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Introduction

The use of genetically modified (GM) plants in agricul-
ture has triggered concern about adverse ecological and
economic effects that may arise from gene flow from the
transgenic crop into related species (Ellstrand 2003). One
often-mentioned example is the creation of a herbicide-
resistant weed through the introgression of a transgene
conveying herbicide resistance from a crop species into a
wild relative. A comprehensive assessment of the risks
associated with the introduction of GM crops should
combine empirical and modelling studies and consider all
steps of the introgression process (Wilkinson et al.
2003a). The first step in this process consists of the for-
mation of viable hybrids through pollination, seed pro-
duction, and germination. The second step consists of the
stabilization of the transgene in the recipient population
by backcrossing of the F1 hybrids with the wild relative.
The final step in the introgression process consists of the
spread of the transgene over other populations of the wild
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Abstract

Most models on introgression from genetically modified (GM) plants have
focused on small spatial scales, modelling gene flow from a field containing
GM plants into a single adjacent population of a wild relative. Here, we present
a model to study the effect of introgression from multiple plantations into the
whole metapopulation of the wild relative. The most important result of the
model is that even very low levels of introgression and selection can lead to a
high probability that the transgene goes to fixation in the metapopulation. Fur-
thermore, the overall frequency of the transgene in the metapopulation, after a
certain number of generations of introgression, depends on the population
dynamics. If there is a high rate of migration or a high rate of population turn-
over, the overall transgene frequency is much higher than with lower rates.
However, under an island model of population structure, this increased fre-
quency has only a very small effect on the probability of fixation of the trans-
gene. Considering these results, studies on the potential ecological risks of
introgression from GM plants should look not only at the rate of introgression
and selection acting on the transgene, but also at the metapopulation dynamics
of the wild relative.

relative, influenced by its possible effects on fitness. The
majority of both empirical and modelling studies have
focused only on the first two steps and have concluded
that for many crop species, transgene escape is inevitable
(Jenczewski et al. 2003; Papa and Gepts 2003; Wilkinson
et al. 2003b). Considering these results, the focus of risk
assessment is now shifting to the more challenging task of
predicting what will happen to the transgene once it has
entered the population of the wild relative (Jenczewski
et al. 2003; Haygood et al. 2004; Weis 2005).

One important factor determining the fate of an escaped
transgene is the selection acting on it. Many transgenes that
induce a commercially important trait to a crop species
may actually also be selectively advantageous in the wild.
Examples of such traits are, among others, herbicide resis-
tance, resistance against herbivores, or cold hardiness. On
the other hand, a transgene may also incur a fitness cost in
the wild populations. Herbicide resistance is only advanta-
geous if the wild populations are actually treated with the
herbicide. If this is not the case, expressing the transgene
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may actually present a waste of valuable resources. Many
studies have therefore tested the fitness effects of the
transgene when crossed into the wild relative (Burke and
Rieseberg 2003; Snow et al. 2003).

To analyse the fate of the transgene within the wild
relative, one must consider that those populations that are
in contact with the transgenic crop are not isolated units.
Instead, they are part of a dynamic metapopulation that
consists of many separate populations that are connected
by gene flow, and only a relatively small proportion of the
populations may be in direct contact with the transgenic
crop. In many aspects, the spread of a transgene therefore
resembles the spread of a mutant allele over a metapopu-
lation, which is a well-known topic in theoretical popula-
tion genetics (Kimura 1962; Whitlock 2003). Indeed,
several authors have used those results from theoretical
population genetics to describe the spread of a transgene
(Chapman and Burke 2006; Weis 2005).

The spread of a mutant allele is mostly seen in the light
of the probability that the allele goes to fixation. In one
of the most influential papers in the field, Kimura (1962)
showed that, in an unstructured population, this proba-
bility is a function of the population size, the selection
coefficient and the initial frequency of the allele. When
the frequency of the allele is very low, the force of genetic
drift is very strong and the probability of fixation is very
small, even for alleles that are under strong positive selec-
tion. Surprisingly, when a simple island model of popula-
tion structure (Wright 1930) is added, the probability of
fixation does not change even though the population
structure leads to an increase in the effective population
size. This is because the increase in effective population
size is exactly balanced by a decrease in the effectiveness
of the selection process (Maruyama 1970; Cherry and
Wakeley 2003). In more complex cases, population struc-
ture does affect the probability of fixation, usually by
lowering it for beneficial alleles and increasing it for
deleterious alleles (Whitlock 2003).

