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ABSTRACT

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 for 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, fatty acid methyl ester
(FAME) formation and picolinyl ester synthesis were examined. For most sample types, a
biphasic extraction mixture of 8:4:3 CHCl,:MeOH:H,0, followed by fractionation on silica
gel and FAME formation with BF, gave optimal recoveries. Picolinyl derivatives of fatty acids

are useful in structure ination with mass sp y and a new

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 methods were applied to biogeochemical and aquaculture
projects. In the two very different environments of Trinity Bay and Barred Island Cove, the
fatty acid composition of plankton and sediment trap samples was characterized by high levels
of polyunsaturated fatty acids (20-50% of total fatty acids), indicating a substantial 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

in the two envii The fatty acid ition of blue mussels from Barred




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

fatty acid iti needs, the seemed to be providing fatty acids in

closely imating the bivalve’s i Another interest

is in establishing fatty acid biomarkers that may be used to indicate the presence of toxic
algae. To this end, the fatty acid composition of the toxic diatoms Pseudo-nitzschia
nmultiseries and P. pungens was determined. High levels of 16:4n-1 (>7%) were found in both
species and that fatty acid may have potential in differentiating those Pseudo-nitzschia species
from other diatoms. Thus, accurate analysis of fatty acids in cold water marine samples can

provide insights into biogeochemical processes, food web connections and the

of toxic
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Chapter 1 - GENERAL INTRODUCTION

Determination of fatty acids in marine samples is of great interest in a variety of fields,

ranging from to organic istry. In the interest is mainly in
fatty acid nutrition of fish and, in the most recent issues of Aquaculture and the Journal of

World Aquaculture, approximately 25% of the articles involved fatty acid analysis. Fatty acids

are also useful as bi or signature of it In

studies, this allows the determination of sources and sinks of organic material and contributes
to knowledge of carbon cycling in the marine environment (De Baar er al, 1983; Conte et al,
1995; Harvey and Johnston, 1995; Wakeham er al, 1997a; Wakeham et al, 1997b). As
markers of individual organisms, fatty acid signature compounds may also be useful in
indicating the presence of toxic algae (Parrish ef a/, 1991). Accurate quantitation of these
fatty acids is a challenge, particularly with samples from cold water environments which

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

in the analysis during any one of a number of steps, i ing lipid
and derivatization, and, given the proliferation of fatty acid analyses in diverse fields, a critical
of existing is timely. without some of the

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

This study will attempt to remedy this situation by critically evaluating commonly
employed techniques in fatty acid analysis. Numerous reviews exist (Schmitz and Klein, 1986;
Christie, 1989; Hamilton ef a/, 1992; Christie, 1993; Dobson et al, 1995) describing a variety

1



of methods for itati and itatiy ining fatty acids, including extraction,
and ion of derivatives for mass ry. This thesis,

however, will describe an improved method for accurate determination of fatty acids in cold

water marine samples. Since optimization of i for both thin-layer

chromatography-flame ionization detection of lipid classes (Parrish and Ackman, 1983a;
Parrish and Ackman, 1983b) and gas chromatography of fatty acids (Albertyn ef al, 1982;
Ackman, 1986; Christie, 1989; Craske, 1993) have been extensively investigated in the past,
it will not be further examined in this study but i and ions will

be employed as recommended in those studies.

Applications of fatty acids in environmental studies as determined by these optimal
methods will also be demonstrated. The use of fatty acid biomarkers in biogeochemical
studies and as markers of specific organisms is illustrated in Chapters 4, 5 and 6. The action
of lipolytic enzymes is a particular problem in the determination of lipid class and fatty acid
composition in diatoms and the effects of deactivation of these enzymes will be examined in

Chapter 5. In addition, in Chapter 6, the fatty acid nutritional requirements of bivalves are

and to natural



Chapter 2- SURVEY OF FATTY ACID COMPOSITION AND ANALYSIS OF

MARINE SAMPLES

2.1 Introduction
Currently, there is much interest in the analysis of lipids in the marine environment.
In living organisms, lipids have several functions which can be described as structural, storage

or Lipids i with have | roles, while lipids used as

sources of energy function as long: fuel stores. Indivi lipid may even
behave as chemical messengers and play a role in metabolism. These different functions
require a variety of structures, and this in turn, 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 qualitatively and itatively (Sargent ef al, 1987). Bi may signal the

presence of a particular organism and aid in ishing the di: ion and of that
organism. They are useful in determining sources and fates of organic material in the marine
environment (Wakeham and Beier, 1991). Lipid biomarkers may also be useful as a sort of
early warning for the presence of toxic algae (Parrish et al, 1991).

