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Biotechnological Strategies for the 
Modification of Food Lipids 

WENDY M. WILLIS AND ALEJANDRO G. MARANGONI* 

Department of Food Science, University of Guelph, Guelph, Ontario. NIG 2WI, 
Canada 

Introduction 

Now that the nutritional requirements of infants, adults and patients are becoming 
more clearly defined, biotechnology is moving to the forefront of lipid modification 
strategies. Medium chain fatty acids are an important source of rapid energy for pre
term infants and for patients with fat malabsorption-related diseases. Polyunsaturated 
fatty acids (PUF As) are important both for infant development and disease prevention 
in adults. Lipase-catalysed interesterification has been used to produce structured 
lipids containing medium chain fatty acids and PUFAs. These techniques have also 
been used to increase PUFA concentrations in fish oils, and to introduce these fatty 
acids into vegetable oils. Genetic engineering of oilseed plants can be used to develop 
plants which produce medium chain fatty acids and PUFAs. By manipulating growth 
conditions, high-PUFA oils can also be obtained from algae and fungi. Even though 
biotechnological processes applied to the modification of the structure and properties 
of fats and oils are expensive relative to chemical processes, their use may be justified 
due to their greater lipid tailoring potential. 

Biotechnology, as it applies to fats and oils, involves the production of nutritionally 
improved products through enzymatic modifications, biotransformations and genetic 
engineering. Recent trends in health-related concerns about fats and oils have included 
decreaSing consumption of fats high in saturated and trans unsaturated fatty acids as 
well as increasing consumption of essential and polyunsaturated fatty acids. Lipase
catalysed reactions, biotransformations and genetic engineering of plants are all 
strategies being used to develop fats and oils with increased concentrations of medium 
chain, essential and polyunsaturated fatty acids. The products manufactured by these 
processes have been used to meet infant fat nutritional requirements and for disease 
treatment and prevention in adults. These technologies have also been used to modify 
the physical properties of certain lipids, including their melting profiles and textural 
properties. 
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142 W.M. WILLIS AND A.G. MARANGONI 

Medium chain fatty acids (MCFAs) have been used in the treatment of fat 
malabsorption related diseases and as a significant source of energy for pre term 
infants. Consumption of fats and oils containing polyunsaturated fatty acids (PUFAs) 
such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), is increasing 
due to their role in preventing atherosclerosis in adults. The concentration of these 
fatty acids as well as their positional distribution within a triacylglycerol molecule are 
important factors. 

Typically, chemical methods of lipid modification have been used in industrial 
applications due to their lower cost. However, biotechnology allows production of fats 
and oils with specific compositions. both in terms of positional distribution of specific 
fatty acids and fatty acid composition. 

The aim of this paper is to provide an overview of how biotechnology, in the form 
of Iipase-catalysed reactions, biotransfonnations and genetic engineering of oilseeds 
allow both nutritional and physical modification of fats and oils. 

Metabolism and absorption of fats and oils 

The positional distribution and fatty acid composition of fats and oils can have an 
impact on their digestion and absorption (Figure I). Differences in the requirements 
for specific structures and composition of fats and oils are due to differences between 
adult and infant digestive systems. The less mature infant digestive system possesses 
reduced levels of pancreatic lipase and bile salts. and greater lingual lipase activity 
(Zoppi et al., 1972; Fredrikzon and Olivecrona, 1978; Watkins, 1988). 

Lingual lipase. which accounts for 50 to 70% of lipid hydroly~is in infants 
(Watkins, 1988), but has minimal importance in adults' digestion, is active in the 
upper intestinal tract, hydrolysing lriacylgJycerols (TAGs) to monoacylglycerols 
(MAGs), diacylglycerols (DAGs). and free fatty acids (FFAs). It is more specitic 
towards short and medium chain fatty acids and fatty acids in the 5n-3 pOSition, 
producing mainly 1,2-DAGs and FFAs (Christensen et al., 1995; Small. 1991). 
Gastric lipase in the stomach is also more specific towards short and medium chain 
fatty acids and continues to hydrolyse positions 1 and 3 of the TAGs to produce FFAs. 
MAGs and DAGs. Short and medium chain fatty acids, including butyric, caproic. 
caprylic and capric acid are more soluble in aqueous media and can be absorbed 
through the stomach directly into venous circulation, travelling via the portal vein to 
the liver where they are oxidized and used as a rapid source of energy (Borum. 1992; 
Nelson. 1992). This attribute is particularly important for treatment of fat malabsorp
tion related diseases and in the provision of a rapid source of energy for premature 
infants. Medium chain fatty acids also provide a rapid source of energy in muscle since 
their transport into the mitochondria for ~-oxidation is not camitine dependent 
(Bruckner. 1992). 

Pancreatic lipase is present in the small intestine and provides the final hydrolysis 
of TAGs. It is 1,3-specific, with a slight preference towards fatty acids in the sn-l 
position (Small. 1991; Berdanier, 1995). It is more active towards short and medium 
chain fatty acids and has low acti vity with respect to long chain PUF As in the 8n-l and 
sn-3 positions (Christensen el al., 1995). 

After hydrolysis, the fatty acids and 2-MAGs in the fonn of micelles with bile salts 
are absorbed through the intestinal mucosa. The positional distribution of fatty acids 
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Modification offood lipids 143 

FFAs.MAGs. 
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Figure 1. Metabolism and transport of lipids and their hydrolysis components in humans. 

can have a dramatic impact on their degree of absorption. Long chain saturated fatty 
acids such as palmitic acid are poorly absorbed in their free acid form since they are 
solid at body temperature and form insoluble calcium and magnesium soaps in the 
intestine. As a 2-MAG, palmitic acid is easily absorbed in the intestine (Innis et al., 
1995; Tomarelli, 1988), which is important for infants since human milkfat contains 
20 to 30% palmitic acid. 70% of which is present in the sn-2 position (Innis et 01., 
1995). Placement at the sn-2 position is also important for long chain PUFAs, which 
are poor substrates for pancreatic lipase and are better absorbed as 2-MAGs. requiring 
hydrolysis by carboxyl ester hydrolases when present in positions sn-I and 3 (SmaJI, 
1991). 

New TAGs, which are formed by reacylation ofFF As and 2-MAGs after absorption 
from the intestines. are combined with phospholipids and apolipoproteins to form 
chylomicrons for transport through the lymphatic system and into general circulation. 
Any short and medium chain fatty acids which were not absorbed through passive 
diffusion into venous circulation as well as monoacyglycerols containing these fatty 
acids, are also incorporated into chylomicrons and are transported through the 
lymphatic system (Lambert et ai., 1996; Bell et af., 1997). 

Upon transport to adipose and muscle tissue, lipoprotein lipase at the surface of 
capillary endothelial cells hydrolyses TAGs to 2-MAGs and FFAs, which are then 
transported inlO cells, undergoing reacylalion to form TAGs for storage (Small. 1991; 
Tso and Wediman, 1987). 

Overall, proper and efficient absorption is dependent on the composition and 
positional distribution of fatty acids. Therefore. any attempts to provide nutrition
ally improved fats and oils for applications in infant formulas, disease treatment and 
adult disease prevention must account for differences in metabolism as well as 
differences in the nutritional effects of specific fatly acids on different populations 
of consumers. 

Metabolic significance of specific fat components 

The major fatty acids associated with biotechnological modifications of fats and oils 
are MCFAs and long chain PUFAs. Genetic engineering of oilseed crops as well as 
lipase-catalysed production of structured lipids are the predominant methods of 
increasing the MCFA concentration. Long chain PUFAs are concentrated in fish oils 
and incorporated into vegetable oils by genetic engineering of oilseed crops and 
lipase-cataJysed interesterification reactions. 
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144 W.M. WILLIS AND A.G. MARANGONI 

MEDIUM AND LONG CHAIN SATURATED FATrY ACIDS 

As previously discussed. MCFAs are important to infants and adults. for varied 
reasons. Infants use 25% of their caloric intake for growth (Hardy and Kleinman, 
1994). and for those who are premature or have reduced biliary flow, MCFAs are an 
important source of energy (Borum. 1992). Medium chain fatty acids possess several 
advantages over other fatty acids which has increased the interest in developing new. 
or modifying existing fats and oils to increase their concentrations (Table 1). Unmodi
fied sources of MCF As include coconut and palm kernel oils, which lack significant 
concentrations of essential and polyunsaturated fatty acids, making them unsuitable 
for general use. Modified lipids containing increased concentrations of MCFAs have 
been used in the treatment of diseases where fat malabsOIption and metabolism are a 
problem, such as AIDS, cystic fibrosis, cirrhosis and anorexia (Fan. 1997; Sandstrom 
et al., 1993; Bell et al., 1997; Ulrich et al., 1996). Medium chain fatty acids are also 
essential components of formulas for premature infants (40-50% of total fatty acids) 
and parenteral and enteral fonnulations in Europe, where coconut oil is used as a 
source of medium chain TAGs (Mascioli et al., 1988; Ulrich et al .• 1996; Borum, 
1992). In terms of improved nutrition. MCFAs have been used as an energy supple
ment for athletes (Van Zyl et al., 1996). 

