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with hybridization and gene flow. The distinction is
important because the risk that is associated with the
introgression of transgenes from transgenic crops into
related weeds and free-living wild relatives is the focus of
much concern: the worry being that transgenes will per-
sist in the environment in new unintended hosts and
have negative ecological consequences. As well as
emphasizing the importance of this distinction, we
argue that it is too simplistic to say that transgene intro-
gression in itself poses a risk without considering the
transgenic trait of interest, the crop and the cropping
system.

Transgene dispersal from GM crops to wild relatives
is often seen simply as pollen flow from the crop to the
relative. The process of introgression is not this simple
and actually occurs in many steps that involve several
hybrid generations (F

1
, F

2
, BC

1
, BC

2
and so on), all of which

can exchange genes and coexist simultaneously for
many years (FIG. 1). Transgenic crop varieties might also
form volunteer populations; (that is, germinate from the
seedbank to form unwanted ‘weedy’ plants in the crops
of subsequent years). These volunteer populations
might be important reservoirs from which a transgene
could be passed into the genome of a wild relative.
Therefore, introgression of a crop transgene is a dynamic
process that might take many years and generations
before the transgene is fixed in the genetic background

Transgene INTROGRESSION from genetically modified
(GM) crops into wild relatives is an issue that has
rarely been out of the news since the publication, in
Nature, in late 2001, of a paper entitled ‘Transgenic
DNA introgressed into traditional maize landraces in
Oaxaca, Mexico’1. After much controversy, Nature
retracted the paper2, because introgression3 per se was
not shown4. Kernels on separate cobs of a Mexican 
LANDRACE showed positive, but weak, PCR signals,
which pointed to the presence of a transgene that had
been genetically engineered into maize crops growing
in the same region. However, these weak signals indi-
cated that only a few kernels on any particular ear of
maize might be transgenic 4. F

1
HYBRIDIZATION between

the GM crops and the landraces could have occurred,
but not introgression of the transgene, which would
have required repeated BACKCROSSES and the stabilization
of the transgene in the new host genome. If introgres-
sion had occurred, most of the kernels on a given ear
would be transgenic. No published data have ever
shown that transgenic DNA has been unintentionally
introgressed into maize landraces or into any unin-
tended maize genome.

This high-profile case illustrates the misunderstand-
ings that can arise through the confusion of hybridiza-
tion and GENE FLOW with introgression. Introgression,
although based on hybridization, is not synonymous
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INTROGRESSION

The permanent incorporation
of genes from one set of
differentiated populations
(species, subspecies, races and
so on) into another.

LANDRACES

A crop cultivar that evolved with
and has been genetically
improved by traditional
agriculturalists, but has not been
directly influenced by modern
breeding practices.
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transfer of adaptations, the origin of adaptations, the
origin of ecotypes or species, the breakdown or rein-
forcement of isolating barriers and the promotion of
colonization and dispersal3, 9–11.

Frequency of introgression. There is evidence that tens of
thousands (the actual figure is probably higher) of plant
taxa can hybridize, but the number of confirmed cases
of introgression is much smaller. Rieseberg and Wendel3

listed 165 proposed cases of introgression, 65 of which
were deemed to be sufficiently documented. These cases
are from many different families and include plants with
diverse growth forms, pollen-dispersal strategies and
mating systems3. This list is far from complete or unbi-
ased. In particular, there is a tendency for more recent
introgression events and those that have occurred
between distantly related taxa to be preferentially
detected. This bias reflects the decreased likelihood of
detecting introgression between closely related species
because of the lack of diagnostic molecular and mor-
phological markers. Also, there is a decreased likelihood
of detecting less recent introgression events because
there has been more time for mutation and/or random
genetic loss to disguise genes that have been transferred
from another genome. Therefore, the confirmed cases of
introgression represent the minimum number of actual
introgression events3.

Approximately two-thirds of the documented cases
are of introgression between differentiated subspecies
rather than species. The bias against detecting introgres-
sion between closely related taxa indicates that even this
high proportion might be an underestimate. In terms of
assessing the risks of introgression from GM crops, this
is good news: introgression between species is of more
concern than introgression between subspecies because

of a wild relative. However, if selection is strong and/or
population size is small, fixation of an introgressed gene
could occur rapidly.

The issue of transgene introgression from crops into
non-crop relatives is fraught with misinformation, fear
and confusion. ‘Frankenweeds’, ‘superweeds’ and even
‘transgenic weeds’ are labels that illustrate the hype that
surrounds this subject. Here, we consider questions of
transgene introgression. Rather than seeking to address
whether introgression can occur, we examine whether it
is likely to occur with transgenes in the main annual
crop species. It is timely to address these issues because,
although the large-scale commercial release of trans-
genic crops continues, a large section of the public still
believes that the environmental risks associated with gene
flow have not been adequately addressed. First, we look at
the lessons that have been learned from natural introgres-
sion, crop breeding and evidence of crop-to-wild intro-
gression. Second, given this information, we attempt to
predict which transgenes might be introgressed into the
free-living relatives of transgenic plants; fortunately, we
are not stuck in a natural or technological rut and tech-
nologies that can limit gene flow are discussed. Third,
and finally, we pinpoint the research and the methods
that are required to address regulatory and scientific
needs with regards to transgene introgression.

Natural introgression
Nature is full of discrete species and although there are
extensive HYBRID ZONES, they are the exception rather
than the rule5. Nonetheless, the study of introgression
in plants has received much attention because it is con-
sidered by many botanists to be important in plant evo-
lution3,6–12. The potential consequences of natural
introgression include increased genetic diversity, the

F1 HYBRIDIZATION

The initial cross between parent
plants of different varieties,
subspecies, species or genera.

BACKCROSSES

The mating of an individual
with its parent, or with an
individual of the same genotype
as its parent, to follow the
inheritance of alleles and
phenotypes.

GENE FLOW

The dispersal of genes, in both
gametes and zygotes, in and
between breeding populations.

BC1 AND BC2 HYBRID 

The offspring of a cross between
a hybrid and one of the
recurrent parent species or
varieties. The subscript number
represents the number of
generations that have been
crossed in this fashion.

