








INFORMATION TO USERS

Th is manuscript has been reproduced from the microfilm master. UMI films

the text directty from the origiNII or copy submitted. ThJs . some thesis and

dissertation copies are in typewriter lace , while others may be from any type of

computer printer .

The quality of this Nproduction .. dependent upon the qUillity 01 the

copy submitted. Broken or indiStinct print, cxMoAtdor poor quality illustrations

and photographs. print bIeedthrough, substandard margin., and improper

alignme nt can adversely 8fhtct reproduc::lion.

In the unlikely event Ihat the author did not send UMI a complete m.-.uSClipt

and there are mJssing pages , these will be noted. Also , if t.nauthorizecl

copyright material had to be removed, I note will indicate the deletion.

Ov ersize materials (e .g., maps, drawlngs. charts) are reproduced by

sectioning the original, beginning at the upper left-hand (2)fI'Mtf' and continuing

from left to right in equal sections with small OYer18ps.

Photographs induded in the original manusctipt have been reproduced

xerographically in this capy . Highet qua~ty 6* x g- black and white

photographic prints are available lot any photographs or illustrations appearing

in th is copy for an additional charge. Contact UMI directly to order.

Bell & HOW'efIlnformation and Leaming
300 Norlh zeee Rc.d. Ann Arbor, MI 48106-1346 USA

~521-Q500

UMf



.+. National library
of Canada

Bibliothi!que natiONIe
ctucanacla

Acquisit ions and A.cquisilions et
Bibliographic Services servicfl bibliographiques

395 WellinglonSUMI 3i5. ..... WItllin!JlO"
= ON K1AONoI =ON KIAON'I

The author has granted a non­
exclusive licence allowing the
Na tional Library of Canada to
reproduce, Joan . distribute or sell
copies of this thes is in microform,
paper or electronic formats .

The author retains ownership of the
copyright in this thes is. Neither the
thesi s nor substan tial extracts from it
may be printed or otherwise
reproduced without the author's
permission .

L' auteur a accorde une licence non
exclusive permettant ala
Bibliotheque nationale du Canada de
reproduire, preter , distribuer ou
vendre des copies de cette these SOllS

la forme de microfiche /film. de
reproduction sur pap ier au sur format
electronique.

L'auteur conserve la propriete du
droit d 'auteur qui protege cette these .
Ni la these ni des extraits substantiels
de celle-ci ne doivent etre imprimes
ou autrement reproduits sans son
autorisation.

0-612-47458-5

Canad~



The biogeochemistry of sterols in Trin ity Bay. Newfound la nd.
and a new method (Thin Layer Chromatography-Pyrolysu­

Gas Chromatography-Mass Spectrometry) for the ir Ana lysis

Edward D. Hudson, B.Sc .

A thesis su bmi n ed to the School of Grad uate Studi es
in partial fulfilment oftbe requimnmts for the de gree o f

Masterof Science

Memorial Univers ity ofNewfOWMiland
St. John's, Newfoundl and

January 1999



Amlrlld

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

heahh, st erols were analyzed in plankton, settling panicles and sediments from Trinity Bay ,

Newfoundland by saponification. derivatization to their TMS ethersand GC and GClMS.

Plankt on net low samplesand settlingpanicles co ntained Cr,and~. sterols typical of marine

plankton. However, higher plant C;. and~ sterols were prominent in sediments from both

in-s hore and off-shore sites , indicatingan appreciable terre strial co ntnllution to sedimentary

o rganic carbon and eithe r degradat ion or effective recycling of marine sterols . No decrease

in total o r individual sterols was observed down the cores, suggesting good overall

preservation. Tbe fecal sterol coprostanol was not detected in offshore sediments, net tow

mat eria] o r settling particles, and was present o nly al low levels in certain in-shore

sed ime ntary horizons. This suggests that sewage discharges in rural Newfoundland are being

effic ient ly degraded or dispersed.

Total free sterols in the samples were detetmined by latroscan TLC-FID o n

C bro marods, a widely-used method whicheffec t ive lyseparates andquantifies lipid classes but

pro vide s no furtber infonnation on the species in each class. Thus, a newmethod (fLC.

Pyrolysis-GClMS) was developed in which lip id bands are deso rbed directly from the silica

Chro maro d surface into a GCIMS for analysis. Twelve lipid classes wereeither desorbed

without fun her treatment, co nverted to trimcthyIsilyI derivatives on the Chromarod. or

analyzed following in situ thermochemolysis with tetramethylammoniwn hydro xide . The



method ' s utility wasdemonstrated with lipids from settling particles. especially whereTLe

bandscontained more than one lipid class (waxl stery l esters, acetcoe-eoobue polar lipids).

Wax esters up to C.2 were detected, with alkyl and acyl distnbutions cons istent with a

zoo plankto n source. The waxestet/steryl ester bBndcontained no more than 8% steryl esters,

suggesting that their contr ibution to this band is minimalbut that their co ntributio n to total

sterols may be significant . The free stero l carbon number distribution in settling partic les as

detennined by TLC-Pyrolysis-GCJMS matcbed that as det ermined by individual molecular

species analysis (predominantly Cn).By extending the sco pe o fl atro scan TLC -FrO, the new

method shoWdhave applications in many fields besides marine environme ntal studies viz. food

science, biomedical science and petrolewn analysis.
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1. Introduction

1.1 Lip kls In lhe marine en vironmenl

Lip ids arc a broad cia» of biornolecule s which are ~nera1Jy operatio nally defi ned

as be ing poo rly soluble in water . but soluble in non -po lar organic so lven ts such as

chlorofonn . althoug h so me auth ors prefer the narro wer definition of "f atty acids and

struc turally or biosymhencahy re lated compo und s" (Christie. 1989). a defi nitio n wh ich

would. for example. excl ude po lycyclic (polynucl ear) aro matic hyd rocarbons and sterols.