The disadvantages associated with medium chain TAGs include the potential for 
acidosis or toxicity at high concentrations, their negative effect on plasma con
centrations of other fatty acids and their lack of essential and polyunsaturated fatty 
acids (Carniellietal., 1996; Sandstrometal., 1993; Belletal., 1997; Ulrichetal., 1996). 

The use of biotechnology to modify existing fats and oils and incorporate MCFAs 
allows producers to avoid some of the disadvantages associated with medium chain 
TAGs. Lipase-catalysed interesterification reactions and genetic engineering of oilseeds 
allow production of TAGs containing a combination of medium chain, essential and 
polyunsaturated fatty acids. Both of these methods also allow some degree of control 
over the positional distribution of these fatty acids, making their use superior to simple 
blending of MCTs and long chain TAGs and chemical means of lipid modification 
(Sandstrom et al., 1993; Nordenstrom et ai., 1995; Jeevanandam el ai., 1995). 

The positive health effects of long chain saturated fatty acids are really only 
associated with infant development. Human milk contains 20 to 30% palmitic acid, 
70% of which is present in the sn-2 position of the triacylglycerol (Innis et 01., 1995). 

As a 2-MAG, palmitic acid is an important source of energy for infants. since it is 
only minimally absorbed in its free acid form, forming insoluble salts with calcium 
(Innis et al., 1995; Small, 1991; Tomarelli, 1988). A higher degree of incorporation of 
palmitic acid into plasma TAGs has been observed for infants fed human milk 
compared to a vegetable oil based formula, where the majority of palmitic acid is in the 
sn-l or sn-3 positions of the triacyJglycerol (Innis et at., 1994; Carnielli el al.,1995). 
Increasing the concentration of palmitic acid in the sn-2 position has also been 
associated with a small but significant increase in total e~ergy absorption and reduced 
intestinal length required for absorption in rats (de Fouw el al., 1994). 

In terms of adult nutrition, it is less desirable to have long chain saturated fatty acids 
in the sn-2 position due to their possible hypercholesteremic effects and increased risk 
of heart disease (Caggiula and Mustad, 1997). Despite some concerns, not all 
saturated fatty acids have such a negad ve impact on health. While lauric, myristic and 
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Modification offood lipids 145 

Table 1. Metabolic and digestive advantages associated with the consumption of medium chain fany 
acids 

Advantages Reference 

Extremely resistant to oxidation and stable at high Megremis (1991) 
and low temperatures 

Most are nOI incorporated into chylomicrons. do Babayan and Rosenau (1991) 
not undergo desaturation or elongation and arc 
therefore more likely to be used for energy 

As TAGs. arc metabolized as quickly as glucose, Bell el a/. (1997) 
yet have twice the energy density of carbohydrates 

Do not promote the synthesis of eicosanoids and Ulrich et 01. (1996) 
are not involved in free radical formation. both of 
which are involved in innammatory responses 

Are readily oxidized for rapid energy production Bach elal. (1988); Johnson el 01. (1990) 

Are easily absorbed, are completely metabolized Borum (1992); Sandstrt)m el al. (1993); Mascioli 
in the liver, do nnt interfere with the et al. «(988) 
reticuloendothelial system and are not carnillne 
dependent for transport into mitochondria 

palmitic acid are considered to be hypercholesteremic (Denke and Grundy. 1992; 
Zock et al., 1994), with palmitic acid being less hypercholesteremic than myristic 
acid, stearic acid seems to have the same or a better lowering effect on total and LDL 
cholesterol as oleic acid (Kris-Etherton and Yu, 1997; Pai and Yeh, 1997). Therefore. 
the positional distribution requirements for long chain saturated fatty acids is different 
for infants and adults, with a snw 2 positioning ideal for infants and positioning in the 
sn-l and sn-3 positions preferable for adults. 

LONG CHAIN UNSATURATED AND POLYUNSATURATED FA 1TY ACIDS 

While the issue of trans fatty acids (TFAs) is important in terms of its negative health 
effects, it is not dealt with by biotechnoiogically-related lipid modifications, except in 
the production of low trails fatty acid margarines to replace those that have been 
chemically hydrogenated, and may contain 5 to 50% trails fatty acids (Ohlrogge, 
1983). Tran.v fatty acids seem to be metabolized as efficiently as other faUy acids, but 
may impair desaturation and elongation of LA to arachidonic acid (AA), thereby 
affecting eicosanoid production and growth (Desci and Koletzko, 1995; Ratnayake 
and Chen, 1996). The negative effects ofTF As on adults are decreased concentrations 
of high density lipoprotein (HDL) cholesterol and increased concentrations of low 
density lipoprotein (LDL) cholesterol. producing a hypercholesteremic effect (Mens ink 
and Katan, 1990; Zock and Katan. 1992). Despite concerns about the effects of TFAs 
in human milk and infant formulas on infant health, a causal link between TF As and 
infant development has not been established, with only a possible association between 
TFAs and lower n-3 and n-6long chain PUFA concentrations (Carlson et ai., 1997). 
Similar concerns about a lack of epidemiological data which support the link between 
TF As and increased risk of coronary heart disease in adults have brought the true 
negative impact ofTFAs on human health into question (Shapiro, (997). 

The only fatty acids considered essential for human growth are linoleic (LA) and 
linolenic (LNA) acid. which are required in a range of 0.5 to 2.0% and 0.5% of total 
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146 W.M. WILLIS AND A.G. MARANGONI 

energy respectively (Bruckner, 1992; Bellet al., 1997). Essential fatty acid deficiency 
has been associated with growth retardation. increased membrane permeability, 
sterility and capillary fragility (Vergroesen, 1976). Linoleic acid and LNA are 
precursors of20~carbon fatty acids which are precursors of the eicosanoids. Essential 
fatty acids are particularly important for infants as their levels can have an effect on 
DHA and AA levels, especially in prelerm infants where a high ratio of LA to LNA can 
reduce the ratio of DHA to AA in the brain and retina (Martinez. 1992; Gibson et al., 
1994). Increasing the concentration of LNA in infant formula can also produce an 
increase in DHA levels (lnniset al., 1997). Competition between LA and LNA for A6~ 
desaturase seems to influence the synthesis of both AA and DHA (Innis, 1992). 
Excessive concentrations of LA in the adult diet can increase the risk of cancer and can 
predispose membrane phospholipids to free radical oxidation (Grundy. 1997). 

The importance of long chain PUFAs such as EPA and DHA in the prevention of 
heart disease in adults was first realized in the early 1970's (Bang and Dyerberg. 
1972). Since then, increased consumption of EPA and DHA. in the form of fish and 
fish oil capsules has been associated with a reduced risk of atherosclerosis. tumour 
growth. thrombosis. hypertriglyceridaemia. and high blood pressure (Braden and 
Carroll, 1986; Shekelle et al .• 1981; McGee et aI., 1984; Joossens et al., 1989). The 
inhibitory effect of PUF As on many of these conditions seems to be related to their 
mediation of eicosanoid precursor synthesis (Braden and Carroll. 1986). In infants, 
DHA is required for nervous system and retinal development as shown by reduced 
data processing time and increased visual acuity in infants fed human milk containing 
DHA compared to infants fed fonnula with no added DHA (Makrides et ai., 1996; 
Carlson et al., 1996). An exogenous source of DHA is required by infants because 
LNA is not readily converted to DHA (Neuringer et al.. 1994). 

There have been conflicting opinions about the importance of DHA in infant 
development and consequently about its presence in infant formulas due to conflicting 
reports about the extent of its effects on visual function in infants. Several authors have 
found that supplementation of infant formula with DHA has produced some improve
ment in visual function compared to non-supplemented formula-fed infants for both 
preterm and term infants, up to one year of age (Werkman and Carlson, 1996; Carlson 
and Werkman, 1996; Carlson et al., 1993; Makrides et al .• 1996). Other authors have 
found no improvement in visual function. even when comparisons were made 
between breast-fed, DHA~supplemented and DHA-non~supplemented formula~fed 
infants (Carlson, 1996; Innis et al.. 1996). Preterm infants may have a higher 
requirement for DHA as well a, AA because they are more susceptible to pre~ and 
post-natal deficits of AA and DHA which may lead to neurovisual development 
disorders (Crawford et al .• 1997). 

While the tmditional source of EPA and DHA has been fish oils, which can contain 
between 10 and 25 % total of these PUF As (Haraldsson et al.. 1993). there is difficulty 
in supplementing infant formula with this source since EPA seems to compete with 
AA for incorporation into membranes, resulting in a reduction of membrane AA and 
a subsequent reduction in the 2-series eicosanoids (Martinez, 1992; Makrides et al .• 
1995). Feeding infants a fish oil source of DHA in the presence of EPA has been 
associated with infants with lower normalized weights and lengths than those fed 
standard infant formula (Carlson et al., 1992). There is controversy regarding the 
inclusion of EPA in infant formula since it is present in low concentrations (around 
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Modification offood lipids 147 

0.2% of total fatty acids) in human milk, and its levels can be affected by the mother's 
diet (Francois et aI., 1998). PUFAs in TAGs from algal sources or as phospholipids 
from eggs are absorbed from infant formula by preterm infants as efficiently ar; from 
human milk (Camielli et al., 1998; Boehm et al., 1997). 

