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Growing interest in polyunsaturated fatty acid (PUFA) applications in various fields coupled with their sig-
nificancein health and dietary requirements has focused attention on the provision of suitable sources of these
compounds. Isolation of highly efficient oleaginous microor ganisms has led to the development of fermentation
technologies as an alternativeto agricultural and animal processes. Particularly activein PUFA synthesisarethe
Zygomycetes fungi and certain microalgae. Emphasis is placed on increasing the product value by employing
new biotechnological strategies (e.g. mutation techniques, molecular engineering and biotransformations)
which allow the regulation of microbial PUFA formation with satisfactory yield in order to be competitive with
other sources. Compar ative successes in fungal PUFA production demonstrate microbial potential to synthesize
high-value oils and provide the main stimulus for their applications.
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Microorganisms have often been considered for the
production of oils and fats as an alternative to agricul-
tural and animal sources. However, owing to their resem-
blance to plant oils and animal fats, microbia oils will
inevitably have to compete with traditional lipid prod-
ucts if they are to be produced commercially. It is
clear that with the lowering cost of plant oils and animal
fats, there is no prospect that microbial oils similar to
these could ever be produced economically. Therefore, if
microorganisms are to be thought of as sources of single
cell qils, then their oils must be highly specific and cur-
rently expensive to obtain from agricultural and animal
sources, or not commonly synthesized by these sources.
Although amazing diversity of fatty acid structures
occurs in the microbial kingdom (1), many of the minor
fatty acids have potential uses but are not available in
sufficiently large quantities. Increasing demand for com-
mercially valuable lipids has resulted in production of
PUFAs for hedth and dietary applications. This review
deals with the biosynthesis of microbia PUFAs with
emphasis on their regulation and overproduction.

IMPORTANCE AND SOURCES OF PUFAs

PUFAs, with their unique structural and functional
characteristics, are distinguished by two main functions
(2). The first function relates to their roles in regulating

*  Corresponding  author.

Abbreviations: AA: arachidonic acid (20:4 cis 5,8,11,14); ALA:
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(20: 3 cis 8,11,14); DHA: docosahexaenoic acid (22°: 6 ¢js 4,7,10,
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EPA.: elcosapentaenoic acid (20 : 5 cis 5,8,11,14,17); ETA: eicosa-
tetraenoic acid (20 : 4 cis 8,11,14,17); GLA: -linolenic acid (18 : 3 ¢js
6,9,12); MA: mead acid (20 : 3 «cis 9,12,15); PUFA: polyunsaturated
fatty acid; SSF. solid state fermentation; TAG: triacylglyceral.

the architecture, dynamics, phase transition and permea-
bility of membranes, and modulating the behaviour of
membrane-bound proteins such as receptors, ATPases,
transport proteins and ion channels. In addition, PUFASs
control the expression of certain genes (3) and thus affect
some processes including fatty acid biosynthesis and
cholesterol transport in the body. Much more interest is
focused on the second role of PUFAs as precursors of
a wide variety of metabolites (such as prostaglandins,
leukotrienes and hydroxy-fatty acids) regulating critical
biological functions. The various roles played by PUFAs
make it apparent that they are required in every organ in
the body in order for the organs to function normally.
Therefore, it is not surprising that PUFA deficiencies
lead to abnormalities in the skin, nervous system, im-
mune and inflammatory systems, cardiovascular system,
endocrine system, kidneys, respiratory and reproductive
systems. Because mammals lack the ability to synthesize
PUFASs, these must be supplied in the diet. Moreover,
PUFAs also have a number of uses in various fields and
the biomedical and nutraceutical applications of commer-
cial PUFA-rich preparations have been recently reviewed
by Gill and Valivety (4).

The main oil sources relatively rich in C;3 PUFAs are
the seeds of some plants with dominant synthesis of
linoleic acid (18 : 2 cis 9,12) and ALA. Occurrence of
significant levels of essential GLA in plantsis rare and the
most commercially important sources of this fatty acid
are seeds of evening primrose (Oenothera biennis) with
8-10% (w/w) GLA, borage seeds (Borago officinalis)
containing 24-25% (w/w) GLA and black currant seeds
(Ribes nigrum), which consist of 16-17% (w/w) GLA (5)
(Table 1?. In contrast, PUFAs above C,; cannot be
synthesized by higher plants in any significant amounts
owing to a lack of the requisite enzymes. On the other
hand, the beneficial affect of fish oil has been ascribed to
its Cy and C,, w-3 fatty acid content, notably, EPA,
DPA-w3 and DHA (6). However, fish oils possess objec-
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TABLE1. Sources of polyunsaturated fatty acids

PUFA Conventional ~ sources Microbid  sources Ref.

GLA Plants (Evening primrose, Borage, Fungi (Mucor circinelloides, Mucor mucedo, Mortierella isabellina, Mortierella 15, 16, 17,
Blackcurrant) ramanniana, Cunninghamella echinulata, Cunninghamella elegans, Cunnin- 18, 58, 76

ghamella japonica, Rhizopus arrhizus, Thamnidium elegans), algae (Spirulina
platensis, Chlorela vulgaris)

DGLA Human milk, animal tissues, fish Fungi (Mortierella spp., especially Mortierella alpina, Conidiobolus nanodes, 2 1, 8§ 13,
(Scomber scrombrus), MOSSeS Saprolegnia ferax) 37,57
(Pogonatum urnigerum)

AA Animal tissues, fish (Brevoortia, Fungi (Mortierella spp., especially Mortierella alpina, Conidiobolus nanodes, 2,7 13, 14,
Clupea), mosses (Ctenidium Entomophthora exitalis, Blastocladiella emersonit), algae (Porphyridium 37, 57, 58,
molluscum) cruentum, Sargassum salicifolium, Euglena gracilis) 76

MA Animal tissues Fungi (Mortierella alpina) 109, 37,

110

EPA Fish (herring, menhaden), shellfish Fungi (Mortierella alpina, Mortierella elongata, Pythium irregulare, Pythium 6,7, 11, 37,

(blue crab, oyster, lobster, mussdl)  ultimum), algae (Chlorella minutissima, Chlorella minitissima, Monodus 90, 91, 97
subterraneus, Polysiphonia latifolium, Porhyridium cruentum, Phaeo- 99, 100
dactylum tricornutum, Nannochloropsis oculata, Amphidinium carteri,

Thalassiosira pseudonana), bacteria (Shewanella putrefaciens)

ETA Animal tissues Fungi (Mortierella alpina) 107, 108

DPA Fish Fungi (Schyzochytrium Sp.) 6, 106

DHA Fish (tuna, herring, cod, sardine, Fungi (Thraustochytrium aureum, Thraustochytrium roseum, Schyzochytrium 6, 11, 102,

salmon, menhaden), shellfish (blue
crab, mussel, lobster, oyster)

SR21, Schyzochytrium aggregatum), algae (microalgae MK8805, Crypthe- 103
codinium cohnii, Gyrodinium nelsoni, Amphidinium carteri, Gonyaulax

polyedra), bacteria (vibrio SPp., Rhodopseudomonas Spp.)

tionable tastes, and odours and their satisfactory utiliza-
tion requires the removal of cholesterol and small
amounts of potentially toxic impurities (e.g. pollutants).
There are also additional drawbacks to the use of fish
oils as a PUFA source, such as variations in oil quality
and the presence of fatty acids with antagonistic pro-
perties (e.g. arachidonic acid). Total content of ®-3
fatty acids depends considerably on the season and geo-
graphic location of harvest sites as well as on the species
of fish and the type and availability of its primary food
source, namely marine microorganisms. Furthermore, it
has been predicted that if w-3 PUFAs come to be widely
used as prophylactic drugs, the total present annual
production of marine fish oil would be insufficient to
meet the worldwide demand.

Oleaginous microorganisms, as aternatives to agricul-
tural and animal oil products, have also been intensively
studied. Certain fungi, marine bacteria, heterotrophic
and phototrophic microalgae and mosses contain various
PUFAs, and may thus represent suitable sources of them
(7-11). The diversity of microbial species can facilitate
the selection of strains producing oil with predominant
fatty acid. Although the contribution of microbia lipids
to the oil industry is nearly negligible, there are severa
reasons to be enthusiastic about them: (i) active lipid-
synthesizing apparatus makes oleaginous microorganisms
perspective oil sources; (ii) microbiad PUFAs are the
higher value ail types rather than resembling the bulk of
low-priced commodities such as soybean oil, pam oail
and sunflower ail; (iii) their extremely high growth rates
on wide varieties of substrates allow to utilize cheap or
zero-cost materials;, (iv) oil production can be carried
out throughout the year, there is no seasona or climatic
dependence; (v) microbial sources can supply more
concentrated pharmaceutical-grade PUFAs than other
sources with controlled quality; (vi) microbial compe-
tence to carry out numerous transformation reactions
(e.g. oxidation, desaturation and hydrogenation) enables
the upgrading of PUFA structures and allows simultane-
ous formation of lipid and other products; (vii) existence
of numerous mutants defective in specific enzymes (e.g.

desaturases) improves production of tailor-made oils;
(viii) oleaginous microbes can be considered as the
appropriate hosts into which foreign (plant or animal)
genes could be cloned for the production of desired fatty
acids hitherto not found in microorganisms but which
occur in other oil and fat sources; (ix) microorganisms
provide useful models for studying lipid biochemistry,
metabolic control and function because the fewer oran-
gelle compartments in their cells allow to answer the key
metabolic and biochemical questions more simply and
faster than in complex multicellular systems of other
organisms; (x) due to simplicity of microbia metabolic
regulation, they can be readily grown under controlled
conditions with nutritional regimes that may stimulate
or repress the key steps of fatty acid formation and allow
the manipulation of the lipid yield and profile; (xi)
microorganisms are rich in protein, trace elements,
vitamins, antioxidants, etc. so they could be employed
as macro- and micronutrients.

PUFAs AS TAXONOMIC CRITERION

A variety of PUFAs have been detected in microorgan-
isms including bacteria, fungi, algae, mosses and pro-
tozoa (1) and their cellular fatty acid composition has
been used to characterize, differentiate and identify vari-
ous genera, species and strains. The microbial fatty acid
composition offers valuable taxonomic and physiologic
information as to its relationship with other microorgan-
isms that may not be available from morphologic charac-
teristics. Thus, physiological data provided by fatty acid
profiles, when used in conjugation with morphological
characteristics, have the potential to increase the accuracy
and resolution of sorting large numbers of microbial
isolates. This information is especially useful at the sub-
species level, where morphological disparities are limited.
For example, fatty acid analysis of severa vesicular-
arbuscular  mycorrhizal fungi tentatively classified as
Zygomycetes, has revealed that these fungi have a fatty
acid profile more similar to that of Protoctisan fungi
(12). Also, the PUFA composition appeared to be a help-
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ful chemotaxonomic marker for the genus Mortierella
at the subgeneric level, where two subgenera were clearly
distinguished from each other (13, 14). Whilst Mortie-
rella subgenus Micromucor produced only PUFAs with
maximal length of C,; carbon chain, presence of Cy
PUFAs was characteristic for Mortierella subgenus
Mortierella. On the other hand, although the fatty acid
profile may be a reliable technique and criterion to
characterize species and strains, the current deviations in
one genus were found. For example, previous studies
have revealed intra-genus variability of the fatty acid
composition in Mucorales (15-19). This diversity of
microbia lipid composition is primarily determined by
activities of the key enzymes of lipid metabolism, which
reflect the physiological status of strains under cultiva-
tion conditions. Certik and Sajbidor (18) concluded that
mainly PUFAs with high intra-genus variability are
involved in adaptation changes to secure the optimal fluid
properties of cell membranes.