A wide vari ety of lipid clas ses are found in every co mpart me nt of the mari ne environ ment:

in organ isms. in the sea -surface microlaycr. adsorbed onto or incorporated into sett ling

particulates. in ancien t (W recem sediments. and in water in dissolved or collo idal form . The y

include (in order of elution on s ilica: Parri sh. 1988) al iphatic hydrocarbon s. polycyclic

arom atic hydroc arbo ns (PAHs). wax esters . short ch ain (e.g.• methyl) esters. acylated

glycero l e thers. triacy lglycerols. free fatty acids. ali pha tic alcohols. ste rols. diac ylg lycero ls .

mo noacy lglycerols. glycoglyceroli pids. pigme nts. and phosph olipids. Fig. 1.1 gives typi cal

exam ples o f some of these lipid classes. The funct ion s of Jipids in organisms (Zu bay. 1993)

range from energy capture and storage. to buoyanc y control. insulat ion. structural

compone nts (es pecial ly of ce ll me mbrane s). and vit am in and hormon al ro les.

1.2 Li p id nonwc: laCuR'

G ive n the vari e ty of lipid s found in mari ne mat eria l. an understanding of the ir



Aliphatic hydrocarbo n (pnsune)

PAH (anthracene }

o
Wax ester (heudecyl teU'adecanoat e)

o
~OM'

Fatty acid methyl ester (methyl palmitate)

o
~

Ketone (heudeean~3-<1ne)

Triacylglycercl (tripalmitin)

o

~
Free fatty acid (palmitic acid)

Aliphati c alcohol (fr-hexadecanol)

Filur~ 1.1 Classes of marine lipids and their stru ctures. After Parri sh (1988)



[)jacyl.~erol (1,2-di~mitin)

~
.

~ - ,

Pigment (chlorophylla)

~a'"Y'"'OH
OH

Monoacylglycerol (I -monolinolein)

G1ycoglycerolipid ( 1,2-dipalmitoyl_3-(13 1 '-6-gaIaC1osyl~gaJactosy I8lycer ol )

~~o-~cr-...-N(CH,)'
~O'

Phosph olipid ( l ,2-dipal m itoylphosphati dylcholine)

Figure 1.1 (continued)



nomenc lature is an essential prerequisite to any discuss ion of the ir analysis.,occurrence and

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

introduced.

1.2.t Sterols

Stero ls arc formed in nature by the cyclizatio n of(3S)- 2.3 -oxid osqualeDe (squalene

epoxi de) (Catell and Ceruti, 1991) and modification of the resuhing tetraey clic molecule co

give a wid e variety of structures, having incommon theperhydrocyclopentanophenanchrene

"stero id nucleus" with rings A·D generally jo ined alJ4ra ns(Fig. I .la} (Zubay, 1993). In the

conve ntional representat ion of 1he stero id nucleus (Fig. 1.2b), this absolut e stereochemistry

(that of cho lesterol) is asswned unless another is shown. A thorough discussion of stero l

norrenclature is presented by Janssen ~tal. ( 1991). A5illustrated herebydebydrodinosteroI.

sterols are formally named as derivatives of cholesterol, with carbons numbered as in 1.2c .

The designatio ns a and II indicate substituents below and abo ve the plaoe of the steroid

nucleus, as drawn. Confusingly, a and II are also used to indicate stereochemistry at C-2 4

on the side chain- with a C·24 meth yl substituent. 24a is equivalent to 24R sterochemistry

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

respec tively, although in a biogeochemical context they may re fer to analogous pain of 4-5

unsaturated and saturated structures, in which the side chain is still unsatwated. Cholestero l

itself is therefore cholest -5-en- 311-o1 BOO debydrodinosterol is 4.23 .24-trimethylcholesta­

5,22(E)-d ien-3 jl-oL In a saturated nucleus, designation of the C-S bridg ehead as a or p



H

b .

rigu~ 1.2. Sterol snuctuee and nomenclature . a . Cholesterol. showing stereochemi sny .
b. The conventionalresprescntation of cholestero l. Co Dehydrodin ost efol (44, 23,24­
trimethylcholest-S.22(£)-.dien-l ll-oI). d . The latest IUPAC co nventions for
numbering substituenn on thesterol nucleu s



indicates a subs tituent {HI be low or abo ve the plane of the ste roid nu cleus . respectively.

Furthe r met hyl substi tuerus (no t shown) are designat ed C·29 (o n C-28), C ·3 1 (o n C-4. 13) and

C·32 (on C-14. 0.) . Whil e 1989 IUP AC nomenc latu re revisions (Goad. 1991 ) res ulted in a

new numberin g syste m ( 1.2d ). the o lde r conventions are st ill widel y encounte red in the

literature and are there fore used here . Man y stero ls also have trivial names, often indica tive

of the so urce from which they were fi rst isolat ed.

Abbreviation of of len un wield y stero l name s is hampered by the di ffi cu hy in readily

describing all aspec t of a ste ro l's structure. The form 296S
.2OU 18l£ may be used . this exa mple

ind ica ting a stero l with a total of 29 car bons, with dou ble bon ds at the 5 pos it ion and between

carbons 24 and 28, the latt e r with E con figuration . Stereoche mical co nsiderations (a or 13)

can be designated thus: 313,513-27 6° for 5p-e holes tan-313-01 (cop rostanol) (6° indicating a

satu rated species). However . the diffic ulty of ident ifying the positi on of subs t ituems on. or

de letions from (ind icated by th e prefix "r-noe", where carbon atom number x is de leted), the

cholestero l pare nt sti ll remai ns. Man y abbrevia tion syste ms are eit her insu ffici ently precise

to be universal (e .g.. Li et ai. 199 5) or arc preci se but arbi trary, giv ing littl e intrinsic

indication of the structure (e.g., Patte rson , 1991 ). Some authors (e .g., Mayzaud et at., 1989)

use the trivial name of one particular stero l C-24 ep imer to represe nt ei the r epimer. since the

two are of ten not separa ted in biogeoch emi call y-orien ted wo rks. Thus. "s itos te rol" would

designate both s itos terol (24a-ethylc ho lest-5-e n-313-oI) and clionosrerol (2 413-ethylcho]est.S.

