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Abstract

The benefits of genetic engineering of crop plants to improve the reliability and quality of the world food supply have
been contrasted with public concerns raised about the food safety of the resulting products. Debates have concentrated on the
possible unforeseen risks associated with the accumulation of new metabolites in crop plants that may contribute to toxins,
allergens and genetic hazards in the human diet. This review examines the various molecular and biochemical mechanisms
by which new hazards may appear in foods as a direct consequence of genetic engineering in crop plants. Such hazards may
arise from the expression products of the inserted genes, secondary or pleiotropic effects of transgene expression, and
random insertional mutagenic effects resulting from transgene integration into plant genomes. However, when traditional
plant breeding is evaluated in the same context, these mechanisms are no different from those that have been widely
accepted from the past use of new cultivars in agriculture. The risks associated with the introduction of new genes via
genetic engineering must be considered alongside the common breeding practice of introgressing large fragments of
chromatin from related wild species into crop cultivars. The large proportion of such introgressed DNA involves genes of
unknown function linked to the trait of interest such as pest or disease resistance. In this context, the potential risks of
introducing new food hazards from the applications of genetic engineering are no different from the risks that might be
anticipated from genetic manipulation of crops via traditional breeding. In many respects, the precise manner in which
genetic engineering can control the nature and expression of the transferred DNA offers greater confidence for producing the
desired outcome compared with traditional breeding. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Plant breeding has been successfully used for
many years to genetically improve crop plants. It
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began with unconscious selection by early hunter–
gatherer communities at the dawn of agriculture,
followed by the deliberate saving of seed from pre-
ferred plant types. Over many hundreds of years,
such ancient practices resulted in the gradual domes-
tication of the majority of crop plants known today.
Although plant breeding was a well established ac-
tivity before the genetic basis of inheritance was
elucidated by Mendel, it became recognised as a
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more scientifically directed endeavour as the under-
standing of classical genetics improved in the early
decades of the 1900s. Over the past 50 years the
combined efforts of plant breeders to successfully
develop and release new crop cultivars have pro-
vided the basis for the consistent supply of food in a
changing global environment and ever-changing pest
and disease populations. This has been a major
contributing factor toward the alleviation of world
hunger and suffering, and the consequent mainte-
nance of political stability.

Improvements in yield performance, specific qual-
ity attributes, resistance to specific diseases and pests,
and environmental adaptation are constantly de-
manded from plant breeders. Over the recent history
of modern plant breeding, ‘new technologies’ have
been used regularly to facilitate the development of
new gene combinations during the breeding of new
cultivars. These technologies have included:
Ø manipulating ploidy levels by generating haploid

plants and chemical induction of chromosome
doubling;

Ø chromosome manipulation through the develop-
ment of specific addition and substitution lines;

Ø chemical and radiation treatments to induce muta-
tions and chromosome rearrangements;

Ø cell and tissue culture approaches such as embryo
rescue, in vitro fertilisation and protoplast fusion
to allow the recovery of interspecific and inter-
generic hybrids, as well as the recovery of plants
with spontaneous genome rearrangements.
The genetic gains made possible by integrating

these technologies into mainstream plant breeding
have culminated in substantial improvements in the
performance of the resulting cultivars. Over the past
four to five decades these approaches have become a
routine component of the genetic improvement of
crops and have quietly revolutionised plant breeding.
They have been usually utilised by plant geneticists
involved in a ‘pre-breeding’ phase associated with
the development of novel germplasm. This material
has been subsequently used as a resource from which
plant breeders have developed new cultivars. Conse-
quently, the contribution that these technologies have
made to the final production of new cultivars is often
overlooked.

Recent advances in molecular biology have re-
sulted in the development of two technologies that

offer the basis for the next level of genetic gain in
crop cultivars.

Ø The construction of genetic maps saturated
with DNA markers, and the subsequent design of
relatively simple PCR-based assays to facilitate the
selection of desired alleles at closely linked loci and
the resulting development of plant lines with desired

Ž .combinations of traits marker-assisted selection ;
Ø The cloning and DNA sequencing of specific

genes, the reassembly of specific DNA fragments
into functional chimeric genes, and the transfer of
such genes to single plant cells from which complete
plants can be regenerated via cell and tissue culture.

