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Introduction

An ever-increasing body of knowledge points to the importance of very long chain
o3 polyunsaturated fatty acids (PUFAs), such as docosahexaenoic acid (DHA;
22:6A4,7,10,13,16,19) and eicosapentaenoic acid (EPA; 20:5A5,8,11,14,17) in human
health. Over the last century, the dietary ratio of w3/®6 fatty acids has decreased
dramatically in western countries and this change is believed to have contributed to
higher levels of cardiovascular and inflammatory disease (Sontrop and Campbell,
2006). Low blood lipid concentrations of ®3 PUFAs are also thought to increase
susceptibility to depression, and the benefit of treatment with EPA or EPA plus DHA
for depression or bipolar disorder has been demonstrated (reviewed in Sontrop and
Campbell, 2006).

A high intake of PUFAs, particularly @3 PUFAs, may reduce the risk of developing
Alzheimer’s disease, and feeding with DHA reduced the accumulation of amyloid
beta-peptide in brains of transgenic mice (Oksman et al., 2006). DHA in particular is
thought to improve learning ability and contribute to brain development in infants
and normal brain function in adults (Horrocks and Yeo, 1999). With preterm infants,
adding ®3 PUFAs to formula appears to improve both visual acuity and cognitive
development (Fleith and Clandinin, 2005).
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The clearest positive effect of EPA and DHA, however, is in protection against
heart disease, the leading cause of death in western nations. The American Heart
Association Nutrition Committee has recommended consuming fish, particularly oily
fish, at least twice a week, while individuals with hypertriglyceridemia should take
supplements containing EPA plus DHA (Lichtenstein et al., 2006); such
recommendations are based largely on the results from randomized control trials
demonstrating the protective effects of consuming these ®3 PUFAs (Breslow, 20006).
Supplementation with fish oil (DHA plus EPA) appears to improve cardiovascular
outcomes through reductions in total mortality, coronary heart disease death, and
sudden death (Harper and Jacobson, 2005).

Although humans can synthesize both DHA and EPA from the precursor essential
fatty acid o-linolenic acid (ALA; 18:3A9,12,15), direct uptake appears to be
significantly more effective (Horrocks and Yeo, 1999), and the high amounts of DHA
in neural and retinal tissues combined with the limited storage of @3 PUFAs in adipose
tissues suggest that a relatively constant dietary supply of this fatty acid is required
(Arterburn et al., 2006).  Presently, the main dietary sources of both EPA and DHA
are fish and fish oil. However, consumption of fish is a major source of human exposure
to environmental contaminants, including carcinogenic contaminants such as DDT
and non-carcinogenic contaminants such as methyl mercury (Sidhu, 2003); while
these risks are often deemed acceptable, this depends on the source and species of
fish consumed (Foran et al., 2005), and risk levels may be of particular concern to
sensitive populations such as women of child-bearing age and young children (Park
and Johnson, 2006; Foran ef al., 2005). This, combined with decreasing fish stocks
throughout the world, raises questions regarding the sustainability of this source of
very long chain PUFAs, and has resulted in a strong interest in the production of
long-chain polyunsaturated fatty acids in plants.

Fatty acid biosynthesis: plants versus very long-chain PUFA producing
organisms

De novo fatty acid synthesis in plants occurs in plastids and is catalyzed by multisubunit
fatty acid synthase (FAS) complexes. The final products of FAS are 16:0- and 18:0-
acyl carrier protein (ACP); commonly, 18:0-ACP undergoes desaturation by a soluble
stearoyl-ACP desaturase to form 18:1A9-ACP (Voelker and Kinney, 2001). At this
stage acyltransferases may transfer acyls from ACP to glycerol, leading to plastid
glycerolipid assembly, but the majority of fatty acids are hydrolyzed from ACP by
acyl-ACP thioesterase, leave the plastid, and are esterified to coenzyme A (CoA) to
form acyl-CoA (reviewed in Ohlrogge and Jaworski, 1997). Through a series of
reactions, the acyl moieties can become esterified to phosphatidylcholine (PC) and
can then undergo desaturation by Al12- and Al5-desaturases to form linoleic acid
(LA; 18:2A9,12) and ALA.

Since mammals lack the desaturases required for forming LA and ALA, these are
considered essential fatty acids that must be supplied in the diet. The synthesis of
very long chain PUFAs in humans and many other eukaryotes starts with A6-
desaturation, which introduces a double bond between carbons six and seven of LA
and ALA, forming y-linolenic acid (GLA; 18:3A6,9,12) and stearidonic acid (SDA;
18:4A6,9,12,15). A series of alternating elongation and desaturation reactions result
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in the synthesis of arachidonic acid (ARA, C20:4A5,8,11,14) and EPA (Figure 1).
Unlike the mammalian enzymes, most “front-end” desaturases from lower eukaryotes
are believed to act on fatty acids linked to phosphatidylcholine (PC). Since fatty acid
elongases use acyl-CoA substrates, the alternating elongation/desaturation pathway

requires the exchange of fatty acid between these two pools (Domergue et al., 2003;
Abbadi et al., 2004).
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Figure 1. Pathways of long-chain polyunsaturated fatty acid biosynthesis. The conventional A6-desaturase/
A6-elongase and the alternative A9-elongase pathways are shown starting from LA and ALA. In mammals,
biosynthesis of DHA from EPA proceeds through the production of 24:6n-3, followed by B-oxidation,

whereas certain microorganisms produce EPA or DHA through a polyketide synthase-like system (not
shown).
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The final steps of the pathway vary between organisms (reviewed in Qiu, 2003); in
certain lower eukaryotes A4-desaturation of docosapentaenoic acid (DPA;
22:5A7,10,13,16,19) produces DHA, whereas in mammals, EPA is subjected to two
rounds of elongation, followed by A6-desaturation, to produce the C24 fatty acid
tetracosahexaenoic acid (THA; 24:6A6,9,12,15,18,21), which is converted to DHA
via B-oxidation.

Plants contain relatively small amounts of monounsaturated or saturated very long
chain fatty acids with 20 or more carbons (reviewed in Voelker and Kinney, 2001).
While the elongation complex involved in synthesizing these fatty acids consists of
four components, namely the condensing enzyme/elongase (3-ketoacyl-CoA
synthase), 3-ketoacyl-CoA reductase, 3-hydroxyacyl-CoA dehydratase, and enoyl-
CoA reductase, it is primarily the condensing enzyme that determines substrate
specificity (Millar and Kunst, 1997). In plants, very long chain condensing enzymes
are encoded by a family of related genes, the fatty acid elongase-like (FAE) genes.
The very long chain fatty condensing enzymes in yeast, which are encoded by the
ELO (elongase) genes ELO2 and ELO3, are unrelated in sequence to the plant FAE
proteins. In both animals and lower eukaryotes, it appears that the condensing enzymes
involved in VLCPUFA biosynthesis are more related to the ELO-like, rather than the
FAE-like proteins. However, the remaining three components of the yeast elongase
complex seem able to substitute for the corresponding plant factors, and likewise,
plant elongase components appear to be able to work with ELO-like condensing
enzymes.