en .313-ol) , an ap proac h which is val id as long as it is ex plicit ly stated . Th e naming system

used here (Table 1.1) designates the positi on of subst itue n ts (o r deleti ons ) with respe ct to



Tab le 1.1 . Sterol names used in the text. Letter/rwmberdesignatioos (bold text) following
the abbreviation refer to Fig. I.J

TriviaJ_ Sysl~MOIjc_

(A bbf'rVioriOfl)

cis-22-ddJydrocbon ero l cbo",",-S.22(Z)-d;m-JIl-<>I
(27b.,·nl ) A7

cbolestano l 5a:-<:boIeslao-Jjkll
(27b.~ C l

cbolestero l cbolest-5~J~1

(27b.' ) A l

coprostano l Sp,-<:bolestan-Jp.ot
(SP-27"'> 8 1

de hydrodinosterol 4a:,23 ,24~trimethylcholest·5,22(E)-d.ien-Jp,-01

(4a,23,24triMe~30A'.w) AI 4

desmosterol cholesta-5,24·d~Jp-01

(27Au · ) M

dimethyldebydrocbo'estanol 4a.,24-dimethyI .Sa -cbolest· 22( E)-e oo l
(41l,24diM e-29Ant) D19

dinosterol 4a..23 ,24-trimethyt-5Il-cbolest-22(E}eo-J p-01
(4a.2 J .24triMe- J 04 nt) DI4

brassicastanol· 24- methy l-5a -choIest. 22(£)-en-J J!-oI
(24Me_2842#:) C 9

bnssica:sterol· 24-m<tbykbol=o-S.22(E)-<ticn-JIl-<>I
(24Me_284 ' .nE) A9

epico prostanol 5lkbokstao-Jo.-ol
(3a,S p,-274~ FI

ethylchoiesta.5,22E-dieno1 24-<thy k bo",",-S.22( E)-d ;e"..JIl-<>I
(24Et-29b.'.nE) Al I

ethylcho lest. 22E-eno1 24-ethyI-5a -cbolest-22(E)-en- Jp -01
(24Ec-29A2lf:) CI I



Table 1.1 . (Con tinued)

elhy lcholeslanol 24-cthyl-Sa-choleslan-JjH> 1
( 24Et -29b.~ CJ

eth ylchcle srerol 24-et hylcholesl-S-en.JP-oI
(24Et-29b.' ) AJ

ethylcoprost anol 24-ethyl~,Sjkholestan·J13-o1

(24EI·5 l3-2911~ 8 3

fucosran ol 24-c lhylcho les l·24(28 )(E)-e n-J j3-01
(24EI_2911:",:aoL) CIl

fucosrero! 24-clhylchole sla-S.24(28 )(E.:')-dien.Jll-ol
(24Et· 2911' '':''' :l oE) A l l

isof uco sta nol 24-cl nylcholesl-24(28 )(Z)-cn-JI'- ol
( 24Et~296:"'!I 12) C I1

isofuco srero l 24-c lhylc ho lesla ·5.24(28 )(Z)-dien-3I' -o1
(24Et_296,..:",:a,z)A I2

lanos tero l 4 .4. 14·trime thyl· 5a-c ho les la- 8.24-dien. 3ll-ol
(4 .4. 14triMe-30l1w ) E5

24- me lhy lcholest ano l 24- mc:lhyl-Sa -cholestan . J jH>1
(24Me-286~ C2

4- mc:lhylcholeslallo l 4a.melhyl· Sa -choleslan-J Ji-oI
{4aMe·28A~ D1

24- me lhylcholesle rol 24-methyk ho leSl.'s-en-J j3-01
(24Me-2M ') A2

24-methylenecho leSianoi 24-mc:thy lchoIeSl-24( 28)-cn·3j3-01
(24 Me·28A!",:a,) C IO

24- methylenecholeslerol 24-me:thy lchole sta·S.24(28 )-d ien-J j3-01
(24Me. 28A'.1-Io!a') AI O

24-nordehydrocho leslanol 24-nor-Sa-chole sla·22 (£)-cn -3 j}-o1
(24nor-26Alll) C4



TaMe1.1. (Continued)

24-no rdehydrocbolcstcro l 24-DOrcbo 'esta -5.22( £)-dien- J j3.a1
(24nor-26&5..nE) Af

ccce jastero l 24-methyl-27-DOrcboIcsta-S.22(E)-dien- Jp..o l
(24Me-27DOr. 274 5.n£ ) AI

lra ns-22-dehydrocbo kstanol Sa:<bolesta-22(E)-dien-lj3.a1
(274 nE) C6

lTans -22-debydrocholcstero l cbolcsta -5.22(E)-dieo-JJ)-oI
(274 5.:1£) A6

In this work. brassicasterol and brass icas lano l were not separated from their 24P
epimers (epibrassacasterol and ep ibnls.sic.astanol.. respect ively). Hereafter.
''brass icasterol" thus refers to both brassicastero l and ep ibrass icastero l. likewise.
"brassicastanoj" designates both brassicastanol and ep ibrassicastanoL
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Figure 1.3. Sterol structures mentioned in the text. R 0; side chain (structures 1-14) .
Nee = steroid nucleus (structures A-G)
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cho les terol. followed by co nfigurat ion at important chiraJ centres, and final ly the carbo n

number and the positions of any unsarurancn s. The hydroxy group is assu med to be 3(3and

the stereochemistry of a satura ted nucleus Sa, unless otherwise stated, and C-24

stereochemistry is not designated .

1.2.2 Sterol oonj ugat6

Esters of sterols with fany acids (commo nly ca lled sreryt esters. SE) are named by

com bining the name of the sterol and the fatty acid (the nomenc lature of which is discussed

below) . Thus the steryl ester in Fig. 1.4 is named choles t-5-en-3(3-yl hexadeca noate . o r

cholesteryl palmitate.

