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Gene technology and plant breeding are combining to provide powerful means for modifying the compo-
sition of oilseeds to improve their nutritional value and provide the functional properties required for various
food oil applications. Major alterations in the proportions of individual fatty acids have been achieved in a range
of oilseeds using conventional selection, induced mutation and, more recently, post-transcriptional gene
silencing (PTGS). In particular, a number of high-oleic oils have been developed in order to provide high-
stability cooking oils. These oils provide the opportunity to replace the current widespread use of saturated fats
and hydrogenated oils that contribute significantly to increased risk of cardiovascular disease due to the effect
of saturated and trans-fatty acids on elevating LDL cholesterol in the bloodstream. Similarly, oils with increased
stearic acid content are being developed to enable the production of solid fats without the need for hydroge-
nation. We have recently applied hpRNA-mediated PTGS in cotton to down-regulate key fatty acid desaturase
genes and develop nutritionally-improved high-oleic (HO) and high-stearic (HS) cottonseed oils (CSOs).
Silencing of the ghFAD2-1 �12-desaturase gene raised oleic acid content from 13% to 78% and silencing of the
ghSAD-1 �9-desaturase gene substantially increased stearic acid from the normal level of 2% to as high as 40%.
Additionally, palmitic acid was significantly lowered from 26% to 15% in both HO and HS lines. Intercrossing
the HS and HO lines resulted in a wide range of unique intermediate combinations of palmitic, stearic, oleic and
linoleic contents. The oxidative stability, flavor characteristics and physical properties of these novel CSOs are
currently being evaluated by food technologists.

Key teaching points:

• Traditional plant breeding approaches have produced some important alterations in oilseed fatty acid compositions. However, some
oilseed species lack the required natural genetic variation or are not readily amenable to mutation breeding due to their complex
genomic structure.

• Gene technology has provided plant breeders with powerful new tools for manipulating the composition of plant products.
• Post-transcriptional gene silencing (PTGS) has been developed to enable the expression of genes to be precisely down-regulated

during oil synthesis in the developing seed.
• Gene silencing techniques are being used to alter the relative proportions of the major fatty acids present in cottonseed oil for the

purpose of improving nutritional value without compromising functionality.

NUTRITIONAL IMPACT OF DIETARY
FATS AND OILS

Fats and oils account for a substantial portion of the calo-
rific value of the human diet, being ingested in their natural
form as components of whole foods (e.g., meats, nuts) or in

their extracted form either as ingredients in processed foods or
as cooking mediums, salad oils and spreads. Per capita fats and
oils consumption varies widely throughout the world and in-
creases with greater affluence, to the point where in many
western countries it is in excess of the 30% maximum value
generally recommended by health authorities [1]. Consequently
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there has been considerable attention given in recent decades to
the nutritional impacts of various fats and oils, in particular the
influence of the constituents of fats and oils on cardiovascular
disease, cancer and various inflammatory conditions.

An important early focus was the nutritional impact of the
cholesterol found in animal fats, such as tallow, lard and
milk-fat derived products. Dietary intake of cholesterol was
demonstrated to increase significantly the levels of total cho-
lesterol in the bloodstream, contributing to increased occur-
rence of atherosclerosis and consequently greater risk of car-
diovascular disease [2]. However, it was also revealed that the
fatty acids that comprise the fats and oils can themselves have
significant effects on serum cholesterol levels. Nutritional re-
search became more closely focused on the two different
classes of serum cholesterol, the beneficial high-density li-
poprotein form (HDL) associated with the removal of choles-
terol from the bloodstream, and the undesirable low-density
lipoprotein form (LDL) responsible for the movement of cho-
lesterol within the bloodstream. High levels of LDL cholesterol
were shown to be associated with increased risk of atheroscle-
rosis and cardiovascular disease [3,4]. Furthermore, it became
apparent that individual fatty acids in the diet can have opposite
effects on the relative levels of LDL-cholesterol and HDL-
cholesterol in the bloodstream and that they can play a greater
role than actual dietary cholesterol intake in this regard (Fig 1).
Initially it was considered that all saturated fatty acids and, in
particular, myristic acid (C14:0) and palmitic acid (C16:0), the
principal saturate present in the plant oils, had the undesirable
property of raising serum LDL-cholesterol levels [5,6]. How-
ever, it then became well established that stearic acid (C18:0),
the other main saturate present in plant oils, does not raise
LDL-cholesterol like other saturates and may actually lower
total cholesterol [7,8]. Stearic acid is therefore generally con-
sidered to be at least neutral with respect to risk of cardiovas-
cular disease. On the other hand, unsaturated fatty acids, such
as the monounsaturate oleic acid (C18:1) and the polyunsatu-
rates linoleic acid (C18:2) and �-linolenic acid (C18:3), have
the beneficial property of lowering LDL-cholesterol [5], thus
reducing the risk of cardiovascular disease.

