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Abstract Because of their characteristic living environments, marine organisms produce
a variety of lipids. Fatty acids constitute the essential part of triglycerides and wax esters,
which are the major components of fats and oils. Nevertheless, phospholipids and glycol-
ipids have considerable importance and will be taken into account, especially the latter
compounds that excite increasing interest regarding their promising biological activities.
Thus, in addition to the major polyunsaturated fatty acids (PUFA) such as eicosapen-
taenoic (EPA) and docosahexaenoic (DHA) acids, a great number of various fatty acids
occur in marine organisms, e.g. saturated, mono- and diunsaturated, branched, halo-
genated, hydroxylated, methoxylated, non-methylene-interrupted. Various unprecedented
chemical structures of fatty acids, and lipid-containing fatty acids, have recently been dis-
covered, especially from the most primitive animals such as sponges and gorgonians. This
review of marine lipidology deals with recent advances in the field of fatty acids since the
end of the 1990s. Different approaches will be followed, mainly developing biomarkers
of trophic chains in marine ecosystems and of chemotaxonomic interest, reporting new
structures, especially those with biological activities or biosynthetic interest. An import-
ant part of this review will be devoted to the major PUFA, their relevance to health and
nutrition, their biosynthesis, their sources (usual and promising) and market.

Keywords Lipids - Fatty acids - Marine organisms - Biomarkers - Nutrition
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Abbreviations

AA arachidonic acid 20:4(n-6)

DHA docosahexaenoic acid 22:6(n-3)

EPA eicosapentaenoic acid 20:5(n-3)

FA fatty acid

FATM fatty-acid trophic markers

GC/MS gas-chromatography mass spectrometry
PUFA polyunsaturated fatty acids

LC-PUFA  long-chain polyunsaturated fatty acids
VLC-PUFA Very-long-chain polyunsaturated fatty acids

MUFA monounsaturated fatty acids

NMI non-methylene-interrupted fatty acids
NMID non-methylene-interrupted dienoic fatty acids
PL phospholipids

SFA saturated fatty acids

TL total lipids

EFA essential fatty acid

TAG triacylglycerols

SCO single-cell oil

1

Introduction

Lipids are major sources of metabolic energy and essential materials for the
formation of cell and tissue membranes. They are very important in the phys-
iology and reproductive processes of marine animals and reflect the special
biochemical and ecological conditions of the marine environment [1-3]. The
interest of chemists, biochemists and biotechnologists in lipids and fatty acids
(FA) from marine animals and algae has been stimulated, in particular, by
the recognition that polyunsaturated fatty acids (PUFA) are important to hu-
man health and nutrition. They are required for reproduction and growth.
The relative proportion and composition of FA in marine organisms are char-
acteristic for every species and genus, and also depend on environmental
conditions. Several comprehensive reviews are available on marine FA, their
occurrence, their roles and the methods used in their analysis [4-8].

The principal role of neutral lipids, which in marine organisms consist
predominantly of triacylglycerols (TAG) and wax esters, is as an energetic re-
serve of FA that are destined either for oxidation to provide energy (ATP) or
for incorporation into phospholipids. Phospholipids are the building blocks
for the membrane lipid bilayer. FA provide the hydrophobic interior of all cell
membranes, forming an impermeable barrier to water and polar molecules
and separating the cell contents from the extracellular medium. The phys-
ical properties of the membrane are determined by the individual lipids
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within the FA components of the lipids and their interaction with sterols
and proteins. While their function as structural lipids in membranes has
been known for a long time, ceramides and glycosyl ceramides (glycosph-
ingolipids) play an important role in many fields of cell biochemistry, such
as molecular recognition. In addition, ceramides from marine organisms
have excited great attention as signal transducers, and some of them have
been recognized as possessing antimicrobial and cytotoxic activities. Marine
glycosphingolipids, chiefly isolated from sponges, show interesting biologi-
cal activities such as immunomodulation and antitumoral activity [9]. The
fatty acyl chains linked to these classes of compounds are often commonly
occurring but several new and original structures have been reported re-
cently [10, 11]. Arising from alpha-glycosphingolipids isolated from marine
sponges, the simplest (KRN 7000) is being considered as an anticancer agent
([12], see Bourguet-Kondracki & Kornprobst, this book).

Fat not only provides energy, it facilitates the absorption of fat-soluble
vitamins (vitamins A, D, E, and K), and plays an important role in the pro-
duction and regulation of eicosanoids. In addition, lipid class and FA compo-
sitions can be used to understand and identify food web interactions.

Different approaches can be applied in this field of marine lipidology, fo-
cused on FA, mainly:

- searching for new FA structures

evaluating new sources of major PUFA of biological interest

evaluating their role in cell membranes

investigating biosynthetic pathways

developing trophic and/or chemotaxonomic biomarkers in ecosystems.
The rapid development of excellent analytical methods, especially gas liquid
chromatography coupled to mass spectrometry (GC/MS), which can deal
with complex mixtures, has also been a major contributing factor to the
progress in the chemistry and biochemistry of marine lipids [5, 6, 13].

As the principal producers in the marine environment, microalgae sup-
port both pelagic and benthic food webs, and their lipids and FA are been
extensively studied. Microalgae are known to have different FA compositions
depending on their taxonomic position [14, 15]. At the next trophic level, zoo-
plankton form an essential link between primary producers and higher-order
consumers. Very recently, a complete review was devoted to fatty-acid trophic
markers (FATM) in the pelagic marine environment [8]. The FATM concept is
based on the observation that marine primary producers lay down certain FA
patterns that may be conservatively transferred through aquatic food webs.
Thus, they can be recognized in their primary consumers. The next step is
concerned with the dynamics of FA in fish, which catabolize and transform
dietary FA.

Marine invertebrates, especially sponges, have proved to be a rich source
of many unusual FA. Sponges are very ancient animals with special structural
features, particularly the cell membrane, which have allowed their adaptation
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to often precarious environments. These primitive organisms are difficult to
classify due to the few available useful morphological characteristics. The use
of taxonomic knowledge allows investigation to be focused on genera that
offer the great potential in metabolites of biological interest. Recently, a com-
prehensive taxonomy was published, which provides the state of the art [16].
Representatives of the Coelenterate phylum have remarkable peculiarities in
their FA composition. Some species contain unusual FA or unusual concen-
trations of common components.

The main purposes of this paper are to illustrate the molecular biodiver-
sity in marine lipids (from the first planktonic marine producers to fish) and,
in another part, to focus on the most important PUFA (sources, biosynthesis,
economy). This work has been done by considering the most interesting ad-
vances in marine lipidology since the end of the 20! century. Thus, without
covering the subject exhaustively, this review deals with FA from total lipids
or those specifically linked to a particular lipid class such as TAG, wax esters,
ceramides, polar lipids and some additional atypical secondary metabolites.
Thus, unusual or novel FA, and FA that are interesting due to their appli-
cations in chemotaxonomy, biosynthesis and as biomarkers, will mainly be
taken into account.

2
Nomenclature of fatty acids

According to the international nomenclature, the position of the first double
bond is given by the (n-x) notation, counting the number of carbon atoms
from the methyl end. For instance, 18:4(n-3) identifies an FA with 18 carbon
atoms and four double bonds, the first double bond occurring after the third
carbon atom [4, 7] (Fig. 1). An additional PUFA is depicted in Fig. 1 (middle),
namely 24:6(n-3).

According to an alternative notation, the locations of the double bonds
are counted from C-1 (the carboxyl group). Thus, 18:4(n-3) is designated
6,9,12,15-18:4. This latter notation will be used in particular in the case of
non-methylene-interrupted fatty acids (NMI FA), such as 7,13,17-20:3 shown
above, the most commonly encountered among these being the dienoic acids
(NMID) (Fig. 1, bottom).

The configuration of double bonds, generally assumed as cis (Z) in natu-
ral compounds, must be indicated in other cases. The positions of a methyl
branch or another group is indicated by the number of the carbon atom
on which the chain is substituted (e.g. 10-methylhexadecanoic acid or
simply 10-Me-16:0; 2-hydroxydocosanoic acid or 2-OH-22:0 ; 6-bromo-5,9-
heptacosadienoic acid or 6-bromo-5,9-27:2).
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7E13E,172-20:3: a non-methylene-interrupted fatty acid (NMI)

Fig.1 Examples of numbering and designation of fatty acids (FA)

3
Fatty-acid biosynthetic pathways in primary producers

The basic processes of FA biosynthesis are summarized in Fig. 2. The de novo
biosynthesis of FA follows the common pathway with major end products
being mainly 16:0 and also 14:0, 18:0 and 20:0 (also produced by chain elon-
gation) [8].

Then, an aerobic desaturation is catalyzed by the enzyme A9-desaturase
to give rise to 16:1(n-7), 18:1(n-9) and 20:1(n-11). Generally, only plants are
capable of biosynthesizing de novo (n-3) and (n-6) PUFA (Fig. 2A). Oleic
acid 18:1(n-9) is the precursor of all (n-3) and (n-6) PUFA. The next double
bonds are introduced to form 18:2(n-6) and 18:3(n-3). Through appropri-
ate desaturations and chain elongations, 18:2(n-6) may be further converted
to 20:4(n-6) (AA), and 18:3(n-3) to EPA. DHA is obtained via Cy4 PUFA in-
termediates rather than direct elongation of EPA, according to the so-called
Sprecher pathway [21-23]. This biosynthetic scheme is typically observed
in dinoflagellates, in which FA such as 18:4(n-3) and DHA are often dom-
inant. Furthermore, the biosynthetic pathway producing 16:4(n-1) from 16:0
is characteristic of diatoms [8,24]. The de novo biosynthesis of long-chain
monounsaturated FA (MUFA) typically pronounced in calanoid copepods is
showed in Fig. 2B. Biosynthetic considerations will be developed in detail in
the last part of this review.

4
Marine bacteria and cyanobacteria

Marine bacteria are known for their role in nutrient cycling and the degra-
dation of organic matter [8]. The roles of bacteria in marine food webs has
two aspects, firstly as primary food sources, and secondly as components of
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Acetyl-CoA A
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|
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\J
24:1 (n-11) 24:1 (n-9)

Fig.2 Major pathways of FA biosynthesis in marine algae (a), modified after Gurr & Har-
wood [17] and Cook [18], and herbivorous calanoid copepods (b), modified after Sargent
& Henderson [19] and Kattner & Hagen [20]. Extracted from Dalsgaard et al. [8]

the commensal microbial communities of marine animals [25]. Marine het-
erotrophic bacteria are abundant in sediments and as colonizers of settling
particulate matter following plankton blooms [26]. That observation explains
why the FA composition of marine bacteria has mainly been studied by geo-
chemists [26-29]. Bacteria incorporate FA mainly in PL. Bacterial FA are
commonly saturated (SFA) and monounsaturated (MUFA), ranging from Cyg
to Cyo, whereas PUFA are quite rare. Bacterial FA biomarkers are typically
odd-numbered, branched trans-unsaturated and cyclopropyl FA such as 15:0,
17:0, iso- and anteiso-branched SFA and MUFA, 10-methyl-16:0 ([8] and ref-
erences therein).

Furthermore, deep-sea bacteria and several bacterial strains (Pseu-
domonas, Vibrio) have been shown to be capable of producing (n-3) PUFA,
as recently reviewed [24,25,30-32]. Very little is known about the biosyn-
thesis of PUFA in bacteria. EPA and DHA in bacteria are contained within
phospholipids rather than TAG. Therefore, marine bacteria seem to be of
limited use as a source of oils rich in (n-3) PUFA [24]. (see the chapter entitled
“Promising sources of marine LC-PUFA”)
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Fig.3 Malingamide G and its potential precursor 7-methoxy-dodec-4-enoic acid

Cyanobacteria, a class of photosynthetic prokaryotes occurring in the phy-
toplankton, produce C;g PUFA esterified to polar lipids, but they do not
biosynthesize EPA or DHA [24]. EPA production was obtained by a trans-
genic marine cyanobacterium carrying a plasmid containing the essential
open reading frames for EPA synthesis [33].

Fatty-acid amides are widespread in nature [34]. They are incorporated
into some lipid classes such as ceramides, glycosphingolipids and various N-
acylated lipid molecules. A new diacylgalactolipid was isolated from the ma-
rine cyanobacterium Oscillatoria sp. comprised of 9,12-octadecadienoyl and
4-hexadecenoyl chains [35]. Cyanobacteria of the genus Lyngbya are a rich
source of bioactive secondary metabolites including fatty-acid amides [36].
A series of biologically active malyngamides has been identified from marine
cyanobacteria with a mid-chain methoxylated fatty acyl chain [37-40]. As an
example, Malyngamide G and the new 7-methoxydodec-4(E)-enoic acid (its
possible precursor) were isolated from Lyngbya majuscula collected off the
French Mediterranean coast (Fig. 3).

Both these compounds are non-cytotoxic to KB cells and show immuno-
suppressive activity [39]. In several other malyngamides, the fatty-acid amid
is 7-methoxy-tetradecen-4-enoic.

5
Phytoplankton

Primary producers provide the basic FA patterns in marine food webs. They
consist of macroalgae and phytoplankton, which mainly comprise microalgae
and photoautotrophic bacteria. Phytoplankton in the pelagic environment
comprises mainly Bacillarophyceae (diatoms), Dinophyceae (dinoflagellates)
and Prymnesiophyceae. Algal FA are biosynthesized in the chloroplasts com-
prising the thylakoid membranes, and are chiefly esterified to glycolipids
rich in (n-3) PUFA. During the exponential growth phase of phytoplankton
blooms, carbon fixed through photosynthesis is allocated to growth and cell
division rather than lipid storage. Therefore, the level of glycolipids is partic-
ularly high in this phase, and the proportion of (n-3) PUFA can reach 50%
of total lipids [8, 14,41, 42]. It is well known that plants are usually the only
organisms that can biosynthesize de novo the acids 18:2(n-6) and 18:3(n-3).
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These FA and their principal derivatives (e.g. AA, EPA and DHA) are essential
constituents of heterotrophic organisms. Thus, algae occupy a central pos-
ition within marine food webs.

As shown in a recent review, FA patterns can be used as potential taxo-
nomic markers regarding the presence and combinations of certain FA that
can be characteristic of particular algal classes, whereas individual FA can-
not be used as indicators of particular algal species [43]. This approach has
been developed in the case of diatoms and dinoflagellates, two important
classes in marine environments. Thus, high values of 16:1(n-7)/16:0 (typically
> 1), and ) Ci6/ > _Cis have been associated with a dominance of bacil-
lariophytes [28, 29, 44]. Furthermore, high values of 18:5(n-3)/18:3(n-3) and
> (Cis PUFA, Cy, PUFA) have been associated with dinophytes [45]. Bacil-
lariophytes can be distinguished from dinophytes by means of high values of
> Cie/ >_Cistogether with low values of 18:5(n-3)/18:3(n-3) [45]. This crite-
ria can be reinforced by the examination of the ratio 22:6(n-3)/20:5(n-3) [28].
A value > 1 indicates a predominance of dinophytes, while a value <1 indi-
cates a predominance of bacillariophytes. The lipids of diatoms, characterized
by high levels in EPA and the absence of DHA, are also rich in C;s PUFA [24].

If investigations of FA isolation and purification have principally been
carried out on (n-3) PUFA, there are other potentially interesting FA com-
mercially unavailable. Thus, the acids 16:3(n-4), 16:2(n-4) and 16:2(n-7) were
isolated as methyl esters by means of liquid chromatography using a porous
graphitic-carbon phase [46].

The taxonomy of the Raphidophyceae is still uncertain and needs the help
of chemotaxonomic data, such as FA composition, in order to distinguish
correctly the genera [45-49]. The FA compositions of twelve raphidophyte
strains were established and were very similar to previous data [47]. The
major PUFA were EPA (14.8-24.5%) and 18:4(n-3) (12.0-26.6%, with an ex-
ception at 0.3%) [49]. High levels of free FA were observed in lipids of Fibro-
capsa species (23.6-37.9%). FA profiles allowed clear discrimination between
the genera. By using a selected EPA-deficient mutant of Porphyridium cruen-
tum, it has been demonstrated that TAG of the red microalga P. cruentum can
contribute to the biosynthesis of eukaryotic galactolipids [50]. FA biomark-
ers were used to investigate the biogeochemistry of a former blue-mussel
aquaculture site and the high levels of PUFA found indicated a substantial
phytoplankton source (diatoms and dinoflagellates) [29]. FA composition of
toxic microalgae have been determined to detect useful biomarkers in screen-
ing seawater seafood samples [51]. Two Pseudo-nitzschia species were studied
and both displayed similar FA compositions typical of diatoms, including
16:1(n-7), 16:2(n-4) and EPA as major unsaturated FA. 16:4(n-1) occurred in
both species and therefore could be used as a signature compound in differ-
entiating toxic Pseudo-nitzschia from other diatoms [51]. Furthermore, the
possibility of using boiling water to deactivate lipolytic enzymes, as previ-
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ously found [52], was confirmed, and it was suggested that some mechanisms
of PUFA degradation was also inhibited [51].