The first of these two approaches to crop im-
provement involves the molecular diagnosis of the
existing genetic material in crop plants. The latter
approach involves genetic engineering of plants and
offers immense opportunities for the incorporation of
new genes into crop cultivars. Most genetically engi-
neered crop plants currently on the market or under
development involve the transfer of genes conferring
resistance to pests, diseases, herbicides, and environ-
mental stress, as well as quality traits such as im-
proved post-harvest storage, flavour, nutrition, and
colour. The resulting novel germplasm is predicted
to allow plant breeders to respond much more quickly
to the market need for new and improved cultivars,
and satisfy the increasing consumer demand for a
consistent supply of high quality, blemish-free grains,
fruits and vegetables with reduced pesticide residues.

The potential benefits of this new technology for
improving the reliability and quality of the world
food supply have been contrasted with public con-
cerns raised about the food safety of the resulting
products. In particular, debates have focused on the
possible unforeseen risks associated with the accu-
mulation of new metabolites in crop plants that may
contribute to toxins, allergens and genetic hazards in
the human diet. In this review, we examine the
potential for new hazards to appear in foods as a
direct consequence of genetic engineering in crop
plants. No attempt is made to address specific haz-
ards that may result from the transfer of individual
genes to particular crops. Instead, we discuss the
various mechanisms by which such hazards may
arise during genetic engineering. Furthermore, we
assess whether these mechanisms are fundamentally
different from those that may arise from the well



( )A.J. Conner, J.M.E. JacobsrMutation Research 443 1999 223–234 225

established and accepted practice of traditional plant
breeding and the existing use of new cultivars in
agriculture.

2. Characteristics of genetic engineering in crop
plants

In order to assess the various mechanisms which
may give rise to food hazards during genetic engi-
neering of crop plants, it is important to first sum-
marise the basic features of plant transformation,
especially the nature of transgenes and the manner in
which they are expressed. This provides an appropri-
ate basis for identifying the mechanisms that can
give rise to hazards.

2.1. Gene transfer approaches

The preferred method for genetic engineering of
crops involves the use of the natural gene transfer
mechanisms of Agrobacterium, a common soil bac-

w x Ž .terium 1 . A modified transfer-DNA T-DNA vec-
tor is constructed in which the desired DNA frag-
ment is inserted between the T-DNA border regions
Ž .specific 25 bp direct repeat regions of Agrobac-
terium. This vector is transferred into Agrobac-
terium and the virulence gene products of Agrobac-
terium actively recognise, excise, transport, and inte-
grate the T-DNA region into host plant genomes.
However, the natural host range of Agrobacterium
limits this approach in some crops, especially the
cereals and other monocotyledonous species. For
such crops, alternative approaches such as direct
uptake of naked DNA into protoplasts or tissues
using electroporation or particle gun bombardment

w xare available 1 . The co-transfer of a selectable
marker gene along with the gene of interest allows
the preferential growth of the transformed cells in
cell culture. Successive manipulations of the chemi-
cal composition of the culture medium, especially
the plant hormones, allows the regeneration of com-
plete plants. The ease with which genetically engi-
neered plants can be developed varies markedly be-
tween crops, and even between different genotypes
within crop species. Despite this, genetically engi-
neered plants have been recovered in virtually all

w xcrop plants 1 .

2.2. Nature of transferred DNA

The amount of DNA transferred is usually less
than 10 kb, which is minuscule compared to the

Žgenome size of crop plants 262 million base
pairsr1C nucleus in peaches to nearly 16,000 mil-
lion base pairsr1C nucleus in onions and wheat;
w x.2 . The complete DNA sequence of the DNA re-
gion to be transferred is either known or can be
deduced from the component DNA fragments. In
most cases, when the technology has reached the
point of transferring genes for genetic improvement
of crops, the nature of all encoded functions is well
understood. Furthermore, the manner in which the
transgenes are intended to be expressed in the result-
ing plant can be controlled by the use of appropriate
cis-regulatory sequences. In particular, promoters can
be selected that either allow constitutive gene ex-
pression or limit gene expression to only specific cell
types or in response to specific environmental stim-
uli. The translational fusion of specific signal se-
quences to the peptide coding region can target
expression to particular subcellular or extracellular
locations.

