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ABSTRACf

Fatty acids are of great interest in a variety of disciplines, including oceanography,

geochemistry, food science and biochemistry, and this has led to the development of diverse

methods foc their determination. This study was undertaken to establish optimal methods for

fatty acid extraction and analysis and to apply those methods to samples in the marine

environment. Several methods of lipid extraction, lipid fractionation, fany acid methyl ester

(FAME) formation and picolinyl ester synthesis were examined. For most sample types, a

biphasic extraction mixture of 8:4:3 CHCI):MeOH:H10, followed by fractionation on silica

gel and FAME formation with SF) gave optimal recoveries. PicoIinyl derivatives offatty acids

are useful in structure determination with mass spectrometry and a new transesterification

method for their synthesis was developed. In addition, the treatment of samples with high

lipase activities with boiling water was effective in deactivating those enzymes and resulted

in lower levels of free fatty acids, a breakdown product.

Combinations of all these melhods were applied 10 biogeochemical and aquaculture

projedS. In the two very different environments of Trinity Bay and Barred bland Cove, the

fatty acid composition of plankton and sediment trap samples was characterized by high levels

of polyunsaturated fany acids (20-50"/0 oftolal fany acids), indicating a substanlial marine

phytoplankton source, particularly diatoms. However, much higher levels of terrestrial plant

and bacterial indicators in Barred Island Cove as compared to Trinity Bay illustrated the

differences in the two environments. The fatty acid composition of blue mussels from Barred



Island Cove were also compared to that of natural phytoplankton populations. In terms of

fatty acid nutritional needs, the phytoplankton seemed to be providing fatty acids in

proportions closely approrimating the bivalve's requirements. Another aquaculture interest

is in establishing fatty acid biomarkers that may be used 10 indicate the presence of toxic

algae. To this end, the fatty acid composition of the toric diatoms Pseudo-nitzschia

mulnseries and P. punge,a was determined. High levels of 16:4n·) (>,.;.) were found in both

species and that fatty acid may have potentiaJ in di1ferentiating those PsewJo.nilzsChia species

from other diatoms. Thus, accurate analysis offatty acids in cold water marine samples can

provide insights into biogeochemical processes, food web connections and the

chemotaxonomy ofloxic phytoplankton.
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Cbpter I • GENERAL INTRODUcnON

Determination of&ny acids in marine samples is ofgeat interest in a variety of fields,

ranging from aquaculture to organic geochemistry. In aquaculture, the intercst is mainly in

fatty acid nutrition offish and. in the most recent issues of Aquaculture and the Journal of

World Aquaculture., approximately 25% ofthe articles invo'ved fatty acid analysis. Fatty acids

are also useful as biomarkers or signature compounds of organisms. In biogcochc:mical

studies, this aUows the determination ofsources and sinks oforganic material and contributes

to Icnow&edge ofcaJbon cycling in the marine environment (De Baar et 01. 1983; Conte et ai,

1995; Harvey and Johnston. 1995; Wakeham el ai, 1997a; Wakeham ttl ai, 1997b). }oj;

markers of individual organisms. fatty acid signature compounds may also be useful in

indicating the presena: oftolcic algae (parrish el 01. 1991). Accurate quantitation ofthcse

fatty acids is a challenge, particularly with samples from cold water environments which

contain elevated levels oflabi1e polyunsaturated fatty acids (PUFA). Errors may be introduced

in the analysis during anyone of a number of steps., including lipid extraction, fractionation

and derivalizabon. and. given the proliferation offatty Icicl analyses in diverse fields., a critical

evaluation ofexisting methodology is timely. Furthermore. without some knowtedge ofthc

accuracy of analyses., comparisons ofrcsults from different groups may not be valid.

This study will attempt to remedy this situation by critically evaluating commonly

employed techniques in limy acid analysis. Numernus reviews exist (Schmitz and Klein. 1986;

Christie, 1989; Hamiltonel ai, 1992; Christie, 1993; Dobson ttt ai, 1995) describing a variety



ofmethods for quantitatively and qualitatively detennining fatty acids. induding extraaion.

fractionation. methylation and formation ofderivatives for mass spectrometry. This thesis.

however. wiD dc:saibe an improved method for accurate determination offatty acids in cold

water marine samples. Since optimization of instrumental parameters for both thin.layer

chromatography-flame ionization detection of lipid danes (parrish and Ackman, 1983a;

Parrish and Ackman, 1983b) and g&5 chromatography of fatty acids (AJbertyn ef ai, 1982;

Ackman, 1986; Christie, 1919; Craske. 1993) have been extensively investigated in the past.

it will not be timber examined in this study but appropriate parameters and corrections will

be employed as recommended in those studies.

Applications offatty acids in environmental studies as determined by these optimal

methods will also be demonstrated. The use of fany acid biomarkers in biogeochemical

studies and as markers of specific organisms is illustrated in Chapters 4, S and 6. The action

oflipoly1ic enzymes is a particular problem in the detennination oflipid class and fany acid

composition in diatoms and the effects ofdeactivation of these enzymes will be examined in

Chapter S. [n addition. in Chapter 6, the fatty acid nutritional requirements of bivalves are

discussed and compared to natural phytoplankton populations.



