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SEED OILS AND THE WESTERN DIET

The age of true designer plant oils has arrived.
Using the tools of biotechnology, it is now possible
to modify the fatty acid content of oilseed plants to
change the relative abundance of individual fatty acids
in seed oil for health purposes or to produce nutri-
tional fatty acids not normally found in crop plants.

Fats and oils are an essential part of the human diet,
and as a species we consume a lot of them, on average
25 kg per person per year, mostly (80%) from plant
sources (Subar et al., 1998; USDA, 2008). Since at least
the 1930s, it has been realized that not all fats are
created equal in terms of human nutrition. Studies in
rats determined that certain polyunsaturated fatty
acids (PUFAs) derived from plants, namely, linoleic
and linolenic acids, were necessary to sustain life in
animals (Burr et al., 1932). Other unsaturated fatty
acids, such as oleic and eleostearic acids, could not
substitute for these omega-6 and omega-3 PUFAs. It is
now known that while animals, including humans,
can make monounsaturated fatty acids from sugar,
they do not have the necessary desaturases to convert
oleic into linoleic and linolenic acids and must derive
them from their diet (Wallis et al., 2002). These PUFAs,
it turns out, are further converted in humans to arach-
idonic acid (ARA) and eicosapentaenoic acid (EPA),
which are in turn precursors to important molecules
that regulate the immune response and to docosahex-
aenoic acid (DHA), an important component of mem-
branes, especially in the brain (Tocher et al., 1998).

ARA (an omega-6 fatty acid) and EPA (an omega-3
fatty acid) play a yin-yang type of role in human
metabolism; ARA is a precursor molecule for the
proinflammatory molecules necessary for an immune
response and EPA provides balance by being the
precursor for antiinflammatory molecules. The human
body is not very efficient at synthesizing very-long-
chain PUFAs and it has been postulated that this is
because humans have evolved with diets abundant in
fish and game meats, which are quite rich in these
types of fats (Cordain et al., 2000, 2005). Modern grain-
fed meat and grain-rich diets are particularly abun-
dant in omega-6 fatty acids, and it is thought that a
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deficiency of omega-3 fatty acids, especially the EPA
and DHA found in fish oils, can be linked to many of
the inflammatory diseases of the western diet, such as
cardiovascular disease and arthritis (Hibbeln et al.,
2006). DHA has been recognized as being vitally
important for brain function, and a deficiency of this
fatty acid has been linked to depression, cognitive
disorders, and mental illness (Conklin et al., 2007).

Over the past 50 years, various other lipid compo-
nents of the foods we eat, such as cholesterol as well as
saturated and trans fatty acids, have been correlated
with an increased risk of cardiovascular disease (Van
Horn et al., 2008). These correlations are usually con-
founded by other lifestyle aspects, such as smoking,
and by genetic differences among individuals. Never-
theless, there is a general consensus that the healthiest
oils are those rich in monounsaturated fatty acids,
such as olive oil, and those rich in long-chain omega-3
fatty acids, such as fish oils (Hardin-Fanning, 2008).
Olive oil, although stable, is too expensive for many
food applications, and the need for heat-stable oils has
been addressed in the past through the use of chemical
hydrogenation of common vegetable oils such as soy
(Glycine max) and canola (Brassica napus). The desire to
replace hydrogenated oils in these food applications,
and thus eliminate trans fatty acids from the diet, has
led to the development of new vegetable oils that are
inexpensive, stable during cooking, and rich in mono-
unsaturated fatty acids.

The increasing popularity of fish oils has placed a
huge demand on natural ecosystems, and the current
demand cannot be met in a sustainable way. The
nutritional needs of humans for long-chain omega-3
fatty acids can also be addressed in a safe and sus-
tainable manner by the genetic modification of com-
mon oilseed crops, such as soybean.