Lipids are defined as substances that are insoluble in water and soluble in non-polar
solvents such as chloroform and ethanol (Gurr and 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,

3



aliphatic (HO), ic aromatic wax esters (WE), steryl
esters (SE), short-chain esters, acylated glyceryl ethers (GE), triacylglycerols (TAG), free
fatty acids (FFA), phthalate esters, free aliphatic alcohols (ALC), sterols (ST), diacyiglycerols
(DAG), (MAG), glycolipids, pigments and ipids (PL) (Figure
2.1). MAG, glycolipids and pigments are usually not determined individually but rather as one

group, known as the acetone-mobile polar lipids (AMPL). In general, the term “polar lipid”
includes only AMPL and PL. All other less polar lipid classes 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 play a structural role.

Lipids containing one or more esterified fatty 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

but, in marine it fatty acids contain from 14 to 22 carbon

atoms of varying degrees of unsaturation. Several different types of nomenclature are applied
to the fatty acids of acyl lipids. Most fatty acids were first isolated from a particular source
and trivial names derived from the sources were often used. A systematic nomenclature
recommended by the International Union of Pure and Applied Chemistry is also currently
employed (Gurr and Harwood, 1991). This results in simultaneous use of systematic and
trivial names. For example, n-hexadecanoic acid and palmitic acid are used interchangeably.
A less ambiguous shorthand notation, based on the numbers of carbon atoms and double
bonds, is also common. It takes the form of A:Bn-C, where A refers to the total number of
carbon atoms, B to the number of ethylenic bonds and C to the number of carbon atoms from,

4
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Figure 2.1 Representative compounds of lipid classes commonly found in marine samples.
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Figure 2.1, continued.
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and including, the terminal methyl group to the nearest ethylenic bond. This system assumes
that all ethylenic bonds are cis in ion and [ (Ackman, 1989).

With non-methylene interrupted fatty acids, a Greek delta (A) is used to indicate the position
of the double bond relative to the carboxyl group. For example, 20:2n-6 and 20:2A5,11

11,14-ei ienoic acid and 5, 11-eicosadienoic acid, respectively. /so- (i-) and

anteiso- (ai-) indicate methyl branchings of the terminal end of the acid. Examples of
structures and nomenclature are given in Figure 2.2. Fatty 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 to as essential fatty acids because
the animal has an absolute requirement for the fatty acid but is unable to synthesize the fatty

acid itself.

2.2 Sources of Fatty Acids
2.2.1 Bacteria

The fatty acid compositions of both aerobic and anaerobic bacteria are quite different
from those of typical plants and animals. Marine bacterial fatty acids include saturated, cis-
monounsaturated and methyl-branched fatty acids (Perry ef al, 1979; Parkes and Taylor,
1983; Gillan and Sandstrom, 1985; Rajendran e al, 1991). In addition, PUFA, including
20:5n-3 and 22:6n-3, have been found in deep-sea and Antarctic bacteria (DeLong and
Yayanos, 1986; Nichols ez al, 1997). Another unusual group of fatty acids associated with
bacteria are trans-monounsaturated fatty acids (Gillan ef al, 1981), particularly trans-16:1n-7