Production of y-linolenic acid and stearidonic acid in transgenic plants

Both GLA and SDA are produced naturally in certain plants; GLA is found in borage
and primrose seed, while hemp seed and black current contain both SDA and GLA.
However, these plants are difficult to cultivate and are relatively poor yielding, thus
there is considerable interest in producing GLA and SDA in oilseed crops. Since
oilseeds typically contain appreciable amounts of LA or ALA, production of GLA or
SDA requires only the expression of a A6-desaturase gene.

The first identified A6-desaturase gene was isolated from the cyanobacterium
Synechocystis by a gain-of-function screening method; a Synechocystis cosmid library
was conjugated into a cyanobacterium (Anabaena) lacking A6-desaturase activity
and the gene was recovered from transconjugants producing GLA (Reddy et al.,
1993). However, when this gene was expressed in tobacco (Nicotiana tabacum) plants
under the control of a constitutive promoter (Reddy and Thomas, 1996), GLA
represented only about 1%, and SDA only 1-3%, of C18 fatty acid. Neither GLA nor
SDA was detected in seeds of transgenic plants, probably because the constitutive
35S promoter conditioned the expression of only a low level of A6-desaturase mRNA
in seed. Sayanova et al. (1997) followed a PCR-based strategy using degenerate
primers based on conserved regions of related proteins to isolate a borage A6-
desaturase cDNA. Expression of this cDNA in transgenic tobacco plants under the
control of a constitutive promoter led to the accumulation of approximately 13%
GLA and 10% SDA in leaf tissue (Sayanova et al., 1997), while a low level of GLA
(approximately 2%) also accumulated in mature seed tissue (Sayanova et al., 1999).



Production of polyunsaturated fatty acids in transgenic plants 267

The borage A6-desaturase was isolated independently by another group using an
expressed sequence tag (EST) based strategy (Thomas et al., 1997) and was expressed
under the control of both constitutive and seed-specific promoters in plants (Qiu et
al.,2002). Expression of the cDNA under the constitutive 35S promoter in flax (Linum
usitatissimum) led to the accumulation of similar levels of GLA and SDA as were
seen in tobacco. Flax has very high endogenous ALA and was thus considered a
good potential host for SDA production, and flax plants carrying the borage desaturase
under the control of the napin seed-specific promoter did indeed accumulate
approximately ten times more SDA than GLA in seed (Qiu et al., 2002). However,
total GLA and SDA represented only 0.1-2% of seed fatty acids, likely due to poor
performance of the Brassica napin promoter in flax. Conversely, use of the napin
promoter in Brassica juncea led to the accumulation of up to about 10% GLA and
3% SDA in transgenic seeds. Results with a A6 desaturase isolated from the ARA and
EPA producing fungus Pythium irregulare appeared to be much more successful;
when this gene was expressed under the control of the napin promoter in B. juncea,
levels of GLA reached as high as 40% of total seed fatty acids (Hong et al., 2002).
This was somewhat surprising, as we would expect the codon usage pattern of the
borage desaturase gene to be more suitable; however, the fungal desaturase may not
be as tightly regulated in plants as are plant counterparts, or the P. irregulare desaturase
may simply be more active (Hong et al., 2002). Expression of a A6-desaturase gene
isolated from the fungus Mortierella alpina (Huang et al., 1999; Sakuradani et al.,
1999) in Brassica napus (Liu et al., 2001) led to the production of significant amounts
of GLA (13.2%), but the levels did not reach those in B. juncea, likely due to lower
substrate availability. While the untransformed B. juncea host line had approximately
40% LA (Hong et al., 2002) the B. napus host had only 19.9% (Lui et al., 2001). By
simultaneously expressing the M. alpina A6-desaturase and an M. alpina A12-
desaturase, Lui ef al. (2001) were able to increase the level of GLA to 44.7% and
eliminate the side product 18:2A6,9 which accumulated to significant levels (4.5%)
when the A6-desaturase was expressed alone. When lines containing the M. alpina
A6- and A12- desaturases were hybridized with a transgenic line carrying a B. napus
Al5-desaturase transgene, the ®3 fatty acid SDA accumulated to 23% of total fatty
acids; interestingly, when all three genes were combined on one vector, SDA levels
reached only 16% (Ursin et al., 2003).

In soybean (Glycine max), LA and ALA represent about 55% and 10% of total seed
storage lipids, suggesting that in this crop, like B. juncea, the use of a single A6-
desaturase would allow the production of significant amounts of GLA (Sato et al.,
2004). Seventeen lines carrying the borage A6-desaturase under the control of the
seed-specific B-conglycin promoter were analyzed, and GLA levels in the T, generation
averaged from 3.4 to 28.7% while SDA levels ranged from 0.6 to 4.2% (Sato et al.,
2004). These levels were considerably better than results observed with the same
gene in B. juncea (Qiu et al., 2002), again emphasizing that not only the desaturase
itself but also the level of endogenous substrate in the host plant and the particular
promoter used will affect the amount of product obtained. Furthermore, the wide
range of average GLA and SDA levels observed in positive lines by Sato ez al. (2004)
indicates the effect of factors such as number and location of T-DNA insertions in
creating variation between plants carrying the same construct.

Eckert et al. (2006) describe the production of SDA in the high LA plant soybean
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through the seed-specific expression of the borage A6-desaturase and the Arabidopsis
Al5-desaturase. Expression of the Al5-desaturase alone was capable of raising the
ALA level in seed from approximately 10% to as high as 53%, and co-expression of
both desaturases lead to average SDA levels as high as 29.5%. High SDA-containing
seed appeared normal and germinated well, which was attributed to an increased
relative level of palmitic acid in phospholipids.

Production of very long chain polyunsaturated fatty acids

Although it appeared possible to produce highly unsaturated 18-carbon (C18) fatty
acids in plants at levels that could be considered economically feasible for commercial
production, producing longer chain fatty acids was more complicated, and necessitated
adding one or more elongases to the pathway.