2.3. Transgene integration into plant genomes

Transformation events are genetically equivalent
to small addition-deletion mutations and the trans-
genic plants initially regenerated are hemizygous for
the inserted DNA and therefore segregate upon self-

w xpollination or outcrossing 3 . The DNA fragment
intended for transfer may become integrated as a
single discrete copy or as repeated regions, and
insertion may occur at one or more integration sites,

w xe.g., 4–7 . At any site of incorporation into plant
chromosomes, the transferred genes may integrate in
a complete, a truncated, or a rearranged manner. In
some instances, Agrobacterium-mediated transfor-
mation can result in complex integration patterns
which may include vector sequences outside the

w xT-DNA region 8 . The preferred integration event is
clearly the insertion of one complete intact DNA
fragment at a single locus. This is a relatively com-
mon event for the T-DNA transfer events associated
with Agrobacterium-mediated transformation,
whereas direct DNA transfer approaches often result

w xin long concatamers of the transferred DNA 9,10 .
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Although the intact nature of the transferred DNA
cannot be guaranteed prior to any transformation
event, the nature of transgene integration can be
accurately determined by Southern blot analysis after
the genetically engineered plant is recovered. Com-
plex integration patterns can also be effectively anal-
ysed by fluorescence in situ hybridisation on ex-

w xtended DNA fibres 8 . Furthermore, the site of
integration into the plant chromosomes can be deter-
mined if this was important. Genetic mapping studies
have established that gene integration occurs
throughout the genome along the length of all chro-
mosomes in plants. This has been well documented

w xfor several plants species, e.g., potatoes 11,12 ,
w x w x w xtomato 13 , Arabidopsis 14 and petunia 15 .

2.4. Variability in transgene expression

Plant genetic engineering is also highly unpre-
dictable with respect to the expression of the trans-
ferred genes, and the stability of their performance
w x3 . The magnitude of transgene expression, and
sometimes the developmental pattern of expression,
can vary markedly among a population of plants
independently transformed with the same transgene.
This general phenomenon is referred to as the ‘posi-
tion effect’, and is believed to be a consequence of
each transformation event involving the random inte-
gration of the transgene into different sites of the

w xplant chromatin 16–18 . These position effects can
be mitigated by flanking transgenes with specific
matrix-associated regions which are considered to
insulate transcriptional regulation from the effects of

w xsurrounding chromatin 19,20 .
Even when a transgenic line with high expression

of the transgene is identified, a range of gene silenc-
ing phenomena can occur subsequent to the initial
transformation event. The continuity and stability of
expression can be occasionally influenced by a vari-

w xety of allelic and non-allelic interactions 21 . Ho-
mology-dependent gene silencing may occur in re-
sponse to homozygosity of the transgene, or in con-
junction with DNA sequence homology with another
transgenic locus or an endogenous gene. Transgenic
loci with such epistatic dominant silencing action
usually have complex DNA integration patterns and

w xare often associated with inverted repeats 22–25 .
The precise nature of the silencing agent is unknown,

but is thought to involve a transgene-derived, puta-
w xtively aberrant RNA 26 .

When transgenes are inserted as one intact DNA
fragment at a single locus, their expression generally
behaves in a highly consistent manner. Such trans-
genic loci exhibit the expected additive gene action

Žboth within loci hemizygous versus homozygous
. Žstatus and between loci dihybrids between homozy-

. w xgous transgenic individuals 24,27,28 . Loss of
transgene function is rare in such transgenic lines
Ž 4.one in 10 , which is consistent with the perfor-

w xmance of many endogenous plant genes 29 .

2.5. AdÕantages of genetic engineering technology

Many of the characters targeted for improvement
by genetic engineering are similar to those achieved
by gene transfer from wild species via traditional

w xbreeding 30 . Does genetic engineering technology
offer any benefit over traditional breeding for crop
improvement? Several key advantages can be identi-
fied.