Healthy Seed Oils for the World’s Food Supply

The most abundant plant oils are palm (Elaeis
guineensis), soy, and rapeseed (Brassica napus); to-
gether, these account for 75% of the world vegetable
oil production. These oils are used in the preparation
of many kinds of foods, both for retail sales and in the
restaurant industry. Palm oil has the advantage of being
very resistant to oxidation, and thus resistant to off-
flavor production, during the cooking process. Unfor-
tunately, palm oil is very rich in saturated fatty acids, the
consumption of which has been linked to cardiovascular
disease in humans (Vega-Lopez et al., 2006). Regular soy
and rapeseed oils are usually hydrogenated for high-
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temperature cooking, and this results not only in an
increased stability but also the formation of trans fatty
acids, which have also been linked to cardiovascular
disease (Mozaffarian and Willett, 2007). Both saturated
and trans fatty acid also provide solid-fat functionality to
cooking oils, which is very important for baking. For this
reason, baked goods are second only to animal fats as a
source of saturated fats and are a major source of trans fats
in the human diet (Dupont et al., 1991; Subar et al., 1998).

For a number of years, food scientists have been
looking for healthy replacements for palm and hydro-
genated oils that are similarly resistant to oxidation
and also provide the desired solid fat functionality.
Qils rich in oleic acid meet some of these needs, and
high oleic mutants, with an oleic content ranging from
60% to 90%, have been developed in corn (Zea mays),
peanut (Arachis hypogaea), canola, and sunflower
(Helianthus annuus). These mutants all have defective
FAD?2 genes (Pérez-Vich et al., 2002; Patel et al., 2004;
Hu et al., 2006; Bel6 et al., 2008). The FAD2 gene
encodes an omega-6 desaturase that converts oleic
acid to linoleic acid. The problem with mutants is that
the fatty acid content of nonseed organs is also
changed, often resulting in agronomic issues (Miquel
and Browse, 1994). In addition, many plants have a
number of FAD2 genes, all of which contribute to seed
linoleic content (Tang et al., 2005). This means that
development of mutant lines with useful oleic acid
contents often requires combining several mutant loci
and provides a breeding challenge (Mikkilineni and
Rocheford, 2003).

The FAD2 gene was cloned from many crop plants
more than 10 years ago and the efficacy of seed-
specific FAD2 gene silencing to increase seed oleic acid
content was demonstrated (Kinney and Knowlton,
1998). After many years of development and safety
testing, one of the first genetically modified crops to
directly benefit the consumer, a high oleic soybean
line, will be commercialized in 2009 (Reuters, 2008).

High oleic soybean oil also has the added health
benefit of having a saturated fatty acid content that is
reduced by 20%. For some uses, such as salad oils, it is
desirable to reduce saturated fatty acid as much as
possible. It has been shown that the FATB class of
acyl:ACP thioesterases control the release of saturated
fatty acids into the cytoplasm, making them available
for oil biosynthesis (Dérmann et al., 2000). Seed-specific
silencing of FATB genes in soybean, for example, leads
to a major reduction in total saturated fatty acids, from
about 15% to <6% (Kinney, 1996). When this gene is
combined with a silenced FAD2, oleic acid contents
of >90% have been observed (Buhr et al., 2002). It is
conceivable that soybean lines with very low saturated
fatty acids and very high oleic acid contents could
become the next generation of commodity oil.

For some food applications, especially baking, a
solid fat is needed to provide a healthy replacement
for animal fats, palm oil, and hydrogenated vegetables
oils. Plant oils rich in stearic and oleic acids could
provide this important function without compromis-
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ing human health (Dirienzo et al., 2008). The combi-
nation of stearic and oleic acids confers a solid fat
functionality, and stearic acid, unlike other saturated
fatty acids, is not thought to play a significant role in
cardiovascular disease (Mensink, 2005).

There are a number of potential molecular strategies
for increasing the stearic acid content of plant oils.
Soybeans seeds have several delta-9 desaturase (SAD)
genes expressed in their seeds, and silencing one of
these genes (SAD3) in a seed-specific manner results in
soy oils containing 20% to 30% stearic acid when
compared with just a few percent in commodity soy
(Booth et al., 2006). Another approach is to express a
thioesterase with a high specificity for stearic acid. One
such thioesterase, normally involved in the production
of stearate in the seeds of mangosteen (Garcinia man-
gostana), in which stearate is the predominant fatty
acid (45%-50% of total fatty acids), was expressed in
transgenic canola seeds with reported stearate con-
tents of 20% to 30% (Hawkins and Kridl, 1998). Similar
increases in stearate have been observed when this
gene was expressed in soybean seeds (Kridl, 2002).