BIOSYNTHESIS OF MICROBIAL PUFAs

The prospect for efficient microbial PUFAs produc-
tion requires knowledge of the mechanisms by which
their biosynthesis is accomplished within the cell. These
are, however, till poorly understood, athough the main
aspects of PUFA accumulation are known. There are
several distinct pathways that could be involved in this
biosynthetic process (20): (i) de novo synthesis of fatty
acids from glucose; (ii) the incorporation of exogenous
fatty acids directly into lipid structures, and (iii) follow-
ing desaturation and elongation of lipid sources. In addi-
tion, fatty acid biohydrogenation (saturation) and partial
or total degradation (P-oxidation) also contribute to this
process.

Unsaturated fatty acids are synthesized by either an
aerobic or an anaerobic mechanism. PUFA synthesis
is associated with membrane-bound enzymes and the
desaturation system of the aerobic pathway is composed
of three proteins. NAD(P)H-cytochrome bs reductase,
cytochrome bs; and the terminal cyanide-sensitive
desaturase (Fig. 1). There are three types of desaturases.
(i) acyl-CoA desaturases, (ii) acyl-ACP desaturases, and
(iii) acyl-lipid desaturases. Generally, stearoyl-CoA or
stearoyl-ACP is the substrate for the first double bond
introduction to form oleoyl-CoA or oleoyl-ACP, respec-
tively. Subsequent desaturation takes place in the
endoplasmic reticulum where fatty acids bound to phos-
pholipids (especially phosphatidylcholine) are desaturat-
ed rather than thiol CoA esters (21, 22). However,
besides this dominant desaturation pathway, direct con-
version of fatty acyl-CoA to the corresponding PUFA
is adso found in the endoplasmic reticulum (21).

The first double bond in the aerobic pathway dom-
inant in eukaryotic cells and some bacteria is invaria-
bly introduced into the A® position of saturated fatty
acids, thus, pamitoleic (16: 1 cis 9) and oleic (18 : 1 cis
9) are the most common monoenes in microorganisms.
Oleic acid is then, in general, desaturated by A2
desaturase to yield linoleic acid, which may be further
converted by AP desaturase to a-linolenic acid. Thus,
these three fatty acids are the basic precursors of the
w-9, 0-6 and w-3 fatty acid cascades (Fig. 2). The next
steps for PUFA production are desaturation of appropri-
ate fatty acid precursors by A® desaturase followed by
successive chain elongations and subsequent desatura-
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FIG.1. Aerobic desaturation complex of unsaturated fatty acids
formation in  microorganisms.

tion(s) to yield the respective C,, and C,, PUFAs.
The w-9 family of PUFA is synthesized from oleic acid and
sequential participation of A® desaturase, elongase and
A% desaturase to finally produce MA. The w-6 type of
fatty acids is usually formed from linoleic acid via desa-
turation (4%, A%, A% and elongation steps from linoleic
acid through GLA, AA and adrenic acid (22 : 4 cis 7,
10,13,16) to DPA-w6. Finally, two routes operate for
0-3 PUFAs synthesis in microorganisms (23). In the
first route, which is temperature independent, ALA is
metabolized via the 0-3 pathway to EPA, DPA-w3 and
DHA. The second temperature dependent route involves
the conversion of -6 fatty acids into corresponding w-3
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PUFAs catalyzed by two possible enzymes, AP and A
desaturases (w® desaturases).

In addition, differences in the PUFA formation be-
tween in vivo and in vitro systems of Mortierella raman-
niana were observed (24). While intact cells of the strain
sequentially desaturated oleic and linoleic acids into
GLA, free membrane bound enzymes formed hydroxylat-
ed fatty acids. Although membrane desaturases have
many superficial similarities to the hydroxylases (25) and
certain desaturations might take place in two steps
(hydroxylation by molecular oxygen, followed by de-
hydration of the hydroxy derivative), further studies are
necessary to shed more light on the relationship between
these two pathways.

Once desaturation has occurred, the acyltransferation
reactions then facilitate distribution of newly synthesized
PUFA to other cellular lipids. Many microorganisms
accumulate large amounts of PUFASs as storage lipids in
the form of triacylglycerols which are synthesized from
sn-glycerol-3-phosphate and acyl-CoA through a sequen-
tial process (known as the Kennedy pathway) involving
glycerol 3-phosphate acyltransferase, lysophosphatidate
acyltransferase, phosphatidate phosphatase and diacyl-
glycerol acyltransferase (26, 27). However, the assembly
of three fatty acids onto the glycerol backbone is not
aways as straightforward as outlined in the Kennedy
pathway and most fatty acids are not immediately avail-
able for TAG biosynthesis. As mentioned above, the acyl
chains are bound to phospholipids where they become
desaturated or otherwise modified. Fatty acids from
phospholipids are then available for TAG biosynthesis
by one of two mechanisms responsible for regulation of
TAG unsaturation (28). In the first, acyl exchange occurs
between acyl-CoA pool and acyl-phospholipid (mainly
phosphatidylcholine) by the combined reverse and for-
ward reactions of acyl-CoA:phospholipid acyltrans-
ferase. The resulting newly formed PUFA-CoAs enrich
the acyl-CoA pool where they serve as acyl donors in
TAG synthesis via the Kennedy pathway. The second
mechanism involves donation of the entire diacylglycerol
portion from phosphatidylcholine catalyzed by reversible
CDP-choline phosphotransferase and these diacyl-
glycerol moieties with newly modified PUFAs may be
directly available for TAG synthesis. Thus, acyltrans-
ferases and desaturases may be tightly bound and their
cooperation including their specificities and selectivities
to different acyl-CoA species is responsible for PUFA
distribution among individual lipid structures.

PROCESSES FOR MICROBIAL PUFA
PRODUCTION

The extensive research and development of PUFA
production carried out over the past several years is still
continuing and is basically aimed at improving the eco-
nomic competitiveness of microbial lipids compared to
plant- and animal-derived oils. Emphasis is put on in-
creasing the product value, using inexpensive substrates,
screening for more efficient strains and reducing the
processing steps necessary for oil recovery from the cells.
Screening of potential microorganisms for PUFA produc-
tion is the first and an essential step limiting the number
of strains for further study and practical use. These
strains can be directly used in laboratory-scale optimiza-
tion process. Since the entire pathway of microbial lipid
biosynthesis is under strong regulatory control, mathe-
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maticall models determining the relationship between
availability of various nutrients and oil concentrations
and their composition in the cells have been applied to
the process to achieve the maximal PUFA yield (29).
Two basic processes have been developed for microbial
production of PUFASs. submerged and solid state fermen-
tations. Simultaneously with fermentation trials, toxico-
logical treatments of the strains and their metabolites
must be performed to determine the safety of the prod-
uct (30, 31).

Submerged fermentations Submerged cultivations
for industrial use require a process that consists of sever-
al operation units from strain cultivation to oil refining.
There are, however, three key operations which require
special attention to the process development owing to
the nature of oleaginous organisms: (i) fermentation; (ii)
cell separation; and (iii) oil extraction and refining. Be-
cause the economic considerations of PUFA production
are severely affected by the cost of raw material feed-
stock, selection of growth media (usually nitrogen-limit-
ed) is an important step. It should be noted that media
adequate for the screening process are different from
large-scale production media. Under optimal conditions in
a fermentor, microorganisms require 5 kg of fermentable
substrate to produce 1 kg of TAG-type oil. The most
cost efficient substrates are the waste materials from the
food industry, preferable when the oil is intended for
human consumption. After appropriate pretreatment,
the substrate is either batch or continuously fermented
under favourable conditions with sufficient amount of
inoculum to yield biomass rich in PUFA-ail.

Solid state fermentations The principa difficulty
that has been experienced with submerged PUFA produc-
tion has been in its marketing rather than in developing
the large-scale fermentation and oil extraction processes.
The association of the fungal oil with SSF provides
another opportunity to fill marketing claims. Because
these fungi simultaneously decrease anti-nutrient com-
pounds in the substrates (e.g. phytic acid) and partially
hydrolyze substrate biopolymers, prefermented mass
with a high content of PUFAs may be used as inexpen-
sive food and feed supplement (Slugen, D. et al., Czech
Patent Appl. 279043, 1994). However, many scae-up
problems of SSF processes employed in PUFA produc-
tion have to be solved before a laboratory-scale process
can be transferred to the commercial level. There are
fewer studies on the factors influencing the microbial
growth and lipid formation in large-scale SSF than those
with submerged fermentation. The two most important
factors are mass transfer (including both transfer of
oxygen to the growing microorganisms and transfer of
nutrients and enzymes within the substrate solid mass)
and removal of reaction temperature generated during
fermentation. In general, development of a desirable
SSF process for fungal PUFAs involves many steps that
are as follows: (i) isolation, screening and selection of an
appropriate microorganism, (ii) optimization of physico-
chemical and nutritional parameters as well as standardi-
zation of process unit operation on a laboratory scale,
(iii) scale-up studies and, if necessary, the design and
establishment of the pilot plant, (iv) generation of en-
gineering data, design and layout of the commercial
plant, (v) construction of the plant and solving any
difficulties in plant operation during the commissioning
step, and finally (vi) regular operation of the plant for
the production of microbial metabolite(s). Scale-up is
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therefore the crucia link in the transfer of laboratory-
scale processes to commercial production scale and
brings several problems such as variations in the biomass
formed, large-scale inoculum development, medium
sterilization, aeration, agitation, maintenance of con-
stant heat and water balance, pH control, contamination
control, heterogeneity, downstream processing, water
and solid waste handling (32). Nevertheless, PUFA
production by SSF could be a useful method for a newly
developing market, as the risk to producers and the
investment cost may be expected to be less dramatic.

REGULATION AND CONTROL OF MICROBIAL
PUFA FORMATION

Comparative success in microbial oil production has
led to a flourishing interest in the development of fer-
mentation processes and has enabled several processes to
attain commercial production levels (4). However, two
main problems still exist - the economic and marketing
difficulties. On the other hand, the cost of microbial oil
may be secondary compared to the health (functional,
dietetic and therapeutical) benefits derived. Nevertheless,
microbial oils must yield to the best commercia varieties
and have a broad production base to be competitive
with other commodities. Although the manipulation of
microbial oil composition is a rapidly growing field of
biotechnology, the supply of microbia lipids is still
insufficient to meet industrial demand. Therefore, alterna-
tive strategies (for example mutation methods, molecular
engineering techniques, the use of inhibitors, structuring
microbial fatty acid composition by enzymatic treatment
of preexisting oils) should be combined with classical
fermentations.

Mutation techniques Although several wild-type
oleaginous microorganisms are able to synthesize PUFA-
rich oils, these strains have a limited ability to produce
new PUFASs or increase existing PUFA formation. Muta-
tion techniques resulting in the suppression or activation
of specific desaturases and elongases are beneficial not
only for the production of tailor-made fatty acids, but
they can also be useful for studying fatty acid biosynthe-
sis in a microbial body (23). Several mutants with defec-
tive desaturases (A°, AS, A%, A2 and o [AY, AV,
enhanced desaturase activities (A%, A¢) or their combina
tions (33-37) as well as elongation defective mutants (38)
have been characterized and employed for PUFA forma-
tion. These mutants not only exhibit significantly im-
proved production of naturally occurring PUFAs, but
aso form other PUFAs commonly not found in the
wild-type microorganisms. Moreover, the ability of these
mutants to utilize exogenous fatty acids alows the
production of various PUFAs in high yield. This
phenomenon is very promising from the biotechnological
point of view because there are various sources of easily
available natural oils containing individual fatty acid
precursors. Thus, the mutants are excellent tools for
regulating exogenous fatty acid flow to targeted PUFAS.
Moreover, due to simplicity of their metabolic system,
they are excellent models for elucidating the reaction
mechanisms involved in fatty acid biosynthesis. Among
them, the mutants of Mortierella alpina, with their
unique fatty acid biotransforming enzyme systems, are
probably the best studied microbial strains (23, 37).