1. The germplasm base is extended from related
wild species to any source of DNA such as other
plants, microorganisms and animals, or even artifi-
cially synthesised genes. This therefore provides new
opportunities to complement the existing genes in
the declining genepools of traditional breeding. This
is especially important for pest and disease resis-
tance, due to the constant selection pressure on the
target pests and diseases to overcome the resistance
genes already transferred via traditional breeding.

2. Genetic engineering allows the repeated trans-
fer of new genes directly into existing cultivars or
elite lines in plant breeding programmes. This con-
tributes to the more efficient development of new
cultivars without many generations of hybridisation
and selection to recover agronomically useful lines.
In the case of gene transfer from wild species, this
process may require up to 20 generations of addi-
tional plant breeding cycles.

3. The transfer of single discrete genes can be
readily achieved via genetic engineering. This over-
comes the problem of linkage drag in traditional
plant breeding which is associated with the transfer
of many unwanted and undefined closely linked
genes. The negative effects of such linkage drag are
more pronounced when chromosome fragments are
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introgressed from more distantly related germplasm
sources.

4. New gene formulations can be specifically
designed and constructed using the tools of molecu-
lar biology. This may involve the use of promoter
regions that target gene expression at a desired mag-
nitude, time, or location in plants. Alternatively, it is
possible to target the specific ‘knock out’ of discrete
gene functions through antisense or gene silencing
approaches.

3. Mechanisms by which food hazards may arise
during crop genetic engineering

Risks associated with the appearance of toxins,
allergens or genetic hazards in foods derived from
genetically engineered crops may arise as a conse-
quence of the biosynthesis of specific chemical con-
stituents in the portion of the crop that is eaten.
Alternatively, hazards may arise from the elimination
of metabolites that play important roles in reducing

Ž .health risks e.g., antioxidants . In general terms, the
mechanisms by which food hazards may arise from
genetic engineering of crops fall into three categories
w x31 :
Ø inserted genes and their expression products,
Ø secondary and pleiotropic effects of gene expres-

sion,
Ø insertional mutagenesis resulting from gene inte-

gration.

3.1. Inserted transgenes and their expression
products

The DNA of genes and their RNA expression
products are composed of nucleic acids. Since the
chemical components of nucleic acids are identical
in all living organisms, the physical presence of the
transferred genes and their RNA expression products
do not cause any new health risks over existing
foods. When the transferred genes are expressed in
plant cells, it is the effects of the protein expression
products that need to be considered. The direct pro-
tein expression products of transgenes transferred via
genetic engineering are generally known and sensi-
tive assays for their presence are usually available.
Therefore, the amount and stability of these proteins

in edible components of plants, before and following
harvest, storage and food processing, can be deter-
mined. Furthermore, since the protein expression
products of transgenes are known, any potential toxic,
immunological, allergenic or genetic hazards can be
evaluated if health concerns are associated with the
presence of the specific proteins in food sources.

3.2. Secondary and pleiotropic effects of gene
expression

Many transgenes transferred by genetic engineer-
ing encode the production of enzymes that catalyse
biochemical reactions. These enzymes are often ex-
pressed at a high level, which may lead to altered
metabolic flow-through in biochemical pathways. In
turn, this may give rise to unanticipated increases or
decreases in certain other biochemicals. The biosyn-
thesis of enzymes from transgene expression may
result in the depletion of the enzymatic substrate and
the concurrent accumulation of the enzymatic prod-
uct. An example of such effects in transgenic crops
involves the transfer and expression of a nopaline
synthase gene in asparagus. The nopaline synthase
enzyme catalyses a condensation reaction between
arginine and a-keto glutarate to produce nopaline. In
both callus tissue and shoot cultures of transgenic

Žasparagus, the accumulation of the product nopa-
.line is accompanied by a decrease in the content of

Ž . w xarginine the substrate 32 .
The potential for altering flow-through of metabo-

lites in biochemical pathways is well illustrated by
the over-expression of a yeast ornithine decarboxyl-

w xase gene in tobacco 33 . Some of the derived trans-
genic lines had a 10–20 fold increase in ornithine
decarboxylase activity with no change in the activity
of other downstream enzymes in the pathway to
nicotine. A two-fold increase in the accumulation of
both putrescine and nicotine was observed, with no
change in the content of polyamines or other inter-
mediate substrates.