C".pter 2- SURVEY OF FATlY ACID COMPOSITION AND ANALYSIS OF

MA.RINE SAMPLES

2.1 ..troductie.

Currently, theR: is rnudI inteusl in the analysis oflipids in the marine enviroM'lent.

In 1iving organisms, lipids have sevaaI functions which can be described as structural, stonge

or regulatory. Lipids associated with membranes have structural roles, while lipids used as

sources of energy function as long-term fud stores. Individual lipid molecules may even

behave as chemical messengers and playa role in metabolism. These different functions

require a variety ofstnletures, and this in tum, makes lipids particularly suited as biomarkers.

Biomarkers are molecules, structurally related to a specific source (Hedges and Prahl, 1993),

which can be analyzed directly from the environment and can be used to determine in situ

biomass both qualiwively and quantitarivdy (Sargent elol, 1987). Biomarkers may signal the

presence ofa partiaJlar organism and aid in estabIisting the distribution and abundance orthat

organism They are usefuJ in determining sources and fates oforganic material in the marine

environment (Wakeham and Beier, 1991). Lipid biomarkers may also be useful as a son of

early warning for the presence of toxic algae (parrish el aI, 1991).

lipids are defined as substances that are insoluble in water and soluble in non-polar

solvents such as chloroform and ethanol (Gurrand Harwood, 1991). Structures of these lipids

vary widely and, to form a classification scheme, lipids have been divided into 16 classes

based on structure (parrish., 1988). These classes include, in order of increasing polarity,



aliphatic hydrocarbons (He). polycyclic aromatic hydrocarbons, wax esten (WE), steryl

uten (5E). short-clWn esters, acylated g1yeeryS ethers (GE), triacylglycerols (TAG). free

fatty acids (FFA), phtha1a1eaters, free aliphatic akohols (ALC), sterols (Sn. diacytglycerols

(DAG), monoacylglyccrols (MAG), gfy<:olipids,pi~ and phospholipids (PL) (Figure

2.1). MAG. gJyeolipidsand pigmenuarc usuaUy not determined individually but nl.ther as one

group. known as the acetone-mobile polar lipids (AMPL). In general. the term "polar lipid"

includes only AMPL and PL AD other kss polar lipid cluses are referred to as neutral lipids.

These neutral lipids, particularly TAG and WE, are commonly associated with long-term

storage products, while the polar lipids playa structural role.

Lipids comaining one or more esterified filtty acids are known as acyl lipids and these

esters may be cleaved to yield the fatty acids. These fatty acids also have a variety of

structures but, in marine organisms, fatty acids commonly contain from 14 to 22 carbon

atoms ofvarying degrees ofwuaturabon. Several different types of nomenclature are applied

to the fany acids ofacyl lipids. MOSI fatty acids were first isolated from a particular source

and trivial names derival from the sources were often used. A syuematic nomenclature

rttOmmended by the International Union of Pure and Applied Chemistry is also currently

employed (QuIT and Hatwood. 1991). This results in simultaneous use of systematic and

trivial names. For example, n-hexadecanoic acid and palmitic acid are used interchangeably.

A Jess ambiguous shonhand notation, based on the numbers of carbon atoms and double

bonds, is also common. It lakes the fonn of A:Bn-C, where A refers to the total number of

carbon atoms, B to the number ofcthy\enic bonds and C to the number of carbon atoms from,
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and including. the tc:nninaJ methyl group to the nearest ethylenie bonet. This system assumes

that all ethy\enic bonds are cis in configuration and methylene interrupted (Ackman. 1989).

With non-methykne intenupced fatty acids, a Greek delta (6) is used to indicate the position

of the double bond retative to the carboxyl group. For example. 20:2n-6 and 20:245,11

represenl 1l,l4<icosadienoic acid and 5,1 l-eicosadienoic acid. respectively. Iso- (H and

anteiso- (ai-) indicate melhyl b~tUngs of the lerminal end of the acid. Examples of

slruclures and nomendalure are given in Figure 2.2. Fany acids containing two or more

double bonds are known as polyunsaturated fatty acids (PUFA). In higher animals, some of

these PUFA, for example 20;5n-3 and 22:6n-3, are referred 10 as essential fatty acids because

the animal has an absolute requiremenl for the fatty acid but is unable to synthesize the fatty

acid itself

2.2 Souna or Fatty Acids

1.2./ Bacteria

The !any acid compositions ofboth aerobic and anaerobic baaeria are quite different

from those of typical plants and animals. Marine bacteria! fatty acids include saturaled. cis·

monounsaturated and methyl-branched fatty acids (Perry et ai, 1979; Parkes and Taylor,

1983; Gillan and Sandstrom, 1985; Rajendran et ai, 1991). In addition, PUFA, including

20;5n·3 and 22:6n-], have been found in deep-sea. and Anlarecic bacteria (DeLong and

Vayanes, 1986; Nichols el aI, 1997). Another unusua!gtoup offatty acids associated wilh

bactenaare trans·monounsaturated fatty acids (Gillan et aI, 1981), panicularly Irans-16: In~7
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Figure 2.2 Nomenclature offatty acids found in marine samples.



and tTrnf·ll:In-7. These fatty acids have been found in prolwyotes but-like methyl.

branched fatty acids, are pl"tdominantJy found in bacteria (Keweloh and Heipieper. 1996).