The growing consumer recognition that high levels of both

cholesterol and saturated fatty acids in the diet can increase the
risk of cardiovascular disease has been the primary driving
force behind the recent reduction in consumption of animal
fats, particularly in Western countries. This move away from
animal fats has been facilitated by the ready availability of
predominantly unsaturated, cholesterol-free vegetable oils from
a wide range of oilseed crops (e.g., soybean, sunflower, rapeseed,
cottonseed, peanuts). Most of these vegetable oils have levels of
oleic, linoleic and linolenic acids that significantly exceed that of
palmitic acid, and nutritionists now generally recommend that
preference is given to such oils in the human diet. In fact, health
authorities such as the American Heart Association and the Aus-
tralian National Heart Foundation are now recommending that
polyunsaturated fatty acid consumption should be increased to
compose around 10% of total energy intake and that �-linolenic
acid consumption should be around 2g per day.

Hydrogenated Oils

Unfortunately, although having beneficial nutritional ef-
fects, highly unsaturated oils are too unstable for use in cook-
ing, particularly for commercial deep-frying where they are
exposed to high temperatures and oxidative conditions for long
periods of time. Under such conditions, the oxidative break-
down of the numerous carbon double bonds present in unsat-
urated oils results in the development of short-chain aldehyde,
hydroperoxide and keto derivatives, imparting undesirable fla-
vors and reducing the frying performance of the oil by raising
the total level of polar compounds [9,10]. Furthermore, some of
the breakdown products present in thermoxidized fats and oils
are readily absorbed into the bloodstream and have been re-
ported to have undesirable nutritional effects, including im-
paired arterial endothelial function and accelerated atherogen-
esis [11,12]. The beneficial effects of polyunsaturated fatty
acids must therefore be delivered by other dietary means, such
as in whole foods or in processed foods that are not subjected
to highly oxidative conditions, such as spreads and salad oils.

Polyunsaturated oils can however be converted into stable
cooking oils by the industrial process of hydrogenation in
which the carbon double bonds (unsaturated) are reduced to
single bonds (saturated) by the action of hydrogen in the
presence of a catalyst [13]. Varying degrees of hydrogenation
can be used depending on the initial content of polyunsaturated
fatty acids and the desired final levels for particular product
applications. Complete hydrogenation results in the elimination
of all carbon double bonds and the production of a fully
saturated fat. Partial hydrogenation enables oxidative stability
to be achieved while retaining the liquid nature of the oil.
Partially hydrogenated soybean, cottonseed and canola oils
have been extensively used as frying oils in recent decades and
have been one of the main ways in which the food service
sector has increasingly replaced animal fats with stable vege-
table oils. However, partial hydrogenation results in the break-
down of naturally occurring cis carbon double bonds and their

Fig. 1. Schematic diagram of biosynthetic pathway for the major
saturated, monounsaturated (MUFA) and polyunsaturated (PUFA)
fatty acids in oilseeds and their key nutritional and functional attributes.
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occasional reformation in trans configuration [13,14], forming
trans-fatty acids. In contrast to cis-unsaturated fatty acids,
trans-fatty acids are now known to be as potent as palmitic acid
in raising plasma LDL cholesterol levels [15,16] and lowering
plasma HDL cholesterol [17], and thus contribute to increased
risk of cardiovascular disease [18]. Although trans-fatty acids
occur naturally in some other foods, particularly dairy products,
average dietary intake is closely related to the use of hydroge-
nated oils and therefore varies considerably between countries
[19]. For example, the average dietary intake of trans-fatty
acids in the United Kingdom has been estimated at 2.8 grams
per person per day, of which about 65% was considered to be
contributed by hydrogenated oils [20]. As a result of increased
awareness of the anti-nutritional effects of trans-fatty acids,
there is now a growing trend away from the use of hydroge-
nated oils in the food industry in favor of fats and oils that are
both nutritionally beneficial and can provide the required func-
tionality without hydrogenation, in particular those that are rich
in either oleic acid where liquid oils are required or stearic acid
where a solid or semi-solid fat is preferred (Fig 1).