HYBRID ZONES

(Hybrid swarms). Areas in
which hybrid plants backcross to
the parents and cross with
themselves, so there is a
continuous intergradation of
forms in the population.

Transgenic crop Wild relative

Transgenic hybrid
population 

Transgenic
crop volunteer

Transgenic 
agricultural
weed

Transgenic free-
living population

Figure 1 | Transgene flow and potential transgene reservoirs. The boxes represent initial populations and arrows
represent potential gene-flow pathways. The circles represent potential transgenic populations after the introduction of
transgenes and introgression. 



ISOZYME

Different forms of the same
enzyme (synonymous with
allozymes), which were used as
some of the first biochemically-
based genetic markers.

ALLOPATRIC

Occurring in geographically
separate areas.

LINKAGE DISEQUILIBRIUM

(LD). A statistical measure of the
non-independence of alleles.
Departure from the predicted
frequencies of multiple locus
gamete types, assuming that all
alleles are randomly associated.

CLINE

A variational trend in space that
is found in a poulation, or a series
of populations, of a species.

GENETIC LINKAGE MAP

A linear map of the relative
positions of genes along a
chromosome. Distances are
established by linkage analysis,
which determines the frequency
at which two gene loci become
separated during chromosomal
recombination.
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Hybrid zones and genetic barriers. Studies of natural
hybrid zones have indicated that genetic isolation
should be viewed as a property of individual genes or
chromosomal segments, not as a characteristic of entire
genomes14. The units of selection in hybrid zones are
chromosomal blocks15,16, which might be positively
selected for, neutral or selected against (FIG. 2). A natural
hybrid zone might be semi-permeable (that is, the
recipient genome has regions or ‘hot spots’ in which
introgression is more likely). For example, in studies of
interspecific gene flow from Helianthus petiolaris 
to Helianthus annuus, the regions of the genome of
H. annuus that seemed to accept foreign alleles or chro-
mosomal segments of H. petiolaris had the same gene
order or chromosomal arrangement in both species16

(in other words, the chromosomal areas in which the
gene order differed did not accept foreign genes). So,
chromosomal rearrangements seem to pose an impor-
tant barrier to introgression. Even when the genome 
of a specific taxon is able to accept foreign DNA, the fate
of a specific foreign chromosomal segment can vary: it
can be transmitted relatively intact, partially transmitted
or excluded completely, depending on the genes that it
contains. For example, if a transgene is in strong LINKAGE

DISEQUILIBRIUM (LD) with an allele that is selected against
when transferred to the wild relative, then introgression
of the transgene is unlikely to occur.

In summary, because natural hybrid zones contain a
range of genotypes that are the result of many genera-
tions of recombination and natural selection, and all
components of the barriers to interspecific gene flow or
introgression are represented, they can be useful models
to study the movement of transgenes between species.
Experimental approaches that are used in natural intro-
gression are directly applicable for tracking transgenes,
including measurement of the CLINE width of dispersed
alleles or molecular markers, assessment of patterns of
LD and the use of mapped molecular markers (that 
is, GENETIC LINKAGE MAPS) to map specific traits that con-
tribute to genetic isolation. In natural hybrid zones,
the introgression of alleles that are negatively selected in
the habitat or genetic background of the ‘other’ taxon
will be retarded, whereas neutral or positively selected
alleles will introgress at higher frequencies and across
greater distances14,17. Similar effects are predicted for the
establishment and spread of neutral, negatively selected
and positively selected transgenes in wild populations.

Targeted introgression in plant breeding
The development of crop varieties for agricultural pur-
poses has provided some of the most detailed studies of
the mechanics of introgression. The introgression of ben-
eficial exotic genetic material into crop varieties extends
the potential variability of the crop, even allowing for
the introduction of traits that were originally absent
from the genome18–20. Many ELITE CROP VARIETIES might be
improved by the incorporation of alleles, and occasion-
ally new genes, from exotic sources. The introgression of
transgenes from crops to wild relatives might be viewed
as a similar process. Introgression breeding or directed
introgression can be a powerful model to examine this

of the possibility of creating more aggressive transgenic
weedy or invasive species.

Proposed cases of plant introgression have often
lacked the necessary information to confirm, deny or
estimate its extent. Introgression can be confused with
evolutionary convergence and lineage sorting. Also, low
levels are difficult to detect without several suitable
interspecific genetic markers. Molecular markers that
are based on DNA polymorphisms have provided a
much-needed tool to study introgression.

Molecular markers for studying introgression. The use
of molecular markers has greatly increased our ability
to detect and quantify interspecific gene exchange
(reviewed in REFS 3,12,13). They are particularly useful
for analysing ambiguous cases of natural introgression.
Over the years, the most conclusive evidence for intro-
gression has come from molecular data: initially from
ISOZYME work and more recently from DNA data3,12,13.

Molecular markers are excellent for tracking intro-
gression as they tend to be neutral and effectively unlim-
ited in number. So, sufficient independent taxon-specific
molecular markers can be obtained to detect even
extremely low levels of introgression. It is also possible to
monitor both nuclear and cytoplasmic gene flow, which
might reflect different histories of gene exchange (BOX 1).
Studies of the molecular phylogenies of several crops
and their wild relatives have also been instrumental in
detecting both recent and ancient introgression events
in plant species.

Box 1 | Introgression in Louisiana irises

One of the best characterized examples of natural introgression is between two
perennial iris species — Iris fulva (2n=42, shaded understory habitat along the banks
of bayous) and Iris hexagona (2n=44, open freshwater marshes and swamps) — with
many plants of intermediate phenotype observed in areas that have been disturbed
by man6. A range of species-specific molecular markers (rDNA, allozymes and
random amplified polymorphic DNAs) have confirmed localized introgression95,96.
Swamp habitats contain a mixture of hybrids and a few I. hexagona plants; whereas in
marsh habitats, although a range of hybrid types are found, the frequency of I. fulva
markers is higher. Maternally inherited chloroplast DNA (cpDNA) markers have
provided evidence for asymmetrical introgression, with most hybrids having 
I. hexagona as the female parent and I. fulva as the male parent. Bidirectional
introgression was confirmed by the presence of marker genes for I. fulva in an
ALLOPATRIC population of I. hexagona that was 10 km from the nearest I. fulva
population, and by the presence of I. hexagona markers in I. fulva plants that were 
25 km from the nearest I. hexagona97. Hybridization and introgression also led to the
formation of Iris nelsonii, which is a fixed derivative of the hybridization of I. fulva,
I. hexagona and Iris brevicaulis98.

