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Novel food products from genetically modified crop
plants: methods and future prospects
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Summary

Using a variety of in vitro techniques, it is now possible to isolate a selected gene sequence
from any source and introduce it into any major crop plant. Millions of hectares of such
genetically modified (GM) or transgenic plants are already being grown commercially,
mostly in North America. To date, the most widely grown GM crops (soybean and
maize) are those with modified agronomic traits (herbicide or insect tolerance); the products from these commodity crops are now included in a wide range of processed foods.
This review describes the methods used to generate these GM crops and then discusses
the range of modified food products that can be generated using this new technology.
Such products include those with altered protein, starch or oil quality, as well as examples of improved micronutrient or vitamin content. Much of this work, particularly that
aiming to develop food with specific health benefits, is still at the experimental stage, but
there is no doubt that many GM foodstuffs, with an increasing variety of qualitative
changes, will reach the market in the coming years. The rate at which such products are
developed commercially depends to a large extent on the public reaction to a technology still poorly understood by most consumers.
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Introduction

Over the last few years, genetically modified
(transgenic) plants have moved from being laboratory curiosities to major commercial products.
The first such genetically modified (GM) products
that reached the consumer were tomatoes with
modified ripening and processing characteristics,
and these have been quickly followed by several
field crops (corn and soybean) with improved herbicide (Nida et al., 1996; Padgette et al., 1996)
and/or insect tolerance (Carozzi & Koziel, 1997;
Perferon, 1997). The most recent estimates suggest that the market for transgenic seed has
already reached several hundred million dollars
per year, that more than 15 million hectares are
being grown in the USA in 1998 and that the
exported material from these crops (principally
Correspondent: Fax: +44 (0)118 931 6577.
e-mail: J.Dunwell@reading.ac.uk

© 1998 Blackwell Science Ltd

from the USA) is now included in many
processed food products in Europe. In any consideration of GM food it is important to distinguish those food products that have been
deliberately designed to have an altered food
quality (e.g. tomato) from those that have been
derived from transgenic crops (e.g. corn and soybean) with altered agronomic traits.
Because of space constraints, this review will
not cover the whole subject of food biotechnology (Dörnenburg & Lang-Hinrichs, 1994) or
indeed of the use of transgenic plants to produce
new products for industrial and pharmaceutical
purposes (Owen & Pen, 1996); instead it will consider first the methods used to generate transgenic
plants and will then consider some of the types of
modification that can be produced using these
methods. It will then describe issues that determine the speed of commercialization, and some of
the regulatory and public perception aspects relating to this new class of food product.
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Transformation methods

Although the first attempts to produce transgenic
plants were made in the 1960s, it was not until the
early 1980s that success was achieved. Since that
time, the methods have become commonplace for
many crop plants and there are few, if any,
important crops from which transgenics have not
been produced (Dunwell, 1995). Initially, most
success was reported with techniques that used
the soil bacterium Agrobacterium tumefaciens as a
vector for introduced genes, and at that time it
was assumed by many that cereal crops were not
susceptible to this method. There was much interest therefore in the discovery of direct DNA
transfer using small metal particles (usually gold)
propelled at high speed into the target tissue,
which is usually the scutellum of an immature
zygotic embryo (Takumi & Shimada, 1997). The
general subject of particle bombardment or
‘biolistics’ has been reviewed by Daniell (1997).
Within the last few years, Agrobacterium-based
protocols have been amended to allow uptake by
cereal tissue (Ishida et al., 1996), and therefore
there is no longer any need to rely on direct DNA
methods for species such as rice, wheat and
maize. In addition to the two principal methods
described above, several other techniques have
been developed (for a review see Potrykus &
Spangenberg, 1995). These include the uptake of
plasmid DNA directly into protoplasts (cells from
which the cell wall has been removed), and the
perforation of cell walls with electrical or physical methods such as by vortexing with needleshaped crystals of silicon carbide – an industrial
abrasive (Wang et al., 1996).
In addition to major advances in methods for
gene transfer, the last decade has witnessed great
improvements in the understanding of the particular DNA sequences required for high and stable
levels of transgene expression. It is now possible
for the molecular biologist to include in the ‘construct’ to be transferred, specific ‘promoters’ that
control the site of expression of the gene of interest. For example, there is a range of well-characterized promoters that permit high-level
expression in the seed (Vincentz et al., 1997),
especially in the endosperm – the preferred site of
activity for many of the transgenes used in cereals (Russell & Fromm, 1997).