Fatty acids ofbacteria are usuaDy confined to rnernbRne lipids. as bacteria do not have

storage fats such as TAG (Keweloh and Heipieper. 1996). Because ortbis structural role., the

fatty acid composition of bacteria fluctuatcs much less than that of othu organisms that

contain stonge lipids. Ths makes certain fatty acids, particularly methyl·branched and trans

fatty acids, U5d\d as biomarken for bacteria (8owman el ai, 1991; CaudaJes and weUs, 1991;

Guckert el ai, 1991; Ringdberg el aI. 1994; Zelles and Bai. 1994). Indeed., Kewdoh and

Heipieper (1996) state that .. the identification ofbacteria with the help of their fatty acid

composition as a biochemical mar1cu has become a routine method." h should be not~.

however, that although indMdual fany acids may be associaJ:ed with bacteria. those fatty acids

are also found in other organisms. and onJya combination of them can be used as a general

bacterial marker (Sargent et ai, 1987).

2.2.2 Phytoplankton

Phytoplankton have a variety offatty acid compositions, but. within each dass. the

compositions are similar. VlSQ and Matty (1993) and Kayama el aI (1989) reviewed the fatty

acid composition of several classes of microalgae. Both report a characteristic fatty acid

composition of diatoms (Class Bocil/arioplryceae) of 16:1n-7. 16:0, 20:5n-3 and 14:0 with

the url,lsual fatty acid 16:4n·1 commonJy present, while dinoflagdlatcs (Class Dinophyceae)

usually contain the rare fatty acid 18:5n·3, as well as hi~ amounts of 16:0. 11:4n·3 and



22:6n·3. Green algae (Class Chlorophyceae and Prcuinophyceae) have a fatty acid

composition resembling that of terrestrial plants with much luger- amounts of 18:2n-6 and

18:3n·J than are found in other classes. It should be noted thatthcse compositions are

generalizations for pbocosynthetic organisms. Non-photosynthet.ic organisms do exist in some

of these taxa and display very different fany acid compositions. In addition. fatty acid

compositions are highly dependent on cuJcure conditions and stage ofgrowth when harvested.

Whatever the composition. this phytoplankton forms the base of the food web and, in the

marine environment, is by far the major source ofessential fany acids, such as 20:5n·J and

22:6n·J, for animals.

These characteristic fany acid compositions often make it possible to designate

c.ertain fatty acids or ratios offimy acids as biomarkers ofvanous phytoplankton classes. For

examp~, the fatty acid 16:4n·1 is very flll"ely encountered in any class of microalgae other

tIwi Bacd/arioplryo!ae. A value of the ratio ofmonounsaturated C.. fany acids/saturated Cli

fatty .ads (16: JlJ6:0) above 1.6 (BodeMec: et ai, 1994) is also used to indicate the presence

of diatoms. Claustre et 01 (1988-89) interpreted an increase in the value ofttle ratio ofC..

fany acids/eil fatty acids (1:C 16mC 18) as indicative ofincreased diatom proportions. The

fany acid 16:4n-1 has also been proposed as a more specific marker of a toxic diatom,

Pseudo-nitzschia mulliseries (parrish el ai, 1991) due to the high levels (11% of tota! fany

acids) of 16:4n·1 that il contains, but Chapter 5 shows that there are even greater amounts

of this acid in the closely related Pseudo-nitzschia pungens. Similarly, it was hoped that

18:5n-J could be used as a biomarker for the toxic dinoflagellate Alexandrium funtlyelUl!, but
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hip levds are found in another non-toxic dinoflagellate, Scrippsiella troehoidea (Chapter

6). lbe evidence suggests that farty acid biomarkers should be applied onJy generally 10 the

various microa1gae classes.

1.1.3 Microwoplankton

Microzooplankton mainly consist of flagdlated and ciliated protozoans. such as

foraminiferans. radiolarians and tintinnids. in the size range of20 - 200 IJm (Libcs. 1992).

This group also includes copepod nauplii (Ihe young Siage of copepods) and cryptomonads.

Qaustre et a/ (1988-89) found both copepod nauplii and lintinnids (Stenosemella vemricosa)

to contain high levels ofPUFA. from 47 to 59'"10 oflhe lotal. These PUFA were primarily

composed of20:5n-3 and 22:6n-3. as well as 18:5n-3 in the tintinnid. In paniculate samples.

biovoIumc:s of miaozooplankc:on. including ciliat.es, tintinnids and choanofJageUates, have also

been found to correlate significantly (P<O.OS) with amounts of20:4n-3, 18:5n-3 and tOW

pentaenes (parrish et ai, 1995). Skerratt et 01 (1995) swed that high levels of C•• PUFA

(approximaIdy '-") and 22:6n·3 (7.5%) in water column pattic:u1ates were characteristic of

ayptomonads. However. one study ofthe farty acid composition of two ciliates (Harvey et

at. 1997) reports little or no PUFA in those organisms. These two ciliates. Plnlronema sp.

and Fabrea salina, were fed a diet low in PUFA and their" fatty acid composition reflected

this.