The first step in the production of ARA or EPA from GLA or SDA requires the activity
of an elongase that is active with A6-desaturated fatty acids. Such activity was first
demonstrated by the heterologous expression in yeast of open reading frames or cDNAs
from Caenorhabditis elegans (Beaudoin et al., 2000), Homo sapiens (Leonard et al.,
2000) and the fungus M. alpina (Parker-Barnes et al., 2000). The worm and human
enzymes were identified based on similarity to yeast ELO sequences, while the M. alpina
cDNA was isolated by transforming yeast cells with a M. alpina cDNA expression library
and screening individual yeast clones for GLA-elongating activity (Beaudoin et al.,
2000). The M. alpina elongase was highly specific for C18 fatty acids, and acted on both
3 and w6 fatty acids, with a higher percent conversion of the substrate SDA (73%) than
GLA (62%). Conversely, an elongase from the moss Physcomitrella patens (Zank et al.,
2002), which was identified through the analysis of ESTs, showed somewhat higher
activity with GLA (51%) than with SDA (45%). This elongase also showed a significant
level of activity (36%) with the C16 fatty acid 16:3A7,10,13, suggesting that it has no
strict chain length restrictions, although it was not capable of elongating any of the C20
fatty acids tested. Importantly, both the moss and the fungal elongase sequences had
more similarity to yeast ELO-like rather than plant FAE-like proteins, making the future
identification of PUFA elongases much more straightforward.

Once elongases capable of elongating SDA or GLA to dihomo-7-linolenic (DGLA;
20:3A8,11,14) or eicosatetraenoic acid (ETA; 20:4A8,11,14,17) had been identified,
the next step in the pathway required the activity of a A5-desaturase to produce ARA
or EPA (Figure I). The first such desaturase was isolated from M. alpina (Knutzon et
al., 1998; Michaelson et al., 1998) using PCR-based methodology. When expressed
in yeast, this enzyme was capable of producing ARA in the presence of exogenously
supplied DGLA (Knutzon et al., 1998; Michaelson et al., 1998). When this desaturase
was expressed in canola (Knutzon et al., 1998), new peaks corresponding to taxoleic
acid (18:2A5,9) and pinolenic acid (18:3A5,9,12) were identified; these fatty acids
are the A5-desaturation products of the endogenous canola fatty acids oleic acid (OA;
18:1A9) and LA. Co-expression of the M. alpina elongase and AS5-desaturase genes
in yeast fed SDA or GLA allowed the production of EPA or ARA (Parker-Barnes et
al., 2000).

Seed-specific expression of the M. alpina A6-desaturase, A5-desaturase and A6-
elongase genes in soybean combined with the down-regulation of the endogenous
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Al5-desaturase led to the production of 2.1% ARA in transgenic embryos, although
this level dropped in T1 (0.8%) and T2 (0.5%) seeds (Chen et al., 2005). Since the
same promoter was used to control all genes, four copies of this promoter were present
in the construct, and the authors suggested that methylation in the promoter region
increased in successive generations. Interestingly, a patent application by Kinney et
al. (2004) reports the use of the same M. alpina AS5- and A-6 desaturases and M.
alpina elongase achieving EPA levels of 9.3% in somatic soybean embryos. However,
in this case individual genes were under the control of different seed-specific
promoters, and both an ®w3/Al17-desaturase from Saprolegnia diclina and an ®3/
Al5-desaturase from Arabidopsis were included in constructs to convert 06 to ®3
fatty acids. Replacing the M. alpina A6-desaturase with a S. diclina A6-desaturase
appeared to increase EPA levels in embryos slightly (Kinney e? al., 2004), and plants
derived from some of these embryos produced seed having EPA levels reaching up to
almost 20%. Surprisingly, transgenic embryos also contained up to about 4% DPA,
the elongation product of EPA, indicating that the M. alpina elongase had some activity
on C20 fatty acids when expressed in plants.

A very comprehensive study by Abbadi et al. (2004) compared four constructs
containing various combinations of A6-desaturases from P. patens, borage and the
diatom Phaeodactylum tricornutum, A6-elongases from P. patens and C. elegans,
and A5-desaturases from M. alpina and P. tricornutum, under the control of various
combinations of different seed-specific promoters. These constructs were used to
transform both the high LA plant tobacco and the high ALA plant flax. Only constructs
carrying the P. tricornutum AS5- and A6-desaturases and the P. patens elongase were
successful when expressed in plants, and a construct with each of these genes under
the control of the USP promoter from Vicia faba was used for further testing. Seed-
specific expression of these genes in transgenic plants led to the high accumulation
of A6-desaturated fatty acids (~30%), but elongation appeared to be relatively poor,
as C20 PUFAs totaled only around 5%. However, the A5-desaturase appeared to be
quite efficient, as up to 2% ARA was produced in tobacco, while up to 1.5% ARA
and 1% EPA accumulated in flax. The “bottleneck” at the A6-elongation step was
attributed to inefficient movement between lipid pools; after desaturation on
phosphatidylcholine the desaturated products were postulated to be immediately
channeled to triacylglycerols, thereby limiting acyl-CoA dependent elongation.

Once the synthesis of EPA had been achieved, the activities of both a A5-elongase
and a A4-desaturase were required to produce DHA. Until relatively recently, it was
not certain that the A4-desaturation step outlined in Figure 1 occurred in nature; in
mammals at least, it appears that DHA is synthesized from EPA through the Sprecher
pathway, involving two elongations and a 3-oxidation step (reviewed in Qiu, 2003).
However, the identification of a A4-desaturase from Thraustochytrium sp. (Qiu et
al., 2001) indicated that at least in some lower eukaryotes, EPA is elongated to ®3
DPA, which is then desaturated to produce DHA, as outlined in Figure 1. When
expressed in yeast, this A4-desaturase was capable of acting on both the ®3 fatty acid
DPA and the w6 fatty acid adrenic acid (ADA; 22:4A7,10,13,16). The ability of this
gene to function in plants was demonstrated by expressing it in B. juncea plants and
supplying transgenic plants with exogenous DPA, which led to the production of 3-
6% DHA in leaf tissue.

Genes encoding enzymes capable of elongating EPA were first identified in
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mammals; these elongases are capable of elongating both C18 and C20 PUFAs
(Leonard et al., 2000). However, such mammalian genes are less than optimal for
DHA production in transgenic plants, both because of their lack of substrate specificity,
and because of potential problems with public acceptance. Meyer et al. (2004) describe
the isolation and characterization of elongases acting on EPA from a number of species
including the fish Oncorhynchus mykiss, the frog Xenopus laevis, the sea squirt Ciona
intestinalis and the algae Ostreococcus tauri and Thalassiosira pseudonana; elongase
sequences were identified by searching genomic and EST databases and candidates
were tested by expressing open reading frames in yeast. While elongases from O.
mykiss, X. laevis and C. intestinalis resembled mammalian elongases in that they
were capable of acting on both C18 and C20 fatty acids, the algae species each
contained two types of elongase, one type specific for C18 PUFAs and showing
highest activity with A6-desaturated fatty acids (GLA and SDA) and the other type
specific for C20 PUFAs and showing highest activity with EPA. Similarly, Pereira et
al. (2004) isolated an elongase from the alga Pavlova that was capable of elongating
both EPA and ARA, but was not active on C18 or C22 fatty acids.

