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Abstract

In the context of a multidisciplinary study to determine current and past ecosystem

health, sterols were analyzed in plankton, settling particles and sediments from Trinity Bay,

by ificati ivatization to their TMS ethers and GC and GC/MS.

Plankton net tow samples and settling parti ined C,;and Cpq ypical of marine
plankton. However, higher plant C,, and C,, sterols were prominent in sediments from both

in-shore and off-shore sites, indicating an iable terrestrial ion to

organic carbon and either degradation or effective recycling of marine sterols. No decrease
in total or individual sterols was observed down the cores, suggesting good overall
preservation. The fecal sterol coprostanol was not detected in offshore sediments, net tow
material or settling particles, and was present only at low levels in certain in-shore
sedimentary horizons. This suggests that sewage discharges in rural Newfoundland are being
efficiently degraded or dispersed.

Total free sterols in the samples were determined by Iatroscan TLC-FID on

Cl awidely ¢ i d ifies lipid

provides no further information on the species in each class. Thus, a new method (TLC-
Pyrolysis-GC/MS) was developed in which lipid bands are desorbed directly from the silica
Chromarod surface into a GC/MS for analysis. Twelve lipid classes were either desorbed

without further to tris i ivatives on the ClI or

analyzed following in situ is with i ide. The




method’s utility was demonstrated with lipids from settling particles, especially where TLC
bands contained more than one lipid class (wax/steryl esters, acetone-mobile polar lipids).

Wax esters up to C,, were detected, with alkyl and acyl distributions consistent with a

source. The wax ester band i more than 8% steryl esters,
suggesting that their contribution to this band is minimal but that their contribution to total
sterols may be significant. The free sterol carbon number distribution in settling particles as

determined by TLC-Pyrolysis-GC/MS matched that as determined by individual molecular

lysis i Cy). By i flatroscan TLC-FID, the new

method should b lications i i i i dies viz. food

science, biomedical science and petroleum analysis.
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1. Introduction
1.1 Lipids in the marine environment

Lipids are a broad class of biomolecules which are generally operationally defined
as being poorly soluble in water, but soluble in non-polar organic solvents such as

chloroform, although some authors prefer the narrower definition of “fatty acids and

ly or bi i related " (Christie. 1989). a definition which

would, for example, exclude ic (poly ) aromatic and sterols.

A wide variety of lipid classes are found in every compartment of the marine environment:

in in the rf i adsorbed onto or incorporated into settling
particulates, in ancient or recent sediments, and in water in dissolved or colloidal form. They
include (in order of elution on silica: Parrish, 1988) aliphatic hydrocarbons, polycyclic
aromatic hydrocarbons (PAHs), wax esters, short chain (e.g., methyl) esters, acylated

glycerol ethers, triacylglycerols, free fatty acids, aliphatic alcohols, sterols. diacylglycerols,

pigments, and phospholipids. Fig. 1.1 gives typical

examples of some of these lipid classes. The functions of lipids in organisms (Zubay. 1993)

range from energy capture and storage, to control, i i 1

of cell and vitamin and hormonal roles.

1.2 Lipid nomeclature

Given the variety of lipids found in marine material, an understanding of their



Aliphatic hydrocarbon (pristane)

PAH (anthracene)

WWN\/\/\/\/W

Wax ester (hexadecyl tetradecanoate)
o

N\/\/\N\/\)'kw.

Fatty acid methyl ester (methyl palmitate)

PO 2
M

Ketone (hexadecan-3-one)

NVV\M/\AO-&
W\/\/\/\N\g&éﬁz
Triacylglycerol (tripalmitin)
/\/\N\N\/\im
Free fatty acid (palmitic acid)
NN o

Aliphatic alcohol (r-hexadecanol)

Figure 1.1 Classes of marine lipids and their structures. After Parrish (1988).



Free sterol (24-methylenecholesterol)

A/\N\M/\io’\o/\m
\MAAAA/I Diacylglycerol (1,2-dipalmitin)

Pigment (chlorophyll a)

Monoacylglycerol (1-monolinolein)

/\/\/W\/\/\/ﬁcf\(\
0
\/\/\/\/\/\N\g o G
Gi ipid (1,2-dif itoyl-3-(B1'-6 I

/\MN\/\/\/tf\g\og'WN(cﬂg’
v\/\MM/\g . o v

Figure 1.1 (continued)
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nomenclature is an essential isite to any di: ion of their analysis, and

biogeochemistry. The systems used for naming the lipid classes studied here will be briefly

introduced.