To replace the solid-fat functionality of many hy-
drogenated oils, the stearate needs to be a major
component of the seed oil, approximately 30% of the
total fatty acids (Lumor et al., 2007). As one might
imagine, living oilseeds do not take too kindly to being
stuffed full of margarine, and germination problems
are often seen when the stearic acid content of seeds is
elevated to these levels (Roberts et al., 2006). Most
seeds, however, are tolerant of high oleic acid contents,
and by combining the silencing of SAD3 with silencing
of FAD?2 in soybean, it has been possible to make viable
seeds that have an oleic content in the 50% to 60%
range with stearic content approximately 15% to 20%
(Booth et al., 2002). Improved functionality can also be
obtained by combining stearic oils with low linolenic
acid oils (Dirienzo et al., 2008). Healthy oils from these
types of seeds have the potential to replace solid fats in
a wide range of baking and heavy-duty frying appli-
cations and are currently in the research pipelines of
several major companies (Booth et al, 2002; Dirienzo
et al., 2008).

The introduction of modified seeds oils such as high
oleic acid soybean oil and high oleic/high stearic oils
will go a long way to removing the undesirable
saturated fatty acids and trans fatty acids from the
human diet and help promote cardiovascular health
(Lichtenstein et al., 2006).

Renewable Sources for Some Important Fatty Acids

In addition to containing trans fatty acids and ex-
cessive amounts of certain saturated fats, the western
diet is often also deficient in omega-3 (n-3) LCPUFAs
(for long-chain PUFAs), the kind of fatty acids normally
found in fish oils and some organ meats (Hibbeln et al.,
2006). These are made in the body from linolenic acid
(18:3 n-3) in the diet, but most vegetable oils are rich in
the omega-6 PUFA linoleic acid (18:2 n-6) and are a poor
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source of 18:3 n-3. The widespread use of plant seed oils
and grain-fed meat during this century has increased
the n-6 intake of humans at the expense of n-3 (Cordain
et al., 2005). This reduction in n-3 intake by humans has
been cited as one of the possible deleterious effects of
the modern western diet on health (Hibbeln et al., 2006).
Not surprisingly then, consumption of n-3 LCPUFAs
can reduce the risk of cardiovascular disease. Indeed,
clinical intervention studies with fish oil-derived n-3
LCPUFAs have been shown to dramatically decrease
the risk of mortality in patients with cardiovascular
disease (Kris-Etherton et al., 2002). These fatty acids
have also been used as nonsteroidal antiinflammatory
supplements and as therapeutic agents for autoimmune
diseases (Simopoulos, 2002).

The benefits of long-chain omega-3 fatty acids have
not gone unnoticed by health-conscious consumers,
resulting in an increased demand for fish and fish oils,
as well as LCPUFA-containing foods. Because land-
ings of wild-caught fish have been at a plateau for the
past 10 years, the rising demand for fish is being met
by an increased supply of farmed fish (Pauly et al.,
2005). Most fish, however, obtain and concentrate n-3
LCPUFAs from the microorganisms in their diet. For
farmed fish to contain an abundance of n-3 LCPUFAs,
they are fed n-3 LCPUFAs, usually in the form of fish
oil. Currently, most of the wild-caught fish landings in
the world are used to provide food to farmed fish,
hardly a sensible or sustainable situation (Naylor et al.,
2000; Dalton, 2004).

There is strong need then for a land-based, renew-
able, and sustainable source of n-3 LCPUFAs for the
human diet.

Transgenic Oilseed Plants as Sources of n-3 Fatty Acids

Because ALA from plant sources is converted by the
body to EPA, consuming a high proportion of n-3 oils,
such as flax oil, may be a useful dietary strategy. The
first step in the human EPA pathway, the conversion
of ALA to stearidonic acid (SDA; a reaction catalyzed
by a delta-6 desaturase), is rate-limiting in humans
(Burdge et al., 2002; James et al., 2003). It has been
shown that ALA in the diet is converted to EPA, with
only a fraction of the efficiency of SDA in healthy
subjects (James et al., 2003; Miles et al., 2004). Further,
delta-6 activity has been shown to decline with age
(Bourre et al., 1990) and with a significant number of
clinical conditions, such as cancer, making utilization
of dietary ALA even less efficient (Lane et al., 2003).