Molecular engineering microbial lipids Progress in
the genetic engineering of microorganisms has led to
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speculation that certain oil components could become
marketable commodities if the genomes of traditiond
oleaginous microbes were appropriately modified. The
ideal oil for commercial-scale application would consist
of a particular type of PUFA that could be supplied
constantly at a competitively low price as compared with
raw or currently used materials. However, microbial
fatty acids biosynthesis requires the interaction of multiple
gene products. To what degree must the lipid synthetic
apparatus be modified to yield industrially applicable
changes, remains to be determined.

A major challenge in modifying the lipid composition
is to change the degree of fatty acid unsaturation and to
reduce or increase the chain length of fatty acids.
However, most of the enzymes that modify the structure
of microbial fatty acids are membrane bound, which has
significantly hindered efforts to purify and study their
action. From this point of view, molecular engineering
provides very powerful methodology and tools not only
for the investigation of complex metabolic pathways
involved in PUFA formation, but also for the production
of novel microbial varieties synthesizing economically
valuable fatty acids. Because biochemical mechanism(s)
and the structure/function relationship of the fungal
desaturases, such as positional specificity or the relation-
ship between desaturases and other fatty acid modifiers,
are still not well understood, a rational strategy for isola-
tion and expression of the genes responsible for the
desired metabolic steps have to be designed. There are
three interdependent genetic technologies to engineer
fatty acid composition: (i) cloning of genes encoding
proteins involved in PUFA biosynthesis; (ii) transgenic
expression of these genes; and (iii) modification of cloned
genes in order to engineer the expressed protein (39).

Progress in this area has been mainly advanced in
plants and cyanobacteria (39, 40), where many of the
soluble and membrane-bound enzymes involved in fatty
acid unsaturation have been characterized and cloned.
Most of the already cloned genes have significant homol-
ogy to their microbial or animal counterparts. Thus,
genes isolated from one organism could be transferred
into microorganisms or to used as heterologous probes
for the isolation of appropriate microbial genes and final-
ly to alter fungal oils. By attaching the plant (41-43),
human (44) or animal (45) clone to a suitable microbial
promoter and microbial subcellular targeting sequences,
it may be possible to modify the chain length or amount
and position of double bonds in fatty acids produced in
microbial bodies as well as conduct structure/function
studies through the use of site-directed mutagenesis. Con-
versely, the introduction of microbia lipid biosynthetic
genes into specific subcellular locations of plants (46, 47)
and human cells (48) also provides a useful tool for
uncovering reactions and components of the key regulatory
systems in these organisms. However, these types of het-
erologous expression require for full desaturase function-
ality the presence of a suitable membrane environment
and electron donor (cytochrome bs). In addition, homol-
ogous transferring of desaturase genes from one micro-
bial species into others offers much potential for exploita-
tion to develop strains with the desired PUFAs (49).
Thus, these functional exchanges of desaturase genes
from different origins are important steps towards the
production of special PUFAs in oleaginous micro-
organisms.

Desaturase inhibitors Another strategy in modifying
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PUFA profile is based on the employment of desaturase
inhibitors that control individual desaturation steps. Prob-
ably the first known naturally occurring inhibitor of
unsaturated fatty acid desaturation is cyclopropene
sterulic acid which specifically blocks the conversion of
stearic acid to oleic acid catalyzed by A% desaturase.
Sterulic acid was efficiently used for production of
microbial oils having fatty acid composition similar to
cocoa butter (50). Various other cyclopropene fatty acid
esters have been synthesized as a potential structure-
based inhibitors of A®, Al? and A!% desaturases (51).

Three other inhibitor types showing unique effects on
PUFA metabolism were discovered during studies on Cy,
polyunsaturated fatty acid biosynthesis in Mortierella
fungi. The first type consists of lignan compounds isolat-
ed from the nonoil fraction of sesame oil (52) and from
Chinese medicine “Saishin” (Asiasari radix) (53). The
sesamin analogues specifically and noncompetitively
inhibit AS desaturase with K; values in the range of 160-
710 M. None of the A%, A% and A'? desaturases were
inhibited by low concentrations of these lignans. The
second type involves alkyl gallate antioxidants which non-
competitively inhibit both A% and A® desaturases with
K; values of 26 M and 170 ¢M, respectively (54). The
inhibitory function requires special structural features
such as the aromatic ring carries a hydroxy! group at the
metha position and the carboxyl group esterified with an
alcohol of appropriate carbon length. The third type
composes of curcumin [1,7-bis(4-hydroxy-3-methoxy-
phenyl)-1,6-heptadiene-3,5-dione), a major component of
turmeric (55, 56). It has a noncompetitive inhibitory
effect on both A’ (K;= 36 #M) and A¢ desaturase (K;= 28
¢#M). Although curcumin has a symmetrical structure
with a methylene group as the center, only half of the
structure is essential for the desaturase inhibition.

Several other unnatural desaturase inhibitors have
been synthesized. For example, anisole derivatives block
A% desaturase in fungi (57). Some analogues of fatty
acids, ftrans-octadecenoic acids, were found to be com-
petitive inhibitors of A%, A¢, and A’ desaturases in rat
liver microsomes. Herbicides of the substituted pyridazi-
none family showed inhibitory effects against Af and «*
desaturases in microalgae (58). On the other hand,
Cachannel blockers nicardipine and nifedipine inhibit
rat microsomal desaturases noncompetitively (59). While
nicardipine specifically reduces A° desaturase (K;=62
#M), nifedipine efficiently blocks AS desaturase (K;=44
#M). Interestingly, when these two compounds were
applied to fungal desaturases, no inhibition was ob-
served. Conversely, verapamil, another Ca-channel block-
er, reduces both microbial A5 and AS desaturases, while
no effect on the liver microsomal desaturases was
observed. The reason for these discrepancies may be
derived from the different properties of the fungal and
human desaturases. Thus, the application of desaturase
inhibitors to biochemical and genetical studies could be
a valuable tool for elucidation of desaturation complexes
from various sources.

Enzymatic biotransformations The application of
lipase-catalysed reactions in many industrial fields has
led to incorporation of these technologies to the improve-
ment of lipid composition from various sources. Employ-
ment of enzymatic routes to obtain desired PUFA ails is
an attractive alternative to chemical processes because (i)
formation of undesirable coproducts is amost eliminat-
ed under the mild conditions characteristic for enzymatic
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conversions, and (ii) the PUFA profile of the product
can be engineered by appropriate selection of bio-
catalysts and reaction conditions (60). In particular, the
enzymatic interesterifications are useful for modifying
microbial TAGs, where their nutritional values are based
not only on the degree of unsaturation, but also on the
acyl chain length and positional composition of individ-
ual PUFAs in the glycerol backbone (61-63). Therefore,
these tailor-made TAGs will make desirable compounds
for nutritional supplements, infant formulas and ther-
apeutic agents because of their superior assimilation and
metabolism. In addition, sufficient lipase-assisted incor-
poration of w-3 PUFAs to the oils containing -6
PUFAs alows the preparation of oils with desirable
»-6/w-3 PUFA ratios, leading to more beneficial human
applications (64, 65).

The commercial practicability of lipase-mediated
bioconversions has been clearly demonstrated by produc-
ing highly purified PUFAs, unique TAGs, PUFA-based
bioemulsifiers and phospholipids for use in foods,
nutraceuticals, biomedicals, pharmaceuticals, cosmetics
and drug-delivery devices (66). In addition, lipase-based
processing can potentially provide access to bulk and
refined PUFA feedstock suitable for further biological
applications that have been hindered by the high cost of
PUFAs refined by current chemical procedures. Finaly,
microbial PUFAs could be incorporated into seed and
animal oils providing cheap PUFA-fortified oils suitable
for direct use.

MICROBIAL PRODUCTION OF PUFAs

Increasing demand for high-value lipids has focused
commercia attention on the provision of suitable biosyn-
thetic framework for their production. Particularly
active in the synthesis of these and related fatty acids
are species of fungi belonging to Zygomycetes (10).
Oleaginous fungi producing PUFA could be economi-
cally valuable providing that the most of their PUFAs
occur in the triacylglycerol fraction of their lipids (Table
2). Microalgae are also potential sources of these fatty
acids, where production of w-3 PUFAs from microalgae
is being reconsidered and is expected to proceed rapidly
(67). However, they require special growth conditions
and harvesting/recovery techniques, so their use is not
always economically feasible. The possibility that a stable
economic niche exists for microbial PUFAs has led a
number of companies to subsidize development of these
biotechnological methods. For example, Rhéne-Poulenc,
Gist Brocades, Suntory, ldemitsu, Martek and Lion
have developed processes for fungal PUFAs. Microalgal
approaches to form PUFAs have been progressed by
Martek, Nisshin Qil Mills, Kelco International, Omega-
Tech, Scotia Pharmaceutical and Heliosynthese. On the
other hand, Sagami and Nestle have examined bacterial
PUFA-rich oils. The competition among fungi, micro-
algae, bacteria and plants as sources of PUFA will un-
doubtedly serve as a stimulus for al concerns, and it
will be of considerable interest to see which routes even-
tually emerge as the economically preferred ones for the
production of individual fatty acids.

r-Linolenic acid GLA was the first microbial PUFA
studied extensively. Although a number of filamentous
fungi of the class Zygomycetes accumulate large
amounts of oil, they tend to have a low content of GLA
and, conversely, those with high GLA content have only
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TABLE 2. Selected microorganisms for polyunsaturated fatty acid production
_ TL/DCW? PUFA formation®
PUFA Strain %) (%inal) (% inDCW) @) Remark e
GLA Mortierella  ramanniana 50 176 89 55 70
Mortierella isabellina 53 45 22 34 69
Mucor  circinelloides 20-25 15-18 NDe ND’ 68
Mucor  circinelloides 23 243 55 08 57
DGLA Conidiobolus  ranodes 34 183 62 16 A’ inhibitor add. 57
Mortierella alpina 45 268 107 26 A3 inhibitor add. 86
Mortierella  alpina 50 42 205 41 A’ mut 88
AA Mortierella  alpina 45 50 22 130 Refd
Mortierella  alpina 44 46 23 11 15°C 9
ETA Mortierella  alpina 30 26 17 16 ASmut, ALA add. 108
Mortierella  alpina 26 37 97 23 Alzt5smut, ALA add. Refe
EPA Mortierella alpina 55 12 6.7 19 low temp, ALA add. 94
Mortierella alpina 32 20 64 10 A2 mut, ALA add. 95
Mortierella  elongata ND’ 151 ND¢ 06 91
Pythium  ultimum 18 20 34 0.4 97
DPA-06 Schyzotrichium  SR21 53 74 48 10 106
DHA Schyzotrichium  SR21 70 373 262 155 105
Crypthecodinium  cohnii 60 39 250 80 Ref"
Schyzotrichium  SR21 53 340 24 47 106
Thraustochytrium  rose-
um 23 488 117 20 103
18:2 w9 Mortierella  alpina 40 14 60 10 A2 mut 110
Mortierella alpina 40 16 6.3 11 Alz+S mut 11
20:2 09 Mortierella  alpina 44 25 110 17 AR+ mut 1
MA Mortierella alpina 43 33 141 19 A2 mut 110
a Tota lipid per dry cell weight (%, wiw).
b PUFA concentration in oil and dry biomass (DCW) is expressed as 9%, wiw.
¢ Not disclosed.
d Higashiyama, K. et al, Abdr. AOCS Annu. Meet., Chicago, p 34, 1998.
¢ Certik, M. et al, Abstr. 10th Plant Lipid Symp., Japan p. 1997,
f Kashiwakura, M. et al, Proc. 3rd Internatl. Marine Blotechnol Conf., Norway, p. 61, 1994.

low oil levels. The most suitable species appear to be
molds of the order Mucorales. Some of them give a satis-
factory overall GLA content in biomass (about 4%) that
ensures a relatively high oil yield (more than 20% in bio-
mass) with appropriate concentration of GLA (20-25%).
Another practical source of GLA is microalgae Spirulina
platensis, which has been marketed as a health food in
several countries, but its effectivity to form GLA is not
as high as Zygomycetes (58).