The expression of a new enzymatic activity in
plant cells may also result in the diversion of
metabolites from one secondary metabolic pathway
to another. To promote longer shelf life of tomatoes,
ethylene biosynthesis was substantially reduced by
diverting metabolism of the aminocyclopropane car-
boxylic acid intermediate away from ethylene
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biosynthesis by the transfer and expression of a
bacterial aminocyclopropane carboxylic acid deami-

w xnase gene 34 . Similarly, the transfer and expression
of tryptophan decarboxylase from the medicinal plant
Catharanthus roseus to canola plants, resulted in an
accumulation of tryptamine and a corresponding
lower content of tryptophan-derived indole glucosi-
nolates considered to be antinutritional factors in

w xcrucifer crops 35 . The development of artificial
metabolic sinks to redirect metabolites away from a
specific secondary pathway is usually the desired
metabolic effect being targeted. However, this may
result in unpredictable effects in other intermediary
metabolites and the diversion of metabolic flow to
other secondary pathways.

Dramatic pleiotropic effects of transgene expres-
sion can result from the expression of specific trans-
acting factors which may result in the up-regulation
of a whole biochemical pathway. For example, the
transfer and expression of the R and C1 regulatory
genes from maize to several dicotyledonous species
resulted in some tissues being highly anthocyanin-
pigmented due to the activation of specific genes in

w xthe anthocyanin biosynthetic pathway 36,37 . The R
gene also induced the development of trichomes
Ž . w xhairs in Arabidopsis 36 .

The possibility of secondary effects of transgene
expression will depend on the key regulatory points
and rate limiting steps in biochemical pathways. In
general terms these are poorly understood in plants,
and can be expected to vary between crops as well as
between cultivars and breeding lines within the same

w xcrop species 31 . In some instances the RNA or
protein expression products of the transferred genes
can influence the expression of existing genes in
plants. Secondary effects of gene expression may
occur in plant tissues beyond those in which the
transgene is expressed. It is conceivable that metabo-
lites accumulating as a consequence of transgene-de-
rived biochemical activity in one tissue are translo-
cated within the plant to other tissues and organs
such as the harvested food.

3.3. Insertional mutagenesis resulting from
transgene integration

A possible consequence of the random integration
of transgenes into the genomes of plants is that

insertional mutagenesis may disrupt or modify the
expression of existing genes in the recipient plant.
Experiments using promoter-less reporter genes in a
range of plant species have recovered a high fre-

Ž .quency 30–70% of transgenic plants with reporter
w xgene activity 38–43 . This suggests integration into

transcriptionally active DNA, downstream of en-
dogenous sequences with promoter activity. The
analysis of genome sequences flanking transgene
insertion sites in plant genomes suggests that about
half of all insertions involve lowrsingle copy DNA
w x44 , which further substantiates the possibility of
insertional mutagenesis being a relatively common
event.

The most common insertional mutagenic event is
expected to be inactivation of endogenous genes
from the physical disruption associated with integra-
tion of an exogenous DNA fragment. When such
insertions occur into existing genes this can result in
the appearance of mutant forms, which will become
apparent in later generations when the transferred

Ž .gene and corresponding insertional mutant occur in
w xthe homozygous state 45,46 . Another consequence

of random insertion is the potential for the produc-
tion of fusion proteins resulting from the read-through
of the genetic code from flanking plant DNA into the

Ž . w xinserted DNA or vice versa 31 . Such translational
fusions have been detected at low frequencies be-
tween endogenous genes and a b-glucuronidase
Ž .GUS reporter gene which can tolerate large
amino-terminal additions while retaining enzymatic
activity. Using a vector with a promoter-less GUS
gene which was also devoid of its ATG initiation
site, GUS expression was detected in 1.6% of the
regenerated plants arising from independent transfor-

w xmation events 39 . In most instances, such fusion
proteins will result in the biosynthesis of nonsense
expression products of no biological significance. In
the production of transgenic crops, such events will
be recognised and eliminated by the transgene ex-
pression products having an incorrect size, biophysi-
cal property or function.