A steryl glycoside (SG) is a stero l of which the C l hydroxyl group is replaced by an

ether (g lycosidic) linkage to the C , pos ition of a mono- or o ligosaccharide contain ing up to

five glycosyl residues in linear sequence (Heinz. 1996). In higher plants. a single glucose

residue is the most common saccharide moiety (Wo jciec howski, 199 1). An acylated stery l

glycoside (ASO) additionally contains a fatty acid esterified to a hydroxyl on the saccharide ,

most ofte n at C6 (Heinz, 1996). Given the variety of mo nosaccharides which they may

cont ain (e .g.. ga lactose. ramnose, mannose, xylose, ribose . glucuronic acid), the positions

through which these may be linked ( 131-6, 1.l1-3. or (.\1- 4) , the nature and posit ion of any

acyl substituent. and the various ste rol spec ies them sel ves, the naming o f speci fic SGs and

ASGs ca n be complex; a de tailed d iscus sion is pre sented by He inz ( 1996). The sterol is

ind icated either before (Wojciec hows ki, 1991: He inz, 1996 ) or after (F uj ino and Ohnishi ,

12



Non-poIar species

Free sterol (FS)

Steryl ester (SE)

Steryl ethe r (SEt)

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

Steryl glycoside (SG)

Acylated stery l glycos ide (ASG)

Steryl chlorin este r (SeE)

Figure I.... (Co nt inued)
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1979 ) a full desc ripnon of the glycosyl ponion . Fig. 1.4 shows 24-ethykholeste ryl ~[)..

glucopyranos yl(l M- 4 HJ-o.gluco p)'Tal1os ide (SO), of which the glycosyl pon ion m.Jy be

ab brevia ted to lJ-o.Glu( I.4>-tl-[)..Glu. and 24-ethylcho les teryl (6 ·..()..steroyl>-{l-[)..

glucopyranoside (ASG).

Steryl ch lorin esters (SC E.'i) (Fig. 1.4) are recenny di scovered stero l conjugat es in

which sterols are esterified to phytopheophorbidc:Q , a porp hyrin-like deg rada tion product

o f chlorophyll (Eckhardt et al., 199 1). No particular nomenc lature is curre ntly specified (ot

sees.

1.2.3 Fatt y acids. fau y a lcoho ls and wax esters

Individual falty acids are often abbreviated to the fonn x:y(l)Z, where x indicates the

number of carbons, y the number of dou ble bonds and z the num ber of carbon s from the

terminal «(I) meth yl group (inclus ive) to the first dou ble bond. Unless otherwise indicated .

all bonds are assumed 10be cis (Z) in configurat ion and meth ylene imerrupeed, For example.

octadeca- 9.12-dienoic acid (linoleic acid ) (Fig. 1.1) would be abbre viated to 18:26J6. More

unusual structures such as iso- o r anteiso- bnnching (ind ic ating a methyl group on the w2

or (1)3carbons . respectively ). or trans (£) doub le bond con figu ration. are indicated by the

ap propriate prefixe s. Trivial name s for many acids are still Wide ly used .

Long c hain aliphatic (fa u y) alco hols, tnough not as abundant a co nsn tuent of lipid

mat eria l as fauy acids, may be si milarly abbreviated, as lon g as it is clear which class of

co mpound is meant. Thus, wax esters, the esters of feuy acids with Iauy alcohols, are here
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abbreviated as x:y!x':y'. indicating the nwnbcr of carbons (x) anddouble bonds(y) in the

alkyl and acyl 0 portions, respectively.

1.1.4 Neutral.cyl&!Ynrvll

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

moooacylglycerois (MAGs). diacylglycerols (DAGs) and triacylglycerols (fAGs).

respectively. For acylglycerols containing the same fatty acid at each position, the acid's

trivial name is readily used to name the acylglycero1. Using the example of palmitic

(hexadecanoic) acid, I ~monopalmitin des ignates the MA G l ~moDOhexadecanoylglycerol.

1.3-dipalmitin would be the DAG 1.3-dihcxadccanoylglycerol. and tripalmitin is the TAG

tribcxadccanoylglycerol. The naming systemusedhere does noedes ignate stereochemical

configuration around the glycerol C-2. since this is unimportant in this work; this issue is

discussed by Perkins (199 1). Where DAGs or TAGs contain CWo or three different fatty

acids. lengthier systematic names are needed, although the uivial names of Cbcfatty acids

may be incorporated into these.

u.s Phospholipid.

Pbosphoglyccridcs, the phospbolipids studied here . arc derivati ves of g1ycerol-3~

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

remaining hydtoxyls on glycerol. They arenamed KCOtdinB to the substituenton phosphoric
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ac id (Zubay, 1993) aDdthe £any ac ids on the glycerol bydroxyb are indicated as rnfixes.

Th us, the pbospbolipid lDFie . 1.1 is disIc:aro)'lpbospbatidykboline. Pbospbatidykbolines

are a150 known as kcitbins. Other cornmOD substitueDtI esterifiedto the pbospbale moeity

include serine , M)'O-iDositol, aDd.g.Iycerol. Hthis substituent is. hydrogen atom. the lipid

is termed • pbospbatid.ic: acid.

1.3 Reln..« or tneillll orpaie arbolll ia til e ••rille nYirolUlleaL

Marine primary production by phytoplankton in surface wateTS underpins the entire

marine food web, including comm ncial and IUbsistence fisheries . Whil e most primary

production is also consumed or remineraliud in surface walen (Wakebam and Lee , 1991),

an important fraction sinks through the WlItet column and nourishes mid-water aDd.benthic

organisms. Furthermore , this sinlring organic matter transports atmospheric earboo into

sediments and deep oceanwaJtn., wbere it may remain for centuries (Libes. 1992). thereby

influenc ing global climate (sannieruo aDd.Sundquist, 1992). Therefore, an undcn:tanding

of the biogeochemistry (source organisms, processes and forms. rates of production and

degradation, and ultimate fate ) of organic carbon in the marifte environment is of vital

importance.