II



1.1.4 Higher Animals

Hi~animals.. including bivalves and finfish. fulfil their fany acid requirements both

by uptake of material produced through primary production and by biosynthesis. However,

most ofthese organisms. particularly nwine fish, are unable to produce sufficient quantities

of certain PUFA and rely tol&1.ly on dietary sources of these essential fatty acids (Sargent.

1995). In marine fish, 20:5n-3 and 22:00.3 are essential and frequently comprise greater than

2Q-/e of total fatty acids by weight (Joseph, 1982). Since these fatty acids aTe also essential

to humans, marine fish are often viewed as an imponant source of these fatty acids in our

diets.

Bivalves commonly contain WtUsual non-methylene interrupted dienoic (NMlD) fauy

acids. The function of these fatty acids is unknown, but their biosynlhetic pathway has been

elucidated (Zhukova. 1986; Zhukova. 1991). Radio-labelled acetate was administered to

Myli/us edu/is (the blue mussel), and after 12 or 24 hours fatty acld radioactivity was

determined. All saturated and monounsaturated fatty acids wa"e nrodio-labeUed, but the only

radioactive PUFA wa"e 20:2 NMID and 22:2 NMID. 1be double bond locations of these

fatty acids were determined to be 20:2.6.5,1 I, 20:2.6.5,13. 22:247,13 and 22:2A7.15. Zhukova

reasoned that 20:2li5,11 and 20:245,13 were synthesized by insertion ofa double bond at

the 65 position in 20:1011 and 20:1413. Synthesis of the 22:2 NMID could then occur

simply by chain elongation. These results suggest that M edu/is does possess a 65 desaturase

enzyme but that it is very specific and only functions with monounsaturated fatty acids, as no

radioactivity was found in the fatty acids 20:4n-6, 20:5n-3 and 22:6n-3. IfNMID are the only
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PUFA formed by M. edMlis. then 2O:~. 2O:Sn-3 and 22:00.3 are essential for thai: organism

and probably for bivalves in general.

2.2.5 Sediments

Any organic malerial that is not recycled in the water column is ultimately deposited

in the sediments on the sea floor. Marine sediments contain active populations ofbaetcria

which cause further breakdown oforgarUc matcrialthrough respiration (Deming and Saross.

1993). As a result. sediments generally preserve only unreactive compounds. Saturated and

monounsaturated fatty acids, particularly those with 16 and 18 carbon atoms, are most

conunon but longer-chain saturates, attributed to higher plant sources, are also encountered

(Haddad et ai, 1992; Harvey, 1994; Colombo et ai, 1997; Laureillard el al. 1997). PUFA

usually comprise less than 5% of tOlai fany acids in sediments, probably due to both their

reactivity and their incorporation in diets of benthic invertebrates and animals. Lipids of

sediments are primarily composed of AMPL and PL with small amounts of FFA (parrish.

1998). AMPL and PL in marine sediments have only been cl\aacterized in a few studies

(R.ajcndl1Ul et aI. 1991; Laureillard et ai, 1997) and their fatty acid compositions are largely

unknown.

2.3 Biosynthesis or Fatty Acids

All organisms are capable of synthesizing saturated fatty acids by basic condensation

of two-earbon compounds (Zubay, 1993). The actual fonnation of saturated fatty acids is

IJ



quitecomplicaltd, involving a rrIJItienz:yme complex. and is beyond the.scope ofthis chapter.

PUFA are formed by chain elongation and insertion ofdoubk bonds in these~ted fatty

acids by the action of an appropriate enzyme. Phytoplankton are able to synthesize a variety

of PUFA that higher organisms and terrestrial planu c:aMOt because they possess different

enzyme systems (Cook., 1985).

GeneraUy, in both plants and animals, a double bond is first insened into a saturated

fany acid at the.6.9 position, usually resulting in 16:ln·' or 18:ln-9, depending on the

saturated~. In animals, further desaturation must oc:cur between the original double

bond and the carboxyl end of the fatty acid with .6.6• .6.5 and, possibly, .6.4 desaturase

enzymes. In terreslrial plants, desaturation OCOJr5 at the opposite end of the fany acid, and

doublebondJ are inserted at the .6.12 and 6.15 positions. Phytoplankton, howevtt. are capable

of desaturation on either side of the original double bond, allowing them to synthesize a

greater variety ofPUFA than animals or terrestrial plants (Cook., 1985). It should be noted

that possession ofthe appropriate desaturase enzyme does not guarantee sufficient production

ofme c:orresponding &tty acid. An c:xarnPc is 22:6n-3 in humans, who possess the necessary

dcsarurases and are capable of producing 22:6n-3 by chain elongation and desaturation. but

cannot synthesize it in sufficient quantities to meet metabolic needs and therefore require a

dietary source.

Fatty acids ofthe n-3 and n-6 faniIies are essential, and animals are entirely dependent

on plants, including phytoplankton. to provide them. Once an 0-3 precursor is provided, the

animal can produce a variety offatty acids by chain elongation and desaturation. For example,
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if 18;ln-l is present in the diet.. the ani.maI can perform a 46 desaturUion to y;eId 18:4n-l.

followed by chain eiongation to produ<:e 20:4n-3 (Fisure 2.3). Ifthe animal poS5eS5CS a.65

desaturue. it can then form 20:5n-3. In raJ hepatocytes. to produce 22:6n-3. it has been

demonswed that 2O:5n-3 is dongated first to 22:5n-3 and then to 24:5n-3 (Voss elal. 1991).