When designing a DNA construct and selecting
a transformation method to use for a particular
species, a choice can be made on the basis of
either technical efficiency or, where necessary,
commercial freedom; many of the available methods and relevant gene sequences are the subject of
granted patents.

Targets for modification

Protein
Among the first transgenic experiments were
many in which efforts were made to amend the
storage protein composition, or express a storage
protein gene in parts of the plant other than the
seed. As these methods have now been refined
and the sequences of many storage proteins are
known in detail (Lawrence et al., 1994), it is possible to design specific alterations to protein quality, either to modify the content of a particular
amino acid (Saalbach et al., 1994; De Clercq
et al., 1996; Marcellino et al., 1996; Coleman
et al., 1997; Molvig et al., 1997; Falco et al., 1998)
or to induce functional changes (Gidamis et al.,
1995; Utsumi et al., 1997) or to introduce a novel
protein such as the high-molecular-weight
glutenins implicated in bread-making quality
(Shewry et al., 1995; Blechl & Anderson, 1996;
Barro et al., 1997; Shimoni et al., 1997). This last
method of wheat improvement has recently been
granted a US patent (Blechl & Anderson, 1997).
Another recent opportunity provided by transgenic methods is the possibility of reducing the
content of those proteins with specific allergenic
properties. Such an approach has been demonstrated successfully in rice (Nakamura &
Matsuda, 1996; Tada et al., 1996) and could be
adopted in peanut, for which the allergenic protein(s) have been isolated (Burks et al., 1997;
Stanley et al., 1997; Shin et al., 1998) and for
which the relevant transgenic methods have now
been developed (Mansur et al., 1995; Singsit
et al., 1997). The general issue of the allergenic
status of transgenic food (Nordlee et al., 1996) is
most important and will be considered in more
detail below in the section covering regulatory
aspects.
An interesting recent publication related to the
issue of human allergenicity is the report that the
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human milk b-casein protein has been produced
in transgenic potato tubers (Chong et al., 1997)
and the human alphaA-lactalbumin in tobacco
leaves (Takase & Hagiwara, 1998). These findings
open the way for the reconstitution of human
milk from edible plants as a replacement for
bovine milk in baby foods, and the consequent
prevention of gastric and intestinal diseases in
children. Of course, the public acceptability of
this type of product is a particularly sensitive
issue (Hoban, 1996) (see below).
Carbohydrates
There are two main approaches to the modification of the carbohydrate content of crops and
thereby of foodstuffs. The first comprises a qualitative or quantitative change to an existing compound, usually sucrose (Klann et al., 1996; Secor
et al., 1997) or starch (Bruinenberg et al., 1995;
Sivak & Preiss, 1995), whereas the second
involves the introduction of a novel product or
products. This second approach is exemplified by
the introduction into chicory of fructan-encoding
genes from onion (Vijn et al., 1997). Fructans
(Ebskamp et al., 1994; Hellwege et al., 1997) are
of increasing significance to many food companies interested in relatively high-value, noncalorific carbohydrates, and it is likely that this
type of product will soon be available with any
desired chain length and degree of branching.
Other examples of high-value carbohydrates produced in plants include bacterial cyclodextrins
that have been produced in transgenic potato
tubers (Oakes et al., 1991).
Oils/fats
The oil quality, and therefore nutritional value, of
a food is determined by the combination of its
chain length and degree of saturation, with the
combination being a characteristic of a particular
species (Cahoon et al., 1997). In recent years,
many of the genes that control these two features
have been cloned, and transgenics with altered oil
quality are widespread (Topfer et al., 1995; Zou
et al., 1997; Eccleston & Ohlrogge, 1998). For
example, Sayanova et al. (1997) produced a transgenic tobacco that contained a delta6-desaturase
gene from borage and was thus able to accumu© 1998 Blackwell Science Ltd