Some plants, such as Echium (from the borage fam-
ily), hemp (Cannabis sp.), and black currant (Ribes
nigrum), produce SDA in their seed oils. These oils are
currently marketed and sold for their proposed health
benefits (Barre, 2001), but in addition to the problem
that they also contain a relatively high abundance of
n-6 fatty acids, their cultivation is carried out on a scale
that is relatively small with poor yields, making the
oils produced very expensive. However, it is possible
to take the delta-6 desaturase gene from one of these
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species and express it in plant that does not normally
produce GLA or SDA.

An early example of this kind was the constitutive
expression of a Synechocystis delta-6 desaturase in
tobacco (Nicotiana tabacum; Reddy and Thomas,
1996). These investigators were able to record 1%
GLA and 3% SDA in the leaves but no detectable
amounts in the seeds of these transgenic plants. Higher
concentrations in leaves (13% GLA, 10% SDA) were
observed when a borage delta-6 desaturase gene was
constitutively expressed in tobacco (Sayanova et al.,
1997), but only a trace (2% GLA) of new fatty acid was
seen in the seed.

The use of seed-specific promoters resulted in more
meaningful amounts of modified fatty acids in the
seed oil. Delta-6 desaturase genes from borage, Pythium
irregulare, and Saprolegnia diclina have been seed spe-
cifically expressed in soybean, Brassicca juncea, and
safflower (Carthamus tinctorius), with resulting GLA
contents in the seed oil as high as 70% of total fatty
acids (Hong et al., 2002; Qiu et al., 2002; Sato et al., 2004;
Knauf et al., 2006). Because most oilseed crops are
predominantly omega-6 fatty acid-containing plants, it
is necessary to express an omega-3 desaturase gene
along with the delta-6 gene to produce SDA. Expression
in soybean seeds of a delta-6 desaturase gene from
Mortierella alpina along with an omega-3 desaturase
resulted in an SDA content of >20%, and when a
borage delta-6 desaturase gene was expressed with an
Arabidopsis (Arabidopsis thaliana) omega-3 desaturase
gene in soybean seed, SDA contents of as high as 30%
were observed (Eckert et al., 2006).

Soybean oil containing SDA is currently in commer-
cial development and is likely to be the first transgenic
food oil containing n-3 PUFAs available to consumers
(Monsanto, 2008).

Dietary EPA and DHA: Cutting Out the Middle Fish

SDA is an important stepping stone on the path to
EPA in humans, although it needs to be consumed in
larger amounts to have the same efficacy as EPA (Miles
et al., 2004). In addition, SDA does not appear to be
converted by the body to DHA, an n-3 LCPUFA that is
very important for cognitive function (James et al.,
2003). Even with a potential source of SDA in the diet,
we will still need a source of DHA. Algal oils rich in
DHA can be produced through a fermentation pro-
cess, but this is a very expensive process, and the use
of DHA from these sources is currently limited to
infant formula and medical foods (Boswell et al., 1996).
Modified plant oils are an attractive alternative. Con-
sumption of fish oils provides both EPA and DHA, and
thus the ideal transgenic plant oil would contain both
these fatty acids in a ratio similar to that found in fish.

Most of the wild-caught fish we eat obtain their n-3
LCPUFAs from eating smaller fish, which in turn
obtain their n-3 LCPUFAs from the eukaryotic marine
microbes in their diet. These microbes, which include
algae, fungi, and protists, synthesize their own EPA,
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DHA, or often both. Three distinct pathways for n-3
LCPUFA synthesis have evolved in these organisms
(Wallis et al., 2002). Some marine fungi, such as those
from the genus Saprolegnia, make n-3 LCPUFAs by a
pathway analogous to that found in humans (Pereira
et al, 2004a). The pathway begins with a delta-6
desaturation of ALA, followed by an elongation reac-
tion and a delta-5 desaturation to EPA. Certain protists,
such as some Euglena species, begin EPA synthesis by
elongating ALA with a delta-9 elongase reaction, fol-
lowed by a delta-8 desaturation and then a delta-5
desaturation common to both pathways (Wallis and
Browse, 1999). In both pathways, EPA is converted to
DHA by a delta-5 elongation followed by a delta-4
desaturation (Pereira et al., 2004b). This is in contrast to
humans, in which the pathway for DHA synthesis from
EPA is a complex, four-step, multi-organelle affair
(Wallis et al., 2002).