The first commercial-scale microbia process was de-
veloped in 1985 in the United Kingdom with Mucor
circinelloides (M. javanicus). In a 200 kI fermentor the
strain accumulated 20% lipid in the biomass and the oil
contained 15-18% GLA (68). Although the oil after
extraction and refining consisted of 98% TAG, and the
GLA content was twice that of evening primrose oail,
marketing difficulties were the principal reason for sus-
pension of this industrial production. The other bio-
technological process (two-stage continuous fermentor
system) for obtaining GLA-rich oil is still continuing in
Japan using strains of Mortierella and Mucor. The culti-
vation of Mortierella isabellina leads to 83 g lipid/l
(4.5% GLA in total fatty acids) representing 3.4¢g
GLA/I (69). On the other hand, a new mutant of Mor-
tierella ramanniana, grown in a fermentor equipped with
a special mixing system for highly viscous media, im-
proved GLA production to 5.5 g/l (more than 30g
lipid/l with 18% GLA in ail) (70). This oil is commer-
cially used as a food additive or as a health food in
the form of drinks, candy, jelly and the oil is also added
to cosmetic preparations.

Another attempt to commercialize fungal GLA biosyn-
thesis has been developed in Slovakia, and the strains of

Mucor mucedo and Cunninghamella echinulata forming
up to 30 mg GLA/g mycelia were considered as perspec-
tive GLA producers (17). Attention is now focused on
the isolation, purification and use of the oil as a dietary
supplement for human and animal applications. Efforts
to industrialize microbial GLA biosynthesis have also
been performed by Kennedy et al. (29), who constructed
a fungal model for the maxima GLA production and
applied it to large-scale fermentations. To reduce cost,
the relationship between monocarboxylic acids (as waste
materials from petrochemical processes) and GLA forma
tion in fungi has been studied in South Africa (71).
Another strategy based on the use of Mucor ambiguus
immobilized on porous support particles enhanced GLA
productivity and at the presence of nonionic surfactants,
lipid containing GLA was found on the cell wall surface
and excreted into the culture broth (72). Alternative
methods of fungal fermentation with simultaneous pro-
duction of other useful metabolite(s) have also been pro-
posed with the aim of decreasing the price of microbial
GLA-oils. For example, Mucor circinelloides was found
to produce both GLA and cocoa butter equivalents
in substantial amounts (73). Strain Rhizopus arrhizus
showed high saccharide conversion to extracellular 1( +)-
lactic acid and the biomass served as an advantageous
source of GLA (74).

SSF processes using various types of cereas as
nutrient sources have been successfully employed for
GLA production. Generally, the surfaces of substrates
were covered by the fungal mycelium after 1-3 d of culti-
vation and total yield of prefermented mass decreased
during cultivation. Mortierella isabellina CCM-14 was
found to be a promising GLA producer (Slugen, D. et
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al., Czech Patent 279043, 1994). Its cultivation on barley
led in 18.6% GLA in total oil, that corresponds to
18 mg GLA/g bioproduct (prefermented residual sub-
strate with fungal biomass). High production of GLA by
Cunninghamella japonica was also reported where the
fungal growth on rice and millet resulted in 7.0-7.9%
GLA in bioproduct (20% GLA in tota oil) (75).

Arachidonic acid The ability to accumulate AA at
an industrial level is observed mainly in the Mortierella
genus (13, 14), although other strains were aso studied
(76). AA production by fungi can be substantially
enhanced by altering the cultivation conditions where AA
concentration in the oil varies between 30-70% with 70-
90% of the AA formed being bound to TAG (9, 37, 77).
The proportion of AA in the fungal oil was aimost dou-
bled (up to 70%) when harvested mycelia are stored for
6 d at laboratory temperature (78) or at low temperature
(79, 80). As the temperature decreased, AA concentra-
tion was elevated in phospholipids as a result of the
adaptation mechanisms of the fungi to maintain mem-
brane fluidity. Manganese ions promoted AA formation
in Mortierella alpina, whereas iron ions at concentra-
tions above 40 mg// strongly inhibited AA accumulation
(81). Efforts to increase AA formation by computerized
optimization of several variables affecting AA synthesis
in Mortierella alpina were performed (82). The highest
yield of 13 g AA/l (220 mg/g mycelia) was achieved
by Mortierella alpina 1S-4 in a 10 kl fermentor (Higashi-
yama, K. et al., Abstr. AOCS Annu. Meet., Chicago, p.
34, 1998). This fungal process is evidently superior to
microalgal processes among which Porphyridium cruen-
turn is probably the best producer of AA (58).

Solid-state fermentations were also employed to im-
prove the market for fungal AA-rich products. From the
screening of many fungi, Mortierella alpina CCF-185
showed highest AA productivity (83), where 57.4 mg
AA/g bioproduct (49% AA in oil) was achieved after
the strain was grown on millet. Totani et al. (84) report-
ed production of 11.8 mg AA/g potato/dextrose paste
by Mortierella alpina.

Dihomo-y-linolenic acid Growth of most fungi nor-
mally forming AA leads aso to production of small
amounts of DGLA. Strains with moderate AA contents
were able to form higher concentrations of DGLA and
aso GLA when cultivated on a potato-glucose agar me-
dium containing acetylsalicylic acid (14). Because AA
is synthesized from DGLA by A® desaturase, all AA-
producing fungi should potentially produce large
amounts of DGLA if this conversion is efficiently block-
ed. Therefore, two strategies were employed to reach
this goal. One is based on the presence of A’ desaturase
inhibitors in cultivation medium. Among various sub-
stances tested, addition of 3% sesame oil to a medium
led to remarkable increase of DGLA amount by Mor-
tierellq alpina up to 1.7 g/l, whereas AA production was
only 0.7 g/l (85). Optimization of the culture conditions
with addition of sesamin resulted in 2.6 g DGLA/!
(107 mg/g mycelia; 27% in ail) (86). Smilaly, DGLA
production by Mortierella alpina at the presence of
peanut oil reached 1.9 ¢/l (87) and the use of tert-butyl
hydroxy anisole in the medium yielded 1.6 g DGLA/! by
Conidiobolus nanodes (57). Other A’ desaturase inhibi-
tors were also reported (see above) but their effectivity
in stimulation of DGLA production is not as high as
with sesamin. The second approach is the use of A’
desaturase-defective mutants of Mortierella alpina which
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are characterized by a high DGLA vyield (4.1 ¢/l; 42% in
oil) and a reduced concentration of AA (88). Production
of DGLA by these mutants is advantageous because it
does not require inhibitors and its yield is relatively
high.

Eicosapentaenocic acid Most of the AA-producing
fungi also form detectable amounts of EPA and its
concentration in the oil increases when fungi (especially
Mortierella spp.) are cultivated at low temperature. The
enzyme system of Mortierella spp. catalyzing the conver-
sion of AA to EPA (A" desaturase) is activated by cold
(89) and the resultant EPA is necessary to maintain the
proper membrane fluidity at low temperature (90-92).
The best EPA yield (0.6 ¢/l; 15.1% in oil) was obtained
with Mortierella elongata (91). Accumulation of EPA
was improved by addition of ALA to the media and
under these conditions Mortierella alpina formed 1.35 g
EPA/l (93). Moreover, conversion of ALA to EPA is
temperature independent which markedly reduces the
energy cost for the fermentation than lowering cultiva-
tion temperature. However, simultaneous operation of
temperature-dependent conversion of AA to EPA and
ALA addition to media at low temperature further stimu-
lated EPA formation to yield of 1.9 g EPA/I (94).

SSF process has also been developed to prepare EPA-
rich bioproducts using fungi that can efficiently utilize,
incorporate and modify exogenously added oils in their
cells. Mortierella alpina grown on a mixture of barley
and thresh supplemented with linseed oil (consists of
about 57% ALA) vyielded 23.4mg EPA/g bioproduct
(178% EPA in oil) and 36.3 mg AA/g bioproduct
(27.6% AA in oil) (Slugen, D. et al., Czech Patent
279043, 1994). Subsequent storage of the bioproduct at
10°C for 7 d resulted in the increase in the ratio of the
total w-6/w-3 fatty acids from 0.9 to 1 .I as well as the
ratio of PUFA/saturated fatty acids from 6.0 to 7.8.

Nevertheless, AA concentration in the mycelial oil is
usually higher than that of EPA, even under the condi-
tions described above. From a nutritional point of view,
an EPA-rich oil with a low AA level is preferable, be-
cause of the diverse biological activities of AA (2). There-
fore, A'2 desaturase-defective mutants unable to synthe-
size any -3 or w-6 PUFAs when grown on glucose was
employed to solve this problem (95). Because the other
desaturases and elongases are still active, ALA added
exogenoudly (as linseed ail) to the medium was efficiently
converted to EPA with concomitant decrease in AA
content to achieve the fina mycelial EPA/AA ratio of
2.5. Another fungus, Saprolegnia sp. efficiently utilized
some natural oils as carbon source and converted them
to EPA (96). Under optima growth conditions at low
temperature with addition of olive oil, EPA/AA ratio
reached the value of 10.9 (2.3% EPA in biomass).

Although EPA may constitute up to 25% of the total
fatty acids in some species of Mortierella (91) and Pythi-
urn (97, 98), microalgae with amost 50% EPA in their
oil (58) strongly compete with fungi in industrial EPA
production. Kyle's group of Martek Corp. has pioneered
the use of this approach for the production of EPA-rich
oils (99). The advantage of this approach is the absence
of al other PUFAs in microdga oils making EPA
purification relatively easy. Marine bacterium Shewanella
putrefaciens is also considered as another alternative
source for commercial EPA production (100, 101). This
bacterium accumulates up to 15% of lipid in the cell,
of which 25-40% is EPA. However, all of the EPA is
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bound to phospholipid membranes causing additional
difficulties for EPA recovery.

Docosahexaenoic and docosapentaenoic acid DHA
occurs in several marine fungi, of which Thraustochytri-
um aureum accumulates up to 50% this fatty acid in oil
(102, 103). Unfortunately, the oil content of this mold is
only 10-15% and the cells grow slowly with low yield.
Moreover, the cell fragility at high content of intracellu-
lar PUFAs makes fermentation development difficult
(104). On the other hand, Yaguchi et al. (105) reported
that strain Schizochytrium SR21 is tolerant to mechani-
cal stirring of up to 500 rpm using a propeller-shape im-
peller and after cultural optimization in a fermentor the
strain yielded 15.5 g DHA// in 5 d. In addition, the same
strain grown under slightly modified conditions yielded
both 4.7 g DHA/! and 1.0 g DPA-w6/! (106) making the
strain SR21 an excellent source of DHA and DPA-6.
Moreover, high proportion of DHA and DPA-w6 in the
oil and relatively low levels or absence of other PUFAS
simplifies downstream processing of these two fatty
acids. Other microbial sources of DHA including fungi,
microalgae and psychrophilic bacteria were recently
reviewed by Singh and Ward (103), but their DHA pro-
ductivity is not as high as that mentioned above.

An interesting method for obtaining high DHA vyield
of 8 g/l (39% in oil; 25% in biomass) by heterotrophic
semicontinuous fermentation of the marine algae
Crypthecodinium cohnii and the subsequent use of DHA
for aguaculture of marine juvenile fish was reported
(Kashiwakura, M. et al., Proc. 3rd Internatl. Marine
Biotechnal. Conf., Norway, p. 61, 1994). Experimenta
nutritional enrichment of shrimp followed by brining for
preservation led to 30% DHA in shrimp oil or 3% DHA
in dry shrimp body without any loss in DHA biological
activity.