1.2.1 Sterols

Sterols are formed in nature by the ization of (35)-2,3:

epoxide) (Catell and Ceruti, 1991) and modification of the resulting tetracyclic molecule to
give a wide variety of structures, having in common the perhydrocyclopentanophenanthrene
"steroid nucleus" with rings A-D generally joined all-rrans (Fig. 1.2a) (Zubay, 1993). In the
conventional representation of the steroid nucleus (Fig. 1.2b), this absolute stereochemistry

(that of cholesterol) is assumed unless another is shown. A thorough discussion of sterol

nomenclature is presented by Janssen et al. (1991). Asil here by

sterols are formally named as derivatives of | with carbons asin 1.2c.

The designations « and P indicate substituents below and above the plane of the steroid

nucleus, as drawn. Confusingly, « and P are also used to indicate stereochemistry at C-24

on the side chain- with a C-24 methyl i 24a is equivalent to 24R istry

(Goad, 1991). The terms stenol and stanol describe unsaturated and saturated species,

although in a bi ical context they may refer to analogous pairs of A-5
unsaturated and saturated structures, in which the side chain is still unsaturated. Cholesterol

itself is therefore cholest-5-en-3B-ol and i is 4,23,24

5,22(E)-dien-3p-ol. In a saturated nucleus, designation of the C-5 bridgehead as a or

4



Figure 1.2. Sterol strucmrelnd a. Ci showing istry.
b. The of ¢ D i (42,23,24-
trimethylcholest-5,22(E)-dien-. JB-ol) d. The latest TUPAC conventions for
numbering substituents on the sterol nucleus.

5



indicates a substituent (H) below or above the plane of the steroid nucleus, respectively.
Further methyl substituents (not shown) are designated C-29 (on C-28), C-31 (on C4, ) and
C-32 (on C-14, a). While 1989 [UPAC nomenclature revisions (Goad. 1991) resulted in a
new numbering system (1.2d), the older conventions are still widely encountered in the
literature and are therefore used here. Many sterols also have trivial names, often indicative
of the source from which they were first isolated.

Abbreviation of often unwieldy sterol names is hampered by the difficulty in readily

HABE may be used, this example

describing all aspect of a sterols structure. The form 29A>
indicating a sterol with a total of 29 carbons, with double bonds at the 5 position and between

carbons 24 and 28. the latter with E i i i i (zorB)

can be designated thus: 38,5B-27A° for 5p-cholestan-3-ol (coprostanol) (A° indicating a

saturated species). However, the difficulty of identifying the position of substi on. or
deletions from (indicated by the prefix “x-nor", where carbon atom number x is deleted), the
cholesterol parent still remains. Many abbreviation systems are either insufficiently precise
to be universal (e.g.. Li er al. 1995) or are precise but arbitrary, giving little intrinsic
indication of the structure (e.g.. Patterson, 1991). Some authors (e.g., Mayzaud et al., 1989)
use the trivial name of one particular sterol C-24 epimer to represent either epimer, since the

two are often not separated in biogeochemically-oriented works. Thus, “sitosterol” would

designate both sitosterol (24 5-en-3p-ol) and cli (248 5.
en-3B-ol), an approach which is valid as long as it is explicitly stated. The naming system

used here (Table 1.1) desi the position of i (or deletions) with respect to

6



Table 1.1. Sterol names used in the text. Letter/number designations (bold text) following

the abbreviation refer to Fig. 1.3

Trivial name Systematic name
(Abbreviation)
cis-22-dehydrocholesterol cholesta-5,22(Z)-dien-3p-ol
(27422 A7
cholestanol Sa-cholestan-3p-ol
(274% C1
cholesterol cholest-5-en-3f-o0l
(274%) Al
coprostanol 5B-cholestan-3p-ol
(5p-274°) B1
dehydrodinosterol 4,23,24-trimethylcholest-5,22(E)-dien-3p-ol
(4a,23,24triMe-30A°7) A14
desmosterol cholesta-5,24-dien-3p-ol
(274%%) AS

dimethyldehydrocholestanol
(4a,24diMe-29A%) D19

4a,24-dimethyl-5a-cholest-22(E)-enol

(24Et-29A°%F) Al11

dinosterol 4a,23,24-trimethyl-Sa-cholest-22(E)-en-3B-ol
(42,23,24triMe-30A7) D14
I* 24-methyl-Sa-cholest-22(E)-en-3B-ol