Various studies of relative fitness in response to shade and salinity tolerance, and to
interspecific competitive ability have been done on the Louisiana iris hybrids97.
I. fulva-like plants have intermediate or higher fitness than the parent species 
(I. fulva and I. hexagona), whereas I. hexagona-like plants have intermediate or
equivalent relative fitness99. A range of fitness values has been observed in I. fulva
and I. brevicaulis hybrids100, with some equivalent to and others lower in fitness 
than the parent species.

The iris introgression studies clearly show the persistence and spread of genes as a
result of three main introgressive patterns: local geographical formation of hybrid
swarms, gene flow beyond the range of the original hybridization zone and
formation of a new stabilized taxon.
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we have more information on wild-to-crop introgres-
sion under controlled conditions, studies of natural
introgression (crop to wild, wild to crop and wild to
wild) might be more applicable.

In summary, targeted introgression in plant breeding
has indicated that prolonged strong selection is often
required to effectively introgress a specific gene and such
introgression is often associated with a suite of linked
alleles from the exotic parent. We should expect a simi-
lar degree of linkage when transgenes flow from crops
to wild relatives. Plant varieties that are developed from
WIDE CROSSES frequently fail to develop the agronomic
characteristics of the elite parent; this is often attributed
to the LD associated with the introgressed trait. In terms
of the introgression of transgenes from GM crops to
wild plant populations, the linkage of domestication
alleles might impose an important barrier to prevent
wild relatives from stably acquiring new transgenic phe-
notypes from crops.

Introgression from crops to wild relatives
Although examples of natural introgression and tar-
geted introgression in plant breeding are informative,
the main concern about transgene introgression involves
crops and their free-living wild relatives (TABLE 1). Of par-
ticular concern is the unidirectional introgression of
crop transgenes into non-crop plants. The wild relatives
can be of the same or a related species. Wild relatives can
range from noxious weeds (unwanted plants that are
associated with disturbed habitats and compete with
crops) to non-weedy species that occupy more natural
habitats. Hypothetically, a fitness-enhancing transgene
could increase the potential weediness of the wild rela-
tive, and this is considered to be of most concern in wild
relatives that are already weedy. The prospects of alter-
ing the ecology of the recipient wild relative must be
assessed on a case-by-case basis.

Researchers have approached the assessment of the
possibility of introgression between crops and wild rela-
tives in various ways. Prompted by the possibility of
transgene introgression, Haygood et al.28 recently used
mathematical modelling to argue that crop genes and
transgenes could have profound negative effects on wild
relatives. However, their predictions, including the per-
vasive presence of crop alleles in wild plants, are not
substantiated by empirical findings. There seems to be
little evidence in nature for the MIGRATIONAL MELTDOWN

and shrinkage of wild populations from crop gene
introgression that their modelling predicts28. Ellstrand
et al.29 assessed the broad possibility of introgression of
genes from 13 important crops to their wild relatives.
They found that 12 of the 13 crops with the greatest
worldwide acreage might hybridize with wild relatives,
seven of which have putatively introgressed29. Also, five
other crops might possibly be subject to introgression.

In contrast to previous approaches, we focus on
whether introgression to wild relatives will occur when
crops are genetically modified. We are specifically inter-
ested in transgenes, not endogenous crop genes, and in
empirical data rather than models. Using this approach,
we consider transgenic crops that are grown in regions

process in an artificial setting and to predict how it
might function when transgenes are moved from crops
to wild relatives.

Crop lines have been bred for specific domesti-
cation traits21,22 (such as lack of seed dormancy or SEED

SHATTERING), whereas EXOTIC CROP VARIETIES retain many nat-
urally selected wild or weedy traits23,24. The genetic basis
of most exotic traits is not well-characterized, however
anecdotal evidence indicates that the success of exotic
× elite crosses is often limited because the beneficial
exotic gene(s) that are under selection are linked to
unselected or deselected alleles that reduce agronomic
quality. As the mechanism for decreasing LD is recom-
bination, LD between the beneficial exotic gene and
unselected loci is expected to be highest in clonal
species (in which the whole genome is essentially
linked), intermediate in species that are predominantly
selfing and lowest in predominantly outcrossing
species25–27.

The artificial selection of genes with the aim of intro-
gressing them from exotic sources into elite cultivars can
be viewed as a similar process to the natural selection of
transgenes that are unintentionally transferred from
crops into wild populations. However, there are some
important differences between purposely introgressing
genes into a crop and the unintentional movement of
genes in the opposite direction (that is, the introgression
of crop genes to wild species). When crop breeders
introgress exotic alleles they plan on 5–10 backcrosses to
overcome LD. However, the number of generations that
are necessary to overcome LD when alleles move from
crops to wild plants varies on the basis of natural selec-
tion pressure. Another difference is the strong selection
that is applied for crop end-points by breeders, versus
the unpredictable (generally weaker) selection that is
provided by nature. The expected lower fitness of
domestication genes in a wild setting might counteract
any positive fitness effects of genes that are in LD with
them, if they are transferred from a crop to a wild rela-
tive. Domestication genes are expected to cause an even
bigger reduction in fitness if they are transferred into a
weedy compared with a non-weedy wild relative
because they might decrease the potential for weediness
and lead to maladaptation. So, introgression from a
crop to its wild relative is generally regarded as more dif-
ficult than from the wild relative to the crop. Although

ELITE CROP VARIETIES

Agronomically desirable crop
varieties that are widely used,
adapted to local environments,
perform well under intensive
agricultural practices and are
typically the product of intensive
breeding.

SEED SHATTERING

Seeds dispersing from their
fruits before harvest.

EXOTIC CROP VARIETIES

A variety that is from outside a
breeding region or has traits that
are uncommon to the prevalent
crop variety.