The use of standard population genetics models to
describe the spread of a transgene is limited in that it
ignores the influence of introgression itself on this pro-
cess. The most important effect of introgression is that it
may push the frequency of the transgene to such a level
that selection gets stronger than drift, thus increasing the
probability of fixation. For a comprehensive risk assess-
ment, it is therefore important to know how the fre-
quency of the transgene in the population of the wild
relative is determined by continuous introgression during
a given number of generations. Especially of interest are
the fraction of natural populations that are in direct con-
tact with the transgenic crop and the interplay among
introgression, selection, population structure and popula-
tion dynamics.
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A metapopulation model for transgene introgression

Here, we present a metapopulation model of transgene
introgression based on standard population genetics mod-
els. We show that introgression for only a limited number
of generations may lead to an appreciable overall frequency
of the transgene in the metapopulation, with a high proba-
bility that the transgene goes to fixation in the whole meta-
population if it is under positive selection. We also show
that there is an effect of the population structure and of the
population dynamics on the overall frequency of the trans-
gene; if there is a high migration rate between populations
or a high rate of population turnover, the resulting trans-
gene frequency becomes higher than when there is a low
migration rate or low turnover. However, under the simple
island model of population structure that we used, this
increase in frequency has only a minor effect on the proba-
bility that the transgene goes to fixation.

The model

The model consists of a metapopulation of a wild species,
where all populations are connected to each other by
migration. Several of the populations are experiencing
introgression from agricultural fields containing a GM crop
of a related species. The transgene, which may be under
selection in the wild populations, can therefore escape from
the GM crop into the natural populations and may concur-
rently spread over the whole metapopulation (see Fig. 1). A
program for Mac OS X to run the model, and the source
code for this program, can be downloaded from: http://
www.patrickmeirmans.com/software.

The metapopulation of the wild species contains a cer-
tain number of populations (U), each of size N. The spe-
cies is annual, diploid, and hermaphrodite, has no
seedbank, and mates at random. A fraction k of the pop-
ulations experiences introgression from the GM plants
(these populations will be called ‘directly introgressed
populations’); the other populations (1 — k) do not expe-
rience direct introgression. Introgression from the GM
crop into the directly introgressed populations takes place
through pollination of a fraction g of the individuals of
the directly introgressed populations by GM plants. Only
a single gene is considered, with two alleles: the transgene
and the wildtype. Initially, the natural populations are
fixed for the wildtype allele, and the GM crop is fixed for
the transgene. It is assumed that the GM crop is har-
vested every year and regrown the next growing season
from an independent seed stock. Therefore, the frequency
of the transgene in the crop is not influenced by intro-
gression from the natural populations and the transgene
remains fixed in the GM crop.

A standard island model of population structure (Wright
1930) is assumed where every population in the metapopu-
lation is linked to all other populations by migration. This
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Natural populations

GM crop

[ Transgene frequency
[ wildtype frequency

Figure 1 Schematic outline of the model. The four big circles repre-
sent the natural populations, which are connected to each other by
migration (black arrows). One of the populations is in contact with a
genetically modified (GM) crop field (smaller circle) and experiences
unidirectional introgression (white arrowhead). The introgression leads
to the presence of the transgene in the natural populations (grey
shading), the frequency of which is highest in the directly introgressed
population.

migration takes place through seeds: a fraction m of the
seeds that are used to build a new generation comes from a
‘seed pool’ that is shared between all populations. Pollen
flow between populations is not implicitly considered in
the model, though the effects of this can be approximated
by scaling up the migration rate.

Positive or negative selection acts on the transgene with
strength s, with the transgene working additively. Selec-
tion takes place during or immediately after germination,
when the population is replenished using the seeds pro-
duced in the previous generation. Every generation thus
consists of the following steps: (i) germination of seeds,
(ii) selection and establishment of individuals, (iii) pro-
duction of seeds, and (iv) migration of seeds.

We made two versions of the model: stochastic and
deterministic. The deterministic version makes the
assumption that all subpopulations are of infinite size
(n = o), while the stochastic one includes the effects of
genetic drift due to finite population sizes.

Deterministic version

The absence of genetic drift in the deterministic model
means that within each of the two groups of populations,

2
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the directly introgressed populations and the remaining
populations, the populations all have the same frequency of
the transgene. Therefore, the metapopulation dynamics are
only defined by k and m, and the actual number of popula-
tions U is not of interest. This is because the results for a
set of 100 populations, of which 10 are receiving GM pol-
len, are actually the same as the results for a set of 10 popu-
lations of which one is receiving GM pollen.