Eicéﬁetraenoic acid ETA is another product of
interest because of its potential use as a precursor of
prostaglandins (107). One method to produce oil contain-
ing ETA has been developed using desaturase-defective
mutants of Mortierella alpina. Mutants defective in A$
desaturase grown in medium supplemented with ALA
are able to accumulate oil with 26% ETA (1.6 g ETA/Z)
(108). Because these mutants usually synthesize also
DGLA, its formation should be limited in order to in-
crease the accumulation and improve the purification of
ETA. Therefore, mutants defective in both AS and Al
desaturases when cultivated with exogenously added
ALA exhibit increased production of ETA (37% in ail,
2.3 g/l) with simultaneous lowering of DGLA content

(Certik, M. et al., Abstr. 10th Plant Lipid Symp., Japan,
p. 6, 1997).
Mead acid MA is known to be a precursor of LT

leukotrienes and a reductant of inflammatory diseases
(109). Its formation occurs via sequential conversions of
oleic acid, consisting of AS-desaturation, elongation and
finally AS-desaturation (Fig. 2). Occurrence of this fatty
acid is very rare among microorganisms because they
usually rapidly convert oleic acid to linoleic acid by Al
desaturase and linoleic acid may then be further metabo-
lized to 0-6 and 0-3 PUFAs. Attempts to produce MA
resulted in the isolation of A!? desaturase-defective
strains of Mortierella alpina, which under optimal condi-
tions formed 1.9g MA/I (33% in oil) (110). On the
other hand, eicosadienoic acid (20 : 2 @9) is accumulated
in large quantities (1.7 g/l; 25% in oilg when mutants
of Mortierella alpina with both blocked A5 and A2
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FIG. 3. B|osynthe3|s of non-methylene- mterrupted 0-6 eicosa-
trienoic (20 : 3A5) and w-3 eicosatetraenoic (20 :  445) acids by as
desaturase-defective mutants of  Mortierella alplna EL-dongase; A%,
45, Al and @3-desaturases. Defective A¢ desaturase and non-
methylmeinterrupted fatty acids ae highlighted.

desaturases are employed (111).

Unusual polyunsaturated fatty acids Several fungi
have been reported to accumulate unusual PUFAS in
their cells. Mycelium of Mortierella alpina CBS 219.35
cultivated with glucose contained significant amounts of
C,9 PUFAS (19 : 305 and 19 : 4wS5) together with the com-
mon C;; and Cy PUFAs. On the other hand, Mortie-
rellg alpina 1S-4 converted 15 or 17 carbon n-alkanes to
C,s PUFAs efficiently and their accumulation reached
over 95% of the total fatty acids (37). Concentration of
19: 495 acid in the lipid was 11.2% whereas AA was
accounted for only 1.5%. Similarly, EPA-producing agua-
tic filamentous fungus Saprolegnia sp. synthesized odd
chain PUFAs during growth on medium supplemented
with 13, 15 and 17 carbon fatty acids (112). Among
them, unusual C;s PUFA, 19 : 502 was detected.

Mortierella alpina 1S-4 also accumulates a novel o-I
eicosapentaenoic acid (20 : 5 ¢is 5,8,11,14,19), w-I
eicosatetraenoic acid (20 : 4 cis 8,11,14,19), w-l hex-
adecenoic acid (16 : 1 ¢js 15) and two o-l octadecenoid
acids (18 : 1cis 17; 18: 4 cis 6,9,12,17) when grown on a
medium with 1-hexadecene or I-octadecene (113). It has
been suggested that the @ methyl group may be first
oxidized to a carboxyl group and the resultant o-l fatty
acids are further utilized via the w-6 route.

Mutants of Mortierella alpina defective in AS desat-
urase produce two non-methylene-interrupted PUFAS,
w-6 eicosatrienoic (20 : 3AS5) and w-3 eicosatetraenoic
(20 : 4A5) acids (Fig. 3) (114). 20 : 3A5 is thought to be
synthesized by the elongation of linoleic acid and then
by A’-desaturation. The formation of 20 : 4A5 might be
initiated by conversion of linoleic acid to ALA (w?-
desaturation) followed by elongation and A’-desatura-
tion. Although the biological activities of non-methy-
lene-interrupted fatty acids are not fully understood,
they are probably formed in response to a deficiency of
0-3 and 0-6 PUFAs. 20 : 3A5 can be converted via cy-
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clooxygenase to hydroxy-fatty acids (115) and may alter
eicosanoid signalling (116).

DOWNSTREAM PROCESSING OF MICROBIAL
OILS

Extraction The development of microbial lipid
production has mainly been concentrated on the organ-
ism selection and optimization of cultural conditions.
Unfortunately, less attention has been focused on oil iso-
lation and most extraction methods applied to microbial
system have been originally described for animal tissues
and plant materials. Therefore, reliable processes for
recovery and purification of microbial oils have to be
employed to further develop this area of microbial
biotechnology. The choice of an isolation procedure de-
pends on both the nature of the microbial cells and the
type of extract desired. A major problem which causes
much troubles is the failure to prevent lipolysis occur-
ring during lipid recovery processing. Satisfactory treat-
ment must also be used to minimize autooxidative degra-
dation and the presence of artifacts. Moreover, if
microbia oils are considered to be used for human pur-
poses, solvents must be acceptable in terms of toxicity,
handling, safety and cost.

From these points of view, the application of two-step
extraction with ethanol and hexane leading to high yield
of GLA-rich fungal oil (Suzuki and Yokochi, US Patent
4 870 001, 1989; 117) is convenient and was aso recom-
mended for oil isolation from yeasts (118). However, a
high degree of lipid contamination was observed with
this method in which some enzymes (predominantly
lipases) were not inactivated and catalyzed undesirable
reactions. As an alternative, Sakaki et al. (119) investigat-
ed supercritical fluid extraction using fungal model, but
only under laboratory conditions. Recently, Certik and
Horenitzky (120) extended the process of supercritical
CQ, extraction of GLA-containing oil from the fungus
Cunninghamella echinuiata to the semi-industrial scale.
Resultant GLA-o0il had qualities similar to oil obtained
by conventional hexane/alcohol or chloroform/methanol
methods and its yield was slightly higher. Although
hexane extraction is still costly superior to supercritical
CO, extraction, this method could be further improved
and used to obtain fungal GLA-containing preparations
having commercial applications in the pharmaceutical,
medical and nutritional fields.

Refining and modification Final processing of iso-
lated microbial oil involves purification or refining, and
modification. The refining treatment is necessary to
remove or reduce, as much as possible, those con-
taminants of the crude oil which will adversely affect the
quality of the end-product and the efficiency of the
modification procedures. Certain compounds in the
crude oil, notably the tocopherols and tocotrienols as
antioxidants, have a beneficial effect on product quality,
and therefore the refining treatment should be designed
in a way that as much as possible these compounds are
retained in the oil. Purification and concentration of
microbial oils require the use of several processes depend-
ing on the extracted fatty acid and the operation scale.
This includes urea adducts formation, separation on Y-
zeolites, solvent winterization, differential crystalization,
various chromatographic techniques and lipase-catalyzed
reactions. It is not advisable to distil PUFAs or their
esters if this can be avoided since they are liable to
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undergo double-bond migration, strereomutation, cycliza-
tion and dimerization under extreme thermal conditions.
Where distillation is unavoidable, artefacts must be sub-
sequently removed. The modification procedures include
hydrogenation, fractionation and inter-esterification.
They are used to extend the applicability of microbial
oils and also, in the case of hydrogenation, to make
products with acceptable oxidative and flavour stability
from relatively unstable raw materials.

Fungal GLA oil, compared with the plant oils (40-
70% linoleic acid), is by far the most useful starting
material for GLA purification, because the lower content
of linoleic acid makes GLA purification easier, although
GLA content in fungal oil itself is similar to that of
plant oils. The mixture of fatty acid methyl esters from
Mortierella sp. (6.8% GLA) and ethyl esters from
Mucor circinelloides (25.1% GLA) were fractionated
with urea to obtain oil with 97.5% GLA a 350-60%
recovery (57, 121), further purification by HPLC led to
99.5% GLA (57). Lipase-catalyzed selective esterification
with n-butanol was efficiently applied to enrich GLA of
fungal unesterified fatty acids from 10.4% to amost
70% (122). In addition, high GLA recovery (90-95%),
although originally applied to borage oil, was also ob-
tained by treatment with acyl-specific fungal lipase and
yielded fatty acid with GLA content of 70% (123) or
87% (62). On the other hand, GLA ethyl esters of 98%
purity was obtained from a mixture of fungal fatty acid
esters using various types of Y-zeolites (124).

There have also been attempts to purify other PUFAS.
Because individual PUFAs have different properties, con-
centration steps for each PUFA must be optimized
separately. For example, linoleic acid and GLA were
removed by distillation prior to purification of fungal
DGLA ethyl esters (13.7% DGLA) and subsequent urea
treatment yielded 51.5% DGLA (57). Sgbidor et al.
(125) reported that selection of several purification proce-
dures allows a simple preparation of fungal AA with a
purity of 78% (urea treatment of fatty acids) to 90%
(urea fractionation of methyl esters). Hydrolysis of Mor-
tierella sp. oil by yeast lipase increased AA content in
the TAG fraction by up to 60% (61) and several hydroly-
zation and selective esterification steps of fatty acid frac-
tion resulted in 75% AA (126). For the next DGLA or
AA purification step (above 90%), the applications of
HPLC (57), column chromatography on octadecylsilane
(Shinmen, Y. et al., Eur. Patent Appl. 0 276 541,1987)
or thin layer chromatography on reverse phase (Totani,
N. et al., Eur. Patent Appl. 0 223 960,1986) were
proposed. The other three-step method that includes
separation of glycolipids, formation of a urea inclusion
complex and reverse phase chromatography of algae oil
resulted in 97% EPA or 80% AA concentrate (127).
Urea fractionation of fatty acid methylesters was also
beneficial for gaining highly unsaturated fungal oil with
73.3% DHA and 17.7% DPA-w6 (106). Industrial-scale
purification of these two PUFAs was developed on the
basis of HPLC techniques, in which fungal DHA and
DPA-w6 ethyl esters were obtained in greater than 99%
purity (128). Also, a number methods with the aim of
preparing PUFA-rich products from natural sources
have been described. Perhaps the simplest process liesin
the enzymatic treatment of oils resulting in satisfactory
enrichment of both w-6 and w-3 PUFAs in the form of
TAG (62-65, 129, 130) or as free fatty acids (62, 123,
131). Moreover, the yield of these acids can be improved
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by removal of by-product of lipase-catalyzed inter-
esterification by continuous supercritical CO, extraction
(132).