Several studies describing attempts to synthesize DHA in plants have been published
recently. In the patent application of Kinney et al. (2004), transgenic soybean somatic
embryos accumulating up to 3.3% of total fatty acid as DHA were produced through
the expression of A5- and A6-desaturases and a A6-elongase from M. alpina, plus a
Pavlova sp. AS-elongase, a Schizochytrium aggregatum A4-desaturase and a S. diclina
Al7-desaturase. However, the combined levels of EPA, DPA and DHA in these
embryos appeared to be considerably lower than the nearly 20% EPA achieved in
soybean seeds in the same study (Kinney et al., 2004).

Wau et al. (2005) investigated the synthesis of DHA in transgenic B. juncea plants
via the stepwise addition of one or a few genes from the VLCPUFA pathway to
transformation constructs, allowing individual steps of the pathway to be observed.
The first construct contained only the minimal set of genes required to produce ARA
and EPA, namely a A5-desaturase from Thraustochytrium sp., a A6-desaturase from
P. irregulare, and a A6-elongase from P. patens. High levels of A6-desaturated fatty
acids, particularly GLA, were produced, while the A6-elongase functioned less
efficiently, as indicated by relatively low levels of C20 PUFAs. However, the
conversion efficiency of the A5-desaturase was very high (94.2%), resulting in the
production of 7.3% ARA and 0.8% EPA. The addition of a Calendula officinalis
Al2-desaturase to increase the amount of the initial substrate, LA, led to substantial
increases in both ARA, which reached as high as 17.7%, and EPA, which averaged
1.3%. Addition of a second elongase from Thraustochytrium sp. led to small but
significant increases in both EPA and ARA, while adding a Phytophtora infestans
m3/A17-desaturase led to further substantial increases in EPA, which reached an
average of 8.1%, with a concurrent drop in ARA. Finally, an O. mykiss A6/A5-elongase
plus both a Ad4-desaturase and a putative lysophophatidic acid acyl transferase from
Thraustochytrium sp. were added, leading to the production of EPA levels up to 15%
and DHA levels up to 1.5% in seeds. Importantly, the VLCPUFAs in transgenic B.
Jjuncea seeds were almost exclusively present as triacylglycerols, and seed appeared
morphologically normal and showed no obvious germination problems. It was also
noted that elongation steps tended to be much less efficient than desaturation steps
and elongation of EPA to DPA appeared to be particularly inefficient. In this study,
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the same strong seed specific promoter was used in front of each gene, which would
be expected to result in a high and uniform expression of all genes. However, much
like what was observed by Chen et al. (2005) levels of fatty acids dropped in
subsequent generations (Qiu et al., unpublished data), possibly indicating silencing
due to the presence of many copies of the promoter sequence.

Robert et al. (2005) attempted to avoid the “elongation bottleneck” by the use of a
AS/A6 desaturase from the fish Danio rerio that is thought to act on acyl-CoA
substrates, as are the elongases. By combining this desaturase with the C. elegans
Ab6-elongase, they were able to obtain ARA levels of 0.2-1.4% and EPA levels of 0.4-
2.3% in transgenic seed of the model plant Arabidopsis. Plants carrying the EPA
construct were transformed with a second construct carrying a A4-desaturase and
A5-elongase from Pavlova salina, and up to 0.5% DHA was detected in seed of T1
plants. The authors suggest that the use of the acyl-CoA dependant desaturase did in
fact lead to a more efficient synthesis of C20 PUFA than the acyl-PC pathway.
However, although 67% of SDA was elongated, only 17% of EPA was converted to
DPA, suggesting that the availability of an acyl-CoA linked substrate alone will not
overcome problems with elongation efficiencies.

Alternative pathway

In some organisms, such as the soil amoeba Acanthamoeba and euglenoid species,
ARA or EPA are produced by an alternative pathway, where LA or ALA are first
elongated by a C18-A9 elongase, producing eicosadienoic acid (EDA, C20:2A11,14)
or eicosatrienoic acid (ETrA, C20:3A11,14,17). These C20 products then undergo
sequential desaturation by A8- and A5-desaturases, yielding ARA and EPA (Figure
I). This pathway may also occur in certain tissues in mammals, although this is still
the subject of some debate (Chen et al., 2000). The first A8-desaturase was isolated
by Wallis and Browse (1999) from the species Euglena gracilis, and showed high
activity with EDA and ETrA, as well as a lower level of activity with 20:1A11. More
recently, a A8-desaturase has been isolated from Acanthamoeba castellanii (Sayanova
et al., 2006a), and while it remains unclear whether the alternative pathway occurs in
mammalian cells, the identification of the A. castellanii gene indicates this pathway
does occur in non-photosynthetic organisms.

The first C18-A9 PUFA-specific elongase encoding cDNA was isolated from the
DHA producing microalga Isochrysis galbana (Qi et al., 2002). When this cDNA
was expressed in yeast fed LA or ALA, the conversion to EDA or ETrA was
approximately 45%; conversely, GLA was not elongated, nor was 18:1A9. Expression
of this gene in Arabidopsis under the control of a constitutive promoter resulted in
accumulation of EDA and ETrA in all tissues examined (Fraser et al., 2004).

By expressing a C18-A9 elongase from I. galbana, a A8-desaturase from E. gracilis,
and a A5-desaturase from M. alpina under the control of constitutive promoters, Qi
et al. (2004) were able to produce Arabidopsis plants with 6.6 mol% of total leaf
fatty acid as ARA and 3.0 mol% as EPA. These levels are considerably higher than
levels obtained in seeds of tobacco or flax using the conventional pathway (Abbadi
et al., 2004). Qi et al. (2004) suggest that the reversed order of the elongation and
desaturation steps in the alternative pathway may circumvent to some degree the
problem with movement of substrate from the site of desaturation to the acyl-CoA
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pool, since Arabidopsis leaves appear to contain abundant cytoplasmic pools of LA-
CoA and ALA-CoA. However, Sayanova et al. (2006a) noted that transgenic plants
carrying a A9-elongase accumulated substantial elongated C20 fatty acids in the acyl-
CoA pool whether or not a A8-desaturase was present, suggesting that movement of
these fatty acids from the acyl-CoA pool to phospholipids represented a bottleneck in
this system, although the desaturation of C20 fatty acids appeared to be quite efficient.

When the alternative pathway was reconstituted in plants (Qi et al., 2004) the
undesirable side products 20:3A5,11,14 and 20:4A5,11,14,17 accumulated to
significant levels, likely via AS-desaturation of EDA and ETrA. These side-products
are not found in 1. galbana (Qi et al., 2002) or E. gracilis (Korn, 1964) suggesting
that the timing of expression of the A8- and A5-desaturases may be strictly regulated
in these species, or that the AS-desaturases from these organisms may have different
substrate specificities and do not modify EDA or ETrA. Furthermore, fatty acid
synthesis in leaves is very different from that in seeds, and to date, a high level of
VLCPUFA production in seeds has not been demonstrated using the alternative
pathway.