7



16:0
/\/\/WM\/\/\/EOH
20:2n-6
- - - - - OH
20:5n-3
iso- anteiso-

Figure 2.2 Nomenclature of fatty acids found in marine samples.
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and frans-18:1n-7. These fatty acids have been found in prokaryotes but, like methyl-
branched fatty acids, are predominantly found in bacteria (Keweloh and Heipieper, 1996).
Fatty acids of bacteria are usually confined to membrane lipids, as bacteria do not have
storage fats such as TAG (Keweloh and Heipieper, 1996). Because of this structural role, the
fatty acid composition of bacteria fluctuates much less than that of other organisms that
contain storage lipids. This makes certain fatty acids, particularly methyl-branched and trans
fatty acids, useful as biomarkers for bacteria (Bowman e a/, 1991; Caudales and Wells, 1991;
Guckert et al, 1991; Ringelberg et al, 1994; Zelles and Bai, 1994). Indeed, Keweloh and
Heipieper (1996) state that “ the identification of bacteria with the help of their fatty acid
composition as a biochemical marker has become a routine method.” It should be noted,
however, that although individual fatty acids may be associated with bacteria, those fatty acids
are also found in other organisms, and only a combination of them can be used as a general

bacterial marker (Sargent et al, 1987).

2.2.2 Phytoplankton

Phytoplankton have a variety of fatty acid compositions, but, within each class, the
compositions are similar. Viso and Marty (1993) and Kayama er a/ (1989) reviewed the fatty
acid composition of several classes of microalgae. Both report a characteristic fatty acid
composition of diatoms (Class Bacillariophyceae) of 16:1n-7, 16:0, 20:5n-3 and 14:0 with
the unusual fatty acid 16:4n-1 commonly present, while dinoflagellates (Class Dinophyceae)
usually contain the rare fatty acid 18:5n-3, as well as higher amounts of 16:0, 18:4n-3 and

9



22:6n-3. Green algae (Class C# and Prasis have a fatty acid
that of ial plants with much larger amounts of 18:2n-6 and

18:3n-3 than are found in other classes. It should be noted that these compositions are

for i isms. N i isms do exist in some

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

are highly on culture itions and stage of growth 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 of essential fatty acids, such as 20:5n-3 and
22:6n-3, for animals.

These istic fatty acid itions often make it possible to designate

certain fatty acids or ratios of fatty acids as biomarkers of various phytoplankton classes. For

example, the fatty acid 16:4n-1 is very rarely in any class of mi other

than Bacillariophyceae. A value of the ratio of C, fatty aci Cai
fatty acids (16:1/16:0) above 1.6 (Bodennec ef al, 1994) is also used to indicate the presence
of diatoms. Claustre ef a/ (1988-89) interpreted an increase in the value of the ratio of C,
fatty acids/C,q fatty acids (EC16/EC18) as indicative of increased diatom proportions. The
fatty acid 16:4n-1 has also been proposed as a more specific marker of a toxic diatom,
Pseudo-nitzschia multiseries (Parrish et al, 1991) due to the high levels (11% of total fatty
acids) of 16:4n-1 that it 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-3 could be used as a bi for the toxic di Ale dri dyense, but
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higher levels are found in another ic di ippsic (Chapter

6). The evidence suggests that fatty acid biomarkers should be applied only generally to the

various microalgae classes.

2.2.3 Microzooplankton
Microzooplankton mainly consist of flagellated and ciliated protozoans, such as
foraminiferans, radiolarians and tintinnids, in the size range of 20 - 200 pm (Libes, 1992).
This group also includes copepod nauplii (the young stage of copepods) and cryptomonads.
Claustre er al (1988-89) found both copepod nauplii and tintinnids (Stenosemella ventricosa)
to contain high levels of PUFA, from 47 to 59% of the total. These PUFA were primarily
composed of 20:5n-3 and 22:6n-3, as well as 18:5n-3 in the tintinnid. In particulate samples,
biovolumes of microzooplankton, including ciliates, tintinnids and choanoflagellates, have also
been found to correlate significantly (P<0.05) with amounts of 20:4n-3, 18:5n-3 and total
pentaenes (Parrish ef al, 1995). Skerratt ef al (1995) stated that high levels of C,, PUFA
(approximately 7%) and 22:6n-3 (7.5%) in water column particulates were characteristic of
cryptomonads. However, one study of the fatty acid composition of two ciliates (Harvey ef
al, 1997) reports little or no PUFA in those organisms. These two ciliates, Pleuronema sp.
and Fabrea salina, were fed a diet low in PUFA and their fatty acid composition reflected

this.