CONCLUSON AND FUTURE PERSPECTIVES

Growing interest in PUFA applications in various
fields coupled with their significance in health and die-
tary requirements has encouraged “hunting” for more
suitable sources of these compounds. Inadequacy of con-
ventional agricultural and anima oils has put attention
on developing new microbia technologies employing cer-
tain fungi, microalgae and bacteria. However, the focus
of biotechnology on highly vauable PUFAS requires
knowledge how microorganisms control and regulate the
fatty acid biosynthetic machinery in order to obtain
specific PUFA in high yield. Because these microbia
processes could only be economically viable when most
of the PUFAs occur in the triacylglycerol form, elucida-
tion of the mechanisms and identification of the key
steps that limit the flow and incorporation of the desired
fatty acid into triacylglycerols may facilitate future
progress in this area. Similarly, understanding the struc-
ture/function relationship between desaturases, acyl-
transferases and other proteins involved in the complete
assembly of lipogenesis will help to improve microbia oil
quality. Comparative successes using mutation methods
and molecular engineering techniques carried out over
recent years have not only answered some fundamental
questions related to fatty acid formation but has aso
enabled the construction of new microbial varieties that
can synthesize unusual fatty acids. Isolated desaturase
genes offer much potential to exploit more the transgenic
approach in order to create novel PUFAS for the phar-
maceutical and nutraceutical industries and open up new
possibilities to control microbia oil types assembled.
Elucidation of the signaling systems and mechanisms
transmitting the signals from different membranes to the
major sites of lipid biosynthetic machinery represents a
challenging and potentially rewarding subject for the
further research and with the amount of knowledge
acquired so far will findly allow us to move from empiri-
cal technology to predictable oil design. Future prospects
of biotechnological applications of oleaginous microor-
ganisms are dso related to commercialy interesting
L)roducts including hydroxy-PUFAs, prostaglandins, leu-

otrienes, thromboxanes or other useful lipid classes,
which are extraordinarily expensive to produce by chemi-
cal synthesis. Thus, the manipulation and regulation of
microbia lipid biosynthesis open a large number of pos-
sibilities for academic research and demonstrates the
enormous potential in its application.

REFERENCES

1. Ratledge, C. and Wilkinson, S. G.: Microbial lipids, vol. 1.
Academic Press, London (1989).

2. Horrobin, D. F.: Medica roles of metabolites of precursor
EFA. Inform, 6, 428-435 (1995).

3. Sessler, A. M. and Ntambi, J. M.: Polyunsaturated fatty acid
regulation of gene expresson. J. Nutr, 128, 923-926 (1998).

4. Gill, 1. and Valivety, R.. Polyunsaturated fatty acids. |. Occur-
rence, biological activities and applications. Trends Bio-
technol., 15, 401-409 (1997).

5 Lawson, L. D. and Hughes, B. G.. Triacylglycerol structure of
plant and fungal oils containing y-linolenic acid. Lipids, 23,
313-317 (19838).

10.

11.

12.

13

14.

15.

16.

17.

18.

22.

23.

24.

25.

. Stahl, P. D. and Klug, M. J.

. Certik, M., Balteszova, L., and Sajbidor, J..

MICROBIAL PRODUCTION OF POLYUNSATURATED FATTY ACIDS u

. Nettleton, J.A.. Omega-3 fatty acids and health. Chapman

and Hal, New York (1995).

. Radwan, S. S.: Sources of Cy-polyunsaturated fatty acids for

biotechnological use. Appl. Microbiol. Biotechnol., 35, 421-
430 (1991).

. Leman, J.: Oleaginous microorganisms. an assessment of the

potentia. Adv. Appl. Microbiol., 43, 195-243 (1997).

. Singh, A. and Ward, 0. P.. Production of high yields of

arachidonic acid in a fed-batch system by Mortierella alpina
ATCC 32222. Appl. Microbiol. Biotechnol., 48, I-5 (1997).
Certik, M. and Shimizu, S: Progress in polyunsaturated fatty
acid production by fungi, p. 89-103. In Pandaai, S. G. (ed.),
Recent research developments in oil chemistry, vol. 2. Trans-
world Research  Network, Trivandrum (1998).

Vazhappilly, R. and Cben, F.: Eicosapentaenoic acid and
docosahexaenoic acid production potential of microalgae and
their heterotrophic growth. J. Am. Oil Chem. Soc., 75, 393-
397 (1998).

Jabaji-Hare, S.: Lipid and fatty acid profiles of some vesicular-
arbuscular mycorrhizal fungi: contribution to taxonomy.
Mycology, 80, 622-629 (1988).

Amano, N., Shinmen, Y., Akimoto, K., Kawashima, H.,
Amachi, T., Shimizu, S., and Yamada, H.: Chemotaxonomic
significance of fatty acid composition in the genus Mortierella
(Zygomycetes, Mortierellaceag). Mycotaxon, 45, 257-265 (1992).
Eroshin, V. K., Dedyukhina, E.G., Chistyakova, T. I.,
Zhelifonova, V. P., and Botast, R. J.: Studies on arachidonic
acid production by Mortierella fungi: a microbiologica method
for selecting arachidonic acid producers. Mikrobiologyia, 65,
31-36 (1996).

Sajbidor, J., Certik, M., Dobronova, S, and Halama, D.. Fatty
acid composition in five species of micromycetes. Biologia, 45,
235239 (1990).

Yokochi, T., Kamisaka, Y., Nakahara, T., and Suzuki, O.:
Lipid productivity and fatty acid composition of fungal class
Zygomycetes containing gammeclinolenic acid. J. Natl. Chem.
Lab. Ind, 87,463-470 (1992).

Certik, M., Sereke Berhan, S, and Sajbidor J..  Lipid produc-
tion and fatty acid compogtion of selected strains belonging to
Mucorales. Acta Biotechnol.,, 13, 193-196 (1993).

Certik, M. and Sajbidor, J.. Variahility of fatty acid compos-
tion in strains Mucor and Rhizopus and its dependence on the
submersed and surface growth. Microbios, 85, 151-160 (1996).
Characterization and differentia-
tion of filamentous fungi based on fatty acid composition.
Appl. Environ. Microbiol., 62, 4136-4146 (1996).

Lipid formation
and y-linolenic acid production by Mucorales fungi grown on
sunflower oil. Lett. Appl. Microbiol,, 25, 101-105 (1997).

. Kates, M., Pugh, E. L., and Ferrante, G.: Regulation of mem-

brane fluidity by lipid desaturases, p. 379-395. In Kates, M.
and Manson, L. A. (ed.), Membrane fluidity. Plenum Publ.
Corporation, New York (1934).

Jackson, F. M., Fraser, T. C. M., Smith, M. A, Lazarus, C.
Stobart, A. K., and Griffiths, G.: Biosynthesis of C,; polyun-
saturated fatty acids in microsoma membrane preparations
from the filamentous fungus Mucor circinelloides. Eur. J.
Biochem.,, 252, 513-519 (1998).

Certik, M., Sakuradani, E., and Shimizu, S. Desaturase-defec-
tive fungal mutants: useful tools for the regulation and over-
production of polyunsaturated fatty acids. Trends Biotechnal.,
16, 500-505 (1998).

Certik, M., Nakahara, T., and Kamisaka, Y.. Oleste 6-hydrox-
ylase activity in the membrane fraction from an oleaginous
fungus, Mortierella ramanniana var. angulispora. Biochim.
Biophys. Acta, 1304, 56-64 (1996).

van de Loo, F. J, Broun, P, Turner, S, and Somerville, C..
An oleate 12-hydroxylase from Ricinus communis L. is a fatty
acyl desaturase homolog. Proc. Natl. Acad. Sci. USA, 92,
6743-6747 (1995).

26. Jackson, F. M., Michaelson, L., Fraser, T. C. M., Stobart,

A. K., and Griffiths, G.: Biosynthesis of triacylglycerol in the
filamentous fungus Mucor circinelloides. Microbiology, 144,



27,

28.

29.

30.

3L

32.

33.

34.

35.

36.

31.

38.

39.

40.
41.

42.

43.

45.

CERTIK AND SHIMIZU

2639-2645 (1998).

Pillai, M. G., Certik, M., Nakahara, T., and Kamisaka, Y.:
Characterization of triacylglycerol biosynthesis in subcellular
fractions of an oleaginous fungus Mortierella ramanniana var.
angulispora. ~ Biochim. Biophys. Acta, 1393, 128-136 (1998).
Frentzen, M .. Acyltransferases and triacylglycerols, p. 195-
230. In Moore, T. S (ed.), Lipid metabolism in plant. CRC
Press, Boca Raton (1993).

Kennedy, M. J, Reader, S. L., and Davies, R. J:  Faty acid
production characteristics of fungi with particular emphasis on
gamma linolenic acid production. Biotechnol. Bioeng., 42,
625-634 (1993).

Streekstra, H.: On the safety of Mortierella apina for the
production of food ingredients, such as arachidonic acid. J.
Biotechnol., 56, 153-165 (1997).

Wibert, G. J., Bums R. A, Diersenschade, D. A, and Kelly,
C. M.: Evauation of single cell sources of docosahexaenoic
acid and arachidonic acid-a 4-week oral safety study in rats.
Food Chem. Toxicol., 35, 967-974 (1997).

Lonsane, B. K., Saucedo-Castaneda, G. Raimbault, M.,  Rous-
s, S, Viniegra-Gonzales, G., Ghildyal, N. P., Ramakrishna,
M., and Krishnaigh, M. M.: Scdeup dtrategies for solid state
fermentation systems. Process Biochem., 27, 259-273 (1992).
Chattopadhyay, P., Banerjee, K. S, and Sen, K. An unsaturat-
ed fatty acid mutant of Aspergilius niger with partially defec-
tive A%-desaturase. Can. J. Microbiol., 31, 346-351 (1985).
Anamnart, S., Tolstomkov, |., Kaneko, Y., and Harashima,
S.: Fatty acid desaturation in methylotrophic yeast Hansenula
polymorpha strain CBS 1976 and unsaturated fatty acid auxo-
trophic mutants. J. Ferment. Bioeng., 85, 476482 (1998).
Ykema, A., Verbree E. C., Verwoert, |. |, van der Linden,
K. H., Nijkamp, H. J. L., and Smit, H.: Lipid production of
revertants of ufe mutants from the oleaginous yeast Apio-
trichum curvatum. Appl. Microbiol. Biotechnol., 33, 176182
(1990).

Goodrich-Tanrikulu, M., Lin, J.-T., Stafford, A. E.,
Makapugay, M. |., McKeom, T. A, and Fuller, G.. Novel Neu-
rospora  crassa  mutants with atered synthesis of polyunsaturat-
ed faty acids. Microbiology, 141, 2307-2314 (1995).

Shimizu, 8. and Jareonkitmongkol, S.: Mortierella Species
(fungi): production of (20 polyunsaturated fatty acids, p. 308-
325. In Bajgj, Y. P. S. (ed.), Biotechnology in agriculture and
forestry, vol. 33, Springer-Verlag. Berlin (1995).

Dittrich, F., Zajonc, D., Huhne, K., Hoja, U., Ekici, A,
Grener, E., Klen, H. Hofmann, J, Bessoule, J.-J., Sperling,
P, and Schweizer, E.. Fatty acid elongation in yeasts. biochem-
icd characteristics of the enzyme system and isolation of eon-
gation-defective mutants. Eur. J. Biochem., 252, 477-485
1998).

I(vy, 3 M., Beremand, P. D., and Thomas, T. L..  Strategies for
modifying fatty acid composition in transgenic plants.
Biotechnol. Genetic Engineer. Rev., 15, 271-288 (1998).
Harwood, J. L.: Recent advances in the biosynthesis of plant
faty acids. Biochim. Biophys. Acta, 1301, 7-56 (1996).
Kajiwara, S, Shirai, A., Fuji, T., Toguri, T. Nakamura, K.
and Ohtaguchi, K. Polyunsaturated fatty acid biosynthesis in
Saccharomyces cerevisiae: expression of ethanol tolerant and
the FAD2 gene from Arabidopsis thaliana. Appl. Environ.
Microbiol., 62, 4309-4313 (1996).

Panpoom, S, Los, D. A, and Murata, N.. Biochemicd charac-
terization of a Al2 acyl-lipid desaturase after overexpression of
the enzyme in Escherichia coli. Biochim. Biophys. Acta, 1390,
323-332 (1997).

Brown, A. P, Damn, R, Bowra, S, and Hills M. J.  Chaec
terization of expresson of a plant oleste desaturase in yeast. J.
Am. Qil Chem. Soc., 75, 77-82 (1998).