Polyketide synthase-like pathway

The first indication of the existence of a novel pathway for very long chain PUFA
biosynthesis in marine bacteria was attained when the transfer of a 38 kb genomic
fragment isolated from the EPA-producing marine bacteria Shewanella to E. coli or
Synechococcus resulted in the production of EPA (Yazawa, 1996; Takeyama et al.
1997). This genomic fragment contained eight open reading frames (ORFs), three of
which had homology to genes related to de novo fatty acid synthesis or to chain
elongation, and it was speculated that the remaining five ORFs included desaturase
genes. Related genes were also found in eukaryotic marine microorganisms such as
the DHA producing organism Schizochytrium, and it was observed that certain domains
in the PUFA synthesizing ORFs appeared to be more closely related to polyketide
synthases (PKS) rather than to desaturases or elongases (Metz et al., 2001). Although
the exact sequence of reactions in the PKS-like pathway has not been determined, a
primer molecule is thought to go through a number of reiterative rounds of reactions
where condensation is followed by complete or partial cycles of ketoreduction,
dehydration, and enoyl reduction, with double bonds possibly being inserted through
the activity of a bifunctional dehydratase/isomerase (reviewed in Wallis et al., 2002).
The fatty acyl chain, which is esterified to an acyl carrier protein, is thus elongated
by two carbons per round. This pathway is envisioned to have several potential
advantages over the A6-desaturation/elongation pathway or the alternative pathway
for the production of VLCPUFAs in plants. Only five ORFs from Shewanella appear
to be necessary and sufficient for EPA production (Orikasa et al., 2004), while the
Schizochytrium DHA PUFA synthase consists of 3 subunits. In both E. coli and
Synechococcus, expression of the EPA synthesis cluster led to the production of EPA
with few other differences in fatty acid composition observed (Takeyama, 1997).
The ability to produce high levels of EPA or DPA in plants with low levels of
intermediates or byproducts would provide important advantages for
commercialization. However, successful expression of PKS-like PUFA genes in plants
has yet to be reported. This pathway differs considerably from endogenous plant
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pathways involving endoplasmic reticulum localized fatty acyl chain elongation or
desaturation, and in some respects appears to more closely resemble the plastid
localized FAS system, suggesting that control of genes and achievement of a high
level of enzyme activity in plants may prove somewhat challenging.

Challenges and future directions

The “proof of concept” for the production of PUFAs in plants via transgenic
engineering has now been clearly demonstrated, therefore attaining commercially
viable levels of these fatty acids, particularly very long chain fatty acids such as
DHA and EPA, is the next major goal. Reduction or elimination of unwanted side
products or intermediates will also be an important step. Several routes toward
achieving these goals are presently being investigated.

Early attempts to isolate PUFA biosynthesis genes were complicated because of a
lack of sequence information, and often involved gain-of-function screening methods
(Reddy et al., 1993; Parker-Barnes et al., 2000). With the wide range of sequences
now available for PUFA synthesis genes and the large amount of data available from
genomic or EST sequencing projects, isolating PUFA genes has become considerably
simpler, and often involves database searches (Meyer et al., 2004; Domergue et al.,
2005a) or the design of degenerate oligonucleotide primers based on known sequences
(Sayanova et al., 1997; Qiu et al., 2001). Identifying new desaturase or elongase
genes still has a potentially major role in increasing the efficiency of PUFA production;
even a small difference in efficiency at one step of the pathway, particularly at an
early step, can translate into significant increases in the amount of final product.
This, however, assumes that the conversion efficiency for a particular enzyme will
remain the same with higher levels of substrate, which might not always be the case.
For example, while the Isochrysis A9 elongase showed similar conversion levels
with LA and ALA in yeast (Qi et al., 2002), in Arabidopsis a higher proportion of LA
was elongated (Qi et al., 2004), perhaps because a lower level of LA than ALA was
present in Arabidopsis leaf tissue.

With the availability of larger numbers of genes, and consequently exponentially
greater numbers of gene combinations, an efficient method of evaluating constructs
becomes critical. While testing genes in yeast gives a good indication of the activity
of an enzyme with a particular substrate, it does not always perfectly mirror the
results in plants. This was demonstrated by the elongation of EPA in plants by both
the M. alpina (Kinney et al., 2004) and the C. elegans (Robert et al., 2005) A6-
elongases, although such activity was not detected in yeast (Parker-Barnes et al.,
2000; Beaudoin et al., 2000). The availability of a rapid, species-specific method to
test constructs, such as the soybean somatic embryo system (Kinney et al., 2004) is
therefore very advantageous, particularly for testing sets of promoter/gene
combinations. However, the final test of a construct remains the production of mature
transgenic plants with morphologically normal seeds having high levels of the desired
fatty acid.

Higher levels of VLCPUFA synthesis in plants might be achieved through increasing
the efficiency of flux between the phospholipid and acyl-CoA pools (Abbadi et al.,
2004; Domergue et al., 2005b). Renz et al. (2004) have cloned putative acyl-CoA:lyso-
phosphatidylcholine acyltransferase genes from several species, in the hope that such
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genes could improve A6-elongation efficiency (Domergue et al., 2005b). The validity
of this approach has yet to be demonstrated in plants; although Wu ez al. (2005)
included a Thraustochytrium sp. lysophosphatidic acid acyltransferase in plant
constructs, it was not clear what, if any, improvement to the system this gene
conditioned. Methods of allowing desaturation and elongation to occur in the same
pool have also been investigated. While experiments with algae, worms, fungi and
lower plants suggest that A6-desatuation occurs mainly on phosphatidylcholine (PC)
in these organisms (Domergue et al., 2003), Domergue et al. (2005a) found that the
A6-desaturase from the microalga O. tauri appears to be an acyl-CoA desaturase. At
least in yeast, this resulted in high efficiency of elongation by the P. patens A6-
elongase, since nearly all the desaturated products were elongated. However, it remains
to be seen how well this gene will function in plants.

It is possible to increase the total level of end product and at the same time reduce
undesirable intermediates by forcing fatty acids toward one branch of the pathway,
i.e. convert mo6-fatty acids to w3-fatty acids, or vice versa. This has been done by
including ®3/A15- and ®w3/A17-desaturases in transformation constructs (Wu et al.,
2005; Kinney et al., 2004; Eckert et al., 2006), but it may also be useful to identify
enzymes that are specific for one branch of the pathway, particularly enzymes that
are involved in early steps of the pathway, such as the A6-desaturase. Most identified
Ab6-desaturases can work on both ®3- and w6-fatty acids, and activity depends more
on substrate availability than specificity. However, certain Primula species accumulate
mostly ®3 or 06 fatty acids, and A6-desaturases from individual species, while not
showing strict substrate specificity, show preference for one or the other type of fatty
acid (Sayanova et al., 2006b). In the future, enzymes showing greater specificity
might be obtained either through the identification of new genes or via protein
engineering.