IMPROVED SEED OILS THROUGH
PLANT BREEDING

Unfortunately, oils that comprise predominantly either oleic
acid or stearic acid and that are also low in palmitic acid are not
naturally common among the major cultivated oilseed species.
However plant breeders have now successfully developed such
desirable fatty acid profiles in a number of oilseed crops. In
some oilseed species there has been sufficient natural genetic
variability for fatty acid composition to enable the selection of
high-oleic fatty acid profiles using conventional crossbreeding

methods. The selection of high-oleic safflower [21] and peanut
[22] oils from species that are normally high in linoleic acid are
notable examples of this approach (Table 1). In other cases,
where there has been insufficient natural variation, it has some-
times been possible to generate the required variability using
induced mutagenesis techniques (Table 1). Mutation breeding
was employed in sunflower to raise oleic acid from 29% to
84% [23], creating a high-oleic oil that has since become
extensively used in both commercial and domestic frying ap-
plications [24]. Likewise, soybean mutants have been produced
in which palmitic acid levels were reduced from 11% to 4%
[25] and stearic acid raised from 4% to 30% [26]. High-stearic
mutants of sunflower have also been produced [27]. In spite of
these notable successes, in some oilseeds it has not been pos-
sible to develop the required fatty acid compositions using
traditional plant breeding approaches alone because the species
has lacked the required natural genetic variation and also has
not been readily amenable to mutation breeding due to its
complex genomic structure. However, newly developed gene
technologies now provide the opportunity to overcome these
limitations and enable radical alterations in fatty acid compo-
sition to be attempted in all major oilseed crop species.

IMPROVED SEED OILS USING GENE
SILENCING

In recent years, genes have been cloned for all the major
enzymes that control fatty acid biosynthesis in oilseeds, includ-
ing the �9- and �12-desaturases that determine the relative
proportions of C18 saturated, monounsaturated and polyunsat-
urated fatty acids (Fig. 1). Furthermore, methods of post-
transcriptional gene silencing (PTGS) have been developed that

Table 1. Fatty Acid Composition of Traditional Oilseeds and Genetic Variants Derived from them by Selection, Mutation or
Post-Transcriptional Gene Silencing (PTGS)

Variants# Origin of Variant
Fatty acid composition (%)*

Palmitic Stearic Oleic Linoleic Linolenic

Safflower 7 6 10 77 —
high-oleic selection 7 4 81 8 —

Peanut 8 4 55 25 —
high-oleic selection 7 3 76 4 —

Sunflower 7 4 29 60 —
high-oleic mutation 7 4 84 5 —
high-stearic mutation 5 26 14 55 —

Soybean 11 4 24 53 7
high stearic mutation 8 30 21 35 6
low palmitic mutation 4 3 25 58 8
high-oleic PTGS 8 3 84 3 1

Canola 4 2 57 26 9
high-oleic PTGS 4 2 89 2 3
high-stearic PTGS 4 33 13 19 22

Mustard 5 3 46 33 13
high-oleic PTGS 3 3 76 7 6

# For each oilseed the first fatty acid profile is the traditional type.

* Minor fatty acids not reported; sources of data cited in text.
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enable the expression of these genes to be precisely down-
regulated during oil synthesis in the developing seed, without
affecting their expression in other parts of the plant. PTGS can
be invoked to modify seed oil fatty acid composition by seed-
specifically expressing a DNA sequence that is complementary
to the whole or part of the appropriate target fatty acid biosyn-
thesis gene. The introduced DNA sequence is inserted into the
genome in such a way that its transcription leads to the forma-
tion of a double-stranded RNA molecule (dsRNA), the pres-
ence of which triggers an inbuilt mechanism that degrades this
dsRNA molecule and also the complementary mRNA tran-
scripts of the endogenous target gene. The degradation of the
target gene mRNA prevents the synthesis of its corresponding
protein [28], in this case a fatty acid biosynthesis enzyme,
thereby altering the balance of fatty acids present in the oils.

The earliest examples of PTGS involved the re-introduction
of the full coding region of the target gene in either the normal
(sense) or reverse (antisense) orientation. For example, anti-
sense-mediated PTGS was used in rapeseed to down-regulate
the expression of the �9-desaturase enzyme that converts
stearic acid to oleic acid, resulting in an increase in stearic acid
from 2% to around 33% [29]. Similarly, sense-mediated PTGS
(co-suppression) targeted against the �12-desaturase that con-
verts oleic acid to linoleic acid has resulted in the development
of soybean, rapeseed (Brassica napus) and mustard (B. juncea)
oils with very high levels of oleic acid [30,31]. However, these
antisense and co-suppression strategies have proven to be vari-
able and unpredictable in their effectiveness and generally
require the production of large populations of transgenic plants
in order to obtain an acceptable number of lines exhibiting
sufficient degrees of target gene suppression [29,30,32].

