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PREFACE

The Lipid Handbook was first published in 1984, with a
second edition in 1994. We now present the third edition
of this successful book, with Albert Dijkstra replacing
Fred Padley as a member of the editorial team. The deci-
sion to revise this book was made late in 2004 and most
of the writing was completed during 2005. We planned
the book to take account of the many changes in lipid
science and technology that have occurred in the past 10
years, but we sought to maintain the approach and organ-
isation of material used in the earlier editions. Compared
to the second edition, some chapters have been combined —
“Fatty acid structure” with “Lipid structure” (Chapter 1),
“Separation and isolation” with “Analytical methods”
(Chapter 6), along with the two chapters on “Physical
properties” (Chapter 7). Other chapters have been divided —
The former chapter on “Processing” now appears as sep-
arate chapters devoted to “Production and refining of oils
and fats” (Chapter 3) and to “Modification processes and
food uses” (Chapter 4). One new chapter —“Nonfood
uses” (Chapter 9) has been introduced. All chapters have
been rewritten (often by a new author) and we have sought
to present information on the basis of thinking and prac-
tice in the present day. One interesting change is that the
processing sections refer to patents now easily accessible
through espacenet.com or uspto.gov.

In addition, the Dictionary section has been extended
on the basis of the latest Taylor & Francis Group data-
bases. This contains a wealth of information covering
chemical structures, physical properties, and references to
hundreds of lipid and lipid-related molecules, only some

ix

of which can be detailed in the text. We are grateful to
Taylor & Francis for allowing us to include this informa-
tion and we thank Fiona Macdonald for assistance in
selecting and organising it.

In order to make our task manageable in the time scale
agreed between the publishers and the editors and to
present authoritative coverage of our topics, we have
secured the assistance of several contributors from Europe,
Hong Kong and the United States. Only one contributor
(P. J. Quinn) and two of the editors (F. D. Gunstone and
J. L. Harwood) were involved with the previous edition
and almost the entire text now has different authors. This
brings fresh minds to the volume.

By bringing a wide range of information into a single
volume, we hope that the book will be useful to all who
work in the lipid field as scientists or technologists, in
industrial or academic laboratories, as newcomers, or as
those who already know their way around the field. Lipid
science is of increasing interest for metabolic, nutritional,
and environmental reasons and we offer this revised and
updated volume as a contribution to that growth. For 20
years the book has provided assistance to a generation of
those working with lipids and we offer LH-3 (our acronym
for this work) to the next generation.

The third edition is also available on a CD-ROM
(included with the book). This will provide a compact
form of the so-called “Handbook” and will be easily
searchable, thereby providing easy access to material
hidden in tables and figures and in the extensive list of
references, which now come with full titles.

Gunstone
Harwood
A. J. Dijkstra

F. D.
J. L.
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FATTY ACID AND LIPID STRUCTURE

C. M. Scrimgeour and J. L. Harwood

1.1  Fatty acid structure

1.1.1  Introduction and nomenclature

of fatty acids

Fatty acids are aliphatic, usually straight chain, mono-
carboxylic acids. The broadest definition includes all chain
lengths, but most natural fatty acids have even chain
lengths between C, and C,,, with C,; the most common.
Natural fatty acid structures reflect their common
biosynthesis — the chain is built in two-carbon units and cis
double bonds are inserted at specific positions relative to
the carboxyl carbon. Over 1000 fatty acids are known with
different chain lengths, positions, configurations and types
of unsaturation, and a range of additional substituents
along the aliphatic chain. However, only around 20 fatty
acids occur widely in nature; of these, palmitic, oleic, and
linoleic acids make up ~80% of commodity oils and fats.
Figure 1.1 shows the basic structure of fatty acids and a
number of the functional groups found in fatty acids. A list
of many of the known structures, sources, and trivial names
is available online (Adlof and Gunstone, 2003).

Table 1.1 illustrates the naming of some commonly
encountered fatty acids (additional examples are found in
the following sections). Fatty acids are named systemati-
cally as carboxylic acid derivatives, numbering the chain
from the carboxyl carbon (IUPAC-IUB, 1976). Systematic
names for the series of saturated acids from C, to C;, are
given in Table 1.2. The -anoic ending of the saturated acid
is changed to -enoic, -adienoic, -atrienoic, -atetraenoic,
-apentaenoic, and -ahexaenoic to indicate the presence of
one to six double bonds, respectively. Carbon—carbon
double bond configuration is shown systematically by Z
or E, which is assigned following priority rules for the

substituents. However, the terms cis and trans (abbreviated
cand ¢t) are widely used to describe double bond geometry,
as with only two types of substituents there is no ambi-
guity that requires the systematic Z/E convention (Figure
1.1). However, a recent proposal for systematic naming
for use in lipidomic and bioinformatic databases requires
the use of Z or E (Fahy et al., 2005a, 2005b).

Systematic names for fatty acids are cumbersome in gen-
eral use and both shorthand alternatives and trivial names
are widely used. Trivial names seldom convey any structural
information, often reflecting a common or early source of
the acid. The shorthand names use two numbers separated
by a colon for the chain length and number of double bonds,
respectively. Octadecenoic acid with 18 carbons and 1 dou-
ble bond is, therefore, 18:1. The position of double bonds is
indicated in a number of ways — explicitly, defining the
position and configuration or locating double bonds relative
to the methyl or carboxyl ends of the chain. In the biomed-
ical literature, it is common to number the chain from the
methyl end rather than the systematic numbering from the
carboxyl end, to emphasise the biosynthetic relationship of
different double bond patterns. Numbering from the methyl
end is written n-x or X, where x is the double bond carbon
nearest the methyl end. If there is more than one double
bond, a cis configuration, methylene-interrupted pattern is
implied. Although the n-x notation is recommended, both
n-x and ox are widely used in the current biomedical liter-
ature and wider nutritional contexts. The A notation is used
to make it explicit that the numbering is from the carboxyl
end. Other substituents may also be included in the short-
hand notation; for example 12-OH 18:1 9c for ricinoleic acid
(12-hydroxy-9-cis-octadecenoic acid). The order and style
used for shorthand names varies widely in the literature.
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SN TN SN SN TSN T TN C00H or CH4(CH,),c COOH
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FIGURE 1.1 Fatty acid structure and some functional groups found in fatty acids.

TABLE 1.1 Structure, systematic, trivial, and shorthand names of some common fatty acids
Trivial Name/
Structure Systematic Name Abbreviation Shorthand Name - or ®
CH,(CH,),,COOH Dodecanoic lauric 12:0
CH,(CH,),,COOH Tetradecanoic myristic 14:0
CH,(CH,),,COOH Hexadecanoic palmitic 16:0
CH,(CH,);CH=CH(CH,),COOH Z-9-hexadecenoic palmitoleic 16:1 9¢ 7
CH,(CH,),(COOH Octadecanoic stearic 18:0
CH,(CH,),CH=CH(CH,),COOH Z-9-octadecenoic oleic 18:1 9¢ 9
CH,(CH,);CH=CH(CH,),COOH Z-11-octadecenoic cis-vaccenic 18:1 11¢ 7
CH,(CH,);CH=CH(CH,),COOH E-11-octadecenoic vaccenic 18:1 11¢ 7
CH,(CH,),(CH,CH=CH),(CH,),COOH  Z,Z- 9,12-octadecadienoic linoleic (LA) 18:2 9¢,12¢ 6
CH,(CH,CH=CH),(CH,),COOH Z,7,7-9,12,15-octadecatrienoic a-linolenic (ALA) 18:3 9¢,12¢,15¢ 3
CH,(CH,);(CH,CH=CH),(CH,),COOH  Z Z Z- 6, 9,12-octadecatrienoic Y-linolenic (GLA) 18:3 6¢,9¢,12¢ 6
CH,(CH,),;COOH eicosanoic? arachidic 20:0
CH,(CH,),(CH,CH=CH),(CH,);COOH Z,Z,Z Z-5,8,11,14-eicosatetraenoic*  arachidonic (ARA)  20:4 5¢,8¢,11¢c,14c 6
CH,(CH,CH=CH),(CH,);COOH 72,2,2,72,Z- 58,11,14,17- EPA 20:5 5¢,8¢,11¢,14¢,17¢ 3
eicosapentaenoic?
CH,(CH,),,COOH docosanoic behenic 22:0
CH,(CH,),CH=CH(CH,),,COOH Z-13-docosenoic erucic 22:1 13¢ 9
CH,(CH,CH=CH)(CH,),COOH 2,2,2,2,72,7Z- 4,7,10,13,16,19- DHA 22:6 4¢,7c, 3
docosahexaenoic 10¢,13¢,16¢,19¢
CH,(CH,),,COOH tetracosanoic lignoceric 24:0
CH,(CH,),CH=CH(CH,),;COOH Z-15-tetracosenoic nervonic 24:1 15¢ 9

2 Jcosa- replaced eicosa- in systematic nomenclature in 1975, but the latter is still widely used in the current literature.

The following sections describe classes of naturally
occurring fatty acids, emphasising acids that are nutrition-
ally and biologically important, are components of com-
modity oils and fats, or are oleochemical precursors. The
structures of many fatty acids are contained in the dictio-
nary section of this book. Up to date information on fatty
acid occurrence in seed oils can be found online (Aitzet-
muller et al., 2003) and this is the source of much of the
data in Section 1.1.2. Further information on fatty acid
structure is available online at http://www.lipidli-
brary.co.uk/ and http://www.cyberlipid.org/. The struc-
tures of naturally occurring fatty acids are most easily

rationalised by considering their biosynthesis; a few basic
processes build and extend the chain and insert double
bonds, producing the common families of fatty acids.
We do not consider the details of these biochemical
processes here (see Section 10.1), but the reader should
be aware of the result of the various enzyme processes
that build and modify fatty acids. Saturated fatty acids
are built from two carbon units, initially derived from
acetate, added to the carboxyl end of the molecule, usu-
ally until there are 18 carbons in the chain. Double bonds
are introduced by desaturase enzymes at specific posi-
tions relative to the carboxyl group. Elongases further
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TABLE 1.2 Systematic, trivial, and shorthand names and melting points of saturated fatty acids

Systematic Name Trivial Name

methanoic formic
ethanoic acetic
propanoic propionic
butanoic butyric
pentanoic valeric
hexanoic caproic
heptanoic enanthic
octanoic caprylic
nonanoic pelargonic
decanoic capric
undecanoic

dodecanoic lauric
tridecanoic

tetradecanoic myristic
pentadecanoic

hexadecanoic palmitic
heptadecanoic margaric
octadecanoic stearic
nonadecanoic

eicosanoic arachidic
heneicosanoic

docosanoic behenic
tricosanoic

tetracosanoic lignoceric
pentacosanoic

hexacosanoic cerotic
heptacosanoic carboceric
octacosanoic montanic
nonacosanoic

triacontanoic melissic
hentriacontanoic

dotriacontanoic lacceric

Shorthand Name Melting Point? (°C)
1:0 8.4
2:0 16.6
3:0 -20.8
4:0 -5.3
5:0 -34.5
6:0 -3.2
7:0 -1.5
8:0 16.5
9:0 12.5

10:0 31.6
11:0 29.3
12:0 44.8
13:0 41.8
14:0 54.4
15:0 52.5
16:0 62.9
17:0 61.3
18:0 70.1
19:0 69.4
20:0 76.1
21:0 75.2
22:0 80.0
23:0 79.6
24:0 84.2
25:0 83.5
26:0 87.8
27:0 87.6
28:0 90.9
29:0 90.4
30:0 93.6
31:0 93.2
32:0 96.0

a Data from The Lipid Handbook, 2" Edition (1994), Chapman & Hall, London. With permission.

extend the chain in two carbon units from the carboxyl
end. These processes produce most of the fatty acids
of commercial importance in commodity oils and fats,
and which are considered to be of most value in food
and nutrition.

A great diversity of fatty acid structures is produced
by variations on the basic process. The start, particularly,
of the chain elongation process may be derived from
acids other than acetate, resulting in odd or branched
chains. Enzymes closely related to the desaturases may
introduce functional groups other than double bonds,
but usually with similar positional patterns. The result
is a great variety of fatty acid structures, often restricted
to a few related plant genera in which the altered enzymes
have evolved. Additional structural variety is introduced
by subsequent modification of fatty acids, e.g., oxidation
at or near the carboxyl or methyl end. The Euphorbiacae
and Compositae (Asteracae) are particularly adept at
producing many and varied fatty acid structures. Fatty
acids may be modified further, producing other groups
of natural products, such as polyacetylenes, ecosanoids,
and oxylipins. The following sections illustrate these
various structures, but are not exhaustive.
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1.1.2
1.1.2.1

Saturated fatty acids form a homologous series of mono-
carboxylic acids (C,H,,,;COOH). Table 1.2 lists the
saturated acids from C,; to C;, with their systematic and
trivial names and melting points. Naturally occurring
saturated acids are mainly of even chain length between C,

Fatty acids

Saturated acids
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and C,,. Fats rich in saturated acids are high melting and
are characteristic of many tropical species. Odd chain acids
are usually minor or trace components of plant and animal
lipids, but some are more abundant in bacterial lipids.

Short chain acids, particularly butyric (4:0), are found
mainly in ruminant milk fats. Medium chain fatty acids
(8:0, 10:0, 12:0, and 14:0) occur together in coconut and
palm kernel oils, both tropical commodity oils. In both of
these oils, lauric acid (12:0) predominates (45 to 55%),
with 14:0 next most abundant. A number of Lauracae and
Myristacae species contain in excess of 80% of 12:0 or
14:0, respectively. Cuphea, a temperate genus, has species
rich in individual medium chain acids, e.g., C. pulcherrima
>90% 8:0, C. koehneana >90% 10:0, and C. calophylla ~85%
12:0. These include some of the highest levels of single
fatty acids in seed oils.

Palmitic acid (16:0) is the most abundant and wide-
spread natural saturated acid, present in plants, animals,
and microorganisms. Levels of 20 to 30% are common in
animal lipids, 10 to 40% in seed oils. Palm oil is a rich
commodity oil source and contains over 40% of palmitic
acid. Stearic acid (18:0) is also ubiquitous, usually at low
levels, but is abundant in cocoa butter (~34%) and some
animal fats, e.g., lard (5 to 24%) and beef tallow (6 to
40%). A few tropical plant species contain 50 to 60+% of
18:0, e.g., Shorea, Garcinia, Allanblackia, and Palaquium.
Arachidic acid (20:0) is 20 to 30% of the seed oils of some
tropical Sapindaceae species, but is usually a minor com-
ponent of plant and animal lipids. Groundnut oil is the
only commodity oil with significant amounts (~1%).

Saturated acids are often most easily obtained by hydro-
genation of more readily available unsaturated acids, e.g.,
docosanoic acid (22:0) could be obtained by hydrogena-
tion of erucic acid (22:1). Chain shortening and chain
extension reactions give access to odd or even chain
lengths not readily found in natural sources. Saturated
acids with 10 or more carbons are solids, and melting
points increase with chain length (see Table 1.2). Melting
points alternate between odd and even chain length, with
odd chain lengths having a lower melting point than the
preceding even chain acid. Polymorphism occurs, where
one or more lower melting, metastable forms exist.

1.1.2.2

Straight-chain, cis-monoenoic acids with an even number
of carbons are common constituents of many lipids and
commodity oils. Trans- monoenes are rare components of
natural oils and fats (see Section 1.2.6). The cis (Z) double
bond is usually inserted by a A9-desaturase enzyme into
preformed saturated acids; this may be followed by two-
carbon chain extension at the carboxyl end. Starting with
16:0, this results in n-7 monoenes, while desaturation of
18:0 leads to the n-9 family. Monoenes may also result from
desaturation at the A4 or A5 positions since oils with
unsaturation at these positions occur in a few plant genera.

Monoenoic acids

The most common monoene is oleic acid (18:1 9¢). Oleic
acid (1) is found in most plant and animal lipids and is the
major fatty acid in olive oil (70 to 75%) and several nut oils,
e.g., macadamia, pistachio, pecan, almond, and hazelnut
(filbert) contain 50 to over 70%. High oleic varieties of
sunflower and safflower contain 75 to 80% oleic acid.

/\/\/\/\:/\/\/\/\COOH

Oleic acid

()]

Cis-vaccenic acid (18:1 11¢, n-7) is common in bacterial
lipids and a minor component of plant and animal lipids,
co-occurring with the more abundant oleic acid. Cis-vaccenic
is relatively abundant in sea buckthorn pulp, which is also
rich in its n-7 biosynthetic precursor 16:1 9¢. Petroselinic
acid (18:1 6¢) makes up over 50% of seed oil fatty acids of
Umbelliferae species, such as carrot, parsley, and coriander,
and is also found in the Araliaceae, Garryaceae, and Gera-
niaceae species. The biosynthesis of petroselinic acid
involves a A4 desaturase acting on palmitic acid (16:0) fol-
lowed by two carbon chain elongation (Cahoon et al., 1994).

Palmitoleic acid (16:1 9¢, n-7) is a ubiquitous minor
component in animal lipids; somewhat more abundant in
fish oils. A few plant oils are richer sources, e.g., nuts such
as macadamia (20 to 30%) and the pulp of sea buckthorn
(25 to 40%). C,, monoenes (11c¢ and 13c¢) are present in
brassica seed oils and the 9¢c and 11c isomers are found
in fish oils. 20:1 5c is >60% of meadowfoam (Limnanthes
alba) seed oil fatty acids. Erucic acid (22:1 13¢, n-9) is up
to 50% of Cruciferae oils, e.g. rape, mustard, crambe and
over 70% in some Tropaeolum species. Nervonic acid (24:1
15¢, n-9) occurs at 15 to 20% in Lunaria annua seed oil,
along with higher levels of erucic acid.

Some monoenes are used as or have potential use as
oleochemicals. Erucic acid, as the amide, is used as an
antislip agent for polythene film. 20:1 5¢ from meadow-
foam oil can be used to prepare estolide lubricants and
other novel materials. ®-Olefins, such as 10-undecenoic
acid available from pyrolysis of castor oil, are useful
oleochemical intermediates.

Cis-monoenes with 18 or less carbons are liquids at
room temperature or low-melting solids; higher homo-
logues are low-melting solids. Trans-monoenes are
higher melting, closer to the corresponding saturated
acids. Double bond position also influences the melting
point; both cis- and trans-C, monoenes are higher melt-
ing when the double bond is at even positions than at
odd positions; a pattern most distinct for double bonds
between C, and C,,. The solid acids may exist as a
number of polymorphs, with different melting points,
resulting from subtly different packing in the crystal
(Table 1.3).

1.1.2.3

Most unsaturated fatty acids with two or more double
bonds show a characteristic methylene-interrupted pattern

Methylene-interrupted polyunsaturated acids
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TABLE 1.3 Trivial names and melting points of some
monoene fatty acids

Fatty Acid Trivial Name Melting Point? (°C)
16:1 9¢ (n-7) palmitoleic 0.5

16:1 9¢ (n-7) palmitelaidic 32

18:1 9¢ (n-9) oleic 16.2, (13.3)
18:1 9¢ (n-9) elaidic 45.5

18:1 6¢ petroselinic 31, (29)

18:1 11¢ (n-7) cis-vaccenic 15.5

18:1 11¢ (n-7) vaccenic 44.1

20:1 5¢ (n-16) 27

20:1 11¢ (n-9) gondoic 25

22:1 13¢ (n-9) erucic 33.5 (=52, -7, 2, 14)
24:1 15¢ (n-9) nervonic 45, 41

@ Data from The Lipid Handbook, 2™ Edition (1994), Chapman
& Hall, London. With permission. Also references in Section
1.1.3. Polymorph melting points in parentheses.

of unsaturation, with one CH, between cis double bonds.
This pattern results from the operation of a few specific
desaturases and chain-elongation enzymes. Plants generally
insert double bonds at the A9, Al2, and Al5 positions
in C¢ fatty acids, giving n-9, n-6, and n-3 compounds,
respectively. Animals can also insert double bonds at the
A9 position, but not at A12 or Al5; instead, further double
bonds are introduced between the carboxyl group and the
A9 position by A5 and A6 desaturase enzymes and the chain
can then be extended in two carbon units at the carboxyl
end of the molecule. The resulting n-6 and n-3 polyenes are
shown in Figure 1.2. The step leading to DHA appears to
be the result of a A4 desaturase, but is usually the net result
of two elongations, a A6 desaturase and subsequent
two-carbon chain shortening. Leonard et al. (2004) have
reviewed the biosynthesis of long chain polyenes. Along
with a few saturates (mainly 16:0 and 18:0, but also 10:0 to
14:0) and oleic acid, the n-6 and n-3 polyenes make up the

n-9 n-6
18:19¢ - 18:29¢, 12¢
oleic A12D linoleic

{ A6D

18:3 6¢, 9¢, 12¢

¥-linolenic

J E
20:3 8¢, 11¢, 14c

J A5D

20:4 5¢, 8¢, 11¢, 14c
arachidonic

fatty acids found in most plants, animals, and commodity
oils and fats.

Linoleic acid (18:2 n-6, 2) is present in most plant oils
and is abundant (>50%) in corn, sunflower, and soybean
oils, and exceeds 70% in safflower oil. y-linolenic acid (18:3
n-6, 3) is usually a minor component of animal lipids, but
is relatively abundant in some plant oils, e.g., evening
primrose (~10%), borage (~20%), blackcurrant (~15%),
and echium (~25%). Other n-6 acids, dihomo-y-linolenic
acid (20:3 n-6) and arachidonic acid (20:4 n-6) are present
in animal tissues, but do not usually accumulate at signif-
icant levels in storage fats. These two C,, acids are the
precursors of the PG, and PG, prostaglandin families,
respectively. Some fungi, e.g., Mortierella species produce
up to 50% arachidonic acid in storage lipids and are a
commercial source of this acid (Ratledge, 2004).

\/\/\=/\=/\/\/\/\COOH

Linoleic acid
(2)
COOH

Y-linolenic acid
(3

o-linolenic acid (18:3 n-3, 4) is ubiquitous in plant leaf
lipids and is present in several commodity seed oils: 8 to
10% in soybean and canola, >50% in linseed oil, and 65
to 75% of perilla oil. The seed oils of many Labiatae
species are >50% o-linolenic acid. In plant leaves, chloro-
plast lipids contain up to 50% o-linolenic acid accompa-
nied, in some species, by its C,,homologue, 16:3 7¢, 10¢,13¢
(Mongrand et al., 1998). Stearidonic acid (18:4 n-3, 5) is a
minor component of animal lipids and fish oils and is
found in some seed oils, e.g., blackcurrant (up to 5%) and
echium (~7%). The n-3 long-chain, polyunsaturated fatty

n-3
> 18:3 9¢, 12¢, 15¢
A15D a—linolenic
{ A6D

18:4 6¢, 9¢, 12¢, 15¢

stearidonic
J E
20:4 8¢, 11c, 14c, 17c¢

I A5D

20:5 5¢, 8¢, 11¢, 14¢, 17c
EPA

{ EE,A6D,

I —2C

22:6 4c, 7c, 10c, 13c, 16¢, 19¢
DHA

FIGURE 1.2 Biosynthesis of n-6 and n-3 polyenes (D = desaturase, E = elongase, -2C = two-carbon chain shortening).
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acids (LC-PUFA) 20:5 (EPA, 6) and 22:6 (DHA, 7) are
important nutritionally and are mainly obtained from oily
fish and fish oils where they are present at levels from 5 to
20%. EPA is the precursor of the PG; prostaglandin series.
Attempts are being made to produce EPA and DHA in
plant lipids by the incorporation of appropriate enzymes
because of the desire to have new sources of these impor-
tant acids. Two types of microorganisms, a dinoflagellate
Crypthecodinium cohnii and marine protist Schizochytrium
species, are commercial single-cell oil sources of DHA
(Ratledge, 2004).
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a-linolenic acid

(4)

Stearidonic acid

(5)

VO T N NNV NG S COOH
EPA
(6)
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DHA
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While the n-3 and n-6 polyenes are the most widely
occurring and of prime biological and nutritional interest,
a large number of other methylene-interrupted polyenes are
known, produced by the same desaturation and elongation
steps, but starting with fatty acids of different chain length
and initial unsaturation. For example, animals deprived of
linoleic or linolenic acids can use oleic acid as substrate for
the A6 desaturase and subsequent steps, resulting in an n-
9 polyene series. The accumulation of 20:3 n-9 (Mead’s
acid) in animals is considered to be a symptom of essential
fatty acid (i.e., linoleic acid) deficiency.

The presence of two or more cis double bonds results
in a large lowering of the melting point compared to sat-
urates of the same chain length and these polyenes are all
liquid at room temperature. Linoleic acid melts at —5°C.

1.1.2.4

Fatty acids with bis- or polymethylene-interrupted double
bonds, or a mixture of methylene and polymethylene
separated unsaturation, occur in some plant species and
marine organisms. Often these have a double bond inserted
at the AS position in addition to one or more double bonds
in more usual positions. Bis-methylene-interrupted acids
with a A5c¢ double bond are common in gymnosperms
(conifers), a typical example being pinolenic acid (18:3
5¢,9¢,12¢) (8), occurring at levels of 25 to 30% in a number
of pine and larch species (Wolff et al. 2001). Among
angiosperms, Limnanthes alba (meadowfoam) seed oil
contains the polymethylene-interrupted 22:2 5¢,13¢ (~20%)
and other AS acids. Bis-methylene-interrupted acids with a

Bis- and polymethylene-interrupted acids

A5t double bond occur in Thalictrum species (see Section
1.2.6).

\/\/\—/\—/\/=\/\/COOH

Pinolenic acid

(8)

Sponges and some other marine invertebrates contain
a wide range of fatty acids with 5¢,9¢ double bonds, with
chain lengths (both odd and even) ranging from C,; to
C,,, known as demospongic acids. Additional double
bonds are usually n-7 or n-9 and methyl branching may
also be present (Dembitsky et al., 2003).

1.1.2.5

Fatty acids with two or more conjugated double bonds
are found in some plants and animals. Ruminant fats
contain small amounts (~1%) of “conjugated linoleic
acid” (CLA), resulting from bio-hydrogenation of
linoleic and o-linolenic acids in the rumen, which gives
mainly the 18:2 9¢,11¢ isomer (rumenic acid, 9). The only
reported long chain, conjugated diene from a plant is 18:2
102,12¢ (~10%), which occurs in Chilopsis linearis along
with the more abundant conjugated triene 18:3
9t,11¢,13¢. Estolides in stillingia oil (Sapium sebiferum)
and Sebastiana species contain 10:2 2¢,4¢ linked to a short
chain allenic hydroxy acid (Spitzer et al., 1997; Figure
1.3). Conjugated dienes (and higher polyenes) are
prepared chemically from methylene-interrupted fatty
acids by alkaline isomerisation. Under controlled
conditions, linoleic acid produces a mixture containing
only the 9cl1¢ and 10z12¢ CLA isomers (Sxbg, 2001).
These isomers have potential uses in modifying body
composition and as anticancer agents.

/\/\/\/\‘='/\/\/\/\COOH

Rumenic acid

9

Conjugated acids

Conjugated trienes and tetraenes are found in several
plant species. They are produced biologically from methy-
lene-interrupted polyenes by a conjugase enzyme similar
to A12 desaturase, which shifts an existing double bond
into conjugation with a new double bond (Dyer et al,
2002). Table 1.4 gives the structure, common name, source,
and melting point of the known conjugated trienes and
tetraenes from plants. Conjugated trienes and tetraenes
containing cis double bonds readily isomerise to the all
trans form on heating or on exposure to light. Tung oil,
containing >60% o-eleostearic acid (10), oxidises and

1 L
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FIGURE 1.3 Estolide from stilingia oil. R, R’ 16:0, 18:0, 18:1,
18:2, 18:3.
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polymerises readily and is used as a drying agent in paints
and varnishes. Along with CLA, there has been recent
interest in the biological and nutritional properties of
conjugated polyenes.

a-eleostearic acid
(10)

1.1.2.6

Monoenes and methylene-interrupted polyenes are pre-
dominantly cis. A few trans monoenes and dienes with
typical double bond positions are known, e.g., 18:1 97 in
Butyrospermum parkii (12.5%) and Dolichos lablab (15%),
co-occurring with 18:1 9¢, and 18:2 9¢12¢, (~15%) in
Chilopsis  linearis, associated with conjugated acids.
Thalictrum (and some other Ranunculaceae species) contain
several acids with a A5z bond, 16:1 5¢ (~2%), 18:1 5¢ (~20%),
18:2 5t9¢ (~6%), and 18:3 5t9¢,12¢ (~45%). A similar
pattern with A3 unsaturation is seen in some Aster species.
16:1 3¢ occurs widely in leaves associated with chloroplast
lipids. Vaccenic acid, 18:1 11z, is the most abundant frans
monoene in ruminant lipids, which contain a complex
mixture of both cis and trans positional isomers resulting
from biohydrogenation of linoleic and linolenic acids.
Conjugated acids usually contain one or more trans double
bonds (see Section 1.2.5).

Trans isomers, mainly monoenes, are produced during
catalytic partial hydrogenation, and can be present in sub-
stantial amounts in hardened fats, generally as a mixture
of positional isomers. Heat treatment during deodorisa-

Trans acids

tion of commodity oils may result in low levels of trans
isomers, particularly of polyenes. The undesirable nutri-
tional properties of trans acids have led to alternative ways
of producing hardened fats, such as interesterification or
blending with fully saturated fats, and to the use of milder
deodorisation procedures.

1.1.2.7

Fatty acids with acetylenic and allenic unsaturation are
rare. The two types of unsaturation are isomeric and can be
interconverted. In the allenic function, the double bonds
are rigidly held at right angles and introduce a twist in
the molecule, resulting in optical activity when they are
asymmetrically substituted.

The estolide oil in stillingia oil contains the allenic
hydroxy acid 8-hydroxy-5,6-octadienoic acid (Spitzer
et al., 1997; Figure 1.3). The (R, E) form of 2,4,5-tetrade-
catrienoic acid is an insect sex pheromone. Fatty acids
with a 5,6 allene are found in the seed oils of a few
Labiatae species: laballenic acid (18:2 5,6; 11) is up to
25% of Phlomis tuberosa and some Leucas species;
lamenallenic acid (18:3 5,6,16¢) is up to 10% in Lamium
purpureum.

NN NN N SN —T " o0

Laballenic acid
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Acetylenic and allenic acids

Fatty acids containing an acetylenic group are tariric
acid (18:1 6a, 12), up to 85% of some Picramnia species
and crepenynic acid (18:2 9¢,12a, 13) 50 to 75% of some

TABLE 1.4 Common name, source, and melting point of some conjugated fatty acids

Common

Fatty Acid Name Source Melting Point* (°C)
10:2 2t,4c Sapium sebiferum (stillingia oil) (~5 to 10%)

18:2 81,10t CLA 56
18:2 9¢,11¢ CLA 54
18:2 9¢,11¢ CLA 43
18:2 9¢,11¢ CLA ruminant fats 20
18:2 10¢,12¢ CLA Chilopsis linearis (~10%) 56
18:2 101,12¢ CLA 23
18:2 10¢,12¢ CLA 39
18:3 8¢,101,12¢ B-calendic Calendula officinalis (tr) 78
18:3 8¢,102,12¢ calendic Calendula officinalis (60%) 40
18:3 8¢,102,12¢ jacaric Jacaranda mimosifolia (36%) 44
18:3 9¢,11¢,13¢ B-eleostearic  Aleurites fordii (11%) 72
18:3 9¢, 111,137 o-eleostearic  Aleurites fordii (Tung oil), Parinarium spp., Momordica sp. (>60%) 49
18:3 9¢,11¢,13¢ catalpic Catalpa spp. (~40%) 32
18:3 9¢,11¢,13¢ - - 62
18:3 9¢,111,13¢ punicic Punica granatum (~70%), Momordica balsamina (~60%) 45
18:4 9¢,111,131,15¢¢  o-parinaric Parinarium laurinum (>50%), Impatiens spp. (>20%) 86
18:4 9¢,11¢,13¢,15¢ B-parinaric - 96

2 Data from The Lipid Handbook, 2" Edition (1994), Chapman & Hall, London. With permission.
b Occurs also as the 18-hydroxy (kamlolenic acid, Mallotus philippinensis (70%)) and 4-oxo (licanic acid, Licania rigida (80%))

derivatives.

¢ Occurs also as the 4-oxo derivative (Chrysobalanus icaco (18%)).
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Crepis species. In C. alpina, the acetylenic bond is intro-
duced by a Al2-desaturase-like enzyme (Lee et al., 1998).
Crepenynic acid is the starting point for the biosynthesis
of a large number of fatty acid-derived acetylenic and
polyacetylenic secondary natural products (e.g., matri-
caria ester). Stearolic acid (18:1 9a), the acetylenic
analogue of oleic acid (from which it is easily prepared),
is not often found in nature, other than as a minor com-
ponent. However, it is more abundant in some Pyrularia
species, P. edulis containing over 50%.

X
Tariric acid N COOH
(12)
4 — COOH
Crepenynic acid
(13)
1.1.2.8 Branched chain acids

Straight chain fatty acids are the norm, but a wide variety
of branched chain structures are known, mainly from
bacterial and some animal sources. These acids are usually
saturated or monoenes and the alkyl branch is a methyl
group. Acids with a methyl group on the n-2 or n-3 carbon
(iso and anteiso, respectively; Figure 1.4) are common in
bacteria; their occurrence and distribution being strong
taxonomic indicators. The biosynthesis of these acids
involves the normal two-carbon chain extension, but
instead of starting with a two-carbon acetate-derived
unit, they start with 2-methyl propionic acid (from valine)
or 2-methyl butanoic acid (from leucine), respectively. The
resulting iso and anteiso acids, thus, have an even and odd
total number of carbons, but o-oxidation may subsequently
shorten the chain resulting in both odd and even carbon iso
and anteiso acids. The shorthand nomenclature for these
acids can be confusing, as the total number of carbons is
shown, while the systematic name uses the number of
carbons in the longest alkyl chain. For example, 15-methyl
hexadecanoic acid is iso-17:0.

Iso and anteiso acids found in animal fats, particularly
ruminant fats, are mostly derived from bacteria in the diet
or digestive system. However, some specific acids are of
animal origin: 18-methyleicosanoic acid is the major
thioester-bound fatty acid on the surface of wool and
mammalian hair fibres, producing a continuous hydro-
phobic layer (Jones and Rivett, 1997). Iso and anteiso acids
are rarely found in plant oils, apart from 14-methylhexa-
decanoic acid, which is found as a taxonomically useful
minor component (~1%) in the Pinacae family. These acids

iso anteiso

FIGURE 1.4 Iso and anteiso branched-chain structures.

are, however, abundant in the surface waxes of plant
leaves.

Fatty acids with a mid-chain methyl branch are charac-
teristic of some bacteria. For example, 10- R-methyloctade-
canoic acid (tuberculostearic acid) (14) is the major normal
chain length fatty acid in Mycobacterium tuberculosis, the
causative agent of tuberculosis, and is found in a number
of other actinomycetes. The biosynthesis involves methy-
lation of oleic acid, the methyl carbon being derived from
the C-1 pool. C,4 to C,, mid-chain methyl branched acids
are also found in Mycobacterium species.

H CH,
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Tuberculostearic acid
(14)

Polymethyl fatty acids include those of isoprenoid ori-
gin, derived from partial metabolism of the phytyl chain
from dietary chlorophyll. Phytanic (15) and pristanic acids
(16) are the most common examples and are minor
components of fish oils. A different pattern is seen in fatty
acids from bird uropygial glands where the methyl groups
are found on alternate, usually even, carbons, with two to
four methyl groups present, e.g., (17) found in the preen
gland wax of the graylag goose. Dimycocerosate esters,
found in mycobacteria, contain a range of polyketide-
derived polymethyl fatty acids. These also have the methyls
on alternate even carbons (Onwueme et al., 2005).
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Phytanic acid
(15)
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Pristanic acid

(16)
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1.1.2.9 Cyclic fatty acids

Cyclic fatty acids, with a carbon ring along or at the end of
the alkyl chain, occur naturally in some bacteria and plants.
In addition, a variety of carbocyclic structures are formed
from methylene-interrupted polyenes during heating, for
example, during deep frying. The sources, synthesis, and
biological properties of cyclic fatty acids have been
reviewed by Sebedio and Grandgirard (1989).

Fatty acids with a mid-chain cyclopropane group are
found mainly in bacteria, with cis-9,10-methylenehexade-
canoic (9,10 cpa 17:0); cis-9,10-methyleneoctadecanoic acid
(9,10 cpa 19:0; dihydrosterculic acid); and cis-10,11-meth-
yleneoctadecanoic acid (10,11 cpa 19:0; lactobacillic acid,
18) most common. They are found in diverse bacterial spe-
cies, both aerobic and anaerobic, and in both Gram-negative
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and Gram-positive species. Depending on culture condi-
tions, they may be up to 35% of the membrane lipids.

\/\/\A/\/\/\/\/ COOH

Lactobacillic acid
(18)

Biosynthesis of the cyclopropane ring involves addition of
a methylene group, derived from S-adenosylmethione (the
“C, pool”), to an existing double bond, for example, lacto-
bacillic acid is derived from cis-vaccenic acid, the most abun-
dant monoene in many bacteria. The cyclopropane acids that
have been found in protozoa, slime moulds, and invertebrates
are most likely derived from bacteria in their diet. The dis-
tribution and biosynthesis of cyclopropane acids in bacteria
has been reviewed by Grogan and Cronan (1997).

Cyclopropane acids are often found at low levels (~1%)
in plant oils containing cyclopropene acids (see below).
Litchi chinensis, however, contains ~40% dihydrosterculic
acid (9,10 cpa 19:0) along with small amounts of shorter
chain homologues.

Cyclopropene acids are found in plant oils of the Malva-
laceae, Sterculiaceae, Bombacaea, Tiliaceae, and
Sapicidacaea families. These are mainly sterculic acid (9,10-
methyleneoctadec-9-enoic acid; 9,10 cpe 19:1; 19) and mal-
valic acid (8,9-methyleneheptadec-8-enoic acid; 8,9 cpe 18:0;
20). Sterculic acid is usually the more abundant (>50% in
Sterculia foetida oil) accompanied by smaller amounts of
malvalic acid. 2-hydroxysterculic acid may also occur in these
oils, probably an intermediate in the biosynthesis of malvalic
acid by a-oxidation of sterculic acid. 9,10-methyleneoctadec-
9-en-17-ynoate (sterculynic acid) occurs in Sterculia alata
(~8%). The biosynthesis of the cyclopropene ring is not fully
understood, but is thought to proceed from oleic acid to the
cyclopropane, produced by the same mechanism as in bac-
teria, followed by further desaturation. Long chain cyclopro-
pane and cyclopropylidene fatty acids have been found in
sponges, for example, (21) from the Amphimedon species
(Nemoto et al., 1997). Their biosynthesis is unknown.

\/\/\/\A/\/\/\/ COOH

Sterculic acid
19)

\/\/\/\A/\/\/\COOH

Malvalic acid
(20)

COOH

\\\\\\ A

(21)

Fatty acids with terminal rings are thought to be produced
by incorporating a cyclic acid rather than acetate at the start
of the chain, although the biosynthetic origin of the cyclic
acid has not always been unequivocally established. Up to
80% of the seed oils of Hydnocarpus species and other genera
of the Flacourtiaceae are terminal cyclopentenyl acids of

various chain lengths. The most abundant is usually the C,,
hydnocarpic acid (22), but in Oncoba and Caloncoba species
the C,4 chaulmoogric acid (23) predominates (~70%). Gorlic
acid (24), C,; with a A6 double bond, is usually 10 to 20%
of these oils. Related homologues from C, to C,, are often
found at low levels. Arum maculatum seed oil contains ~20%
of 13-phenyltridecanoic acid (25)

o>

Hydnocarpic acid
(22)

O

Chaulmoorgic acid
(23)

- _

Gorlic acid
(24)

©/\/\/\/\/\/\/COOH

13-phenyltridecanoic acid
(25)

COOH

COOH

COOH

Bacteria isolated from the extreme environment of hot
springs produce fatty acids with a terminal cyclohexyl
group. In strains of the acidophilic and thermophilic
Bacillus acidocardarius, 11-cyclohexylundecanoic acid
and 13-cyclohexyltridecanoic acid (26) account for 70 to
over 90% of the fatty acids in the bacteria (Oshima and
Ariga, 1975). One of the most unusual fatty acid struc-
tures reported to date is a terminal concatenated cyclo-
butane or ladderane, containing up to five cis-fused four
membered rings (e.g. 27). These occur as glycerol and
methyl esters in the unusually dense membranes of anam-
mox bacteria (Damste et al., 2002).

O/\/\/\/\/\/\/COOH

13-cyclohexyltridecanoic acid
(26)

HEEEN

(27)

COOH

1.1.2.10  Fatty acids with oxygen-containing
functional groups

Most fatty acids contain only double bonds, but a number

of fatty acids and their metabolites have oxygen-containing
functional groups, most commonly a hydroxyl or epoxide.
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Some of these are introduced by enzyme-mediated oxidation
of methylene-interrupted fatty acids, e.g., by lipoxygenase
or the initial stages of fatty acid catabolism, the latter giving
hydroxyl groups near the carboxyl or methyl end of the
chain. Autoxidation, occurring in the absence of enzymes
also gives oxygen-containing products (hydroxy, keto,
epoxy, etc.) with less positional specificity.

In a few plant oils, hydroxy and epoxy groups are intro-
duced in mid-chain positions by enzymes with the same
positional specificity as desaturases. Castor oil, rich in
ricinoleic acid (12-OH 18:1 9c¢), is the only commodity oil
containing a fatty acid with a functional group other than
double bonds. Oils containing vernolic acid (an epoxy
acid) have been investigated as oleochemical precursors.

Ricinoleic acid (R-12-hydroxy-9-cis-octadecenoic acid,;
12-OH 18:1 9¢; 28) is 80 to 90% of castor oil (from Ricinus
communis). It occurs at similar levels in Hiptage species
and is found in a number of other species. In Azima
tetracantha, Argyreia cuneata, and Anogeissus latifolia, it
occurs at levels of 10 to 25% along with lower amounts
of the cyclopropene, which contain malvalic and sterculic
acids (see Section 1.2.9). The sclerotia of the ergot fungus
(Claviceps purpurea) contain up to 50% ricinoleic acid
(see below). Isoricinoleic acid (R-9-hydroxy-12-cis-octade-
cenoic acid; 9-OH 18:1 12¢) is over 70% of the Wrightia
species. Lesquerolic acid (R-14-hydroxy-11-cis-eicosenoic
acid; 29), the C,, homologue of ricinoleic acid, occurs in
Lesquerella species (50 to 70%). It is produced from rici-
noleic acid by an elongase specific for hydroxy acids
(Moon et al., 2001). Related acids found in Lesquerella
species include densipolic acid (12-OH 18:2 9¢, 15¢) and
auricolic acid (14-OH 20:2 11¢, 17¢). Hydroxy (and keto)
acids are also found with conjugated double bonds (see
Table 1.4). These include kamlolenic acid (18-OH 18:3 9¢,
11¢, 137) in Mallotus philippinensis (70%) and coriolic acid
(13-OH 18:2 9¢,11¢) in Coriaria species (~70%).

\/\/\/:\/=\/\/\/\/ COOH
Ricinoleic acid
(28)

OH

\/\/\/:\/=\/\/\/\/\/COOH
Lesquerolic acid
(29)

A hydroxyl group along the acyl chain can be esterified
to other fatty acids, forming an estolide. In castor oil,
ricinoleic acid is present only in simple triacylglycerols,
but in the ergot fungus Claviceps purpurea, ricinoleic acid
is extensively esterified with both nonhydroxy acids and
other molecules of ricinoleic acid in polyestolide groups
(Batrakov and Tolkachev, 1997). Seed oils of Lesquerella
and related species rich in lesquerolic acid contain
estolides (Hayes et al., 1995).
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Cutin, a cross-linked polyester constituent of plant
cuticle, contains a number of C,; and C,; mono, di, and
trihydroxy fatty acids. The C,, acids, derived from palmitic
acid contain a terminal hydroxyl group and a mid-chain
hydroxyl between C, and C,,. The predominant C,, acids,
derived from oleic acid, are 18-hydroxyoleic, 9,10,18-trihy-
droxystearic and 9,10-epoxy-18-hydroxystearic acids. The
primary hydroxyls are mainly ester linked, while the mid-
chain hydroxyls are only partially esterified. Polyhydroxy
acids are not usually found in seed oils; however, 9,10,18-
trihydroxy-12-cis-octadecenoic acid occurs as ~14% of
Chamaepeuce afra oil.

2-hydroxy or o-hydroxy acids occur in sphingolipids,
skin lipids, wool wax, bacterial cell wall lipids, and in a
few seed oils. In some Thymus species 2-hydroxylinolenic
occurs up to ~13%, along with linolenic acid and its C,,
homologue (17:3 8c,11¢,14¢). The hydroxy acid is proba-
bly an intermediate in the biosynthesis of the C,, acid (see
also hydroxysterculic acid, Section 1.2.9). Salvia nilotica
oil contains o-hydroxy oleic, linoleic, and linolenic acids
along with traces of C,; acids.

3-hydroxy or B-hydroxy fatty acids are found in bacte-
rial lipids, both medium to normal chain-length saturates
and in mycolic acids. Mycolic acids are very long chain
compounds, typically Cq to C,, branched at C,, with
unsaturation or cyclopropane groups along the long chain
in addition to the 3-hydroxy group.

Vernolic acid (12-epoxy-9-cis-octadecenoic acid, 30) is
the most widespread epoxy acid in plant oils occurring in
a number of Compositae, Malvaceae and Euphorbiaceae
species. It makes up 60 to 80% of Vernonia oils and is over
90% of Bernardia pulchella oil. (+)-vernolic acid with the
12S,13R configuration is the most usual form, but the
other optical isomer (-)-vernolic acid, has been isolated
from some seed oils of the Malvaceae. In Crepis palaestina
and Vernonia galamensis, the epoxide group is introduced
by a Al2-desaturase-like enzyme (Lee et al., 1998). How-
ever, in Euphorbia lagascae, the epoxygenase is a cyto-
chrome P450 acting on linoleic acid (Cahoon et al., 2002).

O

/\/\A/=\/\/\/\/COOH

Vernolic acid
(30)

Other epoxy acids include coronoric acid (9,10-epoxy-
12-cis-octadecenoic acid), which occurs in a number of
mainly Compositae species and is ~15% of Chrysanthemum
coronarium oil. It is also found in sunflower and other oils
after prolonged storage of the seeds. 9,10-epoxyoctade-
canoic acid is found at low levels in Tragopogon porrifolius
oil, and alchornoic acid (14,15-epoxy-11-cis-eicosanoic
acid), the C,, homologue of vernolic acid, occurs in Alchornea
cordifolia (~50%).

A number of oxygen-containing fatty acid derivatives are
produced from methylene-interrupted fatty acids following
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FIGURE 1.5 Formation of hydroperoxides and cyclic endop-

eroxides catalysed by (a) lipoxygenase and (b) cyclooxygenase
enzymes.

the formation of a hydroperoxide or cyclic endoperoxide
catalysed by lipoxygenase and cyclooxygenase enzymes,
respectively (Figure 1.5). Subsequent cyclisation and mod-
ification leads to physiologically active products, such as
eicosanoids (in mammals) and jasmonates and divinyl ether
fatty acids (in plants), and also to furanoid fatty acids.
Although the enzyme-catalysed, oxygen addition is stereo
and regiospecific, the range of starting acids and subsequent
modifications results in many different products; only a few
representative structures are shown here.

Eicosanoids are biologically active C,, fatty acid metab-
olites acting as short-lived hormones or mediators, and
include prostaglandins, thromboxanes, and leukotrienes.
The PG,, PG, and PG; families of prostaglandins are
derived from dihomo-g-linolenic acid (20:3 n-6), arachi-
donic acid (20:4 n-6), and eicosapentaenoic acid (EPA, 20:5
n-3), respectively, via their cyclic endoperoxides (Figure
1.6). Christie (2005) has recently reviewed ecosanoid struc-
ture and function. Among other functions, prostaglandins
are involved in the inflammatory response, platelet aggre-
gation, vasodilation, and smooth muscle function.

Jasmonates are produced in plants following lipoxy-
genase catalysed conversion of 16:3 n-3, 18:2 n-6, and

PGE,
s o
20:3 n-6
\ HO
e ™~ COOH
<j\/\/\/\/ rehe

PGE,

PGE,
/ HO OH
20:5n-3
" \=/\/\COOH
PGF;0
HO OH

FIGURE 1.6 The PG, PG, and PG; families of prostaglandins.

18:3 n-3 to conjugated hydroperoxides, which are then
converted to a range of metabolites. The most widely
studied is (-)- jasmonic acid (31), which is derived from
13-hydroperoxylinolenic acid. The cyclised product is
chain shortened to C,, by B-oxidation. Jasmonates have
hormone properties, regulating plant growth and deve-
lopment and are involved in leaf senescence and in
defence against pathogens and in wound signalling
(Farmer et al., 2003).

Jasmonic acid
(31)

Divinyl ether synthase in plant leaves and roots converts
hydroperoxides generated by lipoxygenase to divinyl
ethers. In the potato, the 9-hydroperoxides of linoleic and
linolenic acids lead to colneleic (32) and colnelenic acids

11
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(33), respectively. Structurally similar compounds are
derived from the 13-hydroperoxides in Ranunculus leaves,
e.g., etherolenic acid (34) (Hamberg, 1998). These com-
pounds are thought to be plant defence compounds
protecting against pathogen attacks.

NN SN SO

Colneleic acid
(32)

DN

Colnelenic acid
(33)

= =\/\/\/\
S 0N COOH
Etherolenic acid

(34)

Hydroperoxides derived from linoleic and linolenic
acids by reaction with lipoxygenase are also the origin of
a family of furanoid fatty acids. The most abundant mem-
ber (F,, 35) is a C,, furanoid acid with two methyl groups
on the furan ring. The ring methyls are derived from the
C, pool. Furanoid fatty acids were initially isolated from
fish and fish oils, but are now thought to originate in
photosynthetic organisms eaten by fish, and are ubiqui-
tous at trace levels in most plant-derived oils and fats
(Gorst-Allman et al., 1988). No direct physiological role
has been found for these compounds. Spiteller (2005) has
reviewed the occurrence, biosynthesis, and reactions of
furan fatty acids and suggested that they contribute to the
cardioprotective effects of a fish-rich diet.

/\/\M/\/\/WCOOH

Furanoid acid - Fg
(35)

1.1.2.11

Fatty acids with other functional groups occur rarely; a few
examples of naturally occurring acids containing halogens,
sulfur, and nitro groups are listed below.

Natural halogen-containing fatty acids have been reviewed
recently by Dembitsky and Srebnik (2002). These are often
of marine origin, reflecting the availability of chlorine and
bromine in seawater, or are produced in environments where
there are anthropogenic sources of chlorine, e.g., during
bleaching or in chlorinated organic compounds. Many of the
chlorine-containing compounds result from addition to a
double bond. A mixture of six isomeric chlorohydrins of
palmitic and stearic acid occurs in the jelly fish Auritia aurita
(9-chloro-10-hydroxy- and 10-chloro-9-hydroxy-hexade-
canoic acid, 9-chloro-10-hydroxy-, 10-chloro-9-hydroxy-, 11-
chloro-12-hydroxy-, and 12-chloro-11-hydroxy-octadecanoic
acids). 9,10-dichloro-octadecanoic acid is found in the Euro-
pean eel Anguilla anguilla. A number of bromine-containing
polyacetylenic methyl esters are found in some lichen species,

Other fatty acid structures

12

e.g., (36) from the Parmelia species. A number of toxic ®-
fluoro fatty acids have been isolated from the South African
plant Dichapetalum toxicarium. The origin of the fluorine is
fluoroacetic acid, which can accumulate in the leaves of
Dichapetalum species. The most abundant is 18-fluoro-oleic
acid.

==

= =

=
COOMe

Br
(36)

Sulfur-containing fatty acids have been reported at
trace levels (<0.01%) in unprocessed canola oil (Wijesun-
dera and Ackman, 1988). Tentative structures are 9,12-;
8,11-; and 7,10-epithiostearic acids, with a ring methyl,
e.g., (37). o-lipoic acid or thioctic acid (1,2-dithiolane-3-
pentanoic acid, 38), found in microorganisms and the liver,
is derived from octanoic acid and sulfur from a protein-
bound iron-sulfur cluster (Booker 2004). It is a powerful
antioxidant, which may protect against heart disease
and reduce diabetic complications. It is an antidote for
Amanita mushroom poisoning.

/\/\/\/Sd/\/\/\COOH
(37)

S/j\/\/\

s COOH

Lipoic acid
(38)

Two isomeric nitrolinoleic acids (39 and 40) have been
isolated from plasma lipoproteins and red cell membranes.
The nitro groups are probably derived from nitric oxide
and these compounds may be signal transducers for the

vascular effects of nitric oxide (Lim, 2002).
O,N

/\/\/=\)=\/\/\/\/COOH

(39)
NO,

/\/\/=</=\/\/\/\/ COOH

(40)
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1.1.3

Fatty acids have a common basic structure: a long
alkyl chain and a carboxylic acid group at one end. The
introduction of functional groups along the chain,
usually double bonds, produces a range of closely
related structures differing in chemical reactivity and
shape. This section concerns the possible shapes that
these molecules can adopt. Fatty acids are flexible
molecules; there is potential rotation about the C-C
bonds in the alkyl chain, and different conformations or
tertiary structures are possible.

Details of the molecular shape of fatty acids have been
obtained in two ways: x-ray crystallography and molecular
mechanics calculations. For x-ray studies, the molecules

oot

Fatty acid conformation

(CHy) H
H
H_ CH,
H H
CH
CH (H)
Trans Skew

FIGURE 1.7 Conformations adjacent to double bonds. The
shorthand notation follows Rich (1993). Torsion angles (1)
about C-C bonds: T ~180° = trans = #; T ~ £120° = skew, skew’
=s, §. Configuration of C=C bonds: T = 0° = cis = C; T = 180°
= trans = T.
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are necessarily constrained in a highly ordered structure,
similar to that found in solid fats and lipid bilayers. Often
several polymorphic solid phases occur, differing subtly in
packing and molecular conformation. Molecular mechan-
ics, on the other hand, considers the molecule in complete
isolation, considering interactions between atoms within
the molecule and minimising the energy of interactions
between them. The molecular mechanics approach shows
us which shapes are probable in the absence of other inter-
actions. In fatty acids, there are often several conforma-
tions differing only a little in energy and the molecule’s
environment is likely to be important in determining the
most probable shape. If several conformers are of similar
energy, it is likely that the molecule will populate several
to some extent, unless rigidly constrained in a crystal-like
structure. Figure 1.7 defines the terms used here to
describe the conformation adjacent to the double bond.
In a saturated fatty acid, the alkyl chain usually adopts
a structure with each methylene anti to the next, resulting
in a straight zigzag chain. Functional groups distort this
straight chain to a greater or lesser extent and one measure
of this distortion is the distance between the carboxyl
carbon and the terminal carbon. A bend shortens this
distance relative to the fully extended saturated acid —

TABLE 1.5 Conformational parameters of some fatty acids

Width

/A OH
Length [e)

FIGURE 1.8 Length and width parameters of bent-chain fatty
acids.

the shorter this distance, the more bent the molecule. We
can also define the “width” of the molecule as the distance
from the midpoint of this line to carbons in the middle of
the chain (Figure 1.8). This parameter is particularly use-
ful when the bend in the molecule is near the middle of
the chain.

The available data for a number of fatty acids, both from
x-ray crystallography and molecular mechanics calcula-
tions, are summarised in Table 1.5. X-ray crystallography
is limited to compounds for which satisfactory crystals can
be obtained. For low-melting fatty acid phases, this requires
skilled work and low temperature data collection; in con-
sequence, few polyenes have been studied.

Length®
Method?, CltoCH, Width® Torsion Angles
Fatty Acid Crystal Form ( A) (A) ©) Conformation® References
in chain
18:0 calc 21.4 all 180
18:0 mm 214 all ~180 Mizushina et al., 2004
18:0 x, C form 21.54 all ~180 Malta et al., 1971
18:0 x, E form 21.65 all ~180 Kaneko et al., 1990
18:0 x, poly type E 21.64 all ~180 Kaneko et al., 1994b
18:0 X, poly type B 19.14 C1,C2,C3,C4 =703 Kaneko et al., 1994a
allylic, C=C, allylic
18:1 9¢ calc 19.42 5.7 180, 0, 180 tCt
18:1 9¢ mm 12.80 8.50 Mizushina et al., 2004
18:1 9¢ x, low melt 17.78 5.9 132.5, ~0, —-127.4 sCs’ Abrahamsson and
Ryderstedt-
Nahringbauer, 1962
18:1 9¢ x, beta 19.70 44 173.9, -0.7, 172.9 tCt Kaneko et al., 1997
18:1 9¢ calc 21.18 180, 180, 180 tTt
18:1 9¢ X 21.39 -118.8, -179.9, 118.6 s'Ts Low et al., 2005
18:1 6¢ X, low melt 19.59 157.1, 0.1, -160.2 sCs’ Kaneko et al., 1992a
18:1 6¢ x, high melt 18.27 90.9, 0.8, 130.2 sCs Kaneko et al., 1992b
18.79 136.5, 1, 119.3
18:2 9¢,12¢ X 19.15 24 -119.4, -2.3, 122.7 (9,10) sCs’ Ernst and Sheldrick, 1979
123.5,-3.3,-120.9 (12,13) s’Cs
18:2 9¢,12¢ mm 4.45 10.6 Mizushina et al., 2004
18:3 9¢,12¢,15¢ mm 5.54 10.30 Mizushina et al., 2004
22:1 13¢ x, alpha 22.49 7.3 -106, 1, -175 s’Cs’ Kaneko et al., 1996
22:1 13¢ x, alpha 1 20.73 8.1 97, 1, 102 sCs Kaneko et al., 1996

2 calc = calculated using normal bond lengths and angles; mm = molecular mechanics; x = x-ray crystallography.
b x-ray data, calculated from coordinates in cited reference; mm values from Mizushina et al., 2004.

¢ see Figure 1.1.7.
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FIGURE 1.9 Space-filling diagram of the fully extended conformation of stearic acid. The molecule occupies an approximate cylinder

24.5 by 2.5 A.

Using normal C-C bond lengths (1.54 A), C-C-C bond
angles (109.5°), and C-C-C-C torsion angles of 180°, the
calculated C1 to C18 distance in stearic acid is 21.4 A.
Molecular mechanics calculations give the same value,
and in two crystal forms the length is similar (21.6 A) and
the measured torsion angles are close to 180° (Figure 1.9).

However, the low melting B-form does not have a com-
pletely straight chain; rotation about the C2-C3 bond
gives a skew conformation, with a C1-C2-C3-C4 torsion
angle of 70°, the other torsion angles still being close to
180°. The result is a bend at C3 and a noticeable shorten-
ing of the C1-C18 distance to 19.1 A. The straight all rrans
conformation has the lowest energy, but rotation about a
C-C bond does not result in a great increase in energy
(3 to 4 kJ/mol), so partially skew conformations may be
favoured in certain environments.

A cis-double bond introduces a pronounced bend in the
alkyl chain. Using standard bond lengths and angles and
confining the molecule to a plane, the C1-C18 distance in
oleic acid is 19.4 A, considerably shorter than in stearic
acid (21.4 A). The width (C=C to midpoint of C1-C18)
is 5.7 A. In this conformation, the C7-C8-C9-C10 and
C9-C10-C11-C12 torsion angles are 180° i.e., a trans
conformation (see Figure 1.7). The crystal structure of the
B-form is close to this structure with a trans, cis, trans con-
formation about the double bond (see Figure 1.10) and a
C1-C18 distance of 19.7 A and width 4.4 A. In the low
melting form, the double bond carbons are twisted to one
side of the plane of the rest of the molecule in a skew, cis,
skew” conformation (see Figure 1.10). This results in a
sharper bend in the molecule, with a C1-C18 distance of
17.9 A and width 5.9 A. Molecular mechanics calculations
give a yet more bent molecule (length 12.8 A, width 8.5 A)
achieved through twisting bonds in the alkyl chain to
smaller torsion angles.

X-ray structures are available for other monoenes. The
low melting form of petroselinic acid also has a skew, cis,
skew’ conformation. The high melting form of petroselinic
and the o and o! forms of erucic acid have skew, cis, skew
conformations, where the double bond carbons are twisted
to opposite sides of the plane containing the alkyl chains
(Figure 1.10). The trans, cis, trans conformation appears
unique to oleic acid.

Trans unsaturation, in contrast, results in little bending
of the alkyl chain. Using standard bond lengths and angles
and confining the molecule to a plane, the CI1-C18
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distance in elaidic acid (18:1 9¢) is only 0.2 A shorter than
stearic acid. The x-ray structure shows a skew’, trans, skew
conformation, resulting from the double bond being
twisted across the line of the alkyl chain, but with no
significant shortening of the C1-C18 distance compared
with stearic acid.

Obtaining adequate crystals of low melting polyenes is
difficult and the only full x-ray structure available is of
linoleic acid. The conformations about the 9,10 and 10,12
bonds are skew, cis, skew” and skew’, cis, skew, respectively,
giving an extended “angle iron” conformation (see Figure
1.11). The C1-C18 distance is 19.2 A, comparable to the
C,s monoenes. Analogous extended structures for linolenic
and arachidonic are compatible with the available crystal

skew, cis, skew skew, cis, skew' trans, cis, trans

FIGURE 1.10 Possible conformations about the double bond.
These are drawn for oleic acid, viewed from above the double
bond with the molecule bent down into the plane of the paper.
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(a)

(b)

FIGURE 1.11 Conformations of linoleic acid: (a) angle-iron,
(b) hairpin. Drawn from torsion angles given in Rich (1993).

data. Molecular mechanics calculations give very different
results for these molecules. The alternating of skew, cis,
skew’, skew’, cis, skew pattern is no longer seen and most
alkyl carbon torsion angles are skew rather than anti,
except for those near the methyl end. These conformations
result in sharply bent hairpin molecules (Figure 1.11).

Conjugated acids do not have conformational mobility
between double bonds and, therefore, have a more restricted
range of conformations than methylene-interrupted mol-
ecules. This may be responsible for the specific biochem-
ical effects of some conjugated acids where a particular
molecular shape can interact with an enzyme while others
cannot.

The combination of x-ray crystallography and molecu-
lar mechanics gives an idea of the shapes that fatty acids
can adopt. The results from x-ray studies can be applied
directly to situations where fatty acids or their derivatives
are in ordered structures, solid phases, monolayers, or
bilayers. In these environments, they adopt extended forms
where there is some flexibility in shape through twisting
adjacent to the double bond. Molecular mechanics calcu-
lations on isolated molecules reveal a number of low energy
conformations, where more extensive twisting gives sharply
bent hairpin structures. The accessibility of these confor-
mations may be important in the behaviour of individual
molecules interacting with receptor sites and enzymes.
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1.2
1.2.1

Acylglycerols are esters of glycerol (propane-1,2,3-triol)
and fatty acids. Partial glycerides are important inter-
mediates in metabolism, and triacylglycerols are the
major constituents of most natural fats and oils.

In order to designate the stereochemistry of glycerol-
containing components, the carbon atoms of glycerol are
numbered stereospecifically. When the glycerol molecule
is drawn in a Fischer projection with the secondary
hydroxyl group to the left of the central prochiral carbon
atom, then the carbons are numbered 1, 2, and 3 from top
to bottom. Molecules that are stereospecifically numbered
in this fashion have the prefix “sn” immediately preceding
the term “glycerol” in the name of the compound to dis-
tinguish them from compounds that are numbered in a
conventional fashion. The prefix “rac” in front of the full
name shows that the compound is an equal mixture of
both antipodes, whereas “x” is used if the configuration

Lipid structure
Acylglycerols (glycerides)

x
is unknown or unspecified.

Any glycerolipid will be chiral when the substituents at
the sn-1 and sn-3 positions are different. Mirror-image
molecules or enantiomers possess opposite but equal opti-
cal rotations. However, if both substituents are long-chain
acyl groups, then the optical rotation will be extremely
small (Myher, 1978).
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1.2.1.1

These are fatty acid monoesters of glycerol and exist in two
isomeric forms (1) and (2).

Monoacylglycerols (monoglycerides)

H,COCOR
HO —= é =

H,COH

(1) 1-Monoacyl-sn-glycerol (o isomer)

H,COH

RCOO —-m CI} = H

H,COH

(2) 2-Monoacyl-sn-glycerol (3 isomer)
1.2.1.2

These are fatty acid diesters of glycerol and occur in two
isomeric forms (3) and (4).

Diacylglycerols (diglycerides)

H,COCOR!
R’COO —- c = H
H,COH
(3) 1,2-Diacyl-sn-glycerol (o, isomer)
H,COCOR!
HO-(?-—H
H2(I30COR2
(4) 1,3-Diacyl-sn-glycerol (0,0~ isomer)

1.2.1.3

These are fatty acid triesters of glycerol. The fatty acids
may be all different, two may be different, or all may be
alike (see (5)).

Triacylglycerols (triglycerides)

H,COCOR!
R’COO —a C m=H
COCOR?
(5) Triacyl-sn-glycerol
1.2.14

When triacylglycerols contain a hydroxy fatty acid, the
hydroxyl group then can be esterified with further fatty
acids. These are sometimes described as estolides. Examples
of these glycerides have been found in plants (Hitchcock,
1975) with the occurrence of tetra-, penta- and hexa-acid
glycerides. The tetra-acid triacylglycerol (6) from Sapium
sebiferum oil (Sprecher et al., 1965) is an example.

Glycerides containing four or more acyl groups

H,CO (18:3)
(18:2) O~ C m=H

H,COCO[CH,];CH=C=CHCH,0COCH=CHCH=CH[CH,],CH,

(6)
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1.2.2

Glycerol ethers can be divided into two general types: alkyl
ethers and alk-1-enyl ethers (or plasmalogens).

Glycerol ethers

1.2.2.1 Alkyl ethers

1. Monoalkyl ethers (7) and (8)

CH,OR

HOCH

CH,OH
(7) sn-1 or o isomer

CH,OH

ROCH

CH,OH

(8) sn-2 or B isomer

The a-isomer is the more common and is usually found
to have the D or sn-1 configuration. Examples include
batyl alcohol (sn-1-0O-octadecylglycerol) and chimyl alco-
hol (sn-1-O-hexadecyl alcohol). sn-3-O-tetramethylhexa-
decylglycerol is a reported example of an o-isomer with
the L configuration. B-Mono-phytanylglycerol (2-O-tetra-
methylhexadecylglycerol) has been reported and is an
example of a f—monoalkyl ether.

2. Dialkyl ethers (9) and (10)

CH,OH

ROCH
éHZORl
(9) sn-2,3 or o, B isomer
CH,OR
HOCH

CH,OR!

(10) sn-1,3 or o, o isomer
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Although diethers have been synthesised in the 1,2 and
1,3 forms, the only naturally occurring diether is sn-2,3-
di-O-tetramethylhexadecylglycerol (diphytanylglycerol).

3. Trialkyl ethers

CH,OR!
R*0OCH

I
CH,OR?

amn
These compounds have not yet been reported in nature,
but have been synthesised with various combinations of
saturated or unsaturated chains. They have been proposed
as nonfattening dietary lipids (Mangold and Paltauf, 1983).
4. Acylated alkyl ethers (12) and (13)

CH,OR!
I

R>’COOCH

CH,OH
(12) sn-1-Alkyl-2-acylglycerol

CH,OR!
R>’COOCH

CH,OCOR?

(13) sn-1-Alkyl-2,3-diacylglycerol
Both the monoacyl and diacyl derivatives are found in
Nature.

1.2.2.2 Alk-l-enyl ethers

As with the alkyl ethers of glycerol, the monoalk-1-enyl
ethers predominate in Nature with small amounts of the
dialk-1-enyl ethers, but no trialk-1-enyl ethers so far
detected.

1. Monoalk-1-enyl ethers (14) and (15)

CH,OCH=CHR

HOCH

CH,OH
(14) sn-1 or o isomer

CH,OH

RCH=CHOCH

CH,OH

15) sn-2 or o isomer

Only the sn-1 isomer occurs naturally. Chains of 16 and
18 carbons are usual.
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2. Dialk-1-enyl ethers (16) and (17)

CH,OCH=CHR!
R’CH=CHOCH

CH,OH
(16) sn-1,2 or o, B isomer

CH,0CH=CHR!

HOCH

CH,0CH=CHR?

(17) sn-1,3 or o, o isomer
3. Acylated alk-1-enyl ethers (neutral plasmalogens)
(18) and (19)

CH,0OCH=CHR!
R’COOCH

CH,OH
(18) sn-1-Alk-1"-enyl-2-acylglycerol

CH,OCH=CHR!

R*COOCH

CH,0OCOR?

(19) sn-1-Alk-1"-enyl-2-3-diacylglycerol
Both the monoacyl and diacyl derivatives have been
reported.

1.2.2.3

Archaebacteria vary from eubacteria in that their
membrane lipids consist almost entirely of C,-C,,
diacylglycerol diether derivatives: sn-2,3-diphytanylglycerol
diether (20) and its dimer, dibiphytanyldiglycerol
tetraether, in which the two C,-C,, diether moieties are
linked head to head.

Variants of this structure, including terpenyl-, glyco- and
sulfoglyco- derivatives, have been reported and identified.
These lipids are found in all three classes of Archaebacteria
— the extreme halophiles, the methanogens, and the ther-
moacidophiles (see Kates, 1990, 1993).

Ether lipids of Archaebacteria

H

| /\)\/\)\/\)\/\)\
H—C—O

| /\)\/\)\/\)\/\)\
H—C—O

I
H— C —OH

I

H

(20) 2,3-Di-O-phytanyl-sn-glycerol diether
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1.2.2.4

Two betaine lipids, diacylglycerol-O-( N, N, N-trimethyl)
homoserine (DGTS (21)) and diacylglycerol-O-(hydrox
ymethyl)-(N, N, N-trimethyl)-B-alanine (DGTA (22)), have
been reported from a variety of lower plants and algae,
often as major components (see Dembitsky, 1996). A new
betaine lipid, diacylglycerol-O-carboxyl-(hydroxymethyl)-
choline (DGCC) has been recently reported in Pavilova
(chromophyta) (Dembitsky, 1996).

Betaine lipids

¢}

Rl—C—0 —CH,
o
Il

R2— C —O —CH

H,C —O—CH, — CH, — CH — N — (CHj);3
| +
COO™

21) DGTS

o
I

R!' —C —O—CH,
(o]

R?—C—O—CH

H,C — O — CH, — CH — CH, — N — (CH3);
+

COO~

(22) DGTA
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1.2.3

Phospholipids are divided into two main classes depending
on whether they contain a glycerol or a sphingosyl
backbone.

Phospholipids
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1.2.3.1

The compounds are named after and contain structures
that are based on phosphatidic acid (3-sn-phosphatidic
acid). The X moiety attached to the phosphate includes
nitrogenous bases (amino alcohols) or polyols. In Table 1.6
the major phosphoglycerides are listed. Some of the less
common compounds are indicated in the remarks within
the table.

Glycerophospholipids

1.2.3.2

Lipids that contain sphingosine (trans-D-erythro-1,3-
dihydroxy-2-amino-4-octadecene) or a related amino
alcohol are known as sphingolipids. The most common
phospholipid in this class is the phosphorylcholine ester of
an N-acylsphingosine (or ceramide) that is more commonly
called sphingomyelin (23).

Sphingophospholipids

0
N
H;C[CH,];,CH=CHCHCHCH,0OPOCH,CH,N[CHj];
I I

NHCOR

(23) N-Acyl-trans-4-sphingenine-1-phosphorylcholine
(sphingomyelin containing sphingosine as the sphingosyl moiety)

Although sphingomyelin is a major lipid of certain
membranes in animal (particularly nervous) tissues, it is
of minor importance in plants and probably absent from
bacteria. Even in animals, the nonphosphorus sphingolip-
ids (see Section 1.2.4) are more widely distributed.

Glycolipids based on phytosphingosine that contain
both inositol and phosphate were identified first by Carter
and coworkers (Carter et al., 1969). Their general struc-
ture is shown in Figure 1.12. Both phytosphingosine- and
dehydrosphingosine-based variants have been reported.
However, all contain inositol linked via a phosphodiester
linkage to the ceramide and via a glycosidic bond to a
chain of sugar residues of variable composition (Hether-
ington and Drobak, 1992). The components were previ-
ously called “phytoglycolipids,” but Laine and Hsieh
(1987) suggested that the term “glycophosphosphin-
golipid” be used to distinguish them from other plant
glycosphingolipids.

A number of glycophosphosphingolipids have been
reported (Laine and Hsieh, 1987; Stults et al., 1989). Two
structures are shown in (24) and (25). (See Hetherington
and Drobak (1992) for more details.) The analysis of plant
glycophosphospingolipids has been thoroughly discussed
by Laine and Hsieh (1987). In addition, various phospho-
glycolipids have been identified in Archaebacteria (Kates,
1990).

Man(o)-2 \

Inso(1-O-phosphoryl) ceramide
GleNAc(al-4)GleUA(0)-2 =
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Lipid structure

TABLE 1.6 Structure and distribution of important phosphoglycerides of general formula

CH,OCOR!
R,COOCH O
leoﬂox
o
Substituent (X)

—CH,CH(NH,)COO

~CH,CH,NH,

~CH,CH,N(CH,),

~CH,CH(OH)CH,0H

HO OH

Phosphatidylglycerol

Phospholipid
Phosphatidic acid (PtdOH)

Phosphatidylserine (PtdSer)

Phosphatidylethanolamine (PtdEtn)

Phosphatidylcholine (PtdCho)

Phosphatidylglycerol (PtdGro)

Phosphatidylinositol (PtdIns)

Diphosphatidylglycerol (DPG) (cardiolipin)

Remarks

Negatively charged lipid. Important
metabolic intermediate, only occurring in
trace amounts.

Negatively charged lipid. Serine is the L
isomer. Widespread but minor lipid in
eukaryotes. N-Acylated derivatives have been
found.

Widespread and major lipid. The partly
methylated derivatives (phosphatidyl-N-
monomethyl-ethanolamine, phosphatidyl-N-
dimethyl-ethanolamine) are found in small
amounts in many organisms. They are
metabolic intermediates in the conversion of
phosphatidylethanolamine to
phosphatidylcholine (see Section 10.2.1). N-
Acylated derivatives of
phosphatidylethanolamine (and lyso-
phosphatidylethanolamine) are found in
small amounts in many tissues. In some
tissues they may be significant components
(Schmid et al., 1990). Following
phospholipase D action, N-
acylethanolamines are released and are part
of the endocannabinoid signalling system
(Chapman, 2004).