A .66 desaturase is then employed to fonn 24:6n-3 which undergoes chain shortening through

~-oxidation to y;eld 22:6n-3. The inability of animals to alter the n-3 or n-6 position after it

has been established is what led to the development of the n-3. n-6. n-9. etc. nomenclature.

The animal can carry out chain elongation or desaturation but cannOt change the "n"

designation. Furthermore. some animals. such as marine fish, lack the.65 desaturase necessary

to create 20:4n-6. 20:5n-l and 22:60-3. and therefore have • diewy requirement for those

fany acids. in addition to 18:3n-3 and 18:2n-6.

2.4 Methods or Aaalysis

2.4.1 Lipid Oanes

2.4./.1 Extraction

Before fatty acid ana/ysis can be canied out, che lipids m.ast first be extracted from the

matrix in which they are encountered. Lipids are soluble in organic solvents, and their

extraccion from plant and animal tissues is commonly perfonned using • mixture of

chloroform and methanol. Recently, Ctuistic (1993) published a review of extraction

procedures using other solvents, but in general either the "Folch" procedure (Folch et ai,

"



18:4n~3 -_ 10:4....3

10:5....3 -- 12:50-3 -- 24:5n~3

22:6n-3 -- 24:6n~3

Figure 2.3 Schematic of the biosynthesis of22:6n-3 from 18:3n-3 by chain elongation, chain

shortening and desaturation.
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1957) or the Bligh and Dyer (1959) method is used. Both employ mixtures of chloroform and

methanol, the Folch prooedute using. bipbasic solvent system of chlorofocm:methanoI:water

8:4:3 while Bligh and [)ya" recommend • monophasic system employing a final chlororonn:

methanoI:wuermio of2:2:1.8. The Bligh and Oyet" method wu developed for use with wet

tissues and a.ube (1993) reports "good recoveries ofthe more important lipid classes" \/Io1th

tlUs method, but the Folch procedure does seem to be more wM1dy accepted.

Soxhlet extractions are commonly used in the extractton of lipids, particularly

hydrocarbons. from wet sediment samples (Marvin et aJ, 1992; Bieger el aJ. 1997). Usually

a non-polar solvent. such as dichloromethane, is refluxed through the sediment sample for

several hours. No physical processes like sonication or homogenization with a blender are

employed. A more polar solvent, such as methanol. can also be used in the extraction if polar

lipids are to be recovered (Favaro. 1998).

Extraction of lipids according to any of the above methods may seem to be a

straightforward marter", but several pra::autions must be taken co ~tlipid degradation and

ensure acamIle~ (Ovistie, 1993). FII"StIy. sampk:s shouJd be extracted immediately after

collection or frozen below ·20 -C in solvent under a nitrogen aunosphen:: and in the dark

(Sasaki and Capuzzo, 1914). During ext~on, the samples should also be kept cold. These

prec:aurions are neoessaty to prevent activation oflipolytic enzymes and autoxidation. Some

researchers have recommended deactivation of1hese enzymes by treating samples with boiling

water prior to extraction (Berge el aJ, 1995). Diatoms contain particularly active lipolytic

enzymes (Juttner and DOrst, 1997) and may especially require tlUs treatment. Many
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laboratories also routinely add the antioxidant BIIT (butylated hydroxy toluene) to samples.

Both phytoplankton and bivalves contain the natural antioxidant tocopherol (Sigutgisladonir

et aI, 1993). so some protectKm against autoxidation is present naturally in such matenal.

1.'1.1.1 Coillmn CJu'onral<WOPhY

Because neutral and polar lipids have different roles within the organism. there is

much interest in separating lipid extrw::ts into those two fractions (Delaunay et aI. 1993; Ibea.s

el al. 1996; Soudant el ai, 1996; Lauteillard el aI, 1997). Additional information can then be

gained by examining the ratty acid composition ofthose fractions. A variety of methods exists

to carry out this and more specific sepllT8tions. but few separations are quantitative.

GeneraIJy, a short column is prepared by packing a pasteur pipet with silica gel or F10risil and

a relatively non-polar solvent, such as chlorofonn, is employed to elute neutral lipids, while

a polar solvent, such as methanol. is used 10 elute the polar lipids (Christie. 1989).

Deactivation of the silica get or FJorisiI with water can also be employed to encourage elution

of more polar lipids (Carroll. 1976). These column fractionations, however, are not as

straightforward as commonly thought.. For ex3J11)Ie. chloroform alone will not elute the more

polar ofthe non-polar lipids. and Yang (1995) has shown that addition ofsmall amounts of

polar solvents such as rnethanoI and fonnie acid to chloroform are nc:cessuy to elute free ratty

acids from Florisil. In theory. it should also be possible to elute the poorly characterized

AMPl fraction from samples simply using acetone as Ihe solvent.
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2A.I.J Thin-Layer Chromatography(lLC)

This technique is commonly used to .separate lipid mixtures into individual classes

(Henderson and Tocher. 1992). Samples are applied to silica gel..coated plates, and the plates

are developed in appropriate solvents. The sepanzed classes are then visualized and Ia1Iped

from the plates for further analysis. Quantiwion may be accomplished using scanning

densitometry. gravimetry or absorbance measuremenu. Two dimensional TLC may also be

employed to funher separate lipids into subclasses (Henderson and Toche!", 1992).

