-5,8,6'-trihydro-g, g~caroten-8-one

Isozeaxanthin (XLII) g, p3-Carotene~4,4'~-diol
Lutein (XIX) g,eCarotene-3,3'-diol
Lycopene (XLV) y,y~Carotene

Mimulaxanthin (XVIII) 6,7-Didehydro-5,6,5',6'-tetrahydro- 8, f-carotene-
3,5,3'",5'-tetrol

Monadoxanthin (XXIV) 7,8-Didehydro- g,e-carotene-3,3'-diol

Neochrome acetate (XLVII) 5,8-Epoxy-6',7'-didehydro-5,8,5',6'-tetrahydro-
3,3',5'-trihydroxy-g,g-carotene 3,3'-diacetate

Neoxanthin (XV) 5,6-Epoxy-6',7'-didehydro-5,6,5',6'-tetrahydro-
3,3',5'-trihydroxy-g,g~carotene

Neoxanthin acetate (XVI) 5,6-Epoxy-6',7'~didehydro-5,6,5',6'-tetrahydro~
3,3',5'-trihydroxy=-g ,s~carotene 3,3'-diacetate

Okenone (XL) 1'-Methoxy-l',62'-dihydro-x,y-caroten-4'~one

Peridinin (V) 5,6-Epoxy-3,3',5'-trihydroxy-6',7'-didehydro-5,6,5',6"'-
tetrahydro-10,11,20-trinor-g,8-caroten-19',11'-olide 3'-acetate

Peridinin 3-acetate (XVII) 5,6-Epoxy-3,3',5'-trihydroxy-6',7'-didehydro~

5,6,5',6'-tetrahydro-10,11,20-trinor-8,8-caroten-19"',11'-olide
3,3'-diacetate
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Peridinin 5'-dehydrate (XXVIII) 5,6-Epoxy-3,3'-dihydroxy-6',7',18'-
tridehydro~5,6,6"'-trihydro~10,11,20-trinor-8,8~caroten-19',11'-olide
3'-acetate

Peridininol (XXIX) 5,6-Epoxy-3,3',5'-trihydroxy-6',7'-didehydro-
5,6,5',6'-tetrahydro-10,11,20-trinor-g,g~caroten-19',11'~olide

3,5,3',5'-Tetrakis(Trimethylsilyl) isofucoxanthinol tetraether (XXXIX)
3,5,3',5'-Tetrakis(Trimethylsiloyl)-3,5,3',5'~-tetrahydroxy-6',7"'-
didehydro-5,8,5' ,6'~tetrahydro-g, g~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- g, 3-
caroten-8-one 3'-acetate

5'-(Trimethylsilyl) fucoxanthinyl 3-acetate (XXXII)
5'-Trimethylsiloyl-5,6-epoxy-3,3',5'-trihydroxy-6',7"'-didehydro-
5,6,7,8,5',6'-hexahydro-8, i~caroten-8-one 3,3'-diacetate

3-(Trimethylsilyl) isofucoxanthinyl ether (XXXVII) 3-Trimethylsiloyl-
3,5,3,'5'-tetrahydroxy-6',7"'~-didehydro~5,8,5' ,6 '-tetrahydro-g, 8-
caroten-8-one 3'-acetate

3,3',5'-Tris(trimethylsilyl) fucoxanthinol triether (XXXVI)
3,3',5'-tris(Trimethylsiloyl)-5,6~epoxy-3,3',5'-trihydroxy-6',7"'-
didehydro-5,6,7,8,5' ,6 '~hexahydro-g, 3~caroten-8-one

3,5,5'-Tris(trimethylsilyl) isofucoxanthinyl triether (XXXVIII)

3,5,5'-tris(Trimethylsiloyl)-3,5,3,'5'-tetrahydroxy-6',7'~-didehydro-
5,8,5',6"'-tetrahydro-g,g-caroten-8-one 3'-acetate

Tunaxanthin (XXI) 3,3'-dihydroxy-¢,c~-carotene

Violaxanthin (XXI1I) 5,6,5',6'-Diepoxy-5,6,5',6'-tetrahydro-3,3'-dihydroxy-
g,B-carotene

Zeaxanthin (XX) 3,3'-dihydroxy-g,ps-carotene
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APPENDIX II
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