Has a net neutral charge. The major animal
phospholipid and the main component of
nonchloroplast membranes of plants. Found
in small quantities in some bacteria.
Negatively charged lipid. Head group
glycerol has sn-1 configuration. The major
phospholipid in photosynthetic tissues and
many bacteria. Some bacteria contain O-
aminoacyl groups (lysine, ornithine, arginine,
or alanine) attached to position 3 of the base
glycerol. Bisphosphatidic acid, the fully
acylated analogue of PtdGro, has been found
in some plant tissues

Negatively charged lipid. Inositol is the myo
isomer. Widespread and usually minor lipid.
Further phosphorylations can take place at
different positions of the inositol and give rise
to phosphatidylinositol-4-phosphate,
phosphatidylinositol-3,4-bisphosphate,
phosphatidylinositol-4,5-bisphosphate and
phosphatidylinositol-3,4,5-trisphosphate.
These have been found in small amounts in
many eukaryotes and are important for
signalling (Payrastre, 2004).

Negatively charged lipid. Common in
bacteria. Localized in the inner
mitochondrial membrane of eukaryotes.

Note: R' and R? are long-chain alkyl groups.
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o
|

H;C[CH,];3CHCHCHCH,0OPO — 1'-inositol-2'-O-mannose

| | I
HO/ HO NHCOR O

glucuronic acid

glucosamine

galactose, arabinose, fucose
FIGURE 1.12  Phytoglycolipid.
(24) Found in corn.
GlcNAc(01-4)GlcUA((01-2)Inso(1-O-phosphoryl)ceramide

(25) Found in tobacco.
GIcUA = glucuronic acid

1.2.3.3 Variants on the diacyl structure
Variants on the diacyl structure are summarized in Table 1.7.
1.2.3.3.1  Monoacyl derivatives

Lyso-derivatives ~ (monoacylglycerophospholipids)  are
found in small amounts in most tissues, but their presence
in large amounts is usually indicative of lipid degradation
either before or during extraction. An exception is the
presence of lysophosphatidylcholine and lysophosphati-
dylethanolamine as the major phospholipids of cereal
grains. Lysophospholipids, and especially lysophosphatidi-
ate, are important signalling molecules (Pyne, 2004) (see
Section 10.6).

1.2.3.3.2  Plasmalogens

These are the monoacyl monoalk-1-enyl ether forms of
phospholipids. Choline and ethanolamine plasmalogens
are the most common forms, although serine plasmalogen
has also been found. The percentage of the plasmalogen
form of a given phospholipid may be quite high (e.g., in the
mammalian brain) and is usually underestimated because
most thin-layer chromatographic systems fail to resolve the
plasmalogen from the diacyl form of a given lipid class.
They are present in most animal tissues, but are rare in
plants.

Plasmanic acid and plasmenic acid represent the alkyl
and alk-1-enyl analogues of phosphatidic acid, respec-
tively. Thus, the choline plasmalogen (1-alkyl-2-acyl-sn-
glycero-3-phosphocholine) is termed plasmanylcholine,
while a 1-alk-1-enyl derivative would be plasmenyl-
choline (Synder, 1996). There are a number of reports of
phospholipids in bovine heart and spermatozoa that have
O-alkyl groups at both sn-1 and sn-2 positions. Halophilic
bacteria contain large amounts of dialkylglycerolipids, but
of the opposite stereochemical configuration (sn-2, 3 or D
series; see Synder, 1996).

Platelet-activating factor (1-alkyl-2-acetyl-sn-glycero-3-
phosphocholine) (26) is a biologically active phospholipid
of great current interest (e.g., see Ishii and Shimizu, 2000).

H,COCH,CH,R

| o)
[ ;
H,COPOCH,CH,N (CH,),

o-

(26) 1-Alkyl-2-acetyl-sn-glycero-3-phosphocholine (platelet-acti-
vating factor, PAF)

1.2.3.3.3  Ether derivatives

Monoacyl monoether and diether forms have been detected
in very small amounts in various tissues (Mangold and
Paltauf, 1983).

1.2.34

Phosphono analogues of various phospholipids have
been reported. These include phosphono analogues of
sphingosylphosphatides, which have been found in
various invertebrates, and of phosphatidylethanolamine
(Figure 1.13). Phosphonolipids are major constituents in
three phyla and are synthesized by phytoplankton, the
base of the food chains of the ocean (Kittredge and
Roberts, 1969). The following phosphonic acids have
been found in nature: 2-amino ethylphosphonic acid, 2-
methylaminoethylphosphonic acid, 2-dimethylaminoethyl-
phosphonic acid, 2-trimethylaminoethylphosphonic acid,
and 2-amino-3-phosphonopropionic acid. The first of

Phosphonolipids

H,COCOR!
R’COOCH O
/7
COPCH,CH,NH,
O

Phosphono form of phosphatidylethanolamine
o
¥
H;C[CH,],,CH=CHCHCHCH,OPCH,CH,NH;
HO NHCOR O
Ceramide aminoethyl phosphonate (ceramide ciliatine)
o

H,C[CH,),,CH=CHCHCHCH,OPCH,CH,NHCH,

HO NHCOR O

Ceramide N-methylaminoethyl phosphonate

FIGURE 1.13  Phosphonolipids.



1.2 Lipid structure

TABLE 1.7 Variations in phosphoglyceride structures

Structure®
H,COCOR!
R’COOCH O
H,COPOX

o

H,COCH=CHR!

R>’COOCH /o
H,COPOX

o

H,COCH,R!
R’COOCH 0O
H,COPOX

o

H,COCH,R!

R2CH,OCH 0
H,COPOX

o

H,COH
R’COOCH
| o}
H2CO|I|)OX
o-

Bisomer

H,COCOR!
R’COOCH O
H,COPX
I

O

H,COCOR!

HOCH o
I

CH,OPOX

o

oisomer

Structure Form

Diacyl ester form

Monoacyl monoalk-1-enyl ether form

(plasmalogen)

Monoacyl monoether form

Diether form

Monoacyl (lyso) form

Phosphono form

Common Phosphoglyceride*
All

PtdSer, PtdEtn, PtdCho

PtdEtn, PtdCho

PtdGro, PtdGroP

PtdSer, PtdEtn, PtdCho, PtdOH

PtdEtn

2 For abbreviations, see Table 1.6. R' and R? represent saturated or unsaturated alkyl chains. X represents a nitrogenous
base or polyol residue. PtdGroP is phosphatidylglycerol phosphate.
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these phosphonic acids is the main component of the
phosphonolipids. Phosphonolipids have been reviewed
by Hori and Nozawa (1982).
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1.24

A large number of different glycosphingolipids are known,
which differ in the nature and number of their glycosyl
residues. A general reference is that of Kanfer and
Hakomori (1983). Insect glycolipids are dealt with
specifically by Wiegandt (1992) and a useful introductory
article is that by Merrill and Sweeley (1996).

Glycosphingolipids

1.24.1

Attachment of a fatty acid to the amino group of
sphingosine or other related amino alcohol gives rise to a
ceramide. The most commonly found sphingosyl alcohols
are shown in Figure 1.14. (see Merrill and Sweeley, 1996).
Attachment of glucose or of galactose by O-ester linkage
to the primary alcohol of the sphingosyl moiety yields a
ceramide hexoside (or cerebroside) (see (27)): X = H for
simple ceramides, X = a monosaccharide (usually galac-
tose) for cerebrosides in animals and often glucose in
plants. The linkage is 1-O-B. X = 2 to 6 sugar units for
ceramide polyhexosides where the first sugar residue is
glucose. The sphingosine base can vary. It is usually
phytosphingosine in plant sphingolipids. The fatty acids in
the R group are frequently 2-hydroxy compounds for the
galactosyl-ceramides. In animals, the galactocerebroside is
the most common. Confusingly, futher attachment of hex-
osides to glucocerebroside yields the neutral ceramides (see
(27)). These are usually written by a shorthand nomenclature,
e.g., Glc-Gal-Gal-Glc-Cer would be glucosyl(1—4)galac-
tosyl(1—4) galactosyl(1—4)glucosyl(1—1)ceramide.

Ceramides and glycosylceramides

H3C[CH2]14(|ZHC|HCHZOH

HO NH,
D-erythro-sphinganine
(Dihydrosphingosine, sphinganine)

H3C[CH,];(CHCHCH,OH
HO NH,
Cyo- Dihydrosphingosine
(Icosasphinganine)
t
H3C[CH,];,CH=CHCHCHCH,OH

HO NH,
D-erythro-sphingosine
(Sphingosine, 4-sphingenine)

H,C[CH,],3 CHCHCHCH,OH

HO HO NH,

4-Hydroxy-D-erythro-sphinganine
(Phytosphingosine, 4-hydroxysphinganine)

FIGURE 1.14 Some amino alcohols found in sphingolipids.



1.2 Lipid structure

H,C[CH,],,CH=CHCHCHCH,0X

HO NHCOR

(27) Cerebrosides and neutral ceramides.

The nomenclature of simple glycosphingolipids as rec-
ommended by the [UPAC-IUB Commission on Biochem-
ical Nomenclature is shown in Table 1.8. Further
classification can be based on shared partial oligosaccha-
ride sequences as shown in Table 1.9 and as discussed by
Merrill and Sweeley (1996).

Some of the neutral ceramides have immunochemical
properties, such as the so-called “Forsmann antigen”
(CerGlc(4—1)Gal(4—1)Gal(3—1)-a-N-acetylgalac-
tosamine). In general, each mammalian organ has a char-
acteristic pattern of neutral ceramides, with kidney, lung,
spleen, and blood containing quite large amounts.

In microorganisms, glucose or galactose are the usual
carbohydrate residues, although glucuronic acid has been
reported in the ceramides of Pseudomonas paucimobilis.
Inositol and mannose residues may also be attached to
sphingosine bases in fungi (Ratledge and Wilkinson,
1988). However, sphingolipids are not quantitatively
important in most microorganisms. A number of acylated
sphingosines have been reported, where the hydroxyl as
well as the amino group of the base can be reacted. For
example, both triacetyl and tetraacetyl derivatives have
been described in Hansenula ciferri (Brennan et al., 1974).
Some organisms, including mammals, have small amounts
of ceramide phosphorylethanolamine, ceramide phosphate,
and phosphoglycosphingolipids (Merrill and Sweeley,
1996).

1.24.2

These are glycosphingolipids that contain a ceramide
linked to a glucosylgalactosylsialic acid (3-D-N-acetylneura-
minic acid) moiety. Other monosaccharide and sialic acid
residues may also be present. The structure of sialic acid
is shown in (28).

Gangliosides

H,COH
HCOH
HCOH
Ho
HOOC O AHCOCH,

(28) Sialic acid

Gangliosides have been reported with structures shown
in Table 1.10.

TABLE 1.8 Nomenclature for the classification of
glycosphingolipids

Root
Name Abbreviation Partial Structure®

v I I 1
Ganglio Gg GalB1-3GalNAcB1-4GalB1-4Glc-Cer
Lacto Le GalB1-3GIcNAcB1-3GalB1-4Gle-Cer
Neolacto nLc GalB1-4GIcNAcB1-3GalB1-4Glc-Cer
Globo Gb GalNAcB1-3Galal-4GalB1-4Gle-Cer
Isoglobo iGb GalNAcB1-3Galal-3GalB1-4Gle-Cer
Mollu Mu GalNAcB1-2Mana1-3Manf1-4Gle-Cer
Arthro At GlcNAcB1-4GlcNAcB1-3Manf1-4Gle-Cer

2 Roman numerals define sugar positions in the root structure.
From Sweeley, C.C. (1991).

TABLE 1.9 Names and abbreviations of simple glycosphingolipids

Structure Trivial Name of Oligosaccharide? Symbol®
Gal (01-4)Gal(B1-4)GlcCer Globotriaose GbOse,
GalNAc(B1-3)Gal(a1-4)Gal(B1-4)GlcCer  Globotetraose GbOse,
Gal(a1-3)Gal(B1-4)GlcCer Isoglobotriaose iGbOse,
GalNAc(B1-3)Gal(a1-3)Gal(B1-4)GlcCer  Isoglobotetraose iGbOse,
Gal(B1-4)Gal(B1-4)GlcCer Mucotiaose McOse,
Gal(B1-3)Gal(B1-4)Gal(B1-4)GlcCer Mucotetroase McOse,
GlcNAc(B1-3)Gal(B1-4)GlcCer Lactotriaose LcOse,
Gal(B1-3)GlcNAc(B1-3)Gal(B1-4)GlcCer Lactotetraose LcOse,
Gal(B1-4)GIcNAc(B1-3)Gal(B1-4)GlcCer Neolactotetraose nLcOse,
GalNAc(B1-4)Gal(B1-4)GlcCer Gangliotriaose GgOse,
Gal(B1-3)GalNAc(B1-4)Gal(B1-4)GlcCer ~ Gangliotetraose GgOse,
Gal(al-4)GalCer Galabiose GaOse,
Gal(1-4)Gal(a1-4)GalCer Galactriaose GaOse,

GalNAc(1-3)Gal(1-4)Gal(o1-4)GalCer

N-Acetylgalactosaminylgalatriaose

GalNAc1-3GaOse,

@ Name of glycolipid is formed by converting ending “-ose” to

globotriaosylceramide.

3

-osyl,” followed by “ceramide,” without space, e.g.,

b Should be followed by Cer for the glycolipid, without space, e.g., McOse,Cer, Mc,Cer.
Abbreviations: GlcNAc, N-acetylglucosamine; Gal, galactose; Gle, glucose; Cer, ceramide.
Taken from the IUPAC-IUB Commission on Biochemical Nomenclature (1977).
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TABLE 1.10 Abbreviated representation of gangliosides

Lipid?* Designation According to Wiegandt® Svennerholm®
1 I*NeuAc-GalCer GgalNeuAc -

2 II*°NeuAc-LacCer G, ,.INeuAc Guis

3 II*°NeuGe-LacCer G, INeuNG1 -

4 113 (NeuAc),LacCer G,..2NeuAc Gps

5 II3NeuAc/NeuGe-LacCer G ,2NeuAc/NeuNG1 -

6 1I*°NeuGe-LacCer G, 2NeuNG1 -

7 1I*°NeuAc-GgOse,Cer Ggyil NeuAc G

8 1I*°NeuAc-GgOse,Cer Gge | NeuAc Gy

9 IV3NeuAc-nLcOse,Cer G laNeuAc GM1-GleNAc
10 IVéNeuAc-nLcOse,Cer G | bNeuAc -

11 IV?Fuc, II’NeuAc-GgOse,Cer Gl NeuAc —

12 IV3NeuAc-nLcOse,Cer - -

13 113 (NeuAc),-GgOse,Cer Gge2bNeuAc Gp

14 IV3NeuAc, II’NeuAc-GgOse,Cer Gge2aNeuAc Gpa

15 II3(NeuAc);-GgOse,Cer G 3bNeuAc -

16 IV3NeuAc,II’(NeuAc),-gOse,Cer Gge3aNeuAc G,

17 IV3NeuAc,II*(NeuAc),GgOse,Cer GgedbNeuAc -

18 IV3(NeuAc),,II3(NeuAc);GgOse,Cer GgeSNeuAc -

19 IV3NeuAc, II’°NeuAc-GgOse;Cer Ggp2aNeuAc -

@ To indicate linkage points and anomeric form: Fuc should be written(«<—1aFuc); NeuAc should be written («-2aNeuAc); (NeuAc), should
be written («-2aNeuAc8),; etc. If these features are assumed or defined, the short form used in this column is more convenient for use in

texts and tables.

b The subscripts to G (for ganglioside), from lipid 7 onwards have the meanings: Gtri = gangliotriose, Gtet = gangliotetraose, Lntet =
lactoisotetraose, Gpt = gangliopentaose, Gfpt = gangliofucopentaose (from Wiegandt, 1973).
¢ G = ganglioside, M = monosialo, D = disialo, T = trisialo. Arabic numerals indicate sequence of migration in thin-layer chromatograms

(from Svennerholm, 1963).

Notes on composition and occurrence (see Gurr et al., 2002): Gangliosides appear to be confined to the animal kingdom. In man, cattle, and
horses, the main ganglioside outside the brain is G, 1NeuAc; N-glycolyneuraminic acid is the chief sialic acid in erythrocyte and spleen

gangliosides of horses and cattle.

Physical properties: Insoluble in nonpolar solvents; form micelles in aqueous solution.
Major bases: C;g and C,, sphingosines; minor amounts of dihydro analogues.

Fatty acids: Large amounts of 18:0 (86 to 95% in brain).

Occurrence: Mainly in grey matter of brain but also in spleen, erythrocytes, liver, and kidney. Modern analytical techniques have shown them
to be present in a much wider range of tissues than preiviously realized. Main gangliosides of human brain are Ggyrl, 2a,2b,3a.
Taken from the IUPAC-IUB Commission on Biochemical Nomenclature (1977).

1.2.4.3

These are glycosides of N-acyl long-chain bases (ceramides).
Galactose and glucose are the monosaccharides commonly
found. The structures of two representative molecules —
one from mammalian brain and the other from a higher
plant — are shown in (29) and (30).

Cerebrosides

Brain cerebrosides

H
HiCICHol ./ H H OH
AN e
H C=¢ CH-0 /5 N\ OH

HO NH HOCH,;
|
o7
R

(29) N- Acylsphingosine-1-B-D-galactopyranoside
Where R-CO is:
lignoceryl (C,,H4,0) in kerasin
cerebronyl (2-hydroxylignoceryl) in phrenosin
nervonyl (C,,H,s0) in nervone
2-hydroxynervonyl in oxynervone
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Plant cerebrosides

oy OH
H,;C[CH,];3;—C—C—C—CH,—0
2
| O
(|:=o —t" OH
R

(30) N- (0-Hydroxy) acylphytosphingosine-1-o-f-glucopyranoside

Cerebrosides frequently contain large amounts of 2-
hydroxy fatty acids, which are linked through the amino
group of the sphingosine base. In addition, odd chain-
length acids are also found. Typical fatty acids might be
behenic (22:0), lignoceric (24:0) as in kerasin, nervonic
(24:1) as in nervone, cerebronic (o-OH 24:0) as in
phrenosin, and 2-hydroxynervonic (o-OH 24:1) as in
oxynervone. The sugar composition of mammalian cere-
brosides depends on the tissue source: brain cerebroside
containing mainly galactose while that of blood contains
mainly glucose. The myelin sheath of nerves contains
particularly large amounts of cerebrosides, as well as sub-
stantial quantities found in the lung and the kidney.
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1.2.4.4 Sulfatides

Sulfatides are 3-sulfate esters of galactosyl-cerebrosides
(31). Their distribution in mammalian tissues is generally
similar to that of cerebrosides and their fatty acid and base
compositions are also alike.

H;C[CH,];,CHCHCH,O-B-D-galactopyranosyl-3-sulfate

HO NHCOR

(31) sulfatide

In addition to the “classical” sulfatides indicated above,
there are a whole series of sulfatides in organisms ranging
from mycobacteria to mammals. These include ganglio-
and globo-series sulfatides from mammalian kidneys and
ganglioside sulphatides from echinoderms. Details are
given in Ishizuka (1997).

References

Brennan, P.J., Griffin, P.F.,, Losel, D.M., and Tyrrell, D. (1974).
The lipids of fungi. Prog. Chem. Fats Other Lipids, 14,
49-89.

Gurr, M.1., Harwood, J.L., and Frayn, K.N. (2002) Lipid Bio-
chemistry, 5" ed., Oxford, U.K.: Blackwell Science.
Ishizuka, I. (1997) Chemistry and functional distribution of sul-

phoglycolipids. Prog. Lipid. Res., 36, 245-319.

TUPAC-IUB Commission on Biochemical Nomenclature (1977)
The nomenclature of lipids. Recommendations, 1976. Eur.
J. Biochem., 79, 11-21.

Kanfer, J.N. and Hakomori, S.-1. (1983) Sphingolipid Biochemis-
try, New York: Plenum.

Kates, M. (1986) Techniques in Lipidology, 2" ed., Amsterdam:
Elsevier.

Merrill, A.H. and Sweeley, C.C. (1996) Sphingolipids: metabo-
lism and cell signalling. In Biochemistry of Lipids, Lipo-
proteins and Membranes, D.E. Vance and J. Vance, Eds.,
Amsterdam: Elsevier, pp. 309-327.

Ratledge, C. and Wilkinson, S.G. (Eds.) (1988) Microbial Lipids,
vol. 1, London: Academic Press.

Svennerholm, L. (1963) Chromatographic separation of human
brain gangliosides. J. Neurochem., 10, 613-623.

Sweeley, C.C. (1991) Sphingolipids. In: Biochemistry of Lipids,
Lipoproteins and Membranes (D.E. Vance and J.E. Vance,
Eds.), Amsterdam: Elsevier pp. 327-361.

Wiegandt, H. (1973) Gangliosides of extraneural organs. Hoppe-
Seyler’s Z. Physiol. Chem., 354, 1049-1056.

Wiegandt, H. (1992) Insect glycolipids. Biochim, Biophys. Acta.,
1123, 117- 126.

1.2.5

These compounds, which are especially important in the
photosynthetic membranes of Cyanobacteria, algae, and
higher plants, contain one to four sugars linked glycosid-
ically to diacylglycerol. The two galactosylglycer-ides (32)
and (33) contain large amounts of polyunsaturated fatty
acids, e.g., >,90% o-linolenic acid in chloroplastic

Glycosylglycerides
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diacylgalactosylglycerol (monogalactosyldiacylglycerol)
(Harwood, 1980). In diacyldigalactosylglycerol (digalac-
tosyldiglyceride, often abbreviated as DGDG), the link-
age between the galactose residues is 1—6. Although the
additional linkages in diacyltrigalactosyl-glycerol and
diacyltetragalactosylglycerol have not been fully charac-
terized, they are also probably 1—6. These higher homo-
logues are usually only found in small quantities and may
be the result of stress to the plant. In bacteria and algae,
a large number of different sugar combinations have been
reported, some of those for bacteria being shown in
Table 1.11. Structures of some 12 eubacterial monoglyco-
syldiacylglycerols and 3 polygly-cosyldiacylglycerols are
given by Kates (1990). Their distribution in different
bacteria is also reported.

H,COH
HO O, 0—CH,
OH CIHOCOR1
2
HO CH,OCOR

(32) 1,2-diacyl-[B-D-galactopyranosyl-(1’—3)]-sn-glycerol
(monogalactosyldiacylglycerol, MGDG)

H,COH
HO o
gt O—CH,
OH
CIHOCORI
OH CH,OCOR?

(33) 1,2-diacyl-[o-D-galactopyranosyl-(1"—6")]-B-D-galac-
topyranosyl-(1’—3)-sn-glycerol (digalactosyldiacylglycerol,
DGDG)

H,C —SO;H
o

OH
O—CH,
OH CIHOCOR1

CH,0OCOR?

HO

(34) 1,2-Diacyl-[6-sulfo-a-D-quinovopyranosyl-(1'—3)-sn-
glycerol (plant sulfolipid, sulfoquinovosyldiacylglycerol,
SQDG) D-quinovose is 6-deoxy-D-glucose (note the
carbon-sulfur bond)

In addition to diacylgalactosylglycerol and diacyldiga-
lactosylglycerol, plant, algal, and cyanobacterial photo-
synthetic membranes also contain large amounts of
diacylsulphoquinovosylglycerol (34) (Harwood, 1980;
Harwood and Okanenko, 2003). This compound, also
known trivially as the plant sulpholipid, is the only lipid
with a sulphonic acid linkage that has been reported so
far. It contains more saturated fatty acids (mainly palm-
itic) than the plant galactosylglycerides.
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TABLE 1.11 Some bacterial sn-O-glycosyldiacylglycerols

Glyceride

Monoglucosyldiacylglycerol
Diglucosyldiacylglycerol
Diglucosyldiacylglycerol
Dimannosyldiacylglycerol
Galactofuranosyldiacylglycerol
Galactosylglucosyldiacylglycerol
Glucosylgalactosylglucosyl-
diacylglycerol

a-D-Glucopyranoside

o-D-Galactofuranoside

Structure of Glycoside Moiety

B-D-Glucopyranosyl(1—6)-O-B-D-glucopyranoside
o-D-Glucopyranosyl(1—2)-O-B-D-glucopyranoside
a-D-Mannopyranosyl(1—3)-O-D-mannopyranoside

o-D-Galactopyranosyl(1—2)-O-o-D-glucopyranoside
a-D-Glucopyranosyl(1—6)-O-a-D-
galactopyranosyl(1—2)-O-o-D-glucopyranoside

Occurrence

Pneumococcus, Mycoplasma
Staphylococcus
Mycoplasma, Streptococcus
Microccus lysodeikticus
Mpycoplasma, Bacteroides
Lactobacillus

Lactobacillus

Adapted from Kates (1972).

A number of gluco- and galactoglycerolipids have been
isolated in small quantities from animal tissue. Their struc-
tures are given in Murray and Narasimhan (1990). The
majority of galactoglycerolipids contain a single galactose
residue, which is linked in a B-glycosidic link between the
C-1 of galactose and the C-3 of glycerol. The glucoglyc-
erolipids constitute a large number of compounds with up
to eight glucose residues linked o(1—-6). Alkylacyl and
diacyl lipids as well as sulfated forms have been reported
(Slomiany et al., 1987).
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1.2.6

In addition to cerebroside sulfates, other sulfur-containing
sphingolipids (Section 1.2.4) and diacylsulpho-quinovo-
sylglycerol and sulfated gluco- or galactogly-cerolipids
(Section 1.2.5), various other sulfur-containing lipids have
been reported. These include alkyl sulfates (Mayers et al,,
1969) in microorganisms (35).

Sulfur—containing lipids

0805

H,C[CH,],CH[CH,],,CH,0S05

(35) (1,14S)-Docosanediol-1,14-disulfate
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TABLE 1.12
danica

Structures of the sulfolipids of Ochromonas

Position of substitution
in 1,15-tetracosane-

Position of
substitution in 1,14-

Derivative dicosane-disulfate disulfate
Monochloro- 13 14

Dichloro- 11,15

Pentachloro- 3,3,11,13,16 2,12,14,16,17
Hexachloro- 3,3,11,13,15,16 2,2,12,14,16,17

Chlorosulpholipids are found in some fungi (e.g., cal-
dariomycin) and certain algae. Ochromonas danica con-
tains particularly high amounts of chlorosulpholipids,
where they represent almost half of the total membrane
lipids. An entire family of compounds can be found with
two sulfate ester functions and from one to six chlorines
(Haines, 1973), as shown in Table 1.12. Some other struc-
tures (e.g., trichloro derivatives) have been reported but
not characterized (Haines, 1973).

An unusual glycolipid sulfate ester (36) has been
reported in extremely halophilic bacteria by Kates and
coworkers (cf. Kates, 1972), and a glycolipid sulfate
(2,3,6,6"-tetraacetyl-a-o-tetrahalose-2’-sulfate) in Myco-
bacterium tuberculosis (Goren, 1970). For a review of sul-
fated glycolipids in Archaebacteria, see Kates (1990), and
for mycobacterial sulphoglycolipids, see Goren (1990).
Sulfated glycolipids and sterols are minor components of
animal tissues (see Murray and Narasimhan, 1990). Lac-
tosyl sulfatide and seminolipid are examples of the former
(Ishizuka, 1997).

A number of novel taurine-containing lipids have been
isolated from the ciliated protozoan, Tetrahymena. These
have the structures shown in (37).

~03S0 - 3-Gal(1 — 6)Man(1 — 2)Glc(1 —1') —~OCH,
ROCH

ROCH,

(36) Glycolipid sulfate ester
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CHj;3(CH,),4,CO0
R
CONHCH,CH,SO3H
R3 RZ
(37) Taurine-containing lipids
Lipid R! R2 R3
Taurolipid A OH H H
Taurolipid B OH OH H
Taurolipid C OH OH OH
7-Acyltaurolipid A CH,4(CH,),,CO0 H H

An alkaline-stable, taurine-containing lipid, lipo-taurine
(2-(7,13-dihydroxy-2-trans-octadecenoylamino)ethanesul-
phonic acid) was also detected and probably plays a role as
a metabolic intermediate. Other related compounds, such
as 2-(octadecanoylamino)ethanesulphonic acid, were also
identified. The isolation, characterization, and biochemis-
try of the taurolipids have been reviewed (Kaya, 1992).
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1.2.7  Diol lipids

Only recently has the presence of diol lipids, such as
diacylpropane-1,3-diol (38), been confirmed for a wide
variety of tissues. This is probably because techniques
for the elucidation of their structures are a recent
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development. Small quantities of such diols are found in
mammalian and fish liver, mammalian adipose tissue, egg
yolk, corn seed, and yeast.

Diesters of butane-1,3-diol and butane-1,4-diol are
produced by various yeasts (Ratledge and Wilkinson,
1988) and mixed acyl and alk-1-enyl derivatives of these and
other simple diols (e.g., ethylene glycol) have been reported
(Batrakov et al., 1974). Extracellular acyl esters of arabini-
tol, xylitol, or mannitol have been reported (Stodola et al.,
1967) and an acylated diol phospholipid has been iso-
lated from the yeast Lipomyces starkeyi, after growth
on propane-1,2-diol (Suzuki and Hasegawa, 1974).

H,COCOR!

CH,

H,COCOR?

(38) Diacylpropane-1,3-diol
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1.2.8

A wide variety of other lipid esters have been reported.
Wax esters are a typical example. Although the term
“wax” should, strictly speaking, only be used for esters of
long-chain fatty acids with long-chain primary alcohols,
common usage, unfortunately, often equates “wax” with
an entire mixture of lipids of which the true waxes are but
a part. Ester waxes are found in animals and plants where
they form part of the water-repellent surface coating (i.e.,
skin surface of animals and the leaf cuticle (cf. Section
1.2.11)). The general formula for a simple wax is shown
in (39). The preen glands of birds, in addition, contain
esters of normal alcohols with mono- or multibranched
fatty acids (Odham, 1967).

Other esters

H,C[CH,],COO[CH,],CH

(39) A simple wax

Complex waxes are compounds where either the fatty
acid or the alcohol component or both has a complex
structure. For example, the waxes of Mycobacterium spp.
are diesters of phthiocerols (C;;-C;5 branched-chain diols)
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with mycocerosic acids (C,y-C;, branched-chain acids)
(Asselineau, 1966; see Barry et al., 1998).

. /ng\/

(40) Cholesterol ester

(41) Acyl retinol

CH,
RCOO

(42) Acyl cholecaldiferol

CH,
RCOO
H
H,C 0 g
CH,
(43) Acyl-a-tocopherol

) Y U NP N Vo Yoo YW N OCO[CH,];4CH;
HgQC“;MCOOW 5]14CH;

(44) Luteol dipalmitate

X

CH,OCO[CH,},,CHj

(45) Geranyl stearate

Animal skin-surface lipids have two types of diester waxes.
In the first, a hydroxy acid has its hydroxyl group esterified
to a normal fatty acid and its carboxyl group to a fatty
alcohol. The second wax type consists of an alkane o, B-
diol in which both hydroxyls are esterified with fatty acids
(Nicolaides et al. 1970).
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C|:22H45
CHZOCOCH?H[CHZJUCH: CH[CH,),,CHs

OH H OH
H
HO
H OH g OH
0= CCHCH[CH,],,CH= CH[CH,],,CH,
|
CooHys
FIGURE 1.15 Cord factor from Mycobacterium smegmatis.

Esters are found in most of the commonly occurring
sterols (40), including those from plant tissues (Mudd,
1980). The fatty acid constituents usually reflect those
of the acylglycerols from the same source. Likewise,
esters are found in vitamin alcohols, such as vitamin A,
the D vitamins, and vitamin E. Examples are shown in
(41) to (43).

Carotenoid esters have been reported from a few plant
sources (Hitchcock and Nichols, 1971). Flower pigments,
for example, are known to contain saturated fatty acid
esters of carotenoid alcohols. These compounds are also
found in green algae. Where dihydroxy alcohols are
involved, then both substitutents are usually esterified,
e.g., (44).

In addition, acyl esters of terpenoid alcohols have been
reported. For example, Dunphy and Allcock (1971)
showed that 30 to 60% of the total monoterpenoid alcohol
content of rose petals occurred as acyl esters with geranyl
stearate (45) predominating.

An important example of a carbohydrate ester is the
so-called cord factor from Mycobacteria spp. This con-
tains an ester of the disaccharide, trehalose, with two mol-
ecules of a complex acid, mycolic acid. The latter is a
general term embracing a whole series of fatty acids con-
taining 60 to 90 carbons. They are hydroxy fatty acids that
differ in their degree of unsaturation and chain branching
(see Section 1.1.2.10). In the example given in Figure 1.15,
the mycolic acid is the 60-carbon compound found in
Mycobacterium smegmatis.

Various other esters have been reported in different
bacteria. For example, propionibacteria contain diacyl
myo-inositol mannosides in which the mannose is glyco-
sidically linked to position 2 of myo-inositol. The 1 and 6
positions of inositol are esterified with fatty acids. Other
bacteria and yeasts contain esters of glucose and certain
other sugars (Lederer, 1967; Weete, 1980).

Not only are simple carbohydrate esters found in
Nature, but fatty acyl derivatives of amino acids have
also been reported. These include serratamic acid
(N-(D-3-hydroxydecanoyl)-L-serine), siolipin A (46),
and siolipin B. The latter is the ornithine analogue of
siolipin A.
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[CH,],NH,
R!ICONHCHCOOR?

RICOOH = normal, branched and B-hydroxy-branched acids

R20H = long-chain polyalcohols

(46) Siolipin A

The peptidolipids that occur in mycobacteria and
Nocardia spp. are N-acyl oligopeptides. They often occur
as glycoside derivatives (Kates, 1972).
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1.2.9

Several types of glycosides can be identified — those of
hydroxy fatty acids, aromatic glycols and sterols.

Glycolipids of some microorganisms, particularly
yeasts, are extracellular products. There has been increas-
ing interest in several of these compounds as biosurfac-
tants (Solaiman, 2005). Emulsan, a polyanionic
heteropolysaccharide having acyl chains esterified to the
sugar moieties, is produced by Acinetobacter calcoaceti-
cus. Often the lipids contain a mono- or disaccharide
glycosidically linked to a hydroxy acid. Examples would
be a rhamnolipid from Pseudomonas aeruginosa, a
sophorolipid from Candida bombicola (see Figure 1.16)
and cellobiolipids from Ustilago maydis (see Ratledge and
Wilkinson, 1988). Emulsan is used as a degreasing agent
and detergent. Rhamnolipid is used for oil recovery, in the
printing industry and in a multitude of applications as a
detergent in the agrochemical, food and cosmetic industry,
and as a component of germicidal solutions for food and
medical uses (Solaiman, 2005).

Glycosides

Mycosides from mycobacteria are glycosides of methy-
lated sugars with a long-chain, highly branched hydroxy-
lated hydrocarbon terminated by a phenol group. The
hydroxy groups of the long-chain glycol are esterified with
mycocerosic and palmitic acids (Kates, 1972).

Acylated steryl glycosides of plants usually contain D-
glucose attached via a B-glycosidic linkage to the 3-position
of sterols, such as sitosterol, stigmasterol, campesterol, and
cholesterol (see Figure 1.17). The 6-position of the glucose
is esterified with fatty acids, such as palmitic, stearic, oleic,
linoleic, and linolenic (Mudd and Garcia, 1975). In some
tissues, such as potato tubers, acylated sterol glycosides are
major components (around 20% total) (Mudd, 1980).
Although glucose is the major esterified sugar, galactose,
mannose, xylose, and gentiobiose have been found in
isolated cases and an o-glycosidic link also reported
(Harwood, 1980).

Nitrogen-fixing cyanobacteria produce heterocyst cells
containing characteristic glycolipids (see Murata and
Nishida, 1987). The chemical structures of major compo-
nents of Anabaena cylindrica are shown in (47) and (48).
Glycerol ester glycolipids (49) and (50) are also present
(Murata and Nishida, 1987). The heterocyst lipids of Nodu-
laria harveyana (a marine cyanobacterium) have been purified

o o
HO /CH, HO /Ch,
o OCHCH,COOCHCH,COOH
HO OH OH

C71—115 C7]-[15

(a)

OCH[CH,],;COOH

6’
6/

(b)

FIGURE 1.16 (a) Rhamnolipid of Pseudomonas aeruginosa;
(b) sophorolipid (yeasts).

OH

FIGURE 1.17 Acylated steryl glucoside (ASG).
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recently and fully characterized as 1-(O-o-D-glucopyrano-
syl)-3R, 25R-hexacosanediol, 1-(0-o-D-glucopyranosyl)-3s,
25R-hexa-cosanediol, and 1-(O-a-D-glucopyranosyl)-3-
keto-25R-hexacosanol (Soriente et al., 1992).

Glycosidic glycolipids

HOCH, HOCH,
Q — and Q CH{\/\/\/\/\/\/\/\/\/\/\/\(
(90%) (10%)

(47) 3,25-Dihydroxyhexacosanyl a-D-glycopyranoside

HOCH, HOCH,

Q — and Q CH{\(\/\/\/\/\/\/\N\/\/\(\(

HO OH

(90%) (10%)

(48) 3,25,27-Trihydroxyoctacosanyl a-D-glycopyranoside
Glycosyl ester glycolipids

HOCH,

2 b

(49) o-D-Glucopyranosyl 25-hydroxyhexacosanate

HOCH,

S —

HO OH

(50) o-D-Glucopyranosyl 25,27-dihydroxyoctacosanate
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1.2.10 Arsenolipids

The occurrence of lipid-soluble arsenic compounds in
marine organisms was first reported over 30 years ago
(Lunde 1973). At the present time, more than 100 naturally
occurring arsenolipids have been reported, as reviewed
recently (Dembitsky and Levitsky, 2004). They are found in
a wide variety of organisms ranging from lichens, fungi,
and plants, to freshwater and marine algae, and inverte-
brates, fishes, and animals. The primary analytical tech-
nique used for separation, identification, and quantification
of arsenolipids is LC coupled to various types of mass spec-
trometry and a full discussion is given in Dembitsky and
Levitsky (2004).

Many species of bacteria seem to be active in metab-
olising arsenic compounds and, in particular, have been
shown to be capable of producing methylated derivatives,
such as trimethylarsine. These include soil organisms, such
as Flavobacterium or Pseudomonas spp. (Shariatpanahi
et al., 1981) as well as microorganisms from the deep sea
(1000 to 3500 m) where they seem important for the
metabolism of arsenic compounds eventually to simpler
metabolites and inorganic arsenic (Hanaoka et al., 1997).
Other notable microorganisms with high contents of
arsenic, including arsenobetaine and arsenocholine com-
pounds, are various halophytes (Oremland and Stolz,
2003).

Some examples of arsenolipids found in freshwater and
marine algae are given in Figure 1.18. Marine brown algae
have been well studied (Dembitsky and Levitsky, 2004),
but green and red algae have also been noted to actively
metabolise arsenic compounds. From freshwater environ-
ments, Chlorella spp. and Chlamydomonas reinhardtii have
been studied. Most algal species seem well capable of
methylating arsenic as part of the conversion to com-
pounds isolated in the polar lipid fraction. A variety of
arsenolipids were identified and these could accumulate
in the range of 1.5 to 33.8 pg/g dry weight.

Arsenolipids have been identified in marine inverte-
brates (Benson, 1989), including jellyfish, crustacea,
worms and molluscs. Freshwater molluscs, crustacea, and
earthworms have also been studied. The major arsenic
compound in marine fish and animals is arsenobetaine,
first detected in lobsters (Edmonds et al., 1977). Other
animals studied include the sperm whale. In plants,
arsenic-containing lipids have been identified in species
ranging from higher plants through ferns and lichens.
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FIGURE 1.18 Arsenolipids isolated from freshwater and
marine algae. (From Dembitsky, V.M. and Levitsky D.O. (2004)
Arsenolipids. Prog. Lipid Res., 43, 403-448. With permission.)

Some plants are hyper-accumulators and may take up and
accumulate more than 1 mmol As g! dry weight (Brooks
et al., 1977).

Details of all these reports of different arsenolipids in
various species and their possible metabolism are given in
Dembtisky and Levitsky (2004).
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1.2.11 Waxes

Plant wax is the general term used to describe the lipid
components of the cuticle that covers the outer surface
of aerial plant tissues or is associated with the suberin
matrix of underground or wound tissues. The
components of plant cuticular waxes have been
reviewed by Kolattukudy (1980, 1987) and Walton
(1990). Major components include hydrocarbons, very
long-chain fatty acids, alcohols and monoesters
(Table 1.13 and Table 1.14).

Surface waxes are exposed to the environment and,
therefore, are chemically rather stable. Thus, there is an
absence of functional groups, which might be susceptible
to attack by atmospheric agents. Furthermore, the very
long carbon chains of most wax components reduces their
volatility. In addition, many of compounds present in
surface waxes are rather stable metabolically and are not
readily susceptible to microbial degradation (Kolattukudy,
1976).

Certain general structural features of natural waxes
have been described by Kolattukudy (1976), and these are
summarized in Table 1.13. However, it must also be
stressed that the structure and composition of surface
waxes vary considerably from organism to organism.
Thus, with regard to Table 1.13, the longer aliphatic chains
are more abundant in plant waxes than in animal surface
waxes, whereas bird waxes may contain appreciable
amounts of chains of less than 16 carbons. With regard
to branching, methyl branches are the most common, but,
in birds, ethyl and propyl branches are found. Although
polyunsaturated carbon chains are nearly always absent
from surface waxes, in insects substantial proportions of
di-unsaturated hydrocarbons have been found. In this
case, autoxidation may be reduced by the simultaneous
presence of cuticular phenolics. So far as the general com-
position of surface waxes is concerned, very long chain
hydrocarbons are common in insects and plants, but rare
in animals. Higher plant waxes contain the most complex

TABLE 1.13 General structural features of natural waxes

Chain length ~ Very long chains (up to Cg,) are common

Branching Branched carbon chains common, with methyl
branches frequent

Unsaturation  Polyunsaturated chains nearly always absent;
double bonds, when present, at different position
from those of internal lipids

Functional Saturated hydrocarbons, olefins, wax esters,

types aldehydes, ketones, primary and secondary
alcohols, and terpenoids can be present; the
bulk of the surface lipid is distinctly different
from the major internal lipids of the same
organism
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TABLE 1.14 Major classes of plant aliphatic wax components

Chain-Length Range Major Arabidopsis % in Arabidopsis
Wax Class in Plants Notes for Plants in General Components Stems

n-Alkanes C,-Cys Common; usually C,y, Cy, Cy5,C51,Cy 38

Secondary alcohols C,-Cy;s About as common as Cy,C;51,Cyy 10
ketones

Ketones C,-Cys Not as common as alkanes Cy 30

Fatty alcohols C,,-Cyy Common, even chains C,Cy, Cog 12
predominate

Fatty acids C-Cyy Very common; even-chain Cyp Cig 3
saturated usually

Aldehydes C,,-Cy;5 Usually minor; not as Cy, Cyg 6
common as alcohols

Wax esters C5,-Cyy Common - 1

Source: See Kolattukudy, P.E. (1980) In Biochemistry of Plants, vol. 4 (P.K. Stumpf and E. E. Conn, Eds.), Academic Press,
New York, pp. 571-645; Kunst, L. and Samuels, A.L. (2003) Prog. Lipid. Res. 42, 51-80.

mixture of components, while insects and birds have the
simplest.

The wax associated with suberin has also been exam-
ined, and very long-chain fatty acids, alcohols and terpe-
nes have all been found. These are all typical components
of cuticular wax, but certain differences have been noted.
The hydrocarbons in suberin have a broader chain-length
distribution with a predominance of shorter carbon chains
and more even-numbered carbon chains than cuticular
wax. Suberin-associated wax also contains a high propor-
tion of free fatty acids. Free and esterified alkan-2-ols are
also present (Kolattukudy, 1980).

Further details of the wax components of other organ-
isms will be found in Section 2.5.
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1.2.12

In many organisms the outer envelope or covering consists
of polymers of carbohydrate or amino acids. In plants,
however, the covering (cuticle) consists of a hydroxy fatty
acid polymer called cutin. The underground parts and
healed wound surfaces of plants are covered with an
analogous material, suberin. Both cutin and suberin are
embedded in or associated with a complex mixture of lipids,
which is termed wax (see Section 1.2.11). The structure and
composition of cutin and suberin are reviewed by
Kolattukudy (1980, 1987) and by Walton (1990).

Cutin contains C,; and C,; families of acids. The former
is predominate in rapidly growing plants, while both are
present in the thicker cuticle of slower- growing plants.
The C,, family is based on palmitic acid, while the
C,s family is based on oleic acid (Table 1.15) (see also
Kolattukudy, 1980).

In the cutin structure, a polyester intramolecular struc-
ture exists where crosslinking is mainly influenced by the
availability of secondary hydroxyl groups. Thus, cutins
that contain large amounts of epoxy, oxo, and ®-hydroxy

Cutin and suberin

TABLE 1.15 The major components of cutin, the cutin acids

C,, Family

H,C[CH,],,COOH
HOCH,[CH,],,COOH
HOCH,[CH,],CHOH[CH,],COOH
(x+y=13;y =519

C,3 Family?
H,C[CH,],CH = CH[CH,],COOH
HOCH,[CH,],CH = CH[CH,],COOH

HOCH,[CH,],GH-CH[CH,],COOH

o
HOCH,[CH,],CHOHCHOH[CH,],COOH

2 Al2 unsaturated analogues also occur.
Note.: For further details, see Harwood (1980) and Kolattukudy (1977).
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TABLE 1.16 Typical cutin monomers and their ability to form polyesters

Cutin Monomers (Acids) Capable of Cross-Linking a Polyester Polymer

HO[CH,],CHOH[CH,],COOH*
HOOC[CH,],CHOH[CH,],COOH
OHC[CH,],CHOH[CH,],COOH*
HO[CH,];CHOHCHOH[CH,},COOH=
HO[CH,J.CHOHCHOHCH,CHOHCHOH[CH,],COOH

10,16-dihydroxyhexadecanoic acid (and other positional isomers)
7-hydroxyhexadecanedioic acid (and other positional isomers)
9-hydroxy-16-oxohexadecanoic acid (and other positional isomers)
9,10,18-trihydroxyoctadecanoic acid (and its A12 analogue)
9,10,12,13,18-pentahydroxyoctadecanoic acid

Cutin Monomers (Acids) Capable of Forming Only a Linear Polyester

Monobasic

o, w-Dibasic
o-Hydroxymonobasic namely
HO[CH,](CO[CH,];COOH?*

o)
/
HO[CH,]4CH - CH[CH,],COOH?

16:0, 18:0, 18:1(9), 18:2 (9,12)
16-hydroxy-10-oxohexadecanoic acid (and other positional isomers)

9,10-epoxy-18-hydroxyoctadecanoic acid (and its A 12 analogue)

@ Major components of cutin.
Source: Adapted from Deas and Holloway (1977).

TABLE 1.17 Polymeric form of dihydroxyhexadecanoic acid and related C,q acids in four plant cutins

Polymeric Form

Cutin-O[CH,],;COO-Cutin
Cutin-OOC[CH,];CHOH[CH,];COO-Cutin

Cl)—Cutin
Cutin-OOC[CH,];CH[CH,];COO-Cutin

HO[CH,],CHOH[CH,],COO-Cutin
Cutin-O[CH,],CHOH[CH,],COO-Cutin

IO—Cutin
Cutin-O[CH,],CH[CH,];COO-Cutin
I_ O— Cutin
HO[CH,](CH[CH,];COO-Cutin
Cutin — O — [CH,]4CO[CH,],COO — Cutin

Total Monomers (%)

Tomato Rosehip Blackcurrant leaf Lemon
5 7 18 14
1 6 - 2
4 5 5 1
2 5 3 2
48 50 38 25
36 24 30 5
3 3 4 1
2 1 2 51

Source: Adapted from Deas and Holloway (1977).

monomers must be predominantly linear (Table 1.16)
(Deas and Holloway, 1977). Esterification appears to
occur chiefly through the primary hydroxy groups of the
monomers. A significant portion (up to 40%) of the mono-
mers is also cross-linked through secondary hydroxyl
groups (Table 1.16 and Table 1.17).

Considerable diversity is evident when cutins from
different sources are compared in detail. It is of interest,
though, that the cutin composition of delicate tissues, such
as spinach leaves, is essentially similar to that of much
more substantial membranes. The wax part of the epider-
mal layer (see Section 1.2.11) is also usually similar
between species, but with differences in detail (Harwood.
1980; Kolattukudy, 1980).

The major aliphatic components of suberins are ®-
hydroxy acids and dicarboxylic acids. Octadec-9-enedioic
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acid is the usual dicarboxylic acid, and 18-hydroxyoleic,
the major hydroxy fatty acid. The proportion of very long-
chain fatty acids (>C,) is usually much greater in the -
hydroxy acid fraction than in the dicarboxylic acid frac-
tions. Among the o, m-diols, fatty alcohols and fatty acids,
which are often found as significant components of
suberin, long chains are common. Kolattukudy has sug-
gested some basic rules for the classification of hydroxy
acid phytopolymers as cutin or suberin (Table 1.18). How-
ever, these rules must be regarded only as a guide, since
the examination of individual plant species has provided
exceptions. Indeed, it should be noted that, apart from
species or varietal differences, environmental conditions
may cause large changes in surface lipids. Thus, light,
temperature, and age have all been found to affect leaf
cuticular components (Harwood. 1980).
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TABLE 1.18 Compositional differences between cutin and
suberin

Monomer Cutin Suberin

Dicarboxylic acids Minor Major

In-chain substituted acids Major Minor

Phenolics Low High

Very long-chain (Cy)-Cs) Rare and Common and
acids minor substantial

Very long-chain alcohols Rare and Common and

minor substantial

Source: Kolattukudy, P.E. (1975) In Recent Advances in the Chem-
istry and Biochemistry of Plant Lipids (T. Galliard and E.I. Mercer,
Eds.), Academic Press, New York, pp. 203-246. With permission.
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1.2.13 Bacterial-wall lipids

A full discussion of the varied lipid structures found in
bacterial cell walls is beyond the scope of this book, but
the reader will find detailed accounts in Rogers et al.
(1980) and Goldfine (1982). More recent detailed updates
on the biochemistry and distribution of the cell-wall lip-
ids of mycobacteria and other actinomycetes and of
Gram-negative bacteria will be found in Brennan (1988)
and Wilkinson (1988, 1996), respectively. The structure,
biosynthesis, and physiological functions of mycolic acids
are reviewed in Barry et al. (1998). The unique lipid-rich
cell walls of mycobacteria contribute to their resilience
and contain many compounds known to increase patho-
genicity. The dimycocerosate esters (also called phthioc-
erol diesters) are particularly important and have been
reviewed recently (Onwueme et al., 2005).

Gram-negative bacteria have a cell envelope containing
two membranes, with the outer membrane having
lipopolysaccharide in its outer leaflet. Lipopolysaccharide
is complex and consists of four parts. On the outside is the
O-antigen, which is a polysaccharide of variable structure.
This is attached to a core polysaccharide, which is in two
parts, an outer core and a backbone. The backbone is con-
nected to a glycolipid, called lipid A, through a short “link”
usually composed of 3-deoxy-D-manno-octulosonic acid
(KDO). These structures are shown in Figure 1.19. The role
of lipid A as bacterial endotoxin and further details of
different structures are given in Raetz and Whitfield (2002).

GlcN Gal\
Abe P Glc - Hep —= Hep — (KDO); — lipid A
\
{ / } o Gle = Gal EN—®—® ®—EN
Man —= Rha —= Gal],
v Outer core Backbone
O-antigen
R-core
(a) Lipopolysaccharide
i
@ CH,0—M,
® o)
~o O—CH,
0.
KDO
N NH 0—M 0L
KDO | M-0 ®
M, .
EtN—@ —KDO 0 NH
\
Mo

(b) Lipid A-KDO link region

FIGURE 1.19 Generalized structures of lipopolysaccharide and lipid A. Abbreviations: Abe, abequose; Man, mannose, Rha, rham-
nose; Gal, galactose; Glc, glucose; Hep, heptose; KDO, 3-deoxy-D-manno-octulsonic acid; ( P ), phosphate; EtN, ethanolamine; M,
myristate; M,, B-hydroxymyristate. (From Harwood and Russell (1984). With permission.).
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o-
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D-glucose or
D-alanine
(a) Teichoic acid (general formula)

—OCH, CH,OCOR!
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O™ ln n=28-35

(b) Lipoteichoic acid (from Streptococcus lactis)

CH,OCOR!
CIHOCOR2
D—marlmose — —O(j]—[2
O
| n=>52-75
Succinic
acid n

(c) Lipomannan (from Micrococcus lysodeikticus)

FIGURE 1.20 Structures of some anionic polymers in bacteria. Abbreviations: K, kojibiose (6,0,B-D-glucosyl-D-glucose); R' and
R?, fatty acids. (From Harwood and Russell (1984) With permission.)

The cell walls and membranes of most Gram-positive
bacteria contain a series of highly anionic polymers. Quan-
titatively, one of the most important of these is teichoic
acid, which can be covalently linked to a glycolipid to give
a lipoteichoic acid (Figure 1.20). An alternative type of
anionic polymer. which is found in Gram-positive bacteria
such as Micrococcus lysodeikticus, is succinylated
lipomannan (Figure 1.20). Like teichoic acid, the lipoman-
nan is embedded in the membrane by linkage to a
diacylglycerol moiety.
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OCCURRENCE AND CHARACTERISATION OF OILS AND FATS

F. D. Gunstone and J. L. Harwood

2.1

The first chapter in this book was concerned with the
wide range of fatty acids that occur naturally and with
the various natural lipids of which the acids are major
constituents. This chapter is devoted to information
about the natural occurrence of the lipids covering the
important materials (mainly triacylglycerols) that furnish
our food lipids and are the basis of the (growing)
oleochemical industry and also the less common lipids,
such as those occurring in leaves, in algae, etc. These may
seem to be mature topics, but they are being developed in
many new and important ways. The following are typical:

Introduction

 Qils and fats are being produced in ever-increasing
quantities. In Chapter 3 of the second edition of this
book (published in 1994), it was forecast that the
average annual supply of oils and fats (from 17 com-
modity sources) in the 5-year period of 2003 to 2007
would be 104 metric tonnes. In the harvest year
2004-2005, the supply was 136 million tonnes, with
soybean oil and palm oil predominating, each at
levels of 33 million tonnes.

* We now recognise a close relation between health and
disease on the one hand and dietary intake of lipids
on the other. Our increasing ability to modify lipid
composition through seed breeding with or without
genetic modification is leading to extensive changes
in fatty acid composition, driven in large part by
nutritional influences. These new products are con-
sidered to be healthier fats. This will be illustrated in
several ways in the following section. The most
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dramatic example relates to the attempts — which
must surely be ultimately successful — to grow plants
that generate long chain PUFA (polyunsaturated
fatty acids), such as eicosapentaenoic (EPA) and
docosahexaenoic (DHA) in their seed lipids.

* For a long time, fats were considered to be useful
only as a source of calories, but now, in addition to
the recognition of essential fatty acids and to the
important minor components present in oils and fats,
it is recognised that many fatty acid derivatives and
lipids act as signalling molecules in the complex inter-
actions that make up life in both animals and plants.

* Gunstone (2005) has calculated the annual fatty acid
production during 2004 and 2005 on the basis of the
production in that year of 17 commodity oils and
fats. Of the 136.4 million tonnes produced, he calcu-
lated levels for the following acids: lauric (3.4 million
tonnes, 2.5% of total production), myristic (2.6,
1.9%), palmitic (27.4, 20.0%), stearic (7.2, 5.3%),
oleic (47.8, 35.1%), linoleic (37.5, 27.5%), linolenic
(4.5, 3.3%), and other (6.0, 4.4%). Other figures
relate to oils and fats used for food purposes and
show the changes resulting from industrial hydroge-
nation. Attention is drawn to the serious conse-
quence of hydrogenation for the level of linolenic
acid, which is the major source of omega-3 PUFA.
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2.2
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This discussion on vegetable fats is divided arbitrarily into
major and minor oils, so it is necessary to consult Section
2.3 for a long list of minor oils. The oils in each section are
presented in alphabetical order.

The major oils are discussed where possible in the fol-
lowing terms: production; harvest yields; trade (exports
and imports); major components (fatty acids and triacyl-
glycerols); minor components (phospholipids, sterols,
tocols, other); major uses; and sources of information.
Information is tabulated where appropriate and data for
several oils may be collated in a single table. Tables at the
end of this section contain information on many different
oils. They include:

Major oils from plant sources

Introduction

Table 2.43a: Past, present, and future production of oils
and fats.

Table 2.43b: Past and present production of oils and fats.

Table 2.44: Predicted total (million tonnes) and per
capita consumption (kg per annum) on a global
basis and for selected countries/regions throughout
the century.

Table 2.45: Production, consumption, imports, and
exports of 17 oils and fats (million tonnes) by coun-
try/region for the calendar years 2000 to 2004 by
country/region.

Table 2.46a and Table 2.46b: Range of fatty acid
composition for some major oils taken from Codex
Alimentarius.

Table 2.47: Sterols (mg/100 g oil) in a range of crude
vegetable oils.

Table 2.48: Content of tocols in selected vegetable oils,
animal fats, and nuts and berries.

Table 2.49: Some physical and chemical properties of
major vegetable oils adapted from Firestone
(1997).

Useful general information is available in the following
sources: Rossell and Pritchard, 1991; Ucciani, 1995; Ching
Kuang Chow, 2000; Gunstone, 2002 and 2006; Akoh and
Min, 2002; O’Brien, 2004; Shahidi, 2005; and Murphy,
2005. Aitzetmiiller and his colleagues have prepared a
valuable database on seed oil fatty acids (www.bagkf.de/
SOFA) and have described this in Aitzetmiiller et al
(2003a and 2003b). An older database is also available
(www.ncaur.usda.gov/nc/ncdb).
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2.2.2

Castor oil is unique among commodity oils in that it is rich
in a hydroxy acid (ricinoleic, 12-hydroxyoleic) and is used
only for industrial and cosmetic purposes. The distinct phys-
ical and chemical properties of the oil depend on the unusual
chemical nature of this acid. The hydroxyl group provides
additional functionality and polarity in a mid-chain posi-
tion. Compared with common vegetable oils, castor oil is
more viscous, less soluble in hexane, more soluble in etha-
nol, and is optically active. It can be converted to a range of
interesting and useful materials (see Section 9.8).

The castor plant is grown mainly in India, China, and
Brazil (Table 2.1). Extraction by pressing and with solvent
furnishes castor oil and residual meal. The latter contains
a mildly toxic alkaloid (ricinine), an extremely poisonous
protein (ricin), and a heat-stable allergen.

Castor oil contains about 90% ricinoleic acid and small
amounts of palmitic, stearic, oleic, linoleic, and 9,10-
dihydroxystearic acids. Most of the triacylglycerols are triri-
cinolein or glycerol esters with two ricinoleic and one other
acyl chain. In contrast to some other (less common)
hydroxy acid-containing oils, the hydroxyl groups in castor
oil remain free and are not themselves acylated. Ricinoleic

Castor oil (Ricinus communis)
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TABLE 2.1 Major countries/regions involved in the produc-
tion (from indigenous or imported seed), consumption, export,
and import of castor oil in 2004/05 (1000 tonnes)

Total

(kt) Countries/Regions
Production 522 India 316, China 106, Brazil 70
Consumption 519 China 146, EU-25 110, India 87, Brazil

65, US 39, Japan 25, Thailand 20
Exports 258 India 224
Imports 260 EU-25 110, China 45, US 39, Japan 24
Seed yield (t/ 0.99 India 1.07, China 0.96, Brazil 0.91
ha)

Source: Adapted from Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.

acid is produced in nature by hydroxylation of oleic acid,
probably present in a phosphatidylcholine molecule. The
oil contains some sterols and some tocols, but since it is not
used for food purposes these are not considered to be very
important. Castor oil differs from other commodity oils
and fats in that it contains high levels of ricinoleic acid (12-
hydroxyoleic acid) and the oil or castor acids is a starting
point for several useful chemicals (Caupin, 1997).

Sulfation converts the secondary hydroxyl group
(>CHOH) to a sulfate (*CHOSO,0OH) with improved
surfactant properties. Apart from soap, this is the earliest
anionic surfactant (1874) and is still used in textile pro-
cessing, leather treatment, and as an additive for cutting
oils and hydraulic fluids. The sulfated hydrogenated oil
has the consistency of an ointment and gives adjustable
viscosity to water-based formulations with excellent skin
compatibility.

Castor oil has been converted to estolides by acylation
of the free hydroxyl groups with oleic acid at 175 to 250°C
in the absence of any catalyst (Isbell and Cermak, 2002).
Reaction with other acids has been achieved using tetra-
butyl titanate as catalyst (Kulkarni and Sawant, 2003).

Dehydration of castor oil and of castor acids gives
products rich in diene acids (mainly 9,11- and 9,12-18:2),
some of which have conjugated unsaturation. These
products are valuable alternatives to drying oils, such as
tung oil, which contain conjugated trienoic acids (see
Section 2.3.109).

Hydrogenated castor oil and hydrogenated castor acids,
with higher melting points than the nonhydrogenated
material, are used in cosmetics, coatings, and greases.
Greases prepared from tallow are much improved when
salts of 12-hydroxystearic acid are added.

Castor oil reacts with isocyanates to give polyurethanes,
which are frequently used for wood preservation and have
been developed as encapsulating materials.

Splitting ricinoleic acid with caustic soda gives Cg and
C,, products. At 180 to 200°C with a 1:1 caustic/castor
ratio, the major products are 2-octanone and 10-hydroxy-
decanoic acid. At 250 to 275°C and a 2:1 ratio, the prod-
ucts are 2-octanol and sebacic (decanedioic) acid. The
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dibasic acid, when reacted appropriately, produces a nylon
(polyamide) and efficient lubricants (esters).

Splitting ricinoleic acid with steam yields C,; and C,,
products. This splitting process has been much improved
by the development of a continuous steam-cracking pro-
cess. Heptanal is used in perfumes and 10-undecenoic acid
shows antifungal properties and can be converted, via
11-amino-undecanoic acid, to a polyamide (Rilsan).

A new plasticiser made from fully hydrogenated castor
oil and acetic acid is particularly effective with PVC and,
unlike the presently used phthalates, shows no hormone
disrupting effects. It is metabolised like other vegetable
oils and is fully biodegradable (Anon., 2005).

For further information, see Table 2.43 to Table 2.49.
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2.2.3 Cocoa butter (Theobroma cacao)

The commercial exploitation of cacao or cocoa beans was
probably first practised by the Aztecs. The Spanish
transferred the bean from Mexico to Europe in the 16th
century, where it was consumed as a drink. Chocolate was
developed only in the 19th century. The plant is an
evergreen tree growing to 5 to 10 metres. The fruit is a large
pod approximately 15 to 20 cm long and 7 cm in diameter
containing 25 to 50 seeds embedded in a soft sweet edible
pulp (Nickless, website).

Production figures for cocoa butter are not included in
the statistics generally cited for oil and fat production, but
according to information cited in www.gobi.co.uk, world
consumption of cocoa butter was over 700 kt in 2003 and
is growing at a rate around 2% a year. Europe is the largest
consuming region accounting for 60% of world consump-
tion and Germany, the U.S., and France are the main
importing countries.

Cocoa is grown mainly in West Africa (Ghana, Ivory
Coast, Nigeria), Malaysia, Brazil, Central America,
India, and Sri Lanka. The composition of cocoa butter
from these different sources varies somewhat as shown
in Table 2.2 for cocoa butter from Ghana, Ivory Coast,
Brazil, and Malaysia. Small differences in fatty acid
composition are reflected in the iodine value, but more
significantly in the triacylglycerol composition and,
consequently, in the melting profile. The average content
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TABLE 2.2 Composition and properties of cocoa butter
from different countries

Ivory
Ghana Coast Brazil = Malaysia
Iodine value 35.8 36.3 40.7 34.2
Melting point °C 322 32.0 32.0 34.3
Diacylglycerols (%) 1.9 2.1 2.0 1.8
Free acid (%) 1.53 2.28 1.24 1.21
Component acids (%)
Palmitic 24.8 254 23.7 24.8
Stearic 37.1 35.0 329 37.1
Oleic 33.1 34.1 37.4 33.2
Linoleic 2.6 3.3 4.0 2.6
Arachidic 1.1 1.0 1.0 1.1
Component triacylglycerols (%)

Trisaturated 0.7 0.6 trace 1.3
Monounsaturated 84.0 82.6 71.9 87.5
POP 15.3 15.2 13.6 15.1
POSt 40.1 39.0 33.7 40.4
StOSt 27.5 27.1 23.8 31.0
Diunsaturated 14.0 15.5 24.1 10.9
Polyunsaturated 1.3 1.3 4.0 0.3
Solid content (pulsed NMR) — after tempering for 40 hours at 26°C
20°C (%) 76.0 75.1 62.6 82.6
25°C (%) 69.6 66.7 533 717.1
30°C (%) 45.0 42.8 233 57.7
35°C (%) 1.1 0.0 1.0 2.6

Source: Adapted from Shukla, V.J.S., Inform, 8, 152-162, 1997.
The original paper contains more details along with information
on cocoa butter from India, Nigeria, and Sri Lanka.

of the important SOS triacylglycerols (S = saturated,
O = oleic) varies between 87% in Malaysian and 72% in
Brazilian cocoa butter, with the African samples midway
between these extremes (Shukla, 1995 and 1997, see also
Kurvinen et al, 2002). There is, however, some evidence
that the cocoa butters of different geographical origins
are becoming more alike.

Harvested pods are broken open and left in heaps on
the ground for about a week during which time the sugars
ferment. The beans are then sun dried and are ready for
transportation and storage. To recover the important com-
ponents, the beans are roasted at ~150°C, shells are sep-
arated from the cocoa nib, and the latter is ground to
produce cocoa mass. When this is pressed, it yields cocoa
butter and cocoa powder still containing some fat (10 to
24%). Typically, 100 g of beans produce 40 g of cocoa
butter by pressing, expelling, or solvent extraction; 40 g
of cocoa powder; and 20 g of waste material (shell,
moisture, dirt, etc.). Increasingly the beans are processed
in the country where they grow and cocoa liquor, cocoa
powder, and cocoa butter (usually in 25 kg parcels) are
exported to the chocolate-producing countries. Cocoa
butter carries a premium price and is sometimes adul-
terated (Crews 2002).

Cocoa butter is a solid fat melting at 32 to 35°C (Table
2.2). Itisin high demand because its characteristic melting
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behaviour gives it properties that are significant in choc-
olate. At ambient temperature, it is hard and brittle giving
chocolate its characteristic snap, but also it has a steep
melting curve with complete melting at mouth tempera-
ture. This gives a cooling sensation and a smooth creamy
texture. For example, the content of solids falls from 45
to 1% between 30 and 35°C. The hardness of cocoa butter
is related to its solid fat content at 20 and 25°C. This
melting behaviour is related in turn to the chemical com-
position of cocoa butter. The fat is rich in palmitic (24 to
30%), stearic (30 to 36%), and oleic acids (32 to 39%) and
its major triacylglycerols are of the kind SOS, where S
represents saturated acyl chains in the 1 and 3 positions
and O represents an oleyl chain in the 2 position. There
are three major components: POP, POSt, and StOSt (P =
palmitic acid and St = stearic acid). These triacylglycerols
have 50, 52, or 54 carbon atoms in their 3 acyl chains and
the levels of these can be determined by high temperature
gas chromatography (GC) with the ratio of these being
used to detect adulteration of cocoa butter. (Triacylglyc-
erol molecular species are detailed in Table 2.2.) Cocoa
butter has a high content of saturated acids that raises
health concerns, but it has been argued that much of
this is the noncholesterolemic stearic acid. Chocolate is
also a rich source of flavonoids, which are considered to
be powerful antioxidants (Beckett, 1999 and 2000).

Triacylglycerol analysis of cocoa butter is generally
carried out by capillary GC and the results of an interlab-
oratory study have been reported (Buchgruber et al.,
2003). Seventeen triacylglycerol species were recognised,
including POSt (39.8%), StOSt (28.0%), POP (15.6%),
PLSt (3.2%), StLSt/StOO (2.9%), POO (1.9%), PLP
(1.8%), 000 (1.5 %), StOA (1.0%), and seven others (total
3.3%).

The crystal structure of cocoa butter has been studied
extensively because of its importance in understanding the
nature of chocolate (Section 4.6.5). The solid fat has been
identified in six crystalline forms designated I to VI. Some
crystals show double chain length (D) and some triple
chain length (T) (Sato et al 1989). The six forms have
the following melting points (°C) and D/T structure:
1(17.3, D), 1T (23.3, D), III (25.5, D), IV (27.3, D),
V (33.8, T), and VI (36.3, T). Form V is the one preferred
for chocolate. This crystalline form gives good molding
characteristics and has a stable gloss and favourable snap
at room temperature. It is desirable to promote the
formation of form V and to inhibit its conversion to form VI.
Form V is usually obtained as a result of extensive
tempering (putting molten chocolate through a series of
cooling and heating processes), which have been found to
optimise production of the appropriate polymorph. Alter-
natively, molten chocolate can be seeded with cocoa butter
already crystallised in form V.

Transition from form V to the more stable form VI leads
to the appearance of white crystals of fat on the surface of
the chocolate. This phenomenon (“bloom”) is promoted
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by fluctuations in temperature during storage and by
migration of liquid oils from nut centres. This change is
undesirable because it detracts from the appearance of the
chocolate and may be mistaken for microbiological con-
tamination. Bloom can be inhibited by the addition of a
small amount of 2-oleo 1,3-dibehenin (BOB), milk fat, or
other form V stabilisers to the cocoa butter. This phenom-
enon is discussed in more detail by Padley, 1997; Smith,
2001; Timms, 2003; and Longchampt and Hartel, 2004.

Minor components include phospholipids (0.05-
0.13%), tocopherols (~200 ppm, — mainly y-tocopherol),
sterols, 4-methylsterols, and triterpene alcohols. Cocoa
butter is also used in cosmetics (Section 9.4).

For further information, see Table 2.43 to Table 2.49.
For information on cocoa butter replacers and cocoa but-
ter substitutes, see the appropriate minor vegetable oils
and the section on chocolate.
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Coconut oil and palm kernel oil differ from other
commodity oils and are known collectively as lauric oils

Coconut oil (Cocos nuciferus)
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because of their high content of lauric acid. Some other
lauric oils occur among the minor oils (Section 2.3). This oil
has been reviewed by Pantzaris and Yusof Basiron, 2002;
O’Brien, 2004; Canapi et al., 2005; and Gervajio, 2005.

Coconuts grow in coastal regions between 20° N and
20° S of the equator. The trees bear fruit after 5 or 6 years
and for up to 60 years thereafter. The shell is split open
and allowed to dry. The “meat” on the inside of the shell
is called copra and is the source of coconut oil in a yield
of ~65%. The oil is extracted by pressing, usually followed
by solvent extraction.

As indicated in Table 2.3, coconut oil is produced
mainly in the Philippines, Indonesia, and India and
exported from the first two countries to EU-25 and U.S,,
in particular. Both lauric oils are used for a similar range
of food and nonfood purposes. They are used to make
soaps and other surface-active products and in the pro-
duction of spreads and other food products. They are also
the source of the Cy and C,; acids required to make MCT
(medium chain triglycerides). These liquid products are
used as lubricants in food-making equipment and,
because they are easily metabolised, they appear in food
preparations for invalids and athletes. Both oils can be
fractionated into oleins and stearins, and hydrogenated to
modify their properties and extend their range of uses.
Palm kernel stearin is used as a chocolate substitute fat.
Coconut stearin is somewhat softer and is used as a con-
fectionery filling fat.

The two lauric oils differ slightly from one another
mainly in that coconut oil is the richer in the 6:0 to 10:0
acids and palm kernel oil is the richer in unsaturated Cjg
acids (Table 2.4). This is reflected in the triacylglycerol
composition usually expressed in terms of carbon number
(the sum of the carbon atoms in the three acyl groups and
ignoring the three glycerol carbon atoms). The Cj4 tri-
acylglycerols, dominant in both oils, will be mainly, but not

TABLE 2.3 Major countries/regions involved in the
production (from indigenous or imported seed), consumption
(food and nonfood uses), export, and import of coconut oil
in 2004/05 (million tonnes)

Total (mt) Countries/Regions
Production 3.01 Philippines 1.27, Indonesia
0.74, India 0.40, Mexico 0.11
Consumption 2.99 EU-25 0.69, India 0.43, US
0.36, Philippines 0.28,
Indonesia 0.20, China 0.12,
Mexico 0.12
Exports 1.86 Philippines 0.98, Indonesia
0.56, Malaysia 0.13
Imports 1.87 EU-250.72, US 0.38,
Malaysia 0.17, China 0.12
Seed yield (t/ha) 0.52 Philippines 0.90, Indonesia

0.46, India 0.35, Mexico 1.36

Source: Adapted from Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.
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TABLE 2.4 Fatty acid composition (% weight) of coconut oil and palm kernel oil

Coconut oil

Palm kernel oil

Mean (b) Range (b) Range (c¢)
6:0 0.4 0-0.6 0-0.7
8:0 7.3 4.6-9.4 4.6-10.0
10:0 6.6 5.5-7.8 5.0-8.0
12:0 47.8 45.1-50.3 45.1-53.2
14:0 18.1 16.8-20.6 16.8-21.0
16:0 8.9 7.7-10.2 7.5-10.2
18:0 2.7 2.5-3.5 2.0-4.0
18:1 6.4 5.4-8.1 5.0-10.0
18:2 1.6 1.0-2.1 1.2-2.5
18.3 0-0.2
20:0 0.1 0-0.2 0-0.2
20.1 0-9.2
1V (a) 8.5 6.3-10.6 6.3-10.6
SMP (°C) 24.1 23.0-25.0

Mean (d)
0.2
3.3
3.5
47.8
16.3
8.5
2.4
154
24

17.5
26.4

Range (d)
0-0.8
2.1-4.7
2.6-4.5
43.6-53.2
15.3-17.2
7.1-10.0
1.3-3.0
11.9-19.3
1.4-3.3

14.1-21.0
24.0-28.3

Range (c¢)

0-0.8
24-6.2
2.6-5.0

45.0-55.0

14.0-18.0
6.5-10.0
1.0-3.0

12.0-19.0
1.0-3.5

14.1-21.0

Source: Adapted from Pantzaris, T.P. and Yusof Basiron, in Gunstone, ED. (Ed.) Vegetable Oils in Food Technology —
Composition, Properties and Uses, Blackwell Publishing, Oxford, pp 157-202, 2002.
(a) Iodine value calculated from fatty acid composition (b) Leatherhead Food Research Association (LFRA) survey, 35 samples

(c) Codex Alimentarius values (d) LFRA survey, 71 samples

Values in the original references cited as trace and as not detected have been replaced by 0 in this table.

entirely, trilaurin because of the very high level of this acid.
Careful study of Table 2.5 shows small differences in tri-
acylglycerol composition between the two oils reflecting
the differences in fatty acid composition referred above.

Interesting results reported by Caro et al. (2004) show
that the sn-2 position is enriched in lauric acid and the
two unsaturated Cg acids, and that the remaining satu-
rated acids are enriched at the sn-1/3 positions. Other work
cited by Caro et al. (Table 2.6) shows that the 1 and 3
positions differ in their fatty acids with 6:0, 8:0, and 10:0
occurring particularly at sn-3.