2.4.1.4 TLC-F/ame loni:atio" fklec:l;oo (7IC-FID)

Routine separation. detection and quantitation oflipid classes is possible through the

combination ofTI.C and FID. lbis system employs reusable silica gel-coated quartz rods on

which the thin.layer- chromatographic sepvation takes place. and quantitation is performed

using the FID common in gas chromatography. After separation. the rods aTe simply scanned

through the AD to detect the lipid classes. With the latroscan system. it is possible to carry

out partial scans oftbe nweriaJ on the rods. effectively increasing the rod length availabte for

separation. Using panial scans and multiple solvent developments. it is possible to routinely

separate II lipid classes including He. WEISE., methyl esters (ME). ketones. GE, TAG, fFA.

ALe. ST, DAG, AMPL and PL. Methods for more detailed examinations of certain lipid

classes have also been devised. For example. it is possible to further separate glycolipids in

the AMPL fiaction (parrish ela/, 1996a) and subcluSC5 ofPL may also be resolved (Tocher

elal,1985).
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2.4.2 Fatty Acid Aulyail

1.4.1. J Fatly AcidMethyl Ester FormatiOll

Fatty acids are routinely determined on c;apillafy columns using gas chromatography

(GC) by comparison of retention times with standards. However, to determine fatty acids in

IipKi classe:l, both qualiwivdy and quantitIrivdy, it is first necessary to separate the fatty acid

chains from the non-acyl backbone, often by saponification.. Volatile derivatives of the free

fatty acids must then be prepared 10 pennit their chromatograph.ic separation by GC. Fatty

acid methyi esters (FAME) are convnonly the derivalive of choice and there are a variety of

methods employed to prepare them. An initial saponification of the lipid extract is a

poSSlbility, bul Christie (1982) claims that th..is is nOI necessary, and recommends a one step

tnnSCSterifica1ion procedure. Tnmsesteri6cations fiLII into two classes: lhose employing acidic

catalysts and those employing basic catalysts. Acidic catalysts provide the advantage of

esterifYing free fatty acids in addilion 10 perfonning the transesterification; they include

mcthanoIic bydnxh&oric acid, methanolic sulphuric acid and methanolic BF). Christie (1982)

partiaJlarly fa'YClUtS a prooedur"e involving methanolic hydrochkNic acid and suggests lhat the

use ofBF) rcsuIts in the production ofanefaets and the loss ofPUFA. Sodium methoxide in

methanol is probably the most common of the basic catalysts, but like other basic catalysts

it W1510 esterify free fUty acids and should not be used when significant amounts of free fatty

acids are expected. The American Oil Chemists Society (AOCS) has recommended Official

Method Ce 1b-89 (1990). which is a combination ofboth acidic and basic techniques. Sodium

methoxide is first employed to transesterifY the lipid extract. Treatment wilh 12~o BFJ in
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methanol then foUows to esterify any FFA that are present.

2../.2.2 ArgentatiOiI-nc

Silver ions rewrsibly form c:ompLcxes with unsatullItion centres in organic molecules

(Dobson ~I aI. I99S). and this property can be used to separate FAME into various groups

according to double bond number and configullltion. Usually. the technique employs a

chromatography plate coated wilh silica gel that has been impregnated wilh AgNOJ • For

lhe separation. a variety of solvent systems may be used. For example. Napolitano et al

(1988) used benzene 10 separale the fatty acid melhyl esters in an algal sample into six

bands according to number of double bonds. while Rezanka (1996) used 9: I

hexanc:diethyl elher as lhe developing solvent to produce the same separalion. Lambeno

and Ackman (1994) have even used lhis method to isolale a mooocnoic trans band wilh

benzene:hexanc (2: I) as the solvent mixlUrc. It is also possible 10 usc a polar solvent

mixture to first resolve fatty acid methyl esters with three to si:.: double bonds. followed

by a development of the monocnoic and dienoic componentS in a less-polar solvent

(Nikolova-Damyanova. 1992). II should be noted that. with these methods. the stability

ofthc complex fonncd by the acid and the silver nitrate increases wilh increasing number

of double bonds. so there is no disc.imination against highly Unsatulllted compounds

(Nikolova-Damyanova. 1992). After the desired rcsolutKm is achieved. the eslers arc

extracted with an appropriate solvent. often 1:1 hcxane:chloroform (Napolitano ~t al.
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1988; Lambeno and Aclrman. 1994) or heune:diethyl ether 1:1 (Rez.anIta, I9%).

In addition to solvent syue.ms. there are severaJ ocher factors concerning resolution

thai must be taken into account. The silver content of the silica leI is one such factor.

Plate5 whK:h contain AgNO) in a range of 5 to 2O~ are commonly used, but acceptable

results have been obtained with as little as 0.5" and as much as 40" AgNOJ (Nikolova­

Damyanova, 1992). Temperature and humMfilY are also variables affecting any TLC

sepanlion. Finally, a visualizing agenl. such as 2',7'-<lK:hlorofluorescein or Rhodamine

G6, musl be sprayed on the place after development for viewing under ulttaviolet Iighl

(Nikolova·Damyanova, 1992).