FITNESS

The potential evolutionary
success of a genotype, which is
defined as the reproductive
success or the proportion of
genes that an individual leaves in
the gene pool of a population.
The individuals with the greatest
fitness leave the largest numbers
of offspring.

WIDE CROSSES 

Hybridization between
differentiated taxa.

MIGRATIONAL MELTDOWN

The theoretical state of gene flow
that leads to the fixation of a
‘bad’ gene and the subsequent
reduction of population size.

Higher

Lower Candidate locus for transgene insertion

Chromosome

Figure 2 | Chromosomal blocks are the unit of selection in hybrid and introgression
zones. Certain chromosomal blocks might contain genes that are positively selected for and
therefore have a higher likelihood of being transferred into the genome of related species and of
conferring higher fitness to progeny. Negatively selected blocks might also occur, which have a
negative effect on the fitness of hybrid plants and are less likely to be introgressed into the
genome of related species. It is therefore desirable to engineer transgenes in loci that are located
in regions of the crop genome that confer lower FITNESS when transferred to a wild relative.
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found in what seem to be wild × crop hybrid swarms in
the Andes Mountains38. However, molecular evidence
shows that Andean and Mesoamerican bean landraces
in Chile are genetically distinct from one another and
there is no evidence of introgression between them39.
This genetic differentiation indicates that introgression
is limited to the geographic centre of diversity.

We suggest that the transgenic forms of these crops
are at a very low risk of introgressing their transgenes
into wild populations. Given this fact, we believe that
most transgenes could be safely engineered into these
very low risk crops.

Low risk crops. Some crops have been shown to
introgress genes into wild relatives at low levels.
Although such rare events could be evolutionarily
important, in these cases the biology and distribution of
wild relatives can alter and often moderate any ecological
risks. So, engineered crops such as corn, rice and cotton
do not seem to pose large risks for agricultural or ecolog-
ical stability. Therefore, transgenes could be engineered
into these species, although as a precautionary measure
the release of transgenic lines should be restricted to
areas in which the wild relatives do not occur.

Corn (Zea mays ssp. mays) can hybridize with inter-
specific wild relatives, that are known collectively as
teosinte40,41, from which it was domesticated 9,000 years
ago42. However, gene flow seems to be primarily unidi-
rectional from teosinte to corn43, with insignificant levels
of introgression from corn to teosinte40–41.

away from their wild relatives — for example, soybean
in the United States — not to be risky and therefore
place them in a lower risk category than Ellstrand 
et al.29. We have assessed the molecular evidence for
crop-to-wild introgression in these crops, together with
others that are potential targets for genetic modifica-
tion. On the basis of this assessment, we divide these
crops into four risk categories for the introgression of
transgenes: very low risk, low risk, moderate risk and
high risk. Other authors30,31 have used a similar risk-
assessment categorization approach, as well as a detailed
decision-tree-based risk-assessment categorization
methodology32 .

Very low risk crops. There is no molecular evidence of
crop-to-wild introgression in soybean (Glycine max), bar-
ley (Hordeum vulgare), finger millet (Eleusine coracana),
pearl millet (Pennisetum glaucum), common bean
(Phaseolus vulgaris), peanut (Arachis hypogaea) and
potato (Solanum tuberosum). The lack of evidence is
notable in some cases, given the evidence of genetic com-
patibility with wild relatives. In soybean, for example, the
crop G. max and its wild relative Glycine soja are highly
similar at the genomic level33, and several studies34,35 have
shown introgression of DNA from G. soja into G. max. So
far, there are no reports of crop-to-wild introgression in
soybean, although it is unclear how many attempts there
have been to assess this. Similarly, in peanut, it is clear that
genes can be introgressed from wild to crop species36,37. In
the common bean, a phaseolin protein marker has been

Table 1 | Crops from which transgenes might introgress into wild relatives

Crop Main Progenitor Genomic structure, Transgenic Main wild relatives References*
species species chromosome varieties (2n) (distribution)

number (2n)

Sorghum Sorghum S.bicolor Two subgenomes of None S. bicolor (2n=20)  106,107
bicolor five chromosomes (Old and New World)

(2n=10) Sorghum halepense (2n=40) 65,66
(Old and New World)
Sorghum propinquum 66
Sorghum almum 66

Sunflower Helianthus H. annuus (2n=34) Herbicide and insect H. annuus (2n=34) 62,63
annuus tolerance in (New World)

development Helianthus petiolaris (2n=34) 16,64
(New World)

Canola Brassica Brassica rapa AACC (2n=38) Herbicide tolerance B. rapa (AA, 2n=20) 57‡

napus and Brassica commercially released, (widespread in most canola
oleracea insect and disease growing areas)

stress tolerance
B. rapa B. rapa AA (2n=20) Commercial release B. rapa (AA, 2n=20) –

withdrawn (widespread in most canola
growing areas)

Wheat Triticum Wild Triticum AABBDD (2n=42) Herbicide tolerance Aegilops cylindrica 54, 55
aestivum and Aegilops developed, not yet (DD, 2n=28) (North America)

species commercially released

Sugar B.vulgaris ssp. B. vulgaris ssp. (2n=18/27) Herbicide and disease B. vulgaris ssp. maritima 52,53,108,109
beet (virus) tolerance (2n=18) (Old World)

vulgaris maritima commercially released

Alfalfa Medicago M.sativa (2n=32) Herbicide and stress M. sativa ssp. sativa 50,51
sativa ssp. tolerance developed (spp. caerulea) (2n=16)
sativa but not commercially (Old and New World)

released M. sativa ssp. falcata
(2n=16/32) (Old and New 
World)

* Examples of molecular evidence for crop-to-wild introgression. ‡ S.I.W., unpublished data.



NATURE REVIEWS | GENETICS VOLUME 4 | OCTOBER 2003 | 811

R E V I E W S

insects or diseases could also cause ecological or agro-
nomic problems. However, further work is needed to
definitively assess the risks that are associated with
introducing such transgenes into these crops.