2.2.4 Higher Animals

by uptake of material produced through primary production and by biosynthesis. However,
most of these organisms, particularly marine fish, are unable to produce sufficient quantities
of certain PUFA and rely totally on dietary sources of these essential fatty acids (Sargent,
1995). In marine fish, 20:5n-3 and 22:6n-3 are essential and frequently comprise greater than
20% of total fatty acids by weight (Joseph, 1982). Since these fatty acids are also essential
to humans, marine fish are often viewed as an important source of these fatty acids in our
diets.

Bivalves commonly contain unusual non-methylene interrupted dienoic (NMID) fatty
acids. The function of these fatty acids is unknown, but their biosynthetic pathway has been
elucidated (Zhukova, 1986; Zhukova, 1991). Radio-labelled acetate was administered to
Mpytilus edulis (the blue mussel), and after 12 or 24 hours fatty acid radioactivity was
determined. All saturated and monounsaturated fatty acids were radio-labelled, but the only
radioactive PUFA were 20:2 NMID and 22:2 NMID. The double bond locations of these
fatty acids were determined to be 20:2A5,11, 20:2A5,13, 22:2A7,13 and 22:2A7,15. Zhukova
reasoned that 20:2A5,11 and 20:2A5,13 were synthesized by insertion of a double bond at
the AS position in 20:1A11 and 20:1A13. Synthesis of the 22:2 NMID could then occur
simply by chain elongation. These results suggest that M. ediulis does possess a AS 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. If NMID are the only

12



PUFA formed by M. edulis, then 20:4n-6, 20:5n-3 and 22:6n-3 are essential for that organism

and probably for bivalves in general.

2.2.5 Sediments

Any organic material that is not recycled in the water column is ultimately deposited
in the sediments on the sea floor. Marine sediments contain active populations of bacteria
which cause further breakdown of organic material through respiration (Deming and Baross,
1993). As a result, sediments generally preserve only unreactive compounds. Saturated and

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

common but longer-chain saturates, attributed to higher plant sources, are also encountered
(Haddad ef al, 1992; Harvey, 1994; Colombo ef al, 1997; Laureillard et al, 1997). PUFA
usually comprise less than 5% of total fatty 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 characterized in a few studies
(Rajendran et al, 1991; Laureillard ef al, 1997) and their fatty acid compositions are largely

unknown.

2.3 Biosynthesis of Fatty Acids
All organisms are capable of synthesizing saturated fatty acids by basic condensation
of two-carbon compounds (Zubay, 1993). The actual formation of saturated fatty acids is

13



qui icated, involving a multi complex, and is beyond the scope of this chapter.
PUFA are formed by chain elongation and insertion of double bonds in these saturated fatty

acids by the action of an iate enzyme. P are able to ize a variety
of PUFA that higher organisms and terrestrial plants cannot because they possess different
enzyme systems (Cook, 1985).

Generally, in both plants and animals, a double bond is first inserted into a saturated
fatty acid at the A9 position, usually resulting in 16:1n-7 or 18:1n-9, depending on the
saturated precursor. In animals, further desaturation must occur between the original double
bond and the carboxyl end of the fatty acid with A6, AS and, possibly, A4 desaturase
enzymes. In terrestrial plants, desaturation occurs at the opposite end of the fatty acid, and
double bonds are inserted at the A 12 and A5 positions. Phytoplankton, however, are capable
of desaturation on either side of the original double bond, allowing them to synthesize a
greater variety of PUFA than animals or terrestrial plants (Cook, 1985). It should be noted