Stukey, J. E., McDeonough, V. M., and Martin, C. E.: The
OLEI gene of Saccharomyces cerevisiae encodes the A9 fatty
acid desaturase and can be functionally replaced by the rat
stearoyl-CoA desaturase gene. J. Biol. Chem., 265, 20144-
20149 (1990).

Napier, J. A., Hey, S. J., Lacey, D. J., and Shewry, P. R.
Identification of a Caenorhabditis elegans AS-fatty acid-

47.

49,

50.

oL

52.

53.

o4

95.

56.

57.

58.

99.

60.
61.

62.

63.

J. Blosct. BIOENG.,

desaturase by heterologous expression in Saccharomyces
cerevisiae,.  Biochem. J,, 330, 611-614 (1998).

. Wang, C,, Chin, C. K,, Ho, C. T., Hwang, C. F., Polaschock,

J. J, and Martin, C. E. Changes of faty acids and faity acid-
derived flavour compounds by expressng the yeast DELTA-9
desaturase gene in tomato. J. Agric. Food Chem., 44, 3399-
3402 (1996).

Takeyama, H., Takeda, D., Yazawa, K., Yamada, A., and
Matsunaga, T.. Expresson of the eicosapentaencic acid synthe-
Sis gene cluster from Shewanella §p. in a transgenic marine
cyanobacterium, Synechococcus sp. Microbiology, 143, 2725-
2731 (1997).

. Gyorfy, Z., Horvath, 1., Balogh, G., Domonkos, A., Duda,

E., Maresca, B., and Vigh, L.: Modulation of lipid unsatura-
tion and membrane fluid state in mammalian cells by stable
transformation with the A°-desaturase gene of Saccharomyces
cerevisiae. Biochem. Biophys. Res. Commun., 237, 326-366

(1997).
Michaelson, L. V., Lazams, C. M., Griffiths, G., Napier, J. A,
and Stobart, A. K.. Isolation of a AS-fatty acid desaturase gene

from Mortierella alpina. J. Biol. Chem., 273, 19055-19059
(1998).

Moreton, R. S.: Modification of fatty acid composition lipid
accumulating yeasts with cyclopropene fatty acid desaturase
inhibitors. Appl. Microbiol. Biotechnol., 22, 41-45 (1985).

Al Dulayymi, J. R., Baird, M. S, Dale, C. M., Grehan, B. J,,
and Shortt, M. F.: Synthesis of putative A%, A2 and Al-
desaturase inhibitors. Tetrahedron, 53, 1099 110 (1997).
Shimizu, S., Akimoto, K., Shinmen, Y., Kawashima, H.,
Sugano, M., and Yamada, Y.. Sesamin is a potent and specific
inhibitor of A5 desaturase in polyunsaturated fatty acid bio-
synthesis. Lipids, 26, 512-516 (1991).

Shimizu, S, Kawashima, H., Akimoto, K., Shinmen, Y., Sugano,
H., and Yamada, H.. Inhibition of AS5-desaturase in poly-
unsaturated fatty acid biosynthesis by (—)-asarinin and (- )
episarinin.  Phytochemistry, 31, 757-760 (1992).

Kawashima, H., Akimoto, K., Shirasaka, N., and Shimizu, S.
Inhibitory effects of alkyl gallate and its derivatives on fatty
acid desaturation. Biochim. Biophys. Acta, 1299, 34-38 (1996).
Shimizu, S, Jareonkitmongkol, S, Kawashima, H., Akimoto,
K., and Yamada, H.: Inhibitory effect of curcumin on fatty
acid desaturation in Mortierella alpina 1S-4 and rat liver micro-
somes. Lipids, 27, 509-512 (1992).

Kawashima, H., Akimoto, K., Jareonkitmongkol, S., Shira-
saka, N., and Shimizu, S.: Inhibition of rat liver microsomal
desaturases by curcumin and related compounds. Biosci. Bio-
tech. Biochem.,, 60, 108-110 (1996).

Nakajima, T. and lzu, S.: Microbid production and purifica-
tion of w-6 polyunsaturated fatty acids, p. 57-64. In Sinclair,
A. and Gibson, R. (ed.), Essential fatty acids and eicosanoids.
AOCS Press, Champaign (1993).

Cohen, Z. and Heimer, Y. M.. Production of polyunsaturated
fatty acids (EPA, ARA and GLA) by the microalgae Por-
phyridium and Spirulina, p. 243-273. In Kyle, D. J. and Rat-
ledge, C. (ed.), Industrial applications of single cell oils. AOCS
Press, Champaign (1992).

Kawashima, H., Akimoto, K., Jareonkitmongkol, S, Shirasaka,
N., and Shimizu, S.: Nicardipine and nifedipine inhibit fatty
acid desaturases in rat liver microsomes. Biosci. Biotechnol.
Biochem., 60, 1672-1676 (1996).

Gandhi, N. N.. Applications of lipase. J. Am. Oil Chem. Soc.,
74, 621-634 (1997).

Shimada, Y., Sugihara, A., Maruyama, K., Nagao, T.,
Nakayama, S, Nakano, H., and Tominaga, Y. Enrichment of
arachidonic acid: selective hydrolysis of a single-cell oil from
Mortierella with Candida cylindracea lipase. J. Am. Oil Chem.
Soc., 72, 1323-1327 (1995).

Huang, F.-C., Ju, Y.-H., and Huang, C.-W.: Enrichment of
7-linolenic acid from borage ail via lipase-catalyzed reactions.
J. Am. Qil Chem. Soc., 74, 977-981 (1997).

Wanasundara, U. and Shahidi, F. Lipase-asisted  concentra
tion of n-3 polyunsaturated fatty acids in acylglycerols from
marine oils. J Am. Oil Chem. Soc., 75, 945-951 (1998).



VaL.

64.

65.

66.

67.
68.

69.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81

82.

83.

84.

87, 1999

Akob, C. C., Jennings, B. H., and Lillard, D. A.: Enzymatic
modification of evening primrose ail: incorporation of n-3 poly-
unsaturated fatty acids. J. Am. Oil Chem. Soc., 73, 1059-1062
1996).

.gu, Y)H Huang, F.-C., and Fang, C.-H.: Theincorporation
of n-3 polyunsaturated fatty acidsinto acylglycerols of borage
oil via lipase-catalyzed reactions. J. Am. Oil Chem. Soc., 75,
961-965 (1998).

Gill, I. and Valivety, R.: Polyunsaturated fatty acids. II.
Biotransformation and biotechnological applications. Trends
Biotechnol., 15, 470-478 (1997).

Kyle, D. J. and Ratiedge, C.: Industrial application of single
cdl oils. Am. Oil Chem. Soc., Champaign (1992).

Ratledge, C.. Microbid lipids: commercia redlities or academic
curiosities, p. 1-14. Jn Kyle, D. J. and Ratledge, C. (ed.),
Industrial applications of single cell oils. AOCS Press, Cham-
paign (1992).

Nakabara, T., Yokochi, T., Kamisaka, Y., and Suzuki, O.:
Gammarlinolenic acid from genus Mortierella, p. 61-97. In
Kyle, D. J. and Ratledge, C. (ed.), Industria applications of
sngle cell oils. AOCS Press, Champaign (1992).

Hiruta, O, Yamamura, K. Takebe, H. Futamura, T. linuma,
K., and Tanaka, H.: Application of Maxblend fermentor for
microbia processes. J. Ferment. Bioeng., 83, 79-86 (1997).
Botba, A., Strauss, T., Kock, J. L. F., Pobl, C. H., and Coet-
zee, D. J. Carbon source utilization and 7-linolenic acid produc-
tion by Mucoralean fungi. System. Appl. Microbiol., 20, 165-
170 (1997).

Fukuda, H. and Morikawa, H.: Enhancement of -linolenic
acid production by Mucor ambiguus with nonionic surfactants.
Appl.  Microbiol. Biotechnol., 27, 15-20 (1987).

Roux, M. P., Kock, J. L. F., Botha, A., Du Preez, J. C., Wells,
G. V., and Botes, P. J.: Mucor: a source of cocoa butter and
gammalinolenic acid. World J. Microbiol. Biotechnal., 10,
417422 (1994).

Kristofikova, L., Rosenberg, M., VInova, A. Sgbidor, J., and
Certik, M.. Selection of Rhizopus strains for 1( +)-lactic acid
and 7-linolenic acid production. Folia Microbiol., 36, 451-455
(1991).

Emelyanova, E. V.: Gammalinolenic acid production by
Cunninghamella  japonica in <olid state fermentation. Process
Biochem., 31, 431-434 (1996).

Ratledge, C.: Biotechnology of oils and fats, p. 567-668. I
Ratledge, C. and Wilkinson, S. G. (ed.), Microbial lipids, vol.
2. Academic Press, London (1989).

Sajbidor, J., Dobronova, S, and Certik, M..  Arachidonic acid
production by Mortierella sp. S-17. Influence of C/N ratio.
Biotechnol. Lett., 12, 455-456 (1990).

Shinmen, Y., Shimizu, S., Akimoto, K., Kawasbima, H., and
Yamada, H.: Production of arachidonic acid by Mortierella
fungi: selection of a potent producer and optimization of cul-
ture conditions for large-scale production. Appl. Microbiol.
Biotechnol., 31, 11-16 (1989).

Bajpai, P. K., Bajpai, P., and Ward, O.P.: Production of
arachidonic acid by Mortierella alpina ATCC 32222. J. Ind.
Microbiol., 8, 179-186 (1991).

Kendrick, A. and Ratledge, C.: Lipid formation in the
oleaginous mould Entomophthora exitalis grown in continuous
culture: effect of growth rate, temperature and dissolved oxy-
gen tension on polyunsaturated fatty acids. Appl. Microbiol.
Biotechnol., 37, 18-22 (1992).

Sajbidor, J., Kozeloubova, D., and Certik, M.: Influence of
some metal on the lipid content and arachidonic acid produc-
tion by Mortierella sp. Folia Microbiol., 37, 404-406 (1992).
Cben, H. C., Cbhang, C. C., and Cben, C. X.: Optimization
of aachidonic acid production by  Mortierella alpina Wuji-H4
isolate. J. Am. Qil Chem. Soc., 74, 569-578 (1997).
Stredanska, S., Slugen, D., Stredansky, M., and Grego, J.:
Arechidonic acid production by  Mortierella alpina  grown on
solid substrates. World J. Microbiol. Biotechnal., 9, 511-513
(1993).

Totani, N., Watanabe, A, and Oba, K. An improved method
of arachidonic acid production by Mortierella alpina. Yuka-

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

MICROBIAL PRODUCTION OF POLYUNSATURATED FATTY ACIDS 13

gaku, 36, 328-331 (1987).

Shimizu, S, Akimoto, K., Kawashima, H. Shinmen, Y., and
Yamada, Y.: Production of dihomo-7-linolenic acid by Mor-
tierella alpina 1S-4. J. Am. Oil Chem. Soc., 66, 237-241
(1989).

Sbimizu, S., Akimoto, K., Sugano, M., and Yamada, H.:
Studies on desaturase inhibitors of polyunsaturated fatty
acid biosynthesis, p. 37-41. In Sinclair, A. and Gibson, R.
(ed.), Essential fatty acids and eicosanoids. AOCS Press,
Champaign  (1993).

Shimizu, S., Akimoto, K., Kawasbima, H., Sbinmen, Y.,
Jareonkitmongkol, S, and Yamada, H. Stimulaory effect of
peanut oil on the production of dihomo-y-linolenic acid by
filamentous fungi. Agric. Biol. Chem., 53, 1437-1438 (1989).
Jareonkitmongkol, S., Sakuradani, E., and Shimizu, S.. A
novel A5-desaturase defective mutant of Mortierella alpina 18-
4 and its dihomo-y-linolenic acid productivity. Appl. Environ.
Microbiol., 59, 4300-4304 (1993).