Alfalfa (Medicago sativa ssp. sativa) introgresses with
wild M. sativa50,51, which is found along roadsides and
on wasteland. Genes from sugar beet (Beta vulgaris ssp.
vulgaris), which is biennial, can introgress into wild
beet (the same species) and sea beet (Beta vulgaris ssp.
maritima) at low frequencies52,53. Only a small propor-
tion of the agricultural populations of these two crops
will ever be genetically modified for niche markets in
which specific traits that are introduced through trans-
genes would add value. However, in both cases, if genes
for herbicide tolerance were engineered into crop pop-
ulations they would probably introgress into their wild
relatives and produce herbicide-tolerant weeds.

Bread wheat (Triticum aestivum) and durum wheat
(Triticum turgidum ssp. turgidum) crops can hybridize
with wild T. turgidum and Aegilops species. Of most
concern is the risk of gene flow from bread wheat into
jointed goatgrass (Aegilops cylindrica), which is a serious
weed of cereal production47. This possibility has slowed
the commercialization of glyphosate-tolerant wheat.
Although F

1
hybrids between wheat and jointed goat-

grass are mostly sterile, BC
1

and BC
2

hybrids can be pro-
duced with increasing fertility54,55. Field surveys in
Oregon56 showed a 1% backcross seed-production rate,
but field-level introgression has yet to be confirmed.

Canola (Brassica napus) can hybridize with many
species, but the best data in support of introgression are
from studies with field mustard (Brassica rapa). There is
good molecular evidence that introgression can occur in
the field under natural57 and experimental agricultural
conditions58–60. In the United Kingdom, there have been
extensive field surveys looking for natural hybridization
and introgression between canola and wild B. rapa. Data
indicate that hybridization is rare (0.4%), which leads to

Molecular evidence for rice (Oryza sativa) introgres-
sion is limited compared with morphological data sets
(for example, see REF. 44 and references therein).
However, studies of natural weedy Asian rice (O. sativa)
populations showed isozyme introgression into local
populations of wild Oryza rufipogon in Thailand45,46.
Controlled F

1
field hybridization studies47,48 between

crop rice and O. rufipogon indicate that hybridization
rates are low (1–2%), partly because competing crop
pollen on the flowers of the wild species acts as a barrier
to hybridization47. However, some gene flow between
the crop and the wild species, as well as gene flow
among other wild rice species, can occur48. Nonetheless,
analysis of miniature inverted-repeat transposable ele-
ments (MITEs) shows conserved patterns among rice
species and ECOTYPES, which indicates that there is little
introgression over an evolutionary timeframe49.

Ellstrand et al.29 cited several studies that show mol-
ecular evidence of introgression at low frequencies for
both of the cotton species: Gossypium hirsutem (95%
of the worldwide cotton crop) and Gossypium bar-
badense. However, introgression of crop transgenes
into wild G. hirsutem is unlikely, as wild G. hirsutem is
distributed in the New World tropics and not in prime
cotton-growing areas.

Moderate risk crops. There is ample evidence for intro-
gression between crops and wild relatives in alfalfa,
sugar beet, wheat, canola and sunflower. The wild rela-
tives of these species can form extensive free-living pop-
ulations and, in some cases, are agricultural weeds. The
potential ecological effects of the transgene must be con-
sidered on a case-by-case basis for these species (BOX 2).
The introduction of herbicide-tolerance transgenes
could complicate weed-management practices,
although the environmental effects would be limited to
the agroecosystem in which the herbicide is applied.
Transgenes that confer stress tolerance or resistance to

ECOTYPE

A genetic variety of a single
species that is adapted for local
ecological conditions.

HOMEOLOGOUS CHROMOSOME

A partially homologous
chromosome, which usually
indicates some original ancestral
homology.

Box 2 | Transgenes at risk of being introgressed from crops to wild relatives

The influence of transgenesis on wild populations is dependent on the transgene, crop and weed system. Similar to other
crop genes, transgenes can be divided into categories on the basis of their detrimental effects: neutral in the natural
environment, detrimental, or variable depending on the weediness of the recipient species, the degree of natural
biological control and the relative selective advantage the gene provides.

Transgenes that have a neutral effect on fitness might spread in natural populations through genetic drift, but would
have no subsequent effect on fitness (for example, marker genes such as nptII). Genes with detrimental effects are
selected against in the natural environment and will not spread. Many of the traits that are associated with crop
domestication fall into this last category, including transgenes for male sterility, altered fibre quality and changes in
lignin biosynthesis101. Transgenes that produce herbicide and pest resistance will vary in their fitness potential,
depending on the invasiveness of the recipient species and the level of natural control. Genes for viral, fungal and pest
resistance fall into a group the incorporation of which into natural populations could increase fitness if the pest controls
natural populations (such as Bt genes78,102). Herbicide-resistance genes fall into a separate category because they are
selectively neutral in the natural environment, although if they were incorporated into already weedy species they could
abolish a valuable method of control (for example, glyphosate resistance). Transgenes that change the environmental
tolerance of a species or alter its patterns of growth and development could result in notable adaptive shifts and have
important effects on fitness; for example, stress tolerance, such as cold or salt tolerance, could extend the habitat range of
the recipient wild species.

The following features of a transgene increase the likelihood of its introgression into a wild relative: dominance,
absence of association with deleterious crop alleles or traits, location on a shared genome, location on a homologous
versus a HOMEOLOGOUS CHROMOSOME, or location on non-rearranged chromosomes compared with the wild recipient.
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or approached with caution (TABLE 1). Because of the
desire to avoid new weed problems, which might be
exacerbated by the transfer of herbicide tolerance, this
trait should be used with care (BOX 2).

Will transgenes introgress into wild relatives? 
At least two separate issues must be considered when
evaluating the effects of transgenes (BOX 2) through
introgression. The first is that transgenes might increase
weediness and therefore affect our ability to control
weeds in agriculture67,68. In particular, the fear is that
species that are already extensively weedy will benefit
from engineered herbicide tolerance in which there will
be uniformly high selective pressures for fixation in crop
fields. In sorghum, canola, wheat, sunflower and other
crops with weedy wild relatives, if introgression is possi-
ble it will occur when herbicide tolerance is introduced
into the crop. However, this should only happen in
habitats in which the herbicide is applied.