(24Me-28A7%) C9

i * 24-methylcholesta-5,22(E)-dien-3p-ol
(24Me-28A°%F) A9
epicoprostanol 5B-cholestan-3a-ol
(3a,5B-27A% F1
ethylcholesta-5,22 E-dienol 24-ethylcholesta-5,22(E)-dien-3p-ol

ethylcholest-22E-enol
(24Et-29A7F) C11

24-ethyl-5a-cholest-22(E)-en-3p-ol




Table 1.1. (Continued)

ethylcholestanol
(24E1-29A°) C3

24-ethyl-5a-cholestan-3-ol

ethyicholesterol
(24E1-294%) A3

24-cthylcholest-5-en-3p-ol

ethylcoprostanol
(24E1-5B-29A°) B3

24-ethyl-5B-cholestan-3B-ol

fucostanol
(24E1-29A%%%) C13

24-ethyicholest-24(28)(E)-en-3B-ol

fucosterol
(24Et-29A7%%) A13

24-cthylcholesta-5,24(28)(E)-dien-3p-ol

isofucostanol
(24Et-294%2) C12

24-ethylcholest-24(28)(2)-en-3p-ol

isofucosterol
(24E1-208°%%) A12

24-ethylcholesta-5.24(28)(2)-dien-3p-ol

lanosterol
(4.4,14riMe-30A%*) ES

4.4,14-trimethyl-5a-cholesta-8,24-dien-3B-ol

24-methylcholestanol
(24Me-28A°) C2

24-methyl-5a-cholestan-3p-ol

4-methylcholestanol
(4aMe-284% DI

4a-methyl-5a-cholestan-38-ol

24 24 S-en-3p-ol
(24Me-28A%) A2

24 24 24(28)-en-3p-ol
(24Me-28A%) C10

24 24 5.24(28)-dien-3B-ol

(24Me-284°%) A10

24-nordehydrocholestanol
(24nor-26A7) C4

24-nor-5a-cholesta-22(E)-en-3p-ol




Table 1.1. (Continued)

24 24 5,22(E)-dien-3p-ol
(24nor-26A%%*) A4
occelasterol 24-methyl-27-norcholesta-5,22(E)-dien-3p-ol
(24Me-27n0r-27A°) A8
trans-22-dehydrocholestanol Sa-cholesta-22(E)-dien-3p-ol
(27A7%) C6
trans-22 holesta-5,22(E)-dien-3p-ol
(2705 A6
In Y.hls work, i md i ‘were not ed from their 24P

Hereafter,
“brwmerol" thus refers to bolh brassicasterol and zplbrnssu:meml Likewise,
both and




Figure 1.3. Sterol structures mentioned in the text. R = side chain (structures 1-14),
Nuc = steroid nucleus (structures A-G)
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Figure 1.3. (Continued)



followed by ion at i chiral centres, and finally the carbon

number and the positions of any unsaturations. The hydroxy group is assumed to be 3p and
the stereochemistry of a saturated nucleus 5a, unless otherwise stated, and C-24

stereochemistry is not designated.

1.2.2 Sterol conjugates

Esters of sterols with fatty acids (commonly called steryl esters, SE) are named by
combining the name of the sterol and the fatty acid (the nomenclature of which is discussed
below). Thus the steryl ester in Fig. 1.4 is named cholest-5-en-3p-yl hexadecanoate, or
cholestery! palmitate.

A steryl glycoside (SG) is a sterol of which the C; hydroxyl group is replaced by an
ether (glycosidic) linkage to the C, position of a mono- or oligosaccharide containing up to
five glycosyl residues in linear sequence (Heinz, 1996). In higher plants, a single glucose
residue is the most common saccharide moiety (Wojciechowski, 1991). An acylated steryl
glycoside (ASG) additionally contains a fatty acid esterified to a hydroxyl on the saccharide.
most often at C (Heinz, 1996). Given the variety of monosaccharides which they may
contain (e.g.. galactose, ramnose, mannose, xylose, ribose. glucuronic acid), the positions
through which these may be linked ( B1~6, B1~3, or B1~4), the nature and position of any
acyl substituent, and the various sterol species themselves, the naming of specific SGs and
ASGs can be complex; a detailed discussion is presented by Heinz (1996). The sterol is
indicated either before (Wojciechowski, 1991: Heinz, 1996) or after (Fujino and Ohnishi,

12



Free sterol (FS)

Y-

Steryl ester (SE)

—

Steryl ether (SEt)

Figure 1.4. Representative structures of sterol species occurring in the
marine environment.
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Polar species

HOCH2

%@

Steryl glycoside (SG)

=

Acylated steryl glycoside (ASG)

BT

Steryl chlorin ester (SCE)

)\

o

Figure 1.4. (Continued)



1979) a full description of the glycosyl portion. Fig. I.4 shows 24-ethylcholesteryl f-D-

1"-4)8-D- ide (SG). of which the glycosyl portion may be

abbreviated to B-D-Glu(1.4)-p-D-Glu, and 2d-ethylcholesteryl (6-O-steroyl)-g-D-
glucopyranoside (ASG).

Steryl chlorin esters (SCEs) (Fig. 1.4) are recently discovered sterol conjugates in

which sterols are esterified to pl ide a, a porphyrin-like ion product

of chlorophyil (Eckhardt er al., 1991). No particular nomenclature is currently specified for

SCEs.