Organic compounds &om taKstrial sources which enter the marine environment in.

nm-offor throuBb atmospheric:deposition provide an additional energy input which can be

utilized and degndcd b)' marine orJanisms (Libes , 1992) . Human activities on land which

affect this input (e.I ., agriculture, deforestation) caD therefore affect marine ecosystems.
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Furthermore, the magnitude and dispersal patterns oftcrrestrial input may indicate which

parts ofthe marine environment maybe impactM by anthropogcnicaUy introduced pollutants

(e.g ., petroleum products).

1.4 Lipid... biomarken iD.the mariDe eariroDacat

Lipids can provide a wealth of information about organisms and processes in the

marine environment, reflecting sources ofcqanic matter and its transformational history in

the water column or sediments (Cranwell, 1982). Certain fatty acids can be traced

unmetabolized through food webs. Bnmched fatty acids {e.g. iso 14:0 andiso 16:0, and 15:0

and 17:0 iso and anuiso acids) in sediments and estuarine particles arc markers of bacterial

carbon input (e.g., Scribe ~t m. , 1991). Toxic dinoflagellates and diatoms produce

characteristic fatty acids (parrish et aI., 1992), such as 16:4<01 in the case of Nitzsc#lio

pungens (parrish et aI., 1991). Moreover , lipids ate often the slowest ofall biomolcculcs to

degrade in the carly stages of diagenesis (Huvcy et m. , 1995; Ishiwatari et m., 1995),

particularly inaooxic sediments. The use of lipids as biomarkers in this fashion is reviewed

by Saliot et al. (1991).

In addition to using individual molecular species as biomarkers, lipid class datacan

yield cnvirOnDl.CIltal information. Goutx et aI. (1990) obtained cbatac:teristic lipid class

profiles for common marine microalgac. Furthermore, lipid class composition can indicate

the physiological state of organisms. Applications have included using total

triac:ylglyceroUsterol ratios to gauge the condition of fish, crustacean and bivalve larvae
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(Fraser. 1989) andgauging the quality ofbalibut eggs by determining storage lipid content

(Daniel el 01., 1993).

1.4.1 Sterols ia the mariIle earil'olUlle.t

Sterols are found in all eukaryotes, as well as in cyanobacteria (patterson, 1991).

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

of cell membranes; furtbcrmore. they arc precursors to certain vitamins and regulatory

substances (Goad, 1991 ; Zubay , 1993) . While some organisms (mammals. higher plants)

can S)1lthesize sterols t:k rrovo, others(e.g. , crustaceans) (SerTazanetti et aI., 1989) can only

modify dietary sterols and still others (e .g., many molluscs: Napolitano et aI.• 1993)

inco rporate unmodified dietary sterols.

A wide variety of sterol structura occur in the oceans. either originating then:or from

input from terrestrial systems (see Volkman, 1986). Brassell and Eglinton (1981) isolated

69 different sterol s from sediments from the Japan trench, and the identification of 30 or

more sterols in settling particles in various marineenvironments (Smith eloJ ., 1983; Bayona

et al.• 1989; Harvey and Johnston, 1995) is not unusual. These figures ate Dot su:pri.sing

considering the variety of organisms producing these sterols. with up to 74 sterols baving

been isolated from a single organism (ltoh etal.• 1983), and the variety of processes which

may subsequently transform these (reduction, dealkylation. etc.) (Cranwell, 1982).

Most organisms which syn~ize C-24 alkylated sterols produce only one C-24

epimer, althougb a few tettestriaJ. plants. including certain Cucurbitaeeae andC rassutaceae

such as KmlJMhoepinnata (air plant) (Akihisa etoJ ., 1991b) synthesize both C·24 epimen
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of a particular structure. GeDcra1ly , higher plants will contaiD the 24a cpimer (e.g., 240·

ethylcbolesta . S,12(E)-dic:n-31S-oI, stigmasterol). while algae contain the 24~ epimer (e .g.,

24p-ethylcholesta-S,22(E)-dien-3~I, poriferasterol) (Maxwell et ai., 1980).

Stero ls may OCCUI" in aquatic environments as free sterols, or in stayl esters

(Wakeham md Frew, 1982). stery l ethers (Booa aDdDeleeuw, 1919). steryl glycosides or

acy la1ed steryl gIycosides (Gt.du ~t ol. , 1991; Veron ~t Ill , 1996), or saerylddorin esters

(Eckardt rt al , 1991; HmwiiDe rtal.. 1996), the last formed during zoopIanktoo bcrtriwry.

In some environmellts the sterol composition in these forms diffcn &om that of the free

stero ls. Sedimentary steryl esters in Loch Clair , UK. had a lower SlanoUA'-stcnol ratio than

free sterols in the same sediment (Cranwell, 1982). Conversely, in settling particles in the

equalOriai Atlan tic, free sterol aDd stetyl ester molecular distri butions were well eom:lated

(Wakeham~I aJ.. 1980). and sedimc1:lwysteryl chloriD esters may be abetter indi cator of

the sterol composition of source orpDisms than free stero ls tbcmse lva (pearce et aI., 1998).

1.4.1.1 St ero .... bio&eocb~lIIical lll.rken

Even among lipid classes, sterols arc some of the best biogeochemical marker

compounds. due to their resistmce 10degradatioa (Sali ot:e l aI., 1991; Qucmmeur and Marty ,

1992 ) and theit wide variety of muctures. Intact sterols have C'VCIl been found in lignite

coals (De l Rio ~t aJ.. 1992)

Thesterol profileofdialoms can be cbarxteristic of . patticularcLass, family , acnus

or even specie s (8am1t et al ., 1995) ; 23,244imethylcholest-5,22Eodien-31l-01 may be •
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· uniq ue marker for the widespread Fr agillmW pitWlla. Table 1.2 iDdieatescenai.n 5tcT01

strue:tures broadly associucd with various alpl. taxa, although then: are many exceptions.

T~ include the predominaDa: of fueostcrol in most brown algae (Pbaeopbyceac) aDdof

cholestero l in many redalgae (R.hodophyccae), with desmostcTOl also frequentl y present in

the latter. 4a-Me:thy1sterols lie most widespread lImOD& the dinoflagellates (Dinopbyceae),

and 24-methylenedtolester'Ol aod (epl)brassic.asterol are frequently found in diatoms

(Bac illariopbyceae ).