The FA compositions of microalgae have been shown to change in re-
sponse to changes in salinity. Green unicellular microalgae of the genus
Dunaliella are known for their capability to grow at high salinities up to
salt-saturated water [53]. The major unsaturated FA in two Dunaliella iso-
lates originating from Antarctic hypersaline lakes were 16:4(n-3), 18:3(n-3),
18:2(n-6), 18:1(n-9) and 16:1(n-7). The results suggest that the appropriate
environment necessary for the growth of these halophilic species is a certain
level of osmotic pressure in the medium [53].

High levels of DHA are noticeable in the lipids of the Dinophyceae, an-
other major component of marine phytoplankton, together with significant
amounts of EPA, 18:5(n-3) and 18:4(n-3) [24,54]. Thus, it seems possible
that dinoflagellates are capable of synthesizing DHA through the chain-
shortening of 24:6(n-3), since a similar mechanism could produce 18:5(n-3)
from EPA [24]. The presence of EPA and also DHA and 18:5(n-3) has been
linked to potential toxicity in a raphidophyte Heterosigma as well as in a di-
noflagellate Gymnodinium [55, 56]. It was suggested that the mode of action
in the ichthyotoxicity of these harmful bloom-forming flagellates is corre-
lated to oxygen radical formation [49]. Two Gymnodinium species and several
other dinoflagellate species were found to contain unusual octacosapolyenoic
FA, namely 28:7(n-6) and 28:8(n-3) at levels up to 2.2% of total FA [57]
(Fig. 4).

VLC-PUFA have also been found in some autotrophic and heterotrophic
lower organisms such as microalgae, fungi, sponges and bacteria [59],
and most of them are either saturated or monounsaturated. Such FA were
identified in Baltic herring, namely 28:7(n-3) and 28:7(n-6) [58]. Further-
more, the two Prorocentrum species studied were found to contain 18:4(n-3)
(12.7-15.3%), 18:5(n-3) (36.4-37.6%) and DHA (18.3-22.0%) [57, 58]. 28:8
(n-3) was also identified in a commercially available oil, used as dietary sup-
plements of PUFA for humans, from the heterotrophic dinoflagellate Crypte-
codinium cohnii [60]. Furthermore, these unusual octacosapolyenoic FA also
occurred as minor components in lipids of all five dinoflagellates studied for
fatty acid and sterol compositions [57]. The major unsaturated FA were as
followed: 18:4(n-3) (2.5-11.5%), 18:5(n-3) (7.0-43.1%), EPA (1.8-20.9%) and

H 287 (n-3)

Fig.4 Octacosapolyenoic FA from dinoflagellates



m Please complete number

Fatty acids from lipids of marine organismsita 11

OH
HO .-“\NH i 5

Fig.5 New ceramide from the dinoflagellate Coolia monolis

DHA (9.9-26.3%). A new ceramide isolated from the epiphytic dinoflagellate
Coolia monotis bears a novel fatty acyl moiety, namely 2-hydroxy-15-methyl-
3-octadecenoyl [61] (Fig. 5).

The fatty acid composition of polar lipids and TAG was determined in
different types of symbiotic dinoflagellates isolated from several hermatypic
corals from a fringing reef in Japan [15]. 18:4(n-3) (10.0-26.2%) and DHA
(10.6-17.8%) were found as major PUFA in polar lipids of symbiotic di-
noflagellates isolated from all species studied. In addition, polar lipids of
dinoflagellates from Millepora intricata were different from those originating
from other corals in that they contained high amounts of 18:5(n-3) (8.7%) and
22:5(n-6) (10.3%). It was suggested that FA might provide useful information
on possible taxonomic differences among symbiotic dinoflagellates [15].

6
Macroalgae

FA in marine algae have attracted considerable attention among researchers
because they can produce significant amounts of interesting PUFA and
provide useful distinguished features of chemotaxonomic value [62]. The
data available on lipids from macroalgae have been reviewed recently [8].
Three classes are mainly concerned: Chlorophyceae, Rhodophyceae and
Phaeophyceae. FA from 11 macroalgae from the French Brittany coast were
studied [63]. More recently, Li et al. [62] reported the FA compositions of
22 species of marine macrophytes, collected from the coast of the Bohai Sea
belonging to the three aforementioned algal classes. These algae have FA pat-
terns typical of red, brown and green algae from other regions. In general, red
algae from the Bohai Sea contained high levels of Cyy PUFA, primarily that
of EPA (up to 37.5%) and AA (up to 29.4%). The main difference in the FA
compositions between red and brown algae was that the latter were richer in
Cis PUFA, especially in 18:4(n-3) (up to 20.1%). Seven of the teenﬂ brown
algal species studied also contained EPA as a major component, account-
ing for 8.4-24.2%. Green algae studied had the highest level of C;s3 PUFA,
mainly 18:3(n-3) (20.5-27.2% of total lipids) and 18:4(n-3), and the lowest
level of Cy9 PUFA [62]. Interestingly, another study of FA composition of

=
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Fig.6 New methoxylated FA from lipids of Schyzimenia dubyi

19 species of the same algal classes, collected on the Pacific coast of North
California gave rise to very similar conclusions [64]. Red Californian algae
contained AA (5.3-23.4%) and EPA (27.8-45.4%). Brown algae contained
18:4(n-3) (3.6-18.6%) and EPA (3.1-15.5%). Two of the three green algae
studied contained 16:4(n-3) (13.6-16.2%) and 18:4(n-3) (12.1-22.1%). Both
these studies show that red, brown and green algae have distinguished FA
profiles that do not depend on the geographical location of the algae and that
have a chemotaxonomic significance for seaweeds [62, 64]. A recent compar-
ative study of FA composition of Arctic and Antarctic macroalgae considered
their use as indicators of phylogenetic and trophic relationships [65]. Several
eicosanoids, metabolites of AA, such as hydroxytetraenoic acids, associ-
ated with prostaglandins, were identified in a Japanese red alga Gracilaria
asiatica [66].

Methoxy FA are not very widespread in nature [67, 68]. Several mid-chain
methoxy FA have been reported only in certain microorganisms and marine
cyanobacteria (genus Lyngbya), as seen above. Four novel mid-chain methoxy
FA (16% of total acid mixture) were identified in lipids from a red alga as
9-MeO-15:0, 9-MeO-17:0, 13-MeO-21:0 and 15-Me0-23:0 acids [69], as de-
picted in Fig. 6.

These algal lipids contained Cy4-Cpg SFA, accounting for 77%, and hydrox-
ylated FA, but no PUFA. Furthermore, marine sponges have provided new
2-methoxy long-chain acids that will be presented in a following chapter.

7
Zooplankton

During the last decade, zooplanktonic organisms from Arctic and Antarc-
tic waters have given rise to intense research, especially on lipids [70-90].
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These investigations have highlighted the general lipid characteristics in
high-latitude zooplankton communities, such as copepods and ctenophores,
in terms of food webs and biomarkers. The Southern Ocean has a com-
plex food web including planktivorous herbivores (krill, salps, copepods) that
are fed upon by fish, squid, seals and whales [83, 87]. Krill (Euphausia su-
perba) provide 30-90% of the diet for these carnivores and have an estimated
standing stock biomass of 200-400 million metric tons. This high biomass re-
flects krill’s ability to adapt to marked seasonality in food supply. Krill are
primarily herbivores feeding on phytoplankton in the summer. In the win-
ter krill feed mainly on ice algae [87,89]. Krill lipids have been intensively
studied because of their commercial interest and undisputed importance in
the Southern Ocean, while the importance of gelatinous organisms, such as
salps, ctenophores and medusae, is now recognized in marine pelagic ecosys-
tems.

As the best-studied group of zooplankton with respect to the FA trophic-
markers concept, herbivorous calanoid copepods have been mainly exam-
ined. They dominate the zooplankton biomass in high-latitude ecosystems
and accumulate large lipid reserves. In addition, the FA characteristics of om-
nivorous and carnivorous copepods have been summarized, especially using
FA as markers of carnivory [8]. Moreover, calanoid copepods are themselves
important producers of specific FA and fatty alcohols (from wax esters). They
play an important role in polar food webs and provide higher trophic levels
with a lipid-rich high-energy diet [71]. However, similarities and differences
between species emerge more clearly if the major lipid classes are analysed
separately to determine their compositions. Phospholipids and the storage
lipids (TAG and wax esters) are expected to exhibit strong compositional dif-
ferences, which may provide additional information on their structural and
energetic functions [71].

The compositions of wax esters, TAG and phospholipids in nine Arctic
and Antarctic copepods have provided evidence of energetic adaptations with
similarities and differences between the species [71]. The wax esters of the
herbivorous species were clearly characterized by the long-chain monounsat-
urated FA 20:1(n-9) and 22:1(n-11), whereas the omnivorous and carnivorous
species usually had high relative amounts of 18:1(n-9). The phospholipids
contained very high levels of PUFA, especially 22:6(n-3). The phospholipid
FA compositions in both Arctic and Antarctic species were found to be very
similar. This extremely high degree of unsaturation (EPA and DHA together
accounted for 46-60% of the total phospholipid FA) is quite unusual. In a re-
cent investigation, the variation in the FA content was related to the spatial
distribution of krill and the available diet as well as to maturity and sex [83].
E. superba are known as essentially herbivores when phytoplankton is abun-
dant, but they can be omnivorous if algal biomass becomes relatively low.
Three regionally groups of krills were considered. Krills from one group,
almost exclusively juveniles, were surviving in the region characterized by
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lowest algal biomass and had probably resorted to carnivory on PUFA-rich
copepods [83]. The latter krill had unusually high level of PUFAs, mainly
18:4(n-3), EPA and DHA. Changes in lipid composition of the Antarctic E. su-
perba were investigated regarding the influence of geographical location, the
sexual maturity stage and the distribution among organs [73].

Lipid metabolism of E. crystallorophias and its ecological implications have
been studied because this euphausiid is the dominant krill species in high-
Antarctic waters. Thus, it has to cope with the most extreme environmen-
tal conditions of all euphausiids [76]. Wax esters were the primary storage
lipids and accounted for up to 55.6% of total lipids, including 18:1(n-9) and
18:1(n-7) as major components (together up to 90% of total wax esters acids).
16:0, EPA, DHA and 18:1(n-9) were the major phospholipid FA components.

Little is known about lipids and FA of a member of gelatinous zooplank-
ton, the salps (Tunicates). The pelagic tunicate Dolioletta gegenbauri is abun-
dant in the North Atlantic and occurs in frequent blooms [74]. Polar lipids
were the dominant lipid classes. The FA composition was largely dominated
by EPA (13-14%) and DHA (27-30%).

8
Marine invertebrates

8.1
Sponges

Marine sponges are the most primitive multicellular animals and contain
many new metabolites, including lipids, in particular glycolipids and phos-
pholipids [91-97]. Thus, sponge lipids are one of the richest source of un-
usual FA. Sponges are very ancient animals with special structural features in
their cell membranes, in particular phospholipid FA and sterols, since sterol-
phospholipid interactions are assumed to play a major role in cell mem-
branes [91-93]. Furthermore, sponge classification needs to be supported by
chemotaxonomic criteria, in particular regarding FA. Recently, a comprehen-
sive taxonomy was published, which provides the state of the art [16]. Marine
invertebrates, e.g. sponges, are filter feeders and consequently they can be as-
sociated with microorganisms. Thus, particular FA appear as biomarkers for
such organisms. It has been chosen here to focus on the most unusual recent
data, such as unsaturated or branched patterns.

8.1.1
A5,9 fatty acids

Major sponge phospholipid FA include very low amounts of the usual
methylene-interrupted PUFA, or none at all, but high levels of very-long-
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chain acids (Cp3 to Cs4, representing up to 80%); these are the so-called
demospongic acids. Sponges (Demospongia) are a source of novel FA struc-
tures, especially unusual long-chain A5,9 FA with no counterpart in the
terrestrial world, with sometimes a third double bond or a bromine atom [93,
96-102]. In each set of sponge phospholipids studied, about 50 to 70 FA were
identified. Some sponges contain up to fifteen A5,9 FA in their phospholipids
and, in several cases, one of them accounted for more than 50% of the total
phospholipid FA mixture [99, 102]. Such NMI FA are showed in Fig. 7.

Approximately twenty A5,9 unsaturated FA were found in these
sponges [102]. It is generally admitted that A5,9 demospongic acids are
biosynthesized by Demospongiae through short-chain unsaturated FA,
mainly from exogenous A9-16:1 [93]. The sponge Geodinella robusta was
very interesting in that it contained an unusually high level of free FA, mainly
with A5,9 unsaturation, including the rare anteiso-5,9-24:2 acid (19.5% of the
total free FA), and the new iso0-5,9-24:2 acid (30%) [103]. Mixtures of these
latter compounds showed cytotoxic activity against mouse Ehrlich carcinoma
cells and a hemolytic effect on mouse erythrocytes [103]. The FA of total
lipids from Halichondria panicea included A5,9,19-26 a major component
(33%), and six other A5,9 FA [104]. Several common PUFA, such as AA, EPA
and DHA, occurred in this sponge. The 5,9,23-triacontatrienoic methyl es-
ter, isolated as a natural compound by bioassay-guided fractionation from the
marine sponge Chondrilla nucula, is an elastase inhibitor with the potential to
be a therapeutic agent in some diseases such as pulmonary emphysema and
chronic bronchitis [105]. The 5,9,21-30:3 sponge acid was reported as a DNA
topoisomerase inhibitor [106].

Brominated FA from marine invertebrates have also been reviewed [100].
Recently, a comprehensive review of natural halogenated FA included those
from marine algae and invertebrates [36]. Cinachyrella sponges from the
Red Sea also contained three 6-brominated acids with the new 6-bromo-5,9-
nonacosadienoic [102]. 6-Bromo-5,9,24-27:3 and 6-bromo-5,9,24-28:3 acids
have been isolated from the sponge Xestospongia sp. [107,108]. It should
be noted that the latter FA, and the 6-bromo-5,9-heptacosadienoic acid, dis-
played moderate activity against murine leukaemia L1210 cells and against
human carcinoma KB cells [108].
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Fig.7 A5,9 fatty acids from Cinachyrella sponges
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Fig.8 Irciniasulfonic acid from Ircinia sp.

Nevertheless, it was demonstrated that sponges are not the only source
of these unusual A5,9 FA since they have been observed in zoanthids and
sea anemones [109,110], gorgonians [100,111]. Thus, the novel iso-5,9-
pentadecadienoic acid was isolated from Eunicea succinea and prepared by
synthesis [111]. In addition, new 6-bromo-5,9-eicosadienoic acid was identi-
fied from an anemone and a zoanthid [110].

A novel FA analogue, named irciniasulfonic acid, has been isolated from
the Japanese marine sponge, Ircinia sp. Its structure consists of three differ-
ent kinds of acids, i.e. common FA, a novel unsaturated branched C;g FA and
an isethionic acid. Irciniasulfonic acid and deacyl irciniasulfonic acid reverse
multidrug resistance in human carcinoma cells caused by overexpression of
membrane glycoprotein [112] (Fig. 8).

8.1.2
Branched fatty acids

Branched FA including isoprenoid acids have often been found in marine
sponges. The main isoprenoid FA are 4,8,12-trimethyltridecanoic and phy-
tanic acids [95,96,101,102]. As a recent example, phospholipid FA of two
sponges of the genus Cinachyrella from the Red Sea were studied and com-
pared with previous results for other Cinachyrella sponges [102]. Five SFA not
hitherto found in nature were identified, namely 17-methyl-24:0, 18-methyl-
24:0, 18-methyl-25:0, 18-methyl-26:0 and 18,24-dimethyl-26:0 acids [102]
(Fig. 9).