that ion of the i enzyme does not guarantee sufficient production

of the corresponding fatty acid. An example is 22:6n-3 in humans, who possess the necessary
desaturases 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 of the n-3 and n-6 families are essential, and animals are entirely dependent
on plants, including phytoplankton, to provide them. Once an n-3 precursor is provided, the
animal can produce a variety of fatty acids by chain elongation and desaturation. For example,
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if 18:3n-3 is present in the diet, the animal can perform a A6 desaturation to yield 18:4n-3,
followed by chain elongation to produce 20:4n-3 (Figure 2.3). If the animal possesses a AS
desaturase, it can then form 20:5n-3. In rat hepatocytes, to produce 22:6n-3, it has been
demonstated that 20:5n-3 is elongated first to 22:5n-3 and then to 24:5n-3 (Voss et al, 1991).
A A6 desaturase is then employed to form 24:6n-3 which undergoes chain shortening through
B-oxidation to yield 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 AS desaturase necessary
to create 20:4n-6, 20:5n-3 and 22:6n-3, and therefore have a dietary requirement for those

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

2.4 Methods of Analysis
2.4.1 Lipid Classes
2.4.1.1 Extraction

Before fatty acid analysis can be carried out, the lipids must first be extracted from the
matrix in which they are encountered. Lipids are soluble in organic solvents, and their
extraction from plant and animal tissues is commonly performed using a mixture of
chloroform and methanol. Recently, Christie (1993) published a review of extraction

procedures using other solvents, but in general either the “Folch” procedure (Folch et al,



18:3n-3
| a6
18:4n-3 —~ 20:4n-3
l AS
20:5n-3 ——= 22:5n-3 —~ 24:5n-3
l A6

22:6n-3 -—— 24:6n-3

Figure 2.3 Schematic of the biosynthesis of 22:6n-3 from 18:3n-3 by chain elongation, chain

shortening and desaturation.



1957) or the Bligh and Dyer (1959) method is used. Both employ mixtures of chloroform and
methanol, the Folch procedure using a biphasic solvent system of chloroform:methanol:water

8:4:3 while Bligh and Dyer a ic system ing a final
methanol:water ratio of 2:2:1.8. The Bligh and Dyer method was developed for use with wet
tissues and Christie (1993) reports “good recoveries of the more important lipid classes” with
this method, but the Folch procedure does seem to be more widely accepted.

Soxhlet ions are used in the ion of lipids,

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

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

several hours. No physical like sonication or ization 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 matter, but several precautions must be taken to prevent lipid degradation and
ensure accurate results (Christie, 1993). Firstly, samples should be extracted immediately after
collection or frozen below -20 °C in solvent under a nitrogen atmosphere and in the dark
(Sasaki and Capuzzo, 1984). During extraction, the samples should also be kept cold. These
precautions are necessary to prevent activation of lipolytic enzymes and autoxidation. Some

have ivation of these enzymes by treating samples with boiling.

water prior to extraction (Berge ef al, 1995). Diatoms contain particularly active lipolytic
enzymes (Jittner and Dirst, 1997) and may especially require this treatment. Many
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laboratories also routinely add the antioxidant BHT (butylated hydroxy toluene) to samples.

Both phytoplankton and bivalves contain the natural

et al, 1993), so some protection against autoxidation is present naturally in such material

2.4.1.2 Column Chromatography

Because neutral and polar lipids have different roles within the organism, there is
much interest in separating lipid extracts into those two fractions (Delaunay ez a/, 1993; Tbeas
et al, 1996, Soudant e al, 1996; Laureillard ef al, 1997). Additional information can then be
gained by examining the fatty acid composition of those fractions. A variety of methods exists

to carry out this and more specific i but few ions are

Generally, a short column is prepared by packing a pasteur pipet with silica gel or Florisil and
a relatively non-polar solvent, such as chloroform, is employed to elute neutral lipids, while
a polar solvent, such as methanol, is used to elute the polar lipids (Christie, 1989).
Deactivation of the silica gel or Florisil 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 example, chloroform alone will not elute the more
polar of the non-polar lipids, and Yang (1995) has shown that addition of small amounts of
polar solvents such as methanol and formic acid to chloroform are necessary to elute free fatty
acids from Florisil. In theory, it should also be possible to elute the poorly characterized

AMPL fraction from samples simply using acetone as the solvent.



2.4.1.3 Thin-Layer Chromatography (TLC)

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 separated classes are then visualized and scraped
from the plates for further analysis. Quantitation may be accomplished using scanning

Y, gravimetry or Two di i TLC may also be

employed to further separate lipids into subclasses (Henderson and Tocher, 1992).