Coconut oil is highly saturated with an iodine value
between 7 and 10 and this is probably associated with the
low levels of tocols in the oil. These have been cited at a
mean level of 10 ppm (ranging between 0 and 44 ppm)
with o-tocopherol and o-tocotrienol the major members.
Among the sterols (mean 836 ppm, range 470 to 1140
ppm) B-sitosterol, A’-avenasterol, stigmasterol, and
campesterol predominate and account typically for 46, 27,
13, and 9% of total sterols, respectively.

Polycyclic aromatic hydrocarbons (PAH) are usually
present at levels of 150 ppb in crude vegetable oils and
<80 ppb after refining. But these values do not hold for
crude coconut oil where copra has been dried with
combustion gases. Values of around 3000 ppb are

TABLE 2.6 Fatty acid composition (mol %) of coconut

TABLE 2.5 Triacylglycerol composition by carbon number
(% weight) of coconut oil and palm kernel oil

Css

Coconut oil

Palm kernel oil

Mean (a)
0.8
35
134
17.1
19.1
16.5
10.2
7.3
4.1
2.5
2.1
1.5
1.2
0.8

Range (a)
0.5-1.0
2.6-5.0

10.8-17.5

15.6-20.1
18.3-20.6
15.1-18.0
8.4-11.9
5.5-8.8
2.8-4.7
1.6-3.0
1.2-2.6
0.7-2.0
0-2.0
0-1.7

Mean (b)
0.6
14
6.5
8.5

21.6
16.4
9.8
9.1
6.6
5.4
6.1
2.6
2.7
2.7

Range (b)
0.3-2.2
0.9-2.6
4.8-8.0
6.2-10.0

16.6-24.1

13.2-17.6
8.3-10.5
8.2-9.8
5.5-74
4.1-6.5
4.7-7.6
1.6-5.8
1.5-7.8
1.7-7.9

Source: Adapted from Pantzaris, T.P. and Yusof Basiron,
in Gunstone, F.D. (Ed.) Vegetable Oils in Food Technology —
Composition, Properties and Uses, Blackwell Publishing, Oxford,
pp. 157-202, 2002.
(a) LFRA survey 1989, 34 samples (b) LFRA survey 1989, 66
samples
LFRA, see previous table
Values in the original references cited as trace and as not detected
have been replaced by 0 in this table.

oil — triacylglycerols (TAG), sn-2 and sn-1/3 positions

6:0 8:0 10:0 12:0
TAG 0.6 8.6 6.4 47.9
sn-2 0.1 2.9 1.1 78.2
sn-1/3 0.9 11.4 9.1 32.7

14:0

18.2
10.2
222

16:0
8.7

13.2

18:0
2.5

4.0

18:1 18:2
5.7 1.4
5.9 2.0
5.6 1.1

Source: Caro, Y. et al., Eur. J. Lipid Sci. Technol., 106, 503-512, 2004.
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observed with crude oil, though this can be reduced to a
normal value through charcoal treatment.

Hydrogenated coconut oil has an iodine value between
0 and 2 (down from 7 to 10) and a slip melting point of
32 to 34° (up from 24 to 26°). Coconut stearin, resulting
after fractionation of coconut oil, has an IV of 4 to 7 and
a SMP of 28°.

For further information, see Table 2.43 to Table 2.49.
See also the entry for palm kernel oil.
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2.25

Corn oil is isolated from corn germ (seed) by expelling and
solvent extraction. The germ seeds are isolated during wet
milling — a process designed to isolate starch from corn
kernels. Corn oil, thus, is a by-product of the starch
industry. As shown in Table 2.7, more than half the world
supply of corn oil is produced in the U.S. The kernel
contains 3 to 5% of oil with ~80% of this in the germ.

Corn oil is marketed as a healthy oil, low in saturated
acids, rich in linoleic acid, with virtually no linolenic acid,

Corn (maize) oil (Zea mays)

TABLE 2.7 Major countries/regions involved in the produc-
tion (from indigenous or imported seed), consumption (food
and nonfood uses), export, and import of corn oil in 2004/05
(million tonnes)

Total (mt) Countries/Regions
Production 2.05 US 1.10, EU-25 0.23, Japan, 0.10
Consumption 2.06 US 0.74, EU-25 0.23, Japan 0.10,
Turkey 0.10
Exports 0.72 US 0.40
Imports 0.72 Turkey 0.09

Source: Adapted from Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.
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and having high oxidative stability. With growing concern
over the omega-6/omega-3 ratio, the low level of linolenic
assumes a different significance. Moreau (2002, 2005) has
summarised several reports on fatty acid composition.
Typically the oil contains 16:0 (10.9%), 18:0 (2.0%), 18:1
(25.4%), 18:2 (59.6%), and 18:3 (1.2%). (For Codex ranges,
see Table 2.46.) Not surprisingly, the major triacylglycerols
contain two or more linoleic acid chains and three
analyses summarised by Moreau (2002) have five major
triacylglycerol species: LLO (20, 21, and 23%), LLL (18,
25, and 23%), LLP (14, 15, and 15%), OOL (12, 11, and
11%), and PLO (11,10, and 10%). Variations may result
from differences in the fatty acid composition of the oil
analysed and from the method of triacylglycerol analysis.

Shen et al. (1999) have described five corn oils with
saturated acids in the range 13 to 17%. In these oils, oleic
acid varies between 22 and 32% and linoleic acid between
52 and 62% (Table 2.8). Laakso and Christie (1990)
reported the stereospecific distribution of fatty acids in
corn oil by separation of 1,3-, 1,2-, and 2,3-diacylglycerols
as their naphthylethyl urethanes (Table 2.9). (Information
on the regiospecific distribution of fatty acids is also avail-
able in Table 2.17.)

Corn oil contains 1.3 to 2.3% of unsaponifiable mate-
rial, including free and esterified sterols, tocopherols, and
some squalene (~ 0.2%). Total sterols are mainly B-sito-
sterol (55 to 67%), campesterol (19 to 24%), A’-avenasterol
(4 to 8%), stigmasterol (4 to 8%), and other minor mem-
bers. The oil is rich in tocols with RBD oil containing four
tocopherols (a0 23-573, B 0-356, v 268-2468 and  23-75)
and three tocotrienols (o 0-239, v 0-450 and & 0-20) at the
ppm levels shown.

There are two different photosynthetic mechanisms in
higher plants. In the “C;” route, a three-carbon intermediate

TABLE 2.8 Fatty acid composition of five corn oils
containing 13 to 17% of saturated acids

Corn oil 16:0 18:0 18:1 18:2 18:3
P3394 11.7 1.4 26.4 59.6 0.9
TS143 12.6 2.1 323 52.2 0.7
TS43-45 13.1 2.5 22.0 61.7 0.7
TS42-44 13.5 2.4 22.1 61.4 0.6
TS86 14.5 2.6 27.9 54.5 0.6

Source: Shen, N., Duvick, S., White, P, and Pollack, L., J 4Am.
il Chem. Soc.,76, 1425-1429, 1999.

TABLE 2.9 Stereospecific analysis of the major fatty acids
in maize oil

16:0 18:1 18:2
sn-1 15.3 349 48.2
sn-2 0.5 33.7 62.9
sn-3 19.2 35.1 SL.5

Source: Laakso, P. and Christie W.W., Lipids, 25, 349-353, 1990.
The original paper also has results for the minor acids.
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is the first product derived from atmospheric carbon diox-
ide and in the “C,” route, this is a four-carbon compound.
C, plants (such as most cereals, potatoes, and sugar beets)
have a lower *C/12C ratio than C, plants (such as maize
and sugar cane). Because corn oil is the only commodity
oil derived from a C, plant, it can be distinguished from
other oils by its 3C/12C ratio. This provides a method for
checking the authenticity of corn oil (Rossell 1999).
For further information, see Table 2.43 to Table 2.49.
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2.2.6 Cottonseed oil (Gossypium hirsutum and
G. barbadense)

Cottonseed oil is a by-product of the production of cotton.
Prior to World War II, it was the dominant vegetable oil
and many early refining technologies were developed for
this oil. Now it is of less significance, coming 9th out of the
17 oils and fats listed in Oil World publications. It comes
even lower among trade figures as it is used almost entirely
in the country of origin. This is apparent from the figures
detailed in Table 2.10, which show that only 5% of world
production of cottonseed oil is exported/imported and by

TABLE 2.10 Major countries/regions involved in the produc-
tion (from indigenous or imported seed), consumption (food
and nonfood uses), export, and import of cottonseed oil in
2004/05 (million tonnes)

Total (mt) Countries/Regions
Production 5.00 China 1.55, India 0.69, Pakistan
0.51,US 0.42, CIS 0.44, Brazil 0.28
Consumption 493 China 1.28, India 0.68, Pakistan
0.51, CIS 0.41, US 0.36, Brazil 0.22
Exports 0.21 Brazil 0.06, US 0.06
Imports 0.21 Iran 0.04. Canada 0.03
Seed yield 1.25 China 2.06, India 0.81, US 1.44, CIS
(t/ha) 1.15, Pakistan 1.54, Brazil 2.04

Source: Adapted from Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.
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the fact that consumption in the producing countries is
virtually the same as production.

The cotton plant is grown for its fibre. Cotton is
attached to the seed and a single cotton boll may contain
up to 40 seeds. When separated, the seeds can furnish oil
(16%), meal (45%), hull (26%), and residual cotton
(linters, up to 9%). The oil is a strong yellow colour
because of the presence of gossypol (for structure see
Dictionary entry). This tetracyclic phenolic compound is
found mainly in the meal. Low levels remaining in the
crude oil are removed during refining — mainly through
neutralisation (O’Brien, 2002; O’Brien et al., 2005). Cot-
tonseed may appear as a liquid or a solid or as a mixture.
The temperature at which it becomes wholly liquid is
between 10 and 16°C.

Cottonseed oil contains three major acids: palmitic
(23%), oleic (17%), and linoleic (56%) at the typical levels
shown. This is reflected in its iodine value ranging from
99 to 113. The remaining 4% of fatty acids include myris-
tic, stearic, arachidic, behenic, palmitoleic, and linolenic.
The crude oil also contains two unusual acids having
cyclopropene rings. These [malvalic (C,5) and sterculic
(C,y)] together reach 1.0% at most. They are present at
higher levels in kapok seed oil (~13%), and at still higher
levels in other malvaceous seed oils. (For structures, see
Chapter 1, Dictionary, or the SOFA website.) The cyclo-
propene acids have undesirable physiological properties
and, when present in meal fed to chickens, they reduce
egg yield and lead to poor hatching and to pink egg whites.
However, the cyclopropene acids in crude cottonseed oil
are removed during refining and in hydrogenation. These
cyclopropene acids are known to inhibit the A-9 desatu-
rase enzyme. (For information on the distribution of fatty
acids between the sn-2 and sn-1/3 positions, see Table 2.17
and Table 2.27.)

Cottonseed has been genetically modified to produce
oils with changed fatty acid composition, but there is no
evidence that these are being grown commercially. In gen-
eral, they contain more oleic acid and less linoleic acid or
they have more palmitic and stearic acid so that they could
be used in spreads without partial hydrogenation.

The fatty acid composition of cottonseed oil is reflected
in the triacylglycerols, which are dominated by com-
pounds with two or three linoleic chains at almost 60%
(Table 2.11).

In addition to gossypol and other similar molecules (up
to 0.5% total) that are removed during refining, crude
cottonseed oil contains phospholipids and tocols. The
major phospholipids in glandless cottonseed oil are PC,
PE, and PI. The tocols in crude cottonseed oil are mainly
o - (~350 ppm) and y-tocopherols (~500 ppm), but these
levels are reduced through high temperature physical refin-
ing to a combined level below 100 ppm.

The oil is used widely in the food industry mainly in
the production of cooking fats and spreads. Partially
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TABLE 2.11 Triacylglycerols in cottonseed oil determined
by GLC and by HPLC procedures

TAG species? GLC HPLC
PLL 25.7 27.5
LLL 16.1 19.0
POL 14.0 14.0
OLL 12.9 12.5
PLP 8.7 7.1
LOO 4.4 3.1
POO 3.3 3.1
POP 2.5 2.2
000 24 1.6
LLS 24 1.4
PLS 2.1 1.5
SOL 1.5 1.3

2 The TAG species include all isomeric members containing the
three acids indicated. The symbols P, S, O, and L represent
palmitic, stearic, oleic, and linoleic acids, respectively.

Source: Adapted from O’Brien, R.D., in Gunstone, E.D. (Ed.)

Vegetable Oils in Food Technology — Composition, Properties and

Uses, Blackwell Publishing, Oxford, pp 203-230, 2002.

hydrogenated cottonseed oil, with its significant level of
palmitic acid, promotes crystallisation in the B’ form.
For further information, see Table 2.43 to Table 2.49.
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2.2.7 Groundnut (peanut) oil (Arachis
hypogaea)

Groundnut oil is also known as peanut oil, earth oil, and
arachis oil. The nuts are enclosed in shells attached to the
roots and grow underground. Many of the nuts are used for
snack foods and for animal feed and only about one-half
are crushed for oil. The oil content is generally 40 to 50%. If
stored inadequately, the nuts are prone to infestation by
Aspergillus species, which produce afflatoxin (see Dictio-
nary Section). This potential carcinogen remains in the
meal after extraction, but is absent from refined oil. People
with an allergy to products containing peanuts must avoid
them. Usually, the presence or possible presence of peanuts
is indicated on food labels.

It is clear from Table 2.12 that China and India are the
main producers, where the seed is grown and oil is
extracted. Only a limited share of the nuts has the oil
extracted, as most are eaten as snacks.

Groundnut oil is rich in oleic and linoleic acids —
typically 43 and 36%, respectively, but the proportion of
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TABLE 2.12 Major countries/regions involved in the
production (from indigenous or imported seed), consumption
(food and nonfood uses), export, and import of groundnut
oil in 2004/05 (million tonnes)

Total (mt) Countries/Regions

Production 4.50 China 2.05, India 1.13, Nigeria
0.32

Consumption 4.55 China 2.03, India 1.15, Nigeria
0.32

Exports 0.20

Imports 0.20 EU-250.12

Seed yield (t/ha) 1.05 China 2.13, India 0.62, Nigeria
0.69

Source: Adapted from Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.

these two acids can vary with iodine values in the range
of 86 to 107. The level of linolenic acid is low (0 to 0.3%),
but the oil contains palmitic, stearic, and a range of sat-
urated and unsaturated C,,, C,,, and C,, acids (total of
long-chain acids is 7 to 8%). Stereospecific analyses, show-
ing that the saturated acids are enriched at the sn-1 and 3
positions, but not equally at these two positions, are rather
old and not included here (Sanders, 2002). Table 2.13
shows the fatty acid composition of three varieties grown
and harvested in Alabama (U.S.) and of a typical com-
mercial sample.

The major triacylglycerols in a sample of groundnut oil
examined by HPLC-GC-EIMS (Singleton and Pattee,
1987) were reported to be OLL 26.1%, OOL 21.5%, POL
13.4%, PLL 8.4%, LLL 5.8%, POO 5.6%, OO0 4.5%,
SO0 4.4%, OOA 4.2%, and other 6.1%. (O, L, P, S, and
A represent oleic, linoleic, palmitic, stearic, and arachidic
acyl chains and a three-letter unit includes all the isomeric
triacylglycerols containing those three chains). Dorschel
(2002) has examined the triacylglycerols of peanut oil
using HPLC and tandem MS and identified 168 different
molecular species of which LLL, LLO, OLO, PLO, OOO,
POO, and StOO are the major members (order of letters
representing acyl groups is not significant).

A high-oleic variety developed by conventional seed
breeding contains oleic, linoleic and palmitic acids at levels
of 80 + 2, 2-3, and 9 * 1% respectively.

The phospholipids (500 mg/100 g) were shown by HPLC
analysis to contain PA 2.2%, PG 2.5%, PE 13.3%, PI
15.7%, and PC 66.4% (Singleton and Stikeleather, 1995).

Crude groundnut oil generally contains 20 to 130 mg of
tocopherols per 100 g of oil, equally divided between o~ and
v-tocopherols. Having examined oils from Argentina, China,
and the U.S. in 1986, 1987, and 1988, Sanders (1992) found
tocopherol levels of 103 to 244 mg/100 g oil, varying with
geographical origin and harvest year. Typically the sterols in
groundnut oil (337 mg sterols/100 g oil) are B-sitosterol (217),
campesterol (49), stigmasterol (36), and A’-avenasterol (26)
along with other minor compounds (Sanders, 2002).



2.2 Major oils from plant sources

TABLE 2.13 Fatty acid composition of three varieties of groundnut grown and harvested in Alabama (U.S.) and of a typical

commercial sample

16:0 18:0 18:1
Florigiant 10.8 2.9 53.1
Florunner 11.4 2.1 50.9
Starr 14.2 3.3 433
KS? 10 24 43

18:2 20:0 20:1 22:0 24:0
27.3 1.8 1.0 1.9 1.1
29.1 1.6 1.1 2.4 1.3
33.0 1.8 1.1 2.7 0.7
36 1 3 2

2 Also 18:3 0.3% 20:1 and 20:2 together 1.5%

Source: Sanders, T.H., in Gunstone, F D., (Ed.) Vegetable Oils in Food Technology — Composition, Properties and Uses, Blackwell
Publishing, Oxford, pp. 231-243, 2002. Lidefelt, J-O., (Ed.) Handbook — Vegetable Oils and Fats, Karlshamns, Karlshamn, Sweden, 2002.

For further information, see Table 2.43 to Tables 2.49
and in the review by Pattee, 2005.
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2.2.8 Linseed (flaxseed) oil (Linum
usitatissimum)

The flax plant has a long history and is grown to yield both
fibre (linen) and oil (linseed, flaxseed). Different strains of
this plant are grown depending on whether the major
interest is fibre or oil. Over several decades, production of
the seeds and oil have declined to the present levels
indicated in Table 2.14. At one time, Argentina, Canada,
and the USSR were significant producers of this oil.

Typically linseed oil has the following fatty acid com-
position with range values in parentheses: palmitic 6.0%
(5-7), stearic 2.5% (2-6), oleic 19.0% (14-40), linoleic
24.1% (14-29), and linolenic acid 47.4% (35-60). Infor-
mation on the regiospecific distribution of linseed fatty
acids is available in Table 2.27. The fatty acid composition
of flax and solin has been measured by NIR spectroscopy
(Siemens and Daun, 2005).

Using MALDI-TOF (matrix-assisted laser desorption/
ionisation time-of-flight mass spectrometry), Ayorinde
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(2000) identified 10 major triacylglycerols in flaxseed oil
of which the most dominant were those containing only
linolenic and/or linoleic acids (LnLnLn, LnLnL, LnLL,
and LLL).

Based on its high level of unsaturation, linseed oil is used
mainly for technical purposes as in drying oils for paints
and floor coverings (linoleum) and in the production of
epoxidised oil (Section 8.3). With the growing recognition
of the importance of dietary omega-3 acids, linseed is being
used increasingly for food purposes and for blending with
other oils to produce healthy oils often provided in cap-
sules. It is also consumed as flaxseed as a convenient source
of the oil, fibre, and lignans all of which are reported to
display health benefits. As a dietary component, the oil is
generally obtained by cold pressing and mild refining and
is traded as flaxseed oil since the name linseed oil is
strongly associated with industrial use.

Linseed oil (Table 2.15) contains 440 to 588 mg/kg of
tocopherols, which is almost entirely the y-compound. Ste-
rols (4200 mg/kg) are mainly B-sitosterol (46%), campes-
terol (29%), A’-avenasterol (13%), and stigmasterol (9%).
Australian and Canadian scientists have produced a mod-
ified form of flax with a very different fatty acid compo-
sition (Green and Dribnenki, 1994). This is now grown in
Canada, Europe, and Australia and traded as linola or
solin. The oil is used as an alternative to sunflower oil as
a linoleic-rich oil in spreads. A detailed composition is
given in Table 2.15.

TABLE 2.14 Major countries/regions involved in the pro-
duction (from indigenous or imported seed), consumption
(food and nonfood uses), export, and import of linseed oil in
2004/05 (thousand tonnes)

Total (kt) Countries/Regions
Production 603 EU-25154, USA 130, China 127,
India 63
Consumption 607 EU-25 151, China 134, US 85,
India 67
Exports 109 US 46, EU-25 29,
Imports 107 EU-25 22, Japan 13, China 6
Seed yield 0.70 EU-250.95, China 0.84, US 1.27,
(t/ha) India 0.32

Source: Adapted from Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.
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TABLE 2.15 Composition of linseed and linola oils
Linseed Linola Linola
(typical) (crude) (RBD)
Todine value 170-203 142 144
Fatty acid composition (%)
16:0 6.0 5.6 5.6
18:0 25 4.0 4.0
18:1 19.0 15.9 15.9
18:2 24.1 71.8 71.9
18:3 47.4 2.0 2.0
Other 1.0 0.7 0.6
Tocopherols (ppm)
Total 440-588 507 172
v¥-Tocopherol 430-575 471 172
Sterols (ppm)
Total 4200 3095 2324
B-Sitosterol 1932 1608 1251
Campesterol 1218 801 530
A’-Avenasterol 546 492 430
Stigmasterol 378 164 96

Source: Adapted from Kochhar, S.P., in Gunstone, ED. (Ed.)
Vegetable Oils in Food Technology — Composition, Properties and
Uses, Blackwell Publishing, Oxford, pp. 297-326, 2002.

For further information, see Table 2.43 to Table 2.49.
Thompson and Cunnane (2003) have edited a monograph
on flaxseed.
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Olive oil is a major vegetable oil obtained from the
mesocarp of the fruits of the olive tree. The oil has a long
history with many biblical references, and the trees bear
fruit for over 100 years.

Annual production is 2.5 to 2.8 million tonnes, with
commercial cultivation of the tree confined almost entirely
to the Mediterranean countries of Italy, Greece, Spain,
Turkey, and Tunisia (Table 2.16). Olive oil is an important
part of the Mediterranean diet and appears to be associ-
ated with low incidence of coronary heart disease. Its oxi-
dative stability and unique flavour are linked to the fatty
acid composition of the oil, particularly its high level of
oleic acid, and to its many minor components still present
in virgin (i.e., unrefined) oil.

Virgin olive oil is produced from the first pressing of
olives. Other grades of lower quality are produced sub-
sequently. Crushed olives produce oil, water, and solid
residue, which is separated mainly by centrifugation. The
oil is recovered without the use of a solvent and the highest
quality oil is used without further refining. The quality
and processing of several grades of olives are defined by
Codex Alimentarius and by EU Commission Regulations
(European Communities Commission, 1991, 1998, and
2001). The regulations provide defined value ranges for
physical and chemical properties and for composition of
minor fatty acids and sterols. These are well summarised
by Boskou (2002), Bianchi (2002), and Stewart (2002).

Olive oil is characterised by a high level of oleic acid
with Codex ranges of 8 to 20% for palmitic acid, 55 to 83%
for oleic acid, and 4 to 21% for linoleic acid. Other acids
present in trace amounts include myristic, palmitoleic, hep-
tadecanoic, heptadecenoic, linolenic, and C,,, C,,, and C,,
saturated acids. A mean fatty acid composition of 78 Greek
olive oils detailed by Boskou (2002) indicates the presence
of palmitic (10.5%), stearic (2.6%), oleic (76.9%), and
linoleic acids (7.5%), in addition to nine other acids each
present at a level <1.0%. The fatty acid composition
depends on, among other factors, the geographical loca-
tion where olive trees are grown, and attempts are being
made to identify this from the composition of the oil
(Angerosa et al., 2003 and Bianchi et al., 2003).

The positional distribution of fatty acids in a number
of vegetable oils, including olive, is given in Table 2.17. As
expected, the sn-2 position is occupied mainly by oleic acid

Olive oil (Olea europaea)

TABLE 2.16 Major countries/regions involved in the production, consumption (food and nonfood uses), export, and

import of olive oil in 2004/05 (million tonnes)

Total (mt)
Production 2.73
Consumption 2.96
Exports 0.63
Imports 0.62

Countries/Regions

Spain 1.00, Italy 0.56, Greece 0.45, Syria 0.20, Tunisia 0.13
EU-25 2.02, US 0.23, Syria 0.15, Morocco 0.07, Tunisia 0.06
Italy 0.20, Spain 0.11, Tunisia 0.10

US 0.25, EU-25 0.11

Source: Adapted from Oil World Annual 2005, ISTA Mielke GmbH, Hamburg, 2005.
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TABLE 2.17 Positional distribution of fatty acids (mol %)
for olive and other vegetable oils

16:0 18:0 16:1 18:1 18:2 18:3

Olive

1,2,3 12.6 2.9 0.9 74.6 8.4 0.7
1.3 18.2 34 1.0 69.3 7.4 0.5
Corn

1,2,3 11.6 2.0 0.1 26.0 59.6 0.8
1.3 18.3 2.8 0.1 28.1 49.6 0.9
Soybean

1,2,3 11.9 4.3 0.1 22.5 54.4 6.9
1.3 17.7 6.8 0.1 21.2 46.1 7.0
Sunflower

1,2,3 7.1 44 0.1 22.7 65.7 0.1
1.3 10.9 6.0 0.1 21.8 60.9 0.1
Cottonseed

1,2.3 25.3 2.4 0.6 17.3 54.2 0.2
1.3 38.8 3.6 0.7 15.0 41.6 0.1

Method: Reaction of oil with butanol in presence of a 1,3-
stereospecific lipase (Lipozyme IM) with isolation and GC anal-
ysis of the butyl esters. Fatty acids in the sn-2 position can be
calculated from the data in this table. Subtract 2/3 of the 1,3 value
from the 1,2,3 value and multiply the result by 3. Alternatively,
subtract twice the 1/3 figure from 3 times the 1,2,3 figure.
Source: adapted from Dourtoglou, V.G. et al., J Am. Oil Chem.
Soc., 80,203-208, 2003. The original paper also contains a second
analysis for each oil.

and the polyunsaturated C; acids, while the saturated
acids are mainly in the 1/3 positions (Dourtoglou et al.,
2003). Information on the regiospecific distribution of
fatty acids is also available in Table 2.27.

The major triacylglycerols are: OOO (40-59%), LOO
(12-20%), POO (12-20%), POL (6-7), and StOO (3-7%).
Smaller amounts of POP, POSt, OLnL, LOL, OLnO, PLL,
PLnO, and LLL may also be present. The oil also contains
some mono- and di-acylglycerols, some phospholipids
(40-135 mg/kg), and traces of iron (0.5-3.0 ppm) and
copper (0.001-0.2 ppm). Chromium, manganese, tin, nickel,
and lead are present at levels not exceeding a few ppb.

The oil is characterised by a range of unsaponifiable
constituents (total 0.5 to 1.5%), some of which confer high
oxidative stability. They include tocopherols (usually 100
to 300 mg/kg and almost entirely o-tocopherol) and
squalene, which may be 40 to 50% of total unsaponifiable
material. This acyclic C;, hydrocarbon is the biological
precursor of the sterols and is present at a higher level
(700 to 12000 mg/kg of oil) in olive oil than in other
vegetable oils (usually only 50 to 500 mg/kg). It can be
recovered from olive oil deodorizer distillate. Other minor
components include carotenoids, chlorophylls responsible
for the greenish colour of virgin olive oil, sterols (desme-
thylsterols, 4o-methylsterols, 4,4-dimethylsterols or triter-
pene alcohols, triterpene dialcohols, and hydroxyterpenic
acids), fatty alcohols and waxes, polyphenols, and volatile
and aroma compounds. Several of these show antioxidant
properties and add to the nutritional value of this oil. For
more details, see Table 2.18 and Boskou (2002).

As a highly-regarded product sold at a premium price,
olive oil is sometimes adulterated with cheaper materials.
An adulterant frequently used because of its similar fatty
acid composition is hazelnut oil. Typical of many reports
is the paper by Gordon et al. (2001) describing the detec-
tion of hazelnut oil in virgin olive oil by HPLC analysis

TABLE 2.18 Minor components identified in virgin olive oil

Concentration

Minor components by type in virgin olive oil

Carotenes 1-20 mg/kg,

usually <10
Chloropylls 10-30 mg/kg
Desmethylsterols 100-200 mg/100 g oil

4o.-Methylsterols 20-70 mg/100 g oil
4,4-Dimethylsterols

(triterpene alcohols)
Triterpene dialcohols
Fatty alcohols
Waxes

100-150 mg/100 g oil
1-20 mg/100 g oil
<35 mg/100 g oil
<35 mg/100g oil
Polyphenols

Volatile compounds

Major components within the category

B-carotene, lutein (3,3 -dihydroxy- B,e-carotene)

pheophytin-a

B-sitosterol, AS-avenasterol, campesterol

obtusifolol, cycloeucalenol

gramisterol, citrostadienol

B-amyrin, butyrospermol, cycloartenol

24-methylene-cycloartenol

erythrodiol, uvaol

22:0 to 26:0

C, to Cyq saturated and unsaturated esters and esters
of nonfatty alcohols

A range of aromatic compounds, mainly carboxylic
acids or alcohols, with one or more phenolic groups

Mainly short-chain saturated and unsaturated
aldehydes and alcohols

Note: concentrations relate to virgin olive oil. Different values, which may be higher or lower, are present in other grades of

olive oil.

Source: Adapted from Boskou, D., in Gunstone, ED. (Ed.) Vegetable Oils in Food Technology — Composition, Properties and
Uses, Blackwell Publishing, Oxford, pp. 244-277, 2002, where further details and structures are given. Some structures are
available in the Dictionary section. Tocopherols and squalene are covered in the text.
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of polar components and a method based on the 4,4'-
dimethylsterols present in these two oils (Damirchi et al.,
2005). Adulteration down to levels of 2 to 4% can be
detected. Compositional data (fatty acids, triacylglycerols,
and sterols) are used to distinguish between oil from dif-
ferent cultivars and geographical location. Attempts are
also being made to achieve this by 1*C NMR spectroscopy
(Brescia et al., 2003).

Several papers on olive oil have been presented together
(Sanchez, 2002). Boskou (1996) has written a monograph
on olive oil, Salas et al. (2000) have reviewed the biochem-
istry of lipid metabolism in olive fruits, and Firestone
(2005) has reviewed this oil. Figures for the use of olive oil
as food and for industrial purposes are given in Table 2.24
and further information is given in Table 2.43 to Table 2.49.
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2.2.10 Palm oil (Elaeis guinensis)

The oil palm originated from East Africa. The extensively
cultivated fenera hybrid is a cross between dura and pisifera
varieties. It gives the highest yield of oil per hectare of any
oil crop. In Southeast Asia, oil palms yield on average four
tonnes of palm oil per hectare, in addition to 0.5 tonnes of
palm kernel oil and 0.5 tonnes of palm kernel meal. These
are average values, and yields of around 10 tonnes/hectare
are reported under the most favourable conditions. In
contrast, soybeans grown in the U.S. yield about 2.5 tonnes
of beans per hectare and these furnish 0.5 tonnes of oil and
2 tonnes of meal.

The oil palm grows in tropical regions of Asia, Africa,
and the Americas, but is cultivated most extensively in
Malaysia and Indonesia (Table 2.19). Palm oil is now pro-
duced at virtually the same level as soybean oil and is traded
at levels above those for soybean, even after making allow-
ance for the oil equivalent of traded soybeans. Its range of
use is greatly extended by fractionation (Section 4.4) and
palm oil is available as such and in a range of oleins, stearins,

TABLE 2.19 Major countries/regions involved in the production, consumption (food and nonfood uses), export, and import

of palm oil in 2004/05 (million tonnes)

Countries/Regions

Malaysia 15.16, Indonesia 12.60, Nigeria 0.80, Thailand 0.71, Colombia 0.65
EU-25 4.30, China 4.17, Indonesia 3.44, India 3.37, Malaysia 1.95, Pakistan 1.36,

Malaysia 13.70, Indonesia 9.01
EU-25 4.42, China 4.20, India 3.32, Pakistan 1.45, Egypt 0.77, CIS 0.65, Bangladesh

0.62, Malaysia 0.53, Japan 0.49

Total (mt)
Production 32.50
Consumption 31.86
Nigeria 1.02
Exports 25.46
Imports 25.25
Oil yield (t/ha) 3.60

Malaysia 4.20, Indonesia 3.54

Source: Adapted from Oil World Annual 2005, ISTA Mielke GmbH, Hamburg, 2005.
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and mid-fractions. All of these are further provided as crude
or as RBD (refined, bleached, and deodorised) oils. Indeed
the largest export of palm oil from Malaysia is in the form
of palm olein.

Palm trees bear fruit in the third year after planting and
continue producing for about 25 years. Fruit bunches of
4 to 20 kg contain 200 to 2000 individual fruits and are
harvested throughout the year. The fruit bunches are
transported to palm oil mills where crude palm oil (20 to
24%) is produced by mechanical and physical extraction
processes along with palm kernels from which a further 2
to 4% of palm kernel oil (based on weight of palm fruits)
can be produced. Oil quality is maintained by careful
harvesting of fruits at the optimum stage of ripening, by
minimal handling during transport to reduce bruising,
and with proper processing conditions during oil extrac-
tion. Palm trees of lower height have been developed
through seed breeding, which makes harvesting easier and
extends the productive life of the trees. Other breeding
targets include higher yields, a more unsaturated oil, and
a higher proportion of the more valuable kernel.

Oil is obtained from palm fruits by steaming at 95°C
to loosen the fruits in the fruit bunch and to deactivate
the lipase present in the fruits, followed by centrifugation
or hydraulic pressing to release the oil. This may be
bleached with earths and deodorised with steam at 240 to
270°C. At the upper temperature there may be some inter-
esterification.

Because palm oil and its fractions are mixtures of solid
and liquid triacylglycerols, their melting behaviour is
important. The slip melting point (SMP) is a measure of
the temperature at which a fat becomes sufficiently fluid
to slip or run (Table 2.21). Of greater importance is the
solid fat content (SFC) now usually measured by pulse
NMR (Section 4.2.5.2). Typical SFC values are listed in
Table 2.20. They show the marked changes occurring

TABLE 2.20 Solid fat content of palm oil and palm oil
fractions determined by pulsed NMR

Temperature Palm Palm  Super Palm PMF PMF
°C) oil olein olein stearin soft hard
Samples? 244 238 32 205

10 537 383 17.5 76.0 75 95
15 39.1 19.9 0.9 68.9 64 93
20 26.1 5.7 60.2 45 90
25 16.3 2.1 50.6 11 78
30 10.5 40.4 47
35 7.9 343 6
40 4.6 28.1

45 224

50 12.5

55 0.6

2 Columns 2 to 5 are mean values for the number of samples indi-
cated. The original publication also gives range values.

Note: PMF = palm mid-fraction

Source: Siew Wai Lin, in Gunstone, ED., (Ed.) Vegetable Oils in

Food Technology — Composition, Properties and Uses, Blackwell

Publishing, Oxford, pp. 59-97, 2002.

through fractionation. Palm mid-fractions with steep
melting curves and complete melting by 35°C are suitable
replacements for cocoa butter.

Information on the fatty acid and triacylglycerol com-
position of palm oil and its fractions is collated in Table
2.21 and Table 2.22. Palm oil contains almost equal quan-
tities of saturated (palmitic 44% and stearic acid 4%) and
unsaturated acids (oleic 39% and linoleic acid 11%) and
this is reflected in an iodine value generally in the range
51 to 55. Fractionation leads to useful materials in which
iodine values are raised or lowered. The main fraction-
ation products are palm olein, palm stearin, and palm
mid-fraction, but further fractionation gives products with
iodine values as high as 70 to 72 and as low as 10 to 15.
The changes in levels of palmitic, oleic, and linoleic acids
in these fractions are apparent in Table 2.21. Minor acids
also present in palm oil include lauric, myristic, arachidic,
hexadecenoic, cis-vaccenic, and linolenic (see Table 2.46).

The triacylglycerols present in palm oil and its fractions
are frequently expressed as groups having the same carbon
numbers (the sum of the carbon atoms in three acyl
chains) and are easily measured by the gas chromato-
graphic study of the oil. There are four main triacylglyc-
erol groups with 48, 50, 52, and 54 carbon atoms
corresponding to triacylglycerols with three, two, one, or
no 16:0 chains and the balance being saturated or unsat-
urated C,g chains. The Cs, and Cs, groups predominate
and the ratio of these change in the fractionated products
since 16:0 levels rise in the stearins and fall in the oleins.

Information on triacylglycerol molecular species is sum-
marised in Table 2.22. The major species are POP and
POO (around 30 and 20%, respectively) followed by PLO
and PLP (each around 10%). Tripalmitin at around 5% in
palm oil rises in the stearin fractions and reaches almost
60% in palm stearin of IV 11. Even higher concentrations
are obtained through solvent fractionation. Palm oil con-
tains more saturated acid in the sn-2 position than is nor-
mal for vegetable oils and fats. Typically a palm oil with
51% (total) of saturated acids in its triacylglycerols has
13% in the sn-2 position. This means, for example, that
the two major triacylglycerols POO and POP will contain
more OPO and PPO than would otherwise have been
expected. (Information on the regiospecific distribution of
fatty acids is also available in Table 2.27.)

Palm oil is also characterised by the presence of higher
levels of diacylglycerols than in other vegetable oils. This
is normally ~5% with higher and lower values in the olein
and stearin fractions, respectively. (See Table 2.22.)

Palm oil is rich in several valuable minor components
(Goh et al., 1985) and attention must be given to what
happens to these during refining and fractionation (Rossi
et al.,, 2001). Crude Malaysian palm oil is reported to
contain only 5 to 130 ppm of phospholipids and a higher
level of glycolipids (1000 to 3000 ppm, mainly mono-
galactosyldiacylglycerols). The phospholipids are mainly
phosphatidylcholines (36%), phosphatidylethanolamines
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TABLE 2.21 Composition of fatty acids (% wt) and triacylglycerols (by carbon number) for palm oil and its fractions
Palm oil* Palm olein® Super olein®  Top olein Stearin Soft stearin Palm mid-fraction
Fatty acids (wt%)
12:0 0.2 0.3 0.3 - 0.1-0.6 0.1 0-0.3
14:0 1.1 1.1 1.0 1.0 1.1-1.9 1.1 0.8-1.4
16:0 44.1 40.9 354 28.8 47.2-73.8 49.3 41.4-55.5
16:1 0.2 0.05-0.2 0.1
18:0 4.4 4.2 3.8 2.5 4.4-5.6 4.9 4.7-6.7
18:1 39.0 41.5 45.1 52.0 15.6-37.0 34.8 32.0-41.2
18:2 10.6 11.6 13.4 14.6 3.2-9.8 9.0 2.6-11.5
18:3 0.3 0.4 0.3 0.4 0.1-0.6 0.2 0-0.2
20:0 0.2 0.4 0.3 0.2 0.1-0.6 0.4 0-0.6
Triacylglycerols®
46 1.2 0.8 0.2 0.5-3.3 1.2 0-1.6
43 8.1 33 1.9 12.2-55.8 153 1.4-11.3
50 39.9 39.5 30.8 33.6-49.8 42.7 45.5-73.9
52 38.8 42.7 534 5.1-37.3 33.4 19.4-42.0
54 11.4 12.8 13.6 Tr-8.4 7.4 1.7-8.5
56 0.6 0.7 0.2 ND ND 0-0.9
Todine 52.1 56.8 61.9 70-72 22-49 46.7 34-55
value
SMPd 36.7 21.5 15.1 44-56 47.7 24-45

Siew Wai Lin also cites the range of values producing these means.

entirely tripalmitin.

d

Range values are also given.
The numbers in column 1 refer to the sum of the carbon atoms in the three acyl chains. For example, 48 represents almost

Slip melting point (°C).

Average of 215 Malaysian samples examined in 1990 and not differing significantly from a similar study conducted in 1981.

Source: Adapted from appropriate tables in Siew Wai Lin, in Gunstone, ED., (Ed.) Vegetable Oils in Food Technology —
Composition, Properties and Uses, Blackwell Publishing, Oxford, pp. 59-97, 2002. Further data is provided by Sambanthamurthi, R.
et al., Prog Lipid Res., 39, 507-558, 2000, and Noor Lida, HM.D. et al., J Am. Oil Chem. Soc., 79, 1137-1144, 2002.

TABLE 2.22 Triacylglycerols (molecular species, wt%) in palm oil and its fractions

v
OLL
PLL
MLP
OLO
PLO
PLP
000
POO
POP
PPP
StOO
POSt
PPSt
StOSt
DAG

Palm oil

0.5
2.5
0.6
1.7
9.9
9.5
4.3
22.8
29.0
5.4
2.5
5.1
1.0
0.5
49

Palm olein

<60

<0.1
2.8
0.6
23
11.8
9.9
4.5
26.8
26.6
ND
3.3
4.7
0.1
0.2
5.3

Palm olein Palm olein
60—64 65-67
0.7 0.8
34 3.7
0.7 0.6
2.6 3.0
13.6 15.4
9.8 8.4
5.1 6.1
30.2 345
19.1 12.8
ND ND
42 4.5
3.6 2.5
0.2 0.2
0.4 0.2
6.4 7.1

Palm
stearin

46
0.5
2.3
0.5
1.7
8.4
9.4
2.7

18.4

30.9

12.5
5.4
2.7
0.6
4.0

Palm
stearin

38
0.3
1.8
0.4
1.3
7.1
8.3
23

16.7

29.8

18.6
4.8
3.6
0.6
4.5

Palm
stearin

11
0.1
0.4
0.2
1.7
3.5
3.8
5.0

13.6

59.6
2.4
8.0

1.1

Note: Symbols, such as PLO, represent all the triacylglycerols containing the three acyl chains indicated. P, St, O, and L represent
palmitic, stearic, oleic, and linoleic acyl chains respectively. ND = not detected.
Source: Adapted from Siew Wai Lin, in Gunstone, E.D., (Ed.) Vegetable Oils in Food Technology — Composition, Properties and
Uses, Blackwell Publishing, Oxford, pp. 59-97, 2002.
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(24%), phosphatidylinositols (22%), phosphatidylglycerols
(9%), and other (9%). The low levels of phospholipids
means that palm oil can be physically refined without prior
degumming.

The dark red colour of crude palm oil is due to the
presence of carotenoids at concentrations of 500 to 700
ppm in the tenera variety. These are mainly B-carotene
(~56%) and a-carotene (~35%) (for structures, see Dictio-
nary section) along with many other carotenes at lower
levels. After dry fractionation, crude palm olein (600 to
760 ppm) and crude palm stearin (380 to 540 ppm), as
well as the residual oil remaining in the fibre after pressing
(4000 to 6000 ppm), contain carotenoids at the levels indi-
cated. These compounds are completely removed during
bleaching and physical refining (Rossi et al., 2001), but
about 80% of these valuable components are retained in
a product called “red palm” resulting from a modified
refining procedure. This is marketed as a valuable source
of carotenoids with pro-vitamin A activity and is being
used to combat vitamin A deficiency in Africa.

Palm oil also contains other isoprenoid hydrocarbons
including C,5 and C,, terpenes and squalene (C,,). This
last has been reported at levels of 980 and 790 ppm in
crude and refined oils, respectively, and 5000 to 8000 ppm
in palm fatty acid distillate (PFAD, a by-product of refin-
ing). Squalene and its perhydro derivative (squalane), used
in cosmetic preparations, are also available in shark oils
(see Section 2.4.5) and in amaranthus and olive oils.

Tocols (combined tocopherols and tocotrienols) are
important minor components in crude palm oil (710 to
1140 ppm). Their levels (ppm) in other materials are indi-
cated in parentheses: refined palm oil (380-890), crude
and refined palm olein (880-1130 and 560-900), crude and
refined palm stearin (430-550 and 350-380), and still
higher levels in PFAD (750-8000) (Siew Wai Lin, 2002).
Palm tocols differ from those in most other vegetable oils
in that they are 70 to 80% tocotrienols (y-, -, and d-).
Concentrates can be recovered from PFAD. Important
physiological properties are claimed for the tocotrienols
in respect of certain cancers and of coronary heart disease
(Sambanthamurthi et al., 2000).

Crude palm oil contains 200 to 600 ppm of sterols
(mainly B-sitosterol, campesterol, and stigmasterol).
These compounds are also present in palm olein and
palm stearin, but levels are reduced during refining.
Higher levels have been recorded for PFAD (1500 to
20,000 ppm).

Palm oil and/or one of its fractions is used extensively
as a frying oil (particularly palm olein), in the production
of margarines, vanaspati, and shortenings; as a cocoa but-
ter equivalent (palm mid-fraction); as a source of hard
stock (palm stearin); and as a vegetable source of saturated
acids (palm stearin). Figures for the use of palm oil as
food and for industrial purposes are given in Table 2.24.

For more information on palm oil and its fractions see
Salas et al. (2000), Sambanthamurthi et al. (2000), Berger

52

(2001), Siew Wai Lin (2002), and Yusof Basiron (2005).
For further information, see Table 2.43 to Table 2.49.
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2.2.11 Palm kernel oil (Elaies guineensis)

The oil palm bears fleshy fruits yielding palm oil when
pressed and a kernel giving palm kernel oil (~45%) when
subsequently pressed and solvent-extracted. These two oils
differ from each other and are produced in a ratio of about
8:1 at levels around 4.0 and 0.5 tonnes/hectare. Palm kernel
oil and coconut oil (see Section 2.2.4) are the two commer-
cial lauric oils. Coconut was long the dominant member of
the pair, but with the steady increase in oil palm produc-
tion, the concomitant output of palm kernel oil (now ~3.5
million tonnes) exceeds that of coconut oil (~3.1 million
tonnes) and this is likely to continue. Production, consump-
tion, and trade in this oil is summarised in Table 2.23 and
its fatty acid and triacylglycerol composition is given in
Table 2.4 and Table 2.5. A comparison of the two lauric
oils is explained in the section on coconut oil.

Palm kernel oil contains only around 10 ppm of tocols
(median value from a survey of 33 samples, ranging
between 0 and 260 ppm), and is mainly B-tocopherol.
Sterols total around 1000 ppm (Codex range 700 to 1400
ppm) and are mainly B-sitosterol (~68% of total sterols),
stigmasterol (~14%), and campesterol (~10%).

Palm kernel oil has an iodine value of 14 to 21 and can
be hydrogenated to give products with IV down to 2 and
slip melting points (SMP) up to 34°C. Such material is
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used, for example, in the production of nondairy creamers.
Alternatively, the oil can be fractionated into an olein (IV
21-26, SMP 22-26°C) and a stearin (IV 6-8, SMP 31-33°C)
and each of these may be hydrogenated. The fractionated
products differ particularly in their levels of lauric acid
and oleic acid. PK stearins are used in substitute choco-
lates and other confectionery.

The two lauric oils are widely used in the production
of surface-active compounds where chain length is impor-
tant and they have several food uses, including margarine
and spreads, shallow frying, cocoa butter substitutes,
filling creams, ice cream, nondairy whipping creams, filled
milks. It is also a source of medium chain triglycerides.

Because of their low unsaturation, both lauric oils show
high oxidative stability despite their low level of natural
antioxidant. However, they are prone to hydrolytic ran-
cidity and lauric acid imparts a soapy flavour. Further, the
C,, acid can be oxidised and decarboxylated to undecan-
2-one [CH;(CH,);COCH;], a phenomenon described as
ketonic rancidity.

As indicated in Table 2.24, in EU-25 in 2003 coconut
and palm kernel oils were used mainly for food purposes
(61 and 83%, respectively), but a significant portion (37
and 16%, respectively) were used for nonfood purposes.

TABLE 2.23 Major countries/regions involved in the produc-
tion (from indigenous or imported kernels), consumption (food
and nonfood uses), export, and import of palm kernel oil in
2004/05 (million tonnes)

Total (mt) Countries/Regions
Production 3.80 Malaysia 1.83, Indonesia 1.31,
Nigeria 0.21
Consumption 3.74 Malaysia 1.05, EU-25 0.66,
Indonesia 0.39, US 0.27, Nigeria
0.21, China 0.19
Exports 1.98 Indonesia 0.92, Malaysia 0.87
Imports 1.98 EU-250.67 US 0.27, China 0.19,

Malaysia 0.15, India 0.11
Malaysia 1.10, Indonesia 0.83,
Nigeria 1.23

Seed yield (t/ha) 0.94

Note: The high consumption of palm kernel oil in Malaysia is
related to its rapidly growing oleochemical industry.

TABLE 2.24 Consumption (kt and %) of selected seed oils in
EU-25 during 2003 for industrial purposes (including biodiesel),
for food, and as feed, seeds, and waste (FSW)

Industrial use Food FSW Total
Oil kt % kt % kt % kt
Rape 1327 328 2720 672 2 0 4049
Palm 286 9.6 2453 820 252 84 2991
Sunflower 85 3.4 2433 96.6 - - 2518
Soybean 263 124 1746 824 111 52 2120
Olive 37 1.9 1932 98.1 - - 1969
Coconut 300 373 492 612 12 15 804
Palm kernel 90 15.8 473 833 5 09 568

Source: USDA GAIN Report July 2004: www.fas.usda.gov/gainfiles

Further details about palm kernel oil are to be found
in Pantzaris (2002), in Yusof Basiron et al. (2005), and in
appropriate websites (see Palm oil). See also Table 2.43 to
Table 2.49.
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2.2.12 Rapeseed (canola oil) (Brassica napus,
B. rapa, and other Brassica species)

Brassica oilseeds have been cultivated for thousands of
years and are one of the few edible oilseeds capable of
being grown in cool temperate climates. They are closely
related to the mustard condiments used for flavouring
and for their reputed medicinal properties. Records indi-
cate early cultivation of vegetable forms of the crop in
India 1500 years ago and in China more than 1000 years
ago. Cultivation extended across Europe in the Middle
Ages and, by the 15th century, rapeseed was being grown
in the Rhineland as a source of lamp oil and also for
cooking fat. Demand for rapeseed oil grew significantly
in the developed world during the 20th century with con-
current improvements in agronomic techniques, process-
ing methods, and seed varieties (Gunstone, 2004).

Several rapeseed species are grown in the major oilseed
rape-producing areas of the world. Brassica rapa (turnip
rape) is the most cold-hardy species and currently
accounts for half of all crops grown in Western Canada,
largely because of its early maturity. Ecotypes of this
species are also grown in the Indian subcontinent. B. napus
(swede rape) is the most commonly grown rapeseed in
Europe, Canada, and China. Both spring- and winter-
sown varieties are available, although winter types domi-
nate due to their higher yields in favourable growing
conditions. B. juncea is well adapted to drier growing con-
ditions and is widely grown in northern India and China.
This species has been introduced into parts of Australia
and is used in mainstream breeding programmes of B. napus
for drier climates. B.carinata is less widely grown than the
other species and is largely restricted to Ethiopia and
surrounding countries in East Africa.

Breeding developments, first in Canada and then else-
where in the 1960s, led to the production of rapeseed low
in both erucic acid (22:1) in the oil and glucosinolates in
the meal. These are the so-called “double-low” varieties.
The trade name Canola™ was established with the licens-
ing of the first double-low variety in Canada in 1974. The
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canola trademark is held by the Canola Council in
Canada and may be used to describe rapeseed with less
than 2% erucic acid in the oil and less than 30 pM/g
glucosinolates in the meal. The term “canola” is used in
many English-speaking countries, such as the U.S. and
Australia, but in Europe, “rapeseed” continues to be used
in reference both to double-low types and to other quality
types, such as high-erucic acid rapeseed for industrial pur-
poses. The terms LEAR and HEAR are used to designate
low- and high-erucic acid rapeseed oils. Shatter-resistant
varieties were also developed.

Among oilseeds, rapeseed is now second only to soybean
and among vegetable oils it is third after soybean oil and
palm oil. Production of rapeseed oil peaked in 1999 and
2000 at 14.5 million tonnes after which it fell back to 12.4
million tonnes 3 years later. Since then it has risen and was
expected to be around 16.1 million tonnes in 2004/05. These
figures do not distinguish the various types of rapeseed oil,
but are likely to refer mainly to the low-erucic (canola) oil.
(Production and trade data for rapeseed oil are given in
Table 2.25.) It must be remembered that oil production may
be based on seeds produced locally or imported. Japan, for
example, is wholly dependent on imported seed, while China
is both grower and importer of rapeseeds. Canada, with only
a modest population, is a significant grower of seed and an
important exporter of both seed and oil. Northern Europe
and India are also important locations for production of
seed and oil. Seed yields are highest in Europe, somewhat
lower in Canada, and lower still in India. There is a growing
interest in cold-pressed edible oil, especially in Germany
(Matthaus and Briihl, 2004).

Low-erucic rapeseed oil (canola) contains less saturated
acid (~6%) than any other commodity oil. It is rich in oleic

TABLE 2.26 Fatty acid composition of a range of rapeseed oils

TABLE 2.25 Major countries/regions involved in the pro-
duction (from indigenous or imported seed), consumption
(food and nonfood uses), export, and import of rapeseed oil
in 2004/05 (million tonnes).

Total Countries/Regions

EU-25 5.47, China 4.55, India 2.08,
Canada 1.35, Japan 0.95

EU-25 5.21, China 4.84, India 2.07,
Japan 0.99, US 0.71

Production 16.11

Consumption 15.92

Exports 1.45  Canada 0.92, EU-25 0.22

Imports 1.42 US 0.54, China 0.30

Seed yield 1.73 China 1.78, EU-25 3.40, India 0.91,
(t/ha) Canada 1.58

Note: These figures do not distinguish the various types of rape-
seed oil, but probably refer mainly to the low-erucic (canola) oil.
Source: Adapted from Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.

acid (>60%) and contains linoleic (~22%) and linolenic
(~10%) in a favourable omega-6/omega-3 ratio (Table
2.26). A large number of minor fatty acids have been
identified in canola oil (Ratnayake and Daun, 2004),
including acids with branched chains, acids with an odd
number of carbon atoms, a series of n-7 monounsaturated
acids, acids with a sulfur-containing ring system, and acids
with trans unsaturation. Typical fatty acid composition
data are collected in Table 2.26 for high-erucic oil (45%
22:1, along with 10% 20:1), low-linolenic oil (around 2%,
with concomitant increase in linoleic acid), and high-oleic
rapeseed oils (~80%, with a decrease in both linoleic and
linolenic acids). This table also contains data on canola
oils enriched in medium-chain acids and in y-linolenic
acid, respectively. See also Dolde et al. (1999) and
Vlahakis and Hazebroek (2000).

LEAR¢ HEAR?
Saturated acids* 6.3 7.1
16:0 3.6 4.0
18:0 1.5 1.0
Monunsaturated acids® 62.4 69.7
18:1 61.6 14.8
20:1 1.4 10.0
22:1 0.2 45.1
Polyunsaturated acids 31.3 23.2
18:2 21.7 14.1
18:3 9.6 9.1

LLCANe HOCANf LTCANe GLCAN®
6.6 7.7 48.1 9.9
3.9 34 2.7 4.2
1.3 2.5 1.6 3.7

63.1 79.9 343 25.5
61.4 71.8 32.8 24.4
1.5 1.6 0.8 0.8
0.1 0.1 0.5 0.1
30.2 12.4 17.6 64.6
28.1 9.8 11.3 26.1
2.1 2.6 1.3 1.8

2 Also 14:0, 20:0, 22:0, and 24:0 all at low levels.
b Also 16:1.

¢ Low-erucic rapeseed oil (canola).

4 High-erucic rapeseed oil.

¢ Low-linolenic rapeseed oil.

T High-oleic rapeseed oil.

¢ Rapeseed oil enriched in lauric acid (also contains 12:0 38.8%, 14:0 4.1%).

b Rapeseed oil enriched in y-linolenic acid (also contains y-linolenic acid 37.2%).

Source: Adapted from Ratnayake, W.M.N. and Daun, J K., in Gunstone, ED. (Ed.) Rapeseed and Canola Oil — Production, Processing,
Properties and Uses. Blackwell Publishing, Oxford, pp. 37-78, 2004. Data are also available for oils from seeds grown in Virginia, U.S.

(Hamama et al, 2003).
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TABLE 2.27 The distribution of fatty acids in Australian canola
oil and some other oils between the sn-2 and sn-1/3 positions

16:0 18:0 18:1 18:2 18:3
Canola
1,2,3-position 4.7 2.1 58.1 20.8 10.2
1,3-position 6.6 2.8 60.9 16.4 6.9
2-position 1.4 0.7 52.7 29.5 13.7
Olive
1,2,3-position 12.9 2.7 71.5 8.8 0.7
1,3-position 17.7 3.6 67.1 7.6 0.1
2-position 35 1.0 81.1 11.2 1.9
Sunola?
1,2,3-position 5.0 4.5 77.2 12.1 0.4
1,3-position 5.8 5.2 75.4 11.6 0.8
2-position 3.3 3.1 80.9 13.1 Tr
Sunflower
1,2,3-position 6.7 3.9 28.2 60.3 0.4
1,3-position 8.0 4.7 28.3 57.0 0.7
2-position 4.1 2.5 27.9 65.0 Tr
Cottonseed
1,2,3-position 24.9 2.3 14.8 56.8 0.2
1,3-position 37.8 3.5 13.9 43.4 0.3
2-position Tr Tr 16.4 83.5 Tr
Palm
1,2,3-position 48.8 4.8 36.0 9.1 0.1
1,3-position 61.0 6.0 25.7 5.8 0.2
2-position 24.5 2.5 56.5 15.6 Tr
Flaxseed
1,2,3-position 5.9 3.9 14.9 15.6 59.1
1,3-position 9.3 6.0 13.9 13.0 57.0
2-position Tr Tr 16.9 20.9 63.3
Sesame
1,2,3-position 9.4 6.6 42.6 40.4 0.3
1,3-position 16.9 9.4 38.1 34.1 0.3
2-position Tr 0.9 49.2 48.3 0.3

2 Sunola is high-oleic sunflower.

TABLE 2.28 Stereospecific analysis of the major fatty acids
in HEAR and soybean oil by chiral HPLC

16:0  18:0 18:1 18:2 18:3 20:1 22:1
Soybean oil
sn-1 16.7 54 243 46.4 6.4
sn-2 22 03 234 68.1 5.7
sn-3 16.1 46 246 47.0 7.0
HEAR

sn-1 5.6 1.9 165 1.2 33 17.4 50.2
sn-2 1.6 04 334 39.3 21.3 1.9 0.8
sn-3 4.5 1.7 5.6 7.4 1.3 12.0 61.3

Source: Takagi, T. and Ando, Y., Lipids, 26, 542-547, 1991. The
original paper gives details for minor acids also.

Oilseed rape has proved amenable to genetic modifica-
tion and many breeding programmes are underway to
modify traits and introduce new quality characteristics,
principally with B. napus. Oilseed rape, or canola, is the
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TABLE 2.29 Major triacylglycerols (wt %) in rapeseed oil
co? LLCO? HOCO¢
LnLO 7.6 1.7 1.5
LLO 8.6 11.0 1.1
LnOO 10.4 2.6 8.6
LnOP 2.1 0.5 1.1
LOO 22.5 28.4 12.7
LOP 5.7 4.2 2.2
000 22.4 32.8 49.5
POO 4.6 4.8 7.7
StOO 2.6 2.4 5.0
PPP 0.1 1.4 2.8
LLP 1.4 1.1 0.8
LOSt 1.6 1.9 1.0
LLL 1.3 1.6 0.2
LnLL 1.4 0.0 0.3
LnLnO 1.7 0.4 0.1
Others 6.0 5.2 5.4

2 Canola oil.

b Low-linolenic canola oil.

¢ High-oleic canola oil.
Three-letter symbols refer to all triacylglycerols containing the
three acyl chains indicated. L, Ln., O, P, and St represent
linoleic, linolenic, oleic, and stearic chains respectively.

Source: Adapted from Kallio, H. and Currie, G., Lipids, 28,

207-215, 1993.

third most widely grown, commercial genetically modified
crop after soybeans and maize, with an area equivalent to
that of cotton. Tolerance to one of several broad-spectrum
herbicides was one of the first characteristics to be incor-
porated in crops using genetic modification and varieties
tolerant to either glyphosate or glufosinate have been
developed. These are widely grown in North America, but
no genetically modified oilseed rape is yet being grown in
Europe (at the end of 2005). Rapeseed genetically modi-
fied to produce lauric acid within the oil was grown com-
mercially in North America, but was later discontinued
on commercial grounds. Attempts are being made to
increase the level of erucic acid beyond that normally
present in HEAR (Sasongko and Modllers, 2005). Further
developments with Brassica breeding are being facilitated
by new techniques in biotechnology and are discussed
below.

The distribution of fatty acids in Australian canola oil
between the sn-2 and sn-1/3 positions given by Richards
et al. in a lecture in 2002 and cited by Ratnayake and
Daun (2004) are given in Table 2.27. In line with what is
expected of vegetable oils, the saturated acids are mainly
at positions 1/3, linoleic and linolenic acids concentrate at
position 2, and oleic acid is slightly concentrated at this
position. This distribution pattern must be partly the con-
sequence of the very high levels of unsaturated acids
(~90%). Values for HEAR have been given by Takagi and
Ando (1991) using chiral HPLC (Table 2.28).

The major triacylglycerols are detailed in Table 2.29 for
canola oil and for the low-linolenic and high-oleic varieties.
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The dominant molecular species for canola oil are LOO
(22%), OO0 (22%), LnOO (10%), LLO (9%), LnLO (8%,
LOP (6%), and POO (5%). Similar, but not identical,
results reported by Neff et al. in 1997 are cited by
Ratnayake and Daun (2004).

Levels of phosphorus are given as 529, 242, and 12 mg/kg
for solvent-extracted oil, expeller oil, and degummed oil,
and the phospholipids are mainly phosphatidylcholines,
phosphatidic acids, phosphatidylinositols, and phosphati-
dylethanolamines. Full details are given by Przybylski and
Mag (2002), along with the fatty acid composition of each
phospholipid class. Hamama et al. (2003) give phospho-
lipid levels of 2.1 to 2.8% for oil from 11 canola cultivars
grown in the U.S.

The sterols present in canola oil range from 0.7 to 1.0%
and are distributed between free and esterified compounds
(Table 2.47). The major sterols are B-sitosterol (52%),
campesterol (28%), and brassicasterol (14%). This last ste-
rol is unique to brassica oils and its presence is used as an
indicator of the occurrence of rapeseed oil in blends. The
values in parentheses are typical values for canola oil and
relate to the percent of total sterols (6.9 g/kg of which 4.2
comes from esterified sterols). Sterol levels in canola oil are
higher than those in soybean oil, but lower than those in
corn oil. Codex Alimentarius gives range values of 4.5 to
11.3, 1.8 to 4.5, and 7.0 to 22.1 mg/kg for these three oils.
Similar data for modified canola oils are given by Przybylski
and Mag (2002). After refining, sterol levels are reduced by
about 40% and structures may be modified through high
temperature dehydration. Similar data are collated by Rat-
nayake and Daun (2004) and are reported by Hamama et
al. (2003) for canola oils grown in the U.S. Dolde et al.
(1999) and Vlahakis and Hazebroek (2000) have provided
details of fatty acid composition, sterols, and tocopherols
from several canola, sunflower, and soybean lines.

Canola oil contains tocopherols at a level around about
770 mg/kg oil — mainly o- (270) and - (420) tocopherol.
High-erucic rapeseed oil shows very similar values of 790,
270, and 430 mg/kg, respectively. Gogolewski et al. (2000)
have described the changes in tocopherol during refining.
See also Dolde et al. (1999) and Vlahakis and Hazebroek
(2000).

Crude canola oil frequently contains chlorophyll and
chlorophyll derivatives, such as pheophytins a and b and
pyropheophytins a and b. The level of these undesirable
materials is higher in oil extracted from immature seed.
Top grade crude canola oil should have less than 30 mg/kg
of chlorophyll pigments, but this is not always achieved.
RBD (refined, bleached, deodorised) oil is expected to
have levels below 25 ppb.

Canola oil contains traces of carotenoids (around 130
ppm), which are ~90% xanthophylls, but this is reduced
to ~10 ppm after refining. Also present are traces of sulfur
compounds and of metals (iron, copper, lead, and arsenic),
but the levels of all of these are reduced after refining.
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Low-erucic oil, with its low level of saturated acids, high
level of oleic acid, and its favourable ratio of linoleic to
linolenic acid (before hydrogenation), is a healthy oil and
has many food uses, These include salad oils, cooking oils,
frying oils, and for the production of spreads and shorten-
ings (McDonald, 2004). Figures for the use of rapeseed oil
as food and for industrial purposes are given in Table 2.24.

In Europe, rapeseed oil is the major oil used to make
rapeseed methyl esters. These are mixed with mineral oil
to form biodiesel (Komers et al., 2001; Walker, 2004).
It is also used as a lubricant (Wu et al., 2000). High-erucic
oil is used for industrial purposes, mainly as a source of
erucic (22:1) and behenic acids (22:0). Erucic acid is con-
verted to erucamide, which is used in the processing of
polymers (Temple-Heald, 2004). (See also Chapter 9 on
nonfood uses.)

For further information, see Table 2.43 to Table 2.49.
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2.2.13 Rice bran oil (Oryza sativa)

Rice is the principal staple food of about half the world’s
population. According to Gopala Krishna (2000) annual
production of rice in 1999 was about 600 million tonnes.
China (200 million tonnes) and India (131 million tonnes)
were the largest producers, along with seven other countries
where annual production exceeded 10 million tonnes
(Indonesia, Vietnam, Bangladesh, Thailand, Myanmar
[Burma], Japan, and the Philippines). To produce white
rice, the hull is removed and the bran layer is abraded to
make 8 to 10% of the rice grain as bran, which includes the
testa, cross cells, aleurone cells, part of the aleurone layer,
and the germ. The bran contains almost all the oil of the
rice coreopsis. Rice bran has 18 to 24% oil and 4 to 6% free
acids in addition to fibre, protein, and carbohydrates.
Crude rice bran oil is usually obtained by hexane
extraction. Lipases liberated from the testa and the cross
cells promote rapid hydrolysis of the oil and, therefore, the
bran should be extracted within hours of milling. There is
probably a potential for 5 to 8 million tonnes of rice bran
oil per annum, but present production is only about 0.7 to
1.0 million tonnes and not all of this is of food grade. India
(500,000 tonnes), China (120,000 tonnes), and Japan
(80,000 tonnes) are the major countries producing rice bran
oil. With the growing demand for imported oils in these
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countries, it seems possible that local production of rice
bran oil will increase (Arumughan, 2004).

Refining rice bran oil presents some difficulties which
have been discussed by Gingras, 2000; Gopala Krishna,
2002; and Narayana et al., 2002. Roy et al. (2002) have
discussed the merits of enzymic degumming to reduce phos-
phorus levels prior to physical refining.

Crude rice bran oil contains 90 to 96% of saponifiable
lipids comprising triacylglycerols (83 to 86%) along with
diacylglycerols, monacylglycerols, free acids, waxes (3 to
4%, glycolipds (6 to 7%), and phospholipids (4 to 5%).
Unsaponifiable lipids generally account for ~4% of the oil.

The major acids in rice bran oil are palmitic (12 to
28%, typically 20%) oleic (35 to 50%, typically 42%), and
linoleic acid (29 to 45%, typically 32%), accompanied by
stearic acid (2 to 4%), linolenic (0.5 to 1.8%), and by 14:0,
16:1, 20:0, 20:1, and 22:1 acids (all at levels below 1%).
Kochhar (2002) reports that the major triacylglycerols are
those represented as OOO, PLO, and PLL, but it is sur-
prising that LLO, OOL, and OOP are not included in
this list.

Rice bran oil contains waxes, generally at a level of
2 to 4%, but sometimes up to 8%. Gingras (2000) reports
these to be esters of saturated fatty acids (C,sto Cy) and
saturated alcohols (C,; to C;y) (see also Arumughan,
2004). The wax has been used as a convenient source of
octacosanol and triacontanol. An efficient method of iso-
lating the wax has been described and its composition
determined (Val et al., 2005).

Crude rice bran oil is reported to contain desmethyl-
sterols (3225 mg/100 g, reduced to 1055 mg/100 g in
refined oil), monomethylsterols (420 mg/100 g), and dim-
ethylsterols or triterpene alcohols (1176 mg/100 g) making
a total of 4.8 g/100 g. Kochhar (2002) has collated infor-
mation about the major members of each class. Many of
these sterols are present as esters of ferulic acid (3-methoxy-
4-hydroxycinnamic acid) and are known collectively as
oryzanols (115 to 787 mg/100 g). These are powerful anti-
oxidants and show physiological properties. The phy-
tosterols have also been detailed by Jiang and Wang 2005.
Kochhar also provides information on the tocols in com-
mercially refined rice bran oil. Typical values (cited as mg/
kg) total 915 and the major components are o-, ¥, and d-
tocopherols (347, 89, 42, respectively) and o-, y-, and
d-tocotrienols (126, 301, 10, respectively). This makes rice
bran oil a powerful source of tocotrienols. (See also palm
oil as another source of tocotrienols).

It is not surprising that, through the combined effects
of the tocols and the oryzanols, rice bran oil has high
oxidative stability and it has been added to frying oils
at levels around 5% to extend the time before these need
to be discarded. The refined oil is an excellent salad oil
and frying oil and is used as a coating oil for biscuits
and nuts.

Rice bran oil is reported to lower serum cholesterol by
reducing LDL and VLDL without changing the level of
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HDL, though this claim has been questioned (Stanley,
2002). This effect seems not to be related to fatty acid or
triacylglycerol composition, but to the unsaponifiable
fraction and, in particular, to the oryzanols.

For further information, see Table 2.43 to Table 2.49.
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2.2.14 Safflower (Carthamus tinctorius)

The safflower plant has a long history in large part because
its florets produce red (carthamin) and yellow coloring
material used as a food colorant and as a dye. The whole
seed contains oil (38 to 48%), protein (15 to 22%), and fibre
(11 to 22%), and after removal of hulls the kernel contains
oil (53 to 63%), protein (23 to 29%), and fibre (1 to 3%).
The oil is normally rich in linoleic acid (75%), accompanied
by oleic (14%) and saturated acids (10%). Because of the
high level of linoleic acid and the absence of linolenic acid,
it has been extensively used as a nonyellowing drying oil,
especially after pretreatment to conjugate the diene acid. In
more recent times, it has been favoured as a starting point
for the preparation of conjugated 18:2 acids (CLA).

High-oleic varieties (~74%) with much reduced levels of
linoleic acid (16%) have also been developed (Ucciani,
1995; Smith, 1996; Firestone, 1997). Attempts are being
made to introduce GLA into this oil by genetic modifica-
tion (see borage oil) (Anon., 2004).

In 2003/04, world production of safflower seed was
575,000 tonnes, mainly in Mexico, India, and the U.S. This
suggests an oil production of about 250,000 tonnes, and
about 60 to 70 kt of the seeds are imported and exported
annually.
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2.2.15 Sesame oil (Sesamum indicum)

Sesame (Sesamum indicum L.) is thought to have originated
in Africa and may be the oldest oilseed crop known to man.
It a source of edible oil and is also widely used as a spice.
The seed contains 50 to 60% oil with excellent oxidative
stability due to the presence of natural antioxidants, such as
sesamolin, sesamin, and sesamol in addition to tocols. The
fatty acid composition of sesame oil varies considerably
among the different cultivars worldwide. Sesame oil has a
total production of 774,000 tonnes. It is produced and
consumed mainly in China, India, Myanmar (Burma),
Sudan, and Japan, though many countries use the oil in
small amounts (Table 2.30). Transnational trade in both
sesame seeds and sesame oil is quite small.

Refined sesame oil contains palmitic (typically 9.2%,
range 7.2 to 12.0%), stearic (5.8, 3.5 to 6.0), oleic (40.6, 33.5
to 50.0), linoleic (42.6, 35.5 to 50.0), and several minor acids
(total ~2%) (Kamal-Eldin and Appelqvist, 1994;, Kochhar,
2002; Hwang, 2005). (Information on the regiospecific dis-
tribution of fatty acids is available in Table 2.26.)

Sesame oil contains sterols (0.51 to 0.76%) of which 35%
are present in esterified form. They are mainly desmethyl-
sterols (85 to 89%) with lower levels of monomethylsterols (9
to 11%) and triterpene alcohols (2 to 4%). The major des-
methylsterols are sitosterol (60 to 67%), campesterol (15 to

TABLE 2.30 Major countries/regions involved in the produc-
tion (from indigenous or imported seed), consumption (food
and nonfood uses), export, and import of sesame oil in 2004/05
(thousand tonnes)

Total Countries/Regions

Production 774 China 198, India 145,
Myanmar 109, Sudan 52,
Japan 41

Consumption 774 China 203, India 145,
Myanmar 108, Sudan 49,
Japan 40

Exports 33

Imports 32

Seed yield (t/ha) 0.43 China 1.07, India 0.37,

Myanmar 0.30, Sudan 0.18

Source: Adapted from Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.
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20%) and A’-avenasterol (6 to 11%) and stigmasterol (5 to
8%) (Kamal-Eldin and Appelqvist 1994b, Kochhar 2002).

Sesame seed oil generally contains 400 to 700 ppm of
tocols, which is 96 to 98% y-tocopherol in addition to the
lignans — sesamin (0.02 to 1.13%), sesamolin (0.02 to
0.59%), and others. Sesamolin is not itself an antioxidant,
but during acid bleaching it is converted to several related
phenolic antioxidants. Refining procedures have been
described that retain much of these antioxidants in the
refined oil. (Kochhar 2002).

For further information, see Table 2.43 to 2.49.
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2.2.16 Soybean oil (Glycine max)

At 32.6 million tonnes per annum (Table 2.31), soybean oil
is produced in a greater amount than any other oil;
however, palm oil is now very close. Soybeans were grown
first in China, then increasingly over the past 60 years in the

TABLE 2.31 Major countries/regions involved in the
production (from indigenous or imported seed), consumption
(food and nonfood uses), export, and import of soybean oil
in 2004/05 (million tonnes)

Total Countries/Regions

Production 32.57 US 8.60, Brazil 5.74,
Argentina 5.03, China 5.11,
EU-25 2.63. India 0.81,
Mexico 0.67

Consumption 32.23 US 7.77, China 7.45, Brazil
3.04, EU-25 1.92, India
2.42,Iran 0.82, Mexico 0.78,
Japan 0.66

Exports 9.85 Argentina 4.70, Brazil 2.73,
EU25 0.79, US 0.65

Imports 9.80 China 2.25, India 1.68,
Iran 0.78

Seed yield (t/ha) 2.30 EU-25 2.96, US 2.86,

Argentina 2.73, Brazil 2.21,
China 1.80, India 0.77

Source: Adapted from Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.
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U.S., and now more and more in Argentina and Brazil.
When extracted, the beans provide oil (18%) and high-
quality protein meal (79%). The soybean complex includes
beans, oil, and meal with considerable trade in all three
commodities.

Crude soybean oil is mainly triacylglycerols (95 to 97%)
with lower levels of phospholipids (1.5 to 2.5%), unsapon-
ifiable matter (1.6%), and traces of metals. After refining,
the level of triacylglycerols is in excess of 99%.