The positional distribution of long chain PUFAs, along with chain length and 
degree of unsaturation are important factors affecting the degree of hydrolysis and 
absorption. Structured lipids, with the PUFAs in position sn-2 are ideal due to the low 
activity of pancreatic lipase towards these fatty acids in the 511-1 and sn-3 positions and 
their improved absorption as 2-MAGs (Christensen et al., 1995). There is some 
conflict as to the best fonn of PUFAs for good absorption, although the degree of 
absorption does not seem to differ (Linko and Hayakawa, 1996; Krokan and coworkers, 
1983). Nelson and Ackman (1988) found that ethyl esters of EPA are absorbed better 
in humans than free fatty acid forms or 2-MAG forms of EPA, while Linko and 
Hayakawa (1996) found that the degree of absorption of free DHA was greater than 
95%, while in the TAG and ethyl ester forms, degrees of absorption were only 57% 
and 21 %, respectively. The advantage of consuming ethyl esters over natural TAGs is 
that the target fatty acid can be concentrated to a greater extent during processing. 

As mentioned previously, long chain PUFAs are important due to their relationship 
to eicosanoids such as prostaglandins, leukotrienes and thromboxanes, which are 
derived from three different 20-carbon fatty acids and possess hormone-like activity 
(Berdanier, 1995). Dihomo-gamma-linolenic acid, arachidonic acid (AA) and EPA 
are precursors for eicosanoid series 1,2, and 3, respectively, with AA metabolism 
beginning with LA, and EPA metabolism beginning with o:-LNA (Figure 2). Methyl
interrupted PUFAs are fonned by successive elongation and desaturation, with n-3 
PUFAs such as DHA and EPA formed from (X-LNA and n-6 PUFAs such as AA 
formed from LA. While EPA and DHA are produced from LNA, they are still required 
in the diet because the conversion efficiency of LNA is low, and direct consumption 
of EPA and DHA is more effective at increasing their levels in plasma lipids (Linko 
and Hayakawa, 1996). Eicosanoid,> derived from EPA have relatively weak capabilities 
(weaker thromboxanes), stimulating and preventing platelet aggregation and causing 
smooth muscle contraction. Eicosanoids derived from AA have a strong influence, 
stimulating and preventing aggregation of platelets and contraction of smooth muscle 
(Gurr, 1992). Replacement of AA with EPA through consumption of fish oils high in 
EPA inhibits production of strong aggregator thromboxanes by AA, thereby reducing 
platelet aggregation and reducing the risk of atherosclerosis (Garg et aI., 1990). High 
ratios of LA to saturated fatty acids in the diet also inhibit desatura'ie activity 
(Spielmann et at., 1988). 

There are some differences in the effects of these precursor fatty acids in infant 
development. As previously mentioned, the displacement of AA by EPA is not 
beneficial in infants since it has been a'>sociated with reduced growth. Excessive or 
limited concentrations of LA can also reduce AA levels. The difficulty in predicting 
the effects of different levels of eicosanoid precursors on health and disease of infants 
and adults is that each of the three eicosanoid families display both anti-aggregatory 
and anti-inflammatory precursors. With an understanding of the lipid compOSitional 
requirements of different population segments, biotechnology in the form of 
biotransformations, genetic modification of oilseed crops and lipase-catalysed 
interesterification have been applied to meet these needs. 
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148 W.M. WILLIS AND A.G. MARANGONI 

18:2n-6 18:3n-3 

! delta-6-desaturase ! 
18:3n-6 18:4n-3 

! efongase ! 
'1' series +-- 20:3n-6 20:4n-3 
eicosanoids 

! ! delta-5-desalurase 

'2' series +-- 20:4n-6 20:5n-3 • '3' series 
eicosanoids 

! ! 
eicosanoids 

elongase 

22:4n-6 22:5n-3 

! delta4-desaturase ! 
22:5n-6 22:60-3 

Figure 2. Pathways for production of EPA, DHA (from linolenic acid) and AA (from linoleic acid) and 
their associated eicosanoids. 

Biotransformations: production of PUFAs by microorganisms 

SOURCES 

With greater demand for high quality and less expensive sources of EPA and DHA for 
use as supplements in nutritionally improved fats and oils, researchers have turned to 
microorganisms, mainly algae and fungi, as a major source ofPUFAs (Tables 2,3,4). 
The cost of deriving long chain PUF As from microorganisms has been estimated to be 
half that of fish oil derived production of PUPAs (Molina Grima et 01., 1996). Most 
long chain PUFAs are derived from eukaryotes such as fungi and algae which produce 
TAGs in their biomass with fatty acid compositions similar to those of plant oils 
(Mukherjee, 1998). 

Fish oil composition is more variable due to diet-related effects and fish oils are 
more susceptible to oxidation due to the extended periods between catching and 
processing. resulting in undesirable flavours and odours (Shimizu et al., 1989). 
Microbial sources of these PUF As are superior to fish-derived fatty acids because of 
improved oxidative stability, the potential to produce high concentrations of specific 
fatty acids and greater control of fatty acid composition (L6pez Alonso and del 
Castillo. 1996; Medina et at.. 1995; Yongmanitchai and Ward, 1991). It is possible to 
use microorganisms which produce high concentrations of one specific PUFA, 
making it easier to isolate this PUF A from other fatty acids (Molina Grima et al., 
1996). Other advantages of using microorganisms for PUFA production include low 
energy costs since operating temperatures are close to room temperature, feasible 
large scale production, and the potential for the production of value-added by
products (Shimizu el al., 1989; Cohen, 1990). 
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Modification offood lipids 149 

Table 2. Selected algae. their total lipid content and nutritionally important fally acids 

Organism Fatty acid of interest Maximum Maximum Reference 
biomass content 
content (gIL) (% w/w) 

Chlorella eicosapentaenoic acid 0.5 14.3 (lipid) Yongmanilchai and 
lIIilllltissima (31.8% of FA) Ward (1991) 

PlJaeodactyf/llll eicosapentaenoic ac id 2.5 17.4 (lipid) Yongmanilchai and 
rriconllltrlm (30.5% of FA) Ward (I99l) 

Nitzschia laevis eicosapentaenoic acid 39.3 (lipid) Koon Tan and Johns 
(23.2% of FA) (1996) 

picoplankton strain eicosapentaenoic acid 13.6 (FA) Kawachi er af. (1996) 
PP301 (53.2% of FA) 

and 
docosahexaenoic acid 
(8.9% of FA) 

Isocllrysis gal/mila eicosapentaenoic acid 9.5 (FA) Robles Medina et at. 
and docosahexaenoic (1995) 
acid (9.5% of FA) 

Porphyridilllll eicosapentaenoic acid 4.4 (FA) Cohen (1990) 
crllelltlllll (113.80) (42% of FA) 

Pllaeodactyl/l/ll eiCOSapenlaenoic acid Cartens er al. (J 996) 
triconllltllm (3.1 % of biomass, 

30.5% of FA) 

!socllrysis galballQ docosahexaenoic acid 0.9 14.8 (FA) Burgess et al. (1993) 
(5.4% of biomass) 

Table 3. Selected bacteria, their total lipid content and nutritionally important fatty acids 

Organism Fatty acid(s) of inlerest Maximum Maximum Reference 
cell content 
content (gIL) (% w/w) 

Vibrio (strain docosahexaenoic 0.1 9.8 (lipid) Yanoetal. (1994) 
T3614) (6.7% of FA) 

SCRC-2738 (from eicosapenlaenoic acid 3.7 5.7 (FA) Akimolo er al. (1990) 
mackerel intestine) (12.8% of FA) 

SCRC-2738 (from eicosapentaenoic acid 5.3 4.3 (FA) Akimoto et al. (1991) 
mackerel intestine) (22.5% of FA) 

EXTRACTION AND PURIFICATION 

The major difficulty associated with the production ofPUFAs using microorganisms 
centres around the relatively extensive purification process required to isolate and 
refine the oils. Some methods involve a five-step process using a combination of 
chloroform, methanol, and water to separate lipid classes followed by transmethylation, 
urea fractionation and reverse phase chromatography (Cartens et aI., 1996). Urea 
complexation is an effective method of PUFA isolation since urea preferentially 
complexes with saturated and monounsaturated fatty acids to form solids which can be 
removed from the PUFAs (Bajpai and Bajpai, 1993). Cartens and coworkers (1996) 
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150 W.M. WILLIS AND A.G. MARANGONI 

Table 4. Selected fungi, their tOlallipid content and nutritionally important fally acids 

Organism Fatty acid of iDlerest Maximum Maximum Reference 
biomass lipid content 
content (gIL) (% w/w) 

Morlierella sp. g-linolenic 11-12 24 Hansson and Dosuilek 
(26% of lipid) (I 988} 

Mortie/'/~lIa alpilla arachidonic 23 II Lindberg and Molin 
(31 % of lipid) (1993) 

Mortierefla alpilla arachidonic acid 22.S 44 Shinmen el al. (1989) 
(31% of lipid) 

TI'/'QlISIOc/lyl";/l1II docosahexaenoic 5.7 8 lida et aI. (1996) 
allrel/III (40% of lipid) 