late gamma-linolenic acid, a component of
evening primrose oil widely used as a dietary supplement.
Vitamins, micronutrients and secondary
products
Until relatively recently it was not possible to
modify selectively the vitamin content of plants
by genetic modification. However, there is now
sufficient biochemical understanding of some of
the critical pathways, and modified plants have
been produced. For example, phytoene synthase,
the enzyme that condenses two molecules of geranyl geranyl diphosphate, is necessary for betacarotene (provitamin A) synthesis in plants.
Recently, the gene encoding this enzyme in daffodil has been transferred into rice and expressed
in the endosperm (Burkhardt et al., 1997), a staple food for two billion people, many of whom
suffer vitamin A deficiency. Similar studies are
under way on various fruit and vegetables,
including tomato, in order to improve
vitamin/antioxidant content (Hauptman et al.,
1997), an objective likely to be aided by the recent
analysis of the pathway for vitamin C synthesis in
higher plants (Wheeler et al., 1998).
In the area of flavours and fragrances, aroma
compounds such as vanillin, benzaldehyde and 4(R)-decanolide constitute a market of several
thousand tons per year (Krings & Berger, 1998).
The biosynthetic pathway for each of these compounds is now relatively well understood, and it
can be assumed that directed synthesis in transgenic plants will soon be accomplished. General
aspects of secondary metabolism, including isoprenoid synthesis, are covered in a recent review
by McCaskill & Croteau (1997).
Pharmaceuticals/antibodies
One of the most active areas of research at present is the production of medically active compounds in plants. These vary from the oils and
vitamins as described above to more general
aspects of dietary composition (Knauf &
Facciotti, 1995) and particularly to therapeutic
antibodies (Ma & Hein, 1995; Fiedler et al., 1997)
and vaccines (Arntzen, 1998). Perhaps the best
example of food-related antibody production in
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plants is the use of the antibody raised to the
adhesion protein of Streptococcus mutans, one of
the bacteria associated with dental caries. In the
most recent study (Ma et al., 1998), a functional
comparison was made between a monoclonal
secretory antibody raised in plants and its parent
murine IgG antibody. It was found that the former plant-derived antibody afforded specific protection in humans against oral streptococcal
colonization for at least 4 months.
A most interesting example of the use of antigen production within plants (Tacket et al., 1998)
is provided by the recent results of Ma et al.
(1997), who showed that a transgenic plant
expression system was capable of synthesizing an
immunogenic form of the diabetes-associated
autoantigen, glutamic acid decarboxylase. When
provided as a dietary supplement, the transgenic
plant inhibited the development of diabetes in a
non-obese diabetic mouse.
The proposed advantage of vaccine production
in plants (Mason & Arntzen, 1995; Lam &
Arntzen, 1996, 1997; Arntzen, 1997; Arakawa
et al., 1997, 1998) lies in the fact that new vaccines need to be inexpensive, easily administered,
and capable of being stored and transported without refrigeration (banana or potato seem to be
the favoured targets); without these features,
developing countries may find it difficult to adopt
vaccination effectively. In addition to a role in
combatting disease, plant-derived vaccines have
been suggested recently to have potential as a
means of contraception (Smith et al., 1997). The
public acceptability of plant and other GM vaccines has been considered by Danner (1997); see
also below.
Other
There are many other specialized examples of new
products being produced in transgenic plants.
These range from the expression of synthetic
(Wallis et al., 1997) or natural antifreeze proteins
from the Arctic flounder (Hightower et al., 1991)
or beetle (Duman, 1997) – a method designed to
protect foodstuffs from the deleterious effects of
freezing – to novel non-calorific sweeteners such
as thaumatin (Zemanek & Wasserman, 1995).
The use of this latter type of protein to sweeten
food is the subject of a recently granted US

patent (Fischer et al., 1998). In contrast to the
addition of novel compounds to improve food
quality, some companies are developing methods
to remove unwanted compounds. For example, it
might be possible to generate transgenic coffee
(Adams & Zarowitz, 1994), in which caffeine synthesis is inhibited (a ‘naturally decaffeinated’
product).
Regulatory considerations