The second issue is that transgenes might increase
the fitness and competitiveness of wild relatives of crops
in natural ecosystems69. Transgenes that have the poten-
tial to do this include those that confer insect and dis-
ease resistance, drought and salt tolerance, and a suite of
other fitness-enhancing traits that could be important
in natural habitats. Selective pressures on these genes
will vary greatly depending on the invasiveness of the
recipient species and specific levels of natural control.
Selection should favour these genes less than those for
herbicide tolerance in herbicide-prone areas, but per-
haps more than naturally occurring genetic variants that
influence such traits. What degree of certainty can be
assigned to the introgression of these transgenes to
other free-living species? The extent of sexual compati-
bility of the crop and its wild relative, and of selection
on the transgene in the wild habitat, are important fac-
tors that have been discussed frequently. However, there
are further barriers to transgene introgression that also
need to be considered.

Transgenic crops and sexually compatible wild
plants must grow near one another and have overlap-
ping flowering times for introgression to occur. Also,
F

1
hybrids must persist for at least one generation and

be sufficiently fertile to produce backcross (BC
1
)

hybrids (FIG. 1). Perhaps the most important barriers
are genetic. The transgene must have a selective advan-
tage for the wild relative that is greater than the sum of
any selective disadvantages of loci that are in LD with
the crop transgene locus (FIGS 2,3). Finally, backcross
generations to the wild relative must progress to the
point at which the transgene is incorporated into the
genome of the wild relative.

Hybrid-zone theory predicts that advantageous
alleles will cross species barriers more readily than
neutral markers, such as molecular markers3,17,70. As
already discussed, at least some transgenes will be
advantageous and therefore should be favoured in
wild plants. Increased adaptation might be reflected 
in increases in fecundity (or other measures of fitness)
in the wild relative. However, it is not yet clear if such
fitness changes will result in increased invasiveness of

the conclusion that introgression would be a slight risk61.
However, the first glyphosate-tolerant weed × crop
hybrids have been discovered60 in commercial canola
fields in one region of Canada where herbicide-tolerant
canola was recently introduced. Conceivably, intro-
gressed herbicide-tolerant B. rapa is in the process of
evolution and might persist as free-living populations 
(S. I.Warwick, unpublished observations).

Sunflower (H. annuus) has an important wild rela-
tive of the same species and is sexually compatible with
other wild Helianthus species. There is ample molecular
evidence for intraspecific introgression between crop
and weedy sunflowers62,63. Indeed, crop sunflower genes
have introgressed into H. petiolaris16,64.

High risk crops. Sorghum (Sorghum bicolor) will
hybridize with wild populations of the same species,
the noxious weed johnsongrass (Sorghum halepense),
Sorghum almum and Sorghum propinquum. There is
good molecular evidence for introgression in wild
sorghum65, johnsongrass65,66 and S. almum66. Johnson-
grass is considered to be one of the worst weeds
worldwide, so it would be unwise to genetically mod-
ify sorghum for herbicide tolerance or other fitness-
enhancing traits.

Proceed with caution. In summary, the risk of crop-
to-wild introgression must be analysed on a case-by-case
basis.Assuming co-occurrence, crops in which the recip-
ient wild species shows weedy traits and/or the crop
species is weedy are likely to be most problematic. Many
crops are ‘safe’ to engineer for most traits. Others must be
assessed on a case-by-case basis. Some should be avoided

Brassica nigra

Brassica carinataBrassica juncea

BB
2n=16

Brassica oleracea

CC
2n=18

Brassica rapa

AA
2n=20

Brassica napus

AACC
2n=38

BBCC
2n=34

AABB
2n=36

Figure 3 | Genomic relationships among six crop species
of Brassica. This figure illustrates the often-complex origins of
crop species, many of which are hybrids that contain several
genomes. The genomic relationships are represented by a
‘triangle of U’105. Three diploid species are shown (Brassica rapa,
Brassica nigra and Brassica oleracea), which represent the AA,
BB and CC genomes, respectively. Also shown are three
tetraploid species (Brassica carinata, Brassica juncea and
Brassica napus), which are hybrid combinations of the basic
genomes. Diploid chromosome number (2n) is shown. 
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10–5 to 10–7 (REF. 80). If the transgene were flanked by two
domestication genes, the loss of both through mutational
inactivation or crossing over would be extremely unlikely
(~10–12)80. Even these rare cases of the transgene escaping
from its fitness-reducing ‘guards’ through recombination
could easily be prevented if the fitness-enhancing trans-
genes and the domestication genes were directly linked
through FUNCTIONAL TRANSLATIONAL FUSION. All three meth-
ods of using LD to help contain transgenes to the crop
species of interest could be combined.

the wild relatives of crops or lead to their ecological
release. Studies are underway in several systems to
address this issue (for example, REF. 71), and early data
indicate that serious ecological consequences have not
been observed.

As a result of LD, other genes, such as those that con-
trol domestication traits, might be co-transferred with
transgenes. Although limited information is available on
the genetic location of these domestication traits72,73, if
transgenes were associated with genomic loci that were
historically subject to high levels of LD or located in
genomic regions that were rich in domestication genes,
this could be a barrier to introgression.

Decreasing or preventing introgression
Although studies of natural introgression and crop
breeding are useful in understanding introgression
overall, transgene type and transgene genomic place-
ment are likely to be important determinants of intro-
gression rates and the field-level consequences of
introgression. Although physical-containment proce-
dures, such as isolation distances74 and border rows75,
have most often been discussed as solutions, biotech-
nology that focuses on the properties of transgene
constructs and their placement in the genome should
be able to increase the barriers to introgression.

Transgene placement and the use of LD. Although, at
present, the location of transgene insertion in a crop
genome is generally random, in future a more targeted
approach that takes advantage of LD and/or genomic
differences between crops and wild relatives could be
used. Transgenes could be inserted into a region of the
crop genome that is unlikely to be introgressed. For
example, there is great variation in the amount of
recombination in different parts of the sunflower16,
Arabidopsis76, corn27 and cotton77 genomes. Presumably,
linkage groups that are rarely transferred during recom-
bination would be ideal targets for the location of trans-
gene insertion. Most crop species probably have regions
of their genomes that rarely recombine. As more
genomic information is gathered, transgenes should be
targeted to such regions as a barrier to introgression in a
wide range of species. Similarly, when the transgenic
crop of interest is POLYPLOID (for example, canola, cotton,
rice and wheat) (FIG. 3), transgenes could be placed on
one of the genomes that is not found in the wild relative
of concern. For example, transgene placement on the 
C genome for canola (AACC) has been proposed as 
a means to mitigate introgression rates into B. rapa
(AA)78,79. However, this strategy would only be effective if
recombination between the two genomes is infrequent,
which is not always the case (FIG. 4).