2..1.2.1 GC·FJD

Since GC is invariably used to separate fatty acid methyl esters, the FlO with which

practically all GCs come equipped has seen much use as well. Reduced carbon atoms are

oxidized in the flame of the FlO to generate electrons and ions. These charged species are

captured by • collector resulting in an ion current thai is then amplified and recorded. The

FID offers the advantages ofbeing Ngged and inexpensive, as well as having a large tincar

range and a fast response (Skoog and Leary, 1992; Evershed, 1992&). The FlO. ofcourse,

gives no information about the stNeture of the eluting compotJnds so FAME must be

identified by comparison of retention times with known standards.
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2.4.2.4 GC-Mass SpeCtrtNltetry fGC-MS)

Mass spectral detectors are also commonly employed in GC anatysis. This type of

detection has the advantage ofpnMding both quantitative and qualitative results, and it, basic

componcnu consist ofan ion source, a mass analysel" and an ion detector. For lipid analyses,

particularly fany acids., typical modes of ionization include electron impact, chemical and

electron capture (Murphy, 1993), while mass analyzers are commonly magnetic sector,

quadrupole or ion trap (Evershed, 1992b). The ion detector employed is almost invariably

some type ofelectron muJtiplier(Evenhed, 1mb). Various combinations of ion sources and

mass analyzers offer distinct advantages depending on the anaIyte.

Electron impact ionization involves the acceleration ofelectrons through a potential

difference, commonly 70 eV. These electrons collide with anaIyte molecules and cause

ionization. Extensive fragrnenwion usually results, which is useful in structure detennination

but molecular ions are I'IOt always produced. Chemical ionization is a similar but "softer"

technique where the accelerated electrons in this case collide with an excess of reagent gas.

The ionized reagent gas then ioriza the pscou:!I anaIyte through a charge exchange reaction,

rather than a collision. Positive ions are commonly used but negative chemical ionization (or

dectron capture) can be~ with ana/ytes anaining dectronegative atoms. Both typeS

of chemical ionization produce little fragmentation and a prominent molecular ion.

Most magnetic sector instruments currently in use are double focusing analyzers,

employing both electrostatic and magnetic analyzers. Ions usually pass through the

electrostatic analyzer first where they are focused according to their kinetic energies. Ions
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within the c:orTeCC range ofenergies then pus to the magnetic analyzer where they are focused

according to their 1M ratios. 11Iese double-foaJSing insuumenu provide high resolution and

are capableofac:amd.e mass meuuranents(Evenhed. 1992b). Quadrupole analyzers are also

very common and they consdl offour parWJeI rods through which both a radiofrequency (RF)

potential and a OC YOltage are applied. This causes an osciI.lating electric field which in tum

causes complex oscillations in ions entering the fidd. Ions of. very limited mass range are

stable in this field and may pass through the rods. Separation of ions ofdifferingm/z ratios

is accomplished by varying the voltage applied to the rods. Quadrupole analyzen offer the

advantages of being more compact, less expensive and more rugged than magnetic sector

instruments (Skoog and Leary, 1992). Finally, ion trap analyzers consist ofa ring electrode

with an applied RF potential and two grounded end caps. Ions of an appropriate m/z value

entlCf" a stab6e cirt:uIar orbit within the ring. Increasing the RF potential destablizes the lighter

ions which are ejected through an end cap and deteaed. These ion trap analyzers are even

more compact and inexpensive than quadrupole analyzers (Skoog and Leary, 1992). The

quadrupole and ion trap analyzers with both dectron impact and chemical ionizations are

probably the most common in use today for fany acid arWysis.

1.4.2.S FOltyAcid DerillOlivrsfor GC-MS

Fatty acid derivatives for GC-MS are of lWO basic types: those that involve

derivatization of the double bonds (Mon-site derivatization~) and those that form derivatives

of the carboxylic acid functionality ("remote group derivatization") (Schmitz and Klein,
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1986). The most common technique: of "on-site" derivatization involves oxidation of the

bonds 10 vicinal diols (Evershed, 1992b). TIle diots may then be further derivatized to

produce volatiJe compounds neoc:ssary for GC-MS. 1be:se derivatives include TMS ethers

and dimethoxy and isopropyl ideM adducts (Ratnayake and Aclunan. 1989). It is also

possible to omit the diol derivatizatton and simply form epoxide or dimethyl disulftde

adduets at the double bond (Ratnayake and Ackman. 1989). Hydrazine has also been used

to panly reduce PUFA co monoenes so that simpler fragmentation patterns are produced

(Christie. 1982). All of these derivatives. however, are only suitable for monoenoic and

dienoic acids. Fragmentation panerns of more unsaturated fany acids are far lOll complex

for double bond location with "on-site" derivatization. and "remote group" derivatization

muSt be employed.