A third route to n-3 LCPUFAs has been discovered
in some marine algae, such as Schizochytrium. In these
organisms, DHA is synthesized by a polyketide syn-
thase (PKS) complex. This type of pathway is also
found in some prokaryotic marine microbes, such as
Shewanella, which also synthesize EPA or DHA (Metz
et al., 2001).

These marine organisms provide a useful source of
genes for recreating these pathways in land plants and
thus for providing a dietary source of EPA and DHA
that completely by-passes fish consumption.

Engineering New Fatty Acid Biosynthetic Pathways into
Crop Plants

An early report of recreating the microbial synthesis
of n-3 LCPUFAs in a plant described assembly in
nonseed tissue of a delta-9 elongase pathway to gen-
erate EPA. The genes for this pathway were obtained
from a grab-bag of marine organisms, including
the microalga Isochrysis galbana (delta-9 elongase), the
protist Euglena gracilis (delta-8 desatuarase), and
the microbial fungus M. alpina (delta-5 desaturase).
The pathway was expressed in nonseed tissue of the
model plant Arabidopsis (Qi et al., 2004), and an EPA
content in leaves of about 3% was observed. The leaves
also contained a similar amount of the n-6 LCPUFA
ARA, because the enzymes expressed by these genes
are effective on both n-3 and n-6 fatty acid substrates.
As in the SDA work described above, expressing an
additional n-3 desaturase might help move things
away from n-6 fatty acids to n-3 fatty acids.

In addition to EPA in these transgenic Arabidopsis
leaves, certain pathway intermediates and fatty acid
by-products were also observed. These by-products
included sciadonic acid and juniperonic acid resulting
from competition between the delta-8 and delta-5
desaturases for elongated LA or ALA. Interestingly,
the various microbes that make LCPUFAs by this
pathway do not produce significant levels of sciadonic
acid and juniperonic acid, probably because there is a
more efficient flux through the endogenous pathway.
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This study was a groundbreaking first step toward
producing EPA in plants, but production of 3% in
Arabidopsis leaves is hardly a commercially viable
alternative to fish oil. In addition, the ARA and by-
product content would also need to be reduced for
commercial food oil.

The first demonstration of heterologous expression
of an EPA pathway in a plant seed is described in a
published patent application (Kinney et al., 2004). In
this study, a delta-6 fatty acid pathway from Mortierella
was expressed in soybean embryos; in addition, n-3
desaturases from Arabidopsis (Yadav et al., 1993) and
from the freshwater mold S. diclina (Pereira et al.,
2004b) were included in the gene set. EPA contents in
seeds as high as 10% were observed, and this could be
increased to 20% by replacing the delta-6 desaturase
gene from Mortierella with one from Saprolegnia. To
date, this is the highest abundance of EPA achieved in
any plant tissue. These transgenic soybean seeds
contained only trace amounts of ARA due to the
presence of the highly efficient Saprolegnia n-3 de-
saturase that has a substrate preference for ARA, con-
verting it to EPA (Pereira et al., 2004b).

Quite unpredictably, the soybean seeds also con-
tained the DHA precursor n-3 docosapentaenoic acid
(DPA). Because no additional delta-5 elongase had
been added to the mix (and endogenous elongation
factors were not responsible), the DPA must have been
formed from the activity of the Mortierella delta-6
elongase on EPA. This was quite unexpected, because
this elongase had no delta-5 EPA-elongating activity
when previously expressed in yeast (Parker-Barnes
et al.,, 2000). When a delta-4 desaturase gene from
Schizochytrium aggregatum (Mukerji et al.,, 2002) was
added to this pathway in soybean embryos, over 3%
DHA was observed in the embryo oil. This is the
highest DHA content seen in any plant oil to date.

In a later study, the Arabidopsis n-3 desaturase was
replaced with an n-3 desaturase from Fusarium mon-
iliforme (Damude et al., 2006). This desaturase has been
shown to convert oleic acid to LA and LA to ALA and
is very active when expressed in soybean seeds
(Damude et al., 2006). Seeds expressing this desaturase
have been shown to have a total n-3 fatty acid content
of over 70%. When combined with the Saprolegnia
desaturase, the total n-6 content of EPA soybean seeds
was negligible.