Table 2.32 to Table 2.34 contain information on fatty
acid composition. Several different analyses are reported
for soybean oil. These are similar but not identical. The
oil is made up almost entirely of palmitic (~11%), stearic
(~4%), oleic (22 to 25%), linoleic (52 to 55%), and linolenic
acids (7 to 8%), along with very low levels of 14:0, 16:1,
20:0, and 22:0 (total <1%). Information on the regiospe-
cific distribution of fatty acids is available in Table 2.17,
Table 2.28, and Table 2.34. Triacylglycerol data are
appended to Table 2.34. As expected almost half the
triacylglycerols contain two or three linoleic acid chains.
Table 2.35 shows what happens to fatty acid composition
when soybean oil is partially hydrogenated from its
normal iodine value of ~132 to various levels down to 65.
Depending on the hydrogenation procedure employed and
the extent of hydrogenation, partially hydrogenated
vegetable oils contain a wide range of trans 18:1 acids (A4
to Al6, but mainly A6 to A14 with the A10 and A1l acids
predominating at ~60% of the total trans acids in one
study). Ruminant milk fats contain the same range of trans
acids, resulting from biohydrogenation of dietary linoleic
and linolenic acids, but the distribution pattern is quite
different with the A1l acid (vaccenic) dominant at almost
50% of the trans acids (Wolff et al., 1998). Trans isomers
of the PUFA, especially linolenic acid, are formed during
high temperature deodorisation of soybean oil.

Table 2.33 gives the fatty acid composition for soybean
oils that have been modified for nutritional or technological
reasons by conventional seed breeding or by genetic mod-
ification. When these become available on a commercial
scale, good IP (identity preservation) systems will have to
be in place so that there is no mixing of the regular com-
modity and the premium product. The low-linolenic oil is
of particular interest and its production is expected to be
significant by 2010. However, many of these modified oils

TABLE 2.32 Fatty acid composition of soybean oil

16:0 18:0 18:1 18:2 18:3
Soybean oil (a) 11.0 4.0 23.4 53.2 7.8
Soybean oil (b) 11.5 4.3 25.4 52.0 6.9
sn-1 19.5 7.6 22.0 43.1 7.9
sn-2 2.8 1.1 22.7 66.3 7.1
sn-3 13.0 5.1 31.7 44.8 54

Source: Wang, T., in Gunstone, ED. (Ed.) Vegetable Oils in Food
Technology — Composition, Properties and Uses, Blackwell Pub-
lishing, Oxford, pp. 18-58, 2002.
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TABLE 2.33 Fatty acid composition of soybean oil and selected modified oils

Type 16:0 18:0
Commodity oil 11 4
Low-saturated
3 1
4 3
High-palmitic
25
23 5
High-stearic
26
11 21
High-palmitic and stearic
24 19
22 18
Low-linolenic
10 5
15 6
High-oleic
6 1
9 3

18:1 18:2 18:3 Reference
23 54 8
31 57 9 Liu KeShun, 1999
28 61 3 Reske et al., 1997
16 44 10 Neff and List, 1999
21 47 4 Shen et al., 1997
18 39 8 Neff and List, 1999
63 1 3 Wang, 2002
9 38 10 Neff and List, 1999
9 41 10 Wilson, 1999
41 41 2 Fehr, 1992
32 45 2 Fehr, 1992
86 2 2 Liu KeShun, 1999
79 3 6 Wilson, 1999

Note: Other analyses of low linolenc soybean oils are given by Caiping Su et al., 2003 and Warner et al., 2003.

TABLE 2.34 Fatty acid composition, regiospecific distri-
bution, and triacylglycerol composition of soybean oil

16:0 18:0 18:1 18:2 18:3
sn-1,2,3 10.0 42 25.4 53.4 7.0
sn-2 - - 24.6 69.3 6.2
sn-1,3 15.0 6.3 25.9 45.4 7.4

Note: Major triacylglycerols (determined by RP-HPLC): LLO
15.8%, LLL 15.6%, LLP 12.4%, LOP 9.5%, LOO 8.2%, LnLL
6.6%, LnLO 5.6%, LnLP 3.6%, LOS 3.3%, OO0 3.2%, POO
2.9%, LLSt 2.7%, LnOP 2.0%, other 8.6%. These three-letter
symbols represent all the triacylglycerols containing the desig-
nated fatty acids.

Source: Adapted from Neff, W.E. and List, R., J. Am. Oil Chem.
Soc., 76, 825-831, 1999.

TABLE 2.35 lodine value, content of trans acids, and fatty
acid composition of soybean oil before and after hydrogenation

v % trans  16:0  18:0 18:1 18:2 18:3
sbo 132.0 0 11.2 3.7 22.1 55.0 6.8
(a) 112.6 8.7 11.4 4.7 40.3 40.5 3.0
(b) 109.5 9.1 10.5 44 42.0  40.0 2.9
(c) 97.2 133 12.8 6.5 484 303 1.9
(d) 81.5 31.8 11.3 5.1 72.6 11.0 0
(e) 64.7 39.7 1.3 136 75.2 0 0

Note: (a) hydrogenated soybean oil, (b) hydrogenated and winterised
soybean oil, (c) stearin, (d) shortening oil, (¢) margarine oil. These
are soybean oils hydrogenated to a different degree under different
conditions and for different purposes.

Source: Adapted from List, G.R., Food Technol. 56, pp. 23-31, 2004.

face an uncertain future because of the high cost of gain-
ing regulatory approval for crops that are unlikely to be
grown on a commodity scale. These restrictions will
increase production costs.

Soybean oil contains minor components that are largely
removed during refining. Because they are valuable materials,
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they are generally trapped in an appropriate side stream
and recovered for further use. These include phospholipids
removed during degumming, free acids removed through
neutralisation, and sterols and tocols present in the
deodorizer distillate (Clark, 1996).

The phospholipid concentrate removed from crude seed
oils by degumming is usually referred to as lecithin. Soy-
bean oil lecithin (~3%) is the largest source of commercial
phospholipids. Crude soybean lecithin (Gunstone, 2001
and Wang, 2002) is generally coloured through the pres-
ence of carotenoids, brown pigments, and porphyrins. It
can be bleached by treatment with hydrogen peroxide or
benzoyl peroxide. It is finally dried under reduced pressure
at 60 to 70°C/30 to 60 mm for 3 to 5 hours or with a thin
film evaporator at 80 to 105°C/25 to 300 mm for 1 to 2
minutes. The crude product is mainly a mixture of
phospholipids (~50%) and triacylglycerols (~34%), along
with glycolipids, carbohydrates, and other components at
levels around 7, 7, and 2%, respectively. It is possible to
remove most of the triacylglycerols by “de-oiling” with
acetone to give a lecithin with about 90% of mixed phos-
pholipids (mainly PC 29%, PE 29% and PI and glycolipids
together 32%) and this mixture can be separated further
into an alcohol-soluble portion rich in PC and PE and an
alcohol-insoluble portion rich in PI and PE (Table 2.36).
These products can then be fractionated to give
concentrates of a single phospholipid class, be subjected
to transphosphatidylation to exchange the phosphorus-
containing head group, or be chemically modified by partial
deacylation or partial hydroxylation (of some unsaturated
centres) to change the hydrophilic lipophilic balance
(Szuhaj, 1989 Schneider, 1997; Gunstone, 2001). Lecithin
of appropriate composition is used in animal feed, in choc-
olate/confectionery, in a range of other food products, and
in cosmetic and pharmaceutical preparations. These uses
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TABLE 2.36 Phospholipid composition of oil-free lecithin,
and the alcohol-soluble and alcohol-insoluble fractions

Alcohol- Acohol-
QOil-Free Soluble Insoluble
PC 29 60 4
PE 29 30 29
PI and glycolipid 32 2 55
Other 10 8 12
Emulsion type favoured ~ W/O and O/W O/W W/0

Source: Adapted from Wang, T., in Gunstone, ED. (Ed.) Vegetable
Oils in Food Technology — Composition, Properties and Uses, Black-
well Publishing, Oxford, pp. 18-58, 2002.

take advantage of the amphiphilic properties of phospho-
lipids. Wendel (2000) has provided an interesting historical
account of the lecithin industry.

Soybeans are reported to be a relatively rich source of
sphingolipids, though little is known about how these are
related to variety and to refining procedures, and they
remain an unexploited minor component. These com-
pounds are reported to have many important physiologi-
cal properties (Gutierrer et al., 2004).

Soybean deodorizer distillate, a valuable by-product of
soybean refining, typically contains 11% of tocopherols
(from 0.15 to 0.21% in the oil) and 18% of sterols (from
~0.33% in the oil). It is the most important commercial
source of these materials (Clark, 1996). The sterol blend
(Table 2.41) is a by-product of the isolation of tocopherols,
which carry most of the cost. The potential supply is
estimated at 5 to 6 kt. Another potential source are rape-
seed sterols from the production of bio-fuel. Deodoriser
distillate (especially from physical refining) also contains
free acids that may be more easily separated from the other
components after conversion to methyl esters.

Dolde et al. (1999) and Vlahakis and Hazebroek (2000)
have provided details of fatty acid composition, sterols,
and tocopherols from several canola, sunflower, and
soybean lines. Crude soybean oil is reported to contain
235 to 405 mg/100 g of sterols that are mainly B-sitosterol
(125 to 236), campesterol (62 to 131), and stigmasterol (47
to 77). (See Table 2.47) These are now used for dietary
purposes since phytosterols and their esters are claimed to
have cholesterol-lowering properties. They are also modi-
fied chemically to produce ~75% of the world production
of pharmaceutical steroids.

Solvent-extracted soybean oil contains 1370 mg/kg of
tocols consisting of o~ (10%), B- (1%), y- (64%), and -
tocopherol (25%). This mixture is a powerful antioxidant
and is frequently supplied as acetate that acts as an anti-
oxidant only after it has been hydrolysed in vivo. Anti-
oxidant activity requires a free phenolic group. For use
as vitamin E, where the o compound has the greatest
physiological effect, the product from soybean deodoriser
distillate is usually per-methylated to convert mono- and
di-methyl compounds to the trimethyl form (Clark, 1996
Netscher, 1998). Evans et al. (2002) have discussed the
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relative antioxidant activities of o-, y-, and 8-tocopherols
and recommend optimal concentrations to inhibit soybean
oil oxidation. They conclude that the optimal levels for
antioxidant activity in soybean oil are ~100 ppm for o-
tocopherol and ~300 ppm for y-tocopherol. Mixed soybean
oil tocopherols exert optimal influence at levels of 300 to
600 ppm.

Soap stock resulting from neutralisation is the least
valuable of the by-products recovered during soybean oil
refining. Acidification yields crude fatty acids, which have
been used for the most part in animal feed. The low cost
of this product, however, makes it attractive as a starting
point for biodiesel production, though some difficulties
have to be overcome before the product meets the speci-
fications laid down for this material. (Haas, 2004).

Soybean oil, as such or after partial hydrogenation, is
widely used for food purposes (cooking and salad oils,
spreads and shortenings, mayonnaise and salad dressings).
Nonfood uses (see Chapter 9) include its use as a semi-
drying oil, as a plasticiser after epoxidation, in inks and
lubricants, and as biodiesel after conversion to methyl
esters. Figures for the use of soybean oil as food and for
industrial purposes are given in Table 2.24.

For further information, see the review of Hammond
et al., 2005 and Table 2.43 to Table 2.49.
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2.2.17 Sunflower oil (Helianthus annuus)

The sunflower first grew in the Americas and was taken to
Europe by the Spaniards in the 14th century. From there it
spread to Russia, which along with the Ukraine is now a
dominant production area.

Sunflower seed oil lies fourth after soybean, palm, and
rape/canola, and comes immediately ahead of three land
animal fats (tallow, lard, and butter) in terms of annual
production and consumption. Production peaked at 9.6
million tonnes in 1999 to 2000, after which it fell back
somewhat. There are four major producing countries/
regions, namely EU-25, Russia, Ukraine, and Argentina.
Europe, as the major consumer, is also the largest importer
of oil since it does not produce enough for its own needs.
Russia is also a significant producer and importer of
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sunflower seed oil. Argentina and Ukraine are the domi-
nant exporters (Table 2.37).

Traditional sunflower seed oil, obtained in 40 to 50%
yield by solvent extraction, is a linoleic-rich oil with vir-
tually no linolenic acid. It also contains oleic acid (~20%),
palmitic acid (~6%), and stearic acid (~5%) (Table 2.38 to
Table 2.40). It is widely used as a cooking oil and is valued
as an important component of soft spreads, particularly
in Europe. Figures for the use of sunflower oil as food and
for industrial purposes are given in Table 2.24.

Two variants of sunflower oil, differing in fatty acid
composition, have been developed by traditional seed
breeding methods. One is rich in oleic acid. With 80 to
90% oleic acid, it trades as Sunola or Highsun and is
prized as a high-quality, s table oil. A third oil (Nusun)
with intermediate levels of oleic acid has been developed
in the U.S. It is hoped that this variety will become the
commodity oil in that country, but it is evident from Table
2.37 that the U.S. produces less than 2.5% of the world
supply of sunflower seed oil. The oils with less linoleic

TABLE 2.37 Major countries/regions involved in the
production (from indigenous or imported seed), consumption
(food and nonfood uses), export, and import of sunflower seed
oil in 2004/05 (million tonnes)

Total Countries/Regions
Production 9.08 CIS 3.20, EU-25 1.76, Argentina
1.41, India 0.43, Turkey 0.39, South
Africa, 0.27, China 0.20, US 0.14
Consumption 9.13 CIS 2.56, EU-25 2.38, Turkey 0.49,
India 0.46, South Africa 0.33,
Argentina 0.29, China 0.22, US 0.14
Exports 2.52 Argentina 1.10, CIS 0.95
Imports 2.53 EU-250.72, CIS 0.32, Algeria 0.15,
Egypt 0.13, Turkey 0.11
Seed yield (t/ha)  1.21 CIS 0.96, EU-25 1.89, Argentina

1.84, India 0.62, Turkey 1.68, South
Africa, 1.34, China 1.79, US 1.34

Note: CIS = Commonwealth of Independent States (former Soviet
Union).

Source: Adapted from Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.

TABLE 2.38 Fatty acid composition (% wt) of sunflower oil,
high-oleic sunflower oil (HO), and high-oleic, high-palmitic
sunflower oil (HOHP)

Sunflower Oil HO HOHP
Reference a b c b c b
16:0 6.3 6.4 6.4 4.7 4.0 27.8
18:0 3.7 5.0 4.7 3.8 4.3 1.8
18:1 24.3 29.3 21.0 80.2 724 57.7
18:2 65.3 58.3 67.7 9.5 16.8 2.3
Other 0.4 1.0 0.2 1.8 2.5 10.42

¢ Including 16:1 7.3%.
Source: (a) Noor Lida et al., 2002; (b) Guinda et al., 2003; (c)
Martin-Polvillo, 2004.
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acid and more oleic acid have enhanced oxidative stability
(see AOM figures in Table 2.39).

The triacylglycerol composition of the commodity oil
reflects its fatty acid composition. Linoleic acid-rich sun-
flower oil is rich in triacylglycerols containing two or three
linoleic chains (LLL, LLO, and LLP). Fuller details are
given in Table 2.40, where information is also provided for
variants of the commodity oil. Information on the
regiospecific distribution of fatty acids is available in Table
2.17 and Table 2.26. Guinda et al. (2003) have provided
information on a sunflower oil with enhanced levels of
oleic (58%) and palmitic (28%) acid.

Gupta (2002) reports that the tocopherols (530 to 700
ppm) are almost entirely the o-compound. This makes the
seeds and the crude oil a good source of vitamin E in con-
trast to most other commodity oils (Muller-Mulot, 1976).
Sterols (0.26 to 0.30%) are present as free sterols (72%) and
as sterol esters (28%). Sunflower deodoriser distillate con-
tains about 6% of tocopherols and 5% of sterols (Mareira
et al., 2004). See also Dolde et al. (1999) and Vlahakis and
Hazebroek (2000). The crude oil also contains phospholip-
ids (0.72 to 0.86%) and carotenoids (1.1 to 1.6 ppm).

TABLE 2.39 Fatty acid composition of three types of
sunflower seed oil

Traditional High-Oleic  Mid-Oleic-
Saturated acids 11-13 9-10 <10
Oleic acid 20-30 80-90 55-175
Linoleic acid 60-70 5-9 15-35
Iodine value (approx) 128 79 108
AOM (hours) 10-12 40-50 25-35

Note: Linolenic acid is below 1% in all the oils.

Source: Adapted from Gupta, M.K., in Gunstone, F.D. (Ed.) Veg-
etable Oils in Food Technology — Composition, Properties and Uses,
Blackwell Publishing, Oxford, p.p 128-156, 2002.

TABLE 2.40 Triacylglycerols of sunflower oil (SO), high-
oleic sunflower oil (HOSO), and high-oleic, high-palmitic
sunflower oil (HOHPSO)

SO (1) SO (2) HOSO HOHPSO

LLL 27.2 26.4 5.6

OLL 29.5 25.6 7.5

PLL 9.6 10.9 2.2

OLO 11.0 8.1 9.5 1.3
PLO/StLL 10.0 12.9 4.0 32
000 3.0 1.7 S1.1 12.6
OOPo 8.5
POO/StOL 3.5 4.7 8.7 35.5
POPo 11.9
POP 0.5 18.5
Other 5.7 9.7 9.1

Note: Po = palmitoleic acid. Each three-letter group includes all
triacylglycerols containing the three acyl groups indicated.

Source: SO (1) Noor Lida, HM.D. et al., J. Am. Oil Chem. Soc.,
79, 1137-1144, 2002. SO (2) and HOSO — Martin-Polvillo, M.
et al., J Am. Oil Chem. Soc., 81, 577-583, 2004. HOHPSO —
Guinda, A. et al., Eur. J. Lipid Sci. Technol., 105, 130-137, 2003.

Most samples of crude sunflower oil contain wax (typ-
ically 300 to 600 ppm in the U.S. oils). This comes mainly
from the seed hulls, which have ~10,000 ppm of wax. The
wax causes a haze in the refined oil and is usually removed
by winterisation (cooling and filtering). The wax contains
phytyl and geranylgeranyl esters of long-chain acids as
well as wax esters that are almost entirely saturated. These
last are C, to Cgy,esters (mainly C,, to Cs,) from saturated
acids (mainly C,, and C,,) and saturated alcohols (mainly
C,, to Cy) (Henon et al., 2001; Reiter et al., 2001; and
Carelli, 2002).

Sunflower seeds are used extensively as birdseed and
also as a component of mixed breakfast cereals and on
breads.

For further information, see the review of Grompone
(2005) and Table 2.43 to Table 2.49.
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2.2.18 Tall oil

The term tall oil comes from the Swedish word for pine
oil (tallolja). Tall oil fatty acids are a by-product of the
wood pulp industry and result when pine wood chips are
digested, under pressure, with an alkaline solution of
sodium sulfate or an acidic solution of sodium sulfite. A
mixture of resin acids and fatty acids is produced when
the aqueous alkaline solution is acidified with sulfuric
acid. However, the quantity of sulfuric acid required for
this purpose can be reduced and the quality of the
product improved if the aqueous layer is treated with
carbon dioxide, thereby changing the pH of the solution
from 12 to 8 prior to acidification with sulfuric acid.

Tall oil is produced mainly in North America (~250,000
tonnes) and Scandinavia (~90,000 tonnes) (figures of
10 years ago provided by Hase et al., 1994), but the prod-
ucts from these two sources differ in composition because
of the differences in wood species being pulped. The crude
product is distilled to separate fatty acids (with less than
2% of resin acids) from resin acids (with less than 2% of
fatty acids). The former is a good and cheap source of an
oleic-linoleic acid mixture (75 to 80%) (Table 2.41). How-
ever, tall oil fatty acids contain sulfur compounds that
interfere with catalytic processes, so the acids are not usu-
ally converted to alcohols or to nitrogen-containing com-
pounds by reactions that require catalytic processes. They
are used instead to prepare dimer acids, alkyds and coat-
ings, detergents, and lubricants (in reactions that do not
require a catalyst), and are being examined for use as
solvents, in inks, and for biodiesel production.

TABLE 2.41 Fatty acid composition of tall oil

Source Sat (a) 18:1 18:2 (b) (©) (d)
American 2.5 46 36 2 9 1-5
Scandinavian 2.5 30 45 9 5 1-5

Note: (a) 16:0 + 18:0, (b) pinolenic acid, 5¢9¢12¢-18:3, (c) conju-
gated diene acids, (d) rosin acids and unsaponifiable.

Source: Hase, A. and Pojakkala, S., Lipid Technol., 6, 110-114,
1994.

TABLE 2.42 Average sterol composition of commercial
plant sterols from wood and from vegetable oils

Wood Vegetable Oil
Sitosterol 72.0 45.0
Campesterol 8.2 26.8
Stigmasterol 0.3 19.3
Brassicasterol - 1.6
Sitostanol 15.3 2.1
Campestanol 1.6 0.8
Other sterols 2.6 4.4

Source: Adapted from Salo, P. et al., in Gunstone, ED. (Ed.)
Lipids for Functional Foods and Neutraceuticals, The Oily Press,
Bridgwater, England, 2003, pp. 183-224.

Tall oil pitch is a valuable source of phytosterols (Table
2.42). These are hydrogenated and acylated for use in
cholesterol-lowering spreads.
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2.2.19 Supplementary Tables (Table 2.43a/b to
Table 2.49)

Comment on Tables 2.43 and 2.44. Table 2.43a contains
information on the production of 17 oils and fats (including
animal fats). They are presented as average annual produ-
ction levels (million tonnes) for selected five-year periods
including forecasts made in 2002 for the later periods. The
average figures cited will be close to the actual value
recorded for the mid-year in the 5-year period, i.e., levels
for 1978, 1988, 1998, 2008, and 2018. The final column
represents the figures for 2004 reported in May 2005.
Careful consideration of these figures suggests that levels of
soybean oil and palm oil have risen even more than
predicted. In 1998 (mid-year of the period) the combined
levels of these two oils was 41.8 million tonnes (39.8%).
This figure was predicted to rise to 65.0 million tonnes
(44.3%) in 2008, but had already reached 61.3 million
tonnes (46.8%) in 2004. This suggests that these two oils are
increasingly dominant. This is even truer of transnational
trade in these commodities. In 2004, exports of soybeans at
55.7 million tonnes represent 82.9% of all oilseed exports
and exports of soybean oil and palm oil at 9.1 and 24.1
million tonnes, respectively, represent 19.3% and 51.3% of
total oil and fat exports.

The figures in Table 2.43b cover virtually 100 years, with
figures for pre-World War I, pre-World War II, and post-
World War II. They show that changes in the first half of
the century were modest and gradual with animal fats and
“other vegetable oils” predominating. In the second half
of the century, changes were dominated by the very large
increase in soybean oil and palm oil and, to a lesser extent,
in rapeseed and sunflower oils. Over the 100 years there
was a 10-fold increase in total production.

Fry (cited by Gunstone, 2002) reported that, in the quarter
century 1976 to 2000, consumption of oils and fats increased
at an average rate of 3.7%, equivalent to a doubling every 20
years or so. For animal and marine fats, the increase was only
1.4% and for vegetable oils 4.5%. The four major oils have
increased at average rates of 8.3% for palm oil, 7.3% for
rapeseed oil, 4.5% for sunflower oil, and 4.1% for soybean
oil. These increases result from a combination of higher
yields and of larger areas devoted to their production. The
very large increase in palm oil has come mainly from the
increase in area and only to a minor extent from a rise in
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TABLE 2.43a Past, present, and future production of oils and fats. Figures are average annual production (million tonnes) for
selected S5-year periods between 1976 and 1980 and 2016 and 2020. Those for 2006 to 2010 and 2016 and 2020 are forecasts.

76180 86/90
World total 52.6 75.7
Soybean 11.2 15.3
Palm 3.7 9.2
Rapeseed 3.0 7.5
Sunflower 4.2 7.2
Lauric oils (a) 33 43
Other veg oils (b) 10.0 12.3
Animal fats (c) 17.2 19.8

96/00 06/10 16/20 2004
105.1 146.7 184.8 131.1
23.1 33.6 41.1 30.7
18.7 314 43.4 30.6
12.6 17.7 22.7 14.9
9.1 12.4 17.0 9.5
5.3 7.5 9.8 6.6
14.8 18.6 21.7 16.0
21.3 25.4 29.0 23.1

Note: (a) coconut and palm kernel; (b) cottonseed, groundnut, corn, olive, sesame, linseed, and castor; (c) butter, fish oil, lard, and tallow.
Source: Adapted from The Revised Oil World 2020 — Supply, Demand and Prices, ISTA Mielke GmbH, Hamburg, Germany; revised details
published in 2002. Figures for 2004/05 are adapted from Oil World Annual 2005, ISTA Mielke GmbH, Hamburg, 2005. (In this Table, some
figures have been grouped. They are available in full in the original publication.)

TABLE 2.43b Past and present production of oils and fats. Figures are average annual production (million tonnes and % of total)
for selected periods in the 20th century compared with those for 2004/05.

1909/13
Animal fats 6.5 (49%)
Soybean and palm 0.6 (5%)
Rape and sunflower 1.2 (9%)
Lauric oils 0.9 (7%)
Other vegetable oils 3.9 (30%)
Total 13.1
Per capita (kg/person/year) 7.7

1935/39 1958162 2004/05
8.5 (42%) 11.8 (40%) 23.2 (17%)
1.9 (9%) 4.6 (15%) 65.1 (48%)
1.8 (9%) 3.1 (10%) 25.2 (18%)
2.3 (12%) 2.3 (8%) 6.8 (5%)
5.7 (28%) 8.0 (27%) 16.1 (12%)

20.2 29.8 136.4
9.6 10.3 21.0

Source: Robbelen, G., Downey, R.K., and Ashri, A., (Eds.) Oil Crops of the World, McGraw-Hill, New York, 1989, except for figures for
2004/05 that are adapted from Oil World Annual 2005, ISTA Mielke GmbH, Hamburg, 2005.

TABLE 2.44 Predicted total (million tonnes) and per capita
consumption (kg per annum) on a global basis and for selected
countries/regions throughout the 21st century

2000 2020 2040 2060 2080 2100
Total 114 219 364 542 736 971
Vegetable oils 92 190 328 498 685 914
Population 6.08 7.90 9.23 9.99 10.18  10.35
(billions)

Consumption per person

World 19 28 39 54 72 94
USA 52 68 85 100 113 124
EU-15 47 62 77 90 102 112
China 13 28 49 74 99 122
India 12 21 33 48 66 84

Source: Fry, J., in Gunstone, F.D. (Ed.) Vegetable Oils in Food
Technology — Composition, Properties and Uses, Blackwell
Publishing, Oxford, 2002.

yield, while the three oilseed crops show significant increases
in yield as well as area under cultivation.

Extrapolation of figures for the past 40 years over the
next 100 produces ridiculous conclusions with population
increasing 6-fold to 36 billion, consumption per person of
oils and fats increasing to a world average of 110 kilos per
annum, and world production of 4 billion tonnes in 2100.
More reasonably, it is now widely accepted that the world
population will level out half way through the century at
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around 10 billion and Fry has made other assumptions
about growth in personal GDP (gross domestic product)
and the link between income and fat consumption. On
this basis, he has calculated the production of total oils
and fats and of vegetable oils and disappearance on a
world basis and for the four major countries/regions —
the U.S., EU-15, China, and India (Table 2.44). Vegetable
oil production is expected to exceed 900 million tonnes by
the end of the present century. It is not suggested that
dietary consumption will reach these high levels. In the
second half of the century, levels of oils and fats used for
oleochemical purposes, including the preparation of
methyl esters for use as biofuels, are expected to rise con-
siderably. Reaney et al. have written, “If present trends
continue, biodiesel will grow to become the largest market
for triglyceride oil, expanding in size beyond current mar-
kets for food, feed, and industrial products. In spite of the
diversion of food crops to energy production, it is antici-
pated that technology development will enable agricul-
tural production to meet future needs”.

Fry considers that oil-bearing plants could meet these
requirements on the basis of an annual increase in yield
of 1.50%. The present yield of 0.59 tonnes/hectare will
increase to 2.03 tonnes/hectare (4.41-fold) and the
required area of cultivation will rise from 156 to 352
million hectares (2.26-fold) by the end of the century.
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TABLE 2.45 Production, consumption, imports, and exports of 17 oils and fats (million tonnes) by country/
region for the calendar years 2000 to 2004 by country/region

World

EU-25
CIS

UsS
Canada
Argentina
Brazil
China
India
Malaysia
Indonesia

World

EU-25
CIS

usS
Canada
Argentina
Brazil
China
India
Malaysia
Indonesia

Production Consumption
2000 2001 2002 2003 2004 2000 2001 2002 2003 2004
114.8 117.6 120.6 1254 131.1 113.3 117.9 121.5 125.7 130.9
17.1 17.0 16.9 16.8 16.9 19.7 20.5 20.8 21.4 21.9
3.9 3.7 3.8 4.5 4.9 4.1 4.5 4.7 4.9 5.1
15.6 15.4 15.8 15.2 14.7 14.2 14.4 14.3 14.3 14.5
2.2 2.0 1.8 2.0 2.3 1.4 1.4 1.4 1.4 1.4
5.7 5.1 5.6 6.3 6.1 0.9 0.8 0.8 0.9 0.9
53 5.8 6.4 6.9 7.2 4.5 44 44 4.6 4.6
14.9 16.1 16.1 16.5 17.2 17.5 19.1 20.4 22.3 24.4
6.7 6.7 7.1 6.5 8.3 11.7 12.1 12.2 12.0 12.5
12.4 13.5 13.5 15.1 15.8 2.5 2.6 2.7 2.8 3.0
8.6 9.6 11.1 12.4 14.1 33 3.5 3.6 3.8 39
Imports Exports
35.62 38.22 40.94 44.12 46.55 35.98 38.19 40.72 44.25 46.02
5.03 5.68 6.21 6.40 6.90 2.54 2.13 2.31 1.95 1.88
1.05 147 1.58 1.46 1.38 0.83 0.72 0.75 1.16 1.23
1.75 1.80 1.83 1.67 2.18 2.75 2.74 3.50 2.96 244
0.37 0.39 040 0.39 0.40 1.14 1.00 0.88 093 1.33
0.03 0.03 0.02 0.04 0.03 475 4.52 4.67 541 5.57
0.34 022 0.27 0.16 0.14 1.15 1.78 2.14 247 2.68
294 3.07 4.35 6.20 741 0.15 0.14 0.10 0.07 0.07
533 541 5.17 546 4.79 0.26 0.27 0.20 023 0.34
042 0.65 0.81 091 1.22 9.92 11.62 11.81 13.37 13.64
0.08 0.09 0067 0.07 0.06 545 593 7.78 8.56 10.28

Note: These figures cover 17 oils and fats including four of animal origin. CIS = Commonwealth of Independent States
(former Soviet Union).
Source: Adapted from Oil World Annual 2005, ISTA Mielke GmbH, Hamburg, 2005.

TABLE 2.46a Range of fatty acid composition for some major oils taken from the Codex Alimentarius

Acid

6:0

8:0

10:0
12:0
14:0
16:0
16:1
17:0
17:1
18:0
18:1
18:2
18:3
20:0
20:1
20:2
22:0
22:1
22:2
24:0
24:1

Coconut
ND-0.7

4.6-10.0
5.0-8.0

45.1-53.2

16.8-21.0
7.5-10.2

ND

ND

ND
2.0-4.0
5.0-10.0
1.0-2.5

ND-0.2

ND-0.2

ND-0.2

ND

ND

ND

ND

ND

ND

Corn
ND

ND
ND
ND-0.3
ND-0.3
8.0-16.5
ND-0.5
ND-0.1
ND-0.1
ND-3.3
20.0-42.2
34.0-65.6
ND-2.0
0.3-1.0
0.2-0.6
ND-0.1
ND-0.5
ND-0.3
ND
ND-0.5
ND

Cottonseed
ND

ND
ND
ND-0.2
0.6-1.0
21.4-26.4
ND-1.2
ND-0.1
ND-0.1
2,133
14.7-21.7
46.7-58.2
ND-0.4
0.2-0.5
ND-0.1
ND-0.1
ND-0.6
ND-0.3
ND-0.1
ND-0.1
ND

Groundnut

ND

ND
ND
ND-0.1
ND-0.1
8.0-14.0
ND-0.2
ND-0.1
ND-0.1
1.04.5
35.0-69.0
12.0-43.0
ND-0.3
1.0-2.0
0.7-1.7
ND
1.5-4.5
ND-0.3
ND
0.5-2.5
ND-0.3

Palm
ND

ND
ND
ND-0.5
0.5-2.0
39.3-47.5
ND-0.6
ND-0.2
ND
3.5-6.0
36.0-44.0
9.0-12.0
ND-0.5
ND-1.0
ND-0.4
ND
ND-0.2
ND
ND
ND
ND

Palm Olein
ND

ND
ND
0.1-0.5
0.5-1.5
38.0-43.5
ND-0.6
ND-0.2
ND-0.1
3.5-5.0
39.8-46.0
10.0-13.5
ND-0.6
ND-0.6
ND-0.4
ND
ND-0.2
ND
ND
ND
ND

Palm Stearin
ND

ND

ND
0.1-0.5
1.0-2.0

48.0-74.0

ND-0.2

ND-0.2

ND-0.1
3.9-6.0

15.5-36.0
3.0-10.0

ND-0.5

ND-1.0

ND-0.4

ND

ND-0.2

ND

ND

ND

ND

Note: ND = not detected

Source: Food and Agriculture Organization (FAO).
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TABLE 2.46b Range of fatty acid composition for some major oils taken from the Codex Alimentarius

Acid Palm Kernel LEAR Rapeseed Sesame Soybean Sunflower Sunflower HO
6:0 ND-0.8 ND ND ND ND ND ND

8:0 24-6.2 ND ND ND ND ND ND

10:0 2.6-5.0 ND ND ND ND ND ND

12:0 45.0-55.0 ND ND ND ND-0.1 ND-0.1 ND

14:0 14.0-18.0 ND-0.2 ND-0.2 ND-0.1 ND-0.2 ND-0.2 ND-0.1
16:0 6.5-10.0 2.5-7.0 1.5-6.0 7.9-12.0 8.0-13.5 5.0-7.6 2.6-5.0
16:1 ND-0.2 ND-0.6 ND-3.0 0.1-0.2 ND-0.2 ND-0.3 ND-0.1
17:0 ND ND-0.3 ND-0.1 ND-0.2 ND-0.2 ND-0.2 ND-0.1
17:1 ND ND-0.3 ND-0.1 ND-0.1 ND-0.1 ND-0.1 ND-0.1
18:0 1.0-3.0 0.8-3.0 0.5-3.1 4.8-6.1 2.0-54 2.7-6.5 2.9-6.2
18:1 12.0-19.0 51.0-70.0 8.0-60.0 35.9-42.3 17.0-30.0 14.0-39.4 75.0-90.7
18:2 1.0-3.5 15.0-30.0 11.0-23.0 41.5-47.9 48.0-59.0 48.3-74.0 2.1-17.0
18:3 ND-0.2 5.0-14.0 5.0-13.0 0.3-0.4 4.5-11.0 ND-0.3 ND-0.3
20:0 ND-0.2 0.2-1.2 ND-3.0 0.3-0.6 0.1-0.6 0.1-0.5 0.2-0.5
20:1 ND-0.2 0.1-4.3 3.0-15.0 ND-0.3 ND-0.5 ND-0.3 0.1-0.5
20:2 ND ND-0.1 ND-1.0 ND ND-0.1 ND ND

22:0 ND-0.2 ND-0.6 ND-2.0 ND-0.3 ND-0.7 0.3-0.5 0.5-1.6
22:1 ND ND-2.0 >2.0-60.0 ND ND-0.3 ND-0.3 ND-0.3
22:2 ND ND-0.1 ND-2.0 ND ND ND-0.3 ND

24:0 ND ND-0.3 ND-2.0 ND-0.3 ND-0.5 ND-0.5 ND-0.5
24:1 ND ND-0.4 ND-3.0 ND ND ND ND

Note: ND = not detected

LEAR = low-erucic rapeseed oil (canola)

HO = high-oleic

Source: Food and Agriculture Organization (FAO).

TABLE 2.47 Sterols (mg/100 g oil) in a range of crude vegetable oils

Camp Stigma Sito A-5-Ave Total Esterified Free
Coconut 7.8 12.5 48.6 - 68.9 26.3 41.5
Corn 200.5 67.7 645.7 10.4 924.3 423.3 485.5
Cotton (a) 333 5.0 401.8 19.4 459.5 87.1 402.0
Olive (b) 1.7 - 130.3 443 176.3 30.6 151.4
Palm 13.9 9.5 42.6 33 69.3 16.3 49.2
Palm olein 19.5 10.5 51.0 - 81.0 23.0 55.8
Peanut (c) 37.8 21.9 169.0 - 228.7 73.2 133.4
Rapeseed 293.0 - 419.8 110.9 823.8 4754 336.2
Soybean 57.1 57.7 173.4 13.5 301.7 78.7 239.4
Sunflower (d) 41.0 33.7 265.3 43.2 383.2 114.0 285.5

Note: Major sterols are campesterol, stigmasterol, sitosterol, and A-5-avenasterol. (a) degummed, (b) cold pressed, (c)
refined, (d) bleached.

Source: Adapted from Verleyen, T. et al., J. Am. Oil Chem. Soc., 79, 117-122, 2002. The original paper contains further
information on processed oils and details individual sterols that are free and esterified.

TABLE 2.48 Content of eight tocols in selected vegetable oils, animal fats, and nuts and berries

Tocopherols (mg/100g) Tocotienols (mg/100g)
o- B- v- A- total o B Y A total
Soybean 10 59 26 96 0
Palm 26 32 7 65 14 3 29 7 53
Rapeseed 17 35 1 53 0
Sunflower 49 5 1 55 0
Groundnut 13 22 2 37 0
Coconut 0.5 0.6 1 0.5 2 0.6 3
Olive 20 1 1 22 0
Corn 11 5 60 2 78 0
Safflower 39 17 24 80 0
Sesame 1 1 24 3 290 0
Hemp 150 150 0
(Continued)
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TABLE 2.48 Continued

Tocopherols (mg/100g)

Tocotienols (mg/100g)

Wheatgerm 121 65 24 25 235 2 17 19
Rice 12 4 5 21 18 2 57 77
Barley 35 5 5 45 67 12 12 91
Oats 18 5 5 30 18 3 21
Rye 74 17 104 192 0
Butter 2 2 0
Lard 1 1 1 1
Margarine 7 51 3 62 0
Eggs 2 0.6 0.4 3 0
Almonds 27 1 28 1 1
Walnuts 1 17 2 20 0
Peanuts 11 8 19 0
Pistachios 3 30 1 34 1 4 5
Pecans 1 2 21 0
Cashew 4 4 0
Avocados 3 3 0
Green peas 6 1 7 0
Sea buckthorn (a) 200 10 15 10 235 3 5 3 1 12
Sea buckthorn (b) 100 20 100 10 230 5 5 5 2 17
Gooseberry 19 55 5 79 0
Jostaberry 59 73 4 136 0
Blackcurrant 60 103 7 170 0
Evening primrose 16 42 7 65 0
Redcurrant 26 3 87 29 145 0
Cloudberry 60 140 200 0
Raspberry 50 240 40 330 0
Cranberry 20 10 30 150 150
Lingonberry 20 10 30 120 120
Bilberry 20 10 30 70 70

Note: Blank values indicate nothing was detected. Other sources with tocols below 1 are cited in the original reports.

(a) pulp, (b) seed

The values cited in this table do not agree entirely with those cited in the text.

Source: Adapted Stone W. L. and Papas A., in Gunstone E.D. (Ed.) Lipids for Functional Foods and Nutraceuticals, The
Oily Press, Bridgwater, England, 2003; Papas A.M., The Vitamin E Factor, Harper Collins, New York, 1999; and Baoru

Yang, Lipid Technol., 15, 125-130, 2003.

TABLE 2.49 Some physical and chemical properties of major vegetable oils

Sapon. Nonsap

Specific gravity Temp °C Refractive index 40°C Iodine value value (%)
Canola 0.914-0.920 20/20 1.465-1.467 110-126 182-193 <2.1
Castor 0.956-0.970 15.5/15.5 1.466-1.473 81-91 176-187
Cocoa butter 0.973-0.980 25125 1.456-1.458 32-40 192-200 0.2-1.0
Coconut 0.908-0.921 15.5/15.5 1.448-1.450 6-11 248-265 <l.5
Corn 0.917-0.925 15.5/15.5 1.465-1.468 107-128 187-195 1-3
Cottonseed 0.918-0.926 20/20 1.458-1.466 100-115 189-198 <2
Groundnut 0.914-0.917 20/20 1.460-1.465 86-107 187-196 <I.1
Linseed 0.924-0.930 25/25 1.472-1.475 170-203 188-196 0.1-2.0
Olive 0.910-0.916 20/20 1.468-1.470(20) 75-94 184-196 1.5
Palm 0.891-0.899 50/20 1.449-1.455(50) 50-55 190-209 <14
Palm kernel 0.899-0.914 40/20 1.452-1.488 14-21 230-254 <I.1
Palm olein 0.899-0.920 40/20 1.458-1.459 >55 194-202 <l4
Palm stearin 0.881-0.891 60/20 1.447-1.451 <49 193-205 <1.0
Rice bran oil 0.916-0.921 25/25 1.465-1.468 99-108 181-189 3-5
Sesame 0.915-0.923 20/20 1.465-1.469 104-120 187-195 <2.1
Soybean 0.919-0.925 20/20 1.466-1.470 124-139 189-195 <1.6
Sunflower 0.918-0.923 20/20 1.467-1.469 118-145 188-194 <1.6

Source: Adapted from Firestone, D. (Ed.) Official Methods and Recommended Practices of the American Oil Chemists’ Society:
Physical and Chemical Characteristics of Oils, Fats and Waxes, AOCS Press, Champaign, IL, 1997, reprinted as a book and disc, 1999.
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2.3
2.3.1

There is no accepted definition of “minor oil,” so it is
necessary to indicate how this term will be interpreted here.
Fatty oils produced in such large amounts that they are
recognised as commodity oils have been discussed in
Section 2.2 (Major Oils from Plant Sources). But, in
addition, there is a wide range of oils produced, sold, and
used in still lower quantities. The list is almost endless and
the author has made his own selection based on the
frequency with which they are reported in the literature and
their appearance in lists of specialist oil suppliers. These are
presented below in alphabetical order after some general
points have been made.

These minor oils are generally of interest because they
contain a fatty acid or other component that gives the oil
interesting dietary or technical properties. Such oils are
usually available in only limited quantities and, if they are
to be marketed, it is essential to ensure that the sources
located will provide a reliable and adequate supply of good
quality material. If the oils are to be used as dietary sup-
plements, as health foods, as gourmet oils, or in the cos-
metics industry, it is important that the seeds be handled,
transported, and stored under conditions that maintain
quality. It may also be necessary to consider growing the
crops in such a way as to minimise the level of pesticides.

Many fruits are now processed at centralised facilities.
This means that larger quantities of “waste products” are
available at one centre and can be more easily treated to
recover oil and other valuable by-products. This is partic-
ularly relevant in the fruit industry where pips, stones, and
kernels are available in large quantities.

Extraction can be carried out by cold pressing at tem-
peratures not exceeding 45°C, pressing at higher temper-
atures, and/or solvent extraction. Solvent extraction is not
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favoured for high-quality gourmet oils. Supercritical fluid
extraction with carbon dioxide is an acceptable possibility,
but only limited use is made of this method. A further
possibility is to use enzymes to break down cell walls
followed by extraction under the mildest possible condi-
tions. Some specialty oils, such as walnut, virgin olive,
hazelnut, and pistachio, can be used as expressed, merely
after filtering, but for others some refining is generally
necessary. If the oil has a characteristic flavour of its own,
it may be desirable to retain this, and high-temperature
deodorisation must then be excluded or operated at the
lowest possible temperature. Once obtained in its final
form, the oil must be protected from deterioration —
particularly by oxidation. This necessitates the use of
stainless steel equipment, blanketing with nitrogen, and
avoiding unnecessary exposure to heat and light. At the
request of the customer, natural and/or a synthetic anti-
oxidant can be added to provide further protection.

Useful information related to this topic can be found
in the following: Eckey (1954), Robbelen et al. (1989),
Pritchard (1991), Kamel et al. (1994), Padley (1994),
Ucciani (1995a), Firestone (1996), Abbott et al. (1997),
Mazza (1998), Gunstone (1999, 2001), CTFA (2002),
Bhattacharrya (2002), Aitzetmuller et al. (2003), Connock
(website), Statfold oils (website), and Ienica (website).
Other web sites also furnish information on many of the
individual oils. For all the oils, a fatty acid composition
has been reported and information about the minor com-
ponents (tocopherols, sterols, carotenes, etc.) is also some-
times available. Based on this, claims are frequently made
for the superior properties of these oils. These may be
valid, but there are few, if any, where tests have been
carried out to support the claims.

Most vegetable oils contain only three acids at levels
exceeding 10% [palmitic (16:0), oleic (18:1), and linoleic
(18:2)] and these three frequently having a combined level
of 90% or more. This means that other acids, such as
A9-hexadecenoic, stearic, or linolenic acid are generally
present at low levels, if at all. The many oils of this type
can be subdivided into those in which oleic acid domi-
nates, those in which linoleic dominates, and those in
which these two acids are present at similar high levels.
Palmitic acid, though always present, is seldom the
dominant component. Beyond these, however, are some
oils with less-common acids, sometimes at quite high
concentration.

2.3.1.1 Short and medium chain acids

While most oils contain virtually only C,, and Cig fatty
acids, a small number are characterised by a dominance of
acids of shorter chain lengths. Two commodity oils
(coconut and palm kernel) are known collectively as lauric
oils because they contain around 50% of lauric acid (12:0)
accompanied by 8:0, 10:0, and 14:0 at lower levels
(Gunstone, 2002). Among the minor oils, there are some
with a similar lauric-rich fatty acid composition (e.g.,
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babassu) and some in which the shorter chain acids
dominate as in the cuphea oils (Table 2.51 and Table 2.55).

2.3.1.2 Stearic acid

Stearic acid is more significant in fats from domesticated
land animals (especially sheep) than in vegetable oils.
Nevertheless, there are some oils in which stearic acid
accompanies palmitic and oleic acids as a major component.
This holds for cocoa butter (palmitic acid ~26%, stearic acid
~34%, and oleic acid ~35%) and for a range of tropical fats
with similar chemical composition and similar physical
properties (Table 2.54).

2.3.1.3 Hexadecenoic and erucic acids

Oleic acid (18:1) is the most common monounsaturated acid
and also the most common acid produced in nature. There
are, however, some other monounsaturated acids that
become significant in certain vegetable fats. These may be
isomers of oleic acid with the unsaturated centre different
from the common A9 (such as petroselinic and cis-vaccenic)
or they may be acids of different chain length of which the
most common are hexadecenoic (16:1), present in
macadamia oil and sea buckthorn oil as well as erucic acid
(22:1) in some forms of rapeseed oil and in crambe oil.

2.3.1.4 Petroselinic acid

Petroselinic acid (A6¢-18:1) is an uncommon isomer of
oleic acid that is present at high levels in a restricted range
of seed oils — especially those from plants of the
Umbelliferae family. Oleic acid is usually present also at
lower levels. With unsaturation starting on an even carbon
atom, the A6 acid has a higher melting point than isomers
in which unsaturation starts on an odd carbon atom, such
as oleic. Petroselinic acid melts at 29°C compared with 11°C
for oleic acid. It is formed in seeds by an unusual
biosynthetic pathway. The unsaturated centre is introduced
at the C;, stage by a A4-desaturase and desaturation is
followed by chain elongation.

16:0 —A4-16:1 —A6-18:1

2.3.1.5 vy-Linolenic acid (GLA)

The most common polyunsaturated fatty acids occurring in
seed oils are linoleic acid (A9,12-18:2) and o-linolenic acid
(A9,12,15-18:3), but in a few species the o-linolenic acid is
accompanied or replaced by y-linolenic acid (A6,9,12-18:3,
GLA) that is now recognised as a fatty acid with beneficial
health properties. It is a biological intermediate in the
conversion of freely available linoleic acid to the important,
but less readily available, arachidonic acid. This change is a
three-step process involving A6-desaturation, elongation,
and AS5-desaturation of which the first step is considered to
be rate-determining.

9,12-18:2 — 6,9,12-18:3 — §,11,14-20:3- — 5,8,11,14-20:4

linoleic arachidonic
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A similar sequence of changes converts o-linolenic acid
first to stearidonic acid (A6,9,12,15-18:4) and then to
eicosapentaenoic acid (20:5) and docosahexaenoic acid
(22:6). Echium oil serves as a source of stearidonic acid
and GLA is present in a number of seed oils of which
three are commercially available (blackcurrant, borage,
and evening primrose). A case has been made for incor-
porating this acid into our dietary intake and companies
have been growing the required seeds and producing these
oils (see Borage).

2.3.1.6 Acids with conjugated unsaturation

As indicated above, the most common polyunsaturated
fatty acids in vegetable oils have methylene-interrupted
patterns of unsaturation. However, acids with conjugated
unsaturation are present at high levels in a small number of
seed oils. These are mainly 18:3 acids with unsaturation at
A9,11,13 or A8,10,12, and are all derived metabolically
from linoleic acid. There are also some tetraene acids
(A9,11,13,15-18:4) derived from o-linolenic acid.
Conjugated diene acids occur only very rarely in seed oils.
The intensive study of the animal-derived conjugated
linoleic acids (18:2) has led to consideration of the potential
value of the plant-derived conjugated trienes and tetraenes.

2.3.1.7 Cocoa butter alternatives

Cocoa butter is an important commodity that carries a
premium price. Cheaper alternatives with similar physical
properties, such as materials derived from lauric oils, can be
used, but products containing these fats cannot be called
chocolate and are generally described as confectionery fats.
However, in a number of countries, including those of the
EU, products designated chocolate can contain up to 5% of
fats other than cocoa butter taken from a prescribed list.
These include palm mid-fraction and five tropical fats listed
in Table 2.54.

A brief account of over 100 minor oils follows. These
are presented in alphabetical order and fatty acid compo-
sition data are collected together in Table 2.50 and Table
2.51. By perusal of these tables, it is easy to compare fatty
acid composition. Those who have access to the second
edition of this work will find details of earlier work on
some minor oils in Padley’s extensive survey of this topic
(1994).

2.3.2

Aceituno oil comes from trees grown in Central and South
America. The nuts furnish an oil (30%) rich in oleic acid
(Table 2.50). The major triacylglycerols are SOO (42%),
SOS (29%), and OO0 (15%), where S and O represent
saturated acids and oleic acid respectively (Ucciani, 1995a).

Aceituno (Simarouba glauca)
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Acorns, containing about 5% oil, are important components
of the diets of free-range pigs. A recent study of three

Acorn (Quercus spp)
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TABLE 2.50 Fatty acid composition of minor oils rich in C,5 and C,5 acids

Qil

Aceituno
Acorn
Alfalfa
Allanblackia
Almond
Amaranthus
Ambrette
Apricot
Argan
Argemone
Arnebia
Avocado
Babassu
Baobab

Basil
Blackcurrant
Borage
Borneo tallow
Buffalo gourd
Calendula
Camelina
Camelina
Candlenut
Candlenut (kukui)
Caraway
Carrot
Cashew
Chaulmoogra
Cherry
Chestnut
Chia

Chinese vegetable tallow

Coffee robusta
Coffee arabica
Cohune
Coriander
Crambe
Cranberry
Cuphea

Cupuacu date seed
Date
Dimorphotheca
Echium
Euphorbia lathyris
Euphorbia lagascae
Evening primrose
Grapeseed
Gevuina

Hazelnut

Hemp

Honesty

Hyptis

Illipe

Jatropha curcas
Jojoba

Kapok

Karanja

Kiwi

Kokum

Kusum
Lesquerella

Lupin

16:0

12
14

19
26

12-15

10-20

25-46
6-11

15
9-11
75
32
34

10-17

2
48

18:0

28
1-3

>50

3

1

46

6-12

22-35

2-4

5-10

2-9

52-56
2-6

18:1 18:2
58
57-63 17-22
34
>40
65-70
22 45
33 37
66 29
42-47 31-37
28-29 ~55
14 23
60-70 10-15
21-39 12-29
9-13 18-31
35
25 62
28-34
10-20 16-24
14-20 19-24
17-25 38-45
24-29 33-39
57-65 16-18
30-40 40-50
54 25
7-8 20-21
20-25
13 41
8 44
25 38
39-47 39
80-85
19 9
12-25 60-76
74-80 6-8
8-15 53-60
22-31
36-64 18-45
21 37
44-71 2-18
13 16
39-42 0-2
40-67 2-17
15 7
45 25

45

44-65

30-40
27-35
25-30
21-30

52-63

28

15-25

51-64

63

11

Other

GLA 3,SA 4

See Table 2.51

See Table 2.53
See Table 2.53

Cal 53-62
See text
See text

Pet 35-43
Pet 66-73

See text
Elst 6-12

See text

See Table 2.51
Pet 31-75
Er 50-55

See Table 2.55
Ar 10-12

See Table 2.51
See text

See Table 2.53

Ver 64
See Table 2.53

See text

See text

GLA 0-5, SA 0-3
Er 41, Ner 22

See text

See Borneo tallow

See text

CP acids 13

Ar 2-5, Eic 9-12
Sat 8

Ar 20-31
See text
20:0, 22:0. 20:1, 22:1; see text
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TABLE 2.50 Continued

Oil 16:0 18:0 18:1 18:2 18:3 Other
Macadamia 55-65 Hex 16-23, Eic 1-3
Mahua 22-37 19-24 37-46

Mango 3-18 24-57 34-56 1-13

Mango 10 35 49 5

Manketti 18-24 39-47 See text
Marula 11 7 75 5

Meadowfoam See text
Melon 11 7 10 71 See text
Melon 12 11 14 63 See text
Moringa 12 4 77 2 2 Eic 2
Mowrah 27 9 39 24 See text
Mowrah 15-32 16-26 32-45 14-18 See text
Murumuru See Table 2.51
Mustard 23 9 10 Eic 8 Er 43
Mustard 3 2 64 17 10 See text

(low erucic)

Neem 16-19 15-18 46-57 9-14 Ar 1-3

Ngali See Table 2.58
Nigella 10 35 45 See text
Niger 6-11 6-11 6-11 71-79

Nutmeg See Table 2.51
Oats 13-28 19-53 24-53 1-5

Oiticica See text
Parsley Pet 80
Passionfruit 8-12 2-3 13-20 65-75

Peach 9 67 21

Pecan 5-11 49-69 19-40

Perilla 13-15 14-18 57-64

Phulwara butter 61 3 31 5

Pistachio 10 3 69 17

Plum 71 16

Poppy 10 11 72 5

Pumpkin 4-14 5-6 21-47 35-59

Pumpkin (white) 10.7 8.1 30.0 48.5

Pumpkin (black) 5.7 6.2 34.9 52.1

Purslane 15 4 18 33 26 See text
Raspberry 3 9 55 33 See text
Ricebran 16 42 37

Rose hip 8 54 32 Sat 5

Rubber seed 9-11 8-12 17-30 3541 14-26

Sacha inchi 6-9 34-39 47-51 Sat 5-7

Sal 2-8 35-48 35-42 2-3 Ar 6-11
Salicornia bigelovii 8 12 74

Sea buckthorn See Table 2.59
Shea 4-8 23-58 33-68 4-8

Shikoin See text
Sisymbrium irio 6 2 12 17 35 See text
Stillingia 13 23 47 See Chinese vegetable tallow
Tamanu 12 13 34 38

Teaseed 5-17 58-87 7-17

Tobacco >70

Tomato 12-16 16-25 50-60 ~2

Tung Elst ~69
Ucuhuba See Table 2.51
Vernonia See text
Walnut 50-60 13-15

Watermelon 9-11 13-19 62-71

Wheatgerm ~60 5

Notes: Headings refer to palmitic, stearic, oleic, linoleic, and o-linolenic acid.
Ar = arachidic, Cal = calendic, CP = cyclopropene acids, Eic = eicosenoic acid, Elst = eleaostearic acid, Er = erucic acid,
GLA = vy-linolenic acid, Hex = hexadecenoic acid, Ner = nervonic acid; Pet = petroselinic acid,
SA = stearidonic acid, Ver = vernolic acid, Sat = saturated acids

Useful information on many of these oils and on many others is be found in the SOFA database described by Aitzetmiiller et al., 2003.
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TABLE 2.51 Seed oils containing short and medium chain fatty acids (see also cuphea oils in Table 2.55)

8:0 10:0 12:0 14:0
Babassu 6 4 45 17
Cohune 7-9 6-8 44-48 16-17
Date (deglit nour) 18 10
Date (allig) 6 3
Murumuru 42 37
Nutmeg 3-6 76-83
Pycnanthus kombo 5 62
Ucuhuba 13 69

16:0 18:0 18:1 18:2 Other
9 3 13 3
7-10 34 8-10 1
11 41 12
15 48 21

See text
4-10 5-11 0-2
3 6 14:1 24
7 + +

species (Querces ilex, Q. suber, Q. faginea) details their
fatty acids (Table 2.50), triacylglycerols (rich in OOO,
POO, PLO, and PPL), and unsaponifiable components.
These oils are particularly rich in sterols (8.6-11.4g/kg,
80% [-sitosterol) and may be a useful source of
phytochemicals (Leon-Camacho et al., 2004). The oils
extracted by hexane and by supercritical carbon dioxide
have been compared in respect of fatty acid and
triacylglycerols, sterols, tocopherols, and phospholipids
by Lopes and Bernardo-Gil (2005).

234  Alfalfa (Medicago sativa and M. falcate)

Alfalfa seeds (M. sativa) contain only 7.8% of a highly
unsaturated oil (Table 2.50) rich in carotenes and in lutein.
It has been claimed that the seeds lower LDL cholesterol in
patients with hyperlipoproteinemia and that the oil reduces
erythema caused by sunburn (Firestone, 1996; Connock,
website).

2.3.5 Allanblackia (4llanblackia floribunda and

other species)

Allanblackia nuts are unusual in containing a stearic-rich
oil (Table 2.50). They are being grown in Ghana to produce
a useful crop providing useful local employment (Anon.,
2005b).

2.3.6  Almond (Prunus dulcis, P. amygdalis,

Amygdalis communis).

Almond oil is an oleic-rich oil (65 to 70%) also containing
linoleic, palmitic, and minor acids (Table 2.50) though its
fatty acid composition can vary widely. Its major
triacylglycerols (Prats-Moya et al., 1999) are OOO (38%)),
OOL (24%), and OOP (11%). Cherif et al. (2004) have
reported fatty acid and triacylglycerol composition for
three almond cultivars during maturation. Like other
low-saturated, high-monounsaturated oils, almond oil
shows high oxidative and cold-weather stability (slow to
deposit crystals). The oil is commonly used in skin-care
and massage products because of its nongreasy nature,
good skin feel, reasonable price, and consumer appeal.
Almond nuts are reported to lower cholesterol levels and
the FDA permits the following claim for a limited range
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of nuts, including almonds: “Scientific evidence suggests,
but does not prove, that eating 1.5 ounces per day of
most nuts as part of a diet low in saturated fat and
cholesterol may reduce the risk of heart disease.”
(Ucciani, 1995a, Firestone, 1996, Bernardo-Gil, 2002,
Watkins, 2005).

2.3.7

Amaranthus is a grain with only low levels (6 to 9%) of
oil. A study of 21 accessions gave the following results: oil
content 5 to 8% (mean 6.5), palmitic 8 to 22%, stearic 1 to
4%, oleic 16 to 25%, linoleic 41 to 61% (mean values are
cited in Table 2.50), tocopherols 2.8 to 7.8 mg/100g of
seed. The average content of tocopherols is 4.94 mg/100g
of seed with the major components being o- and [-
tocopherols at 2.17 and 1.66 mg/100g seed, respectively
(Budin et al., 1996). The high level of B-tocopherol is
unusual and in contrast to the results of an earlier study
(Lehmann et al., 1994). Another study of five accessions
shows palmitic (21 to 24%), oleic (23 to 31%), and linoleic
acid (39 to 48%) as the major components and gives
details of the triacylglycerol composition (Jahaniaval
et al., 2000). Amaranthus oil is unusual among vegetable
oils in its relatively high level (6 to 8%) of squalene and
this concentration can be raised 10-fold by short-path,
high-vacuum distillation. There is no other convenient
vegetable source of this C;, hydrocarbon other than olive
oil (see Section 2.2), which has a squalene level of 0.3 to
0.7% rising to 10 to 30% in its deodoriser distillate (Sun
et al., 1997).

Amaranthus (Amaranthus cruentus)

2.3.8 Ambrette (Abelmoschus moschatus)

Ambrette is cultivated in Asia, Africa, and South America
for its seeds with their characteristic musky odour. The
seeds also contain ~16% of oil and it is used in India as a
minor edible oil comparable to groundnut oil. Its fatty acid
composition is cited in Table 2.50 (Rao et al., 1982).

2.3.9 Apricot (Prunus armeniaca)

Apricot seed oil is used in cosmetics, particularly as a skin-
conditioning agent, and is also available as a gourmet oil
for food use. It generally contains oleic (58 to 74%) and
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linoleic acids (20 to 34%) with the results for one study
being given in Table 2.50. With its low content of
saturated acids, it shows excellent cold weather stability.
The fatty acid composition of the phospholipids has been
reported and tocopherol levels are given as 570 to 900
mg/kg. (Kamel et al., 1992; Anon., 1993; Ucciani, 1995°;
Zlatanov et al., 1998).

2.3.10 Argan (Argania spinosa)

The argan tree grows mainly in Morocco and also in
Israel. Its seeds contain about 50% of an oil rich in oleic
and linoleic acids (Table 2.50). Sterols, phenols,
tocopherols, and carotenoids are present in the
unsaponifiable portion of the oil (~1.0%) and give the oil
high oxidative stability. It is used locally to protect and
soften skin. The pressed oil has a nutty flavour and is
used in food preparation (Ucciani, 1995a; Yaghmur
et al., 1999; Hilali et al., 2005; Watkins, 2005).

2.3.11 Argemone (Argemone mexicana)

Argemone seeds contain about 39% of oil with
palmitic, oleic, and linoleic acids as major component
acids (Table 2.50) (Ucciani, 1995a). Recent Indian
work (Rauf et al., 2004) gives very different results for
A. mexicana seed oil (Table 2.52). The regiospecific
results are slightly surprising in that palmitic acid is
slightly enriched in the sn-2 position, but the PUFA are
not. The dominant oleic acid appears to be randomly
distributed on the basis of the limited information
provided.

2.3.12 Arnebia (Arnebia griffithii)

This highly unsaturated oil contains o-linolenic acid,
Ylinolenic acid, and stearidonic acid, in addition to
palmitic, oleic, and linoleic acids (Table 2.50) (Ucciani,
1995a).

2.3.13 Avocado (Persea americana and
P. gratissima)

The avocado grows in tropical and subtropical countries
between 40°N and 40°S and particularly in California,
Florida, Israel, New Zealand, and South Africa. As with
the palm and the olive, lipid is concentrated in the fruit
pulp (4 to 25%) from which it can be pressed. There is

TABLE 2.52 Fatty acid composition of Argemone mexicana
seed oil

sn- 16:0 18:0 18:1 18:2 18:3
1,2,3 13.3 4.0 70.8 7.2 4.7
2 15.5 38 70.9 6.6 3.2
1,3 12.1 4.2 70.7 7.5 5.5

Source: Rauf, A., et al., J Oleo Sci., 53, 531-536, 2004.
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very little oil in the seed (2%). The oil is used widely in
cosmetic products. Avocado oil is easily absorbed by the
skin and its unsaponifiable material is reported to
provide some protection from the sun. It has been
claimed that mixtures of avocado and soybean oil may
help osteoarthritis. It is also available as a high-oleic
specialty oil for food use and is produced and marketed
in New Zealand as an alternative to olive oil. Avocado oil
is rich in chlorophyll, making it green before processing.
It contains palmitic, oleic, and linoleic acids as its major
fatty acids (Table 2.50). Its unsaponifiable matter (~1%),
total sterol (mainly B-sitosterol), and tocopherol levels
(130 to 200 mg/kg, mainly <y-tocopherol) have been
reported (Eckey, 1954; Werman et al., 1987; Swisher,
1993; Lozano et al., 1993; Ucciani, 1995a; Firestone,
1996; Eyres et al., 2001; Birkbeck, 2002; Bruin, 2003).

2.3.14 Babassu (Orbignya martiana and
O. oleifera)

This palm, grown in South and Central America, contains a
lauric oil in its kernel (Table 2.51). Annual production is
small and uncertain (100 to 300 kt), but Codex values have
been established. In line with other lauric oils, it is rich in
lauric and myristic acids. It is used as a skin cosmetic and is
being considered in Brazil as a biofuel, as the oil or as its
methyl esters, alone or mixed with mineral diesel (Ucciani,
1995a; Firestone, 1996).

2.3.15 Baobab (Adansonia digitata)

Baobab is an African tree whose seeds are eaten raw or
roasted by the local population. It provides an oil of long
shelf life that is used in cosmetics and also reported to be
edible. The seed oil is reported to contain palmitic, oleic,
and linoleic acids along with minor amounts of stearic and
cyclopropene acids (Table 2.50). If the oil does contain this
last type of acid, then it is probably unwise to use it for food
and cosmetic purposes. However, one supplier of the oil
(Statfold, website) gives a specification that does not
include cyclopropene acids, but has palmitic (22%), oleic
(34%), and linoleic (30%) as the major acids (Ucciani,
1995a; Firestone, 1996; PhytoTrade, website).

2.3.16 Basil (Ocimum spp)

Basil seed oil is obtained in a yield of 300 to 400kg/hectare.
The seeds contain 18 to 36% of a highly unsaturated oil,
which is rich in linolenic acid and also contains palmitic,
oleic, and linoleic acids (Table 2.50) (Ucciani, 1995a;
Angers et al., 1996).

2.3.17 Blackcurrant (Ribes niger)

Blackcurrant seed oil is of interest and of value because it
contains y-linolenic acid (n-6 18:3) and stearidonic acid (n-3
18:4). These are important metabolites of linoleic and
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TABLE 2.53 Component acids of oils containing y-linolenic
acid (y-18:3) and stearidonic acid (18:4) (typical results, % wt)

16:0 18:0 18:1 18:2 v-18:3 18:4  Other

Evening 6 2 9 72 10 Tr 1
primrose

Borage 10 4 16 38 23 Tr 9 (a)

Blackcurrant 7 2 11 47 17 3 13 (b)

Echium 6 3 14 13 12 17 35 (¢c)

Canola-GM (d) 5 3 23 27 36 - 6

(a) Including 20:1 (4.5), 22:1 (2.5), and 24:1 (1.5)
(b) Including o-18:3 (13)

(c) Including o-18:3 (33)

(d) Genetically modified canola oil

linolenic acid, respectively (Table 2.53). Blackcurrant seed
oil is also a rich source of tocopherols (1700 mg/kg) (Yang,
2003a). More general information about oils containing
GLA (gamma-linolenic acid) is included in the entry for
Borage oil. The oils are used in cosmetics and also as
dietary supplements. Blackcurrant oil is extracted from the
seeds, themselves a by-product of the production of juice
from the berries (Ucciani, 1995a; Firestone, 1996).

Kallio et al. (2005) examined regioisomeric triacylgly-
cerols in other Ribes species (northern red currant, R.
spicatum and alpine currant R. alpinum) by tandem mass
spectrometry.

2.3.18 Borage (Borago officinalis, Starflower)

v-Linolenic acid (A6,9,12-18:3, GLA) is an interesting
material with beneficial health properties. Claims have
been made for its use in the treatment of multiple
sclerosis, arthritis, eczema, premenstrual syndrome, and
other diseases (Horrobin, 1992). As already reported
in the Section 2.3.1 (Introduction), GLA is a biological
intermediate in the conversion of freely available linoleic
acid to the important but less readily available
arachidonic acid.

GLA is present in a number of seed oils of which black-
currant, borage, and evening primrose are commercially
available (Table 2.53). The production and uses of these
oils have been reviewed by Clough (2001a, 2001b). Borage
oil, with just below 25%, is the richest source of y-linolenic
acid and there are several reports on ways to isolate the
pure acid or to enhance its level in the oil by enzymic and
other methods (Hayes et al., 2000; Chen et al., 2001; Ju
etal., 2002; Tuter et al., 2003). There are many other plant
sources of y-linolenic acid, including hop (Humulus lupu-
lus, 3 to 4%), hemp (Cannabis sativa, 3 to 6%), red currant
(Ribes rubrum, 4 to 6%), and gooseberry seeds (Ribes uva
crispa, 10 to 12%) (Traitler et al., 1984) and others
reported by Ucciani (1995b). The value of these GLA-
containing oils is such that a genetically modified canola
oil rich in y-linolenic acid (43%) has been developed (Liu
et al., 2001; Wainwright et al., 2003) and work is proceed-
ing to develop GLA in a safflower oil (Anon., 2004a;
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Flider, 2005). Wretensjo et al. (2002, 2003) have described
the nature of the sterols and alkaloids in borage oil.
Pyrrolizidine alkaloids are present in crude borage only
at levels below 100 ppb and these are reduced by a factor
of 30,000 by the refining process. General reviews on Y-
linolenic acid have been prepared by Gunstone (1992,
2003a), Huang et al. (1996, 2001, and Eskin (2002).

2.3.19 Borneo tallow (Shorea stenoptera)

This solid fat, also known as illipe butter, contains palmitic,
stearic, and oleic acid (Table 2.50). It is one of a group of
tropical fats that generally resemble cocoa butter in the
proportions of these three acids. The fats, therefore, have
similar triacylglycerol composition and display similar
melting behaviour. Its major triacylglycerols are POP (7%)),
POSt (34%), and StOSt (47%). Along with palm oil, kokum
butter, sal fat, shea butter, and mango kernel fat, it is one of
six permitted tropical fats that can partially replace cocoa
butter in chocolate (Table 2.54). An interesting account of
the commercial development of illipe, shea, and sal fats has
been provided by Campbell (2002) and further information
is available in articles and books devoted to cocoa butter
and to chocolate (Stewart et al., 2002 Timms, 2003).

2.3.20 Buffalo gourd (Cucurbita foetidissima)

The buffalo gourd is a vine-like plant growing in semi-arid
regions of the U.S., Mexico, Lebanon, and India. The seed
contains good quality oil (32 to 39%) and protein. The oil is
very variable in fatty acid composition, thus lending itself
to seed breeding. A typical fatty acid composition is
detailed in Table 2.50 (Vasconcellos et al., 1981; Ucciani,
1995a; Firestone, 1996; Badifu et al., 1991).

2.3.21 Calendula (Calendula officinalis, marigold)

Interest in this seed oil is based on the fact that it contains
significant levels of calendic acid (53 to 62%) along with
linoleic acid (see Table 2.50). Calendic acid (A8¢,10¢,12¢-
18:3) is a conjugated trienoic acid and this makes the oil
an effective drying agent. Its alkyl esters can be used as a
reactive diluent in alkyd paints to replace volatile organic
compounds. Calendula oil is also a rich source of -
tocopherol (1820 ppm in the crude oil). The crop is being
studied, particularly in Europe, to improve its agronomy.
It has been reported that soybeans have been genetically
modified to contain 15% of calendic acid. (Ucciani, 1995a;
Janssens et al., 2000a, 2000b). A recent report (Ozgul-
Yucel, 2005) reports on this and other oils containing
acids with conjugated unsaturation grown in Turkey.

2.3.22 Camelina (Camelina sativa, also called
false flax and gold of pleasure)

In addition to its interesting fatty acid composition, this
plant attracts attention because it grows well with lower
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inputs of fertilisers and pesticides than traditional crops.
The plant can be grown on poorer soils and is reported to
show better gross margins than either rapeseed or linseed.
The seed yield is in the range 1.5 to 3.0 tonnes per hectare
and the oil content between 36 and 47%. Attempts are
being made to optimise the agronomy. The oil has an
unusual fatty acid composition and two sets of data are
given in Table 2.50. It contains significant levels of oleic,
linoleic, linolenic, and of C,, and C,, acids, especially
eicosenoic (20:1). It contains a range of tocols (5 to 22,
mean 17 mg/100g). Detailed tocopherol analysis shows that
this is mainly y-tocopherol and/or B-tocotrienol (>80%).
(Budin et al., 1995). Despite its high level of unsaturation,
the oil shows reasonable oxidative stability. Its use in
paints, varnishes, inks, cosmetics, and as a food oil is being
examined and developed. It provides a useful dietary source
of linolenic acid as an alternative to linseed (flax) oil.
Camelina oil is reported to contain cholesterol at a level of
188 ppm, which is unusually high for a vegetable source
(Bonjean et al., 1995; Ucciani, 1995a; Zubr et al., 1997,
Hebard, 1998; Leonard, 1998; Steinke et al., 2000a,2000b;
Shukla et al., 2002).

2.3.23 Candlenut (Aleurites moluccana lumbang,
kemiri, kukui)

This is a tropical tree with nuts containing a highly
unsaturated oil rich in linoleic acid and linolenic acid
(Table 2.50). Its iodine value, however, is not as high as
that of linseed oil. It is used for cosmetic purposes and has
been recommended for the treatment of burns (Ucciani,
1995a; Firestone, 1996).

2.3.24 Caraway (Carum carvii)

This is one of a group of plants whose seed oils contain
petroselinic acid (A6-18:1). This reaches levels of 35 to 43%
in caraway, 66 to 73% in carrot, 31 to 75% in coriander, and
~80% in parsley (Ucciani, 1995a). This isomer of oleic acid
is a potential source of lauric and adipic acids as products
of oxidative cleavage. The C, dibasic acid is an important
component of many polyamides (nylons) and is usually
made from cyclohexane by a reaction reported to be
environmentally unfriendly. The use of petroselinic acid in
food and in skin-care products has been described in two
patents (Anon., 2003a).

2.3.25 Carrot (Daucus carota)

See Caraway.

2.3.26 Cashew (Anacardium occidentale)

Toschi et al. (1993) have given details of the fatty acids,
triacylglycerols, sterols, and tocopherols in cashew nut oil.
The fatty acid composition of this oleic-rich oil is given in
Table 2.50 and the major triacylglycerols are OO0, POO,

00St, OOL, and POL. The oil contains o~ (2-6mg/100mg
of oil), y- (45-83), and &- (3-8) tocopherols and is used in
cosmetic preparations. (Ucciani, 1995a; Firestone, 1996;
Watkins, 2005).

2.3.27 Chaulmoogra (Hydnocarpus kurzii,
Taraktogenus kurzii)

Seed oils of the Flacourtiaceae are unusual because they
contain high levels of cyclopentenyl fatty acids
[C;H,(X)COOH] in which X is a saturated or unsaturated
alkyl chain. The most common are hydnocarpic (16:1),
chaulmoogric (18:1), and gorlic (18:2) acids. Chaulmoogra
oil has been used in folk medicine for the treatment of
leprosy, but there is no scientific evidence to support this
claim (Ucciani, 1995a). Christie et al. (1989) have reported
that T. kurzii oil contains these three acids at levels of 33.9,
27.5, and 21.2%, respectively.