T.ble 1.1. Characteristic sterols of various allal tax.a (after Patterson,1991 )

Algal clau PrindpaJ 01' characrerirtic sle,ols

Dino pb)Ulle (dino fla&eUatn) 4-Methyl stero ls, e.a-. dinosterol; cholestero l

,."".,..-opbyceoe 4 ' sttrols; (epi)bnssjcasterol

Phaeo phyccae (brown algae ) F_I

Baa:ilariophyccae (di atoms) Varies; many 4 1and C:z. sterol s

Rhodophyceee (red algae) Cho lesterol, desmosterol

Chlorophyceae (green al gae) Varies; 4 ' stero ls, some 4 1 or AU sterol s;~ sterols

Xan thopbyccae Ethylcbolesterol

Choroph..... Ethykbolesterol

The use of sterol biomarkers is complicated by the variabili ty of the stero l

co mpo sition whic:hmay occur even within cenaiD.algal &eoer&(P atterson, 199 1), and the

possi bility that a1pJ. 8fO\\'1h cooditions may alter their stero l compositi on (Veron et aI.,

1996). 24-Ethylcbolesterol. until recently thought to be an exclusi vely terrestrial sterol , is
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also produced by some algae (Volkman, 1986;Pattc:non.,I991;Li ,.,al. 1995). Tbe stCTOI

Wnostero l was once thought to be solely produced by dinoOagcllates. but bas also been round

in certain marine diatoms (Vo lkman,. , 01., 1993). Furthermore, wtWesome invertebratn

accumulate WUDDdi6ed dietary sterols. otben such as co pepods dealkylate dietary

phytostero ls (Scrnnmctti t' l 01., 1989). tbetefore modifying the stero l mput into sinking

particles. Nonetbc ltss. certain pettems in the sterol compo sition of marine samples can

provide useful biogeochc1nical information. A predominance of 4-metbyl stero ls Iilc.ely

indicates a significant dinoflagellate contnbution. \\/bile cenainalgae produce predominantly

C;;.and c;.. sterols, proponionately bighabundances o f tbcsc an: inmany cases still indicative

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

certain sterols to othen (Li et aJ., 1995), orthe co-variation of eenain sterols with each otber

(Poc kington et 01., 1981) and with other biomarkers (YWlker et al., 1995) yieLdsfurther

informat ion.

1.4.1.1 Sterols as fecal b~.,.bn

Sewage dischatgn fromcoastal communities may hive various impaasOD me marine

envir onment . They may disruP'l Irarioc life by lowering dissolved oxygen levels (L ibcs,

1992 ). foul the gills of fish and filtcr fcediog or ganisms (Franke l 1995). and aher fish

abundances (Mearns. 1982) . Human beaIth may also be impactedthrough pathoien5 (e .g.,

skin and eye infections, hepalitis A) and hearymetais in sewage being introduced into the diet

thro ugh contaminated scafood (Frankel, t 995) . Therefore it is imponant 10determinethe
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extent and distribution of human sewage contamination, espec ially in areas such as

Newfo und land, which has ttaditionallydepended on marine fisheries and where there is great

interest in the further development o f aquaculture.

Cho lesterol (choIest·5-en-3lJ..o1)

"~
H

Cholestan ol (Sa -<:holesta n-3l3-ol)

Coprosta none (5P-choIestan-3-one)

Coprostanol (5t,kholestan-3j}.o1)

Epiooprostanol (5ll-dlolestan-3a..ol)

Fig ure 1.5 . 4.'-Hydrogenat ioD of cho lesterol can produce eitber cbo5estano 1or coprostanol,
Co prostaoo IlCand epicoprostanoi are important indifferentiating sewage input s from
othe r possible coprostanol sources .
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The sterol coprostanol (5tl-cbolestan-3JkJI,) has long been used as a marker of

sewage contamination (e.g .• Hatcher and MacGillivary. 1979; Pierce and Brown, 19&4;

Writer et 01., 1995), providing an alternative 10 fecal coliform counts, which may be

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

Espey, 1991) . BacterialAs·hydrogenati on of dietary cholesterol in die intestines of mammals

produces this sterol ralhertban its isomer. dxllestanol (Sa-cbolestan-3JkJI) (Fig. 1.5)aDd its

distribution in river. barbour and coastal sediments (e.g., Writer et 01., 1995; Venkasetan and

Kaplan, 1990) in beachsands and greases, and in the sea surface microlayer (Nichols et oJ..

1996) has therefore been widely studied.

Pocldington et 01. (1987) have suggested that coprostanol may not be an

unambiguous fecal biomarker. since its concentration in Bedford Basin, Nova Scotia. was

closel y correlated with several distinctive alp! biomarkers. Furthermore, anoxic

sedimentary environments appearto favor the formation of 5j}-stanols over 5a-stanols from

tt,s_stenol s (Meyers and lshiwatari, 1993). Writer et 01. (1995) used a coprostanol

concentrati on of 0.010 ~i/i dw scdimeDt as a eut-offto indicate sewage contamination, but

coprostanol concentrations far higher than thismay occur in sediments from remote marine

locations (e.g ., Grimalt et ai., 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 dom estic sewage (Nichols et aI., 1996). Nonetheless, to ascenai.nwhether human. fecal

contamination is present in waste waters or sediments.S~ls and ketone intermediates

may be determined, and their abundances compamllo that of other sterols. Mudge and

24



Bebianno (1997) usedthe coprostanolfc:bolesterol ratio to ascertain the extent of sewage

contamination in sediments. Quemeneur aDdMarty (1992) c:alc:u1atedthis ratio and the 24­

eth ylc:oprostanoUsitosterol ratio as indie:ators of fresh domestic: wastewater. Other

biomarkers, suc:has the 18:1(011118:1009fatty acid ratio(Quemencw" and Marty , I992) can

corroborate evidence of sewage input The ratio of coprostanol to coprostanol plus

cho lestanol, Spt(Sa + SP), bas also been used (Grimah et aI., 1990 ; Li et oJ., I99S; Mudge

and BebianDo, 1997), as has the ratioof c:oprostanol to dinos=ol (Venkantesao and Kaplan,

1990 ). The epic:oprostaDOlto coprostanol ratio can distinguish the feces of certainmarine

mammals from thai ofbumans (Venkantesanand Santiago, 1989), although ep;c:oprostanol

is also prevalent in sewagc treatedin sludge digeston (Grimalt et al., 1990). Lastly, the 4 4
•

steno ne and stanooe intermediates in stan ol formation may be examined.