The rare 10,13-dimethyl-14:0 and the new 9,13-dimethyl-14:0 were identi-
fied in marine sponges [102,114]. The occurrence of bacteria in sponges is
supported by the huge levels of phosphatidylglycerol and phosphatidylinos-
itol that are characteristic of bacterial membranes [93]. In addition, several
branched short-chain FA were identified, which are typically of bacterial
origin, such as iso- and anteiso-15:0, iso- and anteiso-17:0, 10-methyl-16:0,
13-methyl-16:0, 10-methyl-18:0, and 11-methyl-18:0 acids. The new branched
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Fig.9 New long-chain branched FA from Cinachyrella sp.

long-chain acids probably arise from shorter precursors of exogenic origin
through a homologation process [102]. Other sponges were found to be rich
in such branched FA, including additional branched FA, 3-methyl branched
short-chain acids and the new 8,10-dimethyl-16:0 acid [101,115-117]. The
lipids of the sponge Hymeniacidon sanguinea from the Black Sea contained
73 FA, including the novel 13-methyl-20:0, 15-methyl-22:0 and 3,13-dimethyl-
14:0 [116]. The compositions of lipids in this sponge collected from two
locations with different ecological conditions (Canary Islands and Black Sea)
were compared [94, 116]. The significant differences in the structures and
relative concentrations of the typically bacterial FA, and the occurrence of
cyclopropane-containing FA only in the Canary Islands sponge, suggests that
the symbiotic bacteria in the two species are different [116].

A most interesting finding in Callyspongia fallax was a series of iso mo-
noenoic branched-chain Cy5-Cy7 and double bonds at either A4, A5, A6, A7,
or A9 [117]. The lipids of the stromatoporoid Astrosclera willeyana (a “liv-
ing fossil” sponge) and the demosponge Agelas oroides contained complex
isomeric mixtures, at large amounts, of branched FA including iso-/anteiso-
branched FA and abundant mid-chain branched acids present in the C;s
to Cps5 range. These compounds are most likely derived from specific het-
erotrophic bacterial symbionts [118].

8.13
Methoxylated fatty acids

Methoxylated FA are relatively rare in nature and limited to primitive or-
ganisms such as cyanobacteria, bacteria and sponges [66, 101,117, 122]. The
first naturally occurring o-methoxylated FA were found in phospholipids
from the sponge Higginsia tethyoides, which contained saturated, monoun-
saturated and diunsaturated o-methoxylated FA with chain lengths between
19 and 28 carbon atoms [121, 122]. Methoxylated lipids have been recently
reviewed with an emphasis on the alkylglycerol ethers and FA bearing
the methoxy group in the alkyl chain [119]. In that recent review, 29 «-
methoxylated acids were listed [67]. These phospholipid «-methoxylated FA
share the common molecular properties of possessing the R configuration
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Fig.10 Some a-methoxylated FA identified in Caribbean sponges

at the chiral center [123]. While the first very-long-chain a-methoxylated
FA (C19-Czg) could have arisen from sponge cells, recent examples of short-
chain analogs (C14-C;3s) are postulated to originate from bacteria in symbiosis
with sponges. A novel series of o-methoxylated FA have been reported from
Caribbean sponges from the genera Amphimedon, Callyspongia and Sphe-
ciospongia (Fig. 10) [122,123]. Various syntheses of methoxy FA have been
performed [124].

8.14
Acetylenic fatty acids

Acetylenic FA have been found in sponges [125, 126]. Brominated Cig, Cis,
and Cyo acetylenic FA have been reported from sponges of the genera
Xestospongia and Oceanapia [127]. An already known brominated acetylenic
acid was isolated from the sponge Xestospongia testudinaria by bioassay frac-
tionation (A; adenosine receptor affinity), as shown in Fig. 11 [128].

This FA was the active compound. Two novel steryl esters with bromo-
acetylenic chains that were also isolated were found to be inactive. A Cyq4
acetylenic acid from the sponge Oceania sp. showed significant antimicro-
bial activity against various bacteria and fungi [129]. Recently, new acetylenic
FA from the Steletta sponge species exhibited weak cytotoxicity against a hu-
man leukemia cell line [130] (Fig. 12). The second compound from Stellata is
a symmetric dimer of the first, and is the first example of a sponge metabolite
possessing an acid anhydride functionality.

In a recent work, a sulfated Cy4 acetylenic FA, namely callysponginol
sulfate A, was isolated by bioassay-guided fractionation from the Japanese
sponge Callyspongia truncata (Fig. 13) [131].

Callysponginol sulfate A is the first example of an acetylenic acid con-
taining a sulfate group from marine organisms. These compounds inhib-

HO TN =\ _Br

Fig. 11 Biologically active FA from Xestospongia testudinaria
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Fig. 13 Callysponginol sulfate A from Callyspongia truncata

ited membrane type 1 matrix metalloproteinase (MTP1-MMP), one of the
key enzymes involved in tumor growth, migration, angiogenesis, invasion
and metastasis [131]. Recently, new lysophosphatidylcholines and monoglyc-
erides were reported from Stelletta, which include acetylenic fatty acyl chains
and dimethyl branched chains [132].

Ceramides have received increasing interest because of their various prop-
erties, including antifungal and antimicrobial activities. Recently, several new
ceramides have been isolated from various marine sponges including Hali-
clona tenuiraniosa (Fig. 14A) [133, 134]. They contain the usual saturated Cyg
to Cye fatty acyl chains. Biofouling organisms such as barnacles, mussels and
macroalgae cause serious damage to ship’s hulls and aquaculture nets. Thus,
it is very important to identify nontoxic alternatives to the organotin com-
pounds currently used. The sponge H. koremella provides a new ceramide
with activity as an antifouling substance against macroalgae (Fig. 14B) [133].
This work showed that the length of the acyl residue seems to be import-
ant for the antifouling activity of ceramides. Recently, a mixture of ceramides
has been isolated from the red alga Ceratodictyon spongiosum containing the
symbiotic sponge Sigmadocia symbiotica [135]. Their non-hydroxylated acyl
chains ranged from Cj; to Cy4. In addition, a unique 24-methylenecholesteryl
ester (19:0) was characterized in these organisms.
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Fig. 14 Ceramides from the sponges Haliclona tenuiraniosa (a) and H. koremella (b)
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Glycosphingolipids (GSL) are ubiquitous membrane constituents in ani-
mals that play fundamental roles in major phenomena such as cell-cell recog-
nition and antigenic specificity. GSL from marine sponges possess interesting
immunostimulatory and antitumor activities [9-11,136-141]. Sponges are
a very rich source of new glycolipid structures [9-11, 139-141]. Two glycol-
ipids were isolated from the sponge Pseudoceratina sp.: a galactosyl diacyl-
glyceryl, and an alkylacylglycerol linked to a five-membered cyclitol, with
common fatty acyl chains ranged from 14:0 to 18:0 [142]. Ectyoceramide, the
first natural hexofuranosylceramide has been isolated from Ectyoplasia ferox
in a pure form, instead of a complex mixture as is usually found [11]. The
FA attached to the amino group is a 2-hydroxylated anteiso-16:0. It has been
demonstrated that a change in the stereochemistry of the glycosidic linkage
from the usual 8 to the quite rare o configuration can affect their biologi-
cal activity. Thus, «-glycosyl GSL, such as the natural Agelasphines and their
synthetic derivative KRN7000 [143-145], are immunomodulating and anti-
tumor compounds. Not all sponge glycolipids are GSL and a great variety of
structures is observed.

These compounds stimulated the microtubule polymerization at 10 °C.
The investigation of glycolipids from the Caribbean sponges allowed the iso-
lation of Plakosides A and B from Plakortis simplex [10] (Fig. 15), and Plako-
sides C and D from Ectyoplasia ferox [140] (Fig. 15). These glycolipids are
among the most fascinating lipids isolated from marine organisms. They have
a unique structure with a prenylated galactose and two cyclopropanyl alkyl
chains. The Plakosides had the same a-hydroxylated Cy, fatty acid amidé
with a cyclopropane at the C11-C12 positions. As the sponges are taxonom-
ically distant, it is possible that these unusual glycolipids may originate from
bacteria. Plakosides A and B are immunosuppressants that act through a non-
cytotoxic mechanism [9, 10].

Crasserides, and their minor associated compounds isocrasserides, are
widely distributed in marine sponges, and are considered to be glycolipids
although their sugar unit is replaced by an unusual five-membered cycli-
tol [146] (Fig. 16).

Fig. 15 Plakosides A and B from Plakortis simplex, and Plakosides C and D from Ectopla-
sia ferox
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Fig.16 An example of an isocrasseride isolated from Plakortis simplex

The cyclitol is linked to the glycerol with an O-3 ether bond. Also linked to
the glycerol are an O-1 alkyl group and an O-2 acyl group. Furthermore, var-
ious fatty acyl chains are present including mid-chain branched chains. The
Italian group has found crasserides in all sponges whose glycolipids have been
studied.

8.2
Coelenterate - Cnidaria

Representatives of the Coelenterate phylum have remarkable peculiarities in
their FA composition. Some species contain unusual FA or unusual concen-
trations of common components. Thus, large amounts of tetracosapolyenoic
acids, namely 24:6(n-3) and 24:5(n-6), were found in different orders of
the Octacorallia subclass of Anthozoa [147]. Gorgonian corals are of in-
terest since some of these invertebrates are known sources of methylene-
interrupted PUFA, in particular of the (n-3) and (n-6) series [148, 149]. The
gorgonian specimens harvested in colder waters contained high amounts of
methylene-interrupted PUFA, unlike specimens from warmer waters. This
could have been due to the temperature or to the high content of wax es-
ters. Nevertheless, arachidonic acid, a major component in all FA mixtures
studied (14-21%), is a well-known precursor of prostanoid compounds.
The high levels of tetracosapolyenoic FA in specimens from colder waters
were of particular interest: 24:6(n-3) (5.1-5.3%), 24:5(n-6) (8.4-15.8%) and
24:5(n-3) (5.0-5.2%) [149]. An analysis of four gorgonians from the genus
Pseudopterogorgia revealed that the main PUFA are 18:3(n-6), 18:4(n-3), AA,
DHA, 24:5(n-6) and 24:6(n-3), with the (n-6) PUFA predominating [150].
All five gorgonians of the genus Eunicea presented a similar phospholipid
FA composition with unsaturated acyl chains from Cjg to Cy4, as shown
below in Table 1 [151]. 2-Hydroxy long-chain acids also occurred in these
gorgonians. Several 2-hydroxy FA have been identified before in marine
sponges [152, 153].



22 J.-P. Bergé - G. Barnathan

Table1 Principal unsaturated FA in phospholipid from gorgonians of the genus Eu-
nicea [151]

Fatty acid Eunicea sp.  E. fusca E. laciniata  E. mammosa E. succinea
18:4(n-3) 24.6 16.6 7.5 7.6 15.2
18:3(n-6) 18.0 15.8 17.0 9.8 10.2
18:2(n-6) 0.7 1.5 4.9 1.3 1.5
18:1(n-9) 4.2 9.6 2.4 1.0 2.2
20:5(n-3) 1.3 1.5 3.1 1.3 1.5
20:4(n-6) 12.4 12.4 13.5 15.7 11.5
22:6(n-3) 5.1 6.3 4.2 3.5 6.2
24:5(n-6) 3.8 1.5 2.5 14.2 3.9
24:6(n-3) 0.6 0.4 1.4 2.9 2.7

Several species also contained 2-OH-20:0 and 2-OH-22:0 acids up to 5% of total FA PL.
All species contained the new (Z)-7-Me-16:1(n-10) and (E)-7-Me-16:1(n-10) (0.5-2%)

The phospholipid FA composition of the Caribbean gorgonians Gorgonia
mariae and Gorgonia ventalina (Gorgoniidae) was investigated [154]. This
study reports that the main FA were 14:0, 16:0, 18:3(n-6), 18:4(n-3), 18:2(n-6),
AA, DHA and 24:5(n-6), as shown in Table 2. In both gorgonians (n-6) PUFA
predominated over the (n-3) family. In addition, Table 2 gives data for other
gorgonians of the family Gorgoniidae [150].

Table2 Main phospholipid unsaturated fatty acids of gorgonians from the family Gor-
goniidae

Fatty acids Gorgonia mariae Gorgonia ventalina  Pseudopterogorgia™
18:3(n-6) 10.6 15.8 7.3
18:4(n-3) 10.8 16.4 12.0
18:2(n-6) 8.6 10.3 4.6
18:1(n-9) 5.0 4.0 3.0
20:4(n-6) 10.0 9.4 17.2
20:5(n-3) 6.4 1.2 0.2
22:6(n-3) 5.6 8.6 6.1
22:4(n-6) 2.2 0.3 -
24:5(n-6) 4.0 1.4 10.2
24:6(n-3) 2.0 0.4 3.7

* average of 4 Pseudopterogorgia species
(Z)-7-Me-16:1 n-10 and (E)-7-Me-16:1 n-10 occurred at 0.8-3.5%
2-OH-21:0 and 22:0 acids were identified at < 1%
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Within the experimental errors, all of these gorgonians share a similar
phospholipid FA profile, in as much as: 1) they all biosynthesize, in a similar
ratio, the acids 24:5(n-6) and 24:6(n-3), with the former predominating, 2) the
(n-6) family of FA predominates over the (n-3) family, and 3) the polyunsatu-
rated FA DHA and AA are key FA in these gorgonians. Several new branched
unsaturated FA occurred in gorgonians [149-151]. The New Caledonian gor-
gonian Rumphella aggregata also contained 24:5(n-6) (11%), NMID FA, and
unusual short branched-chain unsaturated acids [155].

An interesting investigation on the FA composition of solar coral Heliopora
coerulea (Octocorallia, Helioporacea) supported a chemotaxonomic signifi-
cance of tetracosapolyenoic acids in Coelenterates [148]. 24:6(n-3), a tetra-
cosahexaenoic acid, was found in Heliopora coerulea [148]. The major FA
were 16:0 (40-42%) and 18:3(n-3) (15-16%), as shown below.

Table 3 Main fatty acids from total lipids of Heliopora coerulea [147]

Fatty acids % for two samples  Fatty acids % for two samples
14:0 4.8-4.8 18:4(n-3) 3.5-3.6
16:1(n-7) 3.1-3.3 18:0 7.3-5.0
16:0 40.9-41.6 20:5(n-3) 5.4-5.5
18:1(n-9) 3.1-3.5 22:6(n-3) 4.7-5.5
18:3(n-6) 15.1-15.8 24:6(n-3) 1.7-1.9

Despite a relatively low content of 24:6(n-3) (2% of total FA), it was con-
cluded that PUFA of regular structure with 24 carbon atoms and five to six
methylene-interrupted cis-double bonds are typical constituents of represen-
tatives of all orders of the Octacorallia, Alcyonaria, Gorgonaria, Helioporida
and Pennatularia. Three novel 10-hydroxydocosapolyenoic acids were iso-
lated from deep-water scleratinian corals, as shown below [156].

Fig. 17 10-Hydroxypolyenoic FA from Madrepora oculata

A work has recently been carried out aimed at elucidating the biosynthe-
sis of docosahexaenoic acid in trout liver microsomes [157, 158]. This report
conclude that the tetracosahexaenoic acids, such as 24:6(n-3), are intermedi-
ates in the biosynthesis of DHA. Therefore, it is very likely that gorgonians
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utilize a similar biosynthetic route, thus providing yet another interesting sys-
tem to study this type of biogenesis. However, work still remains to be done
on the role of symbiotic zooxanthellae in the production of some of these
unusual FA.

A survey of lipid and FA composition was made for 15 cnidarians from
Okinawa, Japan [159]. Corals having symbiotic Zooxanthellate within their
cells contain large amounts of lipid in their tissues (24-26% of dry weight).
All specimens contained monoalkyldiacylglycerol and were rich in wax es-
ters and triacylglycerol. Palmitic acid was the most abundant FA component
of these lipid classes (more than 40% in each class), followed by stearic and
oleic acids [159]. Four ceramides with the same hexadecyl acyl chain iso-
lated from a gorgonian exhibited significant human cholesteryl ester transfer
protein inhibitory activity [160].