2.3.28 Cherry (Prunus cerasus)

Obtained by cold pressing and filtering, this oil is reported
to be used in the unrefined state as a specialty oil for salad
dressings, baking, and for shallow frying and also in the
production of skin-care products. However, its fatty acid
composition is unusual in that, in addition to oleic and
linoleic acids, it contains o-eleostearic acid (6 to 12%,
A9c111131-18:3), (Kamel et al., 1992; Comes et al., 1992;
Anon., 1993; Ucciani, 1995a) (Table 2.50). Some of these
potential uses are surprising for an oil containing a
conjugated triene acid and it should not be considered as an
edible oil. The fatty acid composition of the phospholipids
has been reported (Zlatanov et al., 1998).

2.3.29 Chestnut (Castanea mollisma)

Chestnut oil contains the usual palmitic, oleic, and linoleic
acids (Padley, 1994) (Table 2.50).

2.3.30 Chia (Salvia hispanica)

Chia seeds contain 32 to 38% of a highly unsaturated oil.
The fatty acid composition for five samples from Argentina
is shown in Table 2.50 (Ayerza, 1995; Ucciani, 1995;
Firestone, 1996).

2.3.31 Chinese vegetable tallow and stillingia oil
(Sapium sebiferum, Stillingia sebifera)

This seed is unusual in that it yields lipids of differing
composition from its outer seed coating (Chinese
vegetable tallow, 20 to 30%) and from its kernel
(stillingia oil, 10 to 17%) (Jeffrey et al., 1991; Ucciani,
1995a). The former oil, rich in palmitic and oleic acid
(Table 2.50), is mainly a mixture of PPP (20 to 25%) and
POP (~70%) tri-acylglycerols and, therefore, is a
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potential confectionery fat. However, it is difficult to
obtain the fat free from stillingia oil (the kernel oil). The
latter is considered to be nutritionally unacceptable and,
therefore, Chinese vegetable tallow is not used for food
purposes. Stillingia oil is quite different in composition.
In addition to oleic, linoleic, and linolenic acids, it
contains novel Cg hydroxy allenic and C,, conjugated
dienoic acids combined as a C estolide attached to
glycerol at the sn-3 position, thus:

Glyc-OCOCH=C=CH(CH,),0COCH=CHCH=CH
(CH,),CH,

2.3.32 Coffee (Coffea arabica and C. robusta)

Coffee seed oil consists mainly of palmitic, oleic acid, and
linoleic acid. Figures for the robusta and arabica oils are
given in Table 2.50 (Rui Alves et al., 2003). Segall et al.
(2005) identified 13 triacylglycerols from coffee beans.
The major components were PLL (25.9%), PLP (13.7%),
LLL (11.8%), POL (8.8%), PLSt (8.7%), StLL (8.3%),
and OLL (7.8%).

2.3.33 Cohune (Attalea cohune)

Cohune seeds contain a typical lauric oil (Table 2.51)
(Ucciani, 1995a; Firestone, 1996).

2.3.34 Coriander (Coriandrum sativum)

(See Caraway.) Attempts are being made to develop
coriander with its high level of petroselinic acid as an
agricultural crop. Transfer of the necessary desaturase to
rape would provide an alternative source of petroselinic if
successful (Ucciani, 1995a; Firestone, 1996; Foglia et al.,
2000). A paper on the oxidative stability of a range of oils
provides details of fatty acids, polar lipids, sterols, and
tocols of coriander (Ramadan et al., 2004).

2.3.35 Crambe (Crambe abyssinica, C. hispanica)

Present interest in this oil, particularly in North Dakota
and in Holland, depends on the fact that it is a potential
source of erucic acid (50 to 55%), an acid with several
industrial uses. This was once the major acid in rapeseed
oil, but modern varieties of this seed produce low-erucic
oils (such as canola) suitable for food use. (See Rapeseed
oil, Section 2.2.12) (Lessman et al., 1981; Leonard, 1994;
Ucciani, 1995a; Firestone, 1996; Steinke et al., 2000a,
2000b; Hebard. 2002; Temple-Heald, 2004; Anon.,
2004e).

2.3.36 Cranberry (Vaccinium macrocarpon)

This seed oil is sold on the basis of its balance of omega-6
and omega-3 acids (Table 2.50) and of its very high content
of tocotrienols (Table 2.48).
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2.3.37 Cuphea

Cuphea plants furnish seeds with oils rich in one or more of
C,, Cyy, Cyy, or C,, saturated acids. They generally contain
>30% of oil and are expected to produce a commercial crop
in the period 2005 to 2010. Problems of seed dormancy and
seed shattering have already been solved. Since markets for
lauric oils already exist, there should be no difficulty in
substituting cuphea oils. Pandey et al. (2000) have described
the oil (17 to 29%) from Cuphea procumbens containing 88
to 95% of decanoic acid. (Ucciani, 1995a; Firestone, 1996;
Isbell, 2002).

2.3.38 Cupuacu butter (Theobroma grandiflora,
also called Cupu Assu kernel oil)

This is a solid fat containing palmitic, stearic, arachidic,
oleic, and linoleic acid. With the fatty acid composition
shown in Table 2.50, it will be rich in SOS triacylglycerols
and have melting properties similar to cocoa butter
(Firestone, 1996).

2.3.39 Date seed (Phoenix dactylifera L)

Two date cultivars (deglit nour and allig) contain oil (10.2
and 12.7%) rich in oleic acid along with a range of Cg to Cyg
acids. These include lauric, myristic, palmitic, linoleic, and
other minor acids. Details are given in Table 2.51. Despite
the presence of medium chain acids this oil with its high
levels of C,4 acids is not a typical lauruc acid (Ucciani,
1995a; Besbes et al., 2004).

2.3.40 Dimorphotheca (Dimorphotheca pluvialis)

The seed of Dimorphotheca pluvialis is not very rich in oil
(13 to 28%, typically about 20%), but it contains an unusual
C,s hydroxy fatty acid (~60%) with the hydroxyl group
adjacent (allylic) to a conjugated diene system (Firestone,
1996). Because of this structural feature, this acid is
chemically unstable and easily dehydrates to a mixture of
conjugated 18:3 acids (A8,10,12 and A9,11,13).
Dimorphecolic acid provides a convenient source of 9-
hydroxy- and 9-oxostearate and of hydroxy epoxy esters.

CH,(CH,),CH=CHCH=CHCH(OH)(CH,),COOH

Dimorphecolic acid (9-OH 10z12¢-18:2)

2.3.41 Echium (Echium plantagineum)

Only a few seeds contain stearidonic acid (A-6,9,12,15-18:4)
and attempts are being made to grow Echium plantagineum
as a source of this acid. Most of the oils from these seeds
contain linoleic and y-linolenic acid as well as o-linolenic
and stearidonic acid (Ucciani, 1995a; Chen et al., 2001;
Anon., 2003¢c; Kallio et al., 2003). A typical fatty acid
analysis of refined echium oil is given in Table 2.53. With
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almost 60% of the acids having three or four double bonds,
the oil is highly unsaturated. Another convenient source of
stearidonic acid is the readily available blackcurrant seed
oil even though it only contains 2.5 to 3.0% of this acid.
Stearidonic acid is the first metabolite in the conversion of
o-linolenic to EPA and DHA and arguments for dietary
supplements containing y-linolenic acid can also be applied
to stearidonic acid.

2.3.42 Euphorbia lathyris (caper spurge)

Attempts are being made to develop this plant as a source
of an oil rich in oleic acid (80 to 85%). It is a Mediterranean
annual with about 50% oil in its seed, but problems
associated with seed shattering and the presence of a
carcinogenic milky sap have still to be overcome through
plant breeding (Ucciani, 1995a).

2.3.43 Euphorbia lagascae

This euphorbia species is one of a limited number of plants
that contain significant proportions of epoxy acids in their
seed oils (see Vernonia oil). With ~64% of vernolic acid
(12,13-epoxyoleic) and minor proportions of palmitic,
oleic, and linoleic acid this oil is rich in triacylglycerols
containing two or three vernolic chains. (Table 2.50)
However, not all reports include vernolic acid and there
may be some confusion between the species examined
(Ucciani, 1995a; Firestone, 1996).

2.3.44 Evening primrose (Oenothera biennis,
O. lamarckiana, and O. parviflora)

This GLA-containing oil is discussed in Section 2.3.18
(Borage oil) (Table 2.53).

2.3.45 Flax (Linum usitatissimum)

Flax oil was discussed as linseed oil in Section 2.2.8 on
major vegetable oils.

2.3.46 Gevuina avellana (Chilean hazelnut)

The so-called Chilean hazelnuts differ from traditional
hazelnuts (Corylus avellana, also called filberts, see
Section 2.3.48, Hazelnut). Gevuina avellana is native to
Argentina and Chile and attempts are being made to
produce commercial crops in Chile and in New Zealand.
The fatty acid composition is unusual in that the
unsaturated centres occupy unconventional positions and
in a range of chain lengths (C,, to C,,). The oil content of
the kernels is 40 to 48% and the oil contains a significant
quantity of o-tocotrienol (130 mg/kg). The oil is rich in
monounsaturated acids and is often compared with
macadamia oil, but Gevuina seeds do not have the hard
shell of macadamia nuts. The fatty acid composition is
given below. The double bond positions are unusual and
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unrelated to each other except that three are n-5 olefininc
groups. These unexpected results (Ucciani, 1995a; Bertoli
et al., 1998) have been extended by Aitzetmiiller (2004)
who has reported that in addition to oleic (29.3%) and
linoleic acid (8.8%), the oil contains several n-5 acids
(~51%) including 16:1 (24.2%), 18:1 (8.4%), 20:1 (8.5%),
and 22:1 (9.8%). The plant is being developed in New
Zealand as a cool climate alternative to macadamia oil
(Anon., 2003d). However, these two oils differ in their
fatty acid composition.

2.3.47 Gold of Pleasure

See Camelina.

2.3.48 Grapeseed (Vitis vinifera)

Grapeseeds produce variable levels of an oil (6 to 20%) that
is now available as a gourmet oil and for which Codex
values have been reported (Ucciani, 1995a; Firestone, 1996;
Beveridge et al., 2005). The oil is linoleic-rich and also
contains palmitic, stearic, and oleic acids (Table 2.50). In
common with other oils rich in linoleic acid, it is reported to
have a beneficial effect on the skin. Some samples of
grapeseed oil have higher PAH (polycyclic aromatic
hydrocarbons) levels than is desired and Moret et al. (2000)
described the effect of processing on the PAH content of
the oil.

2.3.49 Hazelnut (Corylus avellana, filberts)

Hazelnut oil is rich in oleic acid and also contains linoleic
acid (Table 2.50). The level of saturated acids is low.
Hazelnuts grown mainly in Turkey and also in New
Zealand produce 55 to 63% of oil. The fatty acid
composition is very similar to that of olive oil, and
hazelnut oil is sometimes added as an adulterant to the
more costly olive oil. There have been several reports on
methods of detecting this adulteration, many of them
related to the presence of filbertone (structure given
below) in hazelnut oil (see discussion on olive oil, Section
2.2.9). Hazelnuts appear in a short list of nuts for which a
health claim may be made (Anon., 2003b). Other details
are found in reports by Bertoli (1998), Savage et al.
(1997), Gordon et al. (2001), Ruiz del Castillo et al.
(2001, 2003), Bernardo-Gil (2002), Bewadt et al. (2003),
Christopoulou et al. (2004), Zabaras et al. (2004), Crews
et al. (2005a), and Watkins (2005).

Filbertone is (E)-5- methylhept-2-en-4-one
CH,CH,CH(CH;)COCH=CHCH,

2.3.50 Hemp (Cannabis sativa, marijuana)

Hemp seed oil (25 to 34% of whole seed, 42 to 47% of
dehulled seed) has an interesting fatty acid composition
(Table 2.50). In addition to the usual range of C,; and Cj
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acids, the oil contains low levels of y-linolenic (0 to 5%)
and stearidonic acid (0 to 3%). The oil is a rich source
of tocopherols — virtually entirely the y-compound — at
1500 mg/kg and is used in cosmetic formulations.
Evidence from a study in Finland indicates that dietary
consumption of hemp seed oil leads to increased levels of
v-linolenic acid in blood serum. The growing of hemp is
banned in the U.S. (though permitted in Canada) and,
therefore, supplies of hemp seed oil, if required in the
U.S., must be imported. Further details are available in
references Ucciani (1995a), Firestone (1996), Anon.
(2001), Przybylski (2002,) Yang et al. (2003), Illingworth
(2004), Przybylski (2006), and hemptrade (Website).

2.3.51 Honesty (Lunaria annua)

This seed oil contains significant levels of erucic (22:1)
and nervonic acids (24:1) and is being studied as a new
crop because it is a good source of nervonic acid, which
may be useful in the treatment of demyelinating disease
(Sargent et al., 1994; Ucciani, 1995a).

2.3.52 Hyptis (Hyptis spp)

Hagemann et al. (1967) have reported the fatty acid
composition of oils from six different Ayptis species. Five
contain high levels of linolenic and of linoleic acid (Table
2.50) but the oil from Hyptis suaveolens contains less than
1% of linolenic acid with 77 to 80% of linoleic acid and
palmitic (8 to 15%) and oleic acids (6 to 8%) (Ucciani,
1995a).

2.3.53 Illipe

See Borneo tallow

2.3.54 Kidney beans (Phaseolus vulgaris)

Kidney beans contain only low levels of lipid (~1.8%), but
the beans are widely consumed and in some communities
act as a significant source of lipid. Yoshida et al. (2005)
have examined five cultivars grown in Japan. The lipids are
mainly triacylglycerols (34 to 46% containing 16:0 8 to 13%,
18:1 8 to 14%, 18:2 17 to 26%, and 18:3 49 to 58%) and
phospholipids (50 to 59%, with the same major acids, but in
different proportions). The low omega-6/omega-3 ratio
adds to the dietary value of this foodstuff.

2.3.55 Jatropha curcas

Jatropha oil is present in the kernel of Jatropha curcas,
also known as the physic nut, which grows in India,
Indonesia, Nicaragua, and other tropical regions. The oil
content is around 50%. This is mainly triacylglycerols
with 0.4% of unsaponifiable material. The oil is rich in
palmitic (16%), oleic (51%), and linoleic acid (23%).
These numbers are typical and other levels have been
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reported (Table 2.50). New interest in this oil is based on
its potential as a source of biodiesel and ambitious plans
to grow Jatropha curcas in India have been announced.
(Anon., 2005a; SOFA database and websites devoted to
Jjatropha oil).

2.3.56 Jojoba (Simmondsia chinensis)

Jojoba oil is a valuable source of C,, and C,,compounds.
The oil has already been developed as a marketable
product, but is available in only limited supply. It is
produced by a plant resistant to drought and to desert
heat. It takes 5 to 7 years to first harvest, 10 to 17 years to
full yield, and has a life span of about 100 years. Jojoba
plants are grown in the Southwestern U.S., Mexico, Latin
America, Israel, South Africa, and Australia. Yields are
reported to be about 2.5 tonnes of oil/hectare.

Jojaba oil contains only traces of triacylglycerols and
is predominantly a mixture of wax esters based mainly
on C,, and C,, monounsaturated acids and alcohols. The
oil contains esters with 40, 42, and 44 carbon atoms with
two isolated double bonds, one in the acyl chain and one
in the alkyl chain. Tobaras et al. (2003) have compared
the physical properties and the chemical composition
(Table 2.56) of cold-pressed, expelled, and bleached
(expelled) jojoba oil. The oil serves as a replacement for
sperm whale oil proscribed in many countries because
the sperm whale is an endangered species. As a high-
priced commodity, jojoba oil is used in cosmetics. As it
gets cheaper through increasing supplies, it will be used
as a superior lubricant. It is also considered as a possible
biofuel after methanolysis — presumably as a mixture
of methyl esters and long-chain alcohols. The oil is fairly
pure as extracted, has a light colour, and is resistant to
oxidation because its two double bonds are well sepa-
rated. The oil can be chemically modified by reaction of
the double bonds, such as hydrogenation, stereomuta-
tion, epoxidation and sulfochlorination (Wisniak, 1987,
Ucciani, 1995a; Firestone, 1996).

2.3.57 Kapok (Bombax malabaricum, Ceiba

pentandra)

This name is applied to a number of tropical trees of the
bombax family. The oil is a by-product of kapok fibre
production. In addition to palmitic, oleic, and linoleic acids
(Table 2.50), it also contains about 13% of cyclopropene
acids (malvalic and sterculic) that make it unsuitable for
food use (Ucciani, 1995a; Firestone, 1996).

2.3.58 Karanja (Pongamia glabra)

Karanja seed oil from India is rich in C;3 and C,
monounsaturated acids (Table 2.50) (Ucciani, 1995a;
Bhattacharyya, 2002). It is being investigated as a local
source of biodiesel.
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2.3.59 Kiwi (Actinidia chinensis, A. deliciosa)

The seed of this fruit furnishes a linolenic-rich oil with
lower levels of linoleic, oleic, and saturated acids (Table
2.50) (Ucciani, 1995a).

2.3.60 Kokum (Garcinia indica)

Both kokum and mahua fats are rich in saturated and oleic
acids and contain high levels of SOS triacylglycerols (Table
2.57). These fats can be used directly or be fractioned
separately or as blends to produce stearins used as cocoa
butter extenders. Kokum butter is one of the six permitted
fats (palm oil, illipe butter, kokum butter, sal fat, shea
butter, and mango kernel fat) that can partially replace
cocoa butter in chocolate in EU countries. Kokum butter is
a stearic acid-rich fat and Bhattacharyya (2002) has
reported the figures cited in Table 2.50 (Ucciani, 1995;
Firestone, 1996; Jeyarani et al., 1999; Maheshwari et al.,
2005).

2.3.61 Kusum (Schleichera trijuga)

Kusum seed oil is an unusual oleic-rich oil (40 to 67%)
also containing significant quantities of arachidic acid
(20:0) and lower levels of palmitic, stearic, and linoleic
acids (Table 2.50) (Ucciani, 1995a; Firestone, 1996;
Bhattacharyya, 2002).

2.3.62 Lesquerella (Lesquerella fendleri)

The only oil of commercial significance with a hydroxy
acid is castor oil, but among the new crops being seriously
developed there are two containing hydroxy acids.
Lesquerella oils have some resemblance to castor oil,
but Dimorphotheca pluvialis seed oil contains a different
kind of hydroxy acid. Plants of the Lesquerella species are
characterised by the presence of the C,, bis-homologue of
ricinoleic acid — lesquerolic acid — sometimes accompa-
nied by other acids of the same type at lower levels:

ricinoleic acid 12-OH A 9-18:1
densipolic acid 12-OH A 9,15-18:2
lesquerolic acid 14-OH A 11-20:1
auricolic acid  14-OH A 11,17-20:2

A typical analysis of L. fendleri seed oil showed the
presence of palmitic, stearic, oleic, linoleic, and linolenic
along with lesquerolic (54%), and auricolic (4%) acids
(Table 2.50). Because lesquerolic acid is the C,, homologue
of ricinoleic with the same B-hydroxy alkene unit, it under-
goes similar chemical reactions, but produces (some) dif-
ferent products (See Section 2.2.2, Castor oil). For
example, pyrolysis should give heptanal and 13-tride-
cenoic acid (in place of 11-undecenoic acid from castor
oil). This could be converted to 13-aminotridecanoic acid,
the monomer required to make nylon-13. Similarly, alkali
fusion will give 2-octanol and dodecanedioic acid in place
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of decanedioic (sebacic) acid from castor oil. This C,,
dibasic acid is already available from petrochemical prod-
ucts and has a number of applications. The free hydroxyl
group in castor and lesquerella oils can be esterified with
fatty acids, such as oleic acid, to give an estolide. Partial
acylation of lesquerella oil with cinnamic acid or 4-meth-
oxycinnamic acid produce products, which are active as
sunscreens (Compton et al., 2004; Compton, 2005).
Abbott (1997) has reviewed the status and potential of
lesquerella as an industrial crop. The protein from this
seed has been characterised by Wu et al. (2005). Lesquer-
ella plants can be grown in saline soils (Ucciani, 1995a;
Firestone, 1996; Isbell et al., 2002). Attempts are being
made to develop a variety that also will grow in salty water.

2.3.63 Lupin (Lupinus albus)

White lupin is a legume crop sometimes grown as a green
manure because of the nitrogen fixation that takes place. It
has potential as a component of foods and animal feed.
Two papers (Bhardwaj et al. and Hamama et al., 2005)
report on the seed and its oil as produced in the U.S. The oil
(7 to 8%) contains saturated (~12%), monounsaturated
(50 to 53%, C,¢ to C,, mainly 18:1) and polyunsaturated
acids (35 to 37%, linoleic and linolenic acids in a ratio of
about 2:1). Details are also given for phospholipids,
triterpene alcohols, and phytosterols.

2.3.64 Macadamia (Macadamia integrifolia,
M. tetraphylla)

Macadamia nuts are used as a snack food and it has been
claimed that their consumption reduces total and LDL
serum cholesterol (Colquhoun et al., 1996). They are rich
in oil (60 to 70%) used in cosmetics and available as a
gourmet oil. It is characterised by its high level of C,4 to
C,, monoene acids (~80%) (Table 2.50), which makes it
good for skin care, though low levels of tocopherols limit
its oxidative stability. Gevuina oil is sometimes used in
place of macadamia oil; however, their detailed fatty acid
compositions differ more than some have recognised. Cer-
tain health benefits have been claimed for hexadecenoic
acid with the most convenient sources being sea buck-
thorn oil and macadamia oil (Macfarlane et al., 1981;
Croy, 1994; Yang et al., 2003; Anon., 2003f; Watkins,
2005).

2.3.65 Mahua (Madhuca latifolia)

See Kokum fat and Mango kernel fat. Bhattacharyya
(2002) gives the fatty acid composition of mahua fat
indicated in Table 2.50 (Ucciani, 1995a).

2.3.66 Mango (Mangifera indica)

The fruit of the mango is consumed in large quantities.
The kernel contains 7 to 12% of stearic acid-rich lipid
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TABLE 2.54 Tropical fats that may partially replace cocoa
butter in some countries

Major triacylglycerols

Common name Botanical name (%)
POP POSt StOSt
Cocoa butter Theobroma cacao 16 38 23
Palm mid fraction  Elaies guinensis 57 11 2
Borneo tallow Shorea stenoptera 6 37 49
(illipe)
Kokum butter Garcinia indica 1 5 76
Mango kernel Mangifera indica 2 13 55
stearin
Sal stearin Shorea robusta 1 10 57
Shea stearin Butyrospermum 1 7 71

parkii

Note: Major SOS triacylglycerols are shown as typical values (P =
palmitic, O = oleic, St = stearic, S = saturated). See Timms 2003,
Chapter 5.

with palmitic, oleic, and linoleic acids also. Ranges and
typical values are given in Table 2.50. The fat is fraction-
ated to give a lower melting olein with excellent emollient
properties. The accompanying stearin (Table 2.54) can
serve as a cocoa butter equivalent and as a component of
a trans-free bakery shortening, along with fractioned
mahua fat. It is one of six permitted fats (palm oil, illipe
butter, kokum butter, sal fat, shea butter, and mango
kernel fat) that can partially replace cocoa butter in choc-
olate in EU countries. (Osman et al., 1981; Ucciani,
1995a; Firestone, 1996; Yella Reddy, 2001; Bhatta-
charyya, 2002; Gunjikar, 2005).

2.3.67 Manketti (Ricinodendron rauttanenni)

This oil, used widely in Namibia as an emollient, contains
eleostearic (9c11t13t-18:3) and other conjugated octadec-
atrienoates (total 6 to 28%) as well as oleic, linoleic, and a
range of minor acids (Ucciani, 1995a).

2.3.68 Marigold (Calendula officinalis)

See Calendula.

2.3.69 Marula (Sclerocarya birrea)

Marula oil is an oleic-rich oil also containing palmitic,

stearic, and linoleic acids (Table 2.50) (Ucciani,
1995a).
2.3.70 Meadowfoam (Limnanthes alba)

This oil is unusual in that over 95% of its component
acids are C,, or C,, compounds and include A5-20:1
(63 to 67%), A5-22:1 (2 to 4%), A13-22:1 (16 to 18%), and
A5,13-22:2 (5 to 9%). It is grown in the U.S. and its
potential uses are being thoroughly examined. Winter
cultivars now being developed are expected to improve
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the suitability of the crop to conditions in Northern
Europe (Joliff, 1981; Ucciani, 1995a; Firestone, 1996;
Isbell, 1997). Potential uses of this oil include cosmetic
applications, production of dimer acid, as a lubricant,
and via a wide range of novel derivatives based on
reaction at the A5 double bond (Isbell, 1998; Isbell et al.,
2001).

2.3.71 Melon (Citrullus colocythis and

C. vulgaris)

Akoh and Nwosu (1992) report the major fatty acids in
the total lipids from two samples (Table 2.50). In a later
paper, three cutivars (Hy-mark, Honey Dew, and Orange
Flesh) are described in terms of lipid content (25.7 to
28.6%) and fatty acid composition (Ucciani, 1995a; Bora
et al., 2000).

2.3.72 Moringa (Moringa oleifera,
M. stenopetala)

Dried moringa seeds contain about 35% of oil rich in
oleic acid, also having palmitic, stearic, linoleic, linolenic,
and eicosenoic acids (Table 2.50). The oil has high
oxidative stability resulting from its low levels of
polyunsaturated fatty acids and from the presence of the
flavone myricetin that is a powerful antioxidant. In the
more recent study, cold-pressed oil (36%) is compared
with that extracted by chloroform/methanol (45%) and
the composition of the fatty acids and sterols is given.
The oil is reported to contain 20:0, 20:1, 22:0, 22:1, and
26:0 at around 11% (total) (Bhattacharyya, 2002; Lalas et
al., 2002, 2003). One specification (Statfold, website)
indicates the presence of palmitoleic acid (8%) in this oil.
A study of the oil produced in Pakistan (Anwar et al.,
2005) includes details of sterols and tocopherols. See also
Moringa (website).

2.3.73 Mowrah (Madhuca latifolia, M. longifolia,
M. indica)

This comes mainly from India where the fat is used for
edible and industrial purposes. The nuts contain 46% oil
with variable levels of palmitic, stearic, oleic, and linoleic
acid (Table 2.50). The mowrah fat examined by De et al.
(2002) differs somewhat, particularly in the levels of
stearic and linoleic acid (Ucciani, 1995a; Firestone, 1996;
Bhattacharyya, 2002). A more recent article (Ramadan
and Moersel, 2006) draws attention to the radical
scavenging activity of this fat.

2.3.74 Murumuru butter (Astrocaryum
murumuru)

This solid fat is rich in saturated acids (89%, mainly lauric
and myristic) and has 11% of unsaturated acids that are
almost entirely oleic (Padley, 1994) (Table 2.51).
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TABLE 2.55 Fatty acid composition (% of total) of oils from selected Cuphea species

8:0 10:0
C. pulcherrina 94.4 33
C. koehneana 0.6 91.6
C. calophylla 0.1 5.0
C. salvadorensis 25.3 0.9
C. denticula 0.0 0.0

12:0 14:0 16:0 18:1 18:2
0.0 0.0 0.6 0.7 1.0
1.5 0.6 1.3 1.1 3.1

85.0 6.8 1.1 0.5 1.3
2.8 64.5 5.2 0.5 0.5
0.0 0.0 33.0 9.8 53.2

Source: Adapted from Pandey, V., et al., Eur. J. Lipid Sci and Technol., 102, 463-466, 2000.

TABLE 2.56 Alcohol and acid composition of jojoba oil
Long chain acids Long chain alcohols
Cold-pressed Expelled Expelled and Bleached Cold-pressed Expelled Expelled and Bleached

16:0 1.1 0.9 0.8 Trace Trace Trace

18:1 (A 9) 9.3 8.9 8.4 0.7 0.7 0.8

20:1 (A 11) 75.0 75.7 76.6 41.8 41.6 41.3

22:1 (A 13) 13.4 13.4 13.0 48.4 48.3 48.5

24:1 (A 15) 1.2 1.0 1.1 9.0 9.4 9.1

2.3.75 Mustard ( Brassica alba, B. hirta, B. nigra,
B. juncea, B. carinata)

Mustard seeds contain 24 to 40% of an erucic acid-rich
oil (Table 2.50). The plant is grown extensively in India.
Canadian investigators have bred Brassica juncea
(oriental mustard) from an Australian line with low
erucic acid and low glucosinolate, so that it has a fatty
acid composition similar to that of canola oil from
B. napus and B. rapa. This makes it possible to expand
the canola growing area of Western Canada (Ucciani,
1995a; Firestone, 1996; Gunstone, 2000).

2.3.76

This interesting seed oil, sourced mainly from India, con-
tains chemicals used to control 200 species of insects. For
example, the oil prevents larval insects from maturing.
Bhattacharyya (2002) has reported the fatty acid compo-
sition given in Table 2.50 (Ucciani, 1995a; Firestone,
1996; Anon., 1994; Melton, 2003).

Neem (Azadirachta indica)

2.3.77 Ngali nut (Canarium spp)

Analyses of five different Canarium spp have been
reported (Ucciani, 1995a) (Table 2.58). They contain the
same major component acids, but at differing levels.

2.3.78

Typically nigella oil contains palmitic, oleic, and linoleic
acid (Table 2.50). Related species (N. arvensis and
N. damascena) give similar oils with less oleic and more
linoleic acid. The presence of low levels of 20:1 (Allec,
0.5-1.0%) and higher levels of 20:2 (Allcl4c, 3.6-4.7%)
in all of these oils may be of taxonomic significance. In
one analysis the oil contained the following major
triacylglycerols: LLL 25%, LLO 20%, LLP 17%, LOP
13%, and LOO 10% reflecting the high level of linoleic
acid. The seeds appear to contain an active lipase and the
oil quickly develops high levels of free acid. The oil is
reported to be a good source of thymoquinone and to
assist in the treatment of prostate problems (Ustun et al.,
1990; Ucciani, 1995a; Zeitoun et al., 1995; Aitzetmiiller
et al., 1997; Takuri et al., 1998; Atta, 2003). A paper on
the oxidative stability of black cumin oil provides details
of fatty acids, polar lipids, sterols, and tocols (Ramadan
et al., 2004).

Nigella (Nigella sativa, black cumin)

2.3.79

This oil comes mainly from Ethiopia. The seeds contain
29 to 39% of oil rich in linoleic acid (71 to 79%) along
with palmitic, stearic, and oleic acids (Table 2.50). The
major triacylglycerols and sterols (particularly sitosterol,

Niger (Guizotia abyssinica)

TABLE 2.57 Fatty acids and triacylglycerols of kokum and mahua fats (see also Table 2.54)

Fatty acids Triacylglycerols
Oil source 16:0 18:0 18:1 18:2 StOSt POSt POP
Kokum 2.0 49.0 49.0 0 72.3 7.4 0.5
Mahua 23.5 20.0 39.0 16.7 10.6 22.2 18.9
Stearin? 15.7 37.8 355 11.1 46.2 15.0 9.7

2 QObtained by dry fractionation of a 1:1 mixture of the two oils.
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TABLE 2.58 Fatty acid composition of the seed oils from
five Canarium species

Palmitic Stearic Oleic Linoleic
C. commune 30 10 40 19
C. ovatum 33-38 2-9 44-60 0-10
C. patentinervium 33 10 27 28
C. schweinfurthii 1 - 84 15
C. vulgare 29 12 49 10

campesterol, stigmasterol, and A5-avenasterol) have been
identified. The oil is rich in o-tocopherol (94 to 96% of
total values ranging from 657 to 853 mg/kg) and is a good
source of vitamin E. It is used for both edible and
industrial purposes (Dutta et al., 1994; Ucciani, 1995a;
Firestone, 1996; Marini et al., 2003). A paper on the
oxidative stability of niger oil provides details of fatty
acids, polar lipids, sterols, and tocols (Ramadan et al.,
2004).

2.3.80 Nutmeg (Myristica malabarica and other
M. species)

Not surprisingly, considering its botanical name, seeds of
the Myristica species (~40% oil, though this may contain
essential oil and resins) are rich in myristic acid (~40%).
Higher levels were quoted in earlier work and one report
is cited in Table 2.50 and 2.51 (Eckey, 1954; Hilditch
et al., 1964).

2.3.81 Oats (Avena sativa)

This grain seed contains 4 to 8% of lipid, though some-
what more in certain strains. The major component acids
are palmitic, oleic, linoleic, and linolenic acid (Table
2.50). The oil contains triacylglycerols (51%), di- and
mono-acylglycerols (7%), free acids (7%), sterols and
sterol esters (each 3%), glycolipids (8%), and phospholip-
ids (20%). The special features of this oil are utilised in
various ways. It is reported to show cholesterolemic and
antithrombotic activity, and is used as an appetite
suppressant in “Olibra”, used in cosmetics by virtue of its
glycolipids, and can be used in baking, increasing loaf
volume at levels as low as 0.5%. Oat lipids are discussed
in several recent reviews (Firestone, 1996; Anon., 1998;
Zhou et al., 1999; Herslof, 2000; Holmback et al., 2001;
Peterson, 2002). Moreau et al. (2003) have examined the
pressurized liquid extraction of polar and nonpolar lipids
in corn and oats with hexane, methylene chloride, isopro-
panol, and ethanol. The phytosterols have been detailed
by Jiang and Wang (2005).

2.3.82 Oiticica (Licania rigida)

The kernel oil, obtained from this Brazilian tree, is
characterised by its high level (~78%) of licanic acid
(4-0x0-9c11¢13¢-octadecatrienoic acid) — a keto derivative
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of the more familiar eleostearic acid. The oil shows drying
properties, but does not dry as quickly as tung oil (Ucciani,
1995a; Firestone, 1996).

2.3.83

See Caraway.

Parsley (Petroselinium sativum)

2.3.84 Passionfruit (Passiflora edulis)

This popular fruit contains about 20% of oil in its seed
and is available as a gourmet oil for use in specialty foods
and salad dressings. It is linoleic-rich with palmitic and
oleic acids (Table 2.50). Its high level of linoleic acid is
believed to make the oil good for skin care (Anon., 1991;
Ucciani, 1995a; Firestone, 1996). A recent paper provides
a comparative study of fatty acid profiles of Ugandan
passiflora seed oils (Nyanzi et al., 2005).

2.3.85 Peach (Prunus persica)

Peach kernels contain 44% of an oleic-rich oil, which also
contains palmitic and linoleic acid (Table 2.50) (Ucciani,
1995a; Firestone, 1996; Zlatanov, 1998).

2.3.86 Pecan (Carya pecan, C. illinoensis)

Pecan oil, containing palmitic, oleic, and linoleic acids
(Table 2.50), is reported to lower blood cholesterol and
the FDA allows such a claim to be made in respect of
pecan nuts (Firestone, 1996; Bewadt, 2003; Watkins,
2005).

2.3.87

Perilla is a linolenic-rich oil (57 to 64%) used as a drying oil.
It also contains oleic and linoleic acids (Table 2.50) and
comes mainly from Korea and India. Recent descriptions
of this oil come from these two countries (Longvah et al.,
1991; Shin et al., 1994; Ucciani, 1995a; Firestone, 1996;
Kim et al., 2002).

Perilla (Perilla frutescens)

2.3.88 Phulwara butter (Madhuca butyracea or
Bassia butyracea)

This solid fat is exceptionally rich in palmitic acid and
would be expected to contain high levels of POP among
its triacylglycerols. Bhattycharyya (2002) reports the
values cited in Table 2.50 (Ucciani, 1995a).

2.3.89 Pine nuts (Pinus spp)

There are many species of pine-producing nuts with
similar but not identical seed oils. Interesting information
is available in publications by Wolff and his colleagues
(1995, 1997, 1998). The oil content for 18 species ranges
from 13 to 35%. The oils are of interst in that they
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contain one or more A5 acids (up to a totals of 27%) in
addition to oleic (14 to 36%) and linoleic (43 to 56%)
acids. The 5 acids include A5¢9¢12¢-18:3 (pinoleic) and
AS5cl1c¢14¢-20:3 (sciadonic). It has been claimed that
pinolenic acid is the active component in these oils acting
as an appetite suppressant. They are believed to stimulate
the hormone cholcystokinin, which reduces the desire to
eat (Watkins, 2005).

2.3.90 Pistachio (Pistachio vera)

Pistachio nuts, produced mainly in Iran, are widely con-
sumed as shelled nuts. They contain about 60% of an oil
used for cooking and frying. Mean fatty acid levels for
five varieties are given in Table 2.50. The regiospecific
distribution of fatty acids and the triacylglycerol compo-
sition of Algerian Pistacia atlantica have been reported
by Yousfi et al. (2005). Triacylglycerol composition has
been suggested as a method of determining the country of
origin of pistachio nuts. The FDA allows the following
claim in respect of pistachio nuts: “Scientific evidence
suggest, but does not prove, that eating 1.5 ounces a day
of most nuts as part of a diet low in saturated fat and
cholesterol may reduce the risk of heart disease.” (See
Dyszel et al., 1990; Firestone, 1996; Maskan et al., 1998;
Yildiz et al., 1998; Bernardo-Gil et al., 2002; Watkins,
2005.)

2.3.91 Plum (Prunus domestica)

The kernels contain oil (41%) that is rich in oleic acid with
significant levels of linoleic acid as well (Table 2.50)
(Padley, 1994; Zlatanov, 1998).

2.3.92 Poppy (Papaver somniferium)

Opium is obtained from unripe capsules and from the
straw of the poppy plant, but the narcotic is not present
in the seed, which is frequently used as birdseed. It con-
tains 40 to 70% of a semidrying oil used by artists and
also as an edible oil. Rich in linoleic acid, it also con-
tains palmitic, oleic, and linolenic acids (Ucciani, 1995a;
Firestone, 1996; Singh et al., 1998). Oxidative deteriora-
tion of poppy seeds and of the derived oil is related to
the damage that the seeds may suffer during harvesting
(Wagner et al., 2003). Krist et al. (2005) have measured
the volatile compounds in poppy seed oil (mainly pen-
tanol, hexanal, hexanol, 2-pentylfuran, and caproic
acid) and the triacylglycerols (mainly PLL, PLO, LLL,
OLL and OOL).

2.3.93 Pumpkin (Cucurbita pepo)

Pumpkin seed oil is a linoleic-rich oil also containing
palmitic, stearic, oleic, and a wide range of minor com-
ponent acids. It has attracted attention because of its
reported potential to cure prostate disease. The fatty
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acid composition differs between black and white
pumkin seeds (Table 2.50) and information is available
on its triacylglycerols, sterols, and tocopherols; on the
effect of microwave treatment; and on oils extracted with
supercritical carbon dioxide. (Ucciani, 1995a; Firestone,
1996; Fruhwirth et al., 2003; Murkovic et al., 2004;
Siegmund et al., 2004; Yoshida et al., 2004; Yu Wenli
et al., 2004).

2.3.94 Purslane (Portulaca oleracea)

The plant (leaves, stem, and whole plant) is reported to
be the richest vegetable source of n-3 acids with low levels
of the 20:5, 22:5, and 22:6 members. This is a surprising
and unlikely result and needs to be confirmed (Omara-
Olwaea et al., 1991). These acids have not been identified
in the seed oil that contains palmitic, stearic, oleic,
linoleic, and linolenic acids (Table 2.50).

2.3.95 Raspberry (Rubus idacus)

Raspberry seed oil is highly unsaturated with palmitic,
oleic, linoleic, and linolenic acids (Table 2.50). It is
reported to be a rich source of tocopherols (3300 mg/l of
oil) divided between the o- 500, y- 2400, and d-com-
pounds 400 (Table 2.48) (Yang, 2003a). The raspberry is
one of a group of fruits, along with boysenberry, Marion
blackberry and an evergreen blackberry, that grow on
leafy canes and are describes as caneberries. Their fatty
acid composition and tocopherol levels are reported by
Bushman et al., 2004.

2.3.96 Rose hip (Rosa canina, hipberry)

Rose hips are best known for the high level of vitamin C
in their fleshy parts, but the seeds contain a highly unsat-
urated oil that is used in cosmetics. The oil contains
linoleic and linolenic acids in addition to oleic and satu-
rated acids (Table 2.50). The yield of pressed oil is
increased by enzymatic pretreatment (Concha et al.,
2004).

2.3.97 Rubber seed oil (Hevea brasiliensis)

Rubber seed oil is highly unsaturated oil containing both
linoleic and linolenic acids. It is becoming important as a
binder in surface coatings and as a plasticise/stabiliser for
PVC and natural rubber. Several properties that assist in
the authentication of this oil are reported by Aigboudion
and Bakare, 2005.

2.3.98 Sacha inchi (Pilkenetia volubilis, Inca
peanut)

This highly unsaturated oil from plants in the tropical jun-
gles of Central and South America is rich in linoleic and
linolenic acids with only low levels of oleic and saturated
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acids (Table 2.50). This makes it comparable to, but not
identical with, linseed oil (Guillen et al., 2003).

2.3.99 Sal (Shorea robusta)

This Northern India tree is felled for its timber. Its seed
oil is rich in stearic acid and can be used as a cocoa butter
equivalent (CBE). The major acids are palmitic, stearic,
oleic, linoleic, and arachidic acid (20:0) (Table 2.50 and
Table 2.54) and its major triacylglycerols are of the SUS
type required of a cocoa butter equivalent. Sal olein is an
excellent emollient and sal stearin, with POP 1%, POSt
13% and StOSt 60%, and is a superior cocoa butter equi-
valent. It is one of the six permitted fats (palm oil, illipe
butter, kokum butter, sal fat, shea butter and mango
kernel fat) that can partially replace cocoa butter in choc-
olate (Ucciani, 1995a; Shukla, 1995; Firestone, 1996;
Lipp et al., 1998; Birkett, 1999; Talbot, 1999; Stewart,
2002). Commercial sal fat may contain varying levels of
epoxy and hydroxy acids depending on how the fat has
been stored.

2.3.100 Salicornia bigelovii

This annual dicotyledon is of interest because it is a
halophyte, growing in areas that support only limited
vegetation. When growing, it can be irrigated with salt
water (Flider, 2004). It produces seeds at a level of 1.7 to 2.3
t/h that furnishes oil (26 to 33%) and meal with 40%
protein. The oil is rich in linoleic acid and also contains
oleic, palmitic, and lower levels of stearic and o-linolenic
acids (Table 2.50). Its tocopherols (720 ppm) are mainly the
o~ and y-compounds and its sterol esters (4%) are mainly
stigmasterol, B-sitosterol, and spinasterol (Lu et al., 2000).
Imai et al. (2004) have characterised the complex lipids in a
related species — Salicornia europaea.

2.3.101 Sea buckthorn (Hippophae rhamnoides)

This is a hardy bush growing wild in several parts of Asia
and Europe and now cultivated in Europe, North
America, and Japan. It is resistant to cold, drought, salt,
and alkali. Two different oils are available in the seeds
and in the pulp/peel, but these are not always kept
separate. In the combined oil, the seed furnishes 16 to
25% of the total oil and the balance comes from the pulp/
peel. The seed oil is rich in oleic, linoleic, and linolenic
acids, but the berry oil contains significant levels of
palmitoleic acid (see Table 2.59). Several health benefits

are claimed for this oil now available in encapsulated
form and being incorporated into functional foods. The
oil is rich in sterols, carotenoids (especially B-carotene),
tocopherols (2470 mg/l of oil) and phenolic acids
(Zadernoeski et al., 2005). Sea buckthorn pulp is rich in
a-tocopherol (2000), while the seed oil is rich in o- (1000)
and y-tocopherols (1000) (Li et al., 1998; Yang et al.,
2001a, 2001b, 2003b; Kallio et al., 2002; Yang et al.,
2003; Zadernowski et al., 2003). The crop grown in
Canada is sufficient to meet the demand in North
America (10 tonnes of oil from 1500 tonnes of fruit) and
to supply oil to Europe as well (Anon., 2003e).

2.3.102 Shea (Butyrospermum parkii, shea
butter, karate butter)

This fat comes from trees grown mainly in West Africa
and contains an unusually high level of unsaponifiable
material (~11%), including polyisoprene hydrocarbons. It
is rich in stearic acid, but its fatty acid composition varies
with its geographical source. It contains palmitic, stearic,
oleic, and linoleic acid (Table 2.50). Shea fat can be
fractionated to give a stearin (typically POP 1%, POSt
8%, and StOSt 68%) that can be used as a cocoa butter
equivalent. It is one of the six permitted fats (palm oil,
illipe butter, kokum butter, sal fat, shea butter and
mango kernel fat) that may partially replace cocoa butter
in chocolate (Ucciani, 1995a; Firestone, 1996; Shukla,
1996; Lipp et al., 1998; Birkett, 1999; Stewart et al., 2002;
Lovett, 2005). Its tocopherol content is affected by the
climate under which it grows (Maranz et al., 2004). The
fat may be added to animal feed to prevent diarrhea
(Anon., 2004b).

Alendar (2004) reports that shea butter contains an
interesting and useful unsaponifable fraction (2 to 5%)
rich in triterpene alcohols, such as o~ and B-amyrins (27
and 10% of total triterpene alcohols), lupeol (22%), and
butyrospermol (25%). These alcohols occur mainly as
esters with fatty acids or cinnamic acid and are bioactive
compounds used in cosmetics (see “Personal care prod-
ucts”, Section 9.4).

2.3.103 Shikonoin seed (Lithospermum spp)

Several plants of the Lithospermum genus have been
examined. They belong to the Boraginaceae family and
many of them contain y-linolenic (18:3) and stearidonic acid
(18:4) (see Borage) (Ucciani, 1995a; Miller et al., 1968).

TABLE 2.59 Fatty acid composition (% wt. mean of 21 samples) of seed oil and berry oil from sea

buckthorn

16:0 16:1-A 9 18:0 18:1-A 9 18:1-A 11 18:2 18:3
Seed oil 7.7 - 2.5 18.5 2.3 39.7 29.3
Berry oil 23.1 23.0 1.4 17.8 7.0 17.4 10.4

Source: Adapted from Yang, B. and Kallio., H. J. Agric. Food Chem., 49, 1939-1947, 2001.
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2.3.104 Sisymbrium irio

Sisymbrium irio is one of several sisymbrium oils
reported by Ucciani (1995a). These come from brassica
species and, therefore, it is not surprising that many
contain long chain monoene acids. Sisymbrium irio seed
oil, for example, is reported to contain 20:1 (9.2%) and
22:1 (erucic acid, 9.1%) in addition to palmitic, oleic,
linoleic, and linolenic acid (Table 2.50). Aubert-
Mammou et al. (1996) have identified 19 acids in this
seed oil and have reported a regiospecific analysis. All
acids are present in the sn-1/3 positions, but the 2-
position is occupied almost solely by unsaturated
C,s acids.

2.3.105

Tamanu oil is obtained from nuts that grow on the ati
tree and is important in Polynesian culture. It has four
major component acids (palmitic, stearic, oleic, and
linoleic) and a typical analysis is reported in Table 2.50. It
is claimed to be helpful in the treatment of many skin
ailments (tamanu, website).

Tamanu (Calophyllum tacanahaca)

2.3.106 Teaseed (Thea sinensis, T. sasangua)

These seeds contain 56-70% oil. The oleic-rich oil also
contains palmitic and linoleic acid as major fatty acids
(Table 2.50). Myristic, stearic, eicosenoic, and docosenoic
acids may also be present (Firestone, 1996).

2.3.107 Tobacco (Nicotiana tobacum)

Tobacco seeds contain an oil rich in linoleic acid, but with
virtually no linolenic acid (Table 2.50). After refining, it
can be used for edible purposes or as a nonyellowing
drying oil. In one sample of the oil, the major
triacylglycerols were LLL (38%), LLO (24%), and LLS
(20%) (Pritchard, 1991; Firestone, 1996; Ucciani, 1995a).

2.3.108 Tomato seed (Lycopersicum esculentum)

Tomato seed oil is a linoleic-rich vegetable oil with an
unusually high level of cholesterol. The fatty acid
composition is reported in Table 2.50 (Ucciani, 1995a;
Firestone, 1996). Tomatoes themselves are rich in
carotenoids and attempts are being made to recover these
from tomato waste (Anon., 2004c¢).

2.3.109 Tung (Aleurites fordii)

Tung oil comes mainly from China, thereby explaining its
alternative name of China wood oil. It is characterised by
the presence of a conjugated triene acid (o-eleostearic,
9¢11213¢-18:3, ~69%). The oil dries more quickly than
linseed with its nonconjugated triene acid, but oxidised
tung oil contains less oxygen (5%) than does oxidised
linseed oil (12%). Put another way, tung oil hardens at a
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lower level of oxygen uptake than linseed oil. This oil is
exported mainly from China (30 to 40,000 tonnes) and
imported mainly by Japan, South Korea, Taiwan, and
the U.S. (Ucciani, 1995a; Firestone, 1996).

2.3.110 Ucuhuba (Virola surinamensis)

This tree grows in South America. Its seeds provide one
of the few oils rich in myristic acid along with lauric,
palmitic, oleic, and linoleic (Table 2.51). These values are
reflected in the triacylglycerol composition: MMM 43%,
MML 31%, and LMP 10% where L, M, and P represent
lauric, myristic, and palmitic acid chains (Ucciani, 1995a;
Firestone, 1996).

2.3.111 Vernonia oils

A small number of seed oils contain epoxy acids and
sometimes these unusual acids attain high levels. Such
oils show a wide range of chemical reactions producing
compounds of unusual structure with properties of
potential value. The most common acid of this type is
vernolic (12,13-epoxyoleic) acid — a monoepoxide of
linoleic acid. First identified in Vernonia anthelmintica
with 72% of vernolic acid, the acid has also been recogn-
ised in the seed oils of V.galamensis (73 to 78%), Cephalo-
croton cordofanus (62%), Stokes aster (65 to 79%),
Euphorbia lagescae (57 to 62%), Erlanga tomentosa
(52%), Crepis aureus (52 to 54%), and C. biennis (68%).
With these high levels of vernolic acid, the triacylglycer-
ols in these seed oils are rich in esters with two or three
vernolic acid groups. V. galamensis seed oil, for example,
is reported to contain 50 to 60% of trivernolin and 21 to
28% of glycerol esters of the type V,X, where V and X
represent vernolic and other acyl groups, respectively.
Attempts are being made to domesticate Vernonia
galamensis and Euphorbia lagescae (Ucciani, 1995a;
Firestone, 1996; Sherringham et al., 2003).

2.3.112

Walnut oil is an unsaturated oil containing both linoleic
and linolenic acids (Table 2.50) and is rich in tocopherols
(~1500 mg/kg of oil). It is used as a gourmet oil in Japan,
France, and other countries. Recent papers report the
detailed composition (fatty acids, triacylglycerols sterols,
and tocopherols) of oil extracted with hexane and with
supercritical carbon dioxide. The two products contain
~300 and 400 ppm of tocopherols, respectively, of which
82% 1is the B/y compounds (Ucciani, 1995a; Firestone,
1996; Oliveira et al., 2002; Crowe et al., 2003; Watkins,
2005; Crews et al., 2005b). The FDA has agreed to a
qualified health claim on walnuts (Anon., 2004e). The
triacylglycerol composition of several walnut cultivars
collected between 2001 and 2003 has been reported. Nine
groups of triacylglycerol were recognized, of which four
generally exceed 10%: LLL (35 to 41%), OLL (14 to

Walnut (Juglans regia)
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28%), LLLn (12 to 23%), and PLL (7 to 11%). The
triacylglycerol composition depends on genetic and
environmental factors (Amaral et al., 2004).

2.3.113 Watermelon (Citrullus vulgaris)

Watermelon seeds yield an oil rich in linoleic acid (Table
2.50) and in lycopene (Ucciani, 1995a; Firestone, 1996;
Anon., 2002).

2.3.114 Wheatgerm (Triticum aestivum)

This oil is highly unsaturated with a high level of linoleic
and some linolenic acid (Table 2.50). It is valued for its high
tocopherol levels (~2500 mg/l of oil) and is reported
to lower total and LDL cholesterol levels. -, B-, y-, and
d-Tocopherols are present at levels of 1210, 65, 24, and 25
mg/l of oil, in addition to small amounts of tocotrienols
(Barnes et al., 1980; Barnes, 1982; Yang et al., 2003a).
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2.4  Milk fats, animal depot fats, and

fish oils

This section of Chapter 2 is devoted to animal fats of
commercial and nutritional importance as well as covering
butter (milk fat), lard from pigs, tallow (mainly from
cattle), chicken fat, and fish oils. Apart from some
comments on less common milk fats, there is no discussion
of fats from animals in general. Aspects of this topic have
been reviewed by Haas (2005), Ackman (2005), Bimbo
(2005), Hettinga (2005), Hammond (2006), Scheeder (2006a
and b), Hjaltason and Haraldsson (2006a and b), and
Haraldsson and Hjaltasan (2006). Milk lipids are also
discussed in Section 2.7.

24.1
24.1.1

General information on milk fat is available in books
authored or edited by Jensen (1995 and 2000) and by
Rossell (2003) and in a chapter by Hettinga (2005). More
detailed sources are cited throughout this section.

Cow milk is a complex biological fluid secreted in the
udder. Its main constituent is water, but it also contains
fat, sugar, salt, enzymes, and vitamins. Milk yield is usually
10 to 20 litres/day, though higher volumes have been
recorded under favourable conditions. The quantity and
quality of the fat depend on many factors including,
among others, health and age of the animal, time period
since previous milking, stage of lactation, and diet. Typi-
cally, cow milk contains water (88%), fat (3.8%), protein
(3.3%, mainly casein and whey proteins), and carbohy-
drate (4.7%, mainly lactose).

Bovine milk lipids are chiefly triacylglycerols (95 to 98%)
along with diacylglycerols (1.3 to 1.6%), monoacylglycerols
(trace), free acids (0.1 to 0.4%), phospholipids (0.8 to
1.0%), sterols (0.2 to 0.4%), and other minor components.

Dietary fat ingested by ruminants is subject to extensive
biohydrogenation by microorganisms present in the
rumen. As a consequence, most of the dietary PUFA —
whether from grass or from concentrates — is converted
to saturated or monounsaturated acids and the latter are
predominantly 18:1 acids with trans unsaturation. This
has a consequence for the nutritional value of milk and
butter, and reference will be made later to attempts to
overcome this loss of PUFA.

Cow milk fat is consumed mainly as milk, butter, cheese,
or other dairy products and is an important source of
dietary lipids. Milk fat has a complex fatty acid composi-
tion with high levels of short and medium chain acids and
with many uncommon fatty acids present at low levels,
including those with trans unsaturation. Attempts to
extend the usefulness of butter fat by fractionation and to
find alternative uses for the fat or its fractions are ham-
pered by the high cost of the starting material compared

Milk fats and butter
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with that of vegetable oils and by legislation that strictly
defines the term butter.

24.1.2

Cow milk fat has been studied extensively, and over 400
different fatty acids have been identified (Jensen, 1995 and
2000). However, fatty acid composition is discussed here in
terms of only 20 or fewer components, though some
information on the chemical nature of the remainder will be
given. These acids have 4 to 26 carbon atoms and this wide
range of chain length and the significant quantities of short-
chain acids have the consequence that results expressed as
% mol differ considerably from those cited as % wt. This
is illustrated in the figures in Table 2.60 showing that the
C, — C,, acids together are 10.4% by weight, but 20.5% on a
molar basis. The level of butyric acid at around 4% by
weight may be considered to be small, but it should be
recognised that this is equivalent to about 8.5% on a molar
basis and since this acid is likely to occur only once in any
triacylglycerol molecule (at the sn-3 position), a quarter
of all the triacylglycerol molecules in butter contain
butyric acid.

Some typical data for milk and butter cited by Jensen
(1995) are presented in adapted form in Table 2.61. The
major acids (86.6% wt) are the C,~C,, short and medium
chain acids (13.8%), myristic acid (10.6%), palmitic acid
(28.2%), stearic acid (12.6%), and oleic acid (21.4%). This
same report indicates the presence of straight-chain satu-
rated acids (65.8%), branched-chain saturated acids
(2.6%), monounsaturated acids (27.4%, of which about
3% are trans acids), and polyunsaturated acids (4.1%).
Precht (1990) has provided a more detailed analysis of
83 different milk samples covering 45 constituent fatty
acids. This complexity of fatty acid composition has been
a challenge to lipid analysts, and over the years improved
methods have been developed giving more detailed and
correct results. As a consequence, many of the earlier
results are incomplete and erroneous.

24.1.3

In contrast to most other fats, milk fats contain saturated
acids of chain length between C, and C,, with significant

Major fatty acids

Minor fatty acids

TABLE 2.60 Thirteen major fatty acids in butterfat
presented as % wt and % mol

Acid % wt % mol Acid % wt % mol
4:0 3.7 9.6 16:0 27.4 24.8
6:0 2.4 4.8 16:1 1.6 1.5
8:0 1.4 2.2 18:0 13.9 11.4
10:0 2.9 39 18:1 28.0 23.0
12:0 32 3.7 18:2 2.0 1.7
14:0 11.2 11.4 18:3 1.0 0.8

14:1 1.0 1.1

Source: Adapted from Rossell, B., (Ed.) Oils and Fats Volume 3
Dairy Fats, Leatherhead Food International, Leatherhead,
England, 2003.

TABLE 2.61 Eighteen major fatty acids in bovine milk fat
and in butter (%owt)?

Acid Milk Butter  Acid Milk  Butter
4:0 4.5 5.3 14:1 0.9 0.9
6:0 2.3 2.8 16:1 n-7 1.8 1.4
8:0 1.3 1.6 18:1 ¢ 21.4 20.8
10:0 2.7 3.1 18:1t 1.7 -
12:0 3.0 34 20:1 0.6 0.3
14:0 10.6 10.8 18:2 n-6 2.9 2.0
15:0i 0.7 0.3

15:0 1.0 1.0 Saturated 69.1 69.0
16:0 28.2 28.1 Monounsaturated 25.5 22.5
17:01 0.7 0.5 Polyunsaturated 29 2.0
17:0 0.6 0.6 Not included 2.5 6.5

18:0 12.6 10.6

4 See also the section on minor acids. These are average values
and individual samples show considerable variation depending
on diet (see Table 2.62) and on other factors.

1 =1s0, ¢ = cis, t = trans

Source: Adapted from Jensen, R.G., in Fatty Acids in Foods

and Their Health Implication, 2™ ed., Ching Kuang Chow (Ed.)

Marcel Dekker, New York, 2000, 109-123.

levels of those between 4:0 and 18:0. In addition, there are
acids with an odd number of carbon atoms, such as 15, 17,
and 19 including straight and branched-chain members (iso
and anteiso acids).

The monounsaturated acids are mainly, but not entirely,
C,s compounds. These are complex mixtures of cis and
trans acids with unsaturated centres in many different
positions. The major cis isomer is oleic (A9¢), trans isomers
range from A6 to Al6 with the All isomer (vaccenic)
predominating and result from biohydrogenation of
PUFA in the rumen. The total content of 18:1 acids is
usually 19 to 23% with the level of ¢rans acids being around
2.5 to 4%.

According to Jensen (1995 and 2000) the total content
of eleven PUFA is about 4%. These are mainly linoleic
(~2.4%) and linolenic acid (~1.1%). ARA (0.14%), EPA
(0.09%), and DHA (0.01%) are each present at the very
low levels indicated (work by Iverson and Shepherd, 1986;
cited by Jensen, 2000).

Hydroxy and keto acids are also present in milk fat.
The former are precursors of y- and &-lactones formed
through intramolecular esterification of appropriate
hydroxy acids. Methyl ketones also present result from
decarboxylation of 3-keto acids. The lactones and ketones
are not themselves acids and, therefore, are not present as
glycerol esters. Nevertheless, they are derived from fatty
acids, they are components of milk fat, and they add
significantly to the characteristic flavour of milk. Jensen
(1995) reports the existence of 85 hydroxy acids of which
9 are C4-C,, 4- and 5- hydroxy acids furnishing y- and
d-lactones, respectively. Some 60 to 70 keto acids have also
been identified. These have 10 to 24 carbon atoms and
may be saturated or unsaturated. The keto group may
occupy several positions in the alkyl chain, but only those
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with a keto group at position 3 are readily decarboxylated.
Milk fat also contains trace amounts of 11-cyclohexylun-
decanoic acid and of acids containing a furan unit.

An exciting development in lipid science in recent years
has been the recognition of the importance of certain
octadecadienoic acids (18:2) with conjugated unsaturation
(conjugated linoleic acid, CLA), which are produced by
ruminants and appear in low but significant levels in the
milk and meat of these animals. The term “conjugated
linoleic acid (CLA)” is used to describe any 18:2 acid with
conjugated diene unsaturation. Such acids are minor com-
ponents of the human diet. Ruminant fats contain a range
of CLA isomers among which the 9¢11¢ acid (rumenic) is
dominant. The 7¢9¢ and 10¢12¢ dienes are also present at
lower levels along with many other isomers. There is
evidence that individual isomers within this group inhibit
the growth of cancer cells and that they promote the
formation of protein at the expense of fat (Yurawecz et al.,
1999; Sebedio et al., 2003). The first of these properties is
important in the management of cancer and the second
in animal husbandry (Jahreis et al., 2002). The best CLA
available for purchase is a mixture of the 9c11¢ and 10712¢
isomers resulting from carefully controlled alkali isomer-
isation of a linoleic acid-rich oil such as safflower.

CLA has been identified at low levels in milk fat (3 to
6 mg/g of total fat), butter fat (12 to 14 mg/g), and cheeses
(2 to 20 mg/g). Extensive studies have been made of fac-
tors influencing the level of CLA in milk fats and of ways
of enhancing these (Fernie, 2003; Lock and Bauman,
2004).

24.14 Changes in fatty acid composition either through

dietary changes or through fractionation

Milk fat composition is generally different in the summer
and winter as a consequence of dietary changes. In the
summer, the animals feed on fresh green pasture; in the
winter they are kept indoors and are fed on forage and
concentrates (Table 2.62). The level of short- and medium-
chain acids is lower and the level of C 5 acids is higher in the
summer than during the winter.

Saturated C,—C,, acids and about one-half of the C,,
acid are produced by de novo synthesis in the mammary
gland. The rest of the C,; acid and the saturated and
unsaturated C,, acids are derived from dietary sources or
by mobilisation of body fat reserves during early lactation.
It follows that only part of the milk fatty acids can be
modified through a change of dietary intake. Further,
since in ruminants unsaturated acids (free) are subject to
biohydrogenation in the rumen, it is necessary to protect
such acids during their passage through the rumen if they
are to be incorporated unchanged in the milk fat. This
was first achieved through coating the unsaturated oil
(soybean, linseed, rape/canola), but two other methods are
now more commonly employed. In the first, calcium salts
are used as lipid source. These remain as (unreactive) salts
in the rumen, but are converted to acids in the more acidic
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TABLE 2.62 Fatty acid composition (% wt) of French
butters (12 samples) collected in May and June and in October
and November

May—June Oct-Nov

Acid mean min max mean min max
4:0 3.8 3.6 4.0 4.3 3.8 4.6
6:0 2.4 2.3 2.5 2.5 2.3 2.8
8:0 1.4 1.4 2.0 1.5 1.4 1.7
10:0 3.1 2.9 3.5 33 3.0 3.6
12:0 3.6 32 4.1 3.7 34 44
14:0 11.0 10.4 11.6 11.3 10.7 11.7
15:0 1.1 1.1 1.2 1.1 1.0 1.3
16:0 27.0 24.9 29.2 29.3 24.1 31.5
16:1 (clt) 2.0 1.9

18:0 11.0 10.0 12.5 9.6 9.1 10.8
18:1(c/ty 24.0 22.4 25.7 22.6 20.8 26.6
18:2 n-6 1.2 1.0 1.5 1.3 1.1 1.6
Other 8.4 8.6

Source: Adapted from Wolff, R.L., J Amer. Oil Chem. Soc., 71,
277-283, 1994. Figures for other times of the year are given in a
later paper by Wolff et al., 1995.

conditions of the abomasum and enter the duodenum as
fatty acids available for digestion. Alternatively, the lipid
is hardened to the point where it remains solid in the
rumen, but melts in the abomasum. The resulting changes
in the milk fat may seem small in terms of fatty acid
composition, but they are slightly greater in their effect
on triacylglycerol composition and may be enough to
allow the butter to spread directly from the refrigerator.
It is important that the dietary supplement contain appro-
priate proportions of omega-9, omega-6, and omega-3
unsaturated acids and that it is over 75% protected from
metabolism in the rumen. Lock and Bauman (2004)
have reviewed attempts to modify the fat composition of
milk fats.

In times of over supply, there is an interest in extending
the range of applications of milk fat by fractionation. How-
ever, the triacylglycerol composition of milk fat is so com-
plex (no individual triacylglycerol exceeds 5%; see Table
2.64) that differences between crystallised fractions are not
so marked as with simpler vegetable oils such as palm oil.
Nevertheless, useful separations have been achieved pro-
ducing fractions that are harder and fractions that are
softer than the original milk fat. The lower melting (softer)
fractions are employed to make spreadable butter and the
harder fractions find pastry applications (Deffense, 1995;
De Greyt et al., 1995 and 2001; Kaylegian, 1999; van Aken
et al., 1999; Gibon, 2002 and 2006; Deffense et al., 2003;
Timms, 2005).

In Europe, butters are designated as “butter” only
when they contain 80% fat, “three-quarter fat butter” has
60 to 62% fat, “half fat butter” has 39 to 41% fat, and
“dairy fat spreads” have other fat levels. In the U.S., “light
butter” must contain less than half of the normal level of
fat and “reduced butter” less than one-quarter of the
normal level.
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Blends of butter and vegetable oil — generally soy-
bean oil — are now available in many countries. These
cannot be called butter, but are given an appropriate
name that the consumer comes to think of as “spread-
able butter.” Such products are made in New Zealand
by fractionation of butter, followed by recombination of
appropriate fractions.

In India, milk fat is consumed partly as butter, but also
as ghee. This is a concentrate of butter fat with over 99%
milk fat and less than 0.2% moisture. Its lower water content
gives it a shelf life of 6 to 8 months even at ambient tropical
temperatures. Butter or cream is converted into ghee by
controlled heating to reduce the water content to below
0.2%. In other procedures, the aqueous fraction is allowed
to separate and some of it is run off before residual moisture
is removed by heating (Achaya, 1997; Rajah, 1999).

2.4.1.5 Stereospecific distribution of fatty acids in milk
fat and triacylglycerol composition by carbon

number and by molecular species

Studies by Christie and Clapperton (1982) and others have
shown that in milk fat triacylglycerols short-chain acids
(C,—C,y) are concentrated at the sn-3 position and medium-
and long-chain saturated acids are enriched at the sn-1 and
2 positions (Table 2.63).

The number of potential triacylglycerols in milk fat with
over 10 significant acids (leading to a potential of 103
triacylglycerols) and over 400 acids in total is exceedingly
large. In qualitative terms, they are unusual in the location
of all the short chain acids (C,~Cg) in the sn-3 position
with 12:0, 14:0, and 16:0 concentrated in the sn-2 position.
Table 2.64 lists 22 triacylglycerol groups present at levels
of 1.0% or above. This selection falls into two groups:
those with one short chain acid and carbon number
between 34 and 40, and those without a short-chain acid
having carbon numbers between 44 and 54. Even these 22
groups of triacylglycerols account for only 42.6% of the
total.

TABLE 2.63 Stereospecific analysis of triacylglycerols
from bovine milk (% mol)

Acid TAG sn-1 sn-2 sn-3
4:0 11.8 - - 354
6:0 4.6 - 0.9 12.9
8:0 1.9 1.4 0.7 3.6
10:0 3.7 1.9 3.0 6.2
12:0 3.9 4.9 6.2 0.6
14:0 11.2 9.7 17.5 0.4
15:0 2.1 2.0 2.9 1.4
16:0 23.9 34.0 32.3 5.4
16:1 2.6 2.8 3.6 1.4
17:0 0.8 1.3 1.0 0.1
18:0 7.0 10.3 9.5 1.2
18:1 24.0 30.0 18.9 23.1
18:2 2.5 1.7 3.5 2.3

Source: Adapted from Christie, W.W. and Clapperton, J.L.,
J. Soc. Dairy Technol., 35, 22-24, 1982.

TABLE 2.64 Major triacylglycerols in bovine milk lipids
listed by increasing carbon number

Carbon Fatty Y% Carbon Fatty Y%
number acids (mol) number acids (mol)
34:0 BMP 3.0 40:2 BOO 1.5
36:0 CMP 1.4 44:1 DPO 1.6
36:0 BMSt 1.3 46:1 LPO 1.2
36:0 BPP 3.2 48:1 MPO 2.8
36:1 BMO 1.8 50:1 MOSt 1.4
38:0 CPP 1.5 50:1 PPO 2.3
38:0 BPSt 2.5 50:2 MOO 1.3
38:1 BPO 4.2 52:1 POSt 2.2
40:0 CPSt 1.1 52:2 POO 2.5
40:1 CPO 2.0 54:2 OO0St 1.2
40:1 BOSt 1.6 54:3 000 1.0
Total 42.6

Notes: The carbon number indicates the total number of carbon
atoms in the three acyl chains.

Fatty acids: B = butyric, C = caproic, D = capric (decanoic),
L = lauric, M = myristic, P = palmitic, St = stearic, O = oleic.
Symbols, such as BMP, stand for all triacylglycerols containing these
three acyl chains. Even allowing for all these isomeric species
together, they represent less than one-half of the milk triacylglycerols.
It is known from other evidence that short-chain acids (C,-C,,)
are concentrated at the sn-3 position and medium- and long-
chain saturated acids are enriched at the sn-1 and 2 positions
(see Table 2.63).

Source: Adapted from Jensen, R. G. (Ed.) Handbook of Milk Fat
Composition, Academic Press, San Diego, 1995.

The figures in Table 2.65 report the triacylglycerols
in milk fat by carbon number (the sum of the carbon
numbers in the three acyl chains). Each carbon number
group will contain several different triacylglycerols. The
distribution pattern is bimodal with peaks at 38 and 50.
The former will be triacylglycerols with one short chain
and two long chains, such as all the isomeric triacylg-
lycerols containing C,, C,,, and C, fatty acids with the
C,; acids being saturated or unsaturated. Triacylglycer-
ols with carbon number 50 will be mainly 16/16/18 or
14/18/18 compounds and include all the stereoisomers
of these. Again, the C,; chains may be saturated or
unsaturated.

24.1.6

The phospholipids present in milk fat (0.8 to 1.0%) are
mainly phosphatidylcholines (PC), phosphatidylethanol-
amines (PE), and sphingomyelins (SM) at the levels given in

Phospholipids and other minor components

TABLE 2.65 Triacylglycerol composition by carbon number —
mean values for 440 butter samples

C No 26 28 30 32 34 36 38 40
Mean 02 0.6 1.2 26 59 10.9 128 10.1

C No 42 44 46 48 50 52 54
Mean 71 6.7 74 91 109 9.5 4.6

Source: Adapted from Rossell, B., (Ed.) Oils and Fats, Volume 3,
Dairy Fats, Leatherhead Food International, Leatherhead, England,
2003.
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Table 2.66. PC and PE contain a similar range of acids, but
in different proportions, the PE group being more unsatur-
ated. The SM differ in the presence of long-chain, odd and
even, saturated acids. Sphingolipids are involved in intrac-
ellular signalling, protect against colon cancer, inhibit cho-
lesterol absorption and synthesis in the intestine, and are
antimicrobial. Hellgren (2002) considers that dairy prod-
ucts are probably the main dietary source of these lipids
and cites values for fresh milk (118 pmol/kg), cheese with
28% fat (567 pmol/kg), cream (907 pumol/kg), and butter
(1170 umol/kg). Fauquant et al. (2005) have shown that dif-
ferences in the fatty acid composition of small and large
globules result from differences in the composition of the
triacylglycerols and not of the phospholipids.

Milk fat contains about 0.40% of unsaponifiable mate-
rial of which about two-thirds is sterols and the remainder
a mixture containing vitamins A, D, and E, and a range
of hydrocarbons and of aliphatic alcohols. The sterols are
mainly free (>85%) and mainly cholesterol (>95%) and
are present in the membrane of the milk fat globule.
Other sterols present include lathosterol, 7-dehydrosterol,
24-methylenecholesterol, and fucosterol. The content of

cholesterol can be reduced by steam distillation, short path
distillation, supercritical fluid extraction, by cyclodextrins,
or by enzymic breakdown, but there is no significant mar-
ket for cholesterol-reduced butter.

The non-sterol components include hydrocarbons
(~140 mg/kg of fat, C,;—C;, odd and even, saturated and
monounsaturated compounds), squalene (~140 mg/kg of
fat), aliphatic alcohols (~270 mg/kg of fat, mainly satu-
rated C,,—C;, compounds), carotenoids, etc. (~190 mg/kg
of fat) and vitamins A, D, and E and other materials (~460
mg/kg of fat) (Rossell, 2003).

2.4.1.7

In the 5-year period 2000 to 2004, the production of but-
ter rose only about 6% from 5.97 to 6.35 million tonnes.
Imports and exports were each in the range of only 0.6 to
0.8 million tonnes, so most butter is consumed in
the country where it is produced (Table 2.67). The most
significant exception is New Zealand with a production in
2004-2005 of 340,000 tonnes, consumption of only
30,000 tonnes, and exports of 310,000 tonnes, mainly to
the EU and to countries of the former Soviet Union.

Production, trade, and consumption of butter

TABLE 2.66 The major phospholipids (PL) in milk and the major fatty acids present in each PL class

PL % mol 14:0 16:0 18:0 18:1
PC 34 8 36 11 26
PE 32 1 11 12 54
SM 25 2 22 4 5

18:2 Other
5 14%
12 10%

1 22:0 15%, 23:0 27%, 24:0 15% other 9%

Note: Phosphatidylcholine PC, phosphatidylethanolamine PE, and sphingomyelin SM

Other PL present include phosphatidylserine (3%), phosphatidylinositol (5%), and plasmalogens (3%)
Other acids present include 12:0, 15:0, 16:1, 17:0, 18:3, 20:3, and 20:4.

Source: Adapted from Jensen, R.G., J. Amer. Oil Chem. Soc., 50, 186-192, 1973.