2.4.1.4 TLC-Flame Ionization Detection (TLC-FID)
Routine separation, detection and quantitation of lipid classes is possible through the
combination of TLC and FID. This system employs reusable silica gel-coated quartz rods on

which the thin-layer i ion takes place, and itation is

using the FID common in gas chromatography. After separation, the rods are simply scanned
through the FID to detect the lipid classes. With the latroscan system, it is possible to carry
out partial scans of the material on the rods, effectively increasing the rod length available for
separation. Using partial scans and multiple solvent developments, it is possible to routinely
separate 11 lipid classes including HC, WE/SE, methyl esters (ME), ketones, GE, TAG, FFA,
ALC, 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 fraction (Parrish ef al, 1996a) and subclasses of PL may also be resolved (Tocher

et al, 1985).



2.4.2 Fatty Acid Analysis
2.4.2.1 Fatty Acid Methyl Ester Formation

Fatty acids are routinely determined on capillary columns using gas chromatography
(GC) by comparison of retention times with standards. However, to determine fatty acids in
lipid classes, both qualitatively and quantitatively, it is first necessary to separate the fatty acid
chains from the non-acyl often by saponification. Volatile derivatives of the free

fatty acids must then be prepared to permit their chromatographic separation by GC. Fatty
acid methyl esters (FAME) are commonly the derivative of choice and there are a variety of
methods employed to prepare them. An initial saponification of the lipid extract is a
possibility, but Christie (1982) claims that this is not necessary, and recommends a one step

T ifications fall into two classes: those employing acidic

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

esterifying free fatty acids in addition to performing the transesterification; they include

ic acid, ic sulphuric acid and methanolic BF;. Christie (1982)

favours a involving i ic acid and suggests that the
use of BF; results in the production of artefacts and the loss of PUFA. Sodium methoxide in
methanol is probably the most common of the basic catalysts, but like other basic catalysts
it fails to esterify free fatty 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 of both acidic and basic techniques. Sodium

hoxide is first

to ify the lipid extract. Treatment with 12% BF,; in
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methanol then follows to esterify any FFA that are present.

2.4.2.2 Argentation-TLC

Silver ions reversibly form complexes with unsaturation centres in organic molecules
(Dobson et al, 1995), and this property can be used to separate FAME into various groups
according to double bond number and configuration. Usually, the technique employs a
chromatography plate coated with silica gel that has been impregnated with AgNO;. For
the separation, a variety of solvent systems may be used. For example, Napolitano er al
(1988) used benzene to separate the fatty acid methyl esters in an algal sample into six

bands according to number of double bonds, while Rézanka (1996) used 9:1

ether as the ping solvent to produce the same separation. Lamberto
and Ackman (1994) have even used this method to isolate a monoenoic trans band with
benzene:hexane (2:1) as the solvent mixture. It is also possible to use a polar solvent
mixture to first resolve fatty acid methyl esters with three to six double bonds, followed
by a development of the monoenoic and dienoic components in a less-polar solvent
(Nikolova-Damyanova, 1992). It should be noted that, with these methods, the stability
of the complex formed by the acid and the silver nitrate increases with increasing number
of double bonds, so there is no discrimination against highly unsaturated compounds
(Nikolova-Damyanova, 1992). After the desired resolution is achieved, the esters are

extracted with an appropriate solvent, often 1:1 hexane:chloroform (Napolitano et al,
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1988; Lamberto and Ackman, 1994) or hexane:diethyl ether 1:1 (Rézanka, 1996).

In addition to solvent systems, there are several other factors concerning resolution
that must be taken into account. The silver content of the silica gel is one such factor.
Plates which contain AgNO, in a range of 5 to 20% are commonly used, but acceptable
results have been obtained with as little as 0.5% and as much as 40% AgNO, (Nikolova-
Damyanova, 1992). Temperature and humidity are also variables affecting any TLC
separation. Finally, a visualizing agent, such as 2',7'-dichlorofluorescein or Rhodamine
G6, must be sprayed on the plate after development for viewing under ultraviolet light

(Nikolova-Damyanova, 1992).