The most popular "relTlOle site~ derivatives are those employing nitrOgen

compounds such as pyrrolidide or picOlinyl esten (Evershed, 1992b). Both derivatives are

used with unsatun.ted acids to stabilize the fragments and prevent double bond migration

during ioniration (Evcnhed, 1992b). or these two, Christie (1998) suggests that picolinyl

escen are the most diagnostic, and Huvey (1992) has published a useful review outlining

the expected fragmentation panerns of various typeS of functionalities possible in fauy

acids. The only drawback in the use of picolinyl esters is the lower volatility of these

esters. preventing their elution within the l1Wlimum temperature range of a typical

polyethylene glycol coated column. As a result. a more nonpolar column is required which
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leads 10 poor ctu'ornatogBphic resolution. It shouLd also be noced that published methodJ

of picolinyl ester fomwKJn (Harvey, 1992; Christie, 1998) involve reactKKl of the free

fatty acids, which necessiwes an additional step of saponifICation of the lipid eAlraCt.

2.4.1.6 GC-Comblistion-lsotOfJe /Who Mass Spectrometry (GC-C-IRMS)

Stable carbon isocope analysis ofspecific &tty acids is possible through the use orGC-

C-lRMS and Scrimgeour (1997) has recently reviewed the application of that lechnique 10

fimy acids. First, the fatty acids are methylated to produce FAME which are then separated

by GC. N each FAME elutes, it puses tt.uugh a rNcro-fumace where it is oxidized to COl'

The CO2 then enten the MS wher'e its m/: ratio is determined and a ratio of "CI':l(: in the

fatty acid is produced. This ratio is compared to that of a refemx:e gas and reported as a 6

value, defined in the foUowing equation:

(). 1000 X (isotope ratio of sample - isotope ratio ofSiandard)
(isotope ratio of standard)

Because the range of natural variation in isotope ratios is small, the difference is multiplied

by 1000 to produce a value in parts per thousand or %e.

Carbon isotope ratios of individual compounds are useful in that they can provide

information about carbon sources (Fang el ai. 199]; O'Malley etai. 1994) and biosynthetic

pathways (Monson and Hayes, 1980). For example, terrestrial plants. employing isotopically

6ght atmospheric COl in photosynthesis, are generally depleted in lJc and have 6 values near
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·30%0 (UM::s, 1992). However. nwine phytoplankton phoIosyNhdicaIJy fix heavier dissolved

CO:. producing more enriched products with 6 values closer to -20%. (Libe:s, 1992). These

source specific IlClI l(: ratios may be wed to determine the origin of specific fatty acids.

Kinetic frxtionarion of isotopes. occwring when an isotopicaUy Lighter substrate readS faRer

than a heavier substrate producing IlC-depleted products., may also offer some insight into

the biosynlhetic pathways of panicular compounds (Monson and Hayes. 1980).

2.S TIroesis Objec:tives

The purpose ofthis study wu to assess the methodology currently in use for fatty acid

and Iiptd das.s analyses. incfuding sampie preparation. handling and derivatiz.ation. Where lhe

methodology was found less than optimum. new or mote appropriate techniques have been

proposed and tested.~ techniques were used to determine the structure of seven!

unusual fany acids and were applied to several sample selS to demonstrate the usefulness of

falty acid analyses in environmental studies, with particular emphasis on their use as

biomarkers. The specific objectives were to:

I) Evaluate Folch et al (1957), Bligh and Dyer- (1959) and Solthlet extraction

methods based on lipid yields of real samples.

2) Determine the optimal method of FAME formation from acyt lipids.

3) Investigate the effects oflipolytic enzyme deactivation in diatoms.

4) Evaluale the usefulness of picolinyl e5leT" derivatization-GC·MS in structure

determinations and to develop a rapid method oftheir formation from FAME.
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5) Devdop a column~ mcthod capIbIe ofsepaming lipids into neutral,

AMPL and PL fractions and use this method 10 characterize the AMPL and

PL fractions in sediments.

6) Devdop a method ofc:ak:uJating absolute fany acid concentrations &om acyl lipid

data and fany acid pt"oportions.

7) Apply fany acids as bionwicen in two biogeochemical studies in very different

cold waler environmenls.

8) Evaluate Ihe usefulness of fatty acids u biomarlcen of specific phytoplankton

species.

2.



Cb.pter 3 • PATrY ACID DETERMINATION IN COLD WATER MARINE

SAMPLES

3.1 lD.red_ctioa

Fatty acid analysis is of utmost importance in a variety of fields., including

biochemisuy. oceanography. geochemi.Slry and aquaculture. This widespread use has led to

the development of diverse techniques for !heir analyses. including, for example. various

extraction. fractionation and methylation procedures. Ideally, standard methods would be

adopted by all groups conducting fatty acid research. However, it is difficult to convince

others to practice these standard methods. For example, the American Oil ChemiSis' Society

has published an Official Method (CE ~89. 1990) for the methylation of fatty acids, but few

groups aaualIy follow this procedure. The problem is that much faster and simpler methods

exist that seemingly accomplish the same purpose. To allow comparisons to be made of

result.s acquired by different techniques. some knowiedge of the effects on fatty acid recovery

is required.

Aaurate determination offatty acid composition involves sevenJ steps, including at

Iea.st Lipid extraction and fatty acid methylation. assuming instrumental parameters have been

optimized. This chapter will describe the optimization of extraction and methylation

procedures for highly unsatu~ted marine samples. Additional procedures, such as

fractionation of extract, removal of contaminants and fonnation of derivatives for mass

spectrometry, are often performed as well. and new methods for those steps will be described
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