The frequency of the transgene in the seeds that are
produced by the directly introgressed populations
(P’ + 1y) is a function of both the current frequency of
the transgene within these populations (P,;)) and the rate
of introgression (g) from the GM field. For the other
populations, the frequency of the transgene in the seeds
(P’ su(t + 1)) simply equals the frequency of the transgene
in the populations (P,,). The frequency of the transgene
in the shared seed pool (P’y; . 1)) is then a weighted
combination of the frequencies in the two types of popu-
lations:

Phiin) = Py +38 - (1= Pypy))
Ps,n(t+1) = Pﬂ(f) (1)
5/(t+1) =k- Ps,p(t+l) + (1 - k) ’ Ps,n(tJrl)

At the beginning of the next generation, a fraction m
of the seeds that are available for germination comes
from the shared seed pool, and the remaining fraction
(1 — m) comes from the local population. Therefore, the
frequency of the transgene in the seeds that are available
for germination equals:

Pyieny = (1= m) - Py +38 - (1 = Ppyy)) +m - Pl

Pé(H—l) =(1-m) Puy +m- ps/(H—l)
(2)

The frequency of the transgene in generation ¢ + 1 is
then determined by the selection acting on the transgene.
Genic selection is applied using the standard method of
equating the fitness of the homozygote for the wildtype
allele (w,,) to 1, the fitness of the homozygote for the
transgene (w;;) to 1 + s and the fitness of the heterozy-
gote (wy,) to 1 + 0.5 X s (Maynard Smith 1998). The fre-
quency of the transgene after selection then equals:

Po(rr) =

w11 'P/

2 2
wit- Pl 2w Pl (T=P ) +wa - (L=P)y )

2
weeny Twi Py (L=Pp )

Pn(t+1) =
n(t+1)
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Stochastic version

The stochastic version is mostly identical to the determin-
istic version, with the exception that the population sizes
are finite, leading to genetic drift. Following the simula-
tion model of Cherry and Wakeley (2003), the metapopu-
lation is represented by an array of U integers, each
bound between 0 and 2N. These integers represent the
number of copies of the transgene that are present in
each population. Every generation, the new value of the
integer is drawn from a binomial distribution, with an
index parameter of 2N. The probability parameter for the
binomial distribution is formed by the expected frequency
of the transgene in the population, which is a result of

—m)

introgression, migration and selection. The expected fre-
quency is calculated in a way similar to that of the deter-
ministic model (Equations 1-3), with the exception that
it has to be calculated for each population separately.

The frequency of the transgene in the shared seed
cloud (cf. Equation 1) must be calculated by averaging
over all populations:

Me=

i=1

[Piry + 1138 - (1 = Pyy))]
p’ i
s(t+1) — U

(4)

Here, Py is the frequency of the transgene in popula-
tion 7 at generation #; r; = 1 when population i is one of
the directly introgressed populations, otherwise r; = 0.
The expected frequency of the transgene in the seeds that
are available for germination for population 7 then equals
(cf. Equation 2):

Py = (1= m) (Piyy +1i-3g - (1= Piy)) +m Py
(5)

After selection, the expected frequency of the transgene
in population i equals (cf. Equations 3a and 3b):

Ppy +38 - (1= Pyy)) + (1 —d) -m- Pl +d- Py
m) P,,(,)+(1—d)-m-P/

2
wir - Pi "+ win - Py - (1= Py )
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processes can be included in the model by adding a prob-
ability d that a given population goes extinct in a genera-
tion. After extinction, the empty populations are
immediately re-established using a migrant-pool model of
recolonization (Slatkin 1977; Pannell 2003; Vuilleumier
et al. 2008). To this end, the empty populations are filled
from seeds drawn from the shared seed pool, so with an
expected frequency of (P’y;41)). In accordance with the
main life-history of the model, the recolonization is
immediately followed by a round of selection.

For the deterministic model, adding such population
dynamics requires an extra assumption of a very large
number of populations, together with the incorporation
of the extinction (d) in Equation 2 that now becomes:

S )
s(t+1) + 'Ps(t+1)

For the stochastic model, the extinction and recoloniza-
tion were added by drawing a random number from a
uniform distribution and letting the population go extinct

if this number is smaller than d.

Fixation probabilities after introgression

In the absence of introgression and extinction, our model
reduces to the standard island model. Following the
results of Maruyama (1970), this means that we can use
Kimura’s (1962) Equation 8 to calculate the probability
of fixation if the introgression stops after a certain num-
ber of generations. This equation shows how the proba-
bility of fixation u(P) is determined by the selection
coefficient, the population size and the allele frequency:
—4UNsP

u(P) == (®)
Here, P is the overall frequency of the transgene. The
equation was slightly changed from