Recently, much more effective methods of silencing plant
genes have been developed, based on the discovery that PTGS
can be invoked at very high frequency using inverted-repeat
DNA constructs. Regardless of how they are inserted into the
genome, these constructs always generate hairpin RNA
(hpRNA) transcripts containing regions of dsRNA; therefore, a
very high proportion of transgenic plants show target gene
silencing [33]. The very high efficiency of hpRNA-mediated
gene silencing makes it now the preferred method for tissue-
specific gene inactivation in plants. We outline below our
recent use of these techniques to develop high-oleic and high-
stearic cottonseed oils [34], which represents the first applica-
tion of hpRNA-mediated gene silencing to modify oil compo-
sition in plants and provides a good example of the advantages
of this approach over other methods of PTGS in developing
nutritionally enhanced cooking oils.

High-Oleic and High-Stearic Cottonseed Oils

Because of the large global volume of cotton crops grown
primarily for fiber production, cottonseed is available in sub-
stantial quantities in many parts of the world. From the crush-
ing of this seed, around four million tons of CSO are produced

annually, making it the sixth most important plant oil in com-
merce. Cottonseed oil is a valued raw material in the food
industry because its high level of the saturated palmitic acid
and absence of the unstable linolenic acid (Table 2) impart
good stability and flavor properties. However CSO is often
partially hydrogenated to lower the level of polyunsaturates and
achieve the very high stability required in deep-frying or the
solidity required for margarine hard stock. Thus, partially hy-
drogenated CSO contains a relatively high level of nutritionally
undesirable saturated and trans fatty acids. Genetic improve-
ment of CSO fatty acid composition is therefore being sought
to avoid the need for hydrogenation and thereby to improve the
nutritional value of CSO products. Unfortunately, cotton has
very limited genetic variation for seed fatty acid composition
and is also not very amenable to induced mutation techniques.
Furthermore, genetic transformation of cotton is much less
efficient than in many other oilseeds. To overcome these lim-
itations, we have recently taken advantage of the very high
efficiency of hpRNA-mediated gene silencing to produce novel
CSOs rich in either oleic acid or stearic acid and which also
have significantly reduced levels of palmitic acid [34].

The genetic modifications were achieved by seed-specific
silencing of the two genes encoding the key fatty acid desatu-
rase enzymes determining the fatty acid composition of CSO,
namely stearoyl-ACP �9-desaturase and oleoyl-PC �12-de-
saturase (also known as �6-desaturase). Several candidate
genes for these enzymes were first cloned from a cottonseed
cDNA library based on their expected homology to the already
sequenced �9-desaturase gene from castor bean and the �12-
desaturase gene from Arabidopsis thaliana. Analysis of expres-
sion patterns for the candidate sequences revealed the particular
genes that were responsible for the activity of these enzymes in
the developing seed, namely the �9-desaturase gene ghSAD-1
[35] and the �12-desaturase gene ghFAD2-1 [36]. Inverted-
repeat constructs encoding hpRNA targeted against either
ghSAD-1 or ghFAD2-1 and driven by the seed-specific soybean
lectin promoter were transformed into Coker 315 cotton. Si-
lencing of ghFAD2-1 expression resulted in greatly increased
levels of oleic acid in more than half of the 29 individual
transgenic lines examined, ranging up to 78% oleic acid in the
mature seeds of primary transgenic plants compared to about
13% in seeds of untransformed plants (Table 2). Similarly,

Table 2. Fatty Acid Composition of Seed Oil from Coker
315 Cotton and Variants Derived from it by PTGS of �9-
and �12-Desaturases

Genotype
Fatty acid composition (%)*

Palmitic Stearic Oleic Linoleic

Normal (Coker 315) 26 2 13 59
High oleic (HO) 15 2 78 4
High stearic (HS) 15 40 4 39
HO & HS 14 40 37 6

* Minor fatty acids not reported.
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silencing of the ghSAD-1 gene resulted in increased levels of
stearic acid in over half of 26 individual transgenic lines, the
highest level being 40%, approximately twentyfold greater than
the 2% present in untransformed control plants (Table 2).
Similar changes in fatty acid composition were found in ex-
periments using conventional antisense constructs targeted
against the same genes, but at much lower frequencies than
with the hpRNA-encoding constructs. Interestingly, the content
of palmitic acid in both high-stearic (HS) and high-oleic (HO)
lines was significantly and favorably reduced from 26% down
to 15% (Table 2). As expected, these changes in fatty acid
composition have proven to be heritable with the same extreme
profiles being present in the progeny of the transgenic lines.