Using the same principle, another strategy would be
to physically link or even fuse transgenes with genes that
confer domestication properties that lead to a fitness dis-
advantage in wild relatives80. For example, a fitness-
enhancing transgene could be flanked by genes that lead
to decreased seed dormancy or seed shattering. In a
transgenic construct, the likelihood of crossing over is
similar to that of the trait being inactivated by mutation:

POLYPLOID

The genomic state of having
three or more sets of
homologous chromosomes
(for example, tetraploid
organisms, which have four
sets of chromosomes).

FUNCTIONAL TRANSLATIONAL

FUSION

The in-frame chimaera of two or
more genes that gives rise to a
single chimeric protein.

×

×

×

Canola Brassica
rapa

Brassica
rapa

Brassica rapa
gametes

F1 hybrid

Potential recombination

F1 hybrid gametes

BC1 hybrids

A A A A

C C

Figure 4 | Specific placement of transgenes in
polyploid genomes might not be a barrier to
introgression. In the case illustrated, the polyploid canola
crop Brassica napus (AACC) contains a transgene (green
oval) that is located on a genome (C) that is absent in the
diploid wild relative Brassica rapa (AA). Hybrids that are
produced from the initial cross are triploid (AAC). Various
gametic types might be produced during meiosis, some of
which do not contain the C genome chromosome (with the
transgene). Recombination events between the C and A
genomes during gametic formation might transfer the
transgene to the A genome of the crop, which is shared
with the wild relative. This example illustrates that placing 
a transgene on the genome in a polyploid crop species that
is not shared with a specific wild relative does not guarantee
that it cannot be transferred. In this case, meiotic
recombination between homeologous chromosomes has
led to BC1 hybrids in which the transgene is segregating.
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implies, the effects of the block can be removed to
recover viability.

The repressible seed-lethal (SL) system is another
GURT92. In the SL system, the transgene is linked to
genes that control seed germination (but do not alter
the ability of the crop to set seed) in a repressible con-
struct. When plants that contain this construct are
crossed with those that are transgenic for a repressor
construct, seed lethality is turned off and seed germi-
nation is normal. So, if lethality and repressor con-
structs are separated during mating, the resultant
seeds do not germinate. However, this system is only
effective when one of the two genes is present in a
haploid gamete. This is not the case for all interspe-
cific hybrids. For example, unreduced gametes are fre-
quently observed in interspecific hybrids between
canola and other Brassica species94.

Future research needs
We still do not have a comprehensive understanding of
the risks of transgene introgression. We know that
genes can be naturally introgressed between different
species, albeit at generally low frequencies and over
long periods of time. However, government regulators
of transgenic plants are interested in specific trans-
genes, transgenic events, crops and wild relatives, in
time spans of tens of years and beyond. Also, risks must
be measured against benefits. To better understand the
risks of introgression, and to manage it and its conse-
quences, we propose that the areas discussed below
should be the focus of our research efforts.

GURT development. Biotechnological innovations will
be important in limiting the degree of transgene flow
from GM plants. Public research funds should be
assigned to develop effective GURT systems for trans-
gene containment. A combination of pollen- and
embryo-specific systems is likely to be most effective in
decreasing the risk of transgene escape.

Molecular mapping and surveys. The increasing avail-
ability of molecular markers and data on crop plant
genomes should allow a more sophisticated under-
standing of introgression among differentiated plant
populations. The absence of molecular evidence of
introgression between many crops and their wild rela-
tives could reflect either the lack of interest in publishing
negative results or the dearth of appropriate research.
Regardless, carrying out such research, especially in the
developing world and centres of crop origin, is crucial,
as is its publication. Crop-specific markers should be
intensively surveyed in populations of the wild relatives
of crop plants in the areas of greatest concern. Also, a
comparative-mapping approach13 could highlight
regions of the genome that are less prone to introgres-
sion and are therefore candidates for transgene inser-
tion. Similarly, a better understanding of the genomic
distribution and function of genes that are related to
domestication in crops would allow us to better assess
their potential to be used in transgene containment
through, for example, forced introgression experiments.

Non-nuclear genome engineering. Most strategies that
introduce exogenous genes to crop species focus on
inserting the transgene into the nuclear genome. Only a
few species in the Solanaceae and other taxa have proven
to be amenable to placement of the transgene in an
organellar genome. As organelles are primarily mater-
nally inherited, and so are not present in the highly dis-
persible pollen grains, chloroplast engineering has been
proposed as a mode of transgene containment81.

However, chloroplast transformation is far from
being a universal containment strategy as the biparental
inheritance of plastids has been widely documented82–84.
This strategy, and others that are based on preventing the
occurrence of transgenic pollen (see below), are only
effective if the transgenic plant does not serve as the
female parent in hybridization and subsequent back-
crossing, which is not always the case85.Transfer of the
transgene from the chloroplast to the nucleus is also a
potential problem. A recent study calculated a direct
intracellular transfer rate of 1 event per 16,000 pollen
grains in tobacco86 .However, these data indicate that
transfer events occur only rarely and, regardless, it is
unlikely that the transferred DNA fragment would
function in the nucleus because of differences
between nuclear and plastid gene regulation and
expression. Field-based research is needed to test the effi-
cacy of a chloroplast transformation-based transgene-
containment system.

Reduced plant fertility as a limit to gene flow. Several
male-sterility systems that target pollen have been devel-
oped to limit or control gene flow. In one system, which
has been commercialized in canola, the barnase gene
under the control of a tapetum-specific promoter
causes pollen or male sterility. Barnase, which is a cell
toxin, kills the cells that would otherwise lead to the pro-
duction of viable pollen by flowers. Fertility might be
restored using the barstar gene, which encodes a
barnase-specific inhibitor87. Another system relies on
constitutive expression of the Agrobacterium rolC gene
for sterility. When plants that express this gene are
crossed with plants with rolC in an antisense orienta-
tion, fertility can be restored88. An alternative strategy
relies on site-specific recombination to remove the
transgenes from pollen (REF. 89 and Y. Li, manuscript in
preparation).