A more recent attempt (Chen et al., 2006) at express-
ing the Mortierella delta-6 desaturase pathway in soy-
bean seed to produce ARA (the endogenous n-3
desaturase was downregulated in these experiments)
resulted in only trace amounts ARA (0.5%-0.8% of
seed oil fatty acids). The authors suggested that their
use of the same promoter multiple times caused poor
expression of the transgenes, although they show no
data to support this hypothesis. However, in the soy
EPA project described above (Kinney et al., 2004), in
events where the added n-3 desaturases were not
functional, ARA contents of up to 20% were observed
in soy seeds using the same Mortierella delta-6 pathway.
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Trace amounts of EPA (<2%) were also demon-
strated in transgenic flax seeds, a relative abundance
much less than that observed in soy (Abbadi et al.,
2004). The delta-6 pathway genes, from the diatom
Phaeodactylum tricornutum and the fungus Physcomitrella
patens, were expressed under the control of seed-
specific promoters, and the poor end-product accumu-
lation was attributed to problems with pathway flux
rather than poor gene expression. Because the trans-
genic flax seeds accumulated large amounts of GLA
and SDA but not the elongated products of these fatty
acids, the authors suggested that elongation GLA and
SDA was limiting EPA accumulation.

While GLA and SDA are formed from LA and ALA
when they are part of a phospholipid, they are elon-
gated as acyl-CoAs. In the transgenic flax seeds, it
appeared that the GLA and SDA were stuck in the
membranes and were not being exchanged into the acyl-
CoA pool where they could be elongated (Abbadi et al.,
2004). These fatty acids were being incorporated into the
seed triacylglycerol by direct conversion of the phos-
phatidylcholine containing the GLA/SDA into diacyl-
glycerol, which in turn was converted to triacylglycerol.

This observation led the authors to search for an
acyltransferase that might facilitate the exchange of
LCPUFA from phospholipids into the acyl-CoA pool,
resulting in the identification of a lysophosphatidyl
acyltransferase (LPAT) from an uncharacterized species
of the marine fungus Thraustochytrium (Wu et al., 2005).
This new gene was included in a more recent attempt to
produce EPA in Brassica juncea seeds (Wu et al., 2005) by
using a delta-6 pathway and the methods of pathway
assembly previously shown to be effective in soy
(Kinney et al., 2004). As in the soybean study, addition
of an n-3 desaturase with a substrate preference for
ARA was shown to be important for optimizing EPA
content of the seed oil (up to 15% of total fatty acids).
Curiously, the addition of the Thraustochytrium LPAT
did not significantly boost flux through the pathway
into EPA, suggesting the pathway assembly techniques
described in the soy study were more important for
achieving target amounts of n-3 LCPUFAs.

In the same Brassica study, the authors were able to
produce small amounts of DHA (1.5% of total fatty
acids) by the addition of an EPA elongase from a fish
Oncorhynchus mykiss and a delta-4 desaturase from a
Thraustochytrium, the successful use of a fish gene
demonstrating that the source of transgenes for plant
production of n-3 LCPUFAs need not be restricted
to marine microbes. Indeed, some investigators have
suggested that using acyl-CoA desaturases, such a
those found in fish LCPUFA pathways, may help
improve EPA synthesis in transgenic plants by elimi-
nating the need for acyl chains to move between
phospholipid and acyl-CoA pools for various desatu-
ration and elongation steps and thus improve flux into
EPA (Domergue et al., 2005; Robert et al., 2005). This
hypothesis was tested by assembling a delta-6 desatur-
ase pathway in Arabidopsis seeds using a bifunctional
delta-6/delta-5 desaturase from a species of zebra fish
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(Danio rerio), which utilizes acyl-CoA substrates, along
with an acyl-CoA elongase from the nematode Caeno-
rhabditis elegans (Robert et al., 2005). The highest EPA
content observed in the seed oil was 2.5% of total seed
fatty acids. When these EPA plants were retransformed
with delta-5 elongase and a delta-4 desaturase genes
from Pavlova salina, trace DHA amounts of approxi-
mately 0.5% were observed in the seed oil.