2.4.2.3 GC-FID

Since GC is invariably used to separate fatty acid methyl esters, the FID with which
practically all GCs come equipped has seen much use as well. Reduced carbon atoms are
oxidized in the flame of the FID to generate electrons and ions. These charged species are
captured by a collector resulting in an ion current that is then amplified and recorded. The
FID offers the advantages of being rugged and inexpensive, as well as having a large linear
range and a fast response (Skoog and Leary, 1992; Evershed, 1992a). The FID, of course,
gives no information about the structure of the eluting compounds so FAME must be

identified by comparison of retention times with known standards.



2.4.2.4 GC-Mass Spectrometry (GC-MS)

Mass spectral detectors are also commonly employed in GC analysis. This type of
detection has the advantage of providing both quantitative and qualitative results, and its basic
components consist of an ion source, a mass analyser and an ion detector. For lipid analyses,
particularly fatty 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 of electron multiplier (Evershed, 1992b). Various combinations of ion sources and
mass analyzers offer distinct advantages depending on the analyte.

Electron impact ionization involves the acceleration of electrons through a potential
difference, commonly 70 eV. These electrons collide with analyte molecules and cause
ionization. Extensive fragmentation usually results, which is useful in structure determination
but molecular ions are not 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 ionizes the gaseous analyte through a charge exchange reaction,
rather than a collision. Positive ions are commonly used but negative chemical ionization (or
electron capture) can be employed with analytes containing electronegative atoms. Both types
of chemical ionization produce little ion and a it ion.

Most magnetic sector instruments currently in use are double focusing analyzers,
employing both electrostatic and magnetic analyzers. lons usually pass through the
electrostatic analyzer first where they are focused according to their kinetic energies. lons
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within the correct range of energies then pass to the magnetic analyzer where they are focused
according to their m/z ratios. These double-focusing instruments provide high resolution and
are capable of accurate mass 1992b). Qu le analyzers are also
very common and they consist of four parallel rods through which both a radiofrequency (RF)

potential and a DC voltage are applied. This causes an oscillating electric field which in turn

causes complex oscillations in ions entering the field. Ions of a very limited mass range are
stable in this field and may pass through the rods. Separation of ions of differing m/z ratios
is accomplished by varying the voltage applied to the rods. Quadrupole analyzers 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 of a ring electrode
with an applied RF potential and two grounded end caps. Ions of an appropriate m/z value
enter a stable circular orbit within the ring. Increasing the RF potential destablizes the lighter
ions which are ejected through an end cap and detected. 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 electron impact and chemical ionizations are

probably the most common in use today for fatty acid analysis.

2.4.2.5 Fatty Acid Derivatives for GC-MS
Fatty acid derivatives for GC-MS are of two basic types: those that involve
derivatization of the double bonds (“on-site derivatization”) and those that form derivatives

of the ic acid ionality (“remote group derivatization”) (Schmitz and Klein,
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1986). The most common ique of “on-site” derivatization involves oxidation of the

bonds to vicinal diols (Evershed, 1992b). The diols may then be further derivatized to
produce volatile compounds necessary for GC-MS. These derivatives include TMS ethers
and dit and i i adducts and Ackman, 1989). It is also

possible to omit the diol derivatization and simply form epoxide or dimethy! disulfide
adducts at the double bond (Ratnayake and Ackman, 1989). Hydrazine has also been used
to partly reduce PUFA to monoenes so that simpler fragmentation patterns are produced
(Christie, 1982). All of these derivatives, however, are only suitable for monoenoic and
dienoic acids. Fragmentation patterns of more unsaturated fatty acids are far too complex
for double bond location with “on-site” derivatization, and “remote group” derivatization
must be employed.