8.3
Echinodermata

Significant amounts of tetracosapolyenoic acids such as 24:6(n-3) were found
in different marine organisms, echinoderms (Ophiuroidea and Crinoidea)
and coelenterates [147], and in their predators [161]. 24:6(n-3) occurred in
symbiotic and non-symbiotic brittlestars [162]. Isolated from the brittlestar
Ophiura sarsi [163], this FA had anti-inflammatory and anti-allergic proper-
ties similar to those of DHA [164]. Total lipids of this organism contained 14%
of 24:6(n-3), 15% of EPA and 2.6% of DHA [163]. Furthermore, high levels of
EPA and 24:6(n-3) were observed in phospholipids that accounted for more
than 50% of total lipids from O. sarsi. Several novel NMI FA were further iden-
tified in O. sarsi [165], namely 7E,13E-20:2, 7E,13E,17Z-20:3 (13% of total FA),
9E,15E,19Z-22:3, and 4Z,9E,15E,19Z-22:4 acids, as shown below.
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Fig. 18 New non-methylene-interrrupted FA from Ophiura sarsi

Other NMI FA also occurred in this brittlestar, namely 5,11-20:2, 5,13-
20:2, 7,13-22:2 and 7,15-22:2. 24:6(n-3) Accounted for about 6%. Structural
analyses of these fatty acids were performed after partial hydrogenation
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with hydrazine sulfate and subsequent isolation of the monoenoate products
by argentation thin-layer chromatography, followed by GC/MS analyses of
dimethyl disulfide adducts [165]. A comparison of FA in symbiotic and non-
symbiotic brittlestars from Oban Bay, Scotland, was performed in order to
look for bacterial signals that might indicate contribution of subcuticular bac-
teria to their hosts’ diet [162]. Odd-chained and branched FA were present in
low amounts but palmitoleic and cis-vaccenic acids, also considered as good
markers for bacteria, occurred at much higher amounts in symbiotic species
studied than in the non-symbiotic species. EPA occurred at high levels in all
species studied (11-23%) but DHA was present at low amounts. The unusu-
ally concentrations of 24:6(n-3) (up to 15%) may indicate that DHA derived
from dietary phytoplankton is being elongated to the former [162]. Further-
more, three other tetracosapolyenoic acids and 26:6(n-3) were found in some
species [162].

Three new ceramides from the starfish Acanthaster planci have been re-
ported [166]. Several glycosphingolipids have been identified recently in sea
cucumbers possessing a-hydroxylated or non-hydroxylated, saturated or mo-
noenoic fatty acyl chains [167-169].

8.4
Tunicates

Few works have been published on the lipid composition of tunicates [147,
157,170, 171]. Lipids of edible ascidian Halocynthia roretzi, very popular in
Japan and Korea, have also been studied [170]. Several studies of phospho-
lipids of pelagic tunicates (belonging to gelatinous zooplankton) have also
been undertaken [171]. PUFA represent the most important class, accounting
for around 50%. The tunicates Eudistoma bituminis and Cystodytes violat-
inctus from the Indian Ocean were investigated for their phospholipid FA
content [172]. In both cases, the most abundant FA were the saturated ones
(C1o to Cyg). Cystodytes violatinctus contained high amounts of oleic acid
(20%). Both E. bituminis and C. violatinctus contained phytanic acid and A10
FA, which had not previously been found in such organisms. These tunicates
contained only trace amounts of PUFA, which are usually predominant in this
phylum [172].

8.5
Molluscs

8.5.1
Introduction

Lipids are a very important food reserve, in particular in the oocytes of mol-
luscs, which assures viability of the larvae. Lipids also provide energy for



26 J.-P. Bergé - G. Barnathan

growth during conditions of limited food supply when carbohydrate levels
(the main energetic reserve in molluscs) are low. Phytoplankton represent
the largest food source for bivalve molluscs and contain a high proportion of
PUFA. The intensive rearing of bivalves still relies on the massive production
of unicellular algae especially for growing young spat, which represent the
largest biomass in a commercial hatchery. The high cost and unpredictable
culture success of algae has inspired the development of artificial diets such
as microcapsules, mixed diets, yeast based diets, lipid microspheres and lipo-
somes to substitute or supplement live algal diets. The importance of lipids
in bivalve nutrition is now well known [173]. The (n-3) PUFA, EPA and DHA,
have been reported to be essential for optimal growth for at least some species
of juvenile bivalves.

The biochemical composition of the intertidal rocky-shore bivalves, e.g.
mussels, is greatly affected by periods of air exposure, at which times the bi-
valves are denied a food source. Consequently, the resulting effect would be
similar to starvation [174].

In coastal environments, detritus, bacteria and zooplankton may greatly
affect available food composition. It is known that organic detritus areas an
energy source for bivalves during periods of scarce primary productivity. Ad-
ditionally, detrital material is a source of saturated and monounsaturated
C14-Cs FA. A high proportion of SFA, such as 20:0, has been observed in bi-
valves distributed in environments rich in organic material with an abundant
bacterial load [175], compared with those mainly nourished by marine phyto-
plankton, which are dominated by (n-3) PUFA of 18, 20 and 22 carbons. The
lipid composition of molluscs can be affected by external factors, such as fluc-
tuations in the environmental conditions and qualitative and or quantitative
changes in food availability, or by internal factors, such as sexual matura-
tion [175]. Recently, some very interesting investigations have dealt with the
chemical composition and chemotaxonomic of cardiolipids from some ma-
rine bivalves and led to evidence of a tetradocosahexaenoic cardiolipin [176].

8.5.2
Mussels

FA profiles of seeds of the mussel Mytilus galloprovincialis originating from
two habitats (rocky shore and subtidal) were compared after transfer to the
same habitat (subtidal), in order to study the initial levels of different FA of
metabolic importance and their variability [177]. According to previous stud-
ies, PUFA were found to be the group with highest percentage (42-49% of
total FA), including EPA and DHA as major components [177]. Moreover,
these findings concur with recent studies of numerous bivalve species dis-
tributed in other regions of Europe and America, such as Argopecten purpu-
ratus [178] and Crassostrea gigas [179]. Additionally, the mussels of subtidal
origin presented higher initial levels than the rocky-shore mussels with re-
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gard to FA characterized by energetic-type functions, such as 14:0, 16:0 and
EPA. High initial levels of some PUFA observed in the subtidal mussels, such
as 18:3(n-3), 18:4(n-3) and EPA, are presumably due to the fact that these
mussels had greater access to phytoplanktonic food. Initial levels of 14:0, 16:0
and 18:0 in the rocky-shore mussels were significantly greater than in the
mussels of subtidal origin. FA characterized by structural-type functions, e.g.
18:0, DHA and NMID FA with 20 and 22 carbons, in rocky-shore mussels
presented higher levels than those of the subtidal mussels. These NMID FA
have been observed in greater proportions in phospholipids, thus implying
a structural-type function [177].

In addition, it is also known that these NMI FA are distributed in
greater quantities in the organs more exposed to the immediate environ-
ment, such as the gills, mantle and foot. In another study, minor NMI FA
were characterized in Mytilus galloprovincialis by GC/MS of their 2-alkenyl-
4,4-dimethyloxazoline derivatives, namely 7,13-16:2, 5,11-20:2, 5,13-20:2,
7,15-22:2, and the new trienoic FA 5,11,14-20:3 and 7,13,16-22:3 [180]. This
discovery supports a biosynthetic route implying the desaturation and sub-
sequent elongation of 20:2(n-6) [180]. Lipid, FA and sterol composition of
the New Zealand green-lipped mussel (Perna canaliculus) and the Tasmanian
blue mussel (Mytilus edulis) have also been reported [181].

8.53
Oysters

Seasonal variations of lipid classes and FA in the flat oyster Ostrea edulis have
been studied [182]. The dynamics of FA in the larval development, metamor-
phosis and post-metamorphosis of this oyster have been investigated [183].
The lipid composition of Crassostrea gigas was analysed during the reproduc-
tive phase in natural as well as under artificial conditions [179]. A specific
accumulation of DHA and EPA in the polar lipids was observed under both
conditioning diets. The proportions of DHA and EPA from neutral and polar
lipids of oysters conditioned artificially were significantly lower than of those
that were naturally conditioned. A useful comparison of the lipid class and FA
composition between a reproductive cycle in nature and a standard hatchery
conditioning of the Pacific oyster Crassostrea gigas was performed [179].

8.5.4
Patella

The effects of season and spatial distribution on the FA composition of four
Patella species’ gonads and soft body tissue were evaluated [185]. The results
show that the quantitatively most important FA were 14:0, 16:0 and 18:0; the
MUFA 18:1(n-7), 18:1(n-9), 16:1(n-7) and 20:1(n-9), EPA and AA. P. depressa
and P. ulyssiponensis soft-body FA profiles revealed significant differences be-
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tween sexes, with males showing significantly higher percentages of PUFA,
mainly EPA and AA, while in females significantly higher proportions of
MUFA were found. The fatty-acid composition of P. depressa gonads revealed
significant differences between sexes, which were more acids from the
(n-3) and (n-6) series (AA and EPA), while females were seen to have higher
proportions of SFA [185].

8.5.5
Clams

Recent studies on clam lipids were concerned with their aquaculture. Thus,
the possible use of emulsions rich in EPA and DHA as an artificial lipid
supplement to live algae was investigated for seed of the Manila clam Tapes
philippinarum [173]. In addition, the influence of the lipid composition of
microalgal diets and cornstarch on the lipid classes and FA of the Rudi-
tapes decussatus spat was studied [186]. This clam species is of commercial
interest in Spanish aquaculture. In order to increase its production, experi-
ments have been carried out with alternative foods to live microalgae, such
as freeze-dried microalgae or cornstarch. The main FA present in the spat of
R. decussatus were 16:0, 18:1(n-9) and DHA, followed by lower contents of
18:4(n-3) and 18:1(n-7). The essential FA EPA is present in small amounts.
The content of (n-3) PUFA, (n-9), (n-6), and 20:2 and 22:2 NMID FA differed
significantly according to the diet supplied. Spat fed on a microalgal diet show
the significantly highest content in (n-3) PUFA and (n-9) FA [186].

8.5.6
Scallops

Overfishing has often resulted in a decline of natural beds of Pecten max-
imus in several areas. Thus, several experiments have been performed on P.
maximus culture, growth and reproduction to improve the biological know-
ledge of this species [187,188]. Lipids are a very important food reserve in
the oocytes, which assures viability of the larvae. It has been shown that suc-
cess of Pecten maximus hatching is related to the lipid status of the eggs when
spawned. Lipids in the female gonad were analysed for lipid class composi-
tion and FA composition of TAG and phospholipids, and their variations in
relation to gametogenic cycle were studied [184-188]. PUFA were more abun-
dant in the TAG and the series (n-3) was clearly predominant. The principal
(n-3) FA (mainly in phospholipids) showed a seasonal variation clearly re-
lated to the reproductive cycle [188]. Soudant et al [184] have analysed the
composition of polar lipid classes in male gonads of Pecten maximus and the
effect of nutrition. Seasonal digestive-gland dynamics of the scallop Pecten
maximus have been reported [189].
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The distribution of lipids and FA in different organs of the Chilean scallop
Argopecten purpuratus broodstock, namely female and male gonads, diges-
tive gland, gills, mantle and adductor muscle, have been investigated [178].
The highest level of (n-3) PUFA (mainly EPA and DHA) was found in the
adductor. The major FA in all parts studied were 16:0, EPA (8.1-20.3%) and
DHA 9.2-25.6%). Similarities between the FA composition of the triglyceride
fraction of the female gonad and the digestive gland (e.g. the high level of 14:0
and 18:4(n-3)) indicated the transfer of lipids from the lipid-rich digestive
gland to the female gonad. A special feature of the gills and mantle was the
presence of high levels of plasmalogens (phosphoglycerides with 1-alkenyl
chains) recognized by the presence of dimethylacetals, which are formed sim-
ultaneously with FAME by acid-catalyzed transmethylation [178]. In another
investigation, dietary supplementation with lipid emulsions during brood-
stock conditioning of A. purpuratus was used to manipulate the fatty-acid
composition of the eggs [187,190]. The scallops were fed a mixed algal diet
either alone or supplemented with an emulsion rich in ethyl esters of DHA or
EPA. Lipid supplementation resulted in a significant increase of the total lipid
content of the eggs. The EPA and DHA levels in the total and neutral lipids
of eggs from broodstock supplemented with diets including the correspond-
ing emulsions were significantly higher than in eggs from scallops fed solely
algae [190, 191]. NMID FA, which are not present in the phytoplankton, have
been reported in many species of molluscs. Thus, they are presumably synthe-
sized by molluscs. Interestingly, the identification and occurrence of a novel
cis-4,7,10,trans-13-docosatetraenoic acid in the female gonads of the scallop
Pecten maximus was described [192].

Lipid deterioration during frozen storage at —20 °C of the adductor mus-
cle, the major edible part of the giant scallop, was examined by determination
of fatty chain compositions in the sn-1 and/or sn-2 positions of ether and
ester glycerophospholipids [193]. During storage, the contents of total lipid
and polar lipid decreased but that of non-polar lipid increased. The percent-
ages of PUFA such as EPA and DHA in the total lipid and polar lipid fractions
decreased during storage, but those of the PUFA in the non-polar lipid in-
creased. Changes during storage in alkenyl and alkyl chain compositions of
ether glycerophospholipids and in fatty acyl chain compositions of ether glyc-
erophospholipids were determined [193]. The 20:2 and 22:2 NMID FA also
occurred.

8.5.7
Squids

Biochemical composition changes and FA in several tissues of the squid Illex
argentinus from the South Atlantic Ocean at different sexual stages were
studied. All tissues contained high concentrations of PUFA followed by SFA
and MUFA, e.g.16:0, 18:0, 18:1(n-9), 20:1, 22:1, EPA and DHA. The lipids
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also contained unusually high levels of FA of the linoleic family (2-3%). The
digestive gland of the squid is rich in polyenoic FA, EPA and DHA. This tis-
sue could be a cheap raw material, presently discarded, for production of
PUFA [194].

The lipid content and composition of phosphatidylcholine and FA were
determined in tissues of 70 species of teleosts, and in muscle of six species
of squid. Amount and composition of diacyl glyceryl ethers were re-
cently analysed in various tissue lipids of the deep-sea squid Berryteuthis
magister [195].

9
Crustacea

The mud crab Scylla serrata is a commercially important species in the Indo-
Pacific region and has been cited as a target species for a stock-enhancement
program in Japan and also as a target species for aquaculture in many Asian
countries [196]. A recent study evaluated the requirements of linoleic acid
(18:2(n-6)), linolenic acid (18:3(n-3)), EPA and DHA during rotifer, as well
as Artemia feeding on survival and larval development of mud-crab lar-
vae [196]. Decreased natural seed availability and the low survival rate in
crab hatcheries [197-199] have been major problems in increasing aquacul-
ture production. Moreover, Takeuchi et al [197] described the requirement
of EPA and DHA for larval development, where EPA is effective in maintain-
ing survival while DHA plays an important role in accelerating the intermolt
period and produces a wider carapace width in swimming crab larvae. A pre-
vious study showed that the Artemia feeding schedule (in combination with
rotifers) for larval mud crab and their essential FA composition affected the
survival of larvae [199-201].

If the conditions of thermal adaptation are well documented in fish, lit-
tle information is available for marine invertebrates. A comparative study of
the phospholipid FA compositions was conducted with the Baltic Sea am-
phipod crustacean Gammarus spp. collected from different thermal environ-
ments [202]. It was reported that environmental temperature had little effect
on FA composition. In fact, Gammarus was shown to use the same strategy to
control membrane fluidity in the cold as fish species investigated so far [203],
namely the crustacean accumulates sn-1 monoenoic and sn-2 polyenoic phos-
pholipid FA at reduced temperatures.
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10
Polyunsaturated FA (n-3) of commercial interest

10.1
Introduction

An “essential” nutrient is one that is needed for normal development and
function of mammalian cells throughout the life cycle. In its active or precur-
sor form there is a minimum amount of such a nutrient that must regularly be
provided in the diet. This dietary requirement generally varies with species,
gender, age and the presence of physiological and pathological challenges
(pregnancy, lactation, infancy, aging, infection, disease, etc.).

The term “essential fatty acid” is ambiguous and inappropriately inclu-
sive or exclusive of many polyunsaturated FA. When applied most rigidly
to linoleate and a linolenate, this term excludes the now well-accepted but
conditional dietary need for two long-chain polyunsaturates (arachidonate
and docosahexaenoate) during infancy. The metabolism of essential and
nonessential FA is clearly much more interconnected than previously under-
stood. Replacing the term “essential fatty acid” by existing but less-biased
terminology, i.e. polyunsaturates, (n-3) or (n-6) polyunsaturates, or naming
the individual fatty acid(s) in question, would improve clarity and would po-
tentially promote broader exploration of the functional and health attributes
of polyunsaturated FA [204].

10.2
Health benefits

Initially, it should be noted that the chemical form of the PUFA supplementa-
tion used for clinical assays and up to the final consumers will not be detailed.
Indeed, sometimes they take TAG forms while occasionally they are ethyl es-
ters or free fatty acids, depending on the target.