Pytililllll irreglflare eicosapentaenoic acid 10 O'Brien etal. (I993) 
(25% of lipid) 

TI!ml/stochYlr;/I111 eicosapentaenoic 4 10 Kendrick and 
(Illrellll/ (9% of FA) Ratledge (1992) 

docosahexacnoic 
(30% of FA) 

MOl1ierelltl alp;1/(I- arachidonic 3.2 38 Kendrick and 
pe.l'roll (5% orFA) Ratledge (1992) 

Pytl'ilfm II/Iilllrlll' eicosapentuenoic 3.2 Wessinger el aJ. 
(0.7% of biomass w/w) (1990) 

Slriizoclrylri'lIIl sp. docosahexaenoic 21.0 Nakahara el aJ. (1996) 
(34% of FA) 

TfllYIIISIOcll.l'trilllll docosahexaenoic acid 1.1-5.5 1.7-25.2 Bajpai et al. (1991) 
arirerlllt (5-7% of lipid) 

avoided chloroform and methanol by using ethanolic potassium hydroxide sapon
ification, followed by liquid chromatography to isolate the PUF A fraction. They 
obtained the same yield of EPA without the urea fractionation step. Medina and 
coworkers ( 1995) developed a two-step purification process for algal biomass involving 
only urea complexation and liquid chromatography, achieving a range of 94-96% 
purity for fractions of EPA and DHA, respectively. Molina Grima and coworkers 
(1996) scaled-up recovery of EPA from P. tricornutum using a four-step process of 
fatty acid extraction, saponification, lyophilization, urea fractionation and semi
preparative HPLC. 

GROWTH CONDITIONS 

Growth of microorganisms is highly dependent on growth media composition including 
temperature, pH, source, amount and ratio of carbon and nitrogen sources, and the 
degree of light exposure and aeration (Cohen, 1990; B1\ipai and Bajpai. 1993; Rose, 
1989). There are major differences in the growth conditions of different organisms, 
which can affect both the lipid content and fatty acid composition of the biomass 
(O'Brienetal., 1993; Akimotoetal., 1991). 

In general, decreaSing the temperature produces an increase in the concentration of 
unsaturated fatty acids, although a decrease in total lipid in the biomass can also occur 
(Lindberg and Molin, 1993). Membrane lipids, and in particular, phospholipids must 
remain in a liquid-crystalline state at lower temperatures to allow for nonna! membrane 
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Modification offood lipids 151 

activity. This requires an increase in the degree of un saturation of their component 
fatty acids at lower temperatures. Several authors have verified that this increase in the 
concentration of unsaturated fatty acids at lower temperatures occurs in both algae and 
fungi (Hansson and Dostalek, 1988; Lindberg and Molin, 1993; Burgess et aI., 1993). 
As previously mentioned, the optimum temperature for growth of both fungi and algae 
is usually between 20 and 30°C, with the temperature being modified to maximize 
concentrations of specific PUFAs (Kawachi et ai., 1996; Burgess et aI., 1993; 
Akimoto et al.. 1990). This temperature range provides an economical means for 
scale-up and production and allows production both indoors and outdoors. Molina 
Grima and coworkers (1995) were able to produce I. galballa outdoors in Spain and 
found that productivity was greatest in the early part of the summer when the average 
outdoor temperature brought the culture temperature closest to its optimum growth 
temperature of 20°e. Optimum pH values for individual organisms vary, although 
most tend to be in the range of pH 5.5 to 8 (Lindberg and Molin, 1993; Iida et al., 
1996). 

Production of PUF As is highly dependent on the growth stage of the micro
organism. While there is generally rapid production of PUFAs during the growth 
phase of the organisms, concentrations can be dramatically increased by ageing at 
steady state for several days at lower temperatures (Bajpai and Bajpai, 1993; Akimoto 
et al., 1990; Shimizu et aI., 1989; Bajpai el aI., 1991). The fatty acid composition can 
also be affected by growth rate and storage time. Cohen (1990) found that the AA 
concentration produced by the microalga, Porphyridium cruelltum, could be increased 
by nitrogen starvation and decreased growth, while with rapid growth, the concentration 
of EPA increased. Burgess and coworkers (1993) found that there was increased 
production of DHA by I. galballa by using storage conditions of low temperature and 
low light after the growth phase. 

All organisms require a source of carbon and nitrogen for growth, although the 
sources can vary widely. Bajpai and coworkers (1991) found that the fungi 
Thraustochytrium allrellm grew best on a carbon source of linseed oil, glucose or 
starch, while O'Brien and coworkers (1993) were able to use sweet whey permeate as 
a lactose source for fungal growth. The presence of vegetable oils such as soybean, 
com, peanut and rapeseed oil, which have a high concentration of oleic and linoleic 
acid seems to promote the production of EPA and DHA (Shinmen et al., 1989). EPA 
and DHA are produced from monounsaturated fatty acids, such as oleic acid which are 
desaturated and elongated via the n-3 pathway to produce LA then EPA and DHA, or 
the n-6 to produce LNA and AA (Bajpai and Bajpai, 1993). Kanisaka and coworkers 
(1990) also found that oleic and linoleic acid were both used rapidly by Mortierella sp. 
and desaturated to 'Y-linolenic acid during its growth phase. Sources of nitrogen may 
include potassium nitrate, com steep liquor or yeast extract (Shinmen et aI., 1989; 
Hansson and Dostalek, 1988; Nakahara et ai., 1996). The concentration of nitrogen 
has an impact on the composition of fatty acids in the lipid fraction as shown by Cohen 
(1990), who found that starving the red microalga Porhpyridium cruentum produced 
a sharp increase in the concentration of AA. The ratio of carbon to nitrogen also seems 
to be important. Hansson and Dostalek (1988) found that a ratio of carbon to nitrogen 
of 80 produced the highest lipid concentration of 66% (w/w) in the biomass. 

The fatty acid composition of light sensitive microorganisms can vary significantly 
during periods of light and dark. Storage fatty acids such as palmitic and palmitoleic 
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152 W.M. WILLIS AND A.G. MARANGONI 

acids in I. go/bana accumulate in the presence of light and are used for energy in the 
absence oflight (Molina Grimaet al., 1995). Bajpai and coworkers (1991) found that 
increasing the time of light exposure caused the fungi, Thraustochytrium aureutll, to 
increase production of DHA, while Burgess and coworkers (1993) found that reducing 
light exposure caused the algae, Isochrysis galbana, to increase production of DHA. 
Photosynthetic organisms such as marine algae are superior to microbial cells because 
they can use sunlight for energy and CO2 as a carbon source (Burgess et aI., 1993). 
Photosynthetic organisms also have increased concentrations of unsaturated fatty 
acids compared to heterotrophic organisms (Koon Tan and Johns, 1996). 

SCALE-UP AND INCREASING PRODUCTIVrfY 

It can be difficult to scale up fungal and algal growth without experiencing difficulties. 
Using fungi for production has some inherent problems, including low growth rates, 
high viscosity and adhesion to surfaces (Hansson and Dostruek, 1988). Microalga are 
superior in this respect because they tend to autoflocculate, improving the harvest 
process (Cohen, 1990). 

Fungi grow very well on solid media, but are much easier to grow in liquid media 
on a large scale, usually in shaker flasks (Shinmen et al., 1989; Lindberg and Molin, 
1993). lida and coworkers (1996) found that a flask culture was superior to a fermenter 
culture ofT. aureum, due to inhibition of growth from the stirring which occurred in 
the fennenter culture. Fukuda and Morikawa (1987) were able to improve the growth 
of fungi in fermenter cultures by immobilizing the cells with biomass support particles 
and by using a fluidized bed for mixing. 

More recent efforts at improving the productivity of microorganisms have been 
concerned with designing equipment for scale up and controlling the growth environ
ment as much lj.S possible. As well, genetic modification has become another avenue 
to increase productivity of specific organisms (L6pez Alonso and del Castillo, 1996). 
Productivity in tenns of the total amount of specific fatty acids produced as opposed 
to the highest percentage of the total lipid content must be considered. 

Genetic modification of oilseed crops 

Genetic modification of oilseed crops to improve quality, pest and disease resistance 
and yield has expanded in recent years to include modification of the fatty acid 
composition of oils for food use as well as for oils used as lubricants and detergents 
(Murphy; 1996). 

In general, oilseeds tend to accumulate LCFAs containing 16 or 18 carbons with 
one to several double bonds (Ohlrogge, 1994). Long chain fatty acid synthesis occurs 
in the plastids by sequential addition of two carbon units from acetyl-CoA to an acyl 
carrier protein (ACP) to eventually produce palmitoyl-acyl-carrier protein (palmitoyJ
ACP) which is then removed from the ACP by a thioesterase (Figure 3). Elongation 
and desaturation of the fatty acid occurs in the cytoplasm to form other fatty acids 
(Murphy, 1994; Miquel and Browse, 1995; Slabas et at., 1992). TriacyJglycerols are 
fonned by the sequential acylation of glycerol-3-phosphate to first form l-acyl-sn
glycerol-3-phosphate then phosphatidic acid by lysophosphatidic acid acyltransferase. 
The phosphatidic acid is eventually converted to a diacylglycerol and then a 
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acetyl-CoA -+ malonyl-CoA 

+ 
acyl-ACP 

free fatty acid 

CYTOPLASM 

modified lipids 

(via desaturation, elongation, 
acylation, hydroxylation) 

~ 
oil bodies 

PLASTID 

Figure 3. Simplified pathway for biosynthesis of fatty acids in plants (adapted from Jaworski et al., 1992 
and Siabas etal .• 1992). 

triacylgJycerol with the addition of another acyl group (Yuan and Knauf, 1998). The 
positional distribution of fatty acids in the triacylglycerol can be modified by the 
activity of lysophosphatidic acy ltransferases from different sources which are specific 
towards fatty acids of differing chain lengths, such as for lauric acid by this 
acyltransferase in canola oil (Knutzon et al., 1995). 