1.2.3 Fatty acids, fatty alcohols and wax esters

Individual fatty acids are often abbreviated to the form x:ywz, where x indicates the
number of carbons, y the number of double bonds and z the number of carbons from the
terminal (@) methyl group (inclusive) to the first double bond. Unless otherwise indicated,

all bonds are assumed to be cis (Z) in ion and i For example,

octadeca-9.12-dienoic acid (linoleic acid) (Fig. 1.1) would be abbreviated to 18:2w6. More
unusual structures such as iso- or anteiso- branching (indicating a methyl group on the ©2
or 3 carbons. respectively), or trans (E) double bond configuration, are indicated by the
appropriate prefixes. Trivial names for many acids are still widely used.

Long chain aliphatic (fatty) alcohols, though not as abundant a constituent of lipid
material as fatty acids, may be similarly abbreviated, as long as it is clear which class of
compound is meant. Thus, wax esters, the esters of fatty acids with faity alcohols, are here
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abbreviated as x:y/x'zy’, indicating the number of carbons (x) and double bonds (y) in the

alkyl and acyl (") portions, respectively.

1.2.4 Neutral acylglycerols
Several important lipid classes consist of glycerol (1,2,3-propanetriol) esterified to
one or more fatty acids; those having one, two and three fatty acids are termed

(MAGs), di (DAGs) and triacylgh (TAGs),

For the same fatty acid at each position, the acid’s

trivial name is readily used to name the acylglycerol. Using the example of palmitic

(b ic) acid, 1 iti i the MAG 1

1,3-dipalmitin would be the DAG 1,3-dil and trj itin is the TAG

trihexadecanoylglycerol. The naming system used here does not designate stereochemical
configuration around the glycerol C-2, since this is unimportant in this work; this issue is
discussed by Perkins (1991). Where DAGs or TAGs contain two or three different fatty
acids, lengthier systematic names are needed, although the trivial names of the fatty acids

may be incorporated into these.

1.2.5 Phospholipids

the ipids studied here, are derivatives of glycerol-3-

phosphate which may be esterified at the phosphoric acid portion as well as at both

glycerol. Theyare ing to the substituent on phy



acid (Zubay, 1993) and the fatty acids on the glycerol hydroxyls are indicated as prefixes.
Thus, the ipid in Fig. 1.1 is di i ine. P

are also known as lecithins. Other common i esterified to the moeity

include serine, myo-inositol, and glycerol. If this substituent is a hydrogen atom, the lipid
is termed a phosphatidic acid.

1.3 Relevance of tracing organic carbon in the marine environment.
Marine primary production by phytoplankton in surface waters underpins the entire
marine food web, including commercial and subsistence fisheries. While most primary

is also or i ized in surface waters (Wakeham and Lee, 1991),

an important fraction sinks through the water column and nourishes mid-water and benthic
organisms. Furthermore, this sinking organic matter transports atmospheric carbon into
sediments and deep ocean waters, where it may remain for centuries (Libes, 1992), thereby

global climate i and ist, 1992). Therefore, an understanding

of the bi i (source i and forms, rates of production and

degradation, and ultimate fate) of organic carbon in the marine environment is of vital
importance.
Organic compounds from terrestrial sources which enter the marine environment in

run-off or through i ition provide an additi energy input which can be

utilized and degraded by marine organisms (Libes, 1992). Human activities on land which
affect this input (e.g., agriculture, deforestation) can therefore affect marine ecosystems.

17



Furthermore, the magnitude and dispersal pattemns of terrestrial input may indicate which
parts of the maris i may be impacted by Y & "

(e.g., petroleum products).

1.4 Lipids as biomarkers in the marine environment

Lipids can provide a wealth of i ion about i and pi in the

marine environment, reflecting sources of organic matter and its transformational history in
the water column or sediments (Cranwell, 1982). Certain fatty acids can be traced
unmetabolized through food webs. Branched fatty acids (¢.g. iso 14:0 and iso 16:0, and 15:0
and 17:0 iso and anteiso acids) in sediments and estuarine particles are markers of bacterial
carbon input (e.g., Scribe er al, 1991). Toxic dinoflagellates and diatoms produce
characteristic fatty acids (Parrish er al., 1992), such as 16:401 in the case of Nitzschia
pungens (Parrish et al., 1991). Moreover, lipids are often the slowest of all biomolecules to
degrade in the early stages of diagenesis (Harvey er al., 1995; Ishiwatari et al., 1995),
particularly in anoxic sediments. The use of lipids as biomarkers in this fashion is reviewed
by Saliot er al. (1991).