Polyunsaturated FA (PUFA) are essential components in higher eukaryotes
that confer fluidity, flexibility and selective permeability to cellular mem-
branes. PUFA affect many cellular and physiological processes in both plants
and animals, including cold adaptation and survival [205,206], modulation
of ion channels [207,208], endocytosis/exocytosis [209], pollen formation,
pathogen defense, chloroplast development in plants [210], and activities of
membrane-associated enzymes that are sensitive to the biophysical properties
of lipid membranes [211-213].

In mammals, metabolism of LC-PUFA by oxygenases yields a range of im-
portant short-lived molecules (generically known as the eicosanoids), such
as prostaglandins, leukotrienes and thromboxanes (Fig. 19). These resulting
metabolites bind to specific G-protein-coupled receptors and signal cellu-
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lar responses and modulate many biological processes (see below). Because
the production of various classes of these molecules depends in part upon
the availability of their PUFA precursors in membrane phospholipids, mod-
ulation of PUFA is a potential target of pharmaceuticals and nutraceuti-
cals [213,214].

The (n-3) LC-PUFA, particularly EPA and DHA, are thought to display
a variety of beneficial effects in areas ranging from foetal development to
cancer prevention [215]. Some of those health effects are presented below.

10.2.1
Heart health

It is well established that populations with a high consumption of oily fish
have a lower incidence of heart disease and several studies have confirmed
that EPA and DHA are the protective components [216-224].

Recent research concludes that perhaps the most important effect of (n-3)
LC-PUFA, when it comes to preventing cardiovascular disease, is their ability
to stabilize atherosclerotic plaque by reducing the infiltration of inflammatory
and immune cells (lymphocytes and macrophages) into the plaque [225]. This
could explain the reduction in fatal and nonfatal heart attacks and strokes
associated with an increased intake of fish oils [226]. In addition, the anti-
inflammatory effect of DHA by reducing the C-reactive protein (CRP) level in
blood may decrease the risk of coronary heart disease such as atherosclero-
sis [227].

Several large clinical trials have confirmed the ability of fish oils to prevent
sudden cardiac death in both presumably healthy subjects as well as in pa-
tients having suffered a heart attack [228-231]. Although most research so far
has focused on the effect of (n-3) on life-threatening ventricular arrhythmias
it is likely than many of the findings may also be applicable to atrial fibril-
lation [232]. It has also been shown that a high (n-3) content of blood cells
and serum cholesterol esters is associated with increased heart rate variabil-
ity and leads to a decreased risk of cardiac disease and a longer lifespan [233].
In addition, EPA and DHA seem to reduce the mortality among not only pa-
tients who have survived a first heart attack [234-236] but also among old
people [237,238].

Numerous studies have confirmed that (n-3) LC-PUFA included in fish oils
significantly combat hypertension by a notable reduction of blood pressure
and benefit heart transplant patients [239-247].

EPA and DHA are also effective in lowering the blood level of triglyc-
erides [248,249], in improving large artery dilation in patients with high
cholesterol levels [250], and they possess antithrombotic effect [251]. Such
positive actions also contribute to reduce the risk of cardiovascular disease.
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10.2.2
Cancer

Several studies have shown the effect of LC-PUFA against cancer such as an
inverse relationship between blood levels of EPA and DHA and the risk of
prostate cancer [252,253] or fish and fish oil consumption and adenocarci-
nomas [254]. In addition, (n-3) PUFA can also act positively against cancer
effects like cachexia (abnormal weight loss) or survival rate in end-stage
cancer [255, 256].

10.2.3
Arthritis

The (n-3) PUFA are also known to decrease rheumatoid arthritis; notably by
lowering interleukin-1beta production which results in a significant reduc-
tion in morning stiffness and the number of painful joints [257-261].

10.2.4
Psoriasis

Psoriasis is a fairly common skin disease characterized by high concentra-
tions of AA in the plaques and profound changes in the metabolism of
eicosanoids leading to an increase in proinflammatory agents. Some studies
have shown that n 3 PUFAE, notably EPA, can counteract the formation of
these proinflammatory agents and that oral supplementation with fish oils
benefit psoriasis patients [262, 263].

10.2.5
Lung disease

A few years ago it was shown that children who regularly eat fresh, oily fish
have a four times lower risk of developing asthma than children who rarely
eat such fish. EPA was suspected to be responsible by reducing airway in-
flammation and responsiveness. Later, studies on supplementation by (n-3)
LC-PUFA have confirmed their benefit in the reduction of breathing diffi-
culties and other symptoms in asthma patients. More recently, it has been
demonstrated that those PUFA are also beneficial in the treatment of other
lung diseases such as cystic fibrosis and emphysema [264-267].

10.2.6
Attention-deficit disorder

Attention-deficit hyperactivity disorder (ADHD) is characterized by hyper-
activity, emotional instability, poor coordination, short attention span, poor
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concentration, impulsiveness, and learning disorders. It is very common
among school-age children with an incidence of 4-20%. Initial studies have
linked ADHD to a deficiency of certain long-chain FA, notably AA, EPA and
DHA [268]. More recently Burgess et al. [269] have found that children with
ADHD were breastfed less often as infants than children without ADHD
(breast milk is an excellent source of DHA). In addition to ADHD, other
disorders such as dyslexia (difficulties in learning to read and write) and dys-
praxia (problems with coordination and muscle control) also have deficiency
in LC-PUFA as a common denominator that may be avoided by oral supple-
mentation of concentrated fish oils [270].

10.2.7
Mental health

Several epidemiological studies have shown that a high dietary intake of
linoleic acid and a low intake of EPA and DHA are associated with cogni-
tive impairment and an increased risk of dementia. In a recent study, it was
that EPA and especially DHA help keep the membranes of brain cells more
fluid while saturated and (n-6) FA tend to “harden” them. Authors believe this
and the anti-inflammatory effects of EPA and DHA are what help preserve
cognitive function [271].

In addition to preventing dementia, (n-3) PUFA help in combating depres-
sion, schizophrenia, Alzheimer’s disease and other mental illnesses [272-283].

10.2.8
Pregnancy and infancy

An adequate intake of DHA and EPA is particularly important during preg-
nancy and lactation. During this time the mother must supply all the baby’s
needs for DHA and EPA because it is unable to synthesize these essential FA
itself. DHA makes up 15-20% of the cerebral cortex (a normal adult human
brain contains more than 20 g of DHA) and 30-60% of the retina (it is also
concentrated in the testes and sperm), so it is absolutely necessary for normal
development of the foetus and baby, which implies optimal levels in preg-
nant and lactating mothers. There is some evidence that an insufficient intake
of (n-3) FA may increase the risk of premature birth and an abnormally low
birth weight. There is also emerging evidence that low levels of (n-3) acids are
associated with hyperactivity in children [268, 284-292].

The constant drain on the mother’s DHA reserves can easily lead to a de-
ficiency that may be linked to preeclampsia (pregnancy-related high blood
pressure) and postpartum depression [288-290]
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10.3
Nutrition: importance of the ratio of (n-6) and (n-3) essential FA

There are good fats and there are bad fats. Artificially produced trans-FA are
bad in any amount and saturated fats from animal products should be kept
to a minimum. The best fats, or oils rather since they are liquid at room tem-
perature, are those that contain the essential FA that are so named because
without them we die (see chapter introduction). Essential FA are polyunsat-
urated and grouped into two families, the (n-6) EFA and the (n-3) EFA.

Seemingly minor differences in their molecular structure make the two
EFA families act very differently in the body. 18:2(n-6) and 18:3(n-3) are not
interconvertible and compete for the rate-limiting 6-desaturase in the synthe-
sis of LC-PUFA (see biosynthesis). AA and EPA are the parent compounds
for the production of eicosanoids with opposite properties, see Fig. 19. Many
scientists believe that a major reason for many diseases (see below) is the
profound imbalance between our intake of (n-6) and (n-3) FA. Our ancestors
evolved on a diet with a ratio (n-6)/(n-3) of about 1: 1. A massive change in
dietary habits over the last few centuries (modern agriculture) has changed
this ratio to something closer to 20:11 [293-295].

An increase in the dietary intake of (n-6) EFA changes the physiological
state to a prothrombotic, proconstrictive, and proinflammatory state. Many
of the chronic conditions, cardiovascular disease, diabetes, cancer, obesity,
autoimmune diseases, rheumatoid arthritis, asthma and depression, are as-
sociated with increased production of thromboxane A, (TXA;), leukotriene
B4 (LTBy4), IL-18, IL-6, tumor necrosis factor (TNF), and C-reactive pro-
tein [295]. All these factors increase with (n-6) fatty-acid intake and decrease
with (n-3) fatty-acid intake, whether 18:3(n-3), 20:5(n-3) or 22:6(n-3). EPA
and DHA are more potentz, and most studies have been carried out using EPA
and DHA (see above).

The optimal dose or ratio of (n-6)/(n-3) varies from 1/1 to 4/1 depending
on the disease under consideration. In the secondary prevention of cardio-
vascular disease, a ratio of 4/1 was associated with a 70% decrease in total
mortality [296]. A ratio of 2.5/1 reduced rectal cell proliferation in patients
with colorectal cancer, whereas a ratio of 4/1 with the same amount of (n-3)
PUFA had no effect [297]. The lower (n-6)/(n-3) ratio in women with breast
cancer was associated with decreased risk [298]. A ratio of 2-3/1 suppressed
inflammation in patients with rheumatoid arthritis, and a ratio of 5/1 had
a beneficial effect on patients with asthma, whereas a ratio of 10/1 had ad-
verse consequences [265,299]. These studies indicate that the optimal ratio
may vary with the disease under consideration. This is consistent with the fact

! Lipid consumption in Europe nowadays: vegetal (65%) > land animals (17%) > butter (16%) >
marine animals (2%).

2 Alpha-linolenic acid can be converted to EPA and DHA in the body, but the conversion is quite
inefficient, especially in older people [294].
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Fig. 19 Biosynthesis of eicosanoids from the essential FA [304]. Abbreviations: PL,
phospholipids; PLA2, phospholipase A2; COX, cyclooxygenase; LOX, lipoxygenase; PG,
prostaglandins; TBX, thromboxanes; HETE, hydroxy-eicosatetraenoic acids; HPETE, hy-
droperoxyeicosatetraenoic acids; LT, leukotrienes. Dietary lipids provide EFA and pre-
formed substrates for the COX/LOX pathways. Dietary FA such as 20:3(n-6), 20:4(n-6),
and 20:5(n-3) are direct precursors, while 18:2(n-6) and 18:3(n-3) must be elongated and
desaturated prior to their conversions to eicosanoids

that chronic diseases are multigenic and multifactorial. Therefore it appears
important to restore the balance between (n-6) and (n-3) for homeosta-
sis and normal development. On this basis and by recognizing the unique
benefits of EPA and DHA and the serious consequences of a deficiency, rec-
ommendations for daily intake of (n-3) PUFA has been published by several
international scientific authorities [300-303].

10.4
Routes for biosynthesis

Despite extensive screenings, no angiosperm plants have been detected
that accumulate in reserve triacylglycerols or in membrane lipids cis-
polyunsaturated FA with carbon chains longer than C18 [305]. However, it
is well known that polyunsaturated FA have crucial roles in membrane bi-
ology and signalling processes in most living organisms (see the section on
health benefits). As indicated by Abbadi et al. [306], the daily requirement of
such PUFA may vary and depend on the availability of linoleic and linolenic
acid for conversion by elongation and desaturation, but a more regular con-
sumption and an accordingly sustainable source of PUFA would be highly
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Fig.20 Pathways of very-long-chain polyunsaturated synthesis in different organisms.
Major products are indicated in ovals while enzymes are boxed. The anaerobic route (a)
makes use a polyketide-like system (PKS), whereas aerobic routes (b, c) use differ-
ent enzymes (desaturases and elongases). If routes (b, c) are started with linoleic acid
(9,12-18:2), arachidonic acid (AA) = 5,8,11,14-20:4 is obtained. Route (b) is a direct
pathway that may operate in marine primary producers and initiate the food chain of
“oceanic” polyunsaturated FA ending in large carnivorous fish. Route (c) represents the
Sprecher [22] pathway as typical for mammalian cells. Mammals lacks A12 and n3 de-
saturase activities and obtain linoleic acid and «-linolenic acid (9,12,15:18:3) from their
diets. In this route, the synthesis of DHA is now known to consist of two succeeding
elongation cycles, a A6 desaturation and a B-oxidation chain-shortening
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desirable. At present, these FA enter the human diet mainly in the form of
marine and freshwater fish. But in view of the increasing human population,
the overfishing of marine resources, the dependence of fish farming on PUFA
from fish oil and the environmental impact of aquaculture systems, neither
farmed nor captured fish can be considered as a sustainable source of PUFA
(see section on market) [307]. Thus alternatives have to be found such as new
sources or by modifying existing ones by genetic approaches. For example,
transgenic oilseeds could be a way out of the forthcoming shortage, partic-
ularly in view of the fact that a low percentage of PUFA in daily-consumed
plant oils would satisfy nutritional requirements [306].

So, over the last few years, the biosynthetic LC-PUFA pathway has been
the subject of much interest and it is only recently that molecular genetic
approaches have allowed detailed studies of the enzymes involved in their
synthesis. Thus, at this time, three distinct routes for LC-PUFA biosynthesis
have been identified; two are aerobic and one is anaerobic (Fig. 20).

10.4.1
Aerobic pathways

In these routes, LC-PUFA biosynthesis is catalysed by sequential desaturation
and fatty acyl elongation reactions. Known pathways involve the processing of
the saturated 16:0 or 18:0 products of fatty acid synthase (FA) by elongation
and aerobic desaturation reactions. The desaturase enzymes insert double
bonds at specific carbon atoms in the fatty acid chain and the fatty acid elon-
gation system elongates the precursors in two-carbon increments [308, 309].
Significant progress has been made in the identification of the enzymes re-
quired for PUFA synthesis; in particular, the fatty acid desaturases which
are central to this pathway have now all been identified [308, 310]. The most
relevant desaturases required for PUFA biosynthesis are the so-called “front-
end” desaturases [311] that introduce a new double bond between an existing
one and the carboxyl end of the acyl group. These “front-end” desaturases
are all members of the cytochrome b5 fusion desaturase superfamily, since
they contain an N-terminal domain that is orthologous to the microsomal
cytochrome b5 [312].

Interestingly, there is a division of labor in higher eukaryotes for the syn-
thesis of 20:4(n-6), 20:5(n-3) and other PUFA. Angiosperm plants convert
oleic acid (18:1) to linoleic acid (18:2) and linolenic acid (18:3(n-3)), which
are essential FA for mammals as substrates for the synthesis of C20, but
these plants are unable to elongate the FA further. Mammals also convert
18:0 to 18:1(n-9) using a membrane-bound 18:0-CoA desaturase, however,
they lack both A12 and (n-3) desaturase activities. Therefore, they require
18:2(n-6) and 18:3(n-3), the essential FA (EFA), in their diet [213]. These EFA
are converted to long-chain PUFA via a series of desaturation and elongation
reactions in the ERIES [308]. The A6 desaturase uses 18:2(n-6) and 18:3(n-3)
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as a substrates and inserts a double bond to produce 18:3w6 and 18:4w3.
PUFA with a double bond at A6 are substrates for the elongation machin-
ery, which uses malonyl-CoA to add two carbons to the C-terminal end of the
FA, producing 20:3(n-6) and 20:4(n-3). These FA are substrates for a A5 de-
saturase, which produces 20:4(n-6) and 20:5(n-3) [213]. Those pathways for
the synthesis of arachidonic acid (AA) and eicosapentaenoic acid (EPA) have
been characterized biochemically and are supported by the recent cloning
and characterization of desaturase and elongase genes.

In addition, some notable variations exist such as, for example, the free-
living nematode Caenorhabditis elegans [313-316], the fungus Mortierella
alpina [317] the moss Physcomitrella patens [318] the red algae Porphyrid-
ium cruentum [319], the freshwater protist Euglena [320] and the microalga
Isochrysis galbana [321]. All these organisms posses particular enzymatic
pathways.

At this stage of LC-PUFA biosynthesis a split occur. The force of logic sug-
gested that the steps succeeding AA and EPA synthesis would be another
two-carbon elongation step and countervailing desaturation by A4 desaturase
to produce the C22 PUFA (elongation of EPA and AA to C22:5(n-3) and DTA,
respectively, and the desaturation of the latter to form DHA and DPA). The
cloning of a A4 desaturase from the DHA-producing marine protist, Thraus-
tochytrium sp., suggests that this pathway (route b, Fig. 22) is valid in some
organisms [322]. However, mammals lack A4 desaturase activity, and evi-
dence has accumulated for an alternative pathway for C22 PUFA biosynthesis.