Finally, several fungal bifunctional A12/®m3 fatty acid desaturases have recently
been characterized, and show promise for increasing the level of ®3 substrate in high
LA plants (Damude et al., 2006). Expression of the A12/®3 desaturase from Fusarium
moniliforme in soybean somatic embryos resulted in ALA levels of up to 72.4%
(Damude et al., 2006), which is considerably higher than the 53% ALA obtained
using an Arabidopsis ®3/A15 desaturase (Eckert et al., 2006). This is reminiscent of
the better results obtained in B. juncea plants with a fungal A6-desaturase (Hong et
al., 2002) than with the borage A6-desaturase (Qiu et al., 2002), suggesting a reduced
level of regulation of fungal enzymes in plant hosts may be in effect.

Conclusions

The increasing realization of the important health benefits of long-chain
polyunsaturated fatty acids, combined with uncertainty regarding the sustainability
of current sources of these fatty acids, has led to great interest in the engineering of
VLCPUFA-producing transgenic plants. However, the biosynthetic pathway leading
to production of these fatty acids is complex, and involves the coordinated regulation
of a large number of genes. Reconstruction of a number of pathways, including the
“conventional” A6-desaturase/A6-elongase pathway, the “alternative” A9-elongase/
A8-desaturase pathway, and the anaerobic PKS-like pathway, is being pursued in
plants. The fundamental genes involved in each step of all three pathways have now
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been isolated. To date, in planta results from the conventional pathway are the most
promising, but this could change quickly. Transgenic plants producing economically
significant levels of polyunsaturated C18 fatty acid have already been produced, and
the production of DHA in seeds of crop plants, albeit at low levels, has been
demonstrated. While there are still challenges to be met, particularly in producing
high levels of the important ®w3-polyunsaturated fatty acid DHA, it now appears clear
that transgenic VLCPUFA crops will be available in the foreseeable future.

References

ABBADI, A., DOMERGUE, F., BAUER, J., NAPIER, J.A., WELTI, R., ZAHRINGER, U., CIrPUS, P.
AND HEINZ, E. (2004). Biosynthesis of very-long-chain polyunsaturated fatty acids in
transgenic oilseeds: constraints on their accumulation. The Plant Cell 16,2734-2748.

ARTERBURN, L.M., HaLL, E.B. aND OkeN, H. (2006). Distribution, interconversion, and
dose response of n-3 fatty acids in humans. The American Journal of Clinical Nutrition
83, 1467S-1476S.

Beaupo, F., MicHAELSON, L. V., HEy, S.J., LEwis, MLJ., SHEwWRY, PR., SaAvanova, O. AND
NAPIER, J.A. (2000). Heterologous reconstitution in yeast of the polyunsaturated fatty
acid biosynthetic pathway. Proceedings of the National Academy of Science 97,
6421-6426.

BresLow, J.L. (2006). n-3 fatty acids and cardiovascular disease. The American Journal
of Clinical Nutrition 83, 1477S-1482S.

CHEN, Q., YIN, F. Q. AND SPRECHER, H. (2000). The questionable role of a microsomal A8
acyl-CoA-dependant desaturase in the biosynthesis of polyunsaturated fatty acids.
Lipids 35, 871-879.

CHEN, R., Matsul, K., Ocawa, M., Ok, M., OcHial, M., KawasHiMa, H., SAKURADANT, E.,
SHimizu, S., IsHivMoTo, M., HAavasH, M., MUROOKA, Y., TANAKA, Y. (2005). Expression
of A6, AS desaturase and GLELO elongase genes from Mortierella alpina for
production of arachidonic acid in soybean [Glycine max (L.) Merrill] seeds. Plant
Science 170, 399-406.

Damupg, H.G,, Zuang, H., FarraLL, L., Riep, K.G,, Toms, J.-F., HoLLERBACH, D. AND
Yapav, N.S. (2006). Identification of bifunctional A12/®3 fatty acid desaturases for
improving the ratio of ®3 to 6 fatty acids in microbes and plants. Proceedings of
the National Academy of Science 103, 9446-9451.

DoMERGUE, F., ABBADI, A., OTT, C., ZANK, T.K., ZAHRINGER, U., HEINZ, E. (2003). Acyl
carriers used as substrates by the desaturases and elongases involved in very long-
chain polyunsaturated fatty acid biosynthesis reconstituted in yeast. Journal of
Biological Chemistry 278, 35115-35126.

DoMERGUE, F., ABBADI, A., ZAHRINGER, U., MoreAU, H. aND HENz, E. (2005a). In vivo
characterization of the first acyl-CoA AS-desaturase from a member of the plant
kingdom, the microalga Ostreococcus tauri. Biochemical Journal 389, 483-490.

DoMERGUE, F., ABBaDI, A. AND HEINZ, E. (2005b). Relief for fish stocks: oceanic fatty
acids in transgenic oilseeds. Trends in Plant Science 10, 112-116.

EckerT, H., LAVALLEE, B., SCHWEIGER, B.J., KINNEY, A.J., CAHOON, E.B. AND CLEMENTE, T.
(2006). Co-expression of the borage AS desaturase and the Arabidopsis A” desaturase
results in high accumulation of stearidonic acid in the seeds of transgenic soybean.
Planta 224, 1050-1057.



276  P. VRINTEN et al.

Fraser, T.C.M., Q1, B., ELHUSSEIN, S., CHATRATTANAKUNCHAI, S., STOBART, A.K. AND
Lazarus, C.M. (2004). Expression of the Isochrysis C18-A’ polyunsaturated fatty
acid specific elongase component alters Arabidopsis glycerolipid profiles. Plant
Physiology 135, 859-866.

FLermH, M. anD CLanpiniN, M.T. (2005). Dietary PUFA for preterm and term infants:
review of clinical studies. Critical Reviews in Food Science and Nutrition 45, 205-
229.

Foran, J.A., Goop, D.H., CARPENTER, D.O., HamiLron, M.C., KNUTH, B.A. AND SCHWAGER,
S.J. (2005). Quantitative analysis of the benefits and risks of consuming farmed and
wild salmon. The Journal of Nutrition 135, 2639-2643.

HarpER, C.R. AND JacoBson, T.A. (2006). Usefulness of omega-3 fatty acids and the
prevention of coronary heart disease. The American Journal of Cardiology 96, 1521-
1529.

Hong, H., DarLa, N., Reep, D.W., CoveLLo, P.S., MACKENZIE, S.L. aND Qru, X. (2002).
High-level production of y-linolenic acid in Brassica juncea using a A6 desaturase
from Pythium irregulare. Plant Physiology 129, 354-362.