TABLE 2.67 Butterfat production, consumption, imports, and exports (million tonnes) by country/region for
the calendar years 2000 to 2004
Production Consumption

2000 2001 2002 2003 2004 2000 2001 2002 2003 2004
World 5.97 6.01 6.19 6.27 6.35 5.94 6.00 6.12 6.23 6.40
EU-25 1.83 1.81 1.87 1.86 1.84 1.74 1.75 1.71 1.70 1.70
CIS 0.38 0.40 0.39 0.40 0.40 0.44 0.46 0.47 0.48 0.48
USA 0.48 0.46 0.50 0.46 0.46 0.49 0.47 0.49 0.51 0.51
India 1.35 1.41 1.48 1.57 1.65 1.36 1.41 1.49 1.57 1.65
Pakistan 0.46 0.48 0.49 0.49 0.50 0.46 0.48 0.49 0.49 0.50
NZ 0.33 0.33 0.33 0.35 0.34 0.03 0.03 0.03 0.03 0.03

Imports Exports

2000 2001 2002 2003 2004 2000 2001 2002 2003 2004
World 0.63 0.68 0.72 0.74 0.75 0.67 0.66 0.73 0.76 0.75
EU-25 0.06 0.09 0.09 010 0.10 0.15 0.17 0.19 0.26 0.26
CIS 0.09 0.12 0.13 0.14 0.11 0.04 0.07 0.04 0.04 0.04
USA 0.02 0.03 0.03 0.03 0.05 0.01 - - 0.01 0.01
India - - - - - - - - - -
Pakistan - - - - - - - - -
NZ - - - - 0.30 0.26 0.34 0.32 0.29

Note: CIS = Commonwealth of Independent States (former Soviet Union), NZ = New Zealand.
Source: Adapted from the Oil World Annual 2005, ISTA Mielke GmbH, Hamburg, 2005.
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TABLE 2.68 Major producers and consumers of butter on
a fat basis (million tonnes) in 2004-2005

Country Production  Exports Imports Consumption
World total 6.47 0.80 0.80 6.47
EU-25° 1.86 0.28 0.11 1.71
CIS 0.40 0.04 0.13 0.49
India 1.69 - - 1.69
Pakistan 0.51 - - 0.51
uUs 0.48 - 0.04 0.52
NZ 0.34 0.31 - 0.03

@ France (0.41) and Germany (0.42) are the major European
consumers of butter in the EU.

Source: Adapted from the Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.

The EU is also an exporter of butter (280,000 tonnes).
The major producers and consumers of butter in
2004-2005 are as shown in Table 2.68.

24.1.8

The composition of human milk fat is influenced by the diet
of the mother and by the days postpartum when the sample
is collected. Total lipids range from 2 to 5%. This is mainly
triacylglycerol (98 to 99%), but phospholipids (0.6 to 1.1%)
and cholesterol (0.4 to 1.3%) are also present.

Jensen (1999) has prepared a substantial review with
fatty acid data for samples of human milk fat from many
countries (Australia, Canada, China, Denmark, France,
Holland, Hungary, Israel, Japan, Nigeria, Spain, and
Sudan). These are summarised in Table 2.69, where a
distinction is drawn between mothers expected to con-
sume a western diet and those on a non-western diet.
Those on the non-western diet have more of the plant-
derived n-6 and n-3 PUFA in their milk fats, while those
on the western diets have higher levels of tramns acids,
presumably resulting from partially hydrogenated fats in
the diet. However, these are mean values derived from a
wide range of observed values. Comparing western and

Human milk and other animal milks

TABLE 2.69 Fatty acid composition (% wt, mean values)
of breast milk from women consuming western and non-
western diets

Fatty acid Western Non-western
10:0 1.42 1.00
12:0 5.67 6.14
14:0 6.58 7.22
16:0 21.58 19.60
18:0 6.04 5.90
18:1 ¢ 31.08 27.10
18:1 ¢ 2.78 0.43
18:2 ¢ 11.73 18.14
18:2 ¢ 0.61 0.04
20:4 n-6 0.42 0.92
18:3 n-3 1.08 2.07
20:5 n-3 0.09 0.52
22:6 n-3 0.45 0.88

Source: Adapted from Jensen, R.G., Lipids, 34, 1243-1271, 1999.

non-western diets, the data for 18:1 lie between 23.6 and
55.2% and between 21.5 and 39.2% and, for 18:2, they
fall in the range 5.8 to 27.5% and 9.3 to 32.7%, respec-
tively. Human milk fat contains many other acids, and
Jensen (1999) lists 214. In contrast to cow and other
animal milk fats, the level of saturated acids shorter than
10:0 is very small. Recent interest in the nature of the
trans acids in human milk fat is reflected in papers by
Wolff et al. (1998), Precht et al. (2000), and Jensen et al.
(2000). Also, Diersen-Schade and Boettcher (2005) have
discussed the requirement of arachidonic acid and DHA
for infant development.

Winter et al. (1993) have reported the 170 most abun-
dant triacylglycerols of which 22 are present at levels of
1.0% or greater. These have been detailed by Jensen (1999).
Two groups dominate: those containing 16:0, 18:1, and
18:1 fatty acids (11.8%mol) and those containing 16:0,
18:1, and 18:2 acids (10.0% mol). Human milk fat is
unusual in that much of the palmitic acid is present in the
sn-2 position. Christie and Clapperton (1982) report that
in human milk fat containing 27.0% of palmitic acid the
levels of this acid in the sn-1, 2, and 3 positions are 18.7,
57.1, and 5.3%, respectively. Martin-Susa et al. (2004) have
reported changes in the fatty acids of human milk gangli-
osides during lactation.

The levels of milk fat from other animals are as follows:
buffalo (6.7%), sheep (7.8%), goat (4.1%), camel (3.9%),
and cow (3.5%). Information concerning their fatty acid
and triacylglycerol composition is given in Table 2.70 and
Table 2.71.

24.2 Lard

Lard is the body fat of pigs and is typically rich in palmitic
(26%) and oleic acid (44%), with lower levels of linoleic
(11%) and palmitoleic acid (5%) (Table 2.72). A pig carcass
generally contains about 30% of fat, but in fat pigs this may
be as high as 50%. By virtue of its fatty acid and
triacylglycerol composition, lard normally appears as a
white solid fat.

Differences in the fatty acid composition of tallow and
lard reflect the fact that while tallow comes from a rumi-
nant animal, where dietary lipids are subject to rumen
biohydrogenation, the pig is monogastric and its depot
fats more closely resemble the dietary intake. Lard is
accordingly richer in linoleic acid than is tallow. The con-
tent of linoleic acid may be as low as 2% in pigs fed with
rice, but as high as 30% when fed with soya.

A typical fatty acid composition of lard is given in Table
2.72. Codex fatty acid specifications (Table 2.73) indicate
values greater than 1% for seven acids (14:0, 16:0, 16:1,
18:0, 18:1, 18:2, and 18:3) along with lower levels of
iso-acids (C,, to C;,), anteiso and n- C;5 and C,, acids,
14:1, 16:2, 17:1, and several C,, to C,, acids. The content
of trans acids at around 1% is much lower than in the
ruminant fats.
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TABLE 2.70 Fatty acid composition (g/100 ml milk and % of total fat) of human, sheep, and goat milk fats

Fatty acid
4:0
6:0
8:0
10:0
12:0
14:0
16:0
18:0
16:1
18:1
18:2
18:3
20:4
Other
Total

Human Sheep Goat

g/100ml Y% 2/100ml % 2/100ml Y%
- - 0.20 3.0 0.13 33
- - 0.14 2.1 0.09 2.3
- - 0.14 2.1 0.10 2.5
0.06 1.4 0.40 6.0 0.26 6.6
0.26 6.2 0.24 3.6 0.12 3.1
0.32 7.7 0.66 10.0 0.32 8.1
0.92 22.1 1.62 24.4 0.91 23.2
0.29 7.0 0.90 13.5 0.44 11.2
0.13 3.1 0.13 2.0 0.08 2,0
1.48 35.5 1.56 23.6 0.98 25.0
0.37 8.9 0.18 2.7 0.11 2.8
0.05 1.2 0.13 2.0 0.04 1.0
0.03 0.7 - — — -
0.26 6.2 0.33 5.0 0.35 8.9
4.17 100.0 6.63 100.0 393 100.0

Note: The unsaturated acids, and especially 18:1, represent the total of cis and trans isomers.
Source: Adapted from Rossell, B., (Ed.) Oils and Fats, Volume 3, Dairy Fats, Leatherhead Food International, Leatherhead, England, 2003.

TABLE 2.71 Triacylglycerol composition (% wt) by carbon
number of goat milk fat (mean of 35 samples) and of ewe

milk fat (mean of 45 samples)

C No

24
26
28
30
32
34
36
38

Goat

0.1
0.5
1.2
2.5
4.1
6.2
9.4
12.1

Ewe

0.7
1.6
2.5
3.6
6.0
9.6
12.8

C No

40
4
44
46
48
50
52
54

Goat

12.6
12.5
11.6
8.1
5.8
5.8
4.9
2.0

Ewe

12.0
9.0
8.1
6.8
6.7
7.6
8.4
4.5

Source: Adapted from Fontecha, J., et al., J Amer. Oil Chem.
Soc., 75, 1893-1896, 1998; and Goudjil, H., et al., J Amer. Oil
Chem. Soc., 80, 219-222, 2003.

TABLE 2.72 Fatty acid composition of beef tallow, mutton

tallow, and lard

Fatty Acid

10:0
12:0
14:0
16:0
16:1
18:0
18:1
18:2
18:3
Saturated

Monounsaturated
Polyunsaturated

0.9
3.9
26.0
4.4
19.8
27.7
32
0.1
50.6
43.7
4.2

Beef Tallow

Mutton Tallow

4.0
22.5
2.4
20.4
39.3
5.8
2.4
46.8
42.4
8.1

Lard

0.1
0.2
1.4
24.9
2.8
14.1
43.1
10.7
1.0
40.7
47.2
11.7

Source: Adapted from Rhee, K.C., in Fatty Acids in Foods and
Their Health Implications, Ching Kuang Chow (Ed.), Marcel
Dekker, New York, 2000, p. 88.

TABLE 2.73 Codex ranges (% wt) for lard (rendered pork fat)
and tallow (premier jus) agreed in 1999

Acid Lard Tallow Acid Lard Tallow
14:0 1.0-2.5 2-6  8:0-12:0 <0.5¢ <0.52
16:0 20-30 20-30 14:0 iso <0.1 <0.3
16:1 2.0-4.0 1-5 14:1 <0.2 0.5-1.5
18:0 8-22 15-30 15:0 <0.2 0.2-1.0
18:1 35-55 3045 15:0is0 <0.1 )<1.52
18:2 4-12 1-6 15:0 anteiso ~ <0.1 )
18:3 <l.5 <l.5 16:0 iso <0.1 <0.5

16:2 <0.1 <1.0

17:0 <1 0.5-2.0

17:1 <1 <1.0

17:0 iso <0.1 )<l.5*

17:0 anteiso ~ <0.1 )

20:0 <1.0 <0.5

20:1 <1.5 <0.5

20:2 <1.0 <0.1

20:4 <1.0 <0.5

22:0 <0.1 <0.1

22:1 <0.5 Not detected

4 Total for range of acids indicated.
Note: Arranged as major (left-hand columns) and minor compo-
nents (right-hand columns).

The fatty acid composition of lard depends not only
on diet but also varies with the site from which the fat
is taken. Some relevant figures are given in Table 2.74,
along with a regiospecific analysis. The major triacyl-
glycerols of pig inner back fat are reported to be MSS
(33%), MSM (28%), MSD (12%), SSD (7%), SSS (7%),
MMM (5%), MDM (3%), and other (5%), where
S = saturated, M = monoene, D = diene, and each three
letter grouping includes all triacylglycerols containing
the acyl groups indicated.

An unusual feature of lard is the high level of palmitic
acid in the sn-2 position in its triacylglycerols. Over 70%
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TABLE 2.74 Stereospecific analysis of triacylglycerols from various pig tissues

Fat source sn 14:0 16:0
Inner back 1 0.7 9.8
2 3.5 72.1
3 0.6 5.4
Outer back 1 0.9 9.5
2 4.1 72.3
3 -0.2 0.4
Perinephric 1 2.5 11.7
2 4.8 75.4
3 -1.6 5.0
Mesenteric 1 1.8 15.6
2 4.5 78.4
3 -0.3 2.3

16:1 18:0 18:1 18:2
1.7 38.8 42.7 6.3
3.7 3.8 14.0 2.9
2.1 11.3 65.4 15.2
2.4 29.5 51.3 6.4
4.8 2.1 134 33
1.5 7.4 72.7 18.2
2.3 35.2 43.7 4.6
4.1 2.8 10.2 2.7
2.3 12.1 68.5 13.7
2.6 37.6 394 3.0
39 3.0 8.9 1.3
1.6 19.1 66.6 10.7

Notes: Negative numbers result from small experimental errors.

Data also given for fat from milk, adipose tissue adhering to stomach, heart, adrenal liver, blood, and kidney.
Fatty acid composition of the fat can be calculated as 1/3(1+2+3). Thus, the level of palmitic acid from these four sites is 29.1, 27.4, 30.7,

and 32.1%.

Source: Adapted from Christie, W.W. and Moore, J.H., Biochim. Biophys. Acta, 210, 46-56, 1970.

TABLE 2.75 Production, consumption, imports, and exports (million tonnes) of tallow by country/region for the calendar years

2000 to 2004

Production Consumption

2000 2001 2002 2003 2004 2000 2001 2002 2003 2004
World 6.74 6.78 7.01 7.21 7.30 6.72 6.80 7.00 7.21 7.29
China 2.78 2.84 2.95 3.05 3.13 2.82 2.89 2.94 3.03 3.12
EU-25 1.79 1.75 1.80 1.85 1.84 1.77 1.73 1.79 1.85 1.82
UsS 0.49 0.49 0.51 0.52 0.53 0.40 0.44 0.44 0.44 0.44
Brazil 0.33 0.34 0.36 0.35 0.36 0.33 0.34 0.36 0.35 0.36
Russia 0.18 0.18 0.18 0.20 0.20 0.18 0.18 0.19 0.20 0.21

Imports Exports

World 0.19 0.13 0.13 0.14 0.14 0.19 0.13 0.13 0.14 0.15

Source: Adapted from the Oil World Annual 2005, ISTA Mielke GmbH, Hamburg, 2005.

of the acids in this position are palmitic acid. In this
respect, it resembles human milk fat. This analytical fea-
ture can be exploited in some measure to detect the pres-
ence of pig fats as an adulterant. As a consequence of this
unusual feature, its physical properties (especially melting
behaviour) are changed markedly when the fat is ran-
domised to give an improved shortening.

Compared with vegetable oils, animal fats are rich in
cholesterol (3000 to 4000 mg/kg) and deficient in natural
antioxidants. Despite their relatively saturated nature,
therefore, animal fats have to be stabilised against oxida-
tion by addition of natural or synthetic antioxidants.
Because of the low level of tocopherols naturally present,
the oxidative stability of lard can be enhanced consider-
ably. It has been reported that lard has an induction period
of only 2.5 hours when heated at 100°C with blown air,
but this is extended to 18 hours with added tocopherol
(0.01%). BHA and/or BHT are often added to lard at
levels of 100 to 200 ppm.

Table 2.75 contains details on the production, con-
sumption, and trade in lard. Imports and exports are not
significant as most lard is consumed in the country where
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it is produced, particularly in China and in EU-25. Lard
is a by-product of the pig industry geared to producing
pork. Appropriate figures are given in Table 2.76.

2.4.3 Tallow

Tallow is mainly fat from cattle and may be considered as
a by-product of the beef industry. It may also contain
some fat from sheep, but should be free of pig fat (lard).
Production of tallow now exceeds 8 million tonnes, and

TABLE 2.76 Annual production (million tonnes) of red
meats and poultry meat

2001 2002 2003 2004
Beef and veal 59.6 61.0 61.7 62.7
Pork 92.5 95.5 98.0 99.4
Mutton and lamb 11.7 12.0 12.2 12.4
Poultry meats 72.9 75.7 77.6 80.7
Other 4.2 4.2 4.3 4.3
Total 240.9 248.4 253.8 259.5

Source: Adapted from the Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.
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tallow, lard, and butter occupy positions 5 to 7 in ranking
order of oil and fat production after the four major vege-
table oils (soybean, palm, rape/canola, and sunflower)
About 25% of the world tallow production is exported/
imported and the balance is used in the country/region in
which it is produced. Figures provided in Table 2.77
show that the U.S. dominates the production and con-
sumption of this fat, followed by EU-25 and China.

The rendering industry is a very significant part of live-
stock processing. Edible meat represents only two-thirds
of what goes to the abattoir (slaughterhouse) leaving the
balance to be processed by the rendering industry. This
industry seeks to produce valuable by-products, rich in
protein or in fat, which are both safe and acceptable and,
thereafter, to dispose of the residue in a manner that is
environmentally acceptable, measured against increasingly
rigorous standards.

Tallow is available in up to 20 different grades categorised
according to titre (melting point of component fatty acids),
colour, free acid content, and MIU (moisture, impurities,
and unsaponifiable material). Poorer grades, often from
other animal sources, are classified as “greases” and are
generally included with tallows for recording purposes.
Only the highest grades can be used for human food.

Tallow is used in three general areas: as a food such as
in margarine and in frying oils (Berger, 1997), as an
energy-rich component of animal feed (Harris, 1995), and
in the oleochemical industry as a source of acids, esters,
alcohols, soaps, and N-compounds used in personal care
products, cosmetics, emulsifiers, etc. The division between
these three sectors depends mainly on the quality of the
tallow, but also on supply/demand balances. In Europe
about 50% of tallow production is used for production of
soap and other oleochemicals, the balance being used as
food or feed. Tallow is frequently in competition with
palm stearin, particularly for oleochemical purposes. As

with other fats, the food uses of tallow are related to its
nutritional, physical, and chemical properties depending,
in turn, on the composition of the fatty acids, the triacylg-
lycerols, and the minor components. These figures may be
modified in the near future as increasing quantities of
tallow are converted to methyl esters for use as biofuel.

U.S. figures are reported by the U.S. Census Bureau. In
the month of November 2004, the total U.S consumption
of tallow was 146,000 tonnes of which only 8000 tonnes
(5.7% of total) was used for edible purposes. Of the bal-
ance, 93,000 tonnes (63.5%) was used for animal feed,
24,000 tonnes (16.5%) to produce fatty acids, and the
remainder for other nonedible uses.

Typically beef tallow contains palmitic, stearic, and
oleic acids at levels of around 26, 22, and 39% (total
~87%). The more significant minor components include
myristic acid (3.5%), hexadecenoic acid (3.5%), and
linoleic acid (2.5%), while odd-chain acids, branched-
chain acids, and acids with frans unsaturation (up to 5%,
included in the figure for oleic acid cited above) are also
present. In common with other ruminant fats tallow is
now known to contain conjugated linoleic acids (CLA).
A typical level of ~2.5 mg/g compares with values about
twice as large in milk and dairy products. These acids have
aroused much attention recently because of their reported
anticarcinogenic properties.

Table 2.78 contains information on the fatty acid com-
position of tallow and a stereospecific analysis of a tallow
sample reported by Christie et al. in 1991. (Codex ranges
are given in Table 2.73.) The distribution of the major
fatty acids does not follow any obvious pattern and, in
contrast to many seed oils, fatty acids in the 1 and 3
positions are not the same. Oleic acid is concentrated in
the 2 position. Palmitic and stearic acids, though not con-
centrated in the 2 position, are nevertheless present there
at significant levels.

TABLE 2.77 Production, consumption, imports, and exports (million tonnes) of tallow by country/region for the calendar years

2000 to 2004

Production Consumption

2000 2001 2002 2003 2004 2000 2001 2002 2003 2004
World 8.20 7.69 8.07 8.03 8.11 8.15 7.77 8.06 8.12 8.06
UsS 3.95 3.50 3.83 3.72 3.64 2.94 2.65 2.60 2.61 2.57
EU-25 1.13 1.05 1.08 1.09 1.09 1.20 1.22 1.16 1.13 1.11
China 0.62 0.65 0.68 0.70 0.72 0.95 0.96 0.99 1.00 1.02
Brazil 0.43 0.45 0.46 0.47 0.49 0.49 0.44 0.46 0.47 0.45
Australia 0.50 0.51 0.47 0.46 0.49 0.10 0.10 0.11 0.12 0.12
Mexico 0.10 0.11 0.11 0.11 0.12 0.39 0.42 0.52 0.48 0.52
Canada 0.29 0.30 0.31 0.29 0.34 0.10 0.09 0.10 0.14 0.15

Imports Exports

World 2.26 2.07 2.31 2.11 2.14 2.21 2.06 2.35 2.12 2.14

The major exporting countries are the U.S., Australia, and Canada.

The major importing countries/regions are China, Mexico, and EU-25.
Source: Adapted from the Oil World Annual 2005, ISTA Mielke GmbH, Hamburg, 2005.
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TABLE 2.78 Fatty acid composition and stereospecific
analysis of tallow

TAG sn-1 sn-2 sn-3
14:0 34 2.9 1.5 5.7
16:0 29.5 42.0 24.6 21.9
16:1 1.9 2.1 0.8 2.9
18:0 26.0 34.4 11.3 324
18:1 349 14.9 553 34.6
18:2 1.5 0.2 39 0.3
Other 2.8 3.5 2.6 2.2

Source: Adapted from Christie, W.W., et al., J Am. Oil Chem.
Soc., 68, 695-701, 1991.

From a nutritional viewpoint, tallow is perceived as
having several disadvantages based on a number of factors:

1. Tallow is an animal fat and, therefore, not accept-
able to vegetarians or to some religious or cultural
groups. This objection extends from food to per-
sonal care products. For example, for acceptance by
some ethnic groups, stearic acid incorporated into
such materials must be derived from vegetable
sources. Associated with this is the overall concern
in some communities over animal welfare.

Almost 50% of the fatty acids in tallow are saturated

and include myristic acid, the saturated acid with

greatest cholesterol-raising effect on blood plasma.

The level of essential fatty acids is low.

Tallow contains acids with #rans unsaturation

(~5%).

. It contains cholesterol (~1000 ppm) at levels higher
than those found in vegetable oils (negligible),
though lower than those in dairy products (2000 to
3000 ppm).

6. It contains little or no natural antioxidant.

On a more positive note, good quality tallow is consid-
ered by many to produce a desirable flavour in biscuits
and fried foods, and the presence of conjugated linoleic
acid (CLA) in ruminant fats may also come to be regarded
as a plus factor.

The major triacylglycerols are SSS (18%), SUS (47%) and
USU (18%) where S and U represent saturated and unsatu-
rated acyl groups attached to glycerol. The high levels of
the more saturated glycerol esters give tallow a high slip
melting point and a flat melting curve. This is a useful trait
for applications where the structure and body of the prod-
ucts is important. However, when eaten, the high melting
point may give an impression of waxiness on the palate.

As expected for a fat with a high content of saturated
acids and a low level of polyunsaturated acids, tallow
should show high oxidative stability. However, as an
animal fat, it contains little or no antioxidant and, there-
fore, may be less resistant to oxidative deterioration than
materials of similar melting point derived from vegetable
oils. Tallow contains only low levels of phospholipids
(<0.07%) and tocopherols (0.001%). Sterols at 94 to 140
mg/100 g of fat are almost entirely cholesterol.
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Tallow can be subjected to the full range of processing
techniques to extend its use as a food product. These
include blending, hydrogenation, fractionation, and inter-
esterification. For oleochemical purposes, it is often con-
verted to free acids that may be fractionated to give
palmitic, stearic, and oleic fractions at varying levels of
purity. Deffense (in Rossell, 2001) details a number of
fractionations of beef tallow (mp 43 to 46°C) to produce
stearins of higher melting point (54 to 56°C) and oleins
of lower melting point (20°C) as well as fractions with
intermediate values. It is of interest that margarines were
first produced using beef olein.

2.4.4 Chicken fats

Despite the high level of poultry meat now consumed
around the world, there is little information about the
amount of fat derived from this source. Presumably, pro-
duction is smaller than from the red meats because there
is little removal of fat from these animals prior to retail
sale. Such chicken fat as is available probably comes from
food companies processing and cooking chickens on an
industrial scale.

The fatty acid composition of chicken fat and other
poultry fats is summarised in Table 2.79. The composition
depends on the diet of the chickens and also on what parts
of the chicken are used as fat source. It is clear from Table
2.80 that skin lipids differ from muscle lipids and that
lipids from white meat differ from those from dark meat.

Attempts have been made to increase the levels of
omega-3 acids in broiler meat by adding these acids to the
chicken feed (Rymer et al., 2005).

24.5
24.5.1

For those living near rivers, lakes, or the sea, fish have been
part of the human diet for many centuries and there has

Fish oils

Sources and production

TABLE 2.79 Fatty acid composition of chicken fat and some
other poultry fats

Chicken Duck Goose

References a b c d a b a
14:0 1.3 0.9 0.7 0.6 0.7 0.7 0.5
16:0 232 223 252 286 259 261 220
16:1 6.5 6.0 7.8 2.7 42 42 3.0
18:0 6.4 6.9 5.9 6.8 8.2 8.2 6.5
18:1 41.6 395 405 517 463 468  56.9
18:2 189 200 184 49 126 126 104
18:3 1.3 13 0.7 24 1.0 1.0 0.5
20:1 - 12 0.5 0.7 - 12 -

Other 0.8 1.9 0.3 1.6 .1 0.8 0.2

Sources. (a) and (b) Rossell, B., (Ed.) Oils and Fats, Volume 3, Dairy
Fats, Leatherhead Food International, Leatherhead, England, 2003,
pp. 14 and 158, respectively; (c) Ki-Teak Lee and Foglia, T.A.,
J. Am. Oil Chem. Soc., 77, 1027-1034, 2000; and (d) Nai-Ting Ma,
et al., J Am. Oil Chem. Soc., 81, 921-926, 2004.
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TABLE 2.80 Fatty acid composition of some chicken fats

Light muscle Dark muscle

No skin With skin No skin With skin
14:0. 0.9 0.9 0.9 0.9
16:0 24.6 23.8 21.6 23.2
16:1 3.5 6.1 5.8 6.1
18:0 114 6.4 8.5 6.5
18:1 29.8 38.2 324 38.5
18:2 19.3 21.1 23.9 21.6
18:3 0.9 1.0 1.2 1.0
20:1 0.9 1.2 0.3 1.1
20:4 5.3 0.6 2.9 0.6
Other 34 0.7 2.5 0.5

Source: Adapted from Christie, W.W.,, et al., J Am. Oil Chem.
Soc., 68, 695-701, 1991.

long been a trade in dried fish. A significant fishing industry
developed as fishermen learned to fish over wider areas of
the seas and when improvements in storage conditions
allowed distribution to urban dwellers for many of whom
fresh fish and fried fish are now standard parts of their diet.

Today the fishing industry is organised in part to pro-
duce fish for consumption as fresh fish and in various
processed forms and in part to produce fishmeal (protein)
with fish oil only a by-product of this operation. Fish oil
is produced mainly from fish caught in open seas. The
whole fish is generally used as raw material, though trim-
mings from the fish processing industry are also a useful
source of both meal and oil.

In 1970 the catch of wild marine fish was about 70
million tonnes. This rose to about 93 million tonnes in
1996, but has hardly changed since. In contrast, produc-
tion of farmed fish has increased rapidly. In 1976 through
1980, the average annual production of farmed fish was
4.1 million tonnes. Twenty years later, between 1996 and
2000, this had risen to 30.7 million tonnes, and the figure
forecast for 2016 to 2020 is 70.5 million tonnes. Aquacul-
ture is particularly important in China, and this country
accounted for 70% of the world figure in the 5-year period
from 1996 to 2000.

The leading producing countries of fish oil are Peru and
Chile, followed by Denmark, U.S., Iceland, and Norway.
Japan was a large producer of fish oil in the 1980s, but
sardines disappeared from Japanese waters in 1992 and
the country is now an importer of fish oil.

For the South American fishing nations of Peru and
Chile, the major fish species used in commercial produc-
tion of fishmeal and oil are anchovy, jack mackerel, pacific
mackerel, and sardine. In the fishing grounds of Western
Europe (Iceland, Norway, Denmark, U.K., and Spain)
capelin, Atlantic horse mackerel, sandeel, Norway pout,
sprat, herring, and blue whiting are important. Menhaden
and pollack are popular among U.S. fishermen (Haraldsson
and Hjaltson, 2001, 2006).

New types of fish oils, including salmon oil from
Norway and tuna oil from Thailand and Australia, are
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by-products of the processing of these two fish. They are
generally high quality oils and provide a useful source of
omega-3 acids. Nichols (2004) has discussed the sources
of long-chain omega-3 acids, particularly from Australian
and New Zealand waters.

Cod liver oil, with an annual production of 10,000
tonnes, was first marketed as a source of vitamins A and
D and now also as a source of important long-chain
omega-3 fatty acids, such as EPA and DHA. Shark liver
oil (mainly from Southeast Asia, particularly China) is a
source of vitamin A, squalene, and alkoxy glycerols (see
below).

Annual production of fish oils during the past 10 years
has been around 1.1 million tonnes with marked fluctua-
tions in production, mainly due to the climatic phenom-
enon, e/ Nino. This changes conditions in the ocean,
particularly along the coasts of Peru and Chile, causing
the fish to move to deeper waters. Production from 2005
onwards is predicted to be significantly lower than
1 million tonnes. The major fishing grounds are in the
South Pacific (Peru and Chile) or in the North Atlantic
(Denmark, Iceland, and Norway). There is a strong trade
in fish oils as shown in Table 2.81.

As shown in Table 2.82, there have been significant
changes in the uses of fish oil in the past 10 years. After
partial hydrogenation, fish oils were used mainly for the
production of margarine and spreads, but this application
has declined considerably on dietary grounds. In its place,
the use of fish oil for aquaculture feed has increased rap-
idly from 16 to 55% in 10 years. The problem of feeding
decreasing stocks of fish oils to increasing numbers of
farmed fish raises a serious issue of sustainability. This has
been discussed by Bell et al. (2005) who investigated the
possibility of replacing dietary fish oil with a blend of
fish oil and linseed oil. The latter is a sustainable source

TABLE 2.81 Annual production and trade (thousand
tonnes) in fish oils

2000 2001 2002 2003 2004
Production
World 1411 1131 934 989 1109
Peru 593 300 189 206 343
Chile 171 145 146 130 141
Denmark 140 124 109 105 113
Iceland 94 99 80 129 70
Norway 83 65 62 51 56
Us 87 127 96 89 81
Japan 70 64 65 67 68
Exports 849 754 527 618 652
Imports 819 774 514 601 659

The major exporting countries are Peru, Iceland, Norway, and
the U.S.

The major importing countries/regions are EU-25, Norway, Chile,
and Japan.

Source: Adapted from the Oil World Annual 2005, ISTA Mielke
GmbH, Hamburg, 2005.
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TABLE 2.82 Major uses of fish oils (proportion %) in 1990,
1995, and 2000

1990 1995 2000
Hydrogenated fats 71.5 60.1 36.2
Aquaculture feed 15.8 33.1 55.0
Industrial 6.3 5.7 6.3
Pharmaceutical 0.4 1.1 2.0

Source: Pike, I.H. and Barlow, S.M., Lipid Technology, 12, 58-60,
2000.

Information for 2003, as discussed in the text, was kindly supplied
by Dr. Pike.

of a-linolenic acid (the C;53 omega-3 acid) that may serve
as a metabolic source of EPA and DHA. Fish oil in the
feed serves as an inexpensive source of energy and as a
source of omega-3 acids.

Use for industrial purposes remains around 6%. Pharma-
ceutical and dietary use of fish oils without partial
hydrogenation is based on the very important essential
fatty acids, vitamins, and other materials present in such
sources. This use is growing rapidly, but remains small in
volume terms. Refined fish oils or preparations made from
these are available in encapsulated form or they may be
incorporated into bread and drinks and into infant for-
mula as a source of long-chain polyunsaturated fatty acids.

Dr. Pike (private communication) has updated the
information in Table 2.82 with figures for 2003. In that
year, total consumption of fish oil was 980 kt (thousands
of tonnes) distributed between aquaculture (700 kt, 72%),
direct human consumption (190 kt, 19%), technical uses
(50kt, 5%), and other uses (40 kt, 4%). Of that used for
human consumption, it is believed that ~150 kt is hard-
ened (hydrogenated) mainly in South America and that

the balance (40 kt) is consumed as refined fish oil generally
in encapsulated form. This last use is increasing at ~15%
per annum. In 2002, 732,000 tonnes of fish oil was used
in aquaculture, mainly for salmon (364 kt), trout (168 kt),
and marine fish (100 kt). It is forecast that by 2010 these
requirements will be supplemented by fish oil fed to carp,
shrimp, and carnivorous freshwater fish.

2.4.5.2

Fish oils contain a wide range of saturated, monounsat-
urated, and polyunsaturated acids (Table 2.83), but fish
fatty acid composition is generally cited in terms of the
major acids only. Typical fatty acid data for some com-
mercial fish oils are given in Table 2.84. Such oils are rich
in saturated acids (mainly myristic and palmitic), monoun-
saturated acids covering the range of hexadecenoic
through docosenoic, and omega-3 C,, and C,, polyunsatu-
rated fatty acids. These last are very important acids for
which fish oils are the largest source. The table illustrates
the differing distribution of monounsaturated acids.

Fatty Acids

TABLE 2.83 Fatty acids identified in fish oils

Number of carbon atoms

12, 14-24 odd and even members

15,17, 18, 19

14, 16, 17, 18, 19, 20, 22, 24

16:2-4, 18:2-4, 20:2-5, 21:5, and
22:3-6

Acid type

Saturated — straight chain
Saturated — branched chain
Monounsaturated
Polyunsaturated

Note: Many of the unsaturated acids occur in several isomeric
forms.

Source: Adapted from Haraldsson, G.G. and Hjaltason, B., in
Structured and Modified Lipids. (Ed.) Gunstone, F.D., New York,
Marcel Dekker, 2001, 313-350.

TABLE 2.84 Typical fatty acid composition of some commercial fish oils

Salmon
Anchovy Capelin Cod Liver Men-haden Sardine (Farmed) Tuna
Saturated
14:0 9 7 4 9 8 5 3
16:0 17 10 10 19 18 12 22
Monounsaturated
16:1 13 10 8 12 10 6 3
18:1 10 14 25 11 13 20 21
20:1 1 17 10 1 4 10
22:1 1 15 7 - 3 9 3
Polyunsaturated (n-3)
20:5 22 8 10 14 16 7 6
22:5 2 - 1 2 2 3 2
22:6 9 6 10 8 9 11 22
Other
16 13 15 24 17 17 17

Note: “Other” includes 18:0, 18:2, 18:3, and 18:4, and other C,, and C,, acids.
Source: Adapted from Haraldsson, G.G. and Hjaltason, B., in Structured and Modified Lipids. (Ed.) Gunstone,

FE.D., New York, Marcel Dekker, 2001, 313-350.
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The C,; and C,; members are significant in all the oils
detailed in Table 2.83, but the C,, and C,, acids are con-
fined to oils such as capelin and salmon. The fish oils vary
in the level of combined PUFA and also in the distribution
between EPA and DHA. This is important when selecting
a fish oil as a source of one or other of these PUFA for
enhancement and when seeking a dietary source rich in one
of these acids, but not in the other.

One problem in handling and storing the highly unsat-
urated fish oils is their ease of oxidation. It is for this
reason that the oil can be supplied in capsules or in
microencapsulated form. Hsieh et al. (1989) identified 55
volatile components formed when menhaden fish oil is
heated at 65°C. The structures and concentration (ranging
from 2 to 8500 ppb) were listed. They included 10 alkanes
(8:0 to 17:0), 26 saturated and unsaturated aldehydes, 5
ketones, 6 short-chain carboxylic acids, 3 furan-containing
compounds, and 5 aromatic compounds. Most are easily
recognised as fatty acid oxidation products. The com-
pound present at the highest concentration is heptan-3-
one (8500 ppb), but compounds at lower concentration
might be more important in terms of odour.

2453 Fish oils as sources of valuable dietary

constituents

It has long been known that fish oils contain materials with
valuable dietary and pharmaceutical properties as well as
having physical properties that make them useful as
emollients. Until the 1960s, fish liver oils were used in
Europe and the U.S. mainly for their vitamins A and D, but
high-quality fish oil is now used as a source of long-chain
omega-3 acids. Cod and shark liver oils are both
commercially available, the former at levels around 10,000
tonnes/annum. Shark liver oil, produced in Southeast Asia,
particularly China, is a valuable source of squalene and of
glycerol ethers. Salmon oil and tuna oil are now available as
by-products of fish processing (Haraldsson and Hjaltason,
2001).

2.4.5.3.1  Squalene

Squalene (C;,Hy) is an interesting acyclic molecule con-
taining six isoprene units. It is a key intermediate in the
bioconversion of mevalonic acid (Cy) to triterpenes (Cs,)
and sterols. In this biosynthetic sequence, the cyclisation
of squalene to lanosterol represents the conversion of an
acyclic precursor to the tetracyclic system characteristic
of sterols.

Squalene is a minor component in several vegetable oils,
such as olive, wheat germ, and rice bran oil at levels up
to 0.7%, and of yeast lipid. It occurs in amaranthus oil at
a higher level (6 to 8%) and can be recovered from this

FIGURE 2.1 Squalene C;Hy,.
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oil or from olive oil deodoriser distillate (10 to 30%
sqalene) by short-path, high-vacuum distillation (Sun
etal., 1997). However, it is obtained mainly from shark
liver oil, which is also a source of diacyl glyceryl ethers.
After distillation of squalene, the residue serves as a source
of glycerol ethers. The highly unsaturated hydrocarbon
oxidises easily and is often used in cosmetic products in
its fully hydrogenated form (squalane). Summers et al.
(1994) and Kayana and Mankura (1998) have reviewed
the hydrocarbons in marine fish.

2.4.5.3.2  Vitamins

Fish liver oils were previously a useful source of vitamins A
and D, but synthetic forms of these compounds are now
more widely used and interest in fish oils has shifted from
the vitamins to the omega-3 acids.

2.4.5.3.3  Glycerol ethers

Shark liver oils contain glycerol ethers largely, but not
entirely, in their diacyl form. The ethers have mainly
saturated or monounsaturated alkyl chains with three
compounds predominating (together 48 to 72%): 16:0
(chimyl), 18:1 (selachyl), and 18:0 (batyl). These are
accompanied by homologues of other chain lengths,
including odd-chain compounds.

R'OCH,CH(OH)CH,OH glycerol ether
R!'OCH,CH(OCOR?)CH,OCOR? diacyl glycerol ether
Typically R! = CH,(CH,),CH=CH(CH,),CH,- (selachyl,

18:1 alkyl) R?CO and R3CO are typical acyl chains

After distillation of the squalene, the residue is hydrol-
ysed and unsaponifiable material separated from liberated
fatty acids. The glycerol ethers are then isolated from the
unsaponifiable fraction by crystallisation and are used as
natural surface-active agents in cosmetics and ointments
(Summers et al., 1994; Kayama and Mankura, 1998).

2.4.5.3.4  Long-chain polyunsaturated fatty acids

Fish oils are characterised by their wide range of
component acids and, particularly, by the highly
unsaturated members. Many of the following may be
present at levels exceeding 10%: saturated (14:0, 16:0),
monounsaturated (16:1, 18:1, 20:1, 22:1) and omega-3
polyunsaturated fatty acids (20:5, 22:6). Many minor
fatty acids are also present. The monoene acids as a
group are particularly high in herring (typically 62%),
capelin (61%), and cod liver oil (57%). Good sources of
EPA and DHA are tuna (typically 6% of EPA and 22% of
DHA), sardine (16 and 9%), anchovy (22 and 9%),
menhaden (14 and 8%), and farmed salmon (7 and 11%).
Sometimes the total level of these two acids is important
and on other occasions it is desirable to have high
concentrations of only one of them. The ratio of these
two acids differs among these sources and it is apparent
from these figures that tuna oil is a good source of DHA
(Haraldsson and Hjaltason, 2001). Similar figures have
been provided by Duo Li et al. (2003) for a range of fresh
fish and of commercial canned fish products.
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The omega-3 acids of greatest interest are EPA (20:5
eicosapentaenoic acid) and DHA (22:6 docosahexaenoic
acid). Sometimes it is desirable to have these acids at
higher concentrations than is provided naturally or to
enrich one of them at the expense of the other. Alter-
natively, it may be desired to incorporate one or both of
them into an oil rich in medium-chain acids. It is possible
to distinguish between these two polyunsaturated fatty
acids and other saturated and unsaturated acids and even
to distinguish between EPA and DHA themselves
by exploiting the specificity of appropriate lipases. The
American Heart Association recommends combined
intakes of EPA and DHA of 1 g/day for patients with
known coronary heart disease (CHD) and 0.5 g/day for
individuals without known CHD.

CH,CH,CH=CH(CH,CH=CH),CH,CH,CH,COOH
EPA 20:5

CH,CH,CH=CH(CH,CH=CH),CH,CH,COOH
DHA 22:6

Although high-quality, long-chain polyunsaturated
fatty acids can be and are obtained from appropriate single
cell oils (Ratledge, 2004), fish oils remain the most conve-
nient source of EPA and DHA and fish oils are available
in capsule form. Nevertheless, there is some concern that
supplies of fish oils may be insufficient to meet the poten-
tial demand for omega-3 PUFA. A different concern
relates to the undesirable presence of dioxins, polycyclic
aromatic hydrocarbons (PAH), mercury compounds, and
other environmental contaminants in fish oil. Breivik et
al. (2005) have described how the levels of these com-
pounds in fish oils can be markedly reduced by short path
distillation. In a representative North Atlantic fish oil, the
content of PCB (polychlorinated biphenyls) was reduced
from 427 to 7.8 ng/g and of dioxins from 4.7 to 0.5 pg/g,
expressed as toxic equivalents. It has been claimed that
fish oil “virtually without taste and smell” can be obtained
through an enzyme-based deodorisation process.

Urea fractionation, molecular distillation, and enzymic
processes have all been used to concentrate one or both
of these omega-3 acids on a scale that gives useful quan-
tities of products (Gunstone, 1997). Urea fractionation is
a highly useful technique to raise the levels of PUFA to
70 to 80%, efficiently and with high recovery. Saturated
or monounsaturated acids or alkyl esters can be trapped
in crystals of urea leaving a mother liquor enriched
in polyunsaturated acids/esters. The drawback of
this method is the large amounts of solvent, chemicals,
and by-products involved and its cost (Haraldsson and
Bjaltasan, 2001; Breivik et al., 1997).

Supercritical fluid chromatography has been used to
concentrate polyunsaturated fatty acid esters from tuna
oil containing 18.3 (1.9%), EPA (5.3%), and DHA
(23.7%). Alkio et al. (2000) used this technique to produce
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DHA (90% pure) and EPA (50% pure) in quantities of
1000 and 400 kg/year in the form of their ethyl esters. It
is claimed that these products are cost competitive with
existing products.

Distillation separates alkyl esters according to their
chain length, so fractions enriched in esters of C,, and C,,
acids can be obtained. The technique can also be used
after enzymatic reaction to separate (volatile) acids or
alkyl esters from (nonvolatile) glycerol esters. Thirty
tonnes of fish oil ethyl esters, containing 28% combined
EPA and DHA, were distilled to afford nearly 10 tonnes
of product with ~50% of EPA and DHA combined (57%
recovery). Subsequent precipitation with urea (16 tonnes)
gave a concentrate with 84% EPA and DHA (31% recov-
ery). This product is commercially available from Norway.
Further enrichment is performed by preparative scale
HPLC by which individual acids can be obtained at purity
levels >95% (Haraldsson and Bjaltasan, 2001).

The specificity of lipases can be exploited in two ways.
Using lipases with 1,3-regiospecificity, it is possible to
confine alcoholysis (deacylation) to the sn-1/3 positions
and leave the acyl groups in the sn-2 position still attached
to glycerol. These are generally enriched in EPA and espe-
cially in DHA.

Some lipases discriminate against acids or esters having
a double bond close to the carboxyl group and, thus,
distinguish between acids like oleic and linoleic with A9
unsaturation and acids, such as EPA, with AS unsaturation
and DHA with A4 unsaturation. For example, Schmitt-
Rozieres et al. (2000) examined the enrichment of poly-
unsaturated fatty acids from sardine cannery effluents by
enzymatic selective esterification. Sardine oil was hydrol-
ysed to give mixed acids with EPA 11.9% and DHA 9.5%.
When these were crystallised from acetone at —10°C, the
mother liquor contained these two acids at the slightly
enhanced levels of 12.2 and 11.7%, respectively. This mix-
ture was esterified with butanol in the presence of an
appropriate lipase. Lipozyme (Rhizomucor miehei lipase)
discriminated against DHA and the level of this in the
unreacted acid fraction rose to around 80% with no
change in the level of EPA. The lipase in Candida rugosa
raised EPA levels from 30 to 40%.

Halldorson et al. (2003) have described a useful sepa-
ration of EPA and DHA by reaction of glycerol with fish
oil fatty acids in the presence of immobilized Rhizomucor
miehei lipase under water-deficient, solvent-free condi-
tions at 40°C. DHA, and to a lesser extent EPA, remain
in the unreacted acid fraction, while the more common
fatty acids are converted to glycerol esters. Products with
high levels of DHA or EPA require an appropriate choice
of starting material (Table 2.85). There is some trade off
between concentration of PUFA and recovery and a deci-
sion has to be made about the optimum substrate and
reaction time.

Bornscheuer et al. (2003) have reviewed the use of
fish oil in the production of structured lipids containing
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TABLE 2.85

Enhancement of DHA and EPA levels from selected fish oils by lipase-catalysed

esterification with glycerol over the time period shown

Recovered free acids

Original
acids (%) Weight % Recovery %
Hours EPA DHA EPA DHA EPA DHA
Herring 24 5.5 8.0 1.9 50.6 3.1 67.6
Tuna 24 5.2 24.5 6.0 71.1 28.6 89.8
Sardine 28 16.8 12.3 13.2 50.0 14.1 78.4
Chilean fish oil 12 20.0 7.2 15.8 25.7 13.1 51.5

Note: The original publication contains details of results obtained after six different reaction times, which
are mainly less than those selected for the above table.
Source: Adapted from Halldorson, A., et al., J. Am. Oil Chem. Soc., 80, 915-921, 2003.

long-chain polyunsaturated fatty acids at the sn-2 position
and medium-chain acids at the sn-1/3 positions (Jennings
et al., 1999; Xu et al., 2000). For example, menhaden oil
and caprylic acid (8:0) react in the presence of Rhizomucor
miehei lipase to furnish a product with about 30% of
caprylic acid and 30% of EPA and DHA combined (Xu
et al., 2000).
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2.5
2.5.1

Strictly speaking, the word “wax” should refer to an ester of
a monohydric long-chain alcohol with a long-chain acid.
However, generally, the term “wax” is used in the broad
sense of the word to include surface lipids, which have
properties that are broadly similar to honeycomb material.
The types of compounds that can be included under this
broad definition are listed in Table 2.86.

Surface waxes are exposed to the environment and, there-
fore, are chemically rather stable. Thus, there is an absence
of functional groups, which might be susceptible to attack
by atmospheric agents. Furthermore, the very long carbon
chains of most wax components reduces their volatility. In
addition, many of the compounds present in surface waxes
are rather stable metabolically and are not readily suscep-
tible to microbial degradation (Kolattukudy, 1976).

Certain general structural features of natural waxes have
been described by Kolattukudy (1976), and these are sum-
marized in Table 2.87. However, it must also be stressed
that the structure and composition of surface waxes vary
considerably from organism to organism. Thus, with
regard to Table 2.87, the longer aliphatic chains are more
abundant in plant waxes than in animal surface waxes,
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whereas bird waxes may contain appreciable amounts of
chains of less than 16 carbons. With regard to branching,
methyl branches are the most common, but, in birds, ethyl
and propyl branches are found. Although polyunsaturated
carbon chains are nearly always absent from surface waxes,
substantial proportions of di-unsaturated hydrocarbons
have been found in insects. In this case, autoxidation may
be reduced by the simultaneous presence of cuticular phe-
nolics. So far as the general composition of surface waxes
is concerned, very long chain hydrocarbons are common
in insects and plants, but rare in animals. Higher plant
waxes contain the most complex mixture of components,
while insects and birds have the simplest.

The biosynthesis of individual types of waxes has been
thoroughly described for various classes of organisms in
Kolattukudy (1976). So far as degradation is concerned,
natural waxes often possess sufficient resistance to break-
down to appear in sewage sludge or fossil remains. How-
ever, although they have much slower turnovers than
internal lipids, waxes are degraded by microorganisms and
do not (fortunately) accumulate in excessive amounts in
the environment.

Surface waxes serve a number of functions, usually
associated with protection. In plants and insects, they pre-
vent desiccation and, in birds, they serve to waterproof
feathers. While a few components present in surface lipids
can prevent growth of pathogens, the total surface wax
layer certainly functions to prevent microbial entry into
the organism. Some surface lipids serve as chemical com-
municants, such as the hydrocarbon sex attractants and
kairomone of insects. Although internal waxes are infre-
quently found in Nature, where they do occur, they act
for energy storage (e.g., in jojoba seeds or marine organ-
isms). For a fuller review of all aspects of natural waxes,
refer to Kolattukudy (1976).

2.5.2

The greatest amounts and variety of waxes in terrestrial
mammals are associated with the skin. The epidermal cells
play a role in synthesizing surface lipid, but the major input
is provided by the sebaceous glands. These are connected
via a duct into a hair canal, from which sebaceous lipid
travels to the surface over a period of about a week.

When mammalian surface lipids are considered, there
are considerable differences between species. In humans,
triacylglycerols are major components, but they are low
or absent in other mammals. Sterol and wax esters are
usually major, with diesters becoming major (65% in
mouse) in some animals. Further details of human surface
lipids are given in Section 11.4, and for different animals,
refer to Downing (1976).

The main lipid classes for human stratum corneum and
sebum are shown in Table 2.88. Thus, sebum contains
triacylglycerols and wax monoesters as major compo-
nents. In contrast, the skin surface layer has ceramides as

Mammalian and bird waxes
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TABLE 2.86 Classes of chemicals found in what are generally classified as natural

Class of compound

1. Hydrocarbons
(a) n-Alkanes

(b) Branched alkanes
(c) Olefins

(d) Cyclic alkanes
(e) Isoprenoid hydrocarbons (other than squalene)

2. Ketones
(a) Monoketones
(b) B- Diketones

3. Secondary alcohols

4. Alkanediols
(a) Alkane-1, 2-diols (diesters)
(b) Alkane-2, 3-diols (diesters)
(c) Alkane-a, -diols

5. Acids
(a) Alkanoic and alkenoic acids
(b) o- or w-Hydroxy acids

6. Wax esters
(a) Primary alcohol esters

(b) Secondary alcohol esters
(c) Diester waxes
Alkanediol diesters
Diesters of hydroxy acids
(d) Triesters
Triacylglycerols

Triesters of alkane- 1,2-diol, ®- hydroxy acid and fatty

acid

Esters of hydroxymalonic acid, fatty acid and alcohol
Triesters of hydroxy acids, fatty acid and fatty alcohol

Triesters of fatty acid, hydroxy acid and diol

(e) Polyesters of hydroxy fatty acids

7. Primary alcohols

8. Aldehydes

Occurrence

Bacteria, fungi, algae, higher plants, insects and higher animals
including mammals?

Bacteria, fungi, algae, higher plants, insects and higher animals
including mammals

Bacteria, algae, higher plants (minor), insects and higher
animals (minor)

Plants

Marine organisms and certain birds

Higher plants, bacteria
Higher plants

Higher plants, insects, bacteria (minor)

Birds, mammals, plants (minor)
Birds
Plants

Every living organism®
Mammals (as diesters), higher plants

Bacteria, fungi, algae, higher plants, insects and higher animals
including mammals
Insects

Birds, mammals, insects
Mammals, insects

Plants, animals
Mammals®

Birds
Insectsd
Insects

Higher plants®

Bacteria, algae, higher plants, insects and higher animals
including mammals

Higher plants

Plants and animals'

9. Terpenoids

Note: In bacteria, fungi and algae, there is no evidence of the occurrence of surface waxes, but waxy materials have been isolated
from them. In order to indicate the widespread occurrence of such compounds, these organisms are included in this table.

2The source of the hydrocarbons has not been established; proof of synthesis within the mammalian tissues is not available except
in wool wax.

b Free fatty acids (very long) occur in the surface of waxes of mainly higher plants and humans.

¢Thus far, it has been identified only in the rhino mutant mouse.

4Only beeswax that has been subjected to careful analysis has revealed the presence of the diesters and triesters indicated.

¢ Insoluble biopolyester called “cutin” is the structural component of the plant cuticle.

"Pentacyclic triterpenes are major components of certain plant waxes, while sterols occur in most higher animals.

From Kolattukudy (1976).

109



2.5 Waxes

TABLE 2.87 General structural features of natural waxes

Chain length  Very long chains (up to Cg,) are common

Branching Branched carbon chains common, with methyl
branches frequent

Unsaturation  Polyunsaturated chains nearly always absent;
double bonds, when present, at different
positions from those of internal lipids

Functional Saturated hydrocarbons, olefins, wax esters,

types aldehydes, ketones, primary and secondary

alcohols and terpenoids can be present; the
bulk of the surface lipid is distinctly different
from the major internal lipids of the same
organism

a major fraction. The ceramides of the stratum corneum
from various species have been characterised and shown
to be diverse (see Rawlings, 1996). The biosynthesis of
epidermal lipids, their biological significance and factors
affecting composition have been reviewed by Rawlings
(1996).

In birds, waxes are produced by the uropygial gland
situated on the rump at the bottom of the tail feathers.
The wax is then transferred to the feathers during the act
of preening. Among uropygial secretions, monoester
waxes predominate. In the fatty acid moieties, methyl
branches are common, while the alcohol part usually
contains a homologous series of unbranched and monom-
ethyl-branched chains. Additionally, the uropygial gland
wax composition varies significantly from order to order
(cf. Table 2.89). Extensive details of compositions are

given in Jacob (1976) and the biosynthesis of bird waxes
is discussed by Buckner and Kolattukudy (1976).

253

A waxy layer, whose primary function is to prevent desic-
cation, covers the surface of insects. Hydrocarbons
comprise a majority of the cuticular lipids, while wax
esters, sterol esters, alcohols and nonesterified fatty acids
are also common components. In addition to preventing
desiccation, insect waxes also function to prevent abra-
sion, to act as a barrier against microbial penetration, to
reduce the absorption of toxic environmental chemicals
(including insecticides), and, in some cases, certain com-
ponents may act in chemical communication (Jackson
and Blomquist, 1976).

Some examples of the compositions of different insect
waxes are given in Table 2.90. It will be seen that the
overall composition varies considerably between species,
but with hydrocarbons usually representing the major
component. It will also be noticed that there are large
differences between the life stages of a given insect. This
is particularly so for the stonefly, where the aquatic naiad
has a much higher percentage of triacylglycerols.

The predominant n-alkanes of insects are odd chain
lengths in the range C,,; to Ci;. Branched alkanes and
alkenes are also usually odd numbered. In primary alcohol
wax esters, even-chain fatty acids and alcohols usually
predominate, but secondary alcohol wax esters are
unusual components. Triacylglycerols, when significant,

Insect waxes

TABLE 2.88 The main lipid classes of the stratum corneum and sebum

Sebum lipids

Stratum corneum lipids

Triacylglycerols 41% Ceramides 50%
Wax Monesters 25% Fatty Acids 25%
Fatty Acids 16% Cholesterol 19%
Squalene 12% Cholesterol Sulphate 4%
Sterol Esters 3% Phospholipids 1%
Free Sterol 1% Glucosyl Ceramides 1%
Unidentified 2%

From Rawlings (1996).

TABLE 2.89 Composition (%) of the uropygial gland secretions of different birds
Oyster-Catcher
Heron Kestrel (Haematopus Eagle Owl
(Aredea cincrea) (Falco tinnunculus) ostralegus) (Bubo bubo)
Triacylglycerol Wax Wax Wax Wax Wax Wax Wax Wax

Chain type fatty acids fatty acids alcohols acids alcohols acids alcohols acids alcohols
Unbranched 98 100 100 1 32 1 50 3 23
Monomethyl - - - 37 57 63 48 22 48
Dimethyl - - - 45 10 35 - 26 29
Trimethyl - - - 16 - - - 3 -

a This fraction contains 42% monoethyl fatty acids.
Data from Jacob (1976).
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TABLE 2.90 Major classes of surface lipids from nine insects
Lipid content (wt%)
Cockroaches
Mormon (Periplaneta Eri Migratory

Big stonefly cricket australasiae, silkworm Mealworm grasshopper

(Pteronarcys (Anabrus P.brunnea, Blowfly (Cynthia (Tenebrio (Melanoplus

californica) simplex) P.fulginosa) (Lucilia cuprina) ricini) molitor) sanguinipes)

Naiad Adult Pupa Adult

Hydrocarbon 3 12 48-58 91 33 62 5 10 60
Wax esters 1 4 9-11 - - - 16 13 28
Triacylglycerols 78 7 - 7 25 16 - - 1
Free fatty acids 12 49 15-18 2 16 7 tr 5 6
Aliphatic alcohols - - 2-3 - - - 70 58 2
Sterols 1 18 - 1 2 - tr 1 1
Others 5 10 15-18 15 24 8 13 -

From Jackson and Blomquist (1976).

usually have C,; and C,q saturated and unsaturated acyl
groups. Sterols are often found in small amounts, with
cholesterol the most common compound. Primary alco-
hols and nonesterified fatty acids are both usually even-
chain compounds.

2.5.3.1

A general source of information is Stanley-Samuelson
and Nelson (1993). The biosynthesis of the individual
insect wax components is discussed by Jackson and
Blomquist (1976). Chemical analysis of insect waxes is
reviewed by Lockey (1985) and Nelson (1978), and recent
aspects of this and biosynthesis can be found in Nelson
and Blomquist (1996). Over a hundred insect species have
now been studied and many of their hydrocarbons
function as sex phenomones, antiaphrodisiacs and
kairomones, in addition to their role as waterproofing
chemicals. In addition, recent work shows that the
hydrocarbons may be present internally in larger amounts
than on the surface and that changes in composition may
occur sooner for the internal fraction. Insect hydrocarbons
are being used increasing as chemotaxonomic characters
(Nelson and Blomquist, 1996).

Occurrence and characteristics
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Epicuticular wax of plants lies on and is interspersed with
the insoluble part of the leaf cuticle known as cutin (see
Section 1.2.12). The major components are indicated in
Table 2.91. Thus, n-alkanes, monoesters, polyesters of ®-
hydroxy acids, primary alcohols, acids, secondary alco-
hols and ketones, and [B-di-ketones can be generally
regarded as widespread and major constituents (Tulloch,
1976) (cf. Table 2.92).

The chain lengths of the hydrocarbons and primary
alcohols of some frequently analysed waxes are shown in
Table 2.93. Hydrocarbons of C,,, C,, and C;; are the most
common, while the free alcohols are usually of C,g, Cy,

Plant waxes
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and Cs,. Free acids have chain lengths that are generally
similar to those of the alcohols from the same species,
although the waxes of the apple and the rose have free
acids that contain a much higher proportion of C,4 to C,,
components than the free alcohols. Jojoba accumulates a
storage wax and is commercially important (see Sections
2.3.56 and 11.8).

The biosynthesis and degradation of plant waxes was
reviewed by Kolattukudy et al. (1976) and Kolattukudy
(1980) and more recently by von Wettstein-Knowles
(1996), who has also covered genetic aspects. A recent
review of the biosynthesis of plant cuticular wax is
that by Kunst and Samuels (2003). These authors
include aspects of transport of the components to
the plasma membrane, export from the cell and,
then, movement across the cell wall to the cuticle. Phys-
ical aspects of waxes, as transport barriers in plant
cuticles, are reviewed by Riederer and Schreiber (1996),
while methods for analysis are covered by Walton
(1990) and Linskens and Jackson (1991). Junipér (1996)
discusses the role of plant surface waxes during inter-
actions with insects and the chapter by Bianchi (1996)
is also a useful general source of information about
plant waxes.
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The phytoplankton contain little or no wax esters and
these compounds are primarily an animal product; excep-
tions are the marine cryotomonad, Chroomonas salina,
which makes large amounts of wax ester under certain
growth conditions (Henderson and Sargent, 1989), and
the dinoflagellate, Peridinium foliaceum (Lee and Patton,
1989). Seven phyla have been found to contain species
where wax esters are major lipid components (>10% of
the total lipid). Some examples of families where wax
analyses have been made are shown in Table 2.94. In
addition to those animal phyla listed in this table, the

Marine waxes
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TABLE 2.91 Cuticular wax components
Compounds General structure Notes
Hydrocarbons
n-Alkanes H,C[CH,], CH,4 Common; usually C, C;,
Isoalkanes [CH,],CHR Not as common as n-alkanes
Anteisoalkanes H,CCH,CH(CH;)R
Internally branched alkanes R!CH(CH,)R?
Cyclic alkanes C¢H, R Very small amounts
Alkenes R!CH=CHR? Sometimes important
Terpenoid hydrocarbons,
e.g. farnesene, pristane
Aromatic hydrocarbons Anthracene or phenanthrene type with an attached
alkane chain
Ketones R!COR? Not as common as alkanes
Ketols R!CHOH[CH,],COR? o-, B- and d-ketols, all rare
Secondary alcohols R!CH(OH)R? About as common as ketones
B- Diketones R!COCH,COR? Usually minor, sometimes major
Monoesters R!COOR? Common. Contain even-chain saturated acid and
alcohol components
Phenolic esters Rare
Diesters Rare
Polyesters Only important in gymnosperms
Primary alcohols RCH,0OH Common; even chains predominate
Aldehydes RCHO Usually minor; not as common as alcohols
Acids
Alkanoic acids RCOOH Very common; even-chain saturated usually
Dicarboxylic acids HOOC|[CH,],COOH Uncommon
v- Lactones Rare. §-Lactones also rare
- Hydroxy acids R{CECOHZCHZCO Not common
Diols
o, ®-Diols HOCH,[CH,],CH,OH Not very common
o-, B-Diols HOCH,CH(OH)[CH,],CH,;  Rare
Terpenes Many types found; not as common as other wax
components
Flavones Occur occasionally

From Kolattukudy (1980).

TABLE 2.92 Composition of waxes of some Gramineae
Major Components (% of total)
Species Hydrocarbons Esters Alcohols p--Diketones p- Hydroxy-diketones
Agropyron cristatum 15 20 48 - -
Avena sativa 5 10 45 5
Elymus cinereus 8 9 8 34 21
Festuca ovina 5 5 7 70 1
Lolium perenne 5 5 70 - -
Secale cereale 5 10 15 40 13
Stipa tenacissima 20 10 10 - -
Triticum aestivum 10 15 20 20 10
Source: Tulloch (1976).
Ctenophora, Chaetognatha, and Annelida contain ocean, contain wax esters in an oil sac. The size of the sac

species in which wax esters are major components, i.e.,
>10% total lipid (Lee and Patton, 1989). Copepods,
which are the dominant zooplankton in most areas of the
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changes with the amount of food digested and is pre-
sumed to have a reserve energy function (Sargent et al.,
1976; Bauermeister and Sargent, 1979). Fish also often
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TABLE 2.93

Composition of hydrocarbons and free alcohols from some plant waxes

Grape leaf Apple fruit Pea leaf Sugarcane stem

Chain length H A H A H A H A
22 - 1 - 2 - - - -
24 4 7 - 6 - 2 1 -
25 10 - 1 - — - 7 -
26 6 21 - 33 - 58 5 14
27 17 - 13 3 - 1 56 -
28 8 42 1 32 - 39 3 73
29 30 1 81 5 1 - 13 -
30 3 16 1 13 - - 2 7
31 12 - 1 - 98 - 4 -
32 - 4 - - — - - 6
33 - - - - - - 2 -

Note: H = hydrocarbons, A = alcohols
From Tulloch (1976).

TABLE 2.94 Occurrence of wax esters in marine animals?

Phylum Order/Family Wax esters
(% lipid)
Coelenterata Acinaria (sea anemones) 15-40
Madreporaria (scleractinian corals) 92
Zoantharia (zoanthid corals) 30
Mollusca Cranchiidae (squid) 32
Arthropoda Amphipoda 12-80
Copepoda Actideidae 11-44
Calanidae 21-92
Eucalanidae 11-69
Euchaetidae 31-82
Heterorhabdidae 67-69
Lucicutidae 52-63
Metridiidae 41-76
Decapoda Incl. Euphausia (krill) 15-69
Chordata Elasmobranchii (e.g., frill sharks) 58
Beryciformes 90
Clupeiformes (e.g., bristlemouths) 16-85
Crossopterygii (e.g., hatchet fishes) 10-97
Gadiformes (e.g., cod) 25-60
Myctophiformes (e.g., lantern fishes)  12-90
Perciformes (e.g., dolphins, mullets) 18-92
Zeiformes 76
Odontoceti (e.g., dolphins, sperm 30-80

whale)

For full information, refer to Sargent et al. (1976).

contain significant amounts of wax esters, and it has been
calculated that much of the organic matter produced
in the euphotic zone will be transformed to wax esters
(Sargent et al., 1976).

In contrast, although hydrocarbons occur in all marine
organisms, they generally account for 1% or less of the
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total lipid. Notable exceptions are the liver oils from some
sharks, which may contain over 30% of their lipid as
squalene.

The chain lengths of some examples of marine wax
esters are shown in Table 2.95. Most fish species, marine
mammals and deep-water zooplankton have Cs,, C;,, Cy,
and C;g as major components, while upper water zoop-
lankton (e.g., Calcanus hyperboreas) often have C,, as an
additional significant component. When the fatty acid and
alcohol components from wax esters are examined, some
differences in chain length are obvious (Table 2.96). Thus,
16:0 and 18:1 chains are common for alcohols, while the
acids are mainly 16:1 and 18:1 with 22:6 often being a
significant component.

Most marine organisms contain odd-chain-length n-
alkanes in the range C,; to C;;. The predominant
hydrocarbons of most marine algae are polyunsaturated
(particulary all-cis-3,6,9,12,15,18-henicosahexaene).
Branched-chain hydrocarbons occur in some marine bac-
teria and cyanobacteria. Two terpenoid hydrocarbons
with a wide distribution are squalene and pristane.
Squalene is a major component of the liver fat of certain
sharks and the eulachon. Pristane is a major hydrocarbon
in copepods and other zooplankton.

2551

The biosynthesis and degradation of marine wax esters
and hydrocarbons has been reviewed by Sargent et al.,
(1976). As far as functions are concerned, the wax esters
may serve as a source of metabolic energy or of metabolic
water, for buoyancy, as biosonar (e.g., in the head regions
of whales and porpoises), or for thermal insulation.
Further details can be found in Sargent et al. (1976) and in
Lee and Patton (1989). The biochemistry of marine
copepods is covered by Sargent and Henderson (1986)
and Sargent and Falk-Petersen (1988).

Occurrence and characteristics
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TABLE 2.95 Wax ester chain-length composition (wt%) of some marine animals

Cyclothone
Gaussia princeps acclinidene Gnathophausia Lampanyctus Physeter catodon
(copepod; whole (bristlemouth; ingens (mysid ritteri (lantern Mugil cephalus (sperm whale;
Carbon number animal) whole animal) shrimp; egg) fish; muscle) (mullet; roe) head oil)
26 - - - - 2
28 - 1 - - - 6
30 1 6 tr 1 5 11
31 1 - 1 - 6 1
32 12 9 10 10 24 19
33 5 2 7 - 10 3
34 47 18 22 72 19 26
35 tr 3 9 - 5 3
36 15 13 15 16 12 20
37 2 3 - - 4 1
38 11 17 25 1 12 8
39 1 3 - - 1
40 3 17 8 - 2 -
42 2 8 - - - -

Adapted from Sargent et al. (1976).

TABLE 2.96 Fatty acid and alcohol compositions (wt%) from wax esters of marine animals

Cyclothone

Gaussia princeps acclinidene Gnathophausia Lampanyctus Physeter catodon

(copepod; whole (bristlemouth; ingens (mysid ritteri (lantern fish; Mugil cephalus (sperm whale;
Fatty animal) whole animal) shrimp; egg) muscle) (mullet; roe) head oil)
acid Alcohol Acid Alcohol Acid Alcohol Acid Alcohol Acid Alcohol Acid Alcohol Acid
12:0 - - - 2 - - - - - - tr 6
14:0 8 tr 3 2 8 tr 5 tr 10 1 10 11
14:1 tr - - - - - tr - - - 1 7
15:0 tr tr - tr - - 1 tr 6 tr 2 tr
16:0 55 1 22 3 53 82 2 54 4 27 4
16:1 tr 9 tr 12 7 12 1 4 14 23 10 21
16:2 - tr - 3 - - - 5
16:3 - - - - - - - - 2 -
18:0 1 tr 1 1 6 tr tr 1 6 1 3 1
18:1 12 71 9 42 12 5 7 72 5 13 39 35
18:2 1 1 2 - - 3 - 4 - -
18:3 - 6 - - tr tr - 3 - -
18:4 - - - - - - - - - 3 - -
20:1 5 2 27 6 1 2 tr 14 - - 7 9
20:4 - tr - 4 - 1 - - - 4
20:5 - 6 - 6 - 7 - tr - 9 - -
22:1 12 - 14 - - - tr 2 - - - -
22:5 - - - - - - - - - 5 - -
22:6 - 2 - 13 - 12 - tr - 6 - -
24:1 3 - 4 - - - - 1 - — - -

Adapted from Sargent et al. (1976).
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2.6 Egg lipids

Egg yolks are a well-known source of lipids and are
frequently used for the isolation of phosphatidyl-
choline (Wells and Hanahan, 1969). Between 32 and
35% (depending on species) of the egg’s weight is con-
tributed by the yolk, of which about one-third is lipid.
A typical composition — that of hen yolk lipids — is
shown in Table 2.97. It will be seen that triacylglycerols
and phosphatidylcholine are the major constituents
(Long, 1961). The lipids appear to be largely com-
plexed to proteins in vivo.

The yolk of hen’s eggs has been resolved into four major
fractions using ultracentrifugation procedures (Cook and
Martin, 1969). These are the very low-density lipid
(VLDL) fraction (70%), a water-soluble fraction (8%), the
low-density fraction of the granule (4%), and the phos-
vitin-lipovitellin fraction (18%) of total yolk solids. The
very low-density fraction can be split further into two
subfractions (see Kuksis, 1992). The lipid composition of
yolk VLDL is essentially the same as the plasma VLDL
from which it was derived. Triacylglycerol is the main
component, accounting for about two-thirds of the total
lipid with phospholipid at 25% and cholesterol at about
5% (Speake et al., 1998). About 95% of the egg’s lipids
are in the VLDL fraction. The phosvitin-lipovitellin frac-
tion contains a-lipovitellin (41%), B-lipovitellin (38%),
and phosvitin (21%). The protein content of these frac-
tions is high. Aspects of hepatic synthesis and oocyte
uptake of precursors have been reviewed (Kuksis, 1992;
Speake et al., 1998).

There is much interest in dietary cholesterol and eggs
are recognized as being a major source of this sterol (see
Section 11.1). The cholesterol of eggs is predominantly
unesterified and represents about 5% of the total lipid
(0.3g per hen’s egg).

TABLE 2.97 The lipid composition of hen’s egg yolk
Amount  Percentage Lipid
Lipid class (g) legg (wtlwt)
Neutral lipids 3.71 61.7
Sterols (cholesterol) 0.29 4.8
Phospholipids 2.01 33.5
Phosphatidylcholine 1.47 24.5
Lysophosphatidylcholine 0.12 0.8
Sphingomyelin 0.05 0.1
Phosphatidylethanolamine 0.30 5.0
Lysophosphatidylethanolamine 0.04 0.7
Inositol phospholipids 0.01 tr
Plasmalogen 0.02 tr
Aminoacylphospholipid tr tr

Source: Data from Long (1961).
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The fatty acid composition of yolk lipids has been
estimated. The major fatty acids are palmitic and oleic,
but their enrichments in triacylglycerols and phospho-
lipids differ. Triacylglycerols contain about 46% oleate,
25% palmitate, 15% linoleate and 6% stearate as major
acids. Phospholipids contain about 30% oleate, 28%
palmitate, 14% linoleate and 15% stearate as major acids
(Long, 1961). The phospholipids also contain the bulk
of the very long chain PUFAs, such as arachidonate and
docosahexaenoate (Speake et al., 1998). It should be
borne in mind that the fatty acid composition of yolk
lipids is dependent on the hen’s diet. Indeed, efforts to
increase the n-3 PUFA content have been made success-
fully in recent years. In contrast, dietary fat has little
effect on yolk total lipid or cholesterol content (Kuksis,
1992).

There is now much information on the detailed molec-
ular species composition of major classes of yolk lipids.
For triacylglycerol (Table 2.98), the saturates are minor
components and three species dominate, the monoene,
triene and polyene fractions. By contrast, the dienes are
mainly the palmitoyl-dioleoyl species (Table 2.99). As
mentioned above, the exact balance of species can be
changed significantly by the hen’s diet. However, the final
fatty acid composition of hen’s yolk does not reflect the
dietary percentage directly, owing to rapid metabolism
and limits to the extent of incorporation for individual
acids (see Anderson et al., 1989; Kuksis, 1992; Watkins,
1991).

The major phospholipid components of yolk are phos-
phatidylcholine and phosphatidylethanolamine. These
differ significantly in their fatty acid contents and molec-
ular species distributions (Table 2.100). Both are rich in
polyunsaturated (and essential) fatty acids, but phos-
phatidylethanolamine is notable by having major
proportions of arachidonate and docosahexaenoate.
Further details, including analytical results for other acyl
lipids, are given in Kuksis (1992). A review by Speake
et al. (1998) gives a good deal of detail, including infor-
mation on metabolism.

TABLE 2.98 Effect of species and diet on the fatty acid
composition of yolk triacylglycerols

Chicken Duck Goose

Farmed Farmed Wild Farmed Wild
16:0 28 38 35 26 24
16:1 n-7 1 1 1 2 3
18:0 17 12 9 5 4
18:1 n-9 25 24 28 56 44
18:2n-6 16 6 7 6 4
18:3n-3 tr tr tr 1 18
20:4 n-6 6 15 12 tr tr
22:6n-3 6 2 4 tr tr

Note: tr, <0.5%
Data from Speake et al. (1998).
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TABLE 2.99 Major molecular species of egg yolk triacyl-
glycerols

Molecular species Fraction (mol %)

Saturates (0.7%)

16:0-16:0-16:0 18

16:0-—-18:0-16:0 47

16:0-18:0-18:0 29
Monoenes (16.4%)

16:0-18:1-16:0 24

16:0-18:1-18:0 43

18:0-18:1-16:0 14
Dienes (38.5%)

16:0-18:1-18:1 74
Trienes (28.4%)

16:0-18:2-18:1 51

18:1-18:2-16:0 10

18:1-18:1-18:1 19
Polyenes (16:0%)

16:1-18:2-18:1 24

16:0-18:2-18:2 18

18:1-18:2-18:1 44

Source: Kuksis (1992).

TABLE 2.100 Major molecular species (mol %) of egg yolk
phosphatidylcholine and phosphatidylethanolamine

Phosphatidyletha-
Molecular species Phosphatidylcholine nolamine
16:0-18:1 38.2 11.5
18:0-18:1 9.3 10.0
16:0-18:2 21.8 6.2
18:0-18:2 11.2 12.0
18:0-20.4 3.4 28.5
Others 16.1 31.8

From Kuksis (1992).
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2.7  Milk lipids

The lipid content of mammalian milk varies from 16 g/litre
(horse) to 105 g/litre (deer). Human milk contains about
38 g of fat per litre (Long, 1961). When the fat content is
expressed in terms of the total calories available, then most
mammals, including humans, have a rather similar value,
with about half of the total calories being provided by lipid
(see also Section 2.4).