The sequence involving A4 desaturase is the simplest one. It operates in
various unicellular, eucaryotic algae belonging to different systematic groups
and contributing to marine primary production. These and other photosyn-
thetically active organisms are considered to be the primary sources of EPA
and DHA entering marine feeding webs with large carnivorous fish and fi-
nally humans at the end [306, 307].

The other route, the so-called Sprecher pathway (route c, Fig.20), re-
mained controversial but recent experiments have indicated that it is the
predominant route to DHA in mammals [22, 23, 323-328]. It now seems clear
that the human C22 PUFA synthesis pathway consists of two succeeding elon-
gation cycles (leading to 24:5(n-3)) followed by a A6 desaturation, all of which
occur in the endoplasmic reticulum. After transfer of the fatty acid to perox-
isomes, there is a specific B-oxidation chain-shortening to the C22 product.
By this route, the synthesis of DHA from acetyl-coenzyme A (acetyl-CoA) re-
quires approximately 30 distinct enzyme activities and nearly 70 reactions,
including the four repetitive steps of the fatty acid synthesis cycle [329].

Over the past few years, sequences encoding virtually all the enzyme activ-
ities involved in microsomal PUFA biosynthesis have been isolated, identified,
and expressed in a variety of heterologous hosts (Table 4) [330]. Results from
these studies help to increase our understanding of the biochemistry of elon-
gases and desaturases and the regulation of PUFA biosynthesis. Then, the
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Table 4 Origin of presently available genes for cDNAs encoding desaturases and elongases
involved in the biosynthesis of LC-PUFA. The encoded enzymes have been character-
ized by functional expression. The numerous sequences published for the ubiquitous A9-,
A12- and Al5-desaturases are not included [308]

Enzyme Organism Reference

A4 desaturase Thraustochytrium sp [322]

A5 desaturase Homo sapiens [331,332]
Caenorhabditis elegans [333,334]
Mortierella alpina [335, 336]

A6 desaturase Homo sapiens [337]
Caenorhabditis elegans [338]
Borago officinalis [339]
Ceratodon purpureus [340]
Physcomitrella patens [341]
Mortierella alpina [342, 343]

A8 desaturase Euglena gracilis [320]

(n-3) desaturase  Caenorhabditis elegans [344]

A6 elongase Caenorhabditis elegans [314]
Mortierella alpina [317]
Physcomitrella patens [345]

next challenge will be the selection of a set of suitable copies of the avail-
able genes, which after transformation and expression in a heterologous host
(such as oilseed crop) should result in a cooperating ensemble of enzymes
and production of PUFA.

10.4.2
Anaerobic pathway

The diversity of PUFA synthesis described above relies on variations on
desaturase and elongase biochemistry. This aerobic biosynthetic pathway
was thought to be taxonomically conserved, but nature has also solved the
problem of PUFA synthesis using a fundamentally different anaerobic path-
way [329]. Indeed, numerous PUFA-producing bacterial strains are capable
of producing PUFA under strictly anaerobic conditions, thus precluding the
participation of an oxygen-dependent mechanism. The system involved here
does not require the multiple desaturase and elongase enzymes outlined
above, but instead uses a polyketide synthase-like (PKS) gene cluster, found in
both prokaryotic and eukaryotic marine microbes, to synthesize PUFA [214].

Several marine bacteria contain EPA and DHA at levels as high as 25% of
total membrane FA [346]. A genomic library prepared from one of these ma-
rine bacteria (Shewanella sp. Strain SCRC2738) was used to identify a 38 kb
DNA fragment that resulted in EPA synthesis when expressed in E. coli. [347].
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Experimental results [329, 348-350] indicated that these genes expressed in
E. coli encode a protein complex that is capable of EPA synthesis without any
reliance on enzymes of the E. coli FA or any long-chain intermediate such
as 16:0-ACP. Apparently, the genes encode a PKS that acts independently of
FA elongase and desaturase activities to synthesize EPA directly [213]. Genes
with high homology to the Shewanella gene cluster have been identified in
Photobacterium profundum [351] and in Moritella marina, which accumu-
lates DHA rather than EPA [352]. Thus it is likely that the PKS pathway for
PUFA synthesis is widespread in marine bacteria [213].

The thraustochytrid Schizochytrium sp accumulates large quantities of
triacylglycero rich in DHA (see chapter on thraustochytrids). Biochem-
ical experiments have revealed the involvement of a PKS protein com-
plex [329], which was further confirmed by molecular genetic analysis. The
Schizochytrium genome encodes three proteins with domains highly similar
to those encoded by genes from Shewanella, raising the possibility that the
PUFA PKS has undergone lateral gene transfer [213].

Several “front-end” PUFA aerobic desaturases from Thraustochytrium
have been identified recently [322,353], but the prevalence of this newly dis-
covered PKS-like biosynthetic pathway is not known. Because Schizochytrium
is also a member of the Thraustochytriidae, it is perhaps surprising to find
these two distinct biosynthetic pathways represented in the same family, but
molecular characterization of PUFA biosynthesis in the Thraustochytriidae
might provide insights into the evolution of this important pathway.

The primary structure of Shewanella PKS (and its relatives) does not con-
form to any of the previously described classes of PKS proteins. Instead, it
suggests the assembly of several multifunctional proteins into a complex.
PUFA PKS carry out some of the same reactions as FA and use the same
small protein (or domain), acyl carrier protein (ACP), as a covalent attach-
ment site for the growing carbon chain. However, in these enzyme systems,
the complete cycle of reduction, dehydration, and reduction seen in FA is
often abbreviated, so that a highly derivatized carbon chain is produced, typ-
ically containing many keto and hydroxy groups as well as carbon-carbon
double bonds in the trans configuration (Fig. 21). The linear products of PKSs
are often cyclized to form complex biochemicals that include antibiotics, afla-
toxins, and many other secondary products [329]. Since the double bond on
the PUFA molecules were formed by dehydration and isomerization of keto
groups in cycles of polyketide-forming chain elongation, reaction to the C20
PUFA may not be the direct precursor of C22 PUFA [354].

The relative simplicity of this PKS-like system makes it attractive in terms
of transgenic production of LC-PUFA. For example, introducing and regulat-
ing the three Schizochytrium PKS-like open reading frames in a transgenic
plant is relatively simple compared with the more than five desaturase and
elongase genes required for the aerobic pathway [306]. In addition, the iden-
tification of new (PUFA-specific) PKS activities such as double-bond isomer-
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Fig.21 Generalized scheme for the processive synthesis of polyunsaturated FA (PUFA)
by a polyketide synthase (PKS) system [214]. In the case of PUFA, it is envisaged that
a primer molecule (in the form of acetyl-CoA) undergoes several rounds of sequential
reactions (keto-synthase, keto-reductase, dehydratase and enoyl reductase), resulting in
repeated synthesis and fatty acyl chain (esterified to the acyl carrier protein) elongation
by two carbons per cycle. Because PUFA contain methylene-interrupted double bonds
(i.e. at the third carbon), it is likely that a dehydratase (FabA-like) module in the PKS also
simultaneously carries out a trans-cis isomerization to generate this configuration

ization might help in the bioengineering of additional families of polyketide
antibiotics [214].

Furthermore, our improved knowledge of PUFA synthesis in Shewanella,
Schizochytrium and their relatives has implications for understanding food-
web dynamics in marine ecosystems. Because these organisms are significant
primary producers of 20- and 22-carbon PUFA in cold-water oceans [346], the
PKS pathway may be an important source of PUFA for fish and mammals and
thus also for human diets. The importance of 20:5 in food-web dynamics of
freshwater ecosystems has recently been discussed [355]. Finally, the identi-
fication of these PKS systems in ancient lineages raises intriguing questions
about the evolutionary relationship of this newly discovered pathway to 20:5
and 22:6 FA relative to the enzymatically more complex desaturase/elongase
route found in higher eukaryotes [213].
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10.5
Some promising sources of marine LC-PUFA

10.5.1
PUFA from nonphotosynthetic microorganisms

If nowadays conventional fish oils are the main industrial sources of PUFA
they may be not suitable to meet the increasing markets, notably for DHA
owing to their limited supply (see section on sources and market), lower con-
tent of DHA in comparison to that of EPA, and peculiar taste and odour.
Thus, the production of (n-3) PUFA by microbial fermentation of oleaginous
microorganisms has attracted considerable attention in relation to industrial
application of single-cell oil (SCO) [354, 356, 357]. For instance, a range of
autotrophic and heterotrophic microbes has been assessed for potential com-
mercial sources of EPA and DHA by various workers including Barclay et
al. [358], Lewis et al. [359] and Vazhappilly and Chen [360], and the results
of many studies in this area have been reviewed by Singh and Ward [361] and
Ratledge [362].

In comparison to autotrophic microorganisms, the de novo synthesis of
(n-3) and (n-6) PUFA by heterotrophic microorganisms may provide an eas-
ier and less expensive means of producing PUFA-rich biomass and oils [363].
Thus, Ratledge [362] considered that, despite improvements in the efficiency
of photobioreactors, it is doubtful whether the growth of microalgae in biore-
actors could be scaled up to satisfy even a modest demand for SCO rich in
(n-3) PUFA, and suggested that heterotrophic microbes might be a more pro-
ductive source.

In recent years, interest in the use of microheterotrophs as a source of
PUFA has increased [364]. Microheterotrophs do not require some of the
elements necessary for the culture of autotrophs (e.g., light, carbon diox-
ide), and some see them as a potential alternative to traditional commer-
cial sources of PUFA. Arachidonic acid has been produced in quantity by
some fungi [365, 366]. Certain bacteria have been shown to produce EPA and
DHA [367, 368]. The recognized need in aquaculture for alternative sources of
PUFA for feeding both larvae and adults has seen PUFA-producing bacteria
successfully demonstrated as a means to enrich rotifers (Brachionus plicatilis,
a live-feed organism for finfish larvae) with these FA [369-371]. In addition
an increasing body of research into microheterotrophic PUFA production has
concentrated on the thraustochytrids [363].

10.5.1.1
Bacteria

In marine food webs, microalgae have long been considered as the only de
novo source of EPA [372]. Indeed PUFA were once thought to be absent in
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bacterial membranes [373] and the production of PUFA by bacteria is of-
ten ignored [374]. However, numerous bacterial species of marine origin
have now been shown to produce LC-PUFA such as EPA and DHA and some
authors correctly pointed to the potential role of prokaryotic PUFA produc-
tion in marine food webs [25, 347, 375].

Phylogeny

The screening of PUFA-producing prokaryote has led to the identifica-
tion of previously undescribed taxa within the genera Shewanella and Col-
wellia [376, 377]. Subsequently, the chemotaxonomy of PUFA-producing bac-
teria was reviewed [30]. Indeed, until recently the taxonomic status of PUFA-
producing bacteria received little attention, with most research efforts fo-
cused on the description of PUFA production [31].

Figure 22 represents the division-level diversity of the bacterial domain
based on 16S rDNA sequences. Several of the divisions (e.g. Proteobacte-
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Fig.22 Evolutionary distance tree of the bacterial domain [31]. The major PUFA-
producing genera, Shewanella, Colwellia and Moritella, are expanded from the Proteobac-
teria division together with Flexibacter and Psychroflexus from the Cytophagales division.
For each genus, biomarker FA and the types of PUFA are listed
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ria, Actinobacteria) are well represented by cultivated strains. However the
majority are poorly represented by cultured organisms. In fact 13 of the 36 di-
visions are defined by environmental sequences only [378]. The proportion of
cultivated versus uncultivated sequences obtained from environmental mo-
lecular analyses may be used as an indication of the level of described biodi-
versity for a particular division. The occurrence of bacteria with the ability to
produce PUFA is limited to five well-known marine genera which fall within
two distinct domains of bacteria. Although separated by a significant evolu-
tionary distance, the ability to produce EPA is apparent from both groupings.
Species from each domain also possess the ability to produce further PUFA
products, namely AA or DHA, respectively (Fig. 22) Thus, the ability to pro-
duce PUFA exhibits a phylogenetic linkage centred on two distinct lineages,
the marine genera of the y-Proteobacteria (Shewanella, Colwellia, Moritella,
Psychromonas, Photobacterium) and more limited species within two genera
of the Cytophaga-Flavobacterium-Bacteroides (CFB) grouping (Flexibacter,
Psychroflexus). However, it is pertinent to note that not all species within
these genera express the ability to produce PUFA (Figs. 22, 23). Evidence
implies that PUFA production is associated with physiological adaptations
within marine bacteria.
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Fig.23 Schematic of the phylogenetic relationship of the genus Shewanella based on 16S
rDNA sequence. Species known to produce polyunsaturated FA (PUFA) and their lines of
descent are highlighted in red. Species and lines of descent known not to produce PUFA
are highlighted in bluel8. Arrows indicate sites of divergence where the expression of
PUFA synthesis has been lost. Adapted from Russell and Nichols [30]
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Marine ecology

Bacterial PUFA-producing isolates have been found to be particularly preva-
lent in high-pressure low-temperature deep-sea habitats and permanently
cold marine environments [357,367,379]. Indeed, the majority of the y-
Proteobacteria PUFA producers are characterized as being psychrophilic?,
halophilic and predominantly piezophilic* or piezotolerant [30, 380]. These
physiological traits have influenced the ecological distribution of PUFA-
producing bacteria in the marine environment (Table 5). The enrichment
of PUFA-producing strains from these environments has led to speculation
that PUFA synthesis is an important adaptation for countering the effects
of elevated hydrostatic pressure and low temperature on membrane fluidity
or phase. In strains which have been analysed, PUFA synthesis undergoes
temperature-dependent and, for deep-sea isolates, pressure-dependent regu-
lation. Typically, as cultivation temperature is decreased, and or pressure in-
creased, PUFA incorporation into membrane phospholipids is enhanced. This
modulation is thought to maintain appropriate membrane physical structure.
Indeed, in marine bacteria, PUFA are component FA of certain phospholipids
which occur in the cell membrane. It is considered that the low melting tem-
perature of these highly unsaturated membrane components, combined with
their unique molecular geometry in the membrane, yields a particular ad-
vantage at low temperature in balancing the competing homeoviscous and
homeophasic forces in the cell membrane [30].

However, if bacteria of the CFB grouping are similarly psychrophilic and
halophilic, they lack the ability to grow at high pressure [380]. In addition,
for at least one high-pressure-adapted deep-sea bacterium, Photobacterium
profundum strain SS9, growth at high pressure and low temperature does
not depend upon PUFA synthesis [351]. Hence while PUFA production ap-
pears as a phylogenetically linked genotypic strategy for such selective pres-
sures, their presence may not be essential for the growth of bacteria in such
environments.

While there is not necessarily a phylogenetic relationship between psy-
chrophilic organisms, such relationships may exist through the evolution
of adaptive strategies for low-temperature growth. This is supported by
empirical observations such as in the genus Shewanella (Fig.23). Here,
there is a good correlation between those species which are cold-adapted
and produce PUFA (S. pealeana, S. hanedai, S. benthica, S. gelidimarina,
S. frigidimarina), in contrast to those which do not produce PUFA and
grow at higher temperatures (mesophiles) (S. putrefaciens, S. alga, S. baltica,
S. woodyi, S. oneidensis, S. amazonensis). However, as indicated by Nichols

3 The term psychrophile (psychro = cold, phile = loving) is an operational definition, to describe
the temperature-growth relationship of microorganisms [400].
4 (Piezo = pressure, phile = loving). Same comments as above.
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Table5 Major bacterial genera responsible for the production of PUFA in the marine
environment (adapted from Nichols [25])

Species Ps Ha Pi PUFA Environmental source References
Shewanella

S. algae - - - - Red algae, Japan [376]
S. amazonensis - + - Water, Amazon river [381]
S. baltica - - - Oil brine, Japan [376]
S. benthica + + + + Holourithan intestine [376]
S. colwelliana - + - - Aquaculture, USA [31]
S. frigidimarina + - - 4+ Sea ice, Antarctica [376]
S. Gelidimarina + + + + Sea ice, Antarctica [376]
S. hadenai + + + + Sediment, Artic [376]
S. japonica + - - 4+ Sediments, mussels [382]
S. livingstonensis + - - nd Sea water, Antarctica [383]
S. oneidensis - - - - Lake sediment, USA [31]
S. pealeana + + - 4+ Squid gland [31]
S. putrefaciens 0OG1 - - - - Butter, UK [31]
S. putrefaciens OG3 - - - - Butter, UK [31]
S. woodyi + + - - Sea water, Hawaii [31]
S. violacea + + + + Deep-sea [384]
Colwellia

C. demingiae + + nd + Sea ice, Antarctica [377]
C. hadaliensis + + + nd Deep-sea [385]
C. hornerae + + nd + Sea ice, Antarctica [377]
C. maris + + nd + Sea water, Japan [386]
C. psychroerythraea + + nd + Flounder eggs [377]
C. psychrotropica + 4+ nd + Burton lake, Antarctica [377]
C. rossensis + + Nd + Sea ice, Antartica [377]
Moritella

M. japonica + 4+ £ + Deep-sea [384]
M. marina + + + + Sea water [387]
M. vavanosii + + + + Deep-sea [388]
M. viscosus + + + nd Fish [389]
Psychromonas

P. antarticus + + + nd Sea-ice, Antarctica [390]
P. kaikoae + + + + Deep-sea [391]
P. marina + + + + Seawater [392]
Psychroflexus

Ps. gondwanense - - nd - Burton lake, Antarctica [393]
Ps. torquis + + nd + Sea ice, Antarctica [393]
Photobacterium

Ph. profundum + + o+ o+ Deep-sea [394]

Ps: Psychrophilic, Ha: Halophilic, Pi: Piezophilic
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etal. [31], S. frigidimarina and S. pealana are rather psychotolerant than psy-
chrophilic and in addition S. frigidimarina also grows without the presence
of salt. Thus these authors point out that the correlation among psychrophily,
halophily and PUFA production is therefore not exclusive. They suggest that
PUFA production may be a common physiological strategy for coping with
the combined constraints of low temperature and marine salinity.