Horrocks, L.A. AND YEO, Y.K. (1999). Health benefits of docosahexaenoic acid (DHA).
Pharmacological Research 40, 211-225.

Huang, Y.-S., CHAUDHARY, S., THURMOND, J.M., BoBIk, E.G., Yuan, L., CHAN, GM.,
KIRCHNER, S.J., Mukeri, P. anp Knutzon, D.S. (1999). Cloning of A12- and A6-
desaturases from Mortierella alpina and recombinant production of y-linolenic acid
in Saccharomyces cerevisiae. Lipids 34, 649-659.

KinnNEY, A.J., Canoon, E.B., Damupg, H.G., Hitz, W.D., KoLar, C.W. anp Liu, Z.-B.
(2004) Production of very long chain polyunsaturated fatty acids in oilseed plants.
E.I. Dupont De Nemours and Company, WO 2004/071467 A2.

Korn, E.D. (1964). The fatty acids of Euglena gracilis. Journal of Lipid Research 5,
352-362.

Kn~utzon, D.S., THURMOND, J.M., HUANG, Y.-S., CHAUDHARY, S., BoBIK, E.G., CHAN, GM.,
KIRCHNER, S.J. AND MUKERIL, P. (1998). Identification of A5-desaturase from Mortierella
alpina by heterologous expression in bakers’ yeast and canola. The Journal of
Biological Chemistry 273, 29360-29366.

LeonarD, A.E., BoBIK, E.G.,, DoraDO, J., KROEGER, P.E., CHUANG, L.-T., THURMOND, J.M.,
PARKER-BARNES, J.M., Das, T., Huang, Y.-S. anp Mukeri, P. (2000). Cloning of a
human cDNA encoding a novel enzyme involved in the elongation of long-chain
polyunsaturated fatty acids. Biochemical Journal 350, 765-770.

LicHTENSTEIN A.H., ApPEL, L.J., BRANDS, M., CARNETHON, M., DANIELS, S., FRANCH, H.A.,
FrankLIN, B., Kris-ETHERTON, P., HARRIS, W.S., HOwARD, B., KaArRANIA, N., LEFEVRE,
M., RupkL, L., SAcks, E., Van Horn, L., WinsTON, M. AND WYLIE-ROSSET, J. (2006).
Diet and lifestyle recommendations revision 2006 A scientific statement from the
American Heart Association nutrition committee. Circulation 114, 82-96.

Liu, J.-W., Huang, Y.-S., DEMICHELE, S., BERGANA, M., BoHIK, E., HasiLow, C., CHUANG,
L.T., Mukeri, P. aND KnuTzon, D. (2001) Evaluation of the seed oils from a canola
plant genetically transformed to produce high levels of y-linolenic acid. In Gamma-
Linolenic Acid: Recent Advances in Biotechnology and Clinical Applications.
International symposium on GLA (2%°:2000: San Diego, Calif.), pp 61-71, AOCS
Press.

MEtz, J.G,, ROESSLER, P., FacciorTy, D., LEVERING, C., DiTTRICH, F., LASSNER, M., VALENTINE,



Production of polyunsaturated fatty acids in transgenic plants 277

R., LARDIZABAL, K., DOMERGUE, F., YAMADA, A., YAazAWA, K., KNAUF, B. AND BROWSE,
J. (2001). Production of polyunsaturated fatty acids by polyketide synthases in both
prokaryotes and eukaryotes. Science 293, 290-293.

MEYER, A., KirscH, H., DOMERGUE, F., ABBADI, A., SPERLING, P., BAUER, J., CIrpUS, P,
ZANK, T.K., Moreau, H., Roscok, T.J., ZAHRINGER, U. anD HENz, E. (2004). Novel
fatty acid elongases and their use for the reconstitution of docosahexaenoic acid
biosynthesis. Journal of Lipid Research 45, 1899-1909.

MIicHAELSON, L.V., Lazarus, C.M., GrIFFITHS, G. AND NAPIER, J.A. (1998). Isolation of a
A°—fatty acid desaturase gene from Mortierella alpina. The Journal of Biological
Chemistry 273, 19055-19059.

MILLAR, A.A. AND KunsT, L. (1997). Very-long-chain fatty acid biosynthesis is controlled
through the expression and specificity of the condensing enzyme. The Plant Journal
12, 121-131.

OHLROGGE, J.B. AND Jaworskl, J.G. (1997). Regulation of fatty acid synthesis. Annual
Review of Plant Physiology and Plant Molecular Biology 48, 109-136.

OksMaN, M., Iivonen, H., HoGYEs, E., AMTUL, Z., PENKE, B., LEENDERS, 1., BROERSEN, L.,
LumioHanN, D., HARTMANN, T. AND TaniLA, H. (2006). Impact of different saturated
fatty acid, polyunsaturated fatty acid and cholesterol containing diets on beta-amyloid
accumulation in APP/PS1 transgenic mice. Neurobiology of Disease 23, 563-572.

ORIKASA, Y., YAMADA, A., YU, R, ITo, Y., NisHIDA, T., YUMoTO, I. WATANABE, K. AND
OkuyaMa, H. (2004). Characterization of the eicosapentaenoic acid biosynthesis gene
cluster from Shewanella sp. strain SCRC-2738. Cellular and Molecular Biology 50,
625-630.

PaRrk, S. AND JoHNsoN, M.A. (2006). Awareness of fish advisories and mercury exposure
in women of childbearing age. Nutrition Reviews 64, 250-256.

PARKER-BARNES, J.M., Das, T., BoBIk, E., LEoNARD, A E., THURMOND, J.M., CHAUNG, L.-
T., Huang, Y.-S. aNpD Mukery, P. (2000). Identification and characterization of an
enzyme involved in the elongation of n-6 and n-3 polyunsaturated fatty acids.
Proceedings of the National Academy of Sciences USA 97,8284-8289.

PErEIRA, S.L., LEONARD, A.E., Huang, Y.-S., CHuang, L.-T., Mukeri, P. (2004).
Identification of two novel microalgal enzymes involved in the conversion of the
m3-fatty acid, eicosapentaenoic acid, into docosahexaenoic acid. Biochemical Journal
384, 357-366.

Q1 B., BEaupoln, F., Fraser, T., StoBarT, A.K., NAPIER, J.A., LazarRus, C.M. (2002).
Identification of a cDNA encoding a novel C18-A’ polyunsaturated fatty acid-specific
elongating activity from the docosahexaenoic acid (DHA)-producing microalga,
Isochrysis galbana. FEBS Letters 510, 159-165.