In addition to using i species as bi lipid class data can

yield environmental information. Goutx et al. (1990) obtained characteristic lipid class

profiles for common marine mi lipid class ition can indicate

the iologi state of i icati have included using total

triacylglycerol/sterol ratios to gauge the condition of fish, crustacean and bivalve larvae
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(Fraser, 1989) and gauging the quality of halibut eggs by determining storage lipid content
(Daniel er al., 1993).
1.4.1 Sterols in the marine environment

Sterols are found in all as well as in ia (Patterson, 1991).

Their principal function is as a membrane component, in which they modulate the fluidity

of cell they are to certain vitamins and regulatory

substances (Goad, 1991; Zubay, 1993). While some organisms (mammals, higher plants)
can synthesize sterols de novo, others (¢.g., crustaceans) (Serrazanetti ef al., 1989) can only
modify dietary sterols and still others (e.g., many molluscs: Napolitano ef al., 1993)

incorporate unmodified dietary sterols.

A wide variety of sterol in the either originating there or from
input from terrestrial systems (see Volkman, 1986). Brassell and Eglinton (1981) isolated
69 different sterols from sediments from the Japan trench, and the identification of 30 or
more sterols in settling particles in various marine environments (Smith er al., 1983; Bayona
et al., 1989; Harvey and Johnston, 1995) is not unusual. These figures are not surprising

the variety of i ing these sterols, with up to 74 sterols having

been isolated from a single organism (Itoh er al., 1983), and the variety of processes which

may these i ion, etc.) (Cranwell, 1982).

Most organisms which synthesize C-24 alkylated sterols produce only one C-24
epimer, although a few terrestrial plants, including certain Cucurbitaceac and Crassulaceae
such as Kalanchoe pinnata (air plant) (Akihisa et al., 1991b) synthesize both C-24 epimers
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of a particular structure. Generally, higher plants will contain the 24a epimer (e.g., 24a-
ethylcholesta-5,22(E)-dien-3B-ol, stigmasterol), while algae contain the 24 epimer (c.g.,
24B-ethylcholesta-5,22(E)-dien-3p-ol, poriferasterol) (Maxwell et al., 1980).

Sterols may occur in aquatic environments as free sterols, or in steryl esters
(Wakeham and Frew, 1982), steryl ethers (Boon and DeLeeuw, 1979), steryl glycosides or
acylated steryl glycosides (Gladu er al., 1991; Veron er al., 1996), or steryl chlorin esters
(Eckardt et al., 1991; Harradine et al., 1996), the last formed during zooplankton herbivory.
In some environments the sterol composition in these forms differs from that of the free
sterols. Sedimentary steryl esters in Loch Clair, UK, had a lower stanol/A*-stenol ratio than
free sterols in the same sediment (Cranwell, 1982). Conversely, in settling particles in the

equatorial Atlantic, free sterol and steryl ester istributions were well
(Wakeham er al., 1980), and sedimentary steryl chlorin esters may be a better indicator of

the sterol composition of source organisms than free sterols themselves (Pearce er al., 1998).

1.4.1.1 Sterols as biogeochemical markers
Even among lipid classes, sterols are some of the best biogeochemical marker

due to their resi: t ion (Saliot er al., 1991; Qn and Marty,

1992) and their wide variety of structures. Intact sterols have even been found in lignite
coals (Del Rio er al., 1992)

The sterol profile of diatoms can be characteristic of a particular class, family, genus
or even species (Barrett er al., 1995); 23,24-dimethylcholest-5,22E-dien-3B-ol may be a
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unique marker for the widespread Fragillaria pinnata. Table 1.2 indicates certain sterol
Trends include the predominance of fucosterol in most brown algae (Phacophyceae) and of

cholesterol in many red algae with d 1 also present in
the latter. 4a-Methyl sterols are most wi among the di (i

and 24 and i are found in diatoms
(Bacillariophyceae).

Table 1.2. Characteristic sterols of various algal taxa (after Patterson, 1991)

Algal class Principal or characteristic sterols
Dinophyceae (dinoflagellates) | 4-Methyl sterols, e.g., dinosterol; cholesterol
Prymnesiophyceae A’ sterols; (epi)brassicasterol

Phacophyceae (brown algae) | Fucosterol

Baccilariophyceae (diatoms) | Varies; many A’ and C,, sterols

Rhodophyceae (red algac) Cholesterol, desmosterol

Chlorophyceae (green algae) | Varies; A° sterols, some A’ or A*” sterols; C sterols

Xanthophyceae Ethylcholesterol
Charophyceae Ethylcholesterol
The use of sterol bi is i by the variability of the sterol

composition which may occur even within certain algal genera (Patterson, 1991), and the
possibility that algal growth conditions may alter their sterol composition (Veron ef al.,

1996). 24-Ethyicholesterol, until recently thought to be an exclusively terrestrial sterol, is