Shimizu, S, Shinmen, Y., Kawashima, H., Akimoto, K., and
Yamada, H.: Fungal mycelia as a novel source of eicosapen-
taenoic acid. Activation of enzyme(s) involved in eicosapen-
teenoic acid production at low temperature. Biochem.
Biophys. Res. Commun., 150, 335-341 (1988).

Shimizu, S, Kawasbima, H., Shinmen, Y. Akimoto, K., and
Yamada, H.: Production of eicosapentaenoic acid by Mor-
tierella fungi. J. Am. Oil Chem. Soc., 65, 1455-1459 (1988).
Bajpai, P. K., Bajpai, P., and Ward, 0. P.: Optimization of
culture conditions for production of eicosapentaencic acid by
Mortierella elongats NRRL 5513. J Ind. Microbiol., 9, 11-18
(1992).

Kotula, K. L. and Yi, M.
production of eicosapentaenoic  acid by
Quaity, 17, 101-114 (1994).

Shimizu, S, Kawashima, H., Akimoto, K., Shinmen, Y., and
Yamada, H.: Microbial conversion of an oil containing g-lino-
lenic acid to an oil containing eicosapentaenoic acid. J. Am.
Oil. Cbem. Soc., 66, 342-347 (1989).

Shimizu, S, Kawasbima, H., Akimoto, K., Shinmen, Y., and
Yamada, H.: Conversion of linseed oil to an eicosapentaencic
acid-containing oil by Mortierella alpina 1S-4 a low tempera
ture. Appl. Microbiol. Biotechnol., 32, -4 (1989).
Jareonkitmongkol, S, Shimizu, S, and Yamada, H. Produc-
tion of an eicosapentaenoic acid-containing oil by a Al2
desaturase-defective mutant of Mortierella alpina 1S-4. J.
Am. Oil Chem. Soc., 70. 119-123 (1993).

Shirasaka, N. and Shimiza, S.: ‘Production of eicosapen-
taenoic acid by Saprolegnia Sp. 28YTE-1. J. Am. Oil Chem.
Soc., 72, 15451549 (1995).

Weete, J. D. and Gandhi, S. R. Enhancement of C, polyun-
saturated fatty acid production in Pythium ultimum, p. 98-
117. inKyle, D. J. and Ratledge, C. (ed.), Industria applica-
tions of single cell oils. AOCS Press, Champaign (1992).
O'Brien, D. J, Kurantz, M. J.,, and Kwoczak, R..  Production
of ecosapentaenoic acid by the filamentous fungus  Pythium
irregulare. Appl. Microbiol, Biotechnol., 40, 211-214 (1993).
Boswell, K. D. B., Glaude, R., Prima, B., and Kyle, D. J.:
SCO production by fermentative microalgae, p. 274-286. In
Kyle, D. J. and Ratledge, C. (ed.), Industrial applications of
sngle cell oils. AOCS Press, Champaign (1992).

Yazawa, K., Watanabe, K., Ishikawa, C., Kondo, K., and
Kimura, S.: Production of eicosapentaenoic acid from marine
bacteria, p. 29-51. In Kyle, D. J. and Ratledge, C. (ed.),
Industrial applications of single cell oils. AOCS Press, Cham-
paign (1992).

Yazawa, K.: Production of marine single cell oil. Nippon
Nogeikagaku Kaishi, 69, 716 (1995).

Kendrick, A. and Ratledge, C.: Lipids of selected molds
grown for production of n-3 and n-6 polyunsaturated fatty
aids. Lipids, 27, 1520 (1992).

Singh, A. and Ward, 0. P.: Microbia production of docosa-
hexaenoic acid (DHA, C22: 6). Adv. Appl. Microbiol., 45,
271-312  (1997).

Tida, |., Nakabara, T. Yokochi, T. Kamisaka, Y., Yagi, H.

Optimization of conditions for the
Mortierella. J. Food



14

105.

106.

107.

108.

109.

110.

111.

112.

14

115,

116.

CERTIK AND SHIMIZU

Yamaoka, Y., and Suzuki, 0.: Improvement of docosahex-
aenoic acid production in a culture of Thraustochytrium gure-
um by medium optimization. J. Ferment. Bioeng., 81, 76-78
(1996).

Yaguchi, T., Tanaka, S, Yokochi, T., Nakahara, T., and
Hieashihara. T.. Production of high vield of docosahexaenoic
acid by Schizochytrium sp. strain SR21. J. Am. Oil Chem.
Soc., 74, 1431-1434 (1997).

Nakahara, T., Yokochi, T., Higashihara, T., Tanaka, S.,
Yaguchi, T., and Honda, D.: Production of docosahexaenoic
and docosapentaenoic acids by Schizochytrium sp. isolated
from Yap Idands. J. Am. Oil Chem. Soc., 73, 1421-1426
(1996).

Oliw, E. H., Sprecher, H, and Hamberg, M.. Biosynthesis of
a novel prostaglandin, AU-PGE, in the ram. Acta Physiol.
Scand., 127, 4549 (1986).

Kawashima, H., Kamada, N., Sakuradani, E., Jareonkit-
mongkol, S., Akimoto, K., and Shimizu, S.: Production of
8,11,14,17-cis-eicosatetraenoic acid by A5 desaturase-defective
mutants of an arachidonic acid-producing fungus, Mortierella
alpina. J. Am. Oil Chem. Soc., 74, 455-459 (1997).

Cleand, L. G., Neumann, M. A., Gibson, R. A. Hamazaki,
T., Akimoto, K., and James, M. J.: Effect of dietary n-9
eicosatrienoic acid on the fatty acid composition of plasma
lipids fractions and tissue phospholipids. Lipids, 31, 829-837
(1995).

Kawashima, H., Nishibara, M., Hirano, Y., Kamada, N.,
Akimoto, K., Konishi, K., and Shimizu, S.: Production of
5,8,11-eicosatrienoic acid (mead acid) by a A6 desaturation
activity-enhanced mutant derived from a Al2  desaturase-defec-
tive mutant of an arachidonic acid-producing fungus, Mor-
tierella alpina 1S-4. Appl. Environ. Microbiol., 63, 1820-1825
(2997).

Shimizu, S.: Production and application of single cell ocils con-
taining Cy polyunsaturated fatty acids. Y ukagaku, 44, 804-
813 (1995).

Shirasaka, N., Yokochi, T., and Shimizu, S.: Formation of
a novel odd chain polyunsaturated fatty acid, 5,8,11,17,17-
cis-nonadecapentaenoic acid, by an EPA-producing aguatic
fungus, Saprolegnia sp. 28YTF-1. Biosci. Biotech. Biochem.,
59, 1963-1965 (1995).

Shimizu, S, Jareonkitmongkol, S, Kawashima, H., Akimoto,
K., and Yamada, Y.: Production of novel ]-eicosapentae-
noic acid by Mortierella alpina 1S-4 grown on 1-hexadecene.
Arch. Microbiol., 156, 163-166 (1992).

Jareonkitmongkol, S, Shimizu, S, and Yamada, H. Occur-
rence of two nonmethylene-interrupted A° polyunsaturated
fatty acids in a Aé-desaturase-defective mutant of the fungus
Mortierella alpina 1S-4. Biochim. Biophys. Acta, 1167, 137-
141 (1993).

Evans, R. W. and Sprecher, H.: Metabolism of icosa-5,11,14-
trienoic acid in human platelets and the inhibition of arachi-
donic acid metabolism in human platelets by isoca-5,8,14-
trienoic and icosa-5,11,14-trienoic acids. Prostaglandins, 29,
431-441 (1985).

Berger, A., Fenz, R., and German, J.B.: Incorporation of
dietary 5,11,14-eicosatrienoate into various mouse phos-

117.

118.

119,

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

J. Bioscl. BIOENG..

pholipid classes and tissues. J. Nutr. Biochem., 4, 409-420
(1993).

Certik, M., Andras, P., and Sajhidor, J.  Effect of extraction
methods on lipid yield and fatty acid composition of lipid
classes containing y-linolenic acid extracted from fungi. J.
Am. Qil Chem. Soc., 73, 357-365 (1996).

Davies, R. J.: Yeast oil from cheese whey-process develop-
ment, p. 99-145. In Moreton, R. S. (ed.), Single cell ail. Lon-
gman Scientific & Technicd, New York (1988).

Sakaki, K., Yokochi, T. Suzuki, O., and Hakuta, T..  Super-
critical fluid extraction of fungal oil using CO,, N.O, CHF,
and CF,. J. Am. Qil Chem. Soc., 67, 553-557 (1990).

Certik, M. and Horenitzky, R..  Supercriticd COQ, extraction
of fungal Gil containing 7-linolenic acid. Biotechnol. Tech-
niques (1999). (in press)

Yokochi, T. and Suzuki, 0. Studies on production of lipids
in fungi. XXII. Production of y-linolenic acid by genus Mor-
tierella. Y ukagaku, 12, 1007-1015 (1989).

Mukherjee, K. D. and Kiewitt, |.: Enrichment of y-linolenic
acid from fungal oil by lipase-catalysed reactions. Appl.
Microbiol. Biotechnol., 35, 579-584 (1991).

Foglia, T. A. and Sonnet, P. E.: Fatty acid selectivity of
lipases. y-linolenic acid from borage oil. J. Am. Oil Chem.
Soc., 72, 417-420 (1995).

Arai, M., Fukuda, H., and Morikawa, H.: Selective separa-
tion of gammalinolenic acid ethyl esters using Y -zeolites. J.
Ferment. Technol., 65, 569-574 (1987).

Sajbidor, J., Lamacka, M., Cista, J., and Certik, M.:
Microbia production and purification of arachidonic acid.
Biotechnol. Techniques, 8, 561-564 (1994).

Shimada, Y., Sugihara, A., Minamigawa, Y., Higashiyama,
K., Akimoto, K., Fujikawa, S, Komemuchi, S, and Tomhtaga,
Y .. Enzymatic enrichment of arachidonic acid from  Mortierella
sngle-cel oil. J Am. Qil Chem. Soc., 75, 1213-1217 (1998).
Cohen, Z. and Cohen, S.: Preparation of eicosapentaenoic
acid (EPA) concentrate from Porphyridium cruentum. J. Am.
Oil Chem. Soc., 68, 16-19 (1991).

Yamamura, R. and Shimomura, Y.: Industrial high-perfor-
mance liquid chromatography purification of docosahexaenoic
acid ethyl ester and docosapentaenoic acid ethyl ester from sin-
glecel ail. J Am. Gil. Chem. Soc., 74, 1435-1440 (1997).
Maehr, H. Zenchoff, G., and Coffen, D. L. Enzymic treat-
ment of n-3 fatty acids content in fish oils. J. Am. Oil Chem.
Soc., 71, 463-467 (1994).

Shimada, Y., Maruyama, K., Okazaki, S., Nakamura, M .,
Sugihara, A., and Tominaga, Y.. Enrichment of polyunsatu-
rated fatty acids with Geotrichium candidum lipase. J. Am.
Oil Chem. Soc., 71, 951-954 (1994).

Rahmatullah, M. S. K. S, Shukla, V. K. S, and Mukherjee,
K. D.: y-Linalenic acid concentrates from borage and evening
primrose oil fatty acids via lipase-catalysed esterification. J.
Am. Oil Chem. Soc., 71, 563-567 (1994).

Shishikura, A., Fujimoto, K., Suzuki, T., and Ara, K. Im-
proved lipase-catelyzed incorporation of long-chain faity acids
Into medium-chain triglycerides assisted by supercritical car-
bon dioxide extraction. J. Am. Oil Chem. Soc., 71, 961-967
(1994).