The most popular “remote site” derivatives are those employing nitrogen
ccompounds such as pyrrolidide or picolinyl esters (Evershed, 1992b). Both derivatives are
used with unsaturated acids to stabilize the fragments and prevent double bond migration
during ionization (Evershed, 1992b). Of these two, Christie (1998) suggests that picolinyl
esters are the most diagnostic, and Harvey (1992) has published a useful review outlining
the expected fragmentation patterns of various types of functionalities possible in fatty
acids. The only drawback in the use of picolinyl esters is the lower volatility of these
esters, preventing their elution within the maximum temperature range of a typical

polyethylene glycol coated column. As a result, a more nonpolar column is required which
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leads to poor chromatographic resolution. It should also be noted that published methods
of picolinyl ester formation (Harvey, 1992; Christic, 1998) involve reaction of the free

fatty acids, which i an it step of i ion of the lipid extract.

2.4.2.6 GC-Ce ion-Isotope Ratio Mass Spx ry (GC-C-IRMS)

Stable carbon isotope analysis of specific fatty acids is possible through the use of GC-
C-IRMS and Scrimgeour (1997) has recently reviewed the application of that technique to
fatty acids. First, the fatty acids are methylated to produce FAME which are then separated
by GC. As each FAME elutes, it passes through a micro-furnace where it is oxidized to CO,.
The CO, then enters the MS where its m/z ratio is determined and a ratio of *C/"*C in the
fatty acid is produced. This ratio is compared to that of a reference gas and reported as 2 8
value, defined in the following equation:

& =1000 X (isotope ratio of sample - isotope ratio of standard)

(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 ef a/, 1993; 0’Malley et al, 1994) and biosynthetic
pathways (Monson and Hayes, 1980). For example, ial plants,
light atmospheric CO, in photosynthesis, are generally depleted in °C and have & values near
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-30%o (Libes, 1992). However, marine phytoplankton photosynthetically fix heavier dissolved
CO,, producing more enriched products with & values closer to -20%o (Libes, 1992). These
source specific *C/"*C ratios may be used to determine the origin of specific fatty acids.
Kinetic fractionation of isotopes, occurring when an isotopically lighter substrate reacts faster
than a heavier substrate producing ’C-depleted products, may also offer some insight into

the biosynthetic pathways of particular compounds (Monson and Hayes, 1980).

2.5 Thesis Objectives
The purpose of this study was to assess the methodology currently in use for fatty acid
and lipid class analyses, including sample ion, handling and derivatization. Where the

methodology was found less than optimum, new or more appropriate techniques have been
proposed and tested. These techniques were used to determine the structure of several
unusual fatty acids and were applied to several sample sets to demonstrate the usefulness of
fatty acid analyses in environmental studies, with particular emphasis on their use as
biomarkers. The specific objectives were to:

1) Evaluate Folch er al (1957), Bligh and Dyer (1959) and Soxhlet extraction

methods based on lipid yields of real samples.

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

3) Investigate the effects of lipolytic enzyme deactivation in diatoms.

4) Evaluate the usefulness of picolinyl ester derivatization-GC-MS in structure

determinations and to develop a rapid method of their formation from FAME.
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5) Develop a column method capable of ing lipids into neutral,
AMPL and PL fractions and use this method to characterize the AMPL and

PL fractions in sediments.

6) Develop a method of calculating absolute fatty acid concentrations from acyl lipid
data and fatty acid proportions.

7) Apply fatty acids as biomarkers in two biogeochemical studies in very different
cold water environments.

8) Evaluate the of fatty acids as bi of specific

species.
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Chapter 3 - FATTY ACID DETERMINATION IN COLD WATER MARINE

SAMPLES

3.1 Introduction

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

'y and 1l This widesp use has led to
the development of diverse techniques for their analyses, including, for example, various
and i 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 Chemists’ Society
has published an Official Method (CE b-89, 1990) for the methylation of fatty acids, but few
‘groups actually 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

results acquired by different techniques, some knowledge of the effects on fatty acid recovery

is required.

A ination of fatty acid ition involves several steps, including at
least lipid ion and fatty acid ion, assuming i have been
optimized. This chapter will describe the optimization of ion and

procedures for highly unsaturated marine samples. Additional procedures, such as

fractionation of extract, removal of i and ion of derivatives for mass
spectrometry, are often performed as well, and new methods for those steps will be described
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