The main method of fatty acid profile modification is the cloning and transfer of a 
gene from one plant species into another species to produce the desired levels of 
specific fatty acids. As well, naturally occurring enzymes can be modified or new ones 
can be introduced to modify the fatty acid profile of the oilseed. Once an enzyme has 
been identified and isolated, its associated gene can be identified and modified (Del 
Vecchio, 1996). Genes from bacterial, animal and yeast sources have also been 
incorporated into oilseeds for fatty acid modification (Miquel and Browse, 1995). 
Yadav and coworkers (1992) used aT-DNA tagging method to isolate the Arabidopsis 
microsomal n-3 fatty acid desaturase responsible for LNA to convert more than 75% 
of the LA in the seeds into LNA. A gene encoding lauric acid production from the 
California bay (Umbellulalia californica) has been incorporated into Arabidopsis 
tJzalialla, resulting in a 70 fold increase in the 12:0-ACP thioesterase activity, and a 
subsequent increase in the concentration of lauric acid (Voelker et aI., 1992). 

Previously, the main focus of transgenic modifications had been in the reduction of 
erucic acid in rapeseed oil. Since then, the focus has shifted towards encouraging 
production of medium chain fatty acids, including high lauric acid concentrations in 
canol a oil (Del Vecchio, 1996). Some plant species produce high concentrations of 
MCFAs by a mechanism which seems to involve premature chain termination by acyl
ACP thioesterase to produce chain lengths of eight to fourteen carbons (Slabas et at., 
1992; Davies et aI., 1993). It is possible to further increase the medium chain fatty acid 
composition of oils such as the high laurate canola oil by cloning a gene which encodes 
for an acyltransferase which is specific for medium chain fatty acids (Knutzon et aI., 
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154 W.M. WILLIS AND A.G. MARANGONI 

1995). While some seed oils. such as palm kernel oil. are not modified because they 
naturally contain high concentrations of MCFAs. other plants, including Cuphea 
species have been engineered to increase their medium chain fatty acid concentration 
(Wiberg and Bafor, 1995; Knapp et al.. 1991). Knapp and coworkers (1991) found 
that in Cuphea viscosissima. the total medium chain fatty acid concentration could be 
increased above an already high level of approximately 88% by mutational modifica~ 
tions. Davies and coworkers (1993) studied the ACP-thioesterases from different 
plant species and found that they had differing medium chain fatty acid specificities 
which correlated well with specific fatty acid composition in the seed. Dehesh and 
coworkers (1996) were able to redirect fatty acid synthesis in canola oil by perfonning 
a transgenic expression of a 8 :011 0: 0 specific thioesterase from Cuphea hookeriana to 
incorporate 8:0 and 10:0 into canola oil. 

The disadvantages associated with genetic engineering of oilseed crops are mainly 
related to a lack of understanding and characterization of the processes invol ved in the 
fatty acid modification of oilseeds. Gene cloning is time consuming and expensive and 
there is a lack of understanding of the full implications of genetic modification on the 
biochemistry and regulation of oilseed metabolic processes (Miquel and Browse. 
1994). The practical problems associated with crop management include pest and 
disease resistance and prevention of cross-pollination by non-modified plants. making 
the process economically unfeasible. At the present time. there are a limited number 
of available sequence encoding enzymes which are key in lipid metabolism, which 
slows down the process of gene isolation (Wolter. 1993). Despite these problems, 
there are several advantages associated with modifying the fatty acid profile at the 
level of growth and development of oilseed crops. In general, during incorporation of 
MCFAs into TAGs in the oilseed, there is a natural tendency for the fatty acid 
composition at the so-2 position to be maintained as a long chain unsaturated fatty 
acid. with the MCFAs occupying positions 1 and 3 (Del Vecchio. 1996). This provides 
a structured lipid, which at the moment is really only obtainable at the present time by 
lipase-catalysed interesterification. As well. work is also being perfonned to encour
age production of PUFAs in oilseeds, with some success already accomplished with 
increasing the concentration of 'Y-LNA through expression of the Ll6-desaturase gene 
(Reddy and Thomas, 1996). The ultimate goal in this case is to produce EPA and DHA 
in oilseeds. 

Lipase.catalysed moditication of fats and oils 

METHODS 

Traditionally, chemical interesterification has been the primary industrial means of 
producing modified fats and oils. It is an entropically driven reaction which, in theory, 
produces a complete randomization of acyl groups in TAGs (Coenen, 1974; Kuksis et 
al.. 1963; Ferrari et al., 1997). Chemical interesterification is used in the manufacture 
of low-trans shortenings, margarines and spreads to improve their textural properties, 
modify melting behaviour and enhance stability (Nawar, 1996; Ghazali et ai .• 1995). 
Chemical interesterification has the potential to be applied to the nutritional improve
ment of fats and oils, mainly to increase the proportion of specific fatty acids in 
specific positions on the glycerol backbone to improve their bioavailability. Chemical 
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Modification offood lipids 155 

interesterification is not an effective method of producing high concentrations of 
MCFAs, nor structured lipids due to the randomness and lack of positional or fatty acid 
selectivity inherent in this method (Klemann et ai., 1994; Ray and Bhattacharyya, 
1995). Lipase-catalysed interesterification is superior to chemical interesterification 
when specific positional distributions are required due to the inherent positional and 
fatty acid specificity possessed by lipases. Lipases catalyse the hydrolysis of TAGs, 
DAGs and MAGs in the presence of excess water, but under water limiting conditions, 
the reverse reaction, ester synthesis. can be achieved (Macrae, 1985; Jaeger et aI., 
1994). Lipase-catalysed interesterification and hydrolysis follow a Ping Pong Bi Bi 
reaction for multisubstrate reactions (Malcata et al., 1992; Reyes and Hill Jr, 1994). 

In terms of the application of lipases to the nutritional modification of fats and oils, 
both the positional and fatty acid specificity of certain Jipases are used (Table 5). 
Lipases which possess no specificity produce the same positional distribution as 
chemical interesterification with significantly greater cost and time requirements, 
making them unsuitable for this application (Macrae, 1983, Gunstone, 1994). Positional 
specificity towards positions 1 and 3 of the TAG is due to an inability of the lipase to 
act on position so-2 because steric hindrance prevents access of the fatty acid in the sn~ 
2 position to the active site (Macrae, 1983; Macrae and How, 1988). Fatty acid 
specificity, in terms of specificity both towards and against different fatty acids has 
been employed in the removal or concentrations of these fatty acids. The positional 
and fatty acid specificity of different lipases has been used in numerous Jipase
catalysed reactions, including transesterification, acidolysis, glycerolysis and 
esterification to improve the nutritional quality of fats and oils. Lipases have also been 
used in the modification of fats and oils for the purpose of physical modifications, for 
use as cocoa butter substitutes and to alter melting properties. 

Table 5. Fatty acid and positional specificity of selected Iipases used in the nutritional modification of 
fats and oils 

Source of lipase Specificity Reference 

Aspergillus niger Towards medium and shon Desnuelle (1972); Stamatis et a/. (1993) 
Aspergillus delell/ar chain fatty acids 

Geotric!1II1II candiduIII Towards long chain Cally acids Macrae (1985) 
with cis-9 double bonds 

Aspergillus niger Towards positions sn-l and sn-3 Macrae (1983) 
MClcor miehei 
Rhi'lopuS arrhizus 
Rhizopus delelliar 

Candida parapsi/osis Towards sn-2 position Riaublanc et al. (1993) 

T ransesterijicatiofl 

Lipase~catalysed transesterification is defined as the exchange of acyl groups between 
two esters, namely two TAGs, although it can also be between ethyl or methyl esters 
and TAGs (Figure 4). Transesterification is not used as a method to transfer PUFAs 
from fish oils to vegetable oils due to the relatively low concentration of EPA and 
DHA in fish oils which does not usually exceed 25% (Ackman, 1988). It is most 
commonly used to produce structured lipids by the reaction between a medium chain 
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A 

M-[M + L-[L ~ 
L-[L+M-[M +M-[L L M L 

B 

M L 

L-[LL 
M-CH3 + 

-[ L M-[M 
L L + 

M 

M-CH3 + 

Figure 4. Possible TAG species derived from a 1 ,J-specific lipase-catalysed transesterification reaction 
between a medium chain TAG (A) or medium chain methyl ester (B) and a long chain TAG. 

triacylglycerol and a vegetable oil or fish oil containjng high concentrations of long 
chain essential and polyunsaturated fatty acids. This is not considered the ideal method 
for structured lipid production because there is a randomization of medium, essential 
and polyunsaturated fatty acids in all three positions of the triacylglycerol. Structured 
lipids should ideally contain medium chain fatty acids in positions sn-I and sn-3 for 
rapid hydrolysis and absorption for energy production, and long chain essential and 
polyunsaturated fatty acids in the sn-2 position to improve their absorption. Higher 
concentrations of structured lipids are more easily obtained using acidolysis reactions. 