Controlling the fertility of embryos and seeds,
although generally regarded as a better target than pollen
fertility, has been a more controversial measure for limit-
ing gene flow.A patent was issued in 1998 that described
methodology to chemically control genes that effectively
prevent seed germination. The technology, unfortu-
nately dubbed ‘Terminator,’ was not further developed
because of a highly publicized controversy90. Strategies
that are based on the control of embryo and/or seed fer-
tility have now become known as GENE USE-RESTRICTION

TECHNOLOGY (GURT)91. One example of such an approach is
that in which a blocking sequence — a recoverable
block function (RBF) — that prevents some essential
physiological function in the host plant is inserted,
which results in reduced embryo viability91. As the name

GENE USE-RESTRICTION

TECHNOLOGY

(GURT). A biotechnological tool
that controls embryo viability
whereby the addition of a
recoverable blocking sequence
prevents some essential
physiological function in a host
plant and can be inducibly
removed to recover viability.
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will continue to receive much attention, even if it is only
to other crops. This point is highlighted by recent con-
cerns about the gene flow of pharmaceutical-associated
transgenes from transgenic to non-transgenic crop
plants (BOX 3).

With respect to the important issue of introgression
from GM crops, we recommend that large-scale genetic
modification should be avoided for high-risk crops in
which introgression is well documented. However, our
assessment is that, in most cases, the risks and benefits
of transgenes should be considered on a case-by-case
basis. For example, it is hard to imagine strategies for
transgene containment that are based on co-location
with domestication genes or GURT that would be effec-
tive in preventing the introgression of transgenes that
confer herbicide tolerance. The strong selective advan-
tage such genes provide would only need a single
instance of containment failure and transgene escape
for the gene to spread and become fixed in a sexually
compatible wild relative. All other traits should be con-
sidered potentially safe to engineer into most crops.

Although schemes that classify crops into different
risk categories for transgene introgression (such as those
suggested here) are useful, they cannot be anything
other than rough guides that are subject to reassessment
for specific crop/transgene combinations when new evi-
dence is found. For example, recently it was shown that
transgenic sunflowers (a moderate risk crop in our
scheme) were unlikely to transfer their disease-tolerance
transgene to wild sunflowers95. The oxalate oxidase
(OxOx) transgene did not increase fitness in BC

3

sunflowers and so would not be selected for in free-liv-
ing environments. There is still much research to be
done before we fully understand the risks that are asso-
ciated with introgression from transgenic crops.
Nevertheless, a suite of increasingly innovative trans-
gene-containment strategies, coupled with a growing
knowledge of the genetics and ecology of introgression
among plants, indicate that the environmental risks can
be minimized. This is encouraging and, indeed, vital
because GM crops are here to stay.

Transgene/domestication effects. To help understand the
transfer of adaptations between differentiated plant
populations and the subsequent consequences on fit-
ness and competition, we suggest that fitness-enhancing
genes, such as those that confer insect resistance, could
be combined with domestication genes and used in
appropriate experimental crop/wild-relative systems.
These experiments could be done in at least two differ-
ent ways: many single-copy transgenes inserted in dif-
ferent regions of the genome(s) could be compared, or
transgene fusions or linkages with domestication genes
might be used directly.

We favour an approach in which transgenic and non-
transgenic weeds compete against crops94. A decreased
yield from a crop that is competing with a transgenic
weed indicates that introgression of the transgene from
crop to weed would result in a more problematic weed.
However, if hybrids and backcrosses that contain a
transgene cannot effectively compete with wild-type
weedy plants of the same taxon then it is likely that
introgression will not occur.

Crop-breeding technologies using markers,
marker-assisted selection and field competition should
also explain how transgenes might be introgressed into
wild relatives. It is important to use commercially rele-
vant transgenes and crop/wild-relative models to pro-
vide useful and predictive results. Growing and testing
transgenic plants in the field is also crucial for predict-
ing the consequences of releasing transgenes into the
environment.

Perspectives
The idea that gene flow between transgenic crops and
their wild relatives automatically leads to the creation
of superweeds has become widespread, despite the lack
of scientific studies to support it. By contrast, intro-
gression and the consequences of introgression have
been extensively studied in natural and agricultural
systems. So, although this review has focused on the
key issue of introgression between crops and their wild
relatives, gene flow from genetically modified crops

Box 3 | ‘Pharm farm’ crops

The economic benefits of the production of pharmaceuticals in transgenic plants are great, but the 
containment of genes that express pharmaceutical products poses important challenges. Gene flow and
volunteerism that involve pharmaceutical crops are issues that could have direct consequences for human 
health, and recent actions by regulatory agencies and biotechnology firms reflect the importance and emphasis 
on containment. In 2002, ProdiGene, Inc. (College Station, Texas, United States) was at the centre of a widely
publicized debate that involved the safe containment of pharmaceutical producing crops103. The case 
concerned volunteer transgenic corn plants that were grown the following year in a field planted with soybean.
Possible contact between the volunteer corn and soybean plants caused the United States Department of
Agriculture (USDA) to impound all soybeans that could have been affected. In December of that year, the 
USDA reached an agreement with ProdiGene regarding violations of the Plant Protection Act (PPA) arising 
from Nebraska and Iowa field tests104. In the settlement, ProdiGene neither admitted nor denied violations, but
accepted a $250,000 civil penalty and agreed to pay the costs of 500,000 bushels of soybeans and of cleaning all
facilities and equipment. On one hand, this example shows that biotechnology safeguards are in place, as none 
of the soybeans in question reached the human food supply. On the other hand, this case illustrates that gene 
flow and the biology of ‘pharm farm’ plants is of central importance in regulation and containment. Indeed, it is
foreseeable that pharmaceuticals might better be produced in non-commodity plants that are grown in isolation or
under glass.
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