The principal lipids of milk are triacylglycerols, which
may represent up to 99% of the total lipids (Table 2.101).
Human milk contains significant quantities of phospho-
lipids, sterols, sterol esters, unesterified fatty acids, and
monoacylglycerols. In contrast, the proportion of phos-
pholipids in bovine milk is low (Table 2.101).

The major phospholipids of milk from those mammals
examined so far are phosphatidylethanolamine, phos-
phatidylcholine, and sphingomyelin. These each comprise
about 30% of the total phospholipids (Morrison, 1970;
Jensen, 1996).

The fatty acid composition of different milk fats is
shown in Table 2.102. It is clear that palmitic and oleic
acids are the main components. Other acids usually
present as significant components are capric, lauric, myris-
tic, palmitoleic, and linoleic acids. Although medium-chain
acids (Cg to C,,) usually represent 8 to 15% of the total
acids of milk triacylglycerols, they may comprise up to
65% in rabbits and about 100% of the total in elephants.
The chain-termination mechanism by which medium-
chain fatty acids are released from fatty acid synthase is
of some interest to biochemists (see Section 11.1.1; Dils
and Parker, 1982). When present, the medium-chain fatty
acids tend to be concentrated at the sn-3 position.
Surprisingly, palmitate is enriched at the sn-2 position

TABLE 2.101 Lipid class percentage composition of mamma-
lian milks

*Human ?Human
Human (Day3) (Day84) Rat Bovine
Free sterols 7.5 1.3 0.4 2.5 0.4
Sterol esters 1.4 5.0 1.0 1.5 tr
Triacylglycerols 81.0 97.6 99.0 833 955
Diacylglycerols 2.7 - - 35 3.0
Monoacylglycerols - - - 1.9 0.2
Unesterified fatty 2.8 - - 62 04
acids
Phosphoglycerides 4.6 1.1 0.6 0.5 0.5

Adapted from Morrison (1970) and *Jensen (1996). The values (?)
were corrected for the products of hydrolysis (see Jensen, 1996).

(Table 2.103) in contrast to the usual concentration of
unsaturated fatty acids there.

The fatty acid compositions of phosphatidylcholines
and sphingomyelins from several mammals are shown in
Table 2.104. In contrast to triacylglycerols, the fatty acids
of these phospholipids are mainly long and very long
chain. Palmitic, stearic, oleic, and, sometimes, linoleic
acids are major components of the phosphatidylcholine
fraction. In contrast, sphingomyelin has much smaller
amounts of unsaturated components. Palmitic, stearic,
arachidic, behenic, and lignoceric acids are major
components. In sheep milk sphingomyelin, tricosanoic
acid is a major constituent, while in the other species
shown, nervonic acid is the major unsaturated fatty acid
(Table 2.104).

A summary description of the formation of the milk fat
globule and its movement into the lumen of the mammary
gland has been given (Gurr and Harwood, 1991, and

TABLE 2.102 Fatty acid composition (wt%) of the milk fats of various species
Species 6:0 8:0 10:0 12:0 14:0 16:0 18:0 16:1 18:1 18:2 18:3
Red Kangaroo - - - - 1.0 224 6.7 5.1 55.2 6.3 2.7
Rhesus macaque 5.4 7.0 2.4 1.9 20.9 4.7 4.7 30.8 10.7 2.6
Human - - 1.3 3.1 5.1 20.2 5.9 5.7 46.4 13.0 1.4
Domestic rabbit  — 22.4 20.1 29 1.7 14.2 3.8 2.0 13.6 14.0 44
Bat (T 0.3-0.6 3.1-58 10.9-16.6 10.5-114 10.1-141 29.1-31.8 2440 1821 149-153 5896 -
brasillensis)
Rat - - tr tr 3.0 23.8 5.6 1.9 49.8 14.3 -
Fin whale - - - 0.1 5.5 22.9 3.9 0.5 24.7 1.1 0.7
Dog - - tr-1 tr-1.0 4.0 27.3 4.4 6.4 41.8 12.6 1.9
Black bear - tr-0.3 tr-0.8 34 26.2 tr-5.9 4.4 49.8 11.0 1.4
Ferret - - - 0.4 43 23.2 tr 4.9 56.6 7.6 2.1
Cat - - 1.0 1.9 7.2 24.6 10.4 5.1 37.4 8.5 2.0
Grey seal - - - tr 32 17.9 1.8 15.9 30.6 0.6 tr
Horse tr 1.8 5.1 6.2 5.7 23.8 tr-2.3 7.8 20.9 14.9 12.6
Pig - - 0-0.7 tr-0.5 4.0 329 3.5 11.3 352 11.9 0-0.7
Llama - 0.4 0.5 0.4 6.0 36.8 18.9 7.3 24.1 2.0 1.6
Reindeer 1.1 0.4 1.0 1.3 10.7 29.0 11.6 - 15.0 3.7 -
Goat 2.9 2.7 8.4 33 10.3 24.6 12.5 22 28.5 22 -
Sheep 2.8 2.7 9.0 5.4 11.8 25.4 9.0 34 20.0 2.1 1.4

Source: Data from Morrison (1970).
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TABLE 2.103 Effects of different diets on the fatty acid composition and structure of human milk triacylglycerols

Diets
OLn=4 OMn=3 VGn=4
Fatty acid TG sn-2 snl+3 TG sn-2 snl+3 TG sn-2 sn-1+ 3
12:0 4.5 5.4 4.0 2.2 2.3 2.1 32 5.9 3.8
14:0 8.6 10.4 7.6 13.4 7.5 16.8 14.8 6.8 18.8
16:0 17.2 48.2 1.5 21.4 61.2 1.5 13.1 40.5 -
18:0 5.7 1.5 7.8 5.9 1.4 8.1 3.0 0.7 4.6
18:1 36.3 16.7 46.1 38.0 16.0 50.5 25.6 12.8 31.7
18:2 26.5 16.7 31.4 14.7 16.7 16.7 36.7 29.2 454

Note: OL is ovo-lacto diet (eggs and diary products); OM is omnivore; VG is vegan (no animal proteins).
From Jensen (1996).

TABLE 2.104 Fatty acid composition (mol %) of milk phosphatidylcholines (PC) and sphingolipids (Sph) from various species

Sheep Pig Ass Human
Fatty acid (major only) PC Sph PC Sph PC Sph PC Sph
14:0 4.6 2.5 1.8 0.4 6.1 39 4.5 2.0
16:0 38.2 22.5 39.9 15.1 52.2 28.0 33.7 12.8
16:1 0.5 1.0 6.3 0.3 3.1 3.4 1.7 0.6
18:0 10.6 8.1 10.3 6.9 6.5 4.7 23.1 11.8
18:1 26.6 6.2 21.8 0.5 10.9 29 14.0 1.0
18:2 43 0.5 15.9 - 14.6 - 15.6 0.3
18:3 2.8 - 1.5 - 6.0 - 1.3 -
20:0 - 0.5 - 10.5 - 7.0 - 8.9
20:1 - 0.7 - 0.6 - 1.3 - 0.5
20:3 0.3 - 0.3 - 0.2 - 2.1 -
20:4 0.3 - 1.3 - 0.4 - 33 -
22:0 - 7.5 - 17.0 - 13.7 - 19.5
23:0 - 27.2 - 3.5 - 13.5 - 4.0
24:0 - 17.0 - 20.2 - 14.6 - 19.5
24:1 - 2.0 - 22.0 - 16.1 - 15.4

From Morrison (1970).

TABLE 2.105
human milk

Effect of diets on fatty acid composition of

Western Diets

Non-western diets

Wt % Range Wt % Range
12:0 4.9 1.7-12.3 8.1 2.4-16.5
14:0 5.6 2.0-11.8 9.6 5.3-15.9
16:0 20.3 19.3-25.1 21.5 14.1-25.8
18:0 7.5 5.8-9.7 5.6 0.8-8.2
Total Sat. (41.3) (47.9)
18:1 n7 34 3.2-3.8 2.9 2.3-3.8
18:1 trans n9 3.6 3.1-4.7 -
18:1 n9 31.0 22.6-38.7 30.5 17.9-47.0
Total mono. (43.0) (35.0)
18:2 n6 12.6 9.6-16.8 13.8 8.8-23.8
20:4 n6 0.5 0.4-0.7 0.5 0.1-0.7
18:3 n3 0.7 0.3-1.9 0.5 0.1-1.0
20:5 n3 0.1 0-0.2 0.2 0.1-1.1
22:6 n3 0.2 0.1-0.6 0.6 0.1-1.4
Total PUFA (15.7) (17.1)

From Jensen (1996).

references therein). At birth, quite large changes in lipid
metabolism occur. Whereas the fetus relied extensively on
glucose, the sole source of nutrition for the newborn is
milk, from which about 50% of the energy comes from

118

fat. The enzymes for fatty acid synthesis are suppressed
and the baby’s metabolism becomes geared to using fat
directly from the diet. Human milk contains quite a high
proportion of polyunsaturated fatty acids and this may be
a response to the needs of the still-developing nervous
tissues. There are, however, differences in milk fat compo-
sition (Tables 2.103 and 2.105) depending on the mother’s
diet. Despite the low content of polyunsaturated fatty
acids in cow milk, there is only limited evidence that babies
given formulae based or cow’s milk develop less well than
those primarily breast fed. However, infant formulae over
recent years first contained added vegetable oils (supple-
menting linoleate) and, then, n-3 PUFAs. Because of the
high B-oxidation rates of a-linolenic acid, it is considered
beneficial to add »n-3 PUFAs to infant formulae in the
form of fish oils (containing eicopentaenoic and docosa-
hexaenoic acids). Currently, there is much discussion
about the optimal ratio of #-3 and n-6 dietary fatty acids,
including those for infants and a good summary of this
question is given in Gurr et al. (2002).

Many of the compounds responsible for the flavour of
milk and milk products are derived from milk lipids. Lac-
tones and methyl ketones are derived from specific minor
triacylglycerols. Other flavour volatiles have also been
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described (Morrison, 1970). In small amounts, these var-
ious compounds give rise to desirable flavours, but, if
present in larger quantities, they may produce off-flavours.

A comprehensive review of milk lipids is given by
Morrison (1970) and a recent discussion of dietary
implications of milk fats is that of Gurr (1989). Useful
references giving information on the composition and
structure of milk lipids are Jensen (1988), Jensen and
Clark (1988), Jensen et al. (1990, 1991), Christie (1994)
and Jensen (1996).
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2.8 Liver and other tissue lipids

With the exception of lean skeletal muscle, all major organs
of the body contain appreciable lipid. The lipid is present
partly as storage lipid (triacylglycerol) in, for example, the
liver, but mainly as phospholipid (and cholesterol) in the
tissue’s membranous structures. A simple distribution is
shown in Table 2.106.

Mammalian liver is generally quite rich in lipid. Fat rep-
resents about 50% of the total calories available for meta-
bolic purposes, with a range of 28% (horse) to 69% (rat)
(Girard and Ferre, 1982). In terms of lipid content/kg fresh
weight, figures for five species range from about 60 g lipid/
kg fresh weight for humans, oxen, and rats through 91 for
chicken to 116 g lipid/kg fresh weight of cat liver.

The high content of myelinated nerves in brain tissue
means that phospholipid and sterol contents will be
relatively high. In other tissues, sterols are much less
important (Table 2.106).

When the total fatty acids of liver are examined, it is
found that land animals contain 30 to 40% of the total
acids as saturated (mainly palmitic and stearic). In con-
trast, aquatic animals contain a much higher proportion
of unsaturated acids, with a saturated total of 10 to 20%.
Very long-chain unsaturated fatty acids are typical, with
12 to 30% C,, unsaturated and 8 to 18% C,, unsaturated
acids in aquatic animals (Long, 1961).

A thorough analysis of the lipid composition of normal
human liver has been made by Kwiterovich et al. (1970).
They found that the contents of total cholesterol and total
phospholipids were 3.9+0.8 and 25.1+2.7 mg/g wet
weight, respectively. As expected, triacylglycerol content
was much more variable and was 19.4+15.9 mg/g wet
weight. Human liver glycolipids were analysed, with
dihexosides being the major neutral ceramides, and GM,
(hematoside) the major ganglioside. The phospholipid
compositions of several mammalian species are shown in
Table 2.107. It will be seen clearly that phosphatidyl-
choline and phosphatidylethanolamine are the major
components.

When different sheep or ox tissues are compared for
their phospholipid composition (Table 2.108), although
phosphatidylcholine and phosphatidylethanolamine are
always major components, their plasmalogen derivatives
are much more variable. The heart contains large amounts
of the latter. Phosphatidylinositol, phosphatidylserine,
and sphingomyelin are always significant components.
Diphosphatidylglycerol, which is localized in mitochon-
dria, is found in appreciable quantities in those tissues,
such as heart muscle, which contain large numbers of these
organelles.

Not surprisingly, dietary factors can play a significant
role in influencing the lipid composition of different
tissues, particularly those where lipid storage is significant.
Aspects of diet are dealt with in Section 11.1. In Table

TABLE 2.106 Lipid content of different mammalian tissues,
as g/kg fresh weight

Total lipid  Phospholipid  Total sterol

Brain (man) 104 31-78 26-44

(rat) 97 45 (46)° 15
Muscle (lean) 0.6 - (9)p -
Gastric mucosa (tripe) 20-30 - -
Intestine 65 - -
Kidney (rat) 96° 24-27 (33) <0.1
Liver (rat) 60 30 2.5

a Total fatty acids.
b Values in parentheses are from data in White (1973).
Data from Long (1961).
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TABLE 2.107

Phospholipid composition (%) of livers from several mammalian species

Human Rat Sheep Bovine Mouse
Phosphatidylcholine? 43.6 50.8 40.5 55.7 45.6
Phosphatidylethanolamine® 27.9 25.2 31.5 13.0 25.1
Phosphatidylinositol 8.6 7.2 8.2 79 7.7
Phosphatidylserine 3.1 32 2.3 4.2 39
Phosphatidylglycerol - - 5.3 - 0.1
Diphosphatidylglycerol 3.7 4.8 1.1 4.1 4.7
Sphingomyelin 4.6 4.2 5.0 5.8 4.7
Others 8.5 5.6 6.1 9.3 8.2
2 Includes plasmalogen derivatives when analysed.
From White (1973).
TABLE 2.108 Phospholipid composition of various sheep or ox tissues
Sheep Ox
Skeletal
Brain Heart Liver Kidney Spleen Lung muscle
Phosphatidylcholine 37.3 25.5 39.7 35.8 40.5 39.5 42.5
Choline plasmalogen 0.9 20.4 0.8 32 3.0 0.3 -
Phosphatidylethanolamine 7.7 12.4 27.9 10.6 25.0 21.2 26.6
Ethanolamine plamalogen 16.5 11.0 3.6 7.4 9.8 0.2 -
Phosphatidylinositol 2.1 4.7 8.2 4.6 1.6 33 5.6
Phosphatidylserine 9.2 2.2 2.3 32 2.1 9.4 4.1
Sphingomyelin 12.8 5.5 5.0 12.1 12.5 16.1 4.5
Phosphatidylglycerol - 5.3 - - 2.0 0.3
Diphosphatidylglycerol 2.0 5.8 1.1 5.9 1.5 1.0 8.9
From White (1973).
TABLE 2.109 Influence of diet on the lipid composition of different rat tissue samples
Diet
Sample Fat-free Hydrogenated soybean fat Corn oil Milk fat Beef tallow
Liver Neutrals @ 35+1 46 + 2 45+ 2 46 + 1 48 +2
CE 5+1 S+tr 5+2 5+1 8+1
PL 26+ 1 35+1 33+1 31+1 32+1
Heart Neutrals 59x1 63 +2 49 +2 41 £ 1 42+2
CE 2+ tr 5+1 4+1 4+1 3+ tr
PL 22+1 18+ 1 33+1 26+ 1 22 +1

Note: Results as g/kg fresh weight tissue; 15-week feeding regime.

2 Neutrals = primarily triacylglycerols, but also cholesterol and non-esterified fatty acids; CE = cholesterol esters; PL = phosphoglycerides.

Data from Fasman (1975).

2.109, an example of data showing alterations in lipid
composition during a feeding regime in rats is given. Of
note is that structural lipid content is also altered, in many
cases, quite significantly. As discussed by Gurr (1992), it
is very important to bear in mind that different animals
react quite differently and that animal models may not
always be appropriate with regard to, for example, human
obesity or heart disease.

References

Fasman, G.D. Ed. (1975) CRC Handbook of Biochemistry and
Molecular Biology, 3rd ed., CRC Press, Cleveland, OH.

Girard, J. and Ferre, P. (1982) Metabolic and hormonal changes
around birth. In The Biochemical Development of the Fetus
and Neonate, Ed. C.T. Jones, Elsevier, Amsterdam, pp.
517- 551.

Gurr, M.I. (1992) Dietary lipids and coronary heart disease:
old evidence, new perspective. Prog. Lipid Res., 31, 195—
243.

Kwiterovich, P.O. et al. (1970) Glycolipids and other lipid con-
stituents of normal human liver. J. Lipid Res., 11, 322-330.

Long, C. Ed. (1961) The Biochemists’ Handbook, E. & F.N. Spon,
London.

White, D.A. (1973) Phospholipid composition of mammalian
tissues. In Form and Function of Phospholipids, Eds. G.B.
Ansell, R.M.C. Dawson and J.N. Hawthorne, Elsevier,
Amsterdam, pp. 441-482.

120



Occurrence and Characterisation of Oils and Fats

2.9 Cereal lipids

There has been increasing interest in cereal lipids because of
their importance in food technology (e.g., in wheat flour) or
as potential sources of significant amounts of dietary
polyunsaturated fatty acids (Price and Parsons, 1974).
Morrison and co-workers have conducted a systematic
study of the distribution of acyl lipids in different parts of
wheat and maize seed. In addition, there has been
considerable interest in the rather unusual content of lipids
in starch (Morrison, 1981).

The lipid content of total cereal seeds varies consider-
ably. Furthermore, the various anatomical parts of seeds
have very different lipid contents. Thus, in wheat seeds,
the germ contains 25 to 30% lipid while the endosperm
has only 1% lipid. Considerable amounts of wheat germ
lipid are lost during milling (Galliard and Barnes, 1980).
Cereal germ oils are also a very good source of tocopherols.

Maize has been examined in detail (Tan and Morrison,
1979b). Pericarp lipids seem to be the remnants of those
of spherosomes (i.e., triacylglycerol, non-esterified fatty
acids, sterol esters, diacylglycerol). Maize germ has a very
high lipid content (~45%), which is mostly triacylglycerol
with small amounts of phosphoglycerides. Indirect analy-
sis of the aleurone layer by difference (Tan and Morrison,
1979a) showed that it contained most of the endosperm
triacylglycerol.

Wheat showed many similarities to maize except that
the germ of wheat was much smaller and there was less
lipid degradation in the developing wheat endosperm.
Pericarp lipids were mostly triacylglycerol, diacylglycerol
and sterol esters (as in maize pericarp) (Hargin and
Morrison, 1980). The aleurone and germ contain similar
amounts and proportions of lipids. In comparison to

maize, more phospholipid (14 to 18% total lipid) is found.
Endosperm nonstarch lipids are mainly triacylglycerol,
which is in spherosome structures. Glycosylglycerides are
present, presumably from the amyloplast membranes
(Hargin et al., 1980).

Sorghum lipids resemble maize and there is consider-
able similarity between wheat, rye, triticale, and (to a lesser
extent) oat lipids. Rice lipids resemble those of barley or
oats except that there is sometimes very little glycolipid or
phospholipid in milled rice (Choudhury and Juliano,
1980a, b). For representative analyses of maize and wheat
lipids, see Table 2.110 and refer to Morrison (1978) for
reviews.

Cereal starches contain lipids that are very difficult to
extract. The analyses in Table 2.111 are for internal starch
lipids, although the presence of surface and nonstarch
lipids can modify the properties of starch significantly
(Morrison, 1981). The internal lipids are almost exclu-
sively monoacyl lipids (86 to 94%). The presence of sig-
nificant quantities of non-esterified fatty acids and other
neutral lipids (Becker and Acker, 1976) may indicate that
the starches that were analysed were not pure and the
neutral lipids arose from non-starch or surface lipids
(Morrison, 1983). In contrast, maize and rice starch
internal lipids have more non-esterfied fatty acid than
lysophospholipid (Morrison and Milligan, 1982). Precau-
tions to be taken for the accurate estimation of starch
lipids have been discussed (Morrison, 1988) and methods
for the use of alcohol/water mixtures in extracting internal
lipids described (Morrison and Coventry, 1985). The lipids
can then be quantified by appropriate chromatographic
methods (Morrison, 1992). For wheat starch, where the
lipids are almost exclusively lysophospholipids, it is

TABLE 2.110 Lipid composition of fractions from wheat and maize seeds

H51 Maize* (ng/ kernel) LG11 Maize® (ng/mg seed) Wheat®
Lipid class Germ Endosperm Germ Non-starch endosperm Germ Non-starch endosperm

SE 818 49 8-10 4-17
TG 36953 344 196-244 46-70
DG 7479 1008 1244 33 0-13 10-18
FFA 305 133 3-6 8-21

DGDG 24 320 436 12 } 0_7e 32-74
DGMG 5d 2964 172 12 4-24
N-AcylPE 8 5 110 3 tr 8-50
PE 51 20 194 1 4-7 1-9f

PC 252 154 748 3 20-28 5-20
PI 96 14 247 3 6-9 n.d.

2 Weber (1979).
® Tan and Morrison (1979a, b).
¢ Hargin and Morrison (1980).

4 Includes SQDG; a number of other minor lipids were quantified (see references).

¢ Includes other glycosylglycerides.
I Includes PG.

Note: SE = sterol esters; TG = triacylglycerol; DG = diacylglycerol; FFA = non-esterified fatty acid; DGDG = digalactosyldiacyl-
glycerol; DGMG = digalactosylmonoacylglycerol; N-acylPE = N-acylphosphatidylethanolamine; PC = phosphatidylcholine; PI =
Phosphatidylinositol; SQDG = diacylsulfoquinovosylglycerol; PG = phosphatidylglycerol.
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TABLE 2.111 Lipids in cereal starches (mg/100g)

Wheat
Lipid A-granules Maize Rice
SE, TG, DG 1-2 3 2-12
FFA 15-54 379 221-355
MG, ASG* 1-2 9 19-31
MGMG, DGMG? 4-12 13 20-40
LPG 30-41 7 38-48
LPE 41-75 20 86-112
LPC 451-734 262 453-513
Others 27-62 9 -

2 Probably from contaminating non-starch lipids.

Note: See Table 2.110; MG = monoacylglycerol; ASG = acylated
sterol glycoside; LPG = monacylphosphatidylglycerol; LPE =
monoacylphosphatidylethanolamine; LPC = monoacylphos-
phatidylcholine; MGMG = monogalactosylmonoacylglycerol.
From Morrison (1983).

convenient to determine starch phosphorus and then
calculate lysophospholipid content using an appropriate
conversion factor, after making allowance for the small
amount of non-lipid phosphorus (Terter and Morrison,
1992). In maize starches from different varieties, there
seemed to be a relationship between amylose and lipid
contents (South et al., 1991) (see also Morrison, 1993).

The fatty acids of cereal lipids are generally linoleate,
palmitate, oleate, o-linolenate, and stearate in order of
abundance. Considerable variations in the fatty acid com-
positions of bulk lipids have been achieved by breeding in
barley, maize, and oats. The fatty acid content and distri-
bution in cereals has been reviewed (cf. Barnes, 1983). If
the acyl composition of individual lipids is analysed, then
200 to 500 mg of starch are needed per analysis (Morrison
and Karkalas, 1990).

Considerable interest has been shown in the study of
lipid metabolism during the germination of cereal seeds,
and this subject has been reviewed (Tomos and Laidman,
1979). Moreover, the activity of endogenous lipases causes
considerable spoilage of wholewheat flours. This is due to
bran-localized lipases and a germ-localized lipoxygenase
(Galliard, 1986).
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2.10 Leaf lipids

Both the lipid and the fatty acid compositions of plant
leaves show a remarkable consistency between species. Fur-
thermore, these compositions are usually only slightly
altered by external factors and developmental period
(Hitchcock and Nichols, 1971). Nevertheless, growth under
extreme conditions of, for example, phosphorus deficiency
may cause substitution of lipid classes — in this case with
glycosylglycerides substituting for phosphoglycerides
(Hartel et al., 2000; Jouhet et al., 2004). In addition, plants
can be classified as 18:3-, 16:3-, or 18:4- depending on the
fatty acid composition of the chloroplast monogalactosyl-
diacyglycerol (Dobson, 2000; Gurr et al., 2002). The 16:3-
and 18:3- plants are also distinguished by differences in
their lipid metabolism (Heinz and Roughan, 1982).

Up to 7% of the dry weight of leaves is lipid, with the
galactosylglycerides being major constituents (Table
2.112). The plant sulfolipid (sulfoquinovosyldiacylgly-
cerol) is also a significant component, representing about
5% of the total acyl lipids. The remainder of the lipid
consists principally of phosphoglycerides with phosphati-
dylcholine, phosphatidylglycerol, and phosphatidylethanol-
amine as major components, while phosphatidylserine,
phosphatidic acid, and phytoglycolipid are usually
found in trace amounts. Other minor lipids include tri-
acylglycerol, diacylglycerol, and glucocerebroside
(Hitchcock and Nichols, 1971). The waxy cuticle also con-
tains typical lipid constituents (see Sections 1.2.11 and
1.2.12), while carotenoids, chlorophylls, and plasto-
quinone are major lipids of the photosynthetic mem-
branes (Table 2.113).

The overall distribution of lipids in leaves reflects the
high content of chloroplasts in the tissue. The thylakoid
membranes of the latter have a rather simple acyl lipid
composition (cf. Harwood, 1980), which resembles that of
cyanobacterial membranes. Plants grown in the dark have
pale yellow leaves, which contain etioplasts rather than
chloroplasts. The lipid composition of such etioplasts is
different from normal green leaves in that glycosylglycer-
ides are less important and there are changes in the fatty
acid composition (Table 2.114). These differences are also

TABLE 2.112 The acyl lipid composition of plant leaves

seen if the white and green parts of variegated leaves are
compared (Table 2.114).

The major fatty acids of leaves are palmitic, linoleic,
and o-linolenic. The main monoenoic acids are oleic and
palmitoleic, with consistent amounts of frans- A’>-hexade-
cenoic acid in green leaves. This unusual fatty acid is
located at the 2-position of phosphatidylglycerol
(Harwood, 1980). Other fatty acids are only present in
minor amounts, with the exception of 16:3 plants, such as
spinach or tobacco, which contain all cis-7,10,13-hexade-
catrienoic acid (Table 2.114).

As mentioned above, fatty acids of unusual structure
that characterize seed oils from a variety of plants are
seldom found in the lipids of the corresponding leaf tissue.
However, there are two exceptions to this rule. First, some
members of the family Malvaceae accumulate cyclopro-
penoid fatty acids in their leaves as well as their seeds
(Shenstone and Vickery, 1961). Secondly, the y-linolenic
and octadecatetraenoic acids that characterize the seed
oils of the Boraginaceae are also found esterified to the
leaf lipids (Jamieson and Reid, 1968, 1969). Stymne et al.
(1987) have shown that both y-linolenic and octadecatet-
raenoic acid are present at the sn-2 position of monoga-
lactosyldiacylglycerol, where octadecatetraenoic acid was
the major component (74%) in Borago officinalis.

In view of the fact that leaf lipids are dominated by
those of the chloroplasts, it is worth emphasizing certain
features of the latter’s thylakoids. In contrast to animal
and most bacterial membranes, phosphoglycerides are
minor components. Phosphatidylglycerol is the only phos-
phoglyceride of importance. Over 75% of the acyl lipid
content is glycosylglyceride (Table 2.115). In addition, the
fatty acid composition of chloroplast acyl lipids is unusu-
ally rich in polyunsaturates. o-Linolenic acid, the main
fatty acid, is particularly enriched in the two galactosyl-
glycerides. Phosphatidylglycerol also contains high
amounts of a-linolenic acid, but also has large amounts
of palmitic and trans- A>-hexadecenoic acids, while diacyl-
sulfoquinovosylglycerol also contains palmitic acid as a
major component (Table 2.116).

For useful detailed references on plant lipids, refer to the
proceedings of the biennial International Symposia on

Lipids (% of total acyl lipids)

Plant MGDG DGDG SQDG
Clover 46 28 4
Sugarbeet 26 14 9
Maize 42 31 5
Barley 43 26 5
Rye grass 39 29 4
Broad bean 38 30 6

PC

7
24
6
11
10
7

PG PE PI Others
6 5 1 3
9 12 5 1
7 3 1 2
6 4 1 4
7 5 2 4
6 4 2 7

Note: MGDG = monogalactosyldiacylglycerol; DGDG = digalactosyldiacylglycerol; SQDG = sulphoquinovosyldiacylglycerol;
PC = phosphatidylcholine; PG = phosphatidylglycerol; PE = phosphatidylethanolamine; PI = phosphatidylinositol.

From Harwood (1980).
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TABLE 2.113 Pigment composition of spinach chloroplast membranes

Thylakoids®
Moles of lipid/100mol of pg/mg of protein® Envelope (pg/mg of
chlorophyll® protein)®
Chlorophyll a 70 - -
Chlorophyll b 30 - -
Carotenoids
B-Carotene 6 - 1.42
Violaxanthin 3 4.52 6.50
Lutein + Zeaxanthin 10 6.05 2.50
Antheraxanthin - - 0.79
Neoxanthin 3 - 0.40
@ Typical thylakoid membranes are about 50% lipid, of which 25% is pigment.
b Lichtenthaler and Park (1963).
¢ Douce and Joyard (1979).
TABLE 2.114 Fatty acid composition of leaf tissue
Fatty acids (% of total acids)
Plant 16:0 9c-16:1 3r-16:1 16:3 18:0 18:1 18:2 18:3
Maize 8 1 3 n.d. 2 7 8 66
Barley 13 3 3 n.d. 2 6 6 64
Broad bean 12 1 4 n.d. 2 7 14 56
Broad bean (etiolated) 16 2 n.d. n.d. 4 4 29 41
Chlorophytum (green part) 12 1 2 n.d. 4 3 24 48
Chlorophytum (white part) 19 1 n.d. n.d. 5 4 39 24
Pea 12 1 2 n.d. 1 2 25 53
Spinach? 13 n.d. 3 5 tr 7 16 56
2 Data from Debuch (1961).
Note: n.d., none detected; tr., trace
From Harwood (1980).
TABLE 2.115 The lipid composition of chloroplast membranes
Percentage of total lipids
Plant Fraction MGDG DGDG SQDG PG PC PI
Spinach?  Envelope 22 32 5 8 27 1
Thylakoid 51 26 7 9 3 1
Wheat® Envelope 22 43 11 10 14 -
Thylakoid 45 36 8 10 2 -
2 From Douce, R., Holz, R.B., and Benson, A.A. (1973) J Biol. Chem., 248, 7215-7222.
® From Bahl, J., Francke, B. and Monegar, R. (1976) Planta, 129, 193-201.
Note: See Table 2.112 for abbreviations.
TABLE 2.116 The fatty acid composition of chloroplast lipids
Fatty acid composition (% of total fatty acids)
Plant Lipid 16:0 16:1° 16:3 18:0 18:1 18:2 18:3
Spinach MGDG tr - 25 - 1 2 72
DGDG 3 - 5 - 2 2 87
SQDG 29 1 - 1 7 26 36
PG 11 32 - - 2 4 47
Barley MGDG 3 1 - 1 1 3 91
DGDG 9 2 - 1 3 7 78
SQDG 32 3 - 1 2 5 55
PG 18 27 - 3 2 11 38

2 16:1 = cis-9-hexadecenoic acid in MGDG, DGDG and SQDG and trans-3-hexadecenoic acid in PG.
18:1 = oleic acid; 18:2 = linoleic acid; 18:3 = a--linolenic acid.

Note: See Table 2.112 for abbreviations.
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Plant Lipids (e.g., Harwood and Quinn, 2000; Murata
et al., 2003; www.mete.mtesz.hu/pls/proceedings).
Research using mutants of Arabidopsis with changed lipid
compositions is reviewed by Ohlrogge et al. (1991) and,
in particular, by Wallis and Browse (2002). Methodolog-
ical aspects are described by Harwood (1980), Harwood
and Boyer (1990) and Christie (2003).
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2.11 Algal lipids

There is increasing commercial interest in the exploitation
of algae (both freshwater and marine) as sources of food-
stuffs and other important natural products. One subject
of particular importance is that of polyunsaturated fatty
acids — since many algae are rather rich in these compo-
nents (Cohen and Ratledge, 2005).

Algae are an extremely diverse group of organisms. It
is unsurprising, therefore, that their lipids are varied. Most
attention has been paid to algal fatty acid content. Fresh-
water algae contain similar fatty acids to terrestrial plants
(see Section 2.10 for leaf composition). However, the pro-
portions of these acids vary considerably and, in general,
freshwater algae contain higher proportions of C,, fatty
acids and less of C,; components than do plant leaves.
Representative fatty acid compositions of some freshwater
and salt-tolerant algae are shown in Table 2.117. It will
be noted that, whereas C,, fatty acids are absent (or only
found in trace amounts) in freshwater species, in those
from high-salt environments, such as the Dead Sea,
arachidonate and (n-3)eicosapentaenoate are major com-
ponents (Pohl and Zurheide, 1979; Harwood and Jones,
1989).

Marine algae contain a bewildering array of major
fatty acids. Some representative examples of composi-
tions for phytoplankton and macroalgae are shown in
Table 2.117. The major saturated fatty acid is invariably
palmitate and, in contrast to higher plants, palmitoleate
is the major monoene. C,¢ fatty acids are much less abun-
dant than in leaves, and the C,, polyunsaturated acids
(particularly arachidonate and eicosapentaenoate) are
very important. In some individual lipid classes, these
latter acids can account for a very high proportion of
the total acyl groups (see Harwood and Jones, 1989).
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TABLE 2.117 Total fatty acid compositions (% total) of some algae

16:0 16:1  16:2
Marine phytoplankton

Monochrysis lutheri (Chrysophyceae) 13 22 5
Olisthodiscus spp. (Xanthophyceae) 14 10 2
Lauderia borealis (Bacillariophyceae) 12 21 3
Amphidinium carterae (Dinophyceae) 24 1 1
Dunaliella salina (Chlorophyceae) 41 15 tr
Hemiselmis brunescens (Cryptophyceae) 13 3 3
Marine macroalgae
Fucus vesiculosus (Phaecophyceae) 21 2 tr
Chondrus crispus (Rhodophyceae) 34 6 tr
Ulva lactuca (Chlorophyceae) 18 2 tr
Freshwater species
Scenedesmus obliquus 35 2 tr
Chlorella vulgaris 26 8 7
Chlamydomonas reinhardtii 20 4 1
Salt-tolerant species
Ankistrodesmus spp. 13 2 1
Isochrysis spp. 12 6 -
Nannochloris spp. 9 20 7

16:3 164  18:1 18:2 18:3 184 204 20:5 22:6

7 1 3 1 tr 2 1 18 7
2 1 4 4 6 18 2 19 2
12 1 2 1 tr - 1 3 -
tr - 5 1 2 15 - 14 25
- - 11 8 19 - - - -
tr tr 2 tr 9 30 tr 14 -
- tr 26 10 7 4 15 8 -
- 9 1 1 4 18 22 -
1 18 9 2 17 24 1 2 tr
tr 15 9 6 30 2 - - -
2 — 2 34 20 - - - -
4 22 7 6 30 3 - - -
1 14 25 2 29 2 - 1 -
15 4 6 17 - - 2 13

9 - 4 1 1 - - 27 -

From Harwood and Jones (1989).

Interestingly, in view of its postulated role in granal stack-
ing (see Bolton et al., 1978), trans A-3-hexadecenoate is
found in phosphatidylglycerol of algae that have a quite
different chloroplast morphology to higher plants, e.g.,
brown and red algae and diatoms (see Harwood and
Jones, 1989).

Cyanobacteria have a much simpler lipid and fatty
acid composition than eukaryotic algae. Murata and
Nishida (1987) have divided cyanobacteria into four
groups based on the original classification of Kenyon et
al. (1972). The fatty acid compositions of examples from
each of the four groups are shown in Table 2.118. Group
1 cyanobacteria only synthesize saturated and monoun-
saturated acids. The other three groups all synthesize the
polyunsaturated linoleate and, in addition, accumulate
v-linolenate, a-linolenate, and (n-3) octadecatetraenoate,
respectively.

Cyanobacteria also differ from eukaryotic algae in
having a very simple lipid class composition. Only the
typical “chloroplast” lipids (monogalactosyldiacylglyc-
erol, digalactosyldiacylglycerol, sulphoquinovosyldia-
cylglycerol, and phosphatidylglycerol) are found, with,
sometimes, minor amounts of monoglucosyldiacylglycerol

(Table 2.119). In nitrogen-fixing cyanobacteria, unusual
glycolipids have been reported. These are most easily
studied in the heterocysts of the filamentous heterocys-
tous strains. Chemical structures for the main glycolipid
components have been reported (Bryce et al., 1972) and
minor components described (see Murata and Nishida.
1987).

For eukaryotic algae. the glycosylglycerides are major
components and all the usual phosphoglycerides are
found. Some representative examples of different compo-
sitions are shown in Table 2.120.

Certain classes of algae may accumulate significant
amounts of more unusual complex lipids. DGTS
(diacylglycerol-O-(N, N, N-trimethyl)homoserine) is an
unusual compound found in Chlorophyta, but first
reported in Ochromonas danica (see Harwood and
Jones, 1989). Its B-alanine derivative diacylglycerol-O-
hydroxymethyl-(N, N, N-trimethyl)-B-alanine (DGTA)
has been identified in Phaeophyta (see Eichenberger,
1990).

Phosphatidyl-O-[ N-(2-hydroxyethyl) glycerine (PHEG)
has been identified in Fucus serratus (Eichenberger et al.,
1995) while diacylglyceryl carboxyhydroxymethylcholine

TABLE 2.118 Representative examples of the fatty acyl compositions of cyanobacteria

Fatty acid composition (% total)

Group Organism 16:0 16:1
1 Anacystis nidulans 46 46
2 Anabaena variabilis 32 22
3 Synechocystis 6714 28 4
4 Tolypothrix tenuis 22 3

18:1 18:2 o-18:3 v-18:3 18:4
3 0 0 0 0
11 17 16 0 0
5 17 0 31 0
16 15 6 13 11

Data from Murata and Nishida (1987).
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TABLE 2.119 The acyl lipid compositions of cyanobacteria and Prochloron spp.

Lipid (% total)

Organism MGDG MGIleDG DGDG SQDG PG
Anabaena variabilis 54 1 17 11 17
Anacystis nidulans 57 n.m. 11 11 21
Prochloron spp. 55 3 11 26 5
Note: n.m. = not measured. MGlcDG, monoglucosyldiacylglycerol.
Data from Murata and Nishida (1987).
TABLE 2.120 The acyl lipid compositions of some algae

Chattonella Dunaliella Acetabularia Chlamyd s Chondrus Fucus
Lipid (%) antiqua parva mediterranea reinhardtii crispus vesiculosus
PC 5 9 0.1 - 30.1 4.2
PE 3 - 1.2 5 1.5 6.2
PI 1 2 0.6 2 tr 2.9
PG 3 6 3 10 7.7 2.2
DPG - - - - 1.9 5.4
MGDG 29 21 37 47 16.9 15.0
DGDG 18 11 20 16 14.8 11.3
SQDG 29 7 20 7 15.5 22.0
Other glycolipids - 1 - - - -
DGTS 6 15 20 16 - -
DGTA - - - - - 24.1
Nonpolar lipids - 15 - - 34 4.9
Free fatty acids - 13 - - 2.2 -

Note: PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, Phosphatidylinositol; PG, phosphatidylglycerol; DPG,
diphosphatidylglycerol; MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; SQDG, sulphoquinovosyl-
diacylglycerol; DGTS, diacylglycerol trimethylhomoserine ether lipid; DGTA, diacylglycerol hydroxymethyltrimethyl-B-alanine

lipid.
Source: Harwood and Jones (1989).

(DGCC) and diacylglyceryl glucuronide (DGGA) were
found in the lipid fraction of Pavlova lutheric (Eichen-
berger and Gribi,1997). Many freshwater algae contain
chlorosulfolipids (Mercer and Davies, 1979). These
unusual lipids have been reviewed (Haines, 1973a, b).
Halogenated fatty acids and their derivatives in different
organisms, including algae, have been reviewed in detail
by Dembitsky and Srebnik (2002). Certain diatoms have
been found to contain other novel sulphur-containing lip-
ids (see Kates, 1987).

The metabolism of algal lipids was reviewed by
Harwood and Jones (1989) and updated recently
(Guschina and Harwood, 2006). The latter includes the
identification of unusual lipids including oxylipins, which
may have a number of important physiological functions.
Some aspects of the use of algae as a commercial source
of lipids, particularly hydrocarbons, are covered by Scragg
and Leathers (1988). Botrycoccus braunii and Dunaliella
salina produce hydrocarbons at levels of 15 to 75%, while
the red alga Porphyridium cruentum has been proposed as
a possible source of arachidonic acid. The importance of
such essential fatty acids when microalgae are used as
feedstocks in aquaculture is reviewed by Volkman (1989),
who also covers additional general aspects of lipid analysis
and content of algae. Recently, there has been considerable
interest in the exploitation of algae in the production of
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n-3 and n-6 PUFAs (e.g., Wen and Chen, 2003; Sijtsma
and de Swaaf, 2004) and this is reviewed by Cohen and
Ratledge (2005). The occurrence and metabolism of the
very long-chain PUFAs, arachidonic, eicosapentaenoic
and docosahexaenoic acids, are described in detail by
Guschina and Harwood (2006).
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TABLE 2.121 Lipid composition of some yeasts

2.12 Fungal lipids

The lipid content of many fungi has been reported, and has
proved to be highly variable depending on not only the
individual species but also the growth conditions. In
addition, the lipids of mycelium and yeast cells, reproductive
structures as well as those of cells in different stages of
development, all vary. In general, phospholipids, sterols
(and their esters, triacylglycerols and fatty acids) are major
components (Tables 2.121 and Table 2.122). For a
thorough survey of fungal lipids, the reader is referred to
two books by Weete (1974, 1980) and to reviews covering
yeast lipids (Rattray, 1988) and other fungi (Losel, 1988).

2.12.1 Opverall lipid content

Vegetative hyphae contain 1 to 56% of their dry weight as
lipids, depending on species, developmental stage, and
growth conditions. Although certain species, such as the
yeast Saccharomyces cerevisiae (ATCC 7754), have a very
high lipid content, fungi generally average about 17%
lipids. Several genera seem to be capable of producing
high amounts of lipids. These include Claviceps, Penicillium,
Aspergillus, Mucor, Fusarium and Phycomyces (Woodbine,
1959). Thus, lipids can represent up to 64% of the dry
weight of Pencillium spinulosum (see Losel, 1988). The
fluctuating proportions of total cellular lipid present in
membranes correspond closely to the amount of these
structures as seen in electron micrographs. The relative
proportions of these and of storage lipids also vary
considerably with growth conditions and development
stage (Losel, 1988). In comparison, yeasts usually average
5 to 15% of their dry weight. “Fat” yeasts produce 30% or
more lipids and, apart from the Saccharomyces spp.
mentioned above, other “fat” yeasts include some
Rhodotorula and Lipomyces spp. (Hunter and Rose, 1971;
Rattray et al., 1975; Cohen and Ratledge, 2005).

The lipid content of fungal spores varies considerably
with species and the conditions of spore formation. Values
between 1 and 45% of spore dry weight have been
reported. When individual genera are examined, there are

Lipid content
Species (% dry wt)
Debaryomyces hanseni 7
Hansenula anomala 13
Lipomyces starkeyi 16
Saccharomyces cerevisiae (agar plate) 7
Saccharomyces cerevisiae (batch culture) 9
Yarrowia lipolytica (Candida lipolytica) 36
Candida utilis 11
Rhodotorula rubra 15

Percentage composition

TG FA Sterol SE PL
27 4 6 1 60
77 tr 3 15 7
60 22 3 1 9
7 4 4 22 62
40 6 - 20 30
52 5 - 4 9
55 1 2 1 38
63 6 2 1 25

Note: TG = triacylglycerols; FA = nonesterified fatty acids; SE = sterol esters; PL = phospholipids; tr = trace.

Source: Rattray (1988).
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TABLE 2.122 Lipid composition of some fungi

Lipid content

Class Species (%o dry wt) NL Polar PL TG Sterols SE
Dictyosteliomycetes Dictyostelium discoideum 12 21 79 - - 8 -
Chrytridiomycetes Blastocladiella emersonii 8-11 12-47 25-82 35-69 8-28 5-13 182
Oomycetes Achyla americana (oospores) 33 98 2 0.4 89 0.3 0.8

Pythium ultimum 4-18 55-91 9-45 - 40-58 - -
Zygomycetes Mucor spp. 3-15 55-65 35-45 20-35 - 4-16 5-10

Rhizopus arrhizus 3-15 35-68 32-65 - 2-18 2-18 1-12
Ascomycetes Aspergillus niger 4 31 69 41 5 19 4

Neurospora crassa 9-19 - - 93-98 <1 - 1-4
Hymenomycetes Agaricus bisporus 5-6 68-74 22-26 - 12-13 2.3 2a
Urediniomycetes Puccinia graminis 5-18 64-92 8-36 - - 1-7 -

2 Only one sample analysed.

Note: NL = nonpolar lipids; Polar = polar lipids; PL = phospholipids; TG = triacylglycerols; SE = sterol esters.

Source: Losel (1988).

still considerable variations in total lipid between spe-
cies. For example, the lipids of Ustilago spp. vary
between 4 and 22%. Spores from mesophilic species of
Mucor have a lower lipid content than those of ther-
mophilic or thermotolerant species (Sumner and Mor-
gan, 1969). In some species, such as the rust fungi, the
endogenous lipid is used as a source of energy during
germination. However, not all the lipid is present as
globules that are easily available for mobilization; some-
times most of the lipid is phospholipid and carotenoids
(as in Neurospora crassa) and these compounds are little
utilized during germination.

2.12.2 Cell wall lipids

Most of the fungal cell wall is composed of polysaccharides
(80 to 90%), with the remainder consisting mainly of lipid
and protein. There seems to be no correlation between cell
wall lipid amounts and the genus examined. Most of the
cell wall lipid is “bound” and relatively difficult to extract.
In S. cerevisiae, neutral lipids and phosphoglycerides are
major components, while Candida albicans contains sterol
esters, sterols, fatty acids, triacylglycerols, and phospholipids.
Thus, in contrast to Saccharomyces spp., the Candida spp.
contain mainly sterols and sterol esters (40 to 60% total). In
fungi, the nature of the wall lipid is undefined, although
glycolipids have been noted in some cases. Hydrocarbons
and sporopollenin, a carotenoid polymer highly resistant to
decomposition, may occur on the surface of spores (see
Losel, 1988).

2.12.3 Changes in lipid content with growth
conditions

There are several major factors involved in determining the
influence of the environment on fungal lipids. These include
temperature, pH, carbon source, inorganic nutrients,
aeration and growth factors. A particularly comprehensive
account of factors influencing fatty acid composition in
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yeasts is by Rattray (1988). The use of yeasts and fungi as a
source of oils is covered by Cohen and Ratledge (2005).

The response of fungi to growth temperatures varies
with species. Many yeasts and yeast-like fungi contain
more lipid when they are grown at temperatures below
their optimum (Hunter and Rose, 1971). However, in other
fungi (e.g., Rhodotorula gracilis) there are opposite
changes. Fungi can be classified into mesophilic, psychro-
philic, thermophilic, and thermotolerant species depend-
ing on their optimal growth temperatures. There do not
appear to be any consistent differences in lipid content
between these four groups. However, there is an increase
in unsaturation of fatty acids of mesophilic fungi when
compared to thermophilic fungi (Table 2.123) and this is
consistent with a general increase in unsaturation at lower
temperatures (Table 2.123).

The most important carbon source for fungal growth
is glucose, while the best disaccharide is maltose. These
and other sugars are easily converted to lipid. However,
there are significant differences in the amount of lipid
synthesis from different sugars. For example, in Penicil-
lium chrysogenum, sucrose > fructose > glucose are sources
for fat production. In addition, the actual concentration
of the sugar has been shown to be important in many
cases (cf. Weete, 1980; Rattray et al., 1975). Often, optimal
lipid synthesis occurs at around 40% sucrose or glucose
in the growth medium, but individual fungi vary consid-
erably. With the increasing use of microorganisms for the
utilization of inexpensive industrial waste products, many
fungi have been studied with regard to the efficiency of
their conversion of carbon substrates to lipid. These
include, for example, fungi that can degrade alkanes
(cf. Gerasimova et al., 1975).

There are two aspects to fungal requirements for inorganic
nutrients. First, there are, clearly, absolute requirements for
certain elements. Secondly, the levels of individual nutrients
may alter lipid metabolism. For example, phosphorus levels
may alter the phospholipid composition of Candida utilis,
and increasing sodium chloride (from 0 to 10%) in the
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TABLE 2.123 Unsaturation indices in fungi grown at different temperatures

Growth Unsaturation
Class Fungus temperature (°C) (A-/mol fatty acid) Reference
Phycomycetes Mucor mucedo 25 1.16-1.47 Sumner and Morgan (1969)
M. miehei 25 0.95 Sumner and Morgan (1969)
48 0.78 Sumner and Morgan (1969)
M.strictus 10 1.13-1.26 Sumner et al. (1969)
20 0.98-1.24 Sumner et al. (1969)
Rhizopus sp.I11 36 0.76-0.84 Sumner et al. (1969)
48 0.60-0.86 Sumner and Morgan (1969)
Ascomycetes Candida lipolytica 25 1.00 Kates and Baxter (1962)
C. scottii 10 1.72 Kates and Baxter (1962)
Chaetomium thermophile 45 0.65 Mumma et al. (1970)
C. globosum 25 0.96 Mumma et al. (1970)
Stilbella thermophile 45 0.56 Mumma et al. (1970)
Stilbella sp. 25 1.47 Mumma et al. (1970)

medium increases the lipid content (from 0.3 to 6.3%) in
Candida spp. The most important nutritional parameter for
fungal lipid synthesis is the ratio of carbon to nitrogen.
High fat accumulation is associated with low protein syn-
thesis and is, therefore, favoured by high ratios of carbon/
nitrogen. Indeed, the highest accumulation of fats by many
fungi is obtained in nitrogen-deficient media. In general,
lipid accumulation is favoured more when nitrogen is sup-
plied from an inorganic source, since organic nitrogen tends
to stimulate growth and protein synthesis. For a recent
study of the effect of growth media on lipid composition,
see Griffiths et al. (2003a), who studied the very important
plant pathogen, Phytophthora infestans.

The effect of pH on fungal lipid accumulation is not
clear. For some species, increasing medium pH increases
lipid synthesis, but for others there is no effect (Weete,
1980). On the other hand, the degree of aeration is impor-
tant because of the requirement for oxygen in sterol and
unsaturated fatty acid synthesis. In addition, the degree
of aeration has profound effects on fungal growth and
differentiation. For example, in Mucor rouxii, growth
under aerobic conditions results in filamentous growth,
while anaerobic conditions cause the cells to be yeast-like.
Under the latter conditions there are relatively high con-
centrations of short- to medium-chain (Cg to C,,) fatty
acids and hardly any unsaturation.

Although many fungi are able to grow successfully on
media containing a carbon source and mineral salts, some also
require vitamins or certain amino acids. In general, vitamin
deficiencies result in a reduction of lipid content. However,
certain yeasts, when grown on inositol-deficient media, accu-
mulate large amounts of triacylglycerols (cf. Weete, 1980).

2.12.4 Fungal fatty acids

The fatty acid compositions of fungi have been extensively
reviewed (Shaw, 1966; Wassef, 1977; Weete, 1980; Rattray,
1988; Losel, 1988). Fungi produce saturated and unsatur-
ated aliphatic acids of 10 to 24 carbons in chain length.
Palmitic is the major saturated acid, oleic the main
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monoenoic acid and linoleic the most common polyunsatu-
rated acid.

In Phycomycetes, the presence of y-linolenic acid is
notable since the higher fungi (Ascomycetes, Fungi Imper-
fecti, and Basidiomycetes) produce only a-linolenate.
Some higher homologues in the n-6 series, such as 20:3
and 20:4, may also be found. The Phycomycetes also tend
to produce more C,, and C,, acids than the higher fungi,
and several of their aquatic species have quite distinct fatty
acid patterns. A few examples of fatty acid patterns are
given in Table 2.124. Because of the recent interest in
v-linolenic acid for human nutrition, commercial processes
have been developed by using moulds of the Mucorales
for producing significant amounts of y-linolenate-enriched
oil (see Ratledge, 1989a).

Further discussions of this aspect and the use of
Mortierella species for y-linolenic and eicosapentaenoic
acids are given by Ratledge (1989b). The industrial produc-
tion of lipids by yeasts is reviewed by Davies and Hold-
sworth (1992), with physiological aspects of lipid
accumulation summarized by Moreton (1988) and other
topics, including economics, by Ratledge (1988).

So far as the Ascomycetes are concerned, there seem to
be no differences in fatty acid composition that distinguish
the subgroups ascosporogenous (true yeasts) from
asporogenous (yeast-like) yeasts. Saccharomyces and Can-
dida are the most-studied examples of these two groups.
Saccharomyces spp. contain rather high levels of 16:1 and,
with few exceptions, do not synthesize polyunsaturated
fatty acids. In general, 16:1 > 18:1 > 16:0 and these acids
account for >90% of the total. The relative amounts of
acids in C. utilis vary with strain and culture conditions,
but 16:0, 18:1, and 18:2 are principal fatty acids as in most
asporogenous yeasts.

Several yeasts or yeast-like fungi secrete lipids. These
extracellular lipids include hydroxy-, acetoxy- or long-
chain fatty acids. For example, Saccharomyces melanga
produces 3-D-hydroxypalmitic acid. Extracellular
glycolipids called sophorosides are also produced by some
yeast-like fungi, e.g., Torulopsis magnaliae. In contrast to
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TABLE 2.124 Fatty acid compositions of some fungi

Fatty acids (%total)

Species 12:0 14:0
Phycomycetes

Blastocladiella emersonii - 1

Entomophthora muscae - 6

Mucor strictus - 6

Phycomyces blakesleeanus - tr

Rhizophylyctis rosea (aquatic) - tr
Ascomycetes

Candida albicans - 1

Saccharomyces cervisiae - 3

Torulopsis candida - tr
Fungi Imperfecti (Deuteromycetes)

Aspergillus niger - tr

Penicillium chrysogenum - 3
Homobasidiomycetes

Calvatia gigantea 12 3

Lactarius vellerens - tr

Polyporus hirsutus 1 1
Heterobasidiomycetes

Ustilago scitaminca 1 2

16:0 16:1 18:0 18:1 18:2 18:3 20:4
13 3 3 39 17 11 16
14 17 3 38 5 2 14
22 2 9 35 12 14 -
11 2 21 30 35 2 -
14 6 74 3 3 -
12 8 7 36 25 10 -
18 52 2 20 — - -
28 4 9 43 12 3 -
16 1 7 21 38 16 -
13 - 12 19 43 6 -
9 1 tr 9 62 tr 12
7 tr 54 22 14 2 -
20 7 2 22 50 2 tr#
20 3 7 30 32 2 -

2 20:0.
Source: Weete (1980).

the Ascomycetes, Fungi Imperfecti do not usually contain
large quantities of 16:1. Their major fatty acids are 16:0,
18:1, and 18:2, with significant amounts of o-18:3.

The basidiomycete fungi are divided into Homobasidio-
mycetes (saprophytic, e.g., mushrooms, puff balls) and the
Heterobasidiomycetes (parasitic, e.g., the rust and the smut
fungi). The Homobasidiomycetes have 16:0, 18:1, and 18:2
as their main fatty acids (Table 2.124), with linoleate usually
predominating. In some mushrooms, hydroxy fatty acids
are significant and may be the major acids (Prostenik et al.,
1978). The rust fungi contain cis-9,10-epoxy octadecanoic
acid, which is used to confirm them in culture.

2.12.5 Glycerol-based lipids in fungi

Triacylglycerols are the most abundant type of lipid in
many fungi. However, their quantities vary considerably
according to species, stage of development, and growth

TABLE 2.125 Lipid composition of some yeasts

conditions (see previous sections and Table 2.125 and Table
2.126). The alkyl and alkenyl ethers are not common
constituents of yeasts or mycelial fungi. Certain unusual
nonpolar, such as diesters or 1-alkenyl esters of dihydric
alcohols (e.g., ethanediol, butane-1,4-diol), may be present
in a few species (Weete, 1980).

A comparison of the fatty acid content of the principal
storage lipid, triacylglycerol, with that of a major mem-
brane lipid, phosphatidylcholine, for several yeasts is made
in Table 2.127. Although the same fatty acids are usually
present in both lipids, their proportions vary considerably.
As a generalization, the membrane lipid is much more
unsaturated than the storage lipid.

The glycerophospholipids of fungi (Griffin et al., 1970),
yeasts (Hunter and Rose, 1971; Rattray et al., 1975) and
various organisms (Kates and Wassef, 1970) have been
reviewed. The glycerophospholipid content of fungi averages
41% of the total lipids and is higher in the log phase than in

Lipid content

Species (%o dry wt)
Debaryomyces hanseni 7
Hansenula anomala 13
Lipomyces starkeyi 16
Sacchromyces cerevisiae (agar plate) 7
Saccharomyces cerevisiae (batch culture) 9
Yarrowia lipolytica (Candida lipolytica) 36
Candida utilis 11
Rhodotorula rubra 15

Percentage composition

TG FA Sterol SE PL
27 4 6 1 60
77 tr 3 15 7
60 22 3 1 9

7 4 4 22 62

40 6 - 20 30
52 5 4 9
55 1 2 1 38
63 6 2 1 25

Note: TG: triacylglycerols; FA = nonesterified fatty acids; SE = sterol esters; PL = phospholipids; tr = trace.

Source: Rattray (1988).
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TABLE 2.126 Lipid composition of some fungi

Lipid
content
Class Species (% dry wt) NL Polar PL TG Sterols SE
Dictyosteliomycetes  Dictyostelium disoideum 12 21 79 - - 8 -
Chytridiomycetes Blastocladiella emersonii 811 12-47 25-82 35-69 8-28 5-13 18*
Oomycetes Achyla Americana (oospores) 33 98 2 0.4 89 0.3 0.8
Pythium ultimum 4-18 55-91 9-45 - 40-58 -
Zygomycetes Mucor spp. 3-15 55-65 35-45 20-35 - 4-16 5-1
Rhizopus arrhizus 3-15 35-68 32-65 - 2-18 2-18 1-12
Ascomycotina Aspergillus niger 4 31 69 41 5 19
Neurospora crassa 9-19 - - 93-98 <1 - 1-4
Hymenomycetes Agaricus bisporus 5-6 68-74 22-26 - 12-13 2-3 2%
Urediniomycetes Puccinia graminis 5-18 64-92 8-36 - - 1-7
* Only one sample analysed.
Note: NL = neutral lipids; Polar = polar lipids; PL = phospholipids; TG = triacylglycerols; SE = sterol esters.
Source: Losel (1988).
TABLE 2.127 Comparison of the fatty acid compositions of the nonpolar lipid or triacylglycerol fraction with
phosphatidylcholine from different yeasts
Fatty acid (%)
Organism Lipid 14:0 16:0 16:1 18:1 18:2 18:3
Candida albicans NL 4 52 - 33 6 3
PC 1 15 25 47 9 -
Lipomyces starkeyi NL 34 7 51 4 -
PC - 9 16 52 20 -
Saccharomyces cerevisiae TG 3 16 42 27 - -
PC tr 6 58 35 - -
Trichosporon pullulans TG tr 15 tr 57 24 1
PC - 6 tr 8 83 3
Note: NL = nonpolar lipid; TG = triacylglycerol; PC = phosphatidylcholine; tr = trace.
Source: Rattray (1988).
TABLE 2.128 Phospholipid composition of some yeasts
Composition (%)
Organism Total (% lipid) PS PI PC PE DPG PA
Ascosporogenous yeasts
Hansenula polymorpha 31 17 22 24 26 - 11
Lipomyces starkeyi 16 11 12 43 25 5 1
Saccharomyces cerevisiae 32 5 12 20 56 7 -
Schizosaccharomyces pombe 43 12 14 50 13 6 -
Asporogenous and basidiosporogenous yeasts e
Candida albicans 15 12 40 25 5 -
Candida utilis 30 10 12 17 43 15 -
Rhodotorula rubra 25 16 7 16 29 12 6
Trichosporan cutaneum 40 12 11 29 15 6 7

Note: PS = phosphatidylserine; PI = phosphatidylinositol; PC = phosphatidylcholine; PE = phosphatidylethanolamine; DPG = diphos-

phatidylglycerol; PA = phosphatidic acid.
Source: Rattray (1988).

the stationary phase of growth. Sample compositions are
shown in Table 2.128 and Table 2.129. It will be seen that the
major lipids are phosphatidylcholine and phosphatidyletha-
nolamine, with phosphatidylinositol often a major compo-
nent. Unlike many other organisms, fungi often contain
phosphatidylserine in significant amounts (usually 5 to 10%).
Some detail is known of the subcellular distribution of
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different phospholipids. Most information is known for
isolated mitochondria. In addition, the effects of growth tem-
perature, morphogenesis and reproduction, and of genetic or
nutritional factors on phospholipid class composition have
been reported (see Losel, 1988). On the other hand, there is
a wealth of detail of the phospholipids in individual mem-
branes from yeasts, such as S. cerevisiae (see Rattray, 1988).
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TABLE 2.129 Phospholipid compositions of some fungi

Composition (%)

Organism
Dictyostelium discoideum
spores
early culmination
Phytophora parasitica
Choanephora cucubitarum?
Glomus mosseae (mycelium)?
Aspergillus niger
Neurospora crassa
Cephalosporum lalciforme
Uromyces phaseoli

—_
00 O 0 L W — |

PS

PI PC PE DPG PA
13 29 44 3 7
11 11 41 4 7

7 39 20 3 3
3 28 39 8 7
- 16 34 14 -

51 29 2 -
6 45 36 2 3
2 50 15 6 -
6 54 27 3 -

Note: PS = phosphatidylserine; PI = phosphatidylinositol; PC = phosphatidylcholine; PE = phosphatidylethanolamine;

DPG = diphosphatidylglycerol; PA = phosphatidic acid.

# Contain significant amounts of phosphatidylglycerol (13% C.cucurbitarum, 19% G.mosseae).

Source: Losel (1988).

In S. cerevisiae, phosphatidylcholine, phosphatidyleth-
anolamine, phosphatidylinositol, and phosphatidylserine
are major phospholipids. Phosphatidylglycerol and
diphosphatidylglycerol are present in mitochondrial mem-
branes. Yeast phospholipid metabolism has been reviewed
by Carman and Henry (1999). Several pesticides have an
effect on lipid composition and metabolism of fungi.
Recent studies include the action of mandelamide on
Phytophthora infestans and of iprodione on Botrytis
cinerea. Other relevant references can be found in these
two papers (Griffiths et al., 2003b, 2003c).

2.12.6 Other fungal lipids

Sphingolipids, such as cerebrosides and ceramides, are
minor but widely distributed constituents of fungi. Certain
species contain characteristic sphingosine-containing lipids,
such as the inositol-containing phosphorylceramides of
S. cerevisiae (cf. Weete, 1980). Other minor lipids include
hydrocarbons, while sterols (and sometimes carotenoids)
are often major components. A full description of such
lipids is outside the remit of this section and, for further
details, the reader is directed to Weete, (1980), Brennan et
al. (1974), Goodwin (1973), and Losel (1988).

When grown aerobically, most fungi can synthesize ste-
rols. Exceptions often occur with pathogens of plants and
animals, particularly the Oomycetes. Fungal sterols and
their biosynthesis have been well reviewed (Elliott, 1977;
Goodwin, 1973; Wassef, 1977; Weete, 1980). The exact pat-
tern of sterol accumulation depends very much on the spe-
cies. For example, desmosterol is found in many oomycetes,
but seldom in other fungi (Losel, 1988). As with acyl lipids,
the amounts of sterols vary with environmental factors.
Sterol esters often appear to function as a store for mem-
brane sterol precursors. In yeasts, lanosterol, zymosterol,
dehydroergosterol and ergosterol are common (Rattray,
1988).

Carotenoids have been found in 60% of all fungi exam-
ined (see reviews by Goodwin, 1973; Weete, 1980). The
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major component is B-carotene. Xanthophylls appear to
be absent from lower fungi, but have a wide, if sporadic,
distribution in higher fungi. In many of the Discomycetes,
xanthophylls are the major carotenoids. A vast range of
terpenoids have been reported also (see Losel, 1988).
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2.13 Bacterial lipids

Any discussion of the occurrence of lipids in bacteria is
complicated by the wide variety of such compounds that
are found, often only in a few species. Nevertheless, some
broad generalizations can be made, and these will be
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highlighted in the following section; however, it must
always be remembered that there is an exception to every
rule. For a more complete coverage of bacterial lipids, the
reader is referred to Razin and Rottem (1982), Finnerty
(1978), Cronan (1978), Raetz (1978), Shaw (1975), Gold-
fine (1972) and Ratledge and Wilkinson (1988, 1989).
Heath et al. (2001) have thoroughly reviewed antibacte-
rial agents, which target lipid biosynthesis. This article
concentrates on fatty acid biosynthesis, but includes sec-
tions on phospholipid and Lipid A synthesis, as well as
possible new developments.

2.13.1 Fatty acid distribution

Fatty acids in the C,, to C,, chain-length range account
for the majority of bacterial fatty acids, which are usually
saturated or monounsaturated. Bacteria generally do not
contain polyunsaturated fatty acids and some isolated
reports of their occurrence are probably due to contami-
nation from the growth medium. Notable exceptions are
some cyanobacteria, which contain linoleate and lino-
lenate (Section 2.11), gliding bacteria, which have large
amounts of arachidonate in their acyl lipids (Fautz et al.,
1979), and a range of eubacteria found in marine environ-
ments (e.g., Intriago and Floodgate, 1991; Matsui et al.,
1991).

Besides the ubiquitous even-chain saturated and unsat-
urated fatty acids, bacteria characteristically contain odd-
chain and branched fatty acids as well as 3-hydroxy- and
cyclopropane derivatives. These fatty acids are present in
lipopolysaccharide, cell-wall lipoprotein and lipoteichoic
acid, as well as membrane glycerolipids (Table 2.130). As
a generalization, the Gram-positive bacteria contain
higher proportions of branched-chain acids than do
Gram-negative bacteria. In those Gram-positive bacteria,
where branched chains are prevalent, there is usually a
corresponding decrease in the proportions of unsaturated
acids (O’Leary and Wilkinson, 1988).

Exceptionally long-chain, branched fatty acids termed
mycolic acids and of general formula (1) are found in
members of the Mycobacterium—Nocardia—Corynebacte-
rium group, Rhodococcus and the “aurantiaca” toxin
(Brennan, 1988) (see also Section 1.2.13).

TABLE 2.130 Major fatty acids in bacteria

Saturated Tetradecanoic acid
Hexadecanoic acid
Octadecanoic acid

Unsaturated Octadecenoic acid (11¢)

Branched chain 13-Methyltetradecanoic acid
14-Methylhexadecanoic acid
3-Hydroxytetradecanoic acid
cis-9,10-Methylene-hexadecanoic acid

cis-11,12-Methyleneoctadecanoic acid

Substituted
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OH
R—CIH— (I:H_ COOH
(CH,),CHs
1)
n = 5-23 (odd numbers only)

R may be up to Csy and include other functional groups.

2.13.2 Glycerol-based acyl lipids

In contrast to animals and plants, bacteria seldom accu-
mulate triacylglycerols or other “fats.” The monoacyl
and diacyl derivatives are important metabolic intermedi-
ates and will be present in small but detectable amounts.
Thus, the lipids of bacteria are essentially associated with
one or other of the cell membranes, with the exception of
storage polymers (notably poly(3-hydroxybutyrate)
(PHB)) or hydrocarbon inclusions (e.g., from hydrocar-
bon-grown Acinetobacter strains). PHB occurs in many
prokaryotes — both Gram-positive and Gram-negative.
Its biosynthesis is reviewed by Schweizer (1989) and some
commercial applications are discussed by Ratledge (1989).
The structure of PHB is shown in (2). Economically, the
production of PHB is much more expensive than that of
cheap chemically-produced polypropylenes and polyethy-
lenes. However, its biodegradable nature is a big advan-
tage in medical applications and it is likely to become
more important in the future.
CH, o)
H O—ICH—CHz—g nOH
(2

where n = 600-25000

Poly(3-hydroxyalkanoate)s have also been reported to
accumulate in inclusion bodies in different bacteria,
such as Pseudomonas spp. (de Smet et al., 1983). In
contrast to the inclusion bodies for PHB and poly(3-
hydroxyalkanoate)s, where the surrounding membrane is
an intracytoplasmic one, the hydrocarbons of Acineto-
bacter spp. are contained by a monolayer limiting mem-
brane with a lipid composition different from that of other
cellular membranes (Scott and Finnerty, 1976).

Glycerophospholipids are usually the major constitu-
ents of bacterial membranes. These lipids are usually
enriched with saturated fatty acids at the sn-1 position and
with unsaturated acids at the sn-2 position. In cyanobac-
teria, the distribution is governed by chain length rather
than unsaturation, with sn-1 C;; and sn-2 C,4 being the
rule (Zepke et al.,1978). The cyanobacteria are also excep-
tional in that they synthesize (and accumulate) only one
phospholipid, phosphatidylglycerol.

With the exception of the Actinomycetes (e.g., myco-

bacteria), phosphatidylglycerol is present in all species of
bacteria. It is frequently the major phospholipid. The sn-3
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hydroxyl of the glycerol head group may be esterified with
an amino acid (usually alanine, ornithine, or lysine) to
form an aminoacylphosphatidylglycerol (Goldfine, 1982).
These derivatives are more common in Gram-positive spe-
cies. The sn-2 hydroxyl of the glycerol head group may be
glycosidically linked to glucosamine or the sn-3 hydroxyl
group can be acylated. However, these substitutions are
not very common.

Cardiolipin (or diphosphatidylglvicerol) usually occurs
along with phosphatidylglycerol. The proportions of these
two lipids can be easily changed by growth conditions.
The presence of cardiolipin as a major constituent in bac-
teria is in striking contrast to eukaryotes, where it is only
present in the inner mitochondrial membrane.

The major glycerophospholipid of Gram-negative bac-
teria is phosphatidylethanolamine. It is also a major com-
ponent of some Gram-positive species, such as Bacillus.
In contrast, phosphatidylcholine is seldom a major lipid
in bacteria. In a few genera, the ethanolamine head group
may be partly methylated (giving the mono- and dimethyl
derivatives).

Some examples of phospholipid composition in Gram-
positive and Gram-negative bacteria are shown in Table 2.131
and general features of the lipid composition of Gram-
negative bacteria are shown in Table 2.132

Phosphatidylinositol is uncommon in bacteria and is
found in a few Gram-positive species only. In Actino-
mycetes and a few other bacteria, mannosides of phosphati-
dylinositol may be present. Other glycerophospholipids,
such as phosphatidic acid and phosphatidylserine, have a
widespread occurrence in bacteria, but only in small
amounts. Both of these lipids play an important role as
metabolic intermediates (Finnerty, 1978; Raetz, 1978).

TABLE 2.131 3Examples of phospholipid compositions of
bacteria?

Major Phospholipids (% total)®

PE PG DPG

Gram-positives
Microcccus spp. 0 26-88 10-67
Planococcus spp. 8-14 23-38 4445
Staphyloccus spp. 0 52-90 1-10
Streptococcus spp. 0 8-38 8-62

Gram-negatives
Escherichia coli 74 19 3
Klebsiella pneumoniae 38-82 5-13 6-14
Vibrio spp. 23-81 10-54 tr-2
Haemophilus spp. 78-85 15-18 0-3
Pseudomonas spp. 40-87 9-76 0-35
Acetobacter spp. 25-31 20-31 4-13
Neisseria spp. 51-77 19-22 2-20

@ For further information, see O’Leary and Wilkinson (1988) and
Wilkinson (1988).

b Others include 36 to 38% lysyl PG in Staphyloccus spp., 5 to 16%
phosphoglycolipids in Streptococcus spp. and 32 to 44% phosphati-
dylcholine in Acetobacter spp.
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TABLE 2.132 Summary of the lipid content of Gram-negative

bacteria?

Usual features
Main fatty acids 16:0,16:1 (A-9), 18:1(A-11), 3-OH
14:0
Main phospholipids
DPG
Minor/rare acyl lipids
Absent
Unusual compositions
Fatty acids
Mainly straight-chain odd-chain
Mainly branched-chain
Polyenoic acids significant
Phospholipids
PE absent
PC a major component
Plasmanyl lipids significant
Other polar lipids
Glycolipids significant
Ornithine amide lipids present
Sphingolipids present
Sulphonolipids present

Steroids

e.g., Desulphobulbus spp.
e.g., Pseudomonas putrefaciens
e.g., Vibrio marinus

e.g., Pseudomonoas vesiculans
e.g., Agrobacterium spp.
e.g., Stigmatella spp.

e.g., Some Pseudomonas spp.
e.g., Acetobacter spp.

e.g., Bacteriodes spp.

e.g., Flavobacterium spp.

PE with variable proportions of PG,

Hydrocarbons, acylglycerols, waxes

2 For more details, refer to Wilkinson (1988).

Note: PE, phosphatidylethanolamine; PG, phosphatidylglycerol; DPG,

disphosphatidylglycerol; PC, phosphatidylcholine.

Instead of a phosphate unit at the sn-3 position, a
carbohydrate moiety may be present. Such glycosylglyc-
erides have quite a widespread, but usually minor occur-
rence in bacteria. The cyanobacteria have already been
mentioned as having only one phospholipid. They have a
very simple lipid pattern, with the remaining compounds
being three glycoglycerides: monogalactosyldiacylglyc-
erol, digalactosyldiacylglycerol, and sulfoquinovosyldia-
cylglycerol. Thus, in contrast to other bacteria and like
the photosynthetic membranes of plants and algae, these
organisms contain glycosylglycerides as their major mem-
brane lipids.

Glycosylglycerides are more important in Gram-
positive than Gram-negative bacteria. Except in green
photosynthetic bacteria and Treponema spp., where they
are the most common lipids, the monoglycosyldiacylglyc-
erols are less common than the diglycosyl lipids. The dis-
accharide moiety of the latter is usually either two glucose,
galactose, or mannose sugars linked (12) or (16) (Section
1.2.5 and Table 1.11).