A major consideration for companies involved in
the development of transgenic foodstuffs is the
cost and time required for full regulatory assessment of the new product (Day, 1996). One of the
most important aspects of this process is the confirmation of essential equivalence, that is that the
novel product is not significantly different from
the conventional one in terms of its chemical
composition (Shinmoto et al., 1995; Anan et al.,
1996; Klein et al., 1998) and especially its allergenicity (Astwood & Fuchs, 1996; Lehrer et al.,
1996; Lehrer & Reese, 1997; Metcalfe et al., 1996;
Gendel, 1998a,b). This latter aspect is vital in
light of the increasing incidence of food-related
(Moneret-Vautrin, 1998) and other (Caballero &
Martin-Esteban, 1998) allergenic responses
among the general public. The content of known
dietary inhibitors such as lectins (Peumans & van
Damme, 1996) and alpha-amylase inhibitors
(Pusztai et al., 1995) also need to be considered.
Timescales for commercialization

This issue has been addressed by Dunwell (1996),
who examined the relative rate of product development of transgenic and non-transgenic varieties. Much of the difference, where it exists, is
due to the extensive backcrossing programme
often required to transfer the introduced gene
into the required background and to any field trials (Tieman et al., 1995) and regulatory testing
demanded (Bright et al., 1996; Miele, 1997).
Public acceptance

There has been much recent discussion about the
public response to GM food (Burke, 1998;
Wymer, 1998), whether it be in the form of a uniform product comprising entirely material from a
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modified plant (eg tomato puree), or more particularly where the processed product of a modified
plant (eg soya flour) is included as a minor constituent in a large number of products. In the latter case there is no evidence that the ‘GM
product’ is any different in terms of its chemical
composition to the ‘normal product’ (Padgette
et al., 1996), yet there is a vociferous lobby arguing against such products on the grounds either
of safety (see Dunwell, 1997) or of a general
moral opposition to ‘tampering’ with nature.
These issues have been considered in several studies, either in relation to specific types of product
(Hoban, 1996; Danner, 1997) or as part of a general survey of public reactions to risk (Frewer
et al., 1998).
Future prospects

It is difficult in this area of science to predict how
quickly new products will become available and
be accepted by the consumer (see above). In principle, it is now possible to introduce any gene
from any organism into any plant, and to express
that new product in any part of the plant, be it
seed, leaf, root or tuber. Increasingly, food is
being considered not merely as a source of basic
nutrition but rather as a product with specific
medicinal properties (Goodman et al., 1997), socalled ‘functional food’. For example, changes in
the basic composition of the sort discussed above
will be followed by more radical modifications;
powerful human growth factors have already
been produced in fruit (Kobayashi et al., 1996)
and leaves (Lee et al., 1997), and it would be relatively simple to reduce the levels of toxic compounds such as oxalate (Ito et al., 1996), a
compound that should be avoided by those suffering from urolithiasis – the deposition of kidney
and bladder stones. As we move towards food
with more specific health benefits (Knauf &
Facciotti, 1995), and the opportunities created by
such products, the difficulty of prediction lies not
so much in the world of science but rather in estimating commercial success.
Conclusion

We are moving rapidly into a new age of food
design in which the value of high-quality food
© 1998 Blackwell Science Ltd

products will be enhanced further by the application of transgenic techniques. In the final analysis, the extent of these changes, and their eventual
value, will be determined by the most important
arbiter, the consumer (Thompson, 1997).
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