Q1 B., Fraser, T., Mucrorp, S., DoBsoN, G., Savyanova, O., BUTLER, J., NAPIER, J.A.,
StoBART, A.K., LAZARUS, C.M. (2004). Production of very long chain polyunsaturated
omega-3 and omega-6 fatty acids in plants. Nature Biotechnology 22, 739-745.

Qm, X. (2003). Biosynthesis of docosahexaenoic acid (DHA, 22:6-4,7,10,13,16,19):
two distinct pathways. Prostaglandins, Leukotrienes and Essential Fatty Acids 68,
181-186.

Qu, X., Hong, H. AND MACKENZIE, S.L. (2001). Identification of a A4 fatty acid desaturase
from Thraustochytrium sp. involved in the biosynthesis of docosahexanoic acid by
heterologous expression in Saccharomyces cerevisiae and Brassica juncea. The
Journal of Biological Chemistry 276, 31561-31566.



278  P. VRINTEN et al.

Qu, X., Hong, H., DaTLA, N., MACKENZIE, S.L., TAYLOR, D.C. AND THOMAS, T.L. (2002).
Expression of borage A6 desaturase in Saccharomyces cerevisiae and oilseed crops.
Canadian Journal of Botany 80, 42-49.

ReDDY, A.S., Nuccio, M.L., Gross, L.M. aND THomas, T.L. (1993). Isolation of a A°-
desaturase gene from the cyanobacterium Synechocystis sp. strain PCC 6803 by
gain-of-function expression in Anabaena sp. strain PCC 7120. Plant Molecular
Biology 27, 293-300.

ReDDY, A.S. AND THoMAS, T.L. (1996). Expression of a cyanobacterial AS-desaturase
gene results in y-linolenic acid production in transgenic plants. Nature Biotechnology
14, 639-642.

Renz, A., HEiNz, E., ABaDI, A., DOMERGUE, F. AND ZANK, T (2004) Methods for the
production of polyunsaturated fatty acids. BASF Plant Science GmbH WO 2004/
076617 A3.

RoBEerT, S.S., SINGH, S.P., ZHou, X.-R., PETRIE, J.R., BLACKBURN, S.I., MANSOUR, PM.,
NicHoLs, PD., Liu, Q. AND GREEN, A.G. (2005). Metabolic engineering of Arabidopsis
to produce nutritionally important DHA in seed oil. (2005). Functional Plant Biology
32, 473-479.

SAKURADANI, E., KoBAYAsHI, M. AND SHIMIZU, S. (1999). A6-fatty acid desaturase from an
arachidonic acid-producing Mortierella fungus. Gene cloning and its heterologous
expression in a fungus, Aspergillus. Gene 238, 445-453.

Sat0, S., XING, A., YE, X., SCHWEIGER, B., KINNEY, A., GRAEF, G. AND CLEMENTE, T. (2004).
Production of y-linolenic acid and stearidonic acid in seeds of marker-free transgenic
soybean. Crop Science 44, 646-652.

SayaNova, O., Davies, GM., SmitH, M.A., GRIFFITHS, G., STOBART, A.K., SHEWRY, P.R.
AND NAPIER, J.A. (1999). Accumulation of A®-desaturated fatty acids in transgenic
tobacco plants expressing a AS-desaturase from Borago officinalis. Journal of
Experimental Botany 50, 1647-1652.

SAyaNova, O., SmiTH, M.A., LAPINSKAS, P., SToBART, A.K., DoBsoN, G., CHRISTIE, W.W.,
SHEWRY, PR. AND NAPIER, J.A. (1997). Expression of a borage desaturase cDNA
containing an N-terminal cytochrome b, domain results in the accumulation of high
levels of A®-desaturated fatty acids in transgenic tobacco. Proceedings of the National
Academy of Sciences USA 94, 4211-4216.

Savanova, O., HasLam, R., Q1 B., Lazarus, C.M. AND NAPIER, J.A. (2006a). The alternative
pathway C,  A’-desaturase from the non-photosynthetic organism Acanthamoeba
castellanii is an atypical cytochrome b_-fusion desaturase. FEBS Letters 580, 1946-
1952.

Sayanova, O., HasLam, R., VENEGAS-CALERON, M. AND NAPIER, J.A. (2006b). Identification
of Primula “front-end” desaturases with distinct n-6 or n-3 substrate preferences.
Planta 224, 1269-1277.

SipHU, K.S. (2003). Health benefits and potential risks related to consumption of fish or
fish oil. Regulatory Toxicology and Pharmacology 38, 336-344.

SoNTROP, J. AND CamPBELL, MLK. (2006). -3 polyunsaturated fatty acids and depression:
A review of the evidence and a methodological critique. Preventative Medicine 42,
4-13.

Takevama, H., TAKEDA, D., Yazawa, K., YaMaDA, A. AND MATSUNAGA, T. (1997).
Expression of the eicosapentaenoic acid synthesis gene cluster from Shewanella sp.
in a transgenic marine cyanobacterium, Synechococcus sp. Microbiology 143,2725-
2731.



Production of polyunsaturated fatty acids in transgenic plants 279

Tuomas, T.L., Reppy, A.S., Nuccio, M., NUNBERG, A.N. AND FrReYsSsINET, G. (1997).
Production of gamma linolenic acid by a delta-6 desaturase. USPTO Patent No.
5,614,393.

UrsiN, V.M. (2003). Modification of plant lipids for human health: development of
functional land-based omega-3 fatty acids. Journal of Nutrition 133, 4271-4274.

VOELKER, T. AND KINNEY, A.J. (2001). Variations in the biosynthesis of seed-storage lipids.
Annual Review of Plant Physiology and Plant Molecular Biology 52, 335-361.

WaLLis, J.G. AND BROWSE, J. (1999). The A3-desaturase of Euglena gracilis: an alternate
pathway for synthesis of 20-carbon polyunsaturated fatty acids. Archives of
Biochemistry and Biophysics 365, 307-316.

WaLLs, J.G., WarTs, J.L. AND BROWSE, J. (2002). Polyunsaturated fatty acid synthesis:
what will they think of next Trends in Biochemical Sciences 27, 467-473.

Wu, G, TRuksA, M., DATLA, N., VRINTEN, P., BAUER, J., ZaNK, T., Cirrus, P., HEINZ, E. AND
Qui, X. (2005).Stepwise engineering to produce high yields of very long-chain
polyunsaturated fatty acids in plants. Nature Biotechnology 23, 1013-1017.

Yazawa, K. (1996). Production of eicosapentaenoic acid from marine bacteria. Lipids
31, S297-S300.

ZANK, T.K., ZAHRINGER, U., BECKMANN, C., POHNERT, G., BoLAND, W., HoLTORF, H., RESKI,
R., LercHy, J. anD HEmNz, E. (2002). Cloning and functional characterisation of an
enzyme involved in the elongation of A6-polyunsaturated fatty acids from the moss
Physcomitrella patens. The Plant Journal 31, 255-268.