The glycosyldiacylglycerols also give rise to some
unusual phosphoglycolipids and constitute the hydropho-
bic moiety of lipoteichoic acids, and the lipo-conjugates
of most Gram-positive bacteria (Section 1.2.13). A dis-
tinctive feature of the streptococci is the variety and abun-
dance of phosphoglycolipids linking the glycolipids with
the lipoteichoic acids. Typically the phosphoglycolipids
are derived from a-kojibiosyldiacylglycerol by substitu-
tion at one or both of the 6 positions on glucose by a (1)
3-sn-phosphatidyl group, (2) sn-glycerol-1-phospho group,
or (3) fatty acyl group (see O’Leary and Wilkinson, 1988).
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In mycobacteria, phosphatidylinositol mannosides may
act as membranous anchors with lipoarabinomannins as
the functionally important biopolymers, while glycosyldi-
acylglycerols, phosphatidylglucosyldiacylglycerols and
glycerophosphoglycosyldiacylglycerols act as membra-
nous anchors with the lipoteichoic acids as the corre-
sponding extensions (Brennan, 1988). In a few species
(e.g., Mycobacterium tuberculosis), both anchors may
coexist.

Some phosphoglycolipids are also present in certain
Gram-positive organisms. Phosphatidylglycolipids are
found in streptococci, sn-glycero-3-phosphoglycolipids in
mycoplasmas, and the sn-glycero-1-phosphophosphati-
dylglycolipids in several Gram-positive genera.

2.13.3 Other glycolipids

Acylated sugars, such as acylglucoses of mycobacterial
“cord factor,” a diacylated glucose attached to D-glyceric
acid in the cell envelope of Nocardia caviae (Pommier and
Michel, 1981) and the rhamnolipid of Pseudomonas
aeruginosa are specific examples of sparsely occurring
glyolipids. Other examples are the mycosides of
mycobacteria. These are glycosides of p-substituted phenols
with normal and branched-chain fatty acids esterified to the
oligosaccharide. The glycosides are involved in the
pathogenicity of Mycobacteria. In comparison to other
bacteria, Mycobacteria (and the related Nocardia and
Corynebacteria) contain large amounts of lipid, which is
mainly in the cell wall.

The mycobacterial cell wall contains three main com-
ponents — (1) a skeleton composed of arabinogalactan
mycolate covalently linked through a phosphodiester
bond to peptidoglycan, (2) peptides that are removed by
proteinolysis, and (3) free lipids that are easily extracted
by solvents.

The skeleton consists of a branched polymer of D-
arabinose and D-galactose in a 5/2 ratio, where about
every 10th arabinose contains a mycolic acid esterified to
the 5'-hydroxyl. These mycolic acids are Cg, to C,, fatty
acids that are 2-branched and 3-hydroxylated. They may
also contain cyclopropane rings, methyl branches, and
methoxy groups. In Nocardia similar arabinoglactan
mycolates are present, known as nocardomycolic acids (40
to 60 carbons with a C,, or C,4 branch). In Corynebacte-
rium spp., corynomycolic acids (28 to 40 carbons with a
C,, banch) are found (Minnikin, 1982). A comprehensive
review of the structure, biosynthesis, and function of
myclic acids is that by Barry et al. (1988). A potential use
of such acids is as biosurfactants and a recent paper on
this subject, including a new method of synthesis, is that
by Lee et al. (2005).

Some 25 to 30% of the weight of mycobacterial cell
walls consists of extractable lipids. These are a mixture
of cord factors, mycosides, sulfolipids and wax D. Cord
factors are a mixture of trehalose 6,6’-mycolates. The
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constituent mycolic acids are of the same composition as
those found in wax D and are characteristic of the organ-
ism from which they are isolated (Figure 2.2). The sulpho-
lipids consist of trehalose, which is sulphated at the 2
position and acylated at several positions on both sugar
residues. The acyl groups are a mixture of palmitic acid
and very long-chain (31 to 46 carbons) methyl-branched
acids called phthioceranic acid (Minnikin, 1982). The out-
ermost layer of the mycobacterial cell wall contains myco-
sides, which are either phenolic glycolipids (mycosides A
and B) or glycolipid peptides (mycoside C). Their complex
structure is shown in Figure 2.3. For a comprehensive
review of the lipids of mycobacteria and other actino-
mycetes, refer to Brennan (1988).

The cell wall layer of mycobacteria contributes to their
resilience and contains many compounds that contribute
to their pathogenicity. Of the latter, the dimycocerosate
esters (DIMs) are especially important and occur, almost
exclusively, in pathogenic mycobacteria. Since Mycobac-
terium tuberculosis alone is responsible for over 2 million
deaths per year, there is considerable current interest in
DIMs (Onwueme et al., 2005).

The cytosol of Gram-negative bacteria is surrounded by
a complex cell envelope consisting of, at least, three layers
(Figure 2.4). The cytoplasmic membrane is composed of
the usual phosphoglyceride bilayer with integral and
peripheral proteins. Then comes a peptidoglycan layer,
which is separated from the outer membrane by a periplas-
mic space. The outer membrane is extremely asymmetric,

Name

but contains lipopolysaccharide and enterobacterial-
common antigen in its outer leaflet. Phospholipid
molecules are missing from the outer membrane in many
Gram-negative bacteria, but are present in some species.
When phospholipids are present in the outer membrane,
phosphatidylethanolamine is, by far, the most common.

The lipopolysaccharide, which is involved in several
aspects of pathogenicity, is a complex polymer with four
parts (Figure 2.4 and Figure 2.5). Outermost is a carbo-
hydrate chain of variable length (called the O-antigen),
which is attached to a core polysaccharide divided into
the outer core and the backbone. These two parts vary
between bacteria. Finally, the backbone is attached to a
glycolipid called lipid A (Figure 2.5). The link between
lipid A and the rest of the molecule is usually through a
number or 3-deoxy-D-manno-octulosonic acid (KDO)
molecules. The presence of KDO is often used as a marker
for lipopolysaccharide (or outer membrane) even though
it is not present in all bacterial lipopolysaccharides. A very
comprehensive review on bacterial lipopolysaccharides is
that by Wilkinson (1996), and Raetz and Whitfield (2002)
have dealt with these molecules in relation to their
endotoxin activity.

Lipid A is composed of a disaccharide of glucosamines.
The amino groups are substituted with 3-hydroxy-
myristate, while the hydroxyl groups contain saturated (12
to 16 carbons) acids and 3-myristoxymyristate. Phosphate
and KDO groups are also substituted (Figure 2.5). The
fatty acids are sometimes referred to as “bound fatty

Formula (example of producing organism)

(0] OH
B-Mycolic acid ]—[3C(CH2)17CIHC"Z(CH2)17C{[—CH(CH2)19éHCIZHCOOH
CH3 CH, (CHy)p3CH;
(Mycobacterium tuberculosis)
CI)H
o-Smegmamycolic acid H3C(CH2)17CH=CH(CH2)13CH=CHCIH(CH2)17CH(T“HCOOH
CH;3 (CH,),;CH;
(Mycobacterium smegmatis)
IOH
Nocardomycolic acid H3C(CH,),CH=CH(CH,),,CH=CH(CH,) . CHCHCOOH
(CH,),3CH;
a+b+c=32o0r34
(Nocardia spp.)
(I)]-[
Corynomycolic acid H;C(CH,),,CHCHCOOH
((IZHZ)BCHa

(Clostridium diphtheriae)

FIGURE 2.2 Some major mycolic acids found in mycobacteria and related actinomycetes. (From Harwood, J.L. and Russell, N.J.
(1984) Lipids in Plants and Microbes. Allen and Unwin, Hemel Hempstead, U.K. With permission.)
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(a) Trehalose mycolate (b) Sulfolipid
CH,OCOR! OH CH,OCOR! OCOR?
© HONOH © OH
o O"K R*OCO
HO OH s HONPH o
H CH,OCOR? 0SO5 CH,0COR?
R'OH and R2OH are mycolic acids RIOH-R*OH are palmitic acid or very-long-chain
branched fatty acids
(c) Mycosides A and B

OCH;
Rlo—@(CHZ)nCHCHZCH(CH2)4CHCIHCH2CH3
(I)R2 (I)R2 c|:H3
RIOH is a mono- or trisaccharide

R?0OH is a C;,—C, 4 saturated fatty acyl or a mycocerosic acyl, e.g., H3C(CH2)21<CIHCI—[2) C;HCO
CH; /,CH;

(d) Mycoside C

RO-Phe-alloThr-Ala-alaninol-sugar

|
O-sugar

ROH is a long-chain (C,3—Cj,) methoxy fatty acid, e.g., H3C(CH2)22CH=CHICHCH2COOH

OCH;
Phe, phenylalanine; alloThr, allo-threonine; Ala, alanine

FIGURE 2.3 Structures of mycobacterial lipids. (From Harwood, J.L. and Russell, N.J. (1984) Lipids in Plants and Microbes. Allen
and Unwin, Hemel Hempstead, U.K. With permission.)
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FIGURE 2.4 Organization of the membrane system of a Gram-negative bacterium. P = porin; A = transmembrane peptidoglycan-
associated protein; CP = carrier protein. (Adapted from information in Wilkinson, 1996).
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GleN  Gal
Abe l Glc — Hep — Hep —(KDO);— lipid A
d Gle — Gal
EtIN—®— —EtN
Man — Rha — Gal N ©-® @ ,
v Outer core Backbone
O-antigen . ,
R-core
(@)
!
~ & CH,0—M,
@ o
AN o, O—CH,
\\ O
A Y
KDO O
N NH O—M O
I/(DO 1\|/[ M—0O \®
EEIN—®—KDO 0 NH )
M,

FIGURE 2.5

(b)

Generalized structures of (a) lipopolysaccharide and (b) lipid A showing the KDO link region. Abe, abequose; Man,

mannose; Rha, rhamnose; Gal, galactose; Glc, glucose; Hep, heptose; KDO, deoxy-D-manno-octulosonic acid; @, phosphate; EtN,
ethanolamine; M, myristate; M,, B-hydroxymyristate; --- represents the connection to the rest of the molecule (see (a)). (From Harwood,
J.L. and Russell, N.J. (1984) Lipids in Plants and Microbes. Allen and Unwin, Hemel Hempstead, U.K. With permission.)

acids” while lipopolysaccharide is “bound lipid.” This is
because common lipid extraction procedures do not sol-
ubilize them and they are only released after hot phenol/
water treatment. Lipopolysaccharide not only contains
hydroxyl fatty acids, but also lacks unsaturated or cyclo-
propane fatty acids, which are characteristic of other lipids
in Gram-negative bacteria (Goldfine, 1982).

Gram-positive bacteria contain teichoic acid and other
highly anionic polymers in their cell walls and membranes.
Some of the membrane teichoic acids are covalently linked
to glycolipids, such as diacylglycoglycerol, to give a lipote-
ichoic acid (Figure 1.20). The amounts of esterification
and glycosylation and the type of sugars or glycolipid vary
amongst bacteria.

2.13.4 Other lipid types

Several other types of lipids have been reported in bacteria.
Anaerobic bacteria, including those of the rumen, contain
large quantities of plasmalogens with both ether and ester
linkages. In contrast, plasmalogens are found in very few
aerobic or facultative anaerobes.

Archaebacteria contain two types of phytanylglycerol
ethers that lack ester bonds (Tornabene et al., 1979;
Bayley and Morton, 1978). Extreme halophiles contain
diglycosyldiphytanylglycerol diether analogues of phos-
phatidylglycerol, phosphatidylglycerophosphate, and
phosphatidylglycerol sulfate. Acidophilic thermophiles
contain diethers and tetraethers of diglyceroldiphytanyl-
diglycerol. In methanogenic bacteria, both types of ether
are found.

Other lipid types that have been found in bacteria
include wax esters, hydrocarbons, sphingolipids, steroids
and terpenoids. These occur sporadically, however, and
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are seldom major components. An obvious exception is
the presence of carotenoids and the ornithine-containing
lipid of purple photosynthetic bacteria. Further details
of minor lipid components of bacteria can be found in
Razin and Rotten (1982), Shaw (1975), and Goldfine
(1972).

2.13.5 Archaebacteria and other specialized
bacteria

For further information on these bacteria, refer to Smith
(1988) and De Rosa and Gambacorta (1988).

Archaebacteria have distinctive features that allow them
to be classified within a separate kingdom from other
prokaryotes. These features include the presence of large
amounts of ether-linked lipids (Section 1.2.2.3). They
often occupy extreme environments and include methano-
gens, the extreme halophiles, and most of the thermoaci-
dophiles.

Neutral lipids are a significant fraction of the total, with
isoprenoid hydrocarbons making up 35 to 95% of the
apolar lipids. The complex lipids of archaebacteria are
unique in that they are based upon alkyl ethers of glycerol
or some other polyol. The diether has the structure 2,3-di-O-
phytanyl-sn-glycerol. The major phospholipid of
halophiles is the diethyl analogue of phosphatidylglycerophos-
phate (i.e., 2,3-di-O-phytanyl-sn-glycerol-1"-phosphoryl-
3’-sn-glycerol-1-phosphate). Various unidentified polar
lipids are present in Thermoplasma, of which the major
compound is a phosphoglycolipid.

Photosynthetic prokaryotes include those which carry out
anoxygenic photosynthesis (green and purple bacteria) and
those that utilize oxygenic photosynthesis (cyanobacteria
and prochlorophyta). Of course, these organisms contain
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photosynthetic as well as cytoplasmic membranes — both
with a distinct lipid composition. The photosynthetic pig-
ments (chlorophylls, carotenoids. etc.) are confined to the
photosynthetic membranes. Glycosyldiacylglycerols are
major components in green bacteria and cyanobacteria, but
are generally absent from purple bacteria, apart from small
amounts of sulfoquinovosyldiacylglycerol. The purple
bacteria have phosphatidylglycerol as their major phospho-
lipids, but also possess significant amounts of phospha-
tidylethanolamine. Phosphatidylglycerol is also the major
phospholipid in green bacteria and is the only significant
phospholipid of cyanobacteria. An ornithine lipid is a
significant component of purple bacteria.

The mollicutes (e.g., Acholeplasma laidlawii) are unique
among prokaryotes in lacking an outer cell wall. Thus, they
are very useful organisms for biochemical experiments and
have been extensively studied. Glycolipids are usually major
components with three types (glycosylacylglycerols, polyter-
penol glycosides, and acylated sugars) occurring. About
50% of the lipids of mollicutes are polar, mainly phospho-
glycerides. Phosphatidylglycerol and diphosphatidylglycerol
are always found and aminoacyl derivatives of the former
are present in some species. Phosphatidylethanolamine is
only found in Ureaplasma. Unique phosphoglycolipids con-
taining glyceraldehyde and phosphotriester groupings occur
in some Acholeplasma spp.
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TABLE 2.133 Phospholipid composition of viruses

RNA viruses
Paramyxoviridae, e.g., Sendai, measles
Rhabdoviridae, e.g., rabies
Orthomyxoviridae, e.g., influenza
Togaviridae, e.g., rubella
Retroviridae, e.g., Rose’s sarcoma
DNA viruses
Herpetoviridae, e.g, herpes simplex
Poxviridae, e.g., vaccinia

Percentage of phospholipids

PC PE Sph PS PI
8-53 10-41 12-30 2-17 0-11
16-38 20-34 16-31 7-20 0-10
10-39 12-45 16-23 7-22 0-8
21-49 19-35 7-29 9-21 0-9
16-30 2642 22-33 12-17 04
51-57 21-25 4-21 4-13 1-13
34-49 12-14 2-4 0-5 12-19

Note: PC = phosphatidylcholine; PE = phosphatidylethanolamine; Sph = sphingomyelin; PS = phosphatidylserine; PE = phosphatidylinositol.

Source: Steiner and Steiner (1988).

2.14 Lipids of viruses

Lipids are found in a wide range of both RNA and DNA
viruses. Usually the lipids are present in an external mem-
brane, the viral envelope, for those viruses which infect
eukaryotic cells. For other viruses, such as bacteriophages,
the lipid is in internal membranes. A comprehensive sum-
mary of viral lipids is available (Steiner and Steiner, 1988).

Phospholipids account for 50 to 75% of the total viral
lipid in most cases. Examples of the phospholipid com-
position are shown in Table 2.133 for both RNA and
DNA viruses. The major components are phosphatidyl-
choline, phosphatidylethanolamine, sphingomyelin and
phosphatidylserine. Phosphatidylinositol is frequently
absent in the RNA viruses. Percentages of the three zwit-
terionic phospholipids are somewhat variable (Table
2.133). As a generalization, high proportions of phos-
phatidylcholine are accompanied by relatively lower per-
centages of both phosphatidylethanolamine and
sphingomyelin and vice versa. Sphingomyelin is much less
important in the DNA viruses — only Pseudorabies virus
having more than 4%.

As far as fatty acid composition is concerned, compar-
isons have usually been made between viral composition
and the host cell. The viruses often contain lowered
amounts of polyenoic acids and may accumulate large
proportions of acids that are only trace components in the
host. For example, the Rubella virus contains about 25%
odd-carbon fatty acids (C,5, C;;, C,y) (Voiland and
Bardeletti, 1980). A considerable proportion of the total
fatty acids may be acylated to protein (see Steiner and
Steiner, 1988).

Viruses that bud from the plasma membrane often have
quite a high ratio of cholesterol to phospholipid. Thus,
for the simian virus 5, the ratio is 0.84 and is about 0.75
for the host MDBK cells (Klenk and Choppin, 1969) (see
remarks about HIV below). For plant viruses, sterols, such
as stigmasterol, B-sitosterol, and campesterol will be
found.

141

Because of its medical importance, the human immu-
nodeficiency virus (HIV) has been well studied recently.
One interesting fact is that the retroviral envelope con-
tains a higher cholesterol/phospholipid ratio (>1) than
either the plasma membrane or other membranes of the
host cell. It seems that when HIV-1 buds, the host cell
membrane rafts become the viral coat (Raulin, 2002).
HIV-1 infection also induces alterations in T-cell lipids
such as to cause a shift from phospholipid synthesis to
neutral lipids with viral load. The success of highly active
anti-retroviral therapy (HAART) in reducing morbidity
has its downsides with many side effects. In the long term,
HAART induces dyslipidaemia, insulin resistance, diabe-
tes and hypertriglyceridaemia. Moreover, peripheral
lipoatrophy and central fat accumulation (lipodystrophy
or LD syndrome) complicate HIV therapy (Raulin, 2002).
The molecular basis of these complications, some of
which originate from a build-up of the nuclear form of
sterol regulatory element binding proteins (nSREBP), are
discussed by Hui (2003).

For further details of other viral lipids and their metab-
olism and function, the reader is referred to Steiner and
Steiner (1988).
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PRODUCTION AND REFINING OF OILS AND FATS

A.J. Dijkstra and J. C. Segers

3.1

Edible oils and fats have been produced and used since
time immemorial. They served as food, were used in food
preparation, and were also used as a source of light in oil
lamps or as candles. Olive oil even served as lubricant for
Greek wrestlers. The first fats were probably obtained by
rendering since this is a relatively easy operation that only
involves simmering fatty animal tissue (Harrison, 1986).
Besides, the fat that was released could also be used for
preserving the meat (Dijkstra, 2004).

Crushing nuts and oilseeds is a more sophisticated way
of producing edible oils, but according to Blank (1942),
sesame seeds and linseed were already pressed in Egypt
around 259 BCE and some 75 years later, screw and wedge
presses were used in ancient Rome for the production of
quite a variety of nut and seed oils and of course olive oil.
It was only in 1900 that Anderson introduced the mechan-
ical screw press (Hastert, 1998).

Trade in oils and fats was minimal and people con-
sumed what they produced locally. Consequently, local
produce governed the local cuisine, which then created a
demand for that type of products. Greek cuisine is still
very much based on olive oil, while the German housewife
tends to use shortening because her style of cooking is
traditionally based upon lard (Dijkstra, 2000).

In ancient Greece, oils were not refined and nobody both-
ered about refining for the next 2000 years. It is only in 1842
that Schmersal patented the refining of cottonseed oil with
caustic soda and it took another 16 years before Bareswil
actually deacidified cottonseed oil with a 30% caustic solu-
tion. In 1891, a steam deodorisation process operating
at atmospheric pressure was developed by Eckstein;
shortly afterward, Bataille in France and Wesson in the U.S.
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introduced improved vacuum deodorisation processes
(Blank, 1942). Refining edible oils (neutralisation, bleaching,
and deodorisation), therefore, has only been practised for
just over a century, but it has had a great impact on eating
habits. It makes seed oils obtained by extraction palatable
for human consumption. The cultivation of oilseed crops
also makes meal available for pig and poultry farming and
this has greatly reduced the cost of meat in the diet.
Farming cattle for its meat generates not only meat as
the primary product, but also tallow and hides. The tallow
can be used for both edible and inedible purposes and the
hides go to the leather industry. The price of this total
package of products can be worked out, but how should
each product within this package be priced?' This is a
question facing many industries and becomes especially
important when substitute products become available as
a result of trade; the whaling industry is an early example.
The former gas works that pyrolysed coal to produce
coke and town gas had to decide how to price their co-
products.? In the chemical industry, the chlor-alkali

' The chemical industry has been quite successful in developing
substitutes for scarce natural products. Synthetic fibres are a
prime example of this. When the chemical industry realised
that farmers would not breed more cattle to combat a leather
shortage, should one arise, it developed a leather substitute,
which it called “poromerics.” Technically, the product was a
success. but commercially, the product was a total failure since
it could not compete with leather. Since leather is a co-product
without an independent price of its own, its price could be
dropped at will. Besides, there was no leather shortage since
cutting a hide more efficiently (with less wastage) markedly
increased the leather supply.

The manufacturer of wooden toilet seats, who sold the “holes”
as breadboards, encountered a similar problem.
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industry faces a similar situation because producing
1 tonne of chlorine by electrolysing salt automatically leads
to the production of 1.13 tonnes of sodium hydroxide
(100%). How should the cost of producing these two prod-
ucts be shared between them?

In this example, alternative routes provide the answer
to this question. Sodium hydroxide can also be produced
by the so-called caustification process that involves allow-
ing soda ash (sodium carbonate, as produced by the
Solvay process from salt and chalk) to react with slaked
lime (calcium hydroxide). Soda ash has a cost price, lime
has a cost price, and the caustification process has a cost
price. Accordingly, a cost price can be calculated for caus-
tic soda produced by this process, and this price is inde-
pendent of the electrolysis process. This means that,
ultimately, the cost price of the sodium hydroxide obtained
by the caustification process determines the selling price
of chlorine and that the demand for chlorine determines
how much caustic soda will be produced by salt electrol-
ysis and, thus, how much soda ash has to be caustified to
meet the total demand for caustic soda.

Not surprisingly, the situation is actually less straight-
forward in that elemental chlorine can also be produced
by the electrolysis of hydrogen chloride, which does not
lead to the co-production of sodium hydroxide, and that
there are more balancing mechanisms in operation, but
the possibility of caustification is the main one and it is
effective. Besides, the system is self-regulatory. If demand
for chlorine was to fall causing the availability of caustic
soda to drop as well, industries for which caustic soda is
mandatory, like the alkali refining of edible oils, will be
willing to pay more for their caustic soda® and, thus,
encourage the production of this essential product by
caustification, which then becomes a profitable exercise.

Another example of an alternative process setting the
price of a co-product is, or rather was, glycerol. Glycerol
is a by-product of hydrolysing triglyceride oils, but it can
also be made synthetically from propylene. So, in a bal-
anced environment, the manufacturing cost of synthetic
glycerol should govern the selling price of the glycerol that
is co-produced when hydrolysing fats, and the availability
of this co-product and the total demand for glycerol should
govern how much glycerol is produced synthetically. How-
ever, with the advent of biodiesel, more glycerol emerges
as co-product than the market can absorb. Consequently,
it is no longer produced synthetically and, therefore, no
longer has an independent price of its own.

Tallow is a co-product of beef, just like lard is a co-
product of pork, and mutton tallow is a co-product of
“lamb.” Being co-products, these animal fats have no price
of their own. Similarly, meal, as for instance soya bean
meal, can be a co-product of vegetable oils, just as fishmeal
is a co-product of fish oil. Cottonseed can even be

3 In the long run, they may switch to physical refining and no
longer use caustic soda at all.
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regarded as a co-product of cotton fibre. Here again, we
come up against the question of how these co-products
are to be priced.

Just as in the chlor-alkali example, alternative and inde-
pendent routes should provide the answer to this question.
Palm oil has hardly any co-products. Its production also
generates some palm kernel oil and palm kernel meal, but
the volume of these products is much smaller than that of
the palm oil and, therefore, they can be disregarded for
argument’s sake. Consequently, palm oil has a cost price
of its own and this should set the price of other oils it can
replace. It, therefore, should determine the cost price of
hydrogenated soya bean oil, which can replace palm oil in
many applications. Given the cost price of hydrogenating
soya bean oil, this should allow the cost price of crude
soya bean oil to be calculated. Given the cost of soya beans
and of crushing them, this should determine the soya bean
meal price.

Just as the costs of soda ash, caustification and salt
electrolysis ultimately govern the price of chlorine, and
the demand for chlorine and caustic soda determines how
much soda is caustified, so the price of palm oil deter-
mines the price of soya bean meal, the demand for meal
determines how much soya beans are grown, and the
total demand for oil determines how much room is left
for palm oil. The situation is somewhat complicated in
that palm oil originates from trees that take time to
mature and then go on producing for years to come,
whereas seed oils originate from annual crops the farmer
decides each year to plant or not to plant. Accordingly,
annual crops have to ensure that sufficient oil is pro-
duced, whereas the tree oils, which in practice means
palm oil, have to ensure a proper balance between oil
and meal.

Animal oils and fats that were once the major edible
oils for cooking and lighting now should be seen as co-
products that are sold at prices that guarantee their being
sold. Fish oil, being unique in its content of long-chain,
highly unsaturated fatty acids, is becoming an exception
to this rule since it has no substitute as yet. But, in general
terms, seed oils with meal as a co-product are planted in
sufficient amounts to satisfy the meal market and palm
oil is there to meet the demand for oil that is not met by
animal oils and fats and seed oils.

Sadly enough, governments, being what they are,
can in their infinite wisdom upset such relationships
between co-products and do so in the edible oils and fats
industry. Under the guise of encouraging self-sufficiency,
governments may introduce import duties and/or subsi-
dize farmers and upset the underlying pricing mechanism.
Consequently, Indian consumers use peanut oil for
purposes, where more affluent countries use cheaper soya
bean oil or canola (Gulati and Phansalkar, 1994).

The EU Chocolate Directive (Berger, 2003; Stewart and
Kristott, 2004) provides another example of government
interference. Chocolate is made of cocoa liquor (ground
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cocoa beans), cocoa butter and sugar, plus small amounts
of vanillin and lecithin. Cocoa butter is still made according
to the process invented in 1828 by Van Houten by pressing
cocoa liquor. Subsequently, the press cake is ground up to
yield cocoa powder that can be used for chocolate-flavoured
dairy products (and even soya milk) and imitation choco-
late by mixing it with cocoa butter replacers (CBR) and
substitutes (CBS). However, the demand for cocoa butter
in chocolate manufacturing exceeds the uses and applica-
tions that have been developed for cocoa powder.

There is an imbalance between the two co-products, and
although the dutching process of cocoa liquor involves an
alkali treatment, it does not generate the product that is
in short supply as the caustification process does for caus-
tic soda, as mentioned above. The only way to resolve the
imbalance and arrive at logical pricing is by allowing
cocoa butter equivalents (CBE) to be used in chocolate.
The Directive has done so, but half-heartedly, by limiting
them to 5% of the chocolate and their origin to 6 specified
sources. Fortunately, the U.S. and Japan allow more veg-
etable fat in chocolate and, thus, can aim at redressing the
present imbalance.

A further complication is that oils are different and
certain oils are needed for particular applications. Fish oil
for instance is used more and more as an ingredient in
feed used in fish farms (Barlow, 2004). Lauric oils are
another example. Originally, coconuts were almost the
only source of lauric oil and its price fluctuated heavily,
especially after a hurricane hit the Philippines. Then, the
availability of palm kernel oil grew with the expansion of
palm oil plantations, so that the availability of lauric oils,
which tended to command a premium over nonlauric oils,
now exceeds the demand for those applications specifically
requiring lauric oils. Consequently, their price has moved
closer to the price of the common seed oils. This may have
contributed to the fate of the genetically modified high-
laurate canola, Laurical®. This was developed as a domes-
tic annual crop and hurricane-insensitive source of lauric
oil. Agronomically, it was a success (Del Vecchio, 1996),
but in practice, it turned out to be yet another example
of biotechnology not living up to expectations as the entire
stock of Laurical® was sold as fuel (Anon., 2001).

Whereas the refining processes (neutralisation, bleach-
ing, and deodorisation) have increased the availability of
sufficiently palatable oils, the oil modification processes
(hydrogenation, interesterification, and fractionation)
have increased the usefulness of edible oils by increasing
their interchangeability. These processes, therefore, have a
great economic significance.

According to O’Brien and Wan (2001), fractionation
was practiced in France for the illumination industry in
the early 1800s and in 1869, Meége-Mouries* described

4 The second part of the name Mége-Mouri¢s must have been
added at a later stage because the patent itself only mentions
Mege.
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tallow fractionation leading to olein to be used in his “oleo-
margarine.” Hydrogenation dates from 1903 (Normann,
1903) and another major oil modification process, interes-
terification, was also invented by Normann, although it
took several decades before the process was exploited
industrially.

What will happen to these refining and modification
processes during the 21st century? Will they be developed
further or will some of them have become obsolete by the
end of this century? What is certain is that the edible oils
and fats industry will expand, perhaps some threefold in
this century (Fry, 2001), but what about the individual
processes? How long will the present vilification of trans
isomers last? How long will it take before the present
controversy on blood cholesterol levels (Ravnskov, 2000)
is resolved? Will an attempt to cash in on the presumed
chemophobia of the general public by offering cold-
pressed oils of doubtful quality and keepability at greatly
increased price be a permanent fixture? After all, even our
own trade journals and representatives from our own
industry claim benefits for expeller-pressed, physically
refined oil (Cheng, 2004) and of avoiding chemical pro-
cesses by opting for physical refining in general (Ten Brink
and Van Duijn, 2003).

With respect to oils produced in large tonnages, most
consumers and, thus, producers will continue to regard
product price and safety as the most important criteria.
On the other hand, it is highly probable that people will
go on using what they have been used to for generations;
in Greece, olive oil will remain important despite the fact
that much cheaper oils are also available (Dijkstra, 2000).
There will also be a niche market for gourmet oils such
as walnut oil (Dijkstra, 2003). And on the fringe, custom-
ers who are fashion conscious and can afford it, may well
go for whatever is presented as the latest fad; what this
will entail is impossible to predict since it will hardly be
science-based.

What will happen to the various processes? On a tech-
nological level, it looks as if there is scope for improvement
and development. Take degumming, for instance. Seed oils
as presently produced by expelling and solvent extraction
tend to contain nonhydratable phosphatides (NHP). It has
been shown that the concentration in crude oil of phos-
phatides in general and NHP in particular can be made to
vary by choice of solvent (Desnuelle et al., 1951) and pre-
treatment of the oilseed (Kock, 1983; Dahlén, 1998).
Accordingly, producing crude oils with a negligible NHP
content may be a possibility. However, the mechanism
underlying NHP formation has hardly been investigated,
let alone elucidated for a number of reasons.

The first reason could be that crushing oil seeds requires
reliable and specialised equipment, so that the sector is
more oriented toward mechanical engineering as a disci-
pline than toward botany or chemistry. The second reason
is that the profitability of crushing oil seeds is strongly
affected by trading seeds, oil and meal on the futures
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market. This calls for a mentality that thrives in making
snap decisions with an immediate impact on profitability,
which is not the mentality that fosters opting for the
elucidation of what happens on a molecular level during
the crushing operation.

The third reason is concerned with the mentality
within the industry comprising oil milling, feed com-
pounding, oil refining, and downstream activities, which
is one of perpetual distrust. Whereas, in a cooperative
situation a specification would describe an agreed com-
promise between what the customer wants and what the
supplier can produce, the main concern of meal and oil
specifications looks like preventing fraud. Hence, the
inclusion of penalties? The reason that soya bean meal
must contain 48% protein is not so much that layers will
stop laying eggs if this specification is not met, but to
prevent the oil miller from putting all kinds of waste
products into the meal. Consequently, the miller will put
in just so much waste to ensure that he is not outside
specification and if the “waste” contains valuable ingre-
dients like oil, this is not taken into account. Similarly,
treating canola with an enzyme and pressing it in an
expeller so that 90 to 93% of the oil is recovered and the
meal only contains some 7% (Sosulski and Sosulski,
1993) has not become an industrial process because there
is no specification for this meal.

Also because traders seldom have a technical back-
ground, these specifications have become very rigid. From
a technical point of view, it would make sense to make an
article of trade of acid-refined oil having such a low resid-
ual phosphatide content that it only requires bleaching and
physical refining before yielding fully refined oil, thereby
commanding a premium over just crude oil (Dijkstra,
1999); it has hardly happened. Instead, crude oil has a
single specification that limits the phosphorus content, the
FFA, and the “mandi” (moisture and impurities), and that
permits an oil miller to purchase acid oils from the refiner
to whom he sold his crude oil, and blend as much of these
acid oils into his crude oil as the crude oil specification
permits and sell these acid oils back to the refiner at greatly
increased price. To a technologist, this doesn’t make sense,
but to a trader, it makes money, at least for one of the
parties involved. That the other party loses more money
this way than the trader makes for his employer is of no
concern since everything was within specification.

The likelihood that vertically integrated companies
waste money this way, or in one of the many other ways
permitted by the specifications in force, is smaller but by
no means excluded. After all, these companies may be
divided into business units that operate as profit centres
and, thereby, may be prone to the misconception that each
party striving for its own optimal situation will automat-
ically lead to an overall optimum; it doesn’t and never will.
Nevertheless, these vertically integrated companies repre-
sent the best chance of the stalemate holding back tech-
nological development and improvement being broken.
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3.2

Did man, when still hunting and gathering, also produce
animal fats by rendering his catch? Probably
(Boekenoogen, 1948), but then only on a small scale
because hunting was piecework and the pieces concerned
were quite perishable so there would never be much to
render at any one time. Domesticating cattle and
slaughtering a number of them in the autumn provides
a sudden supply of raw material for rendering. It also
provided the farmer with a supply of meat (and fat) to
see him and his family through the winter, and reduced
the number of cattle he had to feed in the winter when
feed was scarce. Very convenient indeed, at least for the
farmer.

When cattle began to be farmed on a larger scale, this
led to specialisation and a separate meat packing indus-
try. This also allowed animal fat to be rendered on an
industrial scale so that nowadays, rendering companies
buy their raw material from slaughterhouses or freezing
works, as they are called in New Zealand, and may also
run a collection system serving butchers and meat pro-
cessors to collect their fatty trimmings in a hygienic
manner. Another industry that aimed at providing man-
kind with triglyceride oil and light in a dark world was
the whaling industry. This industry caught and pro-
cessed whales and sold whale oil as lamp oil; in New
England, it started in 1690 (Blank, 1942). It was only
after the invention of the hydrogenation process by
Normann (1903) that whale oil was also used for edible
purposes in the form of a partially hydrogenated hard-
stock for margarine and shortenings. Early whaling
vessels relied on wind power, but nevertheless were
quite effective. As mentioned by Blank (1942), the
exports of whale oil from Boston to England in 1768
amounted to 4000 tons. Whalers subsequently went to
the South Pacific where whales were then still plentiful.
This illustrates how valuable whale oil (and oil, in
general) must have been at that time, in view of the hard
labour involved in conditions of extreme cold. Whaling
was apparently worth it.

More modern whaling vessels were motor driven and
eventually so efficient that they became a threat to the
survival of the whale population; world whale oil pro-
duction in 1954 had already reached 325,000 tonnes
when it was limited to 16,000 blue whales per annum
(Heinz, 1956). Whaling has now been banned except for
scientific purposes and whale oil is no longer an article
of trade.

Naturally, the early production of whale oil was a rather
crude undertaking. After the animal had been caught and
killed, it was cut up and the resulting blubber pieces were
fed into cookers where they were treated with live steam.
Separation of the oil from the cooking water was by grav-
ity or centrifugal separator. The residues could be pro-
cessed into a valuable feed meal (Heinz, 1956) and even
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whale blood was processed (Fauth, 1940). Whale meat is
still considered to be a delicacy in Japan.

The fish oil industry is a more recent development and
differs from whaling in that it regarded fishmeal as the
main product. Before producing fish oil became an
industry, it had been carried out on a small scale for
thousands of years (Bimbo, 1998) and the use of cod
liver oil as a source of vitamins A and D was clinically
investigated between 1752 and 1783 (Hjaltason, 1992).
Fishmeal has a high protein content and is a valuable
component of poultry feed. The oil was a by-product
and sold to the edible oil industry at a price that guar-
anteed that the fishmeal industry could get rid of its oil.
Oil quality control was minimal, which meant that
deposits could build up in fish oil storage tanks and that
hydrogenation catalyst usage could be high and unpre-
dictable because of variable types and concentrations of
catalyst poisons (Baltes, 1967; Merk, 1972; Merk and
Norgérd, 1976).

All of this has changed now that fish feed has become
the major outlet for fish oil (Barlow, 2004). Fish is con-
sidered to be healthy because it contains w-3 fatty acids
and, consequently, the consumer expects farmed fish to
contain these acids as well. The most expedient way to
ensure this is by incorporating them as fish oil in the feed
used in aquaculture.

Anhydrous milk fat is produced industrially nowadays,
but it has been produced on a small scale for thousands
of years. Making butter and using it as such is a perfectly
adequate way of utilising milk fat in countries enjoying a
moderate climate. In hotter climates, butter melts, so that
the emulsion breaks and a continuous aqueous phase is
formed. This is an ideal culture medium for almost every
spoilage organism, so in hot climates, butter has to be
dehydrated and processed into ghee. There are as many
different types of ghee as there are lactating animals being
milked by man: cow ghee, camel ghee, buffalo ghee, etc.
In addition, and to meet the demand for ghee when this
outgrew the potential supply, there is a vegetable substi-
tute for ghee that is commonly referred to as vanaspati
(Podmore, 2002).

Vegetable substitutes are a common phenomenon
anyway since animal fats are a by-product of the meat
industry and their availability is determined by the
demand for and supply of meat. Over the years, this
availability has increased, but the production of vege-
table oils and fats has increased more; accordingly, the
relative importance of animal fats is declining (Rossell,
2001). Shortenings are a vegetable substitute for lard
and to some extent for tallow, and margarine is the
vegetable substitute for butter. It, therefore, is interest-
ing to note that cookbooks in countries that tradition-
ally used lard, now prescribe shortening in their recipes
and use lard or shortening for shallow frying, whereas
“dairy countries” fry in butter or margarine (Dijkstra,
2000).



3.2 Production of animal oils and fats

3.21

The main carcass fats produced industrially are tallow
and lard, but they also comprise, for instance, mutton
tallow and poultry fats, such as those derived from chick-
ens, ducks, geese, and turkeys. All carcass fats are pro-
duced by the rendering process. These are relatively simple
processes because cell walls and membranes in animal
tissue rupture on cooking when the intercellular fat
expands; they can also be ruptured mechanically as in the
Supraton® process® (Zucker, 1968). A 1.75% caustic solu-
tion can also be used to rupture the cells and if soap is
formed, it is not by saponification, but by prior enzymatic
hydrolysis (Deatherage, 1946). Cell walls in seeds and
nuts, on the other hand, require more drastic treatment
to be opened, but were later also processed in the Supra-
ton process (Coenen et al., 1989). They need to be ground
in a mill, hence “oil milling” as opposed to the rendering
plant, which several non-English languages describe as
just “fat melting works.”

Various rendering processes are currently in use.
In their review that also covers separation equipment,
Diipjohann and Hemfort (1975) describe several rendering
processes including wet rendering and dry rendering and
mention that dry rendering has become less important.
Much later, when describing the production and applica-
tions of tallow in Argentine, Levembach (2001) only men-
tions the dry rendering process. During a symposium on
animal fats held in Chicago in 1983, only dry rendering
systems were presented (Prokop, 1985), both for inedible
and edible tallow. When describing recovery of fats from
animal sources, Johnson (2000) describes both processes,
but limits the dry rendering process to the high tempera-
ture process where cooking is carried out at 115 to 120°C.
However, low-temperature, dry rendering processes have
also been described (Schaefer et al., 1998); the particular
process referred to aims not only at rendering, but also at
providing a protein fraction that can be used in meat
products for human consumption. The protein fraction
resulting from high temperature rendering processes can
only be used in animal feed (Prokop, 1985).

Quite appropriately, Johnson (2000) likens the dry
rendering process to frying streaky bacon, just as the
preparation of confit de canard has been likened to
the wet rendering process (Dijkstra, 2004). Accordingly,
the protein fraction resulting from the wet rendering
process is collected as a water-wet cake that has to be
dried, whereas in the dry rendering process this fraction
has to be separated from oil. Potential oil yield, therefore,
is higher in the wet rendering process than in the dry
process and fat quality is also reported to be better with
the wet rendering process (Diipjohann and Hemfort,
1975; see also Sebstad, 1990a).

Carcass fats

> This piece of equipment has also been used for the comminu-
tion of corn germs (Anon., 1974).
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Recently, the European animal by-products
regulation (ABPR) 1774/2002/EC (available from http://
europa.eu.int/eur-lex/pri/en/pj/dat/2002/1_273/
1.27320021010en00010095.pdf), first of all, classified
these by-products according to:

* Category | material. Whole animals or by-products
from animals suspected of being infected by a TSE
(transmissible spongiform encephalopathy). This
highest risk material must be destroyed, for instance,
by incineration.

* Category 2 material. Waste products, such as intes-
tines, screenings, trap grease, material containing vet-
erinary drugs or growth hormones, imported material
without veterinary certificate, dead animals, etc.

» Category 3 material. Parts of slaughtered animals
that themselves are fit for human consumption, but
those parts are not intended for this purpose. Apart
from fat trimmings, this category also includes hides,
hooves, etc.

For rendering, five permitted methods have been spec-
ified in the above ABPR that are reasonably in line with
established procedures. They comprise various combina-
tions of continuous and batch operations, atmospheric
and superatmospheric processing, recycling of molten fat,
and reprocessing of preprocessed material (Woodgate and
Van der Veen, 2004).

The rendering process starts with the reception and
refrigerated storage of the raw materials. If these come
from a slaughterhouse and have been classified as edible
by a veterinarian inspector, they can be combined with
the trimmings collected from butcheries for the produc-
tion of edible tallow or lard. If the rendering plant
processes both of these animal fats, some form of sepa-
rate processing will be necessary for the edible tallow to
be kosher or halal. Since the raw material is highly
perishable, refrigeration during transport and interme-
diate storage is common, and storage time is kept as
short as possible; the material is preferably processed
the same day.

As indicated in Table 3.1, the composition of the raw
material can vary between rather wide limits. However, the
values listed in Table 3.1 are literature data. Within a ren-
dering plant relying on the same suppliers, a raw material
with an average fat content of 55% by weight and an aver-
age water content of 30% by weight is not uncommon. In
continuous operations, rather constant values will be
aimed for by selecting the order in which the bins are to
be processed because the performance of, for example
decanters, depends upon the feed characteristics.

The first step in all rendering processes is some form of
comminution by mechanical means. Smaller pieces can be
more easily transported or agitated and, moreover, heat
transfer and oil removal are also facilitated by comminu-
tion. According to the ABPR, the permitted maximum
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TABLE 3.1 Overall compositions of raw materials for rendering

Reference Origin Type Fat (%) Protein (%) Water (%)
(Fernando and Dunn, 1990) Example 1 Beef/mutton 16 16 68
(Fernando and Dunn, 1990) Example 2 Beef trimmings/mutton 35 9 56
soft offal
(Levembach, 2001) Slaughterhouses Beef 50 15 35
(Levembach, 2001) Butcheries Beef 60 15 25
(Filstrup, 1980) Slaughterhouse Bones 15 39
(Prokop, 1985) Meat industry Beef trimmings 12 20 63

size is method dependent, and ranges from 20 mm for
Method 5 to 150 mm for Method 2. Although preheating
before comminution has been described (Blumberg and
Gould, 1965), it is more common to cut the material when
cold or at ambient temperature (Prokop, 1985).

Because the raw material to be cut up can vary in size,
a two-stage operation can be advantageous. In a first cut-
ter, pieces of about 5 cm are then cut to pieces of 2 cm
(Keith, 1968a) or smaller in the next cutter. This can, for
instance, be a plate grinder with a hole size of Y4 in. to
1 in. (6 to 25 mm) (Gruver and Lyon, 1970). According
to Prokop (1985), pieces of 1 to 2 in. ensure efficient
cooking in a batch cooker, but for a continuous system,
he describes a Reitz disintegrator for further size reduction
to some 10 mm. An even smaller particle size is recom-
mended by Aikins (1965). Care should be taken to avoid
the formation of fines since, after rendering, they tend to
end up in the fat stream and may be difficult to remove.

In the wet rendering process, the comminuted raw mate-
rial is heated with live steam whereby process water may
be recycled into the raw material stream to increase its
fluidity and heat transfer. This mixture is then fed into an
agitated, plug-flow cooker feeding a centrifugal separator.
This is commonly a decanter with two exit conduits (Little,
1964): one for the solids phase, which is connected to a
drier, and another for the fat/water mixture that is con-
nected to a second centrifugal separator to isolate the
molten animal fat (Filstrup, 1980).

A three-phase decanter can also be used in the wet ren-
dering process to isolate product and waste streams (Sifferd
et al., 1956). According to the examples given in the patent
(Fernando and Dunn, 1990), the solids stream contained 65
to 69% water and only 5 to 7% fat on dry basis. The aqueous
stream contained 2.3 to 2.8% solids with low fat content and
the fatty stream contained 2 to 5% water and a small amount
of fat-free solids; it required further purification by water
washing in a centrifugal separator. The aqueous stream is
preferably concentrated by multistage evaporation so that
the concentrate can be combined with the decanter solids
and dried at the same time. Effluent streams can also be
purified before being discharged by adding an aluminate as
flocculating agent (Tarbet et al., 2002).

Emulsions impair the performance of the centrifugal
separators used in the wet rendering process. Acidifying
the material to be separated so that the stickwater has a
pH of about 4.1 to 5.8 is reported to minimise emulsion
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formation (Gruver and Lyon, 1970). Another additive that
has been recommended is finely dispersed hydrated silica
(Libby and Henderson, 1948).¢ Even small amounts cause
the fat to have a better colour and lower peroxide value.

In the continuous dry rendering process (Keith, 1968a;
1968b), the fluidity of the comminuted raw material can
be ensured by recirculating part of the fatty phase; this
aspect has been included in the ABPR Method 3. The
fluidity is necessary to ensure proper heat transfer by the
indirect heating system of the cooker. Preheating
the recirculating fat to a temperature of 70 to 120°C
also helps to heat the material to be rendered (Klubien,
1967). The cookers or digesters in the dry rendering
process can operate at atmospheric pressure, but the
elimination of water by evaporation can also be expe-
dited by applying a slight vacuum, but according to
Woodgate and Van der Veen (2004), stand-alone vacuum
systems are now obsolete. Operating under vacuum has
the advantage of maintaining a lower temperature, which
prevents the collagen in the raw material being hydroly-
sed and converted to gelatine (Downing, 1958). This
gelatine would then be extracted and impair subsequent
separation (Filstrup, 1980).

Like the wet rendering process, the dry rendering pro-
cess also comprises a separation stage where the products
are isolated by centrifuge. Instead of being wet and having
to be dried, the greaves resulting from the dry rendering
process will contain a fair amount of oil. Accordingly, they
can be fed to a screw press or expeller to reduce their oil
content. The expeller oil may well contain fines and is
preferably recycled in the cooker.

The greaves or cracklings generally find their way to
the feed industry, but following the outbreak of BSE
(bovine spongiform encephalopathy) in the UK, which
has also affected beef consumption and, hence, tallow
availability (Watkins, 2001), its use in feed is now
subject to the ABPR. Finally, a low temperature, wet
rendering process has also been described (Schaefer
et al., 1997), whereby the solid protein fraction is com-
bined with the protein dissolved in the stickwater to
form a meat product.

6 Patents assigned to Unilever subsidiaries like Lever Brothers
Limited, Lever Brothers Company, Lever Brothers & Uni-
lever, Unilever Ltd., Octropa or N.V., Van den Bergh’s, etc.
all mention “Unilever” as assignee.
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3.2.2 Fish oil

Fish oil and fishmeal are produced only by the wet ren-
dering process (Papenful3, 1967). As shown in Figure 3.1,
representing this process, whole fish, such as anchovy,
menhaden, sardine, etc., are first of all minced and then
indirectly heated in a cooker to ensure cell rupturing and
liberation of the oil. The cooker normally consists of a
long, steam-jacketed cylinder, through which the fish are
moved by a screw conveyor that can itself be steam heated
(Barlow, 1986). Cooking like this takes about 20 minutes,
during which time the temperature of the fish is raised to
100°C. The Condec process (Sebstad, 1990b) uses a
scraped surface heat exchanger for this stage and, thereby,
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FIGURE 3.1 Fishmeal production flow sheet. (From Bimbo,
A.P. (1998), Guidelines for characterizing food-grade fish oil,
inform, 9, 473-483. With permission.)
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reduces the cooking time to less than 2 minutes. Then the
product stream is directed to a continuous screw press,
normally of twin-screw design, to separate the solids from
the liquid. A liquid content of 50% in the press cake
should be possible. In the Alfa-Laval “Centrifish” pro-
cess, a decanter is used instead of a screw press (Sebstad,
1990b). The wet cake is broken up and dried in a steam-
heated drier to a water content of 8 to 10% and finally
ground to a fine powder.

The liquid stream emerging from the screw press or
decanter is first screened and then separated into an oil
stream and the stickwater. The oil stream is washed
with water, dried, and stored as crude fish oil, whereas
the screenings and the stickwater concentrate are both
combined with the press cake. In this way, a maximum
yield is achieved. The oil yield amounts to some 90%
of theory and the theoretical amount depends very
much upon the fish species, the age of the fish, and the
season of the catch (Bimbo, 1998). In Japan, where
pilchard is the main fish processed, an amount of 2.27
tonnes of fishmeal is produced per tonne of fish oil,
whereas in Chile, this is almost 6 tonnes of meal (see
Padley, 1994, Table 3.212).

A totally different process to isolate fish oil is the
Friolex® process (Hruschka and Frische, 1998). In this
process (Best et al., 1999), the oil-bearing material is
homogenised and mixed with aqueous alcohol; both eth-
anol and isopropanol, being food grade, can be used in
amounts leading to solutions with 15 to 50% by weight of
alcohol. On centrifugation, an oily layer containing about
10% of water and alcohol will form, which can be collected
separately. The process is very suitable for isolating fish
oil from the residues resulting from fish filleting. By
immersing these into the aqueous alcohol as soon they
become available, all enzymes present are denatured so
that enzymatic breakdown of oil and proteins and the
concomitant development of a fishy smell is effectively
prohibited. Microbial spoilage of the residues is also pre-
vented in the sterile alcoholic environment. Consequently,
the resulting fish oil is remarkably bland. For cod liver oil,
this would be a great improvement. Isopropanol was also
used by Drozdowski (1969) when preparing fish protein
concentrates on a laboratory scale.

Fish oil can also be processed into pharmaceutical-
grade fractions by converting the oil to fatty acid ethyl
esters and removing the saturated esters by urea inclusion
(Hwang and Liang, 2001); this technique can also be used
for fish FFA (Zuta et al., 2003). Preferably, vacuum
distilled or deodorised oil (Hjaltason, 2002) is used as
starting material for the interesterification to ensure the
absence of chlorinated hydrocarbons, FFA, and choles-
terol (Bimbo, 1998). Care should be taken not to overheat
the oil during the distillation step since this will lead to
isomerisation of the polyunsaturated fatty acids and thus
diminish their pharmaceutical usefulness.
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3.23

The fatty matter present in milk is isolated as anhydrous
fat in several stages: First of all, raw milk containing 3 to
4% milk fat is heated to 40 to 50°C and then sent to a
centrifugal separator and split into a skimmed milk
stream containing 0.05% fat and cream containing 30 to
40% milk fat.

This cream is then pasteurised (82°C/20s to 100°C/1s
(Poot and Biernoth, 1994) or 95°C/15s (Robinson and
Rajah, 2002)) to destroy any microbial contamination
and denature any enzymes present before being quickly
cooled to below the melting point of milk fat so that the
fat globules present in the cream will partially crystallise.
Since each fat globule must be nucleated, this so-called
physical ripening stage takes several hours with a mini-
mum of 2 hours at 8°C. It can be combined with the
bacteriological ripening of the cream whereby a starter
culture containing bacteria including Lactobacillus
cremoris is mixed into the cooled cream, converting lactose
into lactic acid and also generating flavouring compounds
such as diacetyl.

The next stage is the churning process whereby air is
beaten into the cream so that foam is formed. The partially
crystallised milk fat globules gather at the air interface
and because their membranes have been inactivated by the
aeration, they can coalesce causing a phase inversion to a
water-in-oil emulsion. However, the situation is more com-
plicated in that the butter will also contain some oil-in
water droplets arising from the original milk fat globules.

Churning is continued until pea-sized butter granules
emerge and the buttermilk can be easily drained away.
The granules can then be washed with water before the
butter is kneaded to remove excess water. Finally, the
water and salt content of the butter is adjusted to speci-
fication levels. Added solutions are worked into the butter
using perforated plates and revolving knives (Poot and
Biernoth, 1994).

Butter leaving the continuous butter-making machine
is immediately packed in grease-proof wrappers. Only
individual portions are packed in plastic mini-tubs. Com-
mon consumer package sizes are 125, 250, and 500 g
and, for industrial customers or long-term storage in
freezer rooms, larger sizes are used. These large blocks
are the starting material for the production of anhydrous
milk fat.

This starts with allowing the blocks to thaw if they
originate from a freezer. Then, they are unwrapped man-
ually and melted. This melting is done quite gently, for
instance on a grid through which warm water is circu-
lated. Molten butter is then collected at the bottom of
the melting vessel at a temperature of some 40 to 50°C
by a pump that sends the molten butter through a heat
exchanger that raises the temperature to 75 to 80°C.
Molten butter at this temperature is then forwarded
through a holding tube before it is fed to the first

Anhydrous milk fat
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centrifugal separator. In the case of sweet butter, the pH
is adjusted to 4.5 to facilitate separation and give a high
yield of clear oil.

The fatty phase leaving this first separator has a fat
content of about 95%, which means that a second sepa-
ration is required. Prior to this second separation, the
fatty stream is further heated to 90 to 95°C. The fatty
phase leaving the second separator has a fat content of
99.5%. It may still contain some milk solids so that a
washing stage can be included and, afterwards, the fat is
dried under vacuum before being cooled in the heat
exchanger where it will heat ingoing product, and being
sent to storage.

Although ghee can be described as anhydrous milk
fat, a different production process is used in order to
generate the typical ghee flavour (Podmore, 2002).
Instead of removing the aqueous phase by centrifugal
separation, it is removed by evaporation at elevated
temperature. At this temperature, there is an interaction
between the fat and the fermented residue of the nonfat
solids and this leads to the formation of the character-
istic ghee flavour.

3.24

Wool grease is the fatty product secreted by the sebaceous
glands of sheep to protect its wool and the animal against
wetting. Chemically, the material is an extremely compli-
cated mixture of esters of wool wax acids (Motiuk, 1979a;
Wolf, 1999) (C,, to C,, fatty acids; C, to C,y (0-1)
monomethyl fatty acids also referred to as “iso acids;” Cs
to C;, (w-2) monomethyl fatty acids, also called “anteiso
acids;” C,; to C,, nonsubstituted o-hydroxy fatty acids;
C,5C,4 (0-1) monomethyl o-hydroxy fatty acids; C,, to
C,, (0-2) monomethyl o-hydroxy fatty acids; Cy to C;,
o-hydroxy fatty acids and various minor fatty acid deriva-
tives) and wool wax alcohols (Knol, 1954; Motiuk,
1979b) (unbranched fatty alcohols, (w-1) and (®-2)
monomethyl fatty alcohols, unbranched and (w-1) and
(®w-2) monomethyl 1,2-diols, sterols and triterpenoid alco-
hols). This leads to a number of lipid classes as shown in
Table 3.2 (Jacob, 1999). Wool wax hydrocarbons have
been reviewed by Motiuk (1980).

Wool grease is isolated by scouring (washing) raw wool
with an aqueous detergent solution or by solvent extrac-
tion using a hydrocarbon or alcohol. However, according
to Koubik et al. (1969), “solvent extracted wool is of
considerably poorer quality than similar wool that has
been washed with an alkaline aqueous soap or detergent-
containing solution without the addition of a solvent.”
According to Warth (1956), solvent extraction “leaves the
fiber in a much better condition” and according to Clark
(1999), solvent extraction “did not improve the quality of
the wool wax, but rather impaired it.” So although solvent
extraction has been completely abolished in several coun-
tries like Australia, it is still included in Figure 3.2 showing

Wool grease and derivatives
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TABLE 3.2 Lipid classes occurring in wool wax

(Fawaz (Chemtob

Lipid Class et al., 1973) et al., 1975)
Alkanes 0.6 0.4
Sterol and triterpene alcohol esters 354 28.9
Mono- and diesters of aliphatic 23.7

alcohols
Monoesters of aliphatic alcohols 13.9
Monohydroxyesters of aliphatic 5.3

alcohols
Mono- and polyhydroxy esters 25.7
Monohydroxy esters of sterols and 14.7

triterpene alcohols
Free fatty acids 0.5 1.0
Free alcohols 6.5 20.2
Free sterols 4.1 5.3
Free dihydroxy esters and diols 7.8
Others 1.4 4.6

Source: Jacob, 1. (1999), in The Lanolin Book, Hoppe, U., Ed.,
Beiersdorf AG, Hamburg, 53-84.

wool grease processing. Subsequently, wool grease can be
purified to provide lanolin (the major use and outlet
for wool grease), which can be saponified to yield wool
fatty acids and wool alcohols that may serve as a source
for cholesterol that can be used as a raw material for
vitamin D production’.

Raw wool contains many constituents considered to be
contaminants by wool processors who insist on their
removal. Their amounts and type vary according to breed,
nutrition, environment, and position of the wool on the
animal, but unwashed wool contains only 45 to 62% clean
wool (Warth, 1956). These constituents are mainly the
wool grease, water-soluble perspiration salts (suint), and
particulate matter such as dirt and vegetable matter. They
are preferably removed from the wool fibres by washing
in the scouring process.

In this process, as described in a technical report avail-
able from http://www.canesis.com/home.shtm, raw wool
is first of all “opened” and “dusted” to facilitate the
subsequent scouring treatment, to reduce the effluent
load and remove vegetable matter; these are dry pro-
cesses. Subsequently, the wool is treated counter-
currently with an aqueous detergent solution that may

7 This vitamin D production is by a photochemical process
as developed by E.H. Reerink and A. van Wijk of the
Natuurkundig Laboratorium of Philips, Eindhoven, The
Netherlands. In 1930, Philips founded a joint venture with the
chocolate producer Van Houten called Philips-Duphar
(Dutch Pharmaceuticals) to produce vitamin D in Weesp.
Now Philips-Duphar is part of Solvay Pharmaceuticals, sub-
sidiary of the Belgian Solvay Group. Philips-Duphar obtained
its cholesterol from another Dutch firm (Van Schuppen),
which was originally active in wool and textiles and later also
de-oiled lecithin. Van Schuppen was acquired by Philips
Duphar in 1969 and also became part of Solvay Duphar (now
Solvay Pharmaceuticals) in 1980.
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contain some soda ash. In a first series of bowls, the wool
may be treated at 60 to 70°C and then it may be subjected
to a number of cold rinses before being rinsed at some
55°C; this hot rinse may involve some peroxide bleaching
of the wool. The water emerging from the hot rinse
bypasses the cold rinse bowls and is sent immediately to
the first series of bowls. For the removal of the particulate
dirt, a settling tank can be used, but Adams (1929; 1933)
developed a special nozzle centrifuge, which would be
called a clarifier today. The wool grease emulsion is very
stable. Accordingly, it requires breaking and a strong acid
like sulfuric acid has been used to this end. Another
additive is “copperas” (ferrous sulfate) that has been
oxidised by passing elemental chlorine through a solu-
tion. Using this additive (0.2 to 1.5%) and passing air
through the reaction mixture before adding the sulfuric
acid leads to a good separation (Clark and Kitchen,
1966). Wood (1981) discovered that maintaining the suint
concentration in the scouring liquor above 6% by weight
greatly improves the grease recovery to >85%. This is an
improvement on the process that relied on acidification
of the scour liquor to break the emulsion followed by
extraction with an apolar solvent; recycling the aqueous
phase leaving the grease recovery unit is, therefore, stan-
dard practice in New Zealand. Improved separation also
results from the addition of a soluble silicate (Masri
et al.,, 1982). A grease-recovery system using small
amounts of an alcohol, such as n-pentanol, and an elec-
trolyte, such as acrylamide, has also been described
(Smith and McLachlan, 1977).

As is only to be expected, this isolated grease is a dirty
product with a distinct billy goat smell and most unlike
the lanolin for which the national pharmacopoeias pro-
vide strict specifications. It may still contain detergent
residues, which can be removed by solvent extraction
(Anderson and Warner, 1983). It may also contain traces
of pesticide residues since sheep are treated with certain
pesticides by dipping in order to prevent the animals
suffering from sheep scab, blow fly infestation, and
other unpleasant conditions. Persistent organo-chlorine
pesticide such as DDT, Aldrin, and Dieldrin are no longer
used, but traces can often still be found in wool wax
because of their persistency.

They are effectively removed by modern refining meth-
ods to below their detection limit. The 5th Supplement to
the USP 22 (1992) specifies limits for 34 named pesticides
and a limit of 40 ppm is set for lanolin for general use
with no individual pesticide residue exceeding 10 ppm. For
modified lanolin, intended for more exacting applications,
the limit for total pesticides has been reduced to 3 ppm
(Clark, 1999).

Neutralisation of the grease with caustic soda is
difficult because the grease tends to form strong emul-
sions. Accordingly, Handy and Isham (1916) introduced
a miscella neutralisation by dissolving the grease in
petroleum ether and neutralising this miscella with



Production and Refining of Oils and Fats

RAW WOOL
SOLVENT 1y qolvent SCOURING
EXTRACTOR BOWLS
Solvent N
0" DESOLVENTISER | DRYER
! I I
Wool wax WASHING CLEAN Wool wax
solution STATION WOOL emulsion
—| EVAPORATOR CLARIFIER
SEPARATOR
WOOL WAX
| SAPONIFICATION | | NEUTRALISATION |
SEPARATION CHEMICAL
BLEACHING
l i ADSORPTIVE
ACIDULATION WASHING CLEANSING
FATTY ACIDS WOOL ALCOHOLS DEODORISATION
ADEPS LANAE ANHYDRICUS

FIGURE 3.2 Wool grease processing.

methanolic ammonia. Subsequently, hexane was used
in conjunction with an aqueous-alcoholic alkali solu-
tion (Arutjunyan et al., 1981). However, the use of an
apolar solvent is not necessary since wool grease can
also be neutralised by using methanolic sodium or
potassium hydroxide (Chaikin and McCracken, 1980).
The neutralisation processes also have a bleaching
effect, but further bleaching can be achieved by using
hydrogen peroxide (Lower, 1954; Anderson and Wood,
1963) or organic peroxides, bleaching earth, and/or acti-
vated carbon. Lanolin (Adeps lanae anhydricus) is
finally produced by the deodorisation of the neutra-
lised, bleached wool wax, which may also cause some
heat bleaching.

As shown in Figure 3.2, wool alcohols result from the
saponification of wool grease or wool wax with caustic
soda at high (130 to 180°C) temperatures and, thus,
elevated pressures (Senda et al., 1977). The soaps and
the alcohols thus obtained can be separated by using a
dual solvent system: a water-immiscible solvent such as
toluene or hexane to extract the wool alcohols and a
water-miscible solvent such as a lower alcohol to dissolve

153

the fatty acid soaps. After acidulation, these soaps can
be fractionated into hydroxy acids and acids without a
hydroxyl group by extracting the latter from a solution
of these acids in a polar organic solvent, such as ethyl
acetate, acetone, or lower alcohols with carbon dioxide
(Heidlas et al., 1996). This leaves the wool alcohols. Since
their isolation and purification is similar to the isolation
of sterols from vegetable sources, the processes con-
cerned will be discussed in Section 3.6.2 (Sterol recuper-
ation processes).
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3.3

Vegetable oils can be (and still are) produced in primitive
ways that nevertheless reflect the essential elements also
present in the more sophisticated and large-scale produc-
tion plants that now dominate the edible oil industry.
Take shea nut butter, for instance. In countries like Ghana
and Mali, the nuts from the shea tree (Butyrospermum
parkii, later called Butyrospermum paradoxum and finally
Vitellaria paradoxa) have been used for a long time as a
source of fat (Lovett, 2005). Consumption of this fat was
just local until it was discovered that shea butter had a
high content of symmetrical monounsaturated triglycer-
ides and, thus, forms a suitable raw material for the pro-
duction of cocoa butter equivalents. According to the EU
Chocolate Directive (Berger, 2003), these equivalent may
contain shea butter.

The tree is not cultivated but grows wild in West and
Central Africa. Women collect the nuts and isolate shea
butter from these nuts by allowing the fruit surrounding
the nuts to rot away and then crushing the nut into grits.
These may then be heated or dried and then they are
stamped to open the cells. Because the fat content of the
shea kernel is some 50 to 55%, stamping results in a paste,
which is then boiled with water and left to cool and settle.
The shea butter floating on top is collected as such, but
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the yield is low. The use of enzymes can increase the yield
(Tano-Debrah and Ohta, 1994; 1995), but a much higher
yield is attained when using screw presses and solvent
extraction (Lanzani et al., 1984). However, their use may
reduce the quality of the butter and the use of wooden
utensils only has been advocated (Marteau and Marteau-
Danvin, 1975).

This artisanal production process has in common with
modern industrial processes that the raw material is con-
ditioned to facilitate cell opening and that subsequently
the cells are opened mechanically, whereupon the oil/fat
is isolated by making use of its (in)solubility characteris-
tics. Because stamping is less effective than grinding, the
shea butter yield is lower than in the case of artisanal
walnut oil production (Dijkstra, 2003). In the latter, the
shelled nuts are ground between granite millstones leading
to almost complete cell rupture, but the hydraulic pressing
of the paste resulting from the grinding operation is an
inefficient way of isolating the liberated oil and the resid-
ual oil content in the press cake is still quite high.

In the case of artisanal olive oil milling, which the
author was fortunate to witness in the communal oil mill
in Montauroux near Cannes, granite millstones were also
used and the resulting paste was also pressed hydrauli-
cally. However, the residual oil content of the press cake
was far lower because of the vegetable water present.
This water wets the pomace, which then has less affinity
for the olive oil, and oil retained by the mats separating
the layers of paste only affects the yield of the first
pressing.

The butter and oils mentioned above were not refined
before being sold to the consumer and, in fact, they still
aren’t. There are people who actually claim to like the
taste of unrefined oil and are willing to pay such a pre-
mium for it that inherently expensive oils, such as olive
oil, continue to be produced. However, refining became
really necessary when oil started to be obtained by solvent
extraction, as for instance cottonseed oil in the U.S.
(O’Brien and Wan, 2001). Palm oil as originally produced
in West Africa by traditional methods had such a high
FFA content (>>10%) that it could only be used to man-
ufacture soap and candles (Boekenoogen, 1948), but sub-
sequent production on Sumatra and, in what later became
Malaysia, yielded oil with lower FFA. However, it was
darkly coloured and needed refining for that reason.

3.3.1

Fruit oils have in common that their production does
not lead to the simultaneous production of meal. The
residues are commonly burned to provide steam used
in oil production. Fruit oils, therefore, are suited to
play a role in balancing demand and supply of oil and
meal, although seed oils result from an annual crop
whereas fruit oils result from trees that take some time
to mature; their production cannot be just switched on

Fruit oils
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or off. There are two main fruit oils: olive oil and palm
oil, which of late has become a major vegetable oil with
expanding production in Malaya, Indonesia, and
Papua New Guinea. Annual production at the time
of writing is just over 30 million tonnes per annum. It
will rise and is expected to replace soya bean oil as the
No. 1 oil.

3.3.1.1 Olive oil

According to Boskou (1996), the origin of the olive tree
(Olea Europeea) is not clear, but what is clear is that it has
been cultivated for several thousand years as a source of
vegetable oil. It takes a long time (some 8 years) to mature
and start bearing fruit, but then it can go on producing
fruit for well over 100 years. Villemur and Dosba (1997)
show a picture of a Corsican tree that is over a thousand
years old. It is grown mainly around the Mediterranean,
with Spain, Italy and Greece being the main growers, but
Australia and the U.S. are gaining in importance. Annual
production, being weather-dependent, can vary widely,
but annual consumption is more steady. Ninety percent
of the world’s olive oil production is consumed in the
producer countries themselves (Luchetti, 1997) with
Greece having the highest per capita consumption of olive
oil (Dijkstra, 2000).

Ripe olives contain on average some 48% water and
21% oil, the remainder being carbohydrates like mono-
and disaccharides at 3%, and polysaccharides (cellulose,
hemicellulose, and pectins) at 27% and some protein
(Bianchi, 1999). They are harvested in late autumn and
there are several ways of harvesting (Di Giovacchino,
1996). Smallholders and farmers with orchards that are
not accessible to mechanical harvesting equipment may
have to hand pick or rake the branches while on ladders.
This is a labour-intensive and, therefore, an expensive
way of harvesting. Gathering fallen olives from the ground
is not much better in this respect and also yields lower
quality oil (Di Giovacchino, 1997). Therefore, farmers aim
at using mechanical shakers that grip and shake the tree
so that the ripe olives drop on nets that have been spread
underneath. A mechanical harvesting machine used in
Australia is shown in Figure 3.3. The olives harvested are
stored in plastic crates to prevent them from crushing each
other and are processed in the oil mill as soon as possible.

This processing involves three steps: crushing, malax-
ation, and separation. Some authors like Finch et al.
(1983; 1985) advocate pitting the olives before crushing,
but others (Patumi et al., 2003) show that stoning has no
effect upon oil quality. During the crushing step, the olives
are ground into a fine paste whereby cells are opened and
the oil contained in these cells is freed. Originally, granite
millstones were used for this purpose and although they
are still used in small oil mills, continuous hammer mills
are gradually replacing them.

The next step is the malaxation during which the paste
resulting from the crushing step is slowly agitated; it may
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FIGURE 3.3 Olive harvesting machinery.

possibly be heated at the same time. The purpose of the
malaxation step is to cause small oil droplets to coalesce
into larger ones and thus facilitate the subsequent sepa-
ration. According to Bianchi (1999), paste resulting from
a hammer mill requires a longer malaxation time than
paste resulting from a more slowly moving stone mill.

After the malaxation, olive oil can be recovered from
the paste. Traditionally, this is achieved by pumping the
paste from the malaxation reservoir and spreading it on
annular synthetic fibre mats encircling the hollow shaft of
a hydraulic press. Metal spacers are placed over the shaft
after every four mats bearing paste, to ensure even distri-
bution of the pressure. The must obtained by pressing is
a mixture of the vegetation water and olive oil. It can easily
be separated into both constituents by centrifugal separa-
tor (Pieralisi, 1986). If need be, the oil can be washed, but
washing is not common since it lowers the polyphenol
content of the oil. The oil is dried and possibly filtered
before being sent to intermediate storage. The residual oil
content in the press cake (pomace) is some 6%, which
corresponds to some 1.8% of the olives having been pro-
cessed. Normally, the pomace is not reprocessed to extract
further oil since this would be considerably lower in qual-
ity (Di Giovacchino, 1996).

Another way of separating the oil from the olive paste
is by using decanters. Because the solid fraction leaving a
decanter contains more moisture than a press cake, water
must be added to the paste before it is fed to the decanter.
This can be fresh water but then, the oil mill will have
more aqueous effluent and the olive oil will have a lower
polyphenol content. Accordingly, it is not uncommon to
recycle the vegetation water by mixing it with the paste.

The decanter most used in Spain (Martinez Suarez
and Alba Mendoza, 1986) is a two-phase decanter
providing a wet (65 to 72% moisture) pomace stream
and a liquid stream that is separated into oil and vege-
tation water streams in a downstream centrifugal
separator. In Italy, the commonly used separator is a
three-phase decanter yielding a pomace of 55 to 60%
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moisture and separate vegetation water and oil streams
(Di Giovacchino et al., 2002).

To improve the consistency and porosity of the paste,
micronised natural talcum, a hydrated magnesium silicate
(Mg4(Si,0,,)(OH),), may be added to the paste in amounts
of up to 4% by weight (Ranalli, 1997); it ends up in the
pomace. Similarly, enzyme preparations containing pec-
tolytic and (hemi)cellulolytic enzymes can be used to
increase oil yield without affecting oil properties and
quality. An inferior grade of olive oil, referred to as sulfur
olive oil,? is produced by solvent extraction of olive stones
or husks.

3.3.1.2 Palm oil

As its Latin name reveals, the oil palm (Elaeis guineensis)
was first noted in West Africa and palm oil has been found
in Egyptian tombs dating from 3000 BCE (Hiscocks and
Raymond, 1964). It was not until 1848 that four seeds were
brought to the Far East (Law and Thiagarajan, 1990). It
takes an oil palm 3 years to mature and start bearing fruit
and the economic life span of the tree is about 25 years
(Johnson, 2000). It fruits all the year round so that palm
oil mills can enjoy a good capacity utilisation. The bunches
weigh between 5 and 30 kg depending on the age of the
plantation and the climatic conditions and contain 800 to
4000 fruits with an average weight of some 5 g. Because
the oil present in the ripe fruit is prone to lipase catalysed
hydrolysis after a bunch of fruit has been cut off the palm
tree, these bunches have to be processed almost immedi-
ately. This lipase is not endogenous to the palm fruit, but
originates from yeast cells (Oo, 1981).

Accordingly, as shown in Figure 3.4, freshly cut bunches
are transported to the oil mill where they are sterilised to
inactivate the lipolytic enzymes, loosen the fruit on the
bunch, soften the fruit, condition the kernels, and cause
protein to coagulate. The sterilisation process uses live
steam at 3 bar and involves the elimination of air from
the sterilizer vessel by alternating pressurisation and
depressurisation of this vessel (see Fonade, 1979,
Figure 3). The final pressurisation step at 3 bar lasts about
20 to 30 minutes and the cycle takes 80 to 90 minutes
including loading and unloading.

Stripping the fruit from the sterilised bunches is carried
out in a rotating cage with bars that allow the fruits to
pass through, but retain the empty bunches. The loosened
fruit is collected by a screw conveyor below the cage and
the empty bunches emerge at the end of the cage; they
serve as fuel for steam generation, but can also be returned
to the land as a mulch.

At this stage, the fruit has been softened, but it is still
mostly intact. It is then fed to a digester, which is a cylin-
drical, steam-jacketed vessel kept at 90 to 100°C by the
injection of live steam and the addition of hot water. It is

§ Probably the sulfur refers to the solvent carbon disulfide that
has been used as extraction solvent in the past.
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