Theoretically, insertional mutagenesis can also re-
sult in gene activation of otherwise silent genes in

w xplants 31 . This may arise via read-through from
highly expressed promoter regions of transgenes into
coding regions of the flanking plant DNA, especially
if ‘fortuitous’ truncations of transgene occurred at
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some integration sites. The marked influence of tran-
scriptional read-through on gene expression of
downstream genes was observed following transfor-
mation of plants with hybrid genes specifically de-

w xsigned to test this possibility 47 . In this context, the
possibility of activating genes that encode enzymes
in biochemical pathways toward the production of
toxic secondary compounds raises the most concern
for food safety. The wild relatives of many crop
plants are known to contain various secondary com-
pounds with varying levels of toxicity. During the
early phases of crop domestication, such compounds
have been substantially reduced in the edible portion

w xof crop plants 48 . For example, although potato
tubers have a greatly reduced glycoalkaloid content,
high levels of the glycoalkaloids, a-solanine and

w xa-chaconine, are retained in the foliage 49 . Simi-
larly, the various tissues of vegetable brassicas
markedly differ in their content of glucosinolates,

w xwell known to be goitrogenic 50–52 . The reduc-
tions of toxic constituents in the edible portion of
crops may have resulted from mutations in the DNA
regions that regulate where the genes are expressed.
The activation of such silenced genes by the chance
insertion of a transgene at a neighbouring site is
therefore plausible, although an exceedingly remote
possibility.

4. Assessment of risks relative to traditional crop
breeding

As outlined above, several distinct mechanisms
can potentially give rise to food hazards during the
genetic engineering of crops. Are these mechanisms
unique to genetic engineering? Can identical situa-
tions be identified within the bounds of traditional
plant breeding?

4.1. Inserted genes and their expression products

Genetic engineering allows the nature of the DNA
intended for transfer to be controlled in a very
precise manner and limited to the exact minimal
segment of DNA capable of conferring the desired
trait. This is in marked contrast to traditional breed-
ing where undefined genes are routinely transferred
between breeding lines, species and even genera.
The parental lines used in traditional plant breeding

are often assumed to have large regions of uncharac-
terised DNA transferred from wild species. Only a
small proportion of this transferred DNA is expected
to carry the desired character such as resistance to
pests and diseases, and the vast majority of the
transferred DNA has been presumed to involve linked
genes of unknown function. Theoretical analyses of
‘near-isogenic’ lines after six generations of back-
crossing have calculated that the average size of
introgressed regions ranges from 24–38 cM for chro-

w xmosomes ranging in size from 50–200 cM 53 . Two
well studied examples involve the introgression of
resistance genes from Lycopersicon peruÕianum to

Ž .tomato Lycopersicon esculentum . Genetic mapping
studies involving molecular markers have deter-
mined that the introgressed chromosomal region
around the Tm-2 locus, conferring resistance to to-
bacco mosaic virus, varied from 4 to 51 cM over a

w xwide range of cultivars 54 . Likewise, the Mi locus
conferring resistance to the nematode Meloidogyne
incognita, which was transferred to cultivated tomato
over 50 years ago, has been located to an intro-
gressed chromosomal region of -2 cM to 8 cM in a

w xseries of tomato cultivars 55 . Since the genome size
of tomato is approximately 950 million base

w xpairsr1C nucleus 2 and the total map length is
w xabout 1300 cM 56 , an average of 730 kb per cM

can be calculated for the tomato genome. The chro-
mosomal regions derived from L. peruÕianum can
therefore be estimated to range from 1500–40,000
kb, which is up to several orders of magnitude larger
than the -5 kb usually associated with cloned and

w xsequenced resistance genes, e.g., 57,58 .
ŽThe recently developed techniques of GISH ge-

. Žnomic in situ hybridisation and FISH fluorescence
.in situ hybridisation offer powerful tools for

analysing the extent to which plant breeders have
introgressed ‘foreign’ DNA into crop plants. These
technologies enable large chromosome segments
originating from wild species to be clearly visualised
as distinct regions on condensed chromosome prepa-
rations in a wide range of crops, including: wheat
w x w x w x59 , barley 60 and onions 61 . One remarkable
example in wheat involves the identification of intro-
gressed chromosomal segments conferring resistance
to five important diseases following hybridisations

Ž .with plants from three other genera: Secale rye ,
Ž . w xThinopyrum, and AÕena oat 62 .