Just as in the Brassica LPAT study (Wu et al., 2005),
these results support the conclusion that exchange
between phospholipid and acyl-CoA pools may not be
the limiting factor for obtaining optimal flux into EPA in
a transgenic LCPUFA pathway. Indeed, the authors
conclude that the pathway assembly methods described
in the soy study (Kinney et al., 2004) should be used to
obtain optimal coexpression of all the pathway genes in
an LCPFUA pathway (Robert et al., 2005).

Engineering n-3 LCPUFA Polyketide Pathways
into Crop Plants

An attractive alternative to assembling LCPUFA
pathways with multiple enzymes, all of which must
work in concert to produce EPA and/or DHA, is the
concept of expressing PKS complexes in plant seeds.
Most of the activities necessary for EPA or DHA
synthesis by a PKS mechanism reside on a single
polypeptide, theoretically making concerns and issues
with coexpressing multiple new pathway genes in a
seed redundant. In addition, n-3 LCPUFA oil pro-
duced from a PKS complex should be completely free
from pathway intermediates and thus less of a regu-
latory concern for food use.

Successful expression of PKS genes in yeast and
plants has been now been reported (Metz et al., 2006).
This undertaking involved expressing in Arabidopsis
three genes from a Schizochytrium encoding subunits
of a PKS enzyme that catalyzes the synthesis of DHA
from malonyl-CoA. It was also necessary to coexpress
a phosphopantetheinyl transferase from the fresh wa-
ter cyanobacteria Nostoc, which it turns out is essential
for activating the ACP domains of the DHA-synthase
PKS. The genes were targeted to the plastid by fusing
them with a Brassica acyl-ACP thioesterase plastid-
targeting signal.

The resulting Arabidopsis seeds had a DHA content
of a bit less than 1% and also contained approximately
2% of a n-6 isomer of DPA. These same investigators
(Metz et al., 2007) found that the DHA content of the
seeds could be boosted, up to approximately 2.5% of
seed fatty acids, by coexpressing the PKS/phospho-
pantetheinyl transferase with a Schizochytrium acyl-
CoA synthetase (ACSI or ACSII) along with an RNAi
construct to silence one or more of the acyl-ACP
condensing enzyme activities of the seed (which pre-
sumably compete with the PKS for malonyl-CoA).

At this point, the transgene count is up there with
the fatty acid (desaturase/elongase) LCPUFA path-
ways, losing some of the suggested advantages of the
PKS route. Nevertheless, the successful expression of a
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microbial PKS complex of any kind in a transgenic
plant is a significant technical achievement in itself;
persuading such a PKS to make significant amounts of
DHA in a plant seed is quite a tour-de-force of bioen-
gineering.

The New Oilseed Plants: Sowing Seeds of Happiness

In the course of these adventures in metabolic path-
way engineering, a lot has been learned about moving
chains of biosynthetic activities from various marine
organisms into plants and about the basic biochemistry
of the enzymes themselves. It seems remarkable that
the fatty acid composition of a plant seed, such as
soybean, could be radically shifted so that one of its
minor fatty acids, oleic acid, becomes the predominant
species (greater than 80%) without affecting the viabil-
ity or oil content of the seed. And yet such seed is now
being grown on thousands of acres, and its oil will soon
find its way into some of the foods we consume.

It is perhaps even more remarkable that the fatty
acid composition of oilseeds can be radically reconfig-
ured by advanced pathway engineering to produce
vital fatty acids previously only obtainable from non-
sustainable sources. The bottom line from the studies
with fatty acids and polyketide biosynthetic pathways
is that it is now possible to assemble complete n-3
LCPUFA pathways in transgenic oilseed plants to
produce EPA and DHA for human food uses. Con-
sumption of EPA and DHA has been found in clinical
studies not only to improve cardiovascular health, but
also to reduce depression, aggression, anger, and
improve mental well-being. In a fascinating and en-
tertaining survey, Reis and Hibbeln (2006) have shown
that fish have been potent symbols of emotional well-
being in many different cultures across thousands of
years. They suggest there is a link between the positive
psychotropic properties of EPA and DHA consump-
tion and the cultural perception of fish as an emotion-
ally healing food. We are now well on the road to new
plant sources of these important, nutritional fatty acids
and perhaps to a healthier, maybe even happier, hu-
man population.

Received April 21, 2008; accepted May 8, 2008; published July 8, 2008.
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