1.5 Methods (or lipid _&lysis

1.5.1 Sterolaaalyits

While individual sterols may be separated and analysed by HPLC (Akihisa et aI.,

1991a), GC is the most commonly used c:hromatographic: method for Cheiranalysi s. The free

alcohols may becbromatograpbed (e.g., Mayzaud et m., 1989; Quemeneur &. Marty, 1992),

but most methods precedeGC with some form of dcrivatiDtion. Conversion to less polar

derivatives allows con venient analysis on common oon-polar$fati0Dat)' phases, on wbic:hthe

free alcohols teDdto tail excessively. Sterol aceta1cs maybe prepared (e .g., Wakeham et aI.,

1980 ; Itch et al., 1982; Conway andMcDowcU Capizzo, 1991) but trimethylsilylcthcn arc
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by far the most commonly used deriv atives for marinesamples. aDd·many minor variatioos

in their preparation have beenrqlOrted. along with reviews of rel..ativeretention times aDd

ma5Sspeetra(Jooesel al .. 1994). Where the free alcobols are analyz.ed, their prior isolation

by silica column d uomatograpby,~vc n.C (e.g., Mayzaud et 01.• 1989) or HPLC

(e.g., Qucmeneur &. Marty, 1992) may be necessary, although many studi es empl oy this

approacb anyway, since it inaeases the certainty tha t mainly sterol s will appearm the GC

cbromatopam (e.g. Venbtesan et al.• 1987 ; Colombo et 01., 1996; Laurril1ard and Saliot,

1993). SIICb. JR-fractioaatioD. may a150 be used to lsolalcspcc:ific sterol subclasses, suchas

SjktaDols (Bull er01.• 199 8), or to sepame4,4-dimethyl. 4-mooometbyl and 4-desmethyl

sterols (Volkman. 1986) .

A notab le sboncomina ofmost GC methodsfor stero ls is their inability to separate

C-24 cpimers. Such separation has been ac biend OD long capillary co lumns (100 m or

more)(MaxweU et 01., 1980; Tho mpso n et al ., 1981), but anal ysis times an: too long (3-10

brs) for routine usc. Reverse- phase HPLC is useful for separating specific pairs of C-24

epimers (A.lcihisa et 01.• 199 1b), and IH nuclear magDC'licresonance (NMR) (e.g.. Goad,

1991) and X-ray crystallography (Ling et ai., 1970) are able to distinguishthem.although

th ese require isolalion of significant quantities of the iDdividual sterol . Due to sample

una vailability and complexity, C-24 cpimcn are rare ly distinguisbcd m marine

biogeochemical stUdies. despite the pocemiaI lOdiffcrmlialc algal BDdhigher plant inputsby

C-245teTeOCbemisrry.

Steryl esters ate DOl differentiated from &tiesleI'Ols by common methodswhichbegin
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with saponification (base bydrolysis) of the total lipKl extract. However , they may be

analyzcd intaet byGC orGC-MS (Wakeham4c Frew, 1982; Bull etal. , 1998), although bigb

temperatures are required and analysis times are l)'pic.a!.Iy long . Steryl ctbm can be:

simi luly analyzed (BooD and DeLeeuw, 1979). Polar sterol species present the greatest

analytical chalJenaes. Base hydrolysis does not release sterol s &om steryI gJywsides or

acyla1cd stef)'l gtycosidcs. and they an: therefore DOCde1ecled by conventional methods for

marine sterol analysis which ameralJy involve a1Winc saponification. Fully

trimethylsilylatcd ster)'1 glucos ide! have been analyz.ed by GC on a short packed column

(L aine 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 et oJ.•

1996) to release sterols from thesepolar conjugates may alter the strue:~ of those sterols

(Heinz, 1996); pcriodate cleavage of tbe ether lin.bce is preferable.

1.5.1 Upid dau _aJyI;iI

As previously DOted,a pttpamive lipid class sepantion may be a useful prccedeu t

to mo lecular spccic:sanalysis of an individual class.. Often.quantitation by lipid class is the

desired rcsulL \\Ihile HPLC has been used for this (Gonzal cz-Castro et aL, 1996), most

woden have used some form ofTI..C .

1.5.:1.1l atrol UII TLC ·FID

In the past fifteen years, Iauoscan thin layer chromatography-flame ionization
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detection (JLC~FID) bas become a widely KCCJKCd technique for lipid class analysis . The

analytical system COIlSists oflXm quctzrods (Ouvmarods). 0.9 mm in d..iamc1.cr. coated

wi th a 75-J411 thick layer ofpxous silicI. gel particles (5-.umdiameter) sinten::d into & glass

flit (Ac:kman n al .. I990). 1hesampleis~&1oaeend:oftherodanddeveloped &Sin

pla1cTLC. It is thenpassed through • flamc ioDiDlioa de1a:rorin the Iatroscan insaumenl,

where each sep.med bald is quantified by combustion. Up to 1m rodscan be scanned

sim ultaneously. providina: hip sample throughput.. Partial scanning of the rods, and the

further development of uncombusted. material, allows multidimensional separation and

detection imposs ible in conventiooal plate nc.