21



also produced by some algae (Volkman, 1986; Patterson, 1991; Li er al. 1995). The sterol
dinosterol was once thought to be solely produced by dinoflagellates, but has also been found
in certain marine diatoms (Volkman er al., 1993). while some i

accumulate unmodified dietary sterols, others such as copepods dealkylate dietary
phytosterols (Serrazanetti er al., 1989), therefore modifying the sterol input into sinking

particles. Nonetheless. certain patterns in the sterol composition of marine samples can
provide useful bi ical it i A i of 4-methyl sterols likely

C,gand Cyg sterols, proportionately high abundances of these are in many cases still indicative

of terrestrial input (e.g., Laureillard and Saliot, 1993). Additionally, examining the ratios of

certain sterols to others (Li et al., 1995), or the iation of certain sterols wit h other
(Pockington ef al., 1987) and with other biomarkers (Yunker ef al., 1995) yields further

information.

1.4.1.2 Sterols as fecal biomarkers

S i fro it have various i e

environment. They may disrupt marine life by lowering dissolved oxygen levels (Libes,
1992), foul the gills of fish and filter feeding organisms (Frankel 1995), and alter fish

abundances (Mearns, 1982). Human health may also be impacted through pathogens (e.g.,

skin and eye infections, hepatitis A) and heavy insewage being i into the diet

through contaminated seafood (Frankel, 1995). Therefore it is important to determine the

22



extent and distribution of human sewage contamination, especially in areas such as
Newfoundland, which has traditionally depended on marine fisheries and where there is great

interest in the further development of aquaculture.

Cholesterol (cholest-5-en-3p-ol)

/ Biohydrogenation

fd@v*ﬂqéﬂw

Cholestanol (5a-cholestan-3p-ol) Coprostanol (58-cholestan-3p-ol)

o HO'

Coprostanone (5p-cholestan-3-one) Epicoprostanol (58-cholestan-3a-ol)

Flgure 1.5. A% Hydmgemnon of cholesterol can produce enher cholesumlor coprostanol.
sewage inputs from

od:wr possible coprostanol sources.

23



The sterol coprostanol (SB-cholestan-3p-ol,) has long been used as a marker of
sewage contamination (e.g., Hatcher and MacGillivary, 1979; Pierce and Brown, 1984;
Writer et al., 1995), providing an alternative to fecal coliform counts, which may be

unreliable due to the variability in coliform survival in different environments (Nichols and

Espey, 1991). Bacterial A ion of dietary in the intestines of mammals
produces this sterol rather than its isomer, cholestanol (Sa-cholestan-3B-ol) (Fig. 1.5) and its
distribution in river, harbour and coastal sediments (e.g., Writer ef al., 1995; Venkasetan and
Kaplan, 1990) in beach sands and greases, and in the sea surface microlayer (Nichols et al.,
1996) has therefore been widely studied.

Pocklington ef al. (1987) have suggested that coprostanol may not be an

fecal bi since its ion in Bedford Basin, Nova Scotia, was

closely with several distinctive algal bit anoxic

sedimentary environments appear to favor the formation of 5p-stanols over 5a-stanols from
A’-stenols (Meyers and Ishiwatari, 1993). Writer er al. (1995) used a coprostanol
concentration of 0.010 ug/g dw sediment as a cut-off to indicate sewage contamination, but
coprostanol concentrations far higher than this may occur in sediments from remote marine
locations (e.g., Grimalt ef al., 1991; Colombo er al., 1997), suggesting sources other than
sewage. Moreover, it is necessary to differentiate fecal input due to livestock from that due
to domestic sewage (Nichols ef al., 1996). Nonetheless, to ascertain whether human fecal
contamination is present in waste waters or sediments, 5p-stanols and ketone intermediates

may be i and their to that of other sterols. Mudge and
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(1997) used the ratio to ascertain the extent of sewage

in sedi Q and Marty (1992) calculated this ratio and the 24-

| ratio as indi of fresh domestic wastewater. Other
biomarkers, such as the 18:1011/18:1w9 fatty acid ratio (Quemeneur and Marty, 1992) can
corroborate evidence of sewage input. The ratio of coprostanol to coprostanol plus

cholestanol, 5p/(5a + 5p), has also been used (Grimalt et al., 1990; Li er al., 1995; Mudge

and Bebianno, 1997), as has the ratio of to di (4% and Kaplan,

1990). The epi to ratio can distinguish the feces of certain marine

mammals from that of humans (Venkantesan and Santiago, 1989), although epicoprostanol
is also prevalent in sewage treated in sludge digestors (Grimalt er al., 1990). Lastly, the A*-

stenone and stanone i i in stanol ion may be

1.5 Methods for lipid analysis
1.5.1 Sterol analysis

While individual sterols may be separated and analysed by HPLC (Akihisa et al.,
1991a), GC is the most commonly used chromatographic method for their analysis. The free
alcohols may be chromatographed (¢.g., Mayzaud et al., 1989; Quemeneur & Marty, 1992),

but most methods precede GC with some form of derivatization. Conversion to less polar