( )A.J. Conner, J.M.E. JacobsrMutation Research 443 1999 223–234230

4.2. Secondary effects of gene expression

The concerns about secondary effects of gene
expression are not confined to genetic engineering.
They can also unwittingly occur in traditional breed-
ing programmes by the complementation of genes
from different parental lines. Complementing genes
may specify enzymes with different activities along
biochemical pathways and provide opportunities for
unintended increases in secondary compounds, espe-
cially when the parental lines contain wild species in
their pedigrees. A classic illustration of secondary
effects in traditional breeding programmes involves
the development of novel fruit colours in tomato
following introgression of genes from some acces-

w xsions of wild Lycopersicon species 63,64 . One
specific example involves a substantial increase in
the intensity of the red pigmentation of tomato fruit,
attributed to the concentration of lycopene, following
gene transfer from Lycopersicon hirsutum. This was
unanticipated considering the fruit of L. hirsutum
remain green, even when fully ripe, due to the lack
of an active enzyme for the final step in the pathway

w xto lycopene 65 . The wild tomato presumably con-
tributed a gene that enhances earlier steps in the
biosynthetic pathway toward lycopene, which results
in greater metabolic flow-through to higher pigment
production. In a similar context, advanced potato
breeding lines with novel, toxic glycoalkaloids in
their tubers have been produced when wild species

w xexist in their pedigrees 66 .
The risk of secondary effects of gene expression

products during the development of genetically engi-
neered crops are clearly not new, since cultivars with
genes transferred from wild species have been com-
mercialised by plant breeders for many years. When
a transgene is expressed in a crop plant, the biochem-
istry underlying the new character is better under-
stood than for most genes utilised in traditional
breeding programmes. This increases the opportunity
to predict possible secondary effects, which can be
investigated if hazardous situations are envisaged.

4.3. Insertional mutagenesis resulting from gene
integration

The implications of random insertion events are
also not unique to genetic engineering, and do not
present a new health risk beyond the risks that can

be anticipated from traditional plant breeding. Natu-
rally occurring phenomena involving factors such as

w xchromosomal rearrangements 67 , activity of trans-
w xposable elements in plant genomes 68,69 , as well

as various forms of genetic recombination, can all
give rise to identical ‘random’ effects in plant
genomes. Chemical and radiation treatments to in-
duce mutations and chromosome rearrangements
have also played an important role in traditional

w xplant breeding of most crop plants 48,70 .
Gene introgression from wild species into crop

plants, especially for genes conferring disease resis-
tance, often involves homoeologous recombination
or induced translocations between chromosomes.
Such gene transfers have a well documented history
in cereal breeding. In the case of wheat, homoeolo-
gous pairing and recombination can be induced in
specific genetic stocks involving the ph mutant gene

w xand deleted chromosome 5B 71 . Disease resistance
genes have also been introgressed by radiation-in-
duced random translocations of undefined chromo-

w xsome regions 72,73 or cell culture-induced break-
w xage and fusion 74 .

Even without the use of transgenics, other aspects
of biotechnology are constantly pushing forward the
introgression of DNA between species. Considerable
progress has been made toward the introgression of
tomato chromosomal DNA into the potato genome
following somatic fusion of protoplasts and subse-

w xquent backcrossing of the regenerated plants 75,76 .
More remarkable is the recent use of Southern hy-
bridisation analysis to confirm the transfer of ge-
nomic DNA between monocotyledonous and di-
cotyledonous plants following somatic hybridisation.
This has been achieved for carrots following the
regeneration of plants from the fusion products of

w xcarrot protoplasts with barley protoplasts 77 and
w xirradiated rice protoplasts 78 .