Applied to marine lipid classes, Iauo5C&D TLC-FID can distinguish energy storage

classes, pollutants, mcmbrulc lipids, or indicators of orpnic matter degradation (c.s.• Go utx

~I ai., 1990) . The tedmique is npec:iaUy useful for analyzinj:such d asses as phospholipids

(Hazel, 19&5; GeriDand Gouct, 1993) and pigments whKh are 100 involatile or polar for GC

(Vo lkman and NKbols. 1991); it has also been app lied to the rapid detenninatioo of tot.al

lipid carboo (Harvey and Panoo, 1981; Oaura et 01.. 1987) and in other methodsas a support

for quantitation rather thIID • separation medium 1"" Ie (Kramer ~I aI., 199 1). Like

conven tioDal TLC plates, the Iilic:aCbromarod coatina CIa be imprqnalcd with various

modifiers, for example. copper (II) sulfalc to increase FID rnponse and improW' detection

uniformity (Kaima1 andShantha,19&4), oxalic acid 10dIicientJyseparate phospholipid types

(Banerjee ~I aI . 1985). boric acid to separa1e isomeric acylalycerols (Tanaka er01., 1980 ;

Tatara et aI., 1983), or silvCT(I) nitrate to separate lipids by degree andIo r geometry of
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uosarurati oo (Scbedio and Ackman. 1981 ; Scbedio et oJ., 1985). Ouuide of lip id analysis,

app licati oDllof n..c-FID have iJxluded qUlll1tiwion of the aliphatic , aromaric. resin and

asbphaltene &actions of crudeoils (Karlsen and Laner, 199 1) and analysis ofpolystym::w:and

polyi soprene polymen (Takenaka et oJ., 1995).

The principal drawb8ckofCbromarod n.c.indeed 11.C geoaally, is iu iDabilityto

reso lve individual d osdy-rdated molecular spec ies in complex samples. As DOledabove,

mol ecular spec ies anaJysiJ of a patticular lipid class is usuall y do ne by GC (Kubis and

Myher , 1989) or HPLC (Kubis et oJ.• 1991). often requiring pre-6actionation,

sapo nification, derivatization or other treatment (Wood. 1991). A method allowing

individual compounds within a band on a Chromarod to be analyzed furtherwould increase

the amount o f information available &om a lipid class separation.

Sterols, in partic:u1ar, illu:stralcthe difficulties in TI.C -FID as currcutly pncticcd. As

DOted above , they occur in the marine environment in several different forms o f varying

polarities . In. typical Chromarod lipid class scpuation used in our labontory (Parrish,

t 981), stero l species appear in several different bands. Free sterols (FS) are general ly

resolved into a pure band afterdevelopment in the secoed solvent system, although some

co ntaminati on of this baDdby 1,.3-diacy tglycerols is possible. Steryl esters (SE) co-elute

wi th wax: esters. Lastly, aD)' steryI&Jycosides (SO) or acyIau:d steryI aIYeosides (ASO) could

be expected to elute in the third development, although their ~ values have never been

determined. Ir is expected thai s&erylchlorin esters would also elute in this regi on.
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1.5.3 Cou pliDlofTLCwitb GC orMS

Various methodshave been reported10 couple therapid, inexpensive, low-resolution

n.C separation dire<:t1y to further separation or alXurate quantitarion (GC), or superior

specificity and identification (mass spectrometry, MS) . Direa transfer from nc to mass

spec trometry basbeen accomplished by Xe" bombardment to remove phospholipids from

TLC plate s as secondary ions (Xushi and Hmda, 1985). and by laserdesorption ofTI.C­

separated simple mixtures ofpoJypeptides and dyes (Gusev et al., 1995), various quincnes,

alc ohols, acids and aromatic esters (Ramaley et m. , 1985), and the dzug Napmxen

(F anibanda et aL, 1994). Laser desotption bas also been used to transfer pesticides from

nC onto a OCcolumn (Zhuand Yeung. 1989). Lyle and Tehrani (19 8130 b) reported the

in tr oduction of polymers and waler-soluble vitamins from cut TLC plates into a gas

chromat ograph by pyrolysis, although the GC step was used primarily for accurate

quantitation (already possible in n.c+FID)rather than for further separation, especially since

the pyrolytic introduction led to multiple products from a single substance on the n.c plate.

However , all of these methods have beendeveloped for plate TLC rather than to complemen t

the specific advantages of Chromarods, particularly in lipid analysis . Furthermore. they rely

on 1LC as the principal sepandion step for individual molecular species. rather than taking

advantage of the broad profiling capabilities of n.c for comp lex, naturally occurring

mixtures.
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1.6 Objectives

1.6.1 Sterull i.b TriDity Bay. Newtoaadlaad

The collapse ofNewfoUDdland groundfishstocks.with its devastating eccecmie and

social impacts., providedan impetusfor the multi-disciplinary Eco-Research program. This

three-year study, funded under Environment Canada's "Green Plan". aimed to examine

factors contributing to sustainability in Newf'mmdland as a reprcscntative Nonh. Atlantic

cold-ocean ecosystem aDdsociety. Within this framework, the Marine Team. a ~unit of

the Eco-researcb programcomprising 7 workers in Memoria] ' s Chemistry andEarthScicnc.es

departments and the OceanSciences Centre, aimed 10 gauge ecosystem bc:aIthby examining

specific sets ofbiomarken (various lipids, phenolic compounds) to detmninc SOlRCS, fates

and transformations of organic matter in the marine enviromnent, and the relative

contributions ofmarine V.I'. terrestrial and Datura1 V.I'. anthropogenic input (Section 1.3). Tbis

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-treatmcnt. The potential use of SP-stanols as a fecal.markers for this input

initiall y motivated the study of sterols in marine samples from the region. In conjunction

with other lipid biomarker studies ofCCOS)'stem.health (Budge and Parrish. 1998; Favaro,

1998; Parrish. 199 8b), the study also aimed. to use sterols 10 identify sources and

transformations of organic:matter in marine environment ofwestem Trinity Bay, as well as

ascertain wbetber sewage inputs were recognizable in the current ecosystem or in the

regi on 's sedimenwy record.
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Figurr 1.6. Study area and sampling locaucns in wes tern Trinity Bay. Newfound land.
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