In addition to cold environment (sea ice) and deep sea water, PUFA-
producing bacteria have also been isolated in the intestinal contents of marine
fish and invertebrates [347, 368, 379, 395-397] Moreover, the transfer of bacte-
rially derived FA and specifically PUFA, between marine bacteria and higher
trophic levels has been demonstrated [370, 398]. For example, recent studies
have demonstrated that PUFA-producing bacteria can be used to enrich ro-
tifers in EPA or DHA [370, 371,399]. The greatest level of EPA enrichment
in rotifers was 5.8% dry weight [370], whereas for DHA it was 0.3% dry
weight [371]. These studies provide an important step in the development of
novel sources of PUFA for aquaculture [346].

All theses facts uphold the idea presented by Nichols [25] that the assump-
tion that microalgae provide the bulk of de novo PUFA production for all
marine food webs must now be actively reviewed to determine the role and
potential importance of PUFA-producing prokaryotes in marine microbial
niches such as sea ice, marine animals and abyssal communities.

Biotechnology

Interest in the production of PUFA from alternative sources for use in aqua-
culture feeds and human nutraceuticals (see section on heath benefit) has
fuelled recent research into the molecular biology of PUFA production in
prokaryotes. A key advantage of bacterial PUFA production (as for thraus-
tochytrid PUFA production, see below) is that only a single PUFA is pro-
duced, rather than the complex mixture yielded from fish or algal oils [30].
Thus bacterial sources of PUFA remove the expense of preparative purifica-
tion in the production of high-purity PUFA oils.

In addition to their potential use as “cell factories”, bacteria in particular
offer the biotechnological opportunity to investigate the genes and enzymes
responsible for PUFA production. A variety of bacterial fatty-acid biosyn-
thetic mechanisms exist, which vary with taxonomic identity and class of
fatty acid product [401-403]. Some reports have suggested that bacterial
(n-3) PUFA production is mediated by undefined desaturases [30, 348, 352].
However, as indicated by Allen et al. [351], sequence studies of bacterial genes
required for PUFA biosynthesis have gradually led to a reappraisal of this view
(see section on biosynthesis).

Initial insight into the genetics of bacterial PUFA synthesis was gained by
the transfer of a gene cluster from Shewanella putrefaciens SCRC-2738 into
Escherichia coli and a Synechococcus sp. resulted in the successful expression
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of EPA in these organisms [347]. However, the level of expression achieved
was low. The gene cluster used in both cases consisted of a 38 kb fragment
containing eight open reading frames with three of these possessing homol-
ogy with genes that encode for enzymes involved in fatty-acid biosynthesis.
Further characterization using these organisms has identified five genes re-
sponsible for PUFA biosynthesis, designated ORFs 2, 5, 6, 7 and 8. A sub-
sequent analysis of the predicted amino acid sequences of the products of
these genes indicated that they are most related to microbial polyketide syn-
thase (PKS) complexes and fatty acid synthase (FA) enzymes (see section on
biosynthesis). In addition to the Shewanella sp. SCRC-2738 sequences, related
genes partially responsible for PUFA production have been analysed from
the DHA-producing bacterium Moritella marina strain MP-1 (formerly Vibrio
marinus) [352] and from a DHA-producing thraustochytrid marine protist
belonging to the genus Schizochytrium [329]. Recently, Metz et al. [329] re-
ported biochemical analyses of PUFA production in E. coli strains harbouring
Shewanella sp. SCRC-2738 DNA and in the Schizochytrium species. Consistent
with the examination of enzyme domains, isotopic-labelling studies provided
compelling support for a PKS-like pathway of PUFA synthesis in both systems
studied [329].

After spending significant effort on understanding the mechanistic mi-
crobial production of PUFA, research now has to focus on the regulation of
such biosynthesis to maximize the transgenic potential of bacterial LC-PUFA
genes.

10.5.1.2
Thraustochytrids

Thraustochytrids are microheterotrophs generally considered necessarily
marine with a specific requirement for Na* ions [404] that feed as saprobes or
occasionally as parasites [405]. Thraustochytrids have been characterized by
the presence of sagenogenetosome, an ectoplasmic net, a cell wall with non-
cellulosic scales, and a life cycle consisting of vegetative cells, zoosporangium,
and biflagellate zoospores [354]. They have a wide geographic distribution in
estuarine and marine habitats, with strains isolated from Antarctica [406], the
North Sea [407], India [408], Micronesia [409], Japan [410], Australia [359]
and Fiji [354]. They have been reported frequently from seawater, sediments,
algae, and invertebrates, both as saprotrophs and parasites. Their ubiquitous-
ness and physiological capabilities to utilize a wide Varietym suggest that
they play a definite role in the marine ecosystem.

Originally thought to be primitive fungi, thraustochytrids have more re-
cently been assigned to the subclass Thraustochytridae (Chromista, Het-
erokonta), aligning them more closely with the heterokont algae (e.g., brown
algae and diatoms) [411].

Editor’s or typesetter’s annotations (will be removed before the final TgX run)
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In research on microheterotrophic PUFA production, particular attention
has been given to the thraustochytrids since their lipids contains proportion-
ately large quantities of w3 PUFA and particularly DHA [357].

Bowles et al. [386] have screened 57 thraustochytrids isolates from three
different locations. Although a common fatty-acid profile for the thraus-
tochytrid isolates emerged ((n-3) PUFA as a significant component, as previ-
ously found [2]), there was considerable difference in the DHA content of the
oil. This large variation in DHA proportion can also be extended to biomass
and lipid yields depending on the thraustochytrid strains (Table 6). Thus, in
some isolates from a cold-temperate environment, DHA can represent almost
50% of the total FA present while those from a sub-tropical environment pro-
duce higher levels of biomass, with up to 37 (w/w) % oil but with a lower
DHA content [423].

As indicated by Lewis et al. [363], most reports concerning the produc-
tion of PUFA by thraustochytrids have dealt almost exclusively with DHA
production (Table 6), as this compound is often the most abundant PUFA pro-
duced by strains of thraustochytrids reported to date. However, it is evident
that some thraustochytrid strains also produce other PUFA. Thus, Huang et
al. [354] have shown that the fatty acid profiles of DHA-producing thraus-
tochytrids could be used to classify them into five separate categories:

- DHA/DPA (docosapentaenoic acid; C22:5 (n-6)),

— DHA/DPA/EPA,

— DHA/EPA,

~ DHA/DPA/EPA/AA

- DHA/DPA/EPA/AA/DTA (docosatetraenoic acid, C22:4 (n-6)).

Their seven isolates from Japan and Fiji were proved to be new thraus-
tochytrids by their specific insertion sequences in the 185 rRNA genes. The
phylogenetic tree constructed by molecular analysis of 185 rRNA genes from
those isolates and typical thraustochytrids shows that strains with the same
PUFA profile form each monophyletic cluster. These results suggest that the
C20-22 PUFA profile may be applicable as an effective characteristic for
grouping thraustochytrids. Moreover, Bowles et al. [423] have shown that,
among their 57 thraustochytrids, all synthesized the w6 PUFA arachidonic
acid in varying amounts, mainly as a minor component of the PUFA and that
EPA was present in the oil produced by all the isolates except two (however
EPA content was generally low, varying from 0.2 to [-(%w/w)]0.6 of the dried
thraustochytrid cells). So, although about 15 strains of thraustochytrids, in-
cluding Thraustochytrium aureum, T. roseum, T aggregatum, Schiizochytrium
limacinum and S. aggregatum, have been reported to produce significant
amounts of DHA (Table 6), there are many potential strains yet to be ex-
plored [363, 424].

As indicated by Hammond et al. [425], there are no reports in the liter-
ature of direct human consumption of thraustochytrids. This is due to the
fact that, prior to the late 1980s, thraustochytrids had never been cultured
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on a scale larger than a laboratory shake flask. Barclay [422] and Bajpai
et al. [414, 415] were the first to successfully cultivate Schizochytrium sp. and
Thraustochytrium sp., respectively, in fermenters (two patents have been filed
detailing the cultivation of thraustochytrid strains to produce lipids con-
taining EPA and DHA [422, 426]). However, thraustochytrids are primarily
consumed by filter-feeding invertebrates in the marine ecosystem, includ-
ing mussels and clams, and by fish that are consumed directly by humans.
Thus, in the last few years, thraustochytrids have been successfully used for
commercial production of PUFA-rich products notably in aquaculture ap-
plications. This is the case for a Schizochytrium strain, which is the basis
for two products marketed for enriching rotifers (Brachionus sp.) and brine
shrimp (Artemia sp.) with PUFA, prior to feeding these organisms to cul-
tured finfish larvae ([427]; www.aquafauna.com; www.sandersbshrimp.com).
OmegaTech commercialized a product for aquaculture applications (HUFA
2000, a spray-dried form of Schizochytrium sp. dried microalgae), which has
been successfully utilized for over seven years as an excellent stable dietary
source of DHA in shrimp larvaculture and finfish (red seabream, Japanese
flounder) culture with no adverse effects. Use of Schizochytrium sp. in these
applications has been found to promote larvae survival and growth [428].
Other uses of thraustochytrid oil are being actively explored. Monsanto
(www.monsanto.com) is producing Schizochytrium sp.-derived oil under
a cooperative technology agreement with OmegaTech (www.omegadha.com).
Moreover, dried Schizochytrium microalgae (DRM, OmegaTech) have also
been generally recognized as safe (GRAS) for use as a DHA-rich ingredi-
ent in broiler chicken and laying-hen feed at levels up to 2.8-4.3%, respec-
tively [429]. Since 1997, DHA-enriched eggs from hens fed a diet containing
approximately 1% DRM are now commercially marketed in the United States,
Mexico, Germany, Spain, Portugal, the Benelux countries, Italy, Norway, and
Israel [430].

These products have entered the market in direct competition with mi-
croalgal and fish-oil products. It is possible, however, that thraustochytrids
will offer some advantage over other oils as sources of PUFA for aquacul-
ture. Many aquaculture species require proportionally more DHA than EPA
in their diet [431]. The PUFA profiles of many thraustochytrids fit this cri-
terion, while most oils from the fish-meal industry contain more EPA than
DHA. However it has to be noticed that a recent study [432] has revealed
that the replacement of fish oil with a dried product made from a thraus-
tochytrid culture in canola-oil-based diets for Atlantic salmon could affect
the disease resistance of fishes. Indeed, if the authors didn’t observe signifi-
cance differences in final weight, weight gain, feed consumption, feed efficient
ration or protein value between the diets, nor in whole-body chemical com-
position, organ somatic indices or measures of immune function, they have
noticed that, following transfer to seawater and two challenges with Vibrio
anguillarum, cumulative mortality was significantly lower in fish fed some
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fish oils than the others. They concluded that their thraustochytrid strain had
no detrimental effects on the performance of salmon although, at the cur-
rent inclusion of 10%, it failed to confer the same effects as fish oil under
challenging conditions.

In conclusion, as indicated by Lewis et al. [363], thraustochytrids are
clearly a new and potentially competitive player in the PUFA market. Con-
siderable work is required before the production of oil from these organisms
significantly increases its share of the market for PUFA-rich products. To
achieve this aim, the following key stages need to be negotiated. Firstly,
the collection, screening, and maintenance of PUFA-producing strains. Sev-
eral strains with potential for the commercial production of DHA-rich oils
have been isolated already. However, if thraustochytrids that produce higher
yields, more attractive PUFA profiles, or other less common but sought-after
PUFA are isolated and optimized, then demand for these isolates and com-
pounds may well increase. Secondly, the efficiency of PUFA production must
be optimized. The types and amounts of PUFA produced by individual strains
of thraustochytrids are susceptible to manipulation by varying culture condi-
tions. Enhancement of PUFA profiles using molecular techniques may be also
considered. Different markets will provide demand for strains that produce
high levels of PUFA measured either in terms of biomass (i.e., PUFA pro-
duction w/w cell mass) or volume (i.e., PUFA production w/vol fermentation
medium). Thirdly, appropriate conditions for long-term storage of micro-
bial cells and their products must be determined. The form and stability of
thraustochytrid biomass and of oils will be major factors in determining the
suitability of these products for use as food additives. Finally, oil extraction
and refinement technologies must be developed to meet market demands
for cost-effective and safe trophic transfer of PUFA to the target consumers.
The bottom line for the biotechnological future of thraustochytrid oils will
be their competitiveness against other PUFA-rich oils. Nevertheless, oils de-
rived from fish and microalgae generally have a complex fatty acid (total
and polyunsaturated) profile, and do not readily lend themselves to the iso-
lation of high-purity (> 98%) FA. Conversely, oils produced by some thraus-
tochytrids have relatively simple fatty-acid profiles and may well be more
amenable to cost-effective refinement. DHA is a good illustration of the in-
dustrial potential of thraustochytrids. Thus, the largest potential market for
microbial oils containing DHA is perceived to be as an additive to infant for-
mulae as an essential fatty acid for brain and retinal development (see section
on health benefit); Ratledge [362] considered that the presence of significant
quantities of EPA in the thraustochytrid oils so far assessed precluded its
use for this purpose. Indeed, eicosapentaenoic acid is considered contraindi-
catory in breast milk substitutes, but strain selection will easily allow this
difficulty to be overcome [423].
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10.5.1.3
Conclusions

Growing interest in PUFA applications in various fields coupled with their
significance in health and dietary requirements (see section on health bene-
fit) has encouraged “hunting” for more suitable sources of these compounds.
The inadequacy of conventional agricultural and animal oils has put attention
on developing new microbial technologies. Indeed, microorganisms repre-
sent the largest reservoir of undescribed biodiversity, and hence possess the
greatest potential for the discovery of new natural products. It is estimated
that the Earth currently supports 3-30 million species of organisms. Of these,
approximately 1.4 million have been described by science. This includes vir-
tually all the species of birds and mammals (~ 13500). In contrast only
around 200000 of the estimated 1.0-1.5 million species of fungi have been
characterized (i.e. 13-20%). For the bacteria this percentage is even lower
with estimates ranging from only 1-10% of probable species being described
in culture [433,434].

However, the focus of biotechnology on highly valuable PUFA requires
knowledge of how microorganisms control and regulate the fatty-acid biosyn-
thetic machinery in order to obtain specific PUFA in high yield.

Elucidation of the signalling systems and mechanisms transmitting the
signals from different membranes to the major sites of lipid biosynthetic ma-
chinery represents a challenging and potentially rewarding subject for further
research [435]. At least, the extensive research and development of PUFA pro-
duction carried out over the past few years will be aimed at improving the
economic competitiveness of microbial lipids compared to plant- and animal-
derived oils.

Nowadays, by using conventional stirred-tank fermenters, economically
viable quantities of certain microorganisms that are rich in LC-PUFA can be
produced [436]. The chief advantages of such techniques lie in the consis-
tency and purity of the final fatty acid product. Further, unlike the scenario
with fish oils, economies of scale have reduced the price of oils derived from
organisms raised in fermenters by 10- to 30-fold [437].