5. Perspective on risks associated with genetic
modifications

5.1. Plant breeding

Despite the apparent risks associated with tradi-
tional plant breeding, the food products from new
cultivars have been readily accepted as part of the
human diet for many years. Similarly, new crops
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species have been ‘domesticated’ without any food
safety assessment. A classic example is triticale, an
artificial crop species developed from the inter-

w xgeneric hybridisation of durum wheat and rye 79 .
Combining the complete genomes of these two
species established the potential for many new un-
predictable interactions involving epistasis and com-
plementation between genetic elements from each
parental species. A recent example of a new species
launched on the world market is a yellow-fleshed
kiwifruit, Actinidia chinensis, which is becoming
widely accepted for its novelty value, but has never
been evaluated for food safety considerations.

Over the history of crop improvement, breeders
have been especially successful at introgressing
chromosomal regions from wild species. For exam-
ple, in potato breeding the development of new
cultivars has been greatly assisted by the transfer of
genes from over 20 related Solanum species, which
have contributed resistance to pests, diseases, and
frost, as well as some quality traits such as content of

w xlow reducing sugars, starch and protein 30 . More
than half of all current potato cultivars have genes
introgressed from Solanum demissum, mainly for

Ž .resistance to Phytophthora infestans potato blight ,
with some cultivars containing introgressions from

w xseveral wild Solanum species 80 .
The genes introgressed from wild species are

usually associated with pest and disease resistance
traits. In most instances the biochemical basis for the
transferred character is undetermined. As the bio-
chemical knowledge of plants improves, such resis-
tance traits are subsequently associated with the ac-
cumulation of proteins such as lectins, ribosome
inactivating proteins, proteinase inhibitors, antifungal
hydrolases and thionins, as well as a wide range of

w xsecondary compounds 81 . Many of these traits are
now being transferred between plants by transgenic
means. It is incongruous that the agricultural use of
transgenic plants containing these genes raises im-
mediate concern, whereas the use of such genes in
traditional breeding has been widely accepted for
many decades.

5.2. Genetic engineering of crop plants

Many of the potential hazards that may arise in
crop plants as a consequence of genetic engineering

would only be expected to arise at very low frequen-
cies. Even if such events did occur, they would not
pose any new risks beyond the risks that might be
expected from existing food sources and genetic
manipulation of crops via traditional breeding. Com-
pared to the knowledge base about genes transferred
via traditional breeding, genes transferred via genetic
engineering are very well understood at the molecu-
lar level. Consequently, very sensitive assays are
available to monitor the presence and expression of
transgenes in crop plants. Therefore, genetic manipu-
lation using the power and precision of molecular
biology offers greater confidence of achieving the
desired outcome than traditional breeding.

The focus of food safety assessment of transgenic
crops should be on the protein expression products
of the introduced transgene. Since the identity of
such products is known, any potential concerns about
the toxic, immunological, allergenic or genetic haz-
ards that may arise from the introduced gene can be
readily recognised and assessed if health concerns
exist. Such issues become more important when the
proteins expressed from transgenes result in new
components in the organ harvested from a crop, so
that the resulting food is no longer substantially
equivalent to previous products. Secondary and
pleiotropic effects of the inserted genes, as well as
random mutational effects associated with gene in-
sertion, can raise health concerns. However, similar
events have been readily accepted with traditional
plant breeding. In most instances the possibility of
secondary biochemical effects of gene transfer are
less predictable for traditional breeding than they are
for genetic engineering, since less is known about
the nature of the genes being transferred.

5.3. Assessing the products of genetic modification

The possibility of inadvertent biochemical changes
occurring during genetic modification by either tradi-
tional or transgenic approaches, highlights the impor-
tance of routinely testing new cultivars for their
content of natural compounds that may pose toxic,
allergenic, or genetic hazards in the human diet.
What analyses should be performed on new cultivars
before they are marketed as a food source? It is
clearly important that the potential toxins in specific
crops are not increased. The toxins that may accumu-
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late in response to rare biosynthetic activation events
are those found in the non-harvested organs of the
crop plant or in closely related species. For example,
it would be important to monitor new cultivars of
vegetable brassicas for glucosinolates and new culti-
vars of potatoes for glycoalkaloids. It is also impor-
tant that the essential nutrients or metabolites, that
specific crops contribute to the human diet, are
maintained following genetic modification. Such
analyses should take into account the standard pro-
cessing and cooking methods for food derived from
new cultivars of crop plants.
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