Acidolysis 

Acidolysis is defined as the transfer of an acyl group between an acid and an ester, and 
is used mainly to incorporate novel FFAs into TAGs (Figllre 5). Acidolysis between 
a PUFA-rich fraction and fish oils has been a successful way of increasing the PUPA 
concentration in fish oils, since fish oils tend to have PUFAs in the 5n-2 position, 
allowing more to be incorporated into positions sn-l and sn-3. 

Polyunsaturated fatty acid-enriched fish oils have been used in encapsulated form 
to reduce the risk of cardiovascular disease in adults. These oils are not suitable for use 
in infant formulas due to the high concentration of EPA which may compete with AA 
and affect growth. PUFA-enriched vegetable oils have been used in the prevention of 
cardiovascular disease in adults. The advantage of acidolysis over transesterification 
to produce structured lipids is a greater degree of incorporation. However. there are 
still difficulties in placing PUFAs in position sn-2 and MCFAs in positions 1 and 3. 
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M + L-[~ L -[~ + L-[: + L-[: 
M + L 

Figure S. Potential TAG species derived from a I ,3-specific lipase-catalysed acidolysls reaction between 
u long chain TAG and a medium chain fatty acid. 

There are major disadvantages associated with using acidolysis as a means of 
improving the nutritional quality of fats and oils. Obtaining a fatty acid concentrate 
with high concentrations of DHA and/or EPA requires several steps, including 
saponification, solvent extraction, and urea inclusion or molecular distillation (Li and 
Ward, 1993a). Since fatty acids from the original TAG are released during the course 
of acidolysis. those fatty acids plus those remaining from the original substrate must 
be removed from the lipid. Due to the heat lability ofPUFAs, traditional means offatty 
acid removal such as molecular distillation have been replaced by methods such as 
titration with salts to precipitate fatty acids (Tanaka et aI., 1994). 

Glycerolysis/esterijicatioll 

Glycerolysis is the reaction between a TAG and glycerol, while esterification is the 
reaction between glycerol (or an alcohol group such as a partial glyceride) and a free 
fatty acid (Figure 6). The main application of esterification is in the production of 
TAGs containing all long chain PUFAs for use as adult supplements or all MCFAs for 
parenteral nutrition, while glycerolysis has been used to produce PUFA~containing 
MAGs. The advantage of glycerolysis and esterification is the high purity of TAGs 
containing only one fatty acid type which can be obtained, although the yield ofT AGs 
tends to be low. The disadvantage of esterification is that the fatty acid substrates 
remaining must be removed. As well, esterification using ethyl esters remains 
economically unfeasible due to the high production cost of producing EPA and DHA 
concentrates (Li and Ward, 1993a; Sridhar and Lakshminarayana, 1992). 

Hydroiysis/selective enrichment 

As mentioned previously, some lipases are specific towards certain fatty acids, a 
property which can be used to concentrate these fatty acids during hydrolysis and 
transesterification. Upases with decreased specificity towards DHA have been used 
frequently to increase the concentration ofDHA in fish oil. The lower activity of some 
lipases towards DHA is attributed to the fact that the carbon-carbon double bond 
nearest to the carboxyl group is one carbon closer in DHA than in EPA which affects 
its ability to fit into the active site (Haraldsson et ai., 1993). While this selective 
enrichment has been used effectively in the nutritional modification of fats and oils, 
care must be taken to recognize the specificities of these Iipases when conducting other 
lipase~catalysed modification methods to prevent low levels of incorporation of some 
fatty acids (Kosugi and Azuma, 1994; Haraldsson et aI., 1993; Langholz et ai, 1989). 
Overall, selective enrichment is a promising method for the concentration of fatty 
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A --[ PUFA --[ PUFA --[ PUFA 
OH + OH + PUFA 

-[ 
OH OH PUFA OH 

PUFA + OH OH ---.. 

--[
OH --[PUFA OH--[OHOH 

PUFA + PUFA + 
OH PUFA 

B 
--[

PUFA 01'1 OH 

01'1 + --[ + PUFA--[ 
OH PUFA OH 

OH --[01'1 + 
OH 

--[
OH --[PUFA PUFA 

PUFA-CH2CHa -+ OH + PUFA + OH-[ 

OH PUFA PUFA 

Figure 6. Potential TAG species from a non-specific lipase·catalyscd esterification (A) and glyccrolysis 
(B) reactions between glycerol and a PUFA and glycerol and a PUFA-ethyl ester, respectively. 

acids in oils, specifically fish oils, since it does not require PUFA concentrates which 
are difficult and expensive to manufacture. 

PRODUCTS 

In tenns of the nutritional modification of lipids. most of the lipase-catalysed methods 
described previously have been used to produce varied products, including medium 
chain triacylglycerols, structured lipids, PUFA concentrated fish oils, and PUFA 
containing vegetable oils. Some methods are superior for the production of specific 
products. As well, lipase-catalysed interesterification has been used to produce cOcoa
butter substitutes and to modify the physical properties of certain lipids. 

Medium chain triacylglycero/s 

Medium chain triacylglycerols are used predominantly in the manufacture of parenteral 
and enteral formulations, and in infant fonnulas for pretenn infants since medium 
chain triacylgJycerols are more rapidly hydrolysed and metabolised compared to long 
chain triacylglycerols (Mascioli et aI., 1988). Medium chain triacylglycerols have 
been blended with long chain triacylglycerols in these formulations to reduce the 
added cost associated with structured lipid production, although there are differing 
opinions as to which method is more nutritionally beneficial (Sobrado et aI., 1985; 
Christensen and H~y, 1997). 

In order to produce pure medium chain triacylglycerols, esterification of glycerol 
and medium chain fatty acids has been the lipase-catalysed method of choice (Table 6). 
Kwon and coworkers (1996) produced MCTs from esterification of glycerol with 
capric acid, to obtain 47.6% (w/w) tricaprylin after 24 hours. However, lipases are not 
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Modification offood lipids 159 

Table 6. Production of medium-chain triacylglycerols and concentration of medium chain fatty acids 
by Iipasc-catalysed inleresterificalion reactions 

Source of lipase Metlwd Substrate Yield Reference 

Calldida rugosa esterification capric acid 56.2 mol% tricaprin Kwon eta/. 
glycerol of all caprin- (1996) 

containing species 

Mllcor miehei acidolysis capric acid capric acid increased Ghosh and 
capry lie acid from 6.2% to 18% Bhauacharyya 
methyl esters ealpylic acid (1997) 
coconut oil increased from 4.9% 

10 17.9% (w/w) 

usually used to produce medium chain triacylglycerols since chemical esterification 
and fractionation are more cost effective. The major use of medium chain 
triacylglycerols is in the production of structured lipids, using 1,3-specific lipases. 

Structu.red lipids 

As previously defined, structured lipids (Table 7) may contain a variety of medium 
chain, essential and polyunsaturated fatty acids, preferably with the medium chain 
fatty acids in positions sn-l and sn-3 and the long chain fatty acids in the sn-2 position. 

Using a 1,3-specific lipase, acidolysis is superior to transesterification because it 
allows placement of medium chain fatty acids specifically in positions sn-l and sn-3. 
Transesterification produces a mixture of TAGs because the starting species are both 
TAGs, one containing medium chain fatty acids and the other containing essential or 
polyunsaturated fatty acids in positions sn-l and sn-3. Lee and Akoh (1996) trans
esterified tricaprin and triolein and found that the final product contained 43.3-57.7% 
capric acid and 42.3-56.4% LA in the sn-2 position. As well, while Soumanou and 
coworkers (1997) were able to produce 73%(w/w) structured lipids from trans
esterification, only 31 % of the TAGs were disubstituted. 

Despite the greater control of final product composition attainable by acidolysis, 
acidolysis still requires removal of residual fatty acid substrate and fatty acids 
produced during the reaction. As well, acyl migration may occur, resulting in 
placement of MCFAs in the 8n-2 position. For this reason, transesterification still 
seems to be the reaction of choice for producing structured lipids. However, Shimada 
and coworkers (1996) were able to produce significant improvements in yields by 
running an acidolysis reaction repeatedly, for a total of three runs, to obtain a final 
vegetable oil product containing 100% caprylic acid in positions sn-l and sn-3. Since 
this yield is significantly higher than any achievable by transesterification, the added 
cost of removing residual fatty acids from the acidolysis may be justified, particularly 
in the use of structured lipids in parenteral and enteral formulations where a high 
degree of substitution would be beneficial. 