11 i lysis on common non-polar stationary phases, on which the
free alcohols tend to tail excessively. Sterol acetates may be prepared (¢.g., Wakeham et al.,
1980; Itoh et al., 1982; Conway and McDowell Capizzo, 1991) but trimethylsilyl ethers are
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by far the most commonly used derivatives for marine samples, and many minor variations
in their preparation have been reported, along with reviews of relative retention times and
mass spectra (Jones ef al., 1994). Where the free alcohols are analyzed, their prior isolation
by silica column chromatography, preparative TLC (e.g., Mayzaud et al., 1989) or HPLC
(e.g., Quemeneur & Marty, 1992) may be necessary, although many studies employ this
approach anyway, since it increases the certainty that mainly sterols will appear in the GC
chromatogram (e.g. Venkatesan et al., 1987; Colombo et al., 1996; Laureillard and Saliot,

1993). Such pre-fractionation may also be used to isolate specific sterol subclasses, such as

SB-stanols (Bull et al., 1998), or to separate 4,4-dimethyl, 4 and 4
sterols (Volkman, 1986).

A notable shortcoming of most GC methods for sterols is their inability to separate
C-24 epimers. Such separation has been achieved on long capillary columns (100 m or
more) (Maxwell ez al., 1980; Thompson er al., 1981), but analysis times are too long (3-10
hrs) for routine use. Reverse-phase HPLC is useful for separating specific pairs of C-24
epimers (Akihisa ef al., 1991b), and 'H nuclear magnetic resonance (NMR) (e.g., Goad,
1991) and X-ray crystallography (Ling er al., 1970) are able to distinguish them, although
these require isolation of signi ities of the individual sterol. Due to sample

unavailability and complexity, C-24 epimers are rarely distinguished in marine
biogeochemical studies, despite the potential to differentiate algal and higher plant inputs by
C-24 stereochemistry.

Steryl esters are not differentiated from free sterols by common methods which begin
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with saponification (base hydrolysis) of the total lipid extract. However, they may be
analyzed intact by GC or GC-MS (Wakeham & Frew, 1982; Bull ef al, 1998), although high
temperatures are required and analysis times are typically long. Steryl ethers can be
similarly analyzed (Boon and DeLeeuw, 1979). Polar sterol species present the greatest

yti Base is does not release sterols from steryl glycosides or

acylated steryl glycosides, and they are therefore not detected by conventional methods for
marine sterol analysis which generally involve alkaline saponification.  Fully
trimethylsilylated steryl glucosides have been analyzed by GC on a short packed column
(Laine and Elbein, 1971). Reverse-phase HPLC may be used, although detection is
problematic (Heinz, 1996). The acid hydrolysis used by some workers (e.g., Veron er al.,
1996) to release sterols from these polar conjugates may alter the structure of those sterols

(Heinz, 1996); periodate cleavage of the ether linkage is preferable.

1.5.2 Lipid class analysis
As i noted, a ive lipid class ion may be a useful precedent
to molecular species analysis of an individual class. Often, quantitation by lipid class is the

desired result. While HPLC has been used for this (Gonzalez-Castro et al., 1996), most

workers have used some form of TLC.

1.5.2.1 Iatroscan TLC-FID

In the past fifteen years, I thin layer it
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detection (TLC-FID) has become a widely accepted technique for lipid class analysis. The
analytical system consists of 15-cm quartz rods (Chromarods), 0.9 mm in diameter, coated
with a 75-m thick layer of porous silica gel particles (5-um diameter) sintered into a glass
frit (Ackman er al., 1990). The sample is spotted at one end of the rod and developed as in
plate TLC. Itis then passed through a flame ionization detector in the latroscan instrument,
where each separated band is quantified by combustion. Up to ten rods can be scanned

providing high sample hput. Partial scanning of the rods, and the
further development of uncombusted material, allows multidimensional separation and

detection impossible in conventional plate TLC.