We have examined the possibility of producing further
novel fatty acid compositions by intercrossing the most ex-
treme initial HO and HS lines. A wide range of combinations
of stearic, oleic and linoleic acids were evident in the F2

generation of the cross. For example, one F2 plant showing
silencing of both �9- and �12-desaturases had 40% stearic acid
and 37% oleic acid and retained the reduced level of palmitic
acid (Table 2). Based on the pattern of variation in this cross,
it now appears possible to develop a wide range of improved
fatty acid profiles in CSO having greatly reduced contents of
linoleic acid and palmitic acid and with various combinations of
oleic and stearic acid as required for particular end uses. Further-
more, it is possible to extend this variation in fatty acid composi-
tion by choosing parental lines that have appropriate intermediate
degrees of silencing of �9- and �12-desaturase genes.

COMMERCIAL EVALUATION AND
VARIETY DEVELOPMENT

Samples of oils from the initial HO and HS cotton lines are
currently undergoing detailed evaluation by food technologists
to determine their physical properties, flavor characteristics and
oxidative stability. Due to the replacement of most of the
unstable linoleic acid with either oleic or stearic acid, these oils
should have both excellent inherent stability and the required
physical properties for various food industry applications, with-
out the need for hydrogenation. Although it may be possible to
further reduce linoleic acid below the 4% present in the best
high-oleic lines, such a change may not be advantageous, since
there is evidence from studies with mid-oleic genotypes of
rapeseed [37] that a modest level of linoleic acid in the oil is
desirable from a flavor standpoint and should not be sacrificed
for the minimal further improvement in stability that would
result from its complete removal. Additionally, by varying the
relative proportions of oleic and stearic acid we anticipate that
it should be possible to develop CSO with different physical
properties, ranging from liquid oils to semi-solid fats. One
future possibility is the development of structured triglycerides
for use as specialty confectionery fats, for example as cocoa
butter substitutes.

The eventual development of commercial cotton varieties
producing nutritionally improved CSO will involve the incor-
poration of some additional features that should enhance their
commercial potential. Firstly, further reductions in palmitic
acid content are nutritionally desirable and are likely to be
achievable without compromising stability in the high-oleic oil.
Palmitic acid should be able to be reduced by either silencing
of palmitoyl-ACP thioesterase gene or genetic enhancement of
�-keto-acyl synthase (KASII) activity [38]. Secondly, because
the new oils will be regarded as genetically-modified (GM)
foods, it may be beneficial to minimize the amount of intro-
duced DNA. The high frequency of silencing reliably obtained
using hpRNA makes it feasible to introduce the silencing
construct and the selectable marker gene independently [39],
thus allowing the selectable marker gene to be subsequently
removed by genetic segregation. Furthermore, additional en-
hancements in hpRNA-mediated gene silencing techniques
achieved since the creation of the initial lines will enable the
same fatty acid modifications to be achieved using constructs
that contain only very small fragments of DNA (approximately
100 nucleotides) from the untranslated region of the target
desaturase gene and driven by a cottonseed promoter [40]. Thus
it appears possible to develop readily high-stearic and high-
oleic cottonseed that will contain only minimal amounts of
re-introduced cotton DNA and no selectable marker gene. Such
an approach should maximize the chances of commercial suc-
cess for the product in the current environment of uncertainty
about consumer acceptance of GM food products.

CONCLUSION

Gene technology has provided plant breeders with powerful
new tools for manipulating the composition of plant products.
In oilseeds, this has significantly extended the capability to
achieve major alterations in the relative proportions of the fatty
acids present in the oil, for the purposes of improving nutri-
tional value without compromising functionality. Oilseeds that
are rich in stearic or oleic acid will provide commercial cook-
ing fats and oils with the required stability and performance and
enable industry to move away from the use of oils with high
contents of palmitic acid and trans-fatty acids. The wide-scale
introduction of these improved oils has the potential to deliver
substantial public health benefits through lowering of serum
LDL-cholesterol levels and consequent reduced incidence of
cardiovascular disease. Such nutritionally-enhanced oils will be
some of the first food products to be genetically modified
specifically to provide consumer benefits and are considered
likely to have greater consumer appeal than foods derived from
initial GM crops that were engineered for predominantly agri-
cultural benefits.
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