PUFA concentration in andfromfish oils 

The greatest interest in the nutritional modification of lipids in recent years has been 
related to increasing the n-3 PUPA concentration of fish oils above their natural 
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160 W.M. WILLIS AND A.G. MARANGONI 

Table 7. Production of structured lipids by Iipase-catalysed inleresterificalion reactions 

Source of lipase Method Substrates Yield Reference 

Rhizomucor transesterification tricaprylin 79mol%SL Soumanou 
miehe; peanut oil 1'1 al. (1997) 

Chromobacterium 71 mol%SL 
viscosum 

Calldidasp. 68 mol%SL 
Mucor miehe; transesleri fication trilinolein 78 mol%SL Lee and Akoh 
Cal/dida a1l1arct;ca Iricaprin (1997) 
Mucor /IIielle; Iranseslerification tricaprylin 3411101% Lee and Akoh 

EPA ethyl EPA (1996) 
esters incorporated 

RhitOplIs delelllar repealed acidolysis safflower, 100% SL Shimada 1'1 al. 
linseed oil (1996) 
caprylic acid 

Rhi<.o/l11/cor miehe; transesterification triolein 87.7mol% Huang and 
caprylic acid SL Akoh (1996) 
elhy I esters 

Mllcor miehei acidolysis tricaprylin 62% (w/w) Shishikura et 
EPA EPA incorporated al. (1994) 

content of 25% EPA and DHA, because of the reduced risk of atherosclerosis related 
to consuming higher concentrations of EPA and DHA. Increasing concentrations of 
EPA and DHA has been achieved through modification of existing fish oils and 
through production ofT AGs containing only EPA or DHA (Table 8). Lipases are ideal 
for modifying fish oils because other physical methods such as winterization, solvent 
crystallization and molecular distillation are not applicable due to a wide variation in 
fatty acid composition in the oils. Selective enrichment, through hydrolysis using 
lipases which are specific against DHA or EPA is a less expensive lipase-catalysed 
method of increasing the n-3 PUFA content in fish oils because it does not reqUire an 
external source of concentrated DHA and EPA (Table 9). Lipases from Mucor miehei 
and Candida cylilldraceae are specific against DHA, allowing enrichment of this fatty 
acid. Hills and coworkers (1990) were able to enrich DHA in cod liver oil from 9.4% 
to 45%, while Tanaka and coworkers (1992) were able to enrich the DHA content of 
tuna oil from 25.1 % to 53% (w/w). Selective enrichment has also been applied to the 
enrichment of both EPA and DHA using lipase from Geotrichum calldidum(Shimada 
et al., 1994). Docosahexaenoic acid has also been concentrated in the FFA fraction by 
selective esterification between an alcohol such as butanol or Jauryl alcohol and partial 
glycerides, with fatty acids other than DHA being esterified to the alcohol (Shimada 
et a/., 1997; Hills et al., 1990). The main disadvantage of using this method to 
concentrate n-3 PUFAs in fish oils is that the fatty acids are concentrated in the form 
of MAGs and DAGs as a result of the selective hydrolysis process. 

To avoid the production of MAGs and DAGs during enrichment, acidolysis is the 
only other method that has been used to modify fish oil. Adachi and coworkers (1993) 
used a 1,3-specific lipoprotein lipase from Pseudomonas sp. to enrich the total EPA 
and DHA concentration in sardine oil from 29% to 44.5% (w/w). A combination of 
acidolysis and low temperature crystallization was used by Yamane and coworkers 
( 1993) to remove saturated and monoenoic fatty acids from the reaction mixture and 
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Modification of food lipids 161 

Table 8. Production of high concentrations of EPA and DHA-TAGs and concentration of EPA and 
DHA ill fish/whale oil by Upase--catalysed interesterification reactions 

Source of lipase Method Substrates Yield (% w/w) Reference 

Pseudom(mas ,vp. glycerolysis seal oil 42-53% MAGs Mymesetal. 
whale oil (1995) 
glycerol 

Calldida esterification EPA and DHA [8-33% TAGs Osada et al. 
cytilldraceae other PUFAs {I 990) 

08:1-18:4) 
glycerol 

Candida esterification EPA and DHA 100% Tri-EPA and Hamldsson et 
alllarcrica glycerol Tri-DHA al. (1993) 

Pseudolllonas sp. esterification EPA and DHA in 18.1% TAGs Liand Ward 
a cod Ii ver oil containing 36.7% (I 993b) 
fatly acid 
concentrate 
glycerol 

Candida glycerolysis EPA and DHA 95% Tri-DHA Kosugi and 
alllarctica ctby 1 esters Al.uma (1994) 

glycerol 

Mucor miehei acidolysis EPA,DHA increased EPA and Yamane et af. 
enriched FA DHA content by (1993) 
fraction 10% 
cod liver oil 

Candida acidoJysis EPA,DHA 65% EPA and DHA Adachi et al. 
cylilldroceae enriched FA in oil (1993) 

Chromobacterium fraction 
I'iscosum sardine oil 

Pseudomonas sp. 
Candida esterification EPA 99% Tri-EPA Haraldsson et 
allta/'crica glycerol 01. (1995) 

push the reaction equilibrium towards increased PUPA incorporation. Perfonning 
acidolysis to increase DHA concentrations in fish oil can be difficult, as found by 
Tanaka and coworkers (1994), who found that DHA was actually removed from a 
partially hydrolysed tuna oil fraction to increase the concentration ofDHA in the free 
fatty acid fraction from 13% to 55%, thereby reducing the concentration ofDHA in the 
actual oil. This transfer was due to the low initial concentration ofDHA in the free fatty 
acid fraction. 

Esterification between glycerol and n-3 PUPAs is an alternative method for 
obtaining highly concentrated sources of DHA and EPA. This method allows the 
production of high purity pure fractions of TAGs containing DHA and EPA. The main 
disadvantages of this method are the cost of obtaining a relatively pure free fatty acid 
substrate and the low yields of TAGs which are obtained. Kosugi and Azuma (1994) 
performed a batch reaction using free DHA and glycerol producing purified 95% TAG, 
but with yields of66.2% DHA and 60.1 % EPA. Lipases which are 1.3-specific can still 
be used in esterification reactions, as shown by Li and Ward (1993b) who found that 
lipase from Mucor miehei (Lipozyme 1M 60) produced 92% TAGs from a PUFA 
concentrate and glycerol, while a non-specific lipase from Pseudomonas sp. (PS 30) 
only produced 82% TAGs. Polymerization of EPA and DHA during esterification 
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162 W.M. WILLIS AND A.G. MARANGONI 

Table 9. PUFA concentration in fish oil by selective hydrolysis and enrichment 

Source of lipase Target fally acid Oil Yield (% w/w) Reference 

GeOlrichll11l AA.EPA, tuna oil 85.5% TAG, with Shimada et til. 
calldidulIl DHA 81.5% recovery of {I 994) 

DHA and EPA 

Mucor miehe; DHA cod liver oil increase of DHA Hills el al. 
from 9.4% to 45% (1990) 

Cal/dida DHA tuna oil 46.2% DHA in Tanaka et cll. 
cylil/draceae TAG fraction (1992) 

Rh;z;oplis "il'ells DHA cod liver oil 29.2% DHA in Yadwad el af. 
MAG. 15.2% in (I 991) 
TAG (9.6o/c 
initially) 

Cal/dida rugosa DHA cod liver oil increased EPA McNeill eral. 
Geotrichwl/ DHA,EPA and DHA from 30 (1996) 
calldidlllll to 45% in partial 

glycerides 

Candida DHA, EPA cod liver oil, 50% in partial Hoshino et al. 
c)'lilldmceae . sardine oil glycerides (1990) 

Cilrolllobacterirml DHA tuna oil 46.2% DHA in Tanaka er af. 
Viscoslml TAG fraction (1994) 

Rhizopus arrlri1.lIs DHA tuna oil 89% DHA in FFA Shimada et af. 
fraclion (1997) 

has also been reported, requiring the addition of higher concentrations of free fatty 
acids or the use of the ethyl ester form of the fatty acids which do not readily 
polymerize, although there seems to be a lower degree of incorporation when using the 
ethyl ester forms (Kosugi and Azuma, 1994; Bech Pedersen and Holmer, 1995). 

As of yet, any of these modifications to increase the n-3 PUFA concentration in fish 
oils or to produce TAGs containing only these fatty acids have had limited applica
tions to making products geared towards disease prevention in adults. Flavour and 
odour problems associated with high oxidative susceptibility ofPUFAs and fish oils 
limits their use to encapsulated oil products. 