10.5.2
PUFA from fish

Fish is a major source of food for mankind, providing a significant amount
of the animal protein diet in many countries. Moreover, the consumption of
fish has been linked to health benefits (see section on health benefit). Indeed,
oils from fish are characterized by a large range of FA from 12-26 carbon
atoms and 0-6 double bonds. The bulk of the fatty acid chains is contributed
by saturated (15-25%), monoenes (35-60%) and polyenes (25-40%). In con-
trast with the other fats and oils, fish oils contain large amounts of EPA and

H There is no caption for this table - please check,

Editor’s or typesetter’s annotations (will be removed before the final TgX run)



Administrateur
Texte inséré
 ??


56 J.-P. Bergé - G. Barnathan

DHA, respectively, 14-19% and 5-8%. The proportion of polyunsaturated FA
depends on many parameters (see below). Saturated FA include C12 up to
C24:0 components, and some branched chains (iso C16, iso C17.) are also
found. Among the monoenes, 16:1(n-7), 20:1(n-9) and 22:1(n-11) are present
in various amounts, this last component being bioconverted from the corres-
ponding fatty alcohol of copepod wax ester by the fish liver [438]. More than
50 different FA were described in marine fish oil, but eight species frequently
represent more than 80% of the total amount (Table 7).&

In fish tissues, the composition of FA (mainly of triacylglycerolsl&5 and
to a lesser extend of phospholipids), is determined by diet composition and
lipid metabolism [439, 440]. Fish have the ability to synthesize de novo the
saturated and monounsaturated FA and also to selectively absorb and metab-
olize dietary FA including LC-PUFA [440, 441] in order to obtain an optimal
fatty acid composition [442]. This optimal composition seems to be a charac-
teristic for each species and even each strain [443, 444]. Moreover, the PUFA
conversion capacity in fish varies among species and even races [439]. Thus,
freshwater fish are generally able to elongate and desaturate a-linolenic acid
(18:3(n-3)) to EPA and DHA, whereas marine fish, which lack or have a very
low activity of A5-desaturase, cannot and require LC-PUFA such as EPA and
DHA in the diet [440].

In addition to food accessibility and lipid metabolism some environmen-
tal parameters also notably influence the proportion of PUFA [445]. Indeed,
the colder the water, the higher the amount of these components. An inher-
ent property of cells in poikilothermic animals is their capacity to adjust the
physicochemical characteristics of their membranes to the prevailing tem-
peratures. This phenomenon, known as homeoviscous adaptation of mem-
brane fluidity, has been reported in poikilothermic fish [446]. In fish, during
adaptation to reduced temperatures, unsaturation of the constituent FA in-
creases, with the polar head group as well as the molecular species composi-

Table 7
Menhaden Herring

14:0 7-12 5-8
16:0 15-26 10-19
16:1(n-7) 9-16 6-12
18:0 2-4 1-2
18:1(n-9) 8-14 9-25
20:1(n-9) - 7-20
20:5(n-3) 11-16 4-15
22:1(n-11) <1 7-30
22:6(n-3) 5-14 2-8

Please confirm correction of spelling from triaclyglycerols to

triacylglycerols
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tion of membrane phospholipids being reorganized [202]. Evidence suggests
that the fatty acid distribution is very individual from species to species
and depends on many factors like season, temperature, fishing ground, fish
species, age, gender or nutritional habits [447-452].

The FA distribution in triacylglycerols is stereospecific [www.cyberlipid.
org]. Indeed, results indicate that the stereospecific location of the PUFA is in
position 2 (also 3 for EPA in cod) in fish but in position 3 for mammals (same
in seal, whale and polar bear). This raises the question of the availability of
these FA from food expecting a benefic effect on diverse human functions (see
section on health benefit).

Familiar fish species used in the production of fish oil include among
others, anchovies, capelin, Atlantic cod, Atlantic herring, Atlantic mackerel,
Atlantic menhaden, salmonids, sardines (see section on market and sources).
Of the world’s fish oil production, 90% is produced from fatty fish where
lipids are localized mainly under the skin, around the intestines or in the
white muscle. In such fishes, the oil content varies (see above) but it can reach
21% (herring) and 18% (sardines). Such oils are still the least-expensive natu-
ral source of preformed long-chain PUFA, and several industries (e.g., Ocean
Nutrition, Halifax, N.S., Canada, and Pronova Biocare, Sandefjord, Norway)
now specialize in their production and purification through cold pressing,
further concentration by winterization (i.e., chilling), and other technolo-
gies [431].

There are, however, potential problems associated with fish oils as a source
of PUFA such as: taste, odor, stability problems as well as the presence of co-
extracted contaminants. Some could be at least partially solved for example
by microencapsulation [453] and deodorization [454]. Nevertheless, the cru-
cial problem of those oils is their sustainability due to the worldwide decline
of fish stocks (see section on market). A better use of raw material but as well
of by-catch and by-products from fisheries may be one solution, another is
to look for other sources (see above) including non- or little-exploited fish
species.

Lipid content has been studied for a long time mainly in the liver and ed-
ible parts of fish such as muscles. Several investigations have evidenced that
other parts i.e. liver and skin, often discarded for several reasons when fish
are prepared for consumption, may have possible nutritional and therapeutic
value mainly due to their EPA and DHA content [445, 455]. Indeed valuable
fish oils can be obtained from trash fish and/or fish scraps or cannery wastes,
which are often called “gurry” from filleting and canning operations. Fish
scraps normally consist of the head, skeleton, and adhering proteinaceous
tissues.

Surprisingly, it can also be observed that often no detailed chemical stud-
ies of the lipid and fatty acid content of certain fish are available, even
though the fish most often consumed or commercially exploited, such as for
example the species Sardinella and Cephalopholis in Senegal waters [455].
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Capelin, squid liver, krill (Euphausia superba) could constitute sustainable
new sources [437].

10.6
Current utilization of marine oils and lipids

10.6.1
Market

10.6.1.1
Production

From a world production of oil and fat of about 20 million tons in 1939, about
77 million tons were produced in 1989 where 74% were of vegetal origin (soy-
bean 19% > palm 13% > rapeseed 10.3% > sunflower 9.6%). In 2003-2004 the
global production of fats and oils is expected to be 128.5 million tons with
82% of vegetal origin. The world average consumption of oils and fats in 2003
is about 20 kg per capita [www.cyberlipid.org].

Of the estimated 89 million tonnes of fish produced in 2000 in the world,
excluding China, nearly 71 percent (63 million tonnes) was used for direct
human consumption. The remainder (about 29 percent) was utilized for var-
ious nonfood products, mostly for reduction to meal and oil (the state of
world fisheries and aquaculture, 2002 FAO). Indeed, nowadays, a third of the
world’s catch from the seas is going into manufacturing fish meal and fish oil.
Thus, the world production of marine oils represent approximately 1% of the
commodity world fats and oils production (Table 8).

Remark: the International Fishmeal and Fish Oil Organisation (IFFO) is
the international nongovernmental trade organization representing fish meal
and oil producers worldwide. It has more than 200 member companies in 38

Table8 Production (million tonnes) for 17 commodity oils in the four-year period
1998/99 to 2001/02 [456]

98/99 99/00 00/01 01/02
Total production 107.6 113.5 117.3 119.7
Soybean 24.60 25.30 27.10 29.40
Palm 19.40 21.30 23.70 24.30
Rapeseed 12.70 14.50 13.90 13.40
Sunflower 9.30 9.50 8.70 7.50
Other vegetal oils 19.70 20.50 21.70 22.40
Fish 0.86 1.38 1.42 1.12

Other animal fats and oils 21.04 21.02 20.78 21.58
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countries. Two-thirds of the world’s production of fish meal and fish oil are
members of the IFFO and 95% of the exports of fish meal and oil are also part
of the IFFO.

Chile, Peru, Scandinavia, USA and Japan are the main suppliers of fish oil
(Fig. 24). The average world production between 1991 and 2001 was about
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Fig.24 World fish body oil production - major producers (IFFO)
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Fig.25 World marine oils and fats exports by major exporters (IFFO)
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Fig.26 World marine oil consumption and stocks - major consumers (IFFO)

1.25 million tonnes of fish oil produced annually. Important fluctuations in
production can be observed, they were due to the El Nifio phenomenon
mostly in Chile and Peru. In 1998, which was the big El Niiio year, the pro-
duction of these two countries only reached 210000 tonnes while the average
over the last five years was 520000 tonnes (the total catch volume by Peru-
vian fisheries was reduced to 3696 million tons@a, only 45% of the 2002
catch of 8238 million tons). However, due to better prediction of such cli-
matic occurrence, the governments concerned are increasingly proactive in
anticipating and taking precautionary measures for fishing. Thus, precaution-
ary approach to fisheries management has been maintained (in Peru notably)
to safeguard the viability and prevent depletion of stocks through overfish-
ing. Careful management of the fishery and a return to normal environmental
conditions allowed stocks to recover in 1999 and 2000.

10.6.1.2
Exportation

The major exporters are mainly the same countries, with the noticeable ex-
ception of Japan that is rather now a net importer (Fig. 25). Over the past
decade fish oil exports by Peru (the main exporting country) have expanded
by almost twelve times (US$ 91.1 million in 2001). However, Peru’s exporta-
tion is variable; it can be enormous (up to 500000 tonnes in 2000) or very
small, notably during El Nifio periods. The second main fish oil exporter is
now the USA (US$ 41.7 million in 2001).
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10.6.1.3
Consumption

Consumption of fish oils by countries is indicated in Fig. 26. Most of the fish
oil goes into salmonid feed in Norway, Chile, Canada and various European
countries, which is the reason for the predominance of these countries in
terms of consumption.

Remark: fish oil is included in aquaculture feeds as a source of both di-
etary energy and PUFA. Considerable research is occurring worldwide in an
effort to find alternatives to fishmeal and fish oil in aquaculture feeds. How-
ever, this research is tempered by the obligate dietary requirement of many
marine finfish species for long-chain PUFA (LC-PUFA: e.g., EPA and DHA).

Aquaculture has been the world’s fastest-growing food production over
a decade [438]. The world aquaculture production has at least multiplied by
a factor of two in the last ten years: 24457421 tonnes live weight in 1993
and 48413636 tonnes live weight in 2001 (Eurostat and FAO sources). The
International Fishmeal and Oil Manufacturers Association [www.iffo.com] es-
timates that inclusion of fish oil in aquaculture feeds will rise from 380000
tonnes in 1994 to 582000 tonnes in 2001 and 1133000 tonnes in 2010
(Table 9). With aquafeed demand at about 1 million tonnes of fish oil in 2010,
depending on the production of fish oil it could be around 80% or even close
to 100%. This could well result in a worldwide undersupply of fish oil, leading
to increased demand for fish oil alternatives. Moreover, this lack of fish oil will
have an impact on aquafeed composition. It seems likely that cheap, plant- or
animal-derived oils, which often contain low levels of LC-PUFA, will be used
increasingly as alternative sources of energy in some aquaculture feeds. If
such substitution does occur, sufficient LC-PUFA to meet the dietary require-
ments of cultured aquaculture species may be required from other sources.
Typically, many cultured marine species require around 1% to 2 wt/wt % LC-
PUFA in their diets [457, 458]. Pike and Barlow [459] estimated that marine
aquaculture finfish species will require about 2 x 10° tonnes of feed in 2010.

Table9 Fish oil use prediction based on an annual world production of 1.25 million
tonnes for the period 2002-2010 [461]

1990 2002 2010
Edible 76% 30% 14%
Industrial 8% 12% 5%
Aquafeed 16% 56% 79%

Pharmaceutical - 2% 2%
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Table 10 Predicted use of fish oil in fish feed (data from IFFO)

% of fish oil inclusion in feed produced = Thousand tons of fish oil

2000 2010 2000 2010
Carp - 0.5 - 103
Catfish 1.0 - 5 -
Tilapia 1.0 0.5 8 9
Milkfish 2.0 2.0 6 11
Shrimp 2.0 3.0 30 73
Eel 5.0 8.0 17 23
Marine fish!  10.0 12.0 23 156
Trout 15.0 15.0 95 121
Marine fish?  20.0 15.0 226 335
Salmon 25.0 20.0 307 379
TOTAL 716 1209

! Flat fish including flounder, turbot, halibut, sole and cod, hake
2 Bass, bream, yellowtail, grouper, jacks, mullets

These figures point to a potential demand, for these species alone, for at least
10000 tonnes of LC-PUFA per annum (Table 10).

In addition to aquafeed, the current and potential world market for fish oil
products spans a number of sectors from unprocessed, oil-rich biomass for
animal feeds, to high-quality food-grade oils for use as food additives and nu-
traceuticals, and to very-high-purity oils and even individual FA for use in the
pharmaceutical industry (Table 9).

As indicated by Lewis et al. [363], the imprecise boundaries surrounding
the nutraceutical market make estimating the size of this market sector more
difficult. Sales of marine supplement oils were in the order of $55 million
in the United States in 1996 [460], and represented 20% of sales from health
food retail outlets. In the United Kingdom, fish oils account for approximately
29% (U.S. $140 million) of the total annual market for nutraceuticals [461].
Moreover, there is an increasing trend for infant formula manufacturers to
include PUFA-rich oils in their products. Typical inclusion levels of PUFA-
rich oils are designed to achieve a final DHA concentration in dry infant
formula of 0.1% to 0.2 wt/wt %. Indeed, the Western European market for in-
fant formula increased from 81500 tonnes in 1988 to 103 933 tonnes in 1994.
Extrapolating these figures suggests a potential annual demand in the Eu-
ropean infant formula market for up to 100 to 200 tonnes of DHA. Several
food and beverage products enriched with DHA or other PUFA are already
on the market. Mukherjee [461] reported the availability of products such as
enriched spreads, breads, eggs, and soft drinks in Europe and Japan. Bread
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enriched with refined tuna oil as a source of LC-PUFA is achieving substantial
market penetration in Australia. As awareness by both consumers and regula-
tors of the importance of adequate levels of PUFA in our diet increases, it can
be assumed that demand for a greater range of PUFA-enriched products will
increase [363].

10.6.1.4
Prices

The biggest use of fish oils is by the aquaculture industry, where it is neces-
sary to have an oil rich in the long-chain polyunsaturated FA characteristic of
fish oils. For this purpose, therefore, fish oil cannot be adequately replaced by
vegetable oils. To meet this demand there has been a reduction in stocks and
an increase in price. In 2000 and 2001 the average monthly price for crude fish
oil ranged from US$ 235-325/tonne and $323-598/tonne. In January 2002 it
was $613/tonne. [Oil World, www.oilworld.org]. In August 2002, crude fish oil
prices peaked (about 650 US$ per ton) and have started to decline ever since.
In November 2002, finally soybean oil prices managed to overtake those of
crude fish oil due to the shorter supply than initially forecast, which make
the latter competitive once more on the hardening market. For 2002, the aver-
age price of crude fish oil from any origin was about US $587/tonne; in 2003
it was about US$ 562/tonne (data from Oilworld). Peru’s enormous fish oil
production capacity sets this product’s international prices.

10.6.2
Common resources

Fish oil is a by-product of industrial fishing and the fish meal industry. Fish

oils are produced almost exclusively from small, bony species of pelagic fish

(living in the surface waters or middle depths of the sea), for which there is

little or no demand for human consumption [Fishmeal Information Network,

www.fin.org.uk]:

South America (three species)

In Peru, anchovy is by far the most important species for fishmeal and fish oil

production, with sardine largely making up the difference. The Chilean fish-

meal industry uses anchovy, sardine and jack mackerel.

Europe (seven species)

Seven key species are used to produce fishmeal and fish oil in Europe. These

can be divided into three groups:

a) No use for human consumption (inedible feed-grade fish - sandeel, capelin,
Norway pout).

b) Potential use for human consumption but mainly used for fishmeal be-
cause of limited outlets for human consumption (blue whiting, sprat).
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¢) Primary use is human consumption but surplus may be used for fishmeal

(herring, horse mackerel).

Fishmeal production also provides a major outlet to recycle trimmings from
the food-fish processing sector which would otherwise be dumped at ex-
tra cost to the environment and the consumer. In the EU, Spain, France,
Germany, Ireland and the UK produce fishmeal and fish oil primarily from
trimmings.

Global capture fisheries, i.e. catches of wild fish as distinct from farmed
fish, are valuable and finite resources which, although renewable, are highly
vulnerable. Moreover, overfishing has caused the collapse or near collapse
of some valuable fisheries. Overexploiting one fish species can affect other
species, not least birds and mammals, in the marine ecosystem. This situation
has generated understandable and justifiable pressure for environmentalists
to reduce fishing effort and catches further by introducing tighter regulatory
measures [438].
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