Applied to marine lipid classes, [atroscan TLC-FID can distinguish energy storage
classes, lipids, or indi of organic matter degradation (e.g., Goutx
et al., 1990). The technique is especially useful for analyzing such classes as phospholipids
(Hazel, 1985; Gérin and Goutx, 1993) and pigments which are too involatile or polar for GC

(Volkman and Nichols, 1991); it has also been applied to the rapid determination of total
lipid carbon (Harvey and Patton, 1981; Ogura er al., 1987) and in other methods as a support
for quantitation rather than a separation medium per se (Kramer er al., 1991). Like
conventional TLC plates, the silica Chromarod coating can be impregnated with various
modifiers, for example, copper (1) sulfate to increase FID response and improve detection
uniformity (Kaimal and Shantha, 1984), oxalic acid to efficiently separate phospholipid types
(Banerjee er al., 1985), boric acid to separate isomeric acylglycerols (Tanaka et al., 1980;
Tatara et al., 1983), or silver (I) nitrate to scparate lipids by degree and/or geometry of

28



unsaturation (Sebedio and Ackman, 1981; Sebedio er al., 1985). Outside of lipid analysis,
applications of TLC-FID have included quantitation of the aliphatic, aromatic, resin and
ashphaltene fractions of crude oils (Karlsen and Larter, 1991) and analysis of polystyrene and
polyisoprene polymers (Takenaka et al., 1995).

The principal drawback of Chromarod TLC, indeed TLC generally, is its inability to
resolve individual closely-related molecular species in complex samples. As noted above,
molecular species analysis of a particular lipid class is usually done by GC (Kuksis and
Myher, 1989) or HPLC (Kuksis er al, 1991), often requiring pre-fractionation,

or other (Wood, 1991). A method allowing
individual compounds within a band on a Chromarod to be analyzed further would increase
the amount of information available from a lipid class separation.

Sterols, in particular, illustrate the difficulties in TLC-FID as currently practiced. As
noted above, they occur in the marine environment in several different forms of varying
polarities. In a typical Chromarod lipid class separation used in our laboratory (Parrish,
1987), sterol species appear in several different bands. Free sterols (FS) are generally
resolved into a pure band after development in the second solvent system, although some
contamination of this band by 1,3-diacylglycerols is possible. Steryl esters (SE) co-elute
with wax esters. Lastly, any steryl glycosides (SG) or acylated steryl glycosides (ASG) could
be expected to elute in the third development, although their R, values have never been
determined. It is expected that steryl chlorin esters would also elute in this region.
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1.5.3 Coupling of TLC with GC or MS
Various methods have been reported to couple the rapid, inexpensive, low-resolution

TLC separation directly to further separation or accurate quantitation (GC), or superior

and identification (mass MS). Direct transfer from TLC to mass

has been i by Xe™ to remove ipids from
TLC plates as secondary ions (Kushi and Handa, 1985), and by laser desorption of TLC-
separated simple mixtures of polypeptides and dyes (Gusev ef al., 1995), various quinones,
alcohols, acids and aromatic esters (Ramaley er al., 1985), and the drug Naproxen
(Fanibanda et al., 1994). Laser desorption has also been used to transfer pesticides from
TLC onto a GC column (Zhu and Yeung, 1989). Lyle and Tehrani (1981a, b) reported the
introduction of polymers and water-soluble vitamins from cut TLC plates into a gas
chromatograph by pyrolysis, although the GC step was used primarily for accurate
quantitation (already possible in TLC-FID) rather than for further separation, especially since
the pyrolytic introduction led to multiple products from a single substance on the TLC plate.
However, all of these methods have been developed for plate TLC rather than to complement
the specific of Ch i in lipid analysis. Furthermore, they rely

on TLC as the principal ion step for indivit species, rather than taking
advantage of the broad profiling capabilities of TLC for complex, naturally occurring

mixtures.
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1.6 Objectives
1.6.1 Sterols in Trinity Bay, Newfoundland

The collapse of Newfoundland groundfish stocks, with its devastating economic and
social impacts, provided an impetus for the multi-disciplinary Eco-Research program. This
three-year study, funded under Environment Canada’s “Green Plan”, aimed to examine

factors ibuting to inability in asa ive North Atlantic

cold-ocean ecosystem and society. Within this framework, the Marine Team, a sub-unit of

the Eco-1 h ising 7 workers is ial’s Chemistry and Earth Sciences

departments and the Ocean Sciences Centre, aimed to gauge ecosystem health by examining
specific sets of biomarkers (various lipids, phenolic compounds) to determine sources, fates
and transformations of organic matter in the marine environment, and the relative
contributions of marine vs. terrestrial and natural vs. anthropogenic input (Section 1.3). This
aspect of the study focused on the western Trinity Bay region (Fig. 1.6).

In rural Newfoundland, sewage is typically disposed of in bays and harbours with
little or no pre-treatment. The potential use of 5B-stanols as a fecal markers for this input
initially motivated the study of sterols in marine samples from the region. In conjunction
with other lipid biomarker studies of ecosystem health (Budge and Parrish, 1998; Favaro,
1998; Parrish, 1998b), the study also aimed to use sterols to identify sources and
transformations of organic matter in marine environment of western Trinity Bay, as well as
ascertain whether sewage inputs were recognizable in the current ecosystem or in the

region’s sedimentary record.
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Figure 1.6. Study area and sampling locations in western Trinity Bay. Newfoundland.
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