PUFA incOIporation into vegetable oils 

In order to increase the availability of n-3 PUFAs, acidolysis has been used to 
incorporate them into vegetable oils (Table 10), and some degree of success has been 
achieved. Sridhar and Lakshminarayana (1992) were able to modify the composition 
of groundnut oil, a staple oil in India by incorporation of a total of 17.5% EPA and 
DHA into positions 1 and 3. As well, Li and Ward (1993a) were able to incorporate a 
total of 17.7% EPA and DHA into corn oil. However. in both of these experiments. a 
1,3-specific lipase was used, placing these fatty acids in positions sn-l and sn-3. 
Pancreatic lipase, shows little activity towards these fatty acids so their potential for 
hydrolysis and absorption is reduced. Even with acyl migration or using a non-specific 
lipase to obtain some n-3 PUFAs in the sn-2 position, a larger proportion of these fatty 
acids will remain in positions sn-l and so-3. Therefore. while incorporating EPA and 
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Modification offood lipids 163 

Table 10. Incorporation of EPA and DHA inlo vegetable oil by Iipase-catalysed inleresterification 
reactions 

Souree oflipase Method Substratc Yield (% w/w) Reference 

Muc(}r miehei acidolysis EPA. EPA elhyl 18% EPA or Huang and 
Candida antarctica esters 32.9% EPA Akoh (1994) 

canolaoil ethyl esters (mol%) 

Mucor mie/rei acidolysis EPA.DHA 17.1% (W/w) LiandWard 
corn oil EPAandDHA (I 993a) 

Cal/dida acidolysis EPA 43% (mol%) Akohetal. 
a/ltarcrica evening EPA (1996) 

primrose oil 

Mllcor lIIiellei acidolysis EPAandDHA 9.5% EPA and Sridhar and 
ground nut oil 8.0% DHA (w/w) Lakshmina-

rayana (1992) 

Candida lranseslcrification EPA cthyl esters 81.4 mol% Akohetal. 
alltarctica trilinolein EPA (1995) 

Calldida selective B. orielllalis up 10 41% Lie Ken lie and 
cylilrdraceae enrichment seed oil (w/w) 20:3 and Rahmstullah 

20:4 in partial (1995) 
glyceride rraction 

DHA into vegetable oils would increase their use in the food industry, theirconcentra
tion and availability in these oils remains low. 

MODIFICATION OF PHYSICAL PROPERTIES 

While the major focus of biotechnology has been on the nutritional modification of 
lipids, lipases have also been used in the modification of physical properties in the 
production of cocoa butter equivalents and modification of melting properties. 

Cocoa butter equivalents 

The high cost of cocoa butter for use in the confectionery industry compared to the 
relatively low cost of other fats and oils containing similar concentrations of the same 
fatty acids has resulted in attempts to manufacture cocoa butter equivalents using 
lipases. Cocoa butter contains I-palmitoyl-2-oleoyl-3-stearoyl-glycerol (POS) and 
1.3-distearoyl-2-0Ieoyl-glycerol (SOS) as its majortriacylglycerol species. representing 
about 70% of the total (Chang et 01., 1990). Several inexpensive sources oflipid have 
been used. including palm oil midfraction or shea oil combined with stearic acid. 
hydrogenated cottonseed oil and olive oil, and kokum fat and palmitic acid methyl 
esters (Macrae and How, 1988; Sridharet ai .• 1991; Changet al., 1990; Bloomeret 01_. 
1990). Since stearic acid is required only in positions 1 and 3 of the triacylglycerol, a 
1,3-specific lipase is ideal. Stearic acid or methyl or ethyl stearate are added by 
acidolysis or transesterification (respectively) to produce a combination ofPOS, SOS 
and POP. Several studies have been perfonned to produce cocoa butter equivalents 
using lipase-catalysed interesterification (Table II). Macrae and How (1988) developed 
1,3-specific-lipase-catalysed acidolysis processes using palm oil liquid fractions, shea 
oil and stearic acid to produce lipid products with compositions similar to that of 
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164 W.M. WILLIS AND A.G. MARANGONI 

Table 11. Production of cocoa butter equivalents using Jipases 

Source of lipase Method Substrates Effectiveness Reference 

Rhizoprls arrhizlIS acidolysis palm oil similar Mojovic et al. 
midfraction concentration of (1993) 
stearic acid stearic, oleic, 

palmitic acid 

1M 20 acidolysis palm olein 39.3% (w/w) Chong etat. 
cocoa bUller-like (1992) 
TAGs 

Mucor mielrei transeslcrification kokum fat peak melting poiO! Sridhar et al. 
methyl palmitate 32.S"C vs 32.7"C (1991) 
metby I stearate for cocoa buller 

Mrlcor miehei transesterification cottonseed oil 19% (212) cocoa Chang et al. 
olive oil butter-like TAGs (1990) 

cocoa butter. Chang and coworkers (1990) trans esterified hydrogenated cottonseed 
oil and olive oil to obtain a mixture of POP. OSO, POS and SOS, resulting in a yield 
of 19% cocoa butter-like fat with a 'melting range of 29 to 49°C compared to a range 
of 29 to 43°C for cocoa butter. The cocoa butter fraction was isolated from the other 
fat by crystallization in acetone. Similarly, Chong and coworkers (1992) ran an 
acidolysis reaction between stearic acid and palm olein, and obtained a higher yield of 
cocoa butter-like triacylglycerols. They used steam distillation to remove free fatty 
acids and fractional crystallization with hexane or acetone to isolate the cocoa butter
like triacylglycerols. 

The main consideration associated with using lipase-catalysed interesterification to 
produce cocoa butter equivalents is keeping the cost low. Major considerations 
include reusability of the lipase, choice of substrate to obtain maximum yields of 
cocoa butter-like triacylglycerols and the cost of extraction and purification. 

Modification of hardness and melting properties 

The physical properties of fats can be modified via chemical or enzymatic methods 
(Marangoni and Rousseau, 1995). The effects of blending and chemical inter
esterification on the physical and chemical properties of fats have been extensively 
studied (Rousseau et aI., 1996a,b,c; Marangoni and Rousseau, 1998a,b; Rousseau and 
Marangoni, 1998a.b), however. almost no information exists on the effects of enzymatic 
interesterification on the physical properties of fats. In order to be able to use such 
methods in the manufacture of new fat-containing products. it is imperative to 
understand the effects of enzymatic transformations on the physical properties of fats. 

Rousseau and Marangoni (1998a,b) enzymatically interesterified milkfat using 
Rhizopus arrhizus lipase, which possesses long chain fatty acid and sn-I,3 specificity. 
in order to produce a softer, cold-spreadable butter. The hardness index, a macroscopic 
measure of the solid-like character of a material, decreased as a function of 
interesterification duration in an exponential fashion (Figure 7). This decrease in the 
solid-like- character of the milkfat was also observed using more sophisticated 
rheological measurements. such as dynamic oscillatory controlled-stress rheometry. 
In these experiments, the shear storage modulus G' (or elastic component), as well as 
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Figure 7. Hardness index as a function of lime for ioteresterification of milkfat using lipase from 
Rlrizoplls arrlrivlS. 

the shear loss modulus G" (or viscous component), decreased upon lipase-catalysed 
interesterification. 

This decrease in the hardness of the fat was mainly attributed to !i decrease in the 
solid-fat-content. as determined by pulsed NMR (Figure 8). and not to changes in the 
microstructure of the fat crystal network. The dropping point, a measure of the end of 
melt of the fat, also decreased upon enzymatic interesterification. This decrease in 
dropping point suggested alterations in the structure of the triglycerides, which in turn 
lead to changes in their ability to interact in the solid-state. This hypothesis was 
confirmed by X-ray diffraction studies on the milkfat where the size of the unit cell 
(long-spacings) increased from 4.20 nm to 4.54 nm upon enzymatic interesterification. 
This information, combined with the fact that the main subcell reflections (short
spacings) decreased from 0.400 and 0.433 nm to 0.392 and 0.429 nm upon enzymatic 
interesterification suggested that the triglycerides were crystallizing predominantly in 
the orthorhombic perpendicular. or W, polymorph. The packing density of TAGs in 
this polymorphic state is lower and the melting point is lower than for triclinic, or 13. 
polymorph. Therefore, the decrease in the hardness of milkfat upon enzymatic 
interesterification was attributed mainly to a decrease in the amount of solid fat present 
and a slight increase in the amount of l3'-crystallizing triglyceride species. The advan
tages of using Iipases over chemical means to modify the physical properties of fats 
and oils are not completely clear. Further understanding of the impact of the positional 
distribution of different fatty acids on the physical properties of fats and oils is 
required. 

Conclusions 

The major barrier to applying biotechnology to lipid modification, in the form of 
genetic engineering, biotransformation and lipase~catalysed interesterification remains 
cost. Present chemical modification methods are relatively inexpensive. easy to run 
and easy to scale-up. with the major difference being a more limited ability to 
manufacture products of differing fatty acid composition. 
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Figure 8. Solid fat conlent as a function of temperature for milkfat interesterified using lipase (rom 
RIliz.oPIiS arrllizus. (o-o) Milkfal, (--..) inlereslerificd milkfal. 

Genetic engineering of oilseed crops and positional distribution has the greatest 
start-up expense but may prove to have the greatest number of applications in the long 
run. Structured lipids and production of PUF As ill oilseeds are definite possibilities as 
greater understanding of the processes involved is acquired. 

Extensive studies have been performed using Jipases, however, scale-up of lipase 
catalysed reactions is not economical at the moment in applications towards the 
nutritional modification of fats and oils. The high costs of lipases. reactor systems and 
process control are some of the main barriers. Biotransformations to produce n-3 
PUFAs have been relatively successful so far in terms of larger scale production of 
specialty fats and oils for nutritional applications. 

Overall, biotechnology is a valuable tool in the modification of fats and oils to meet 
the diverse needs of consumers, however, continued cost reduction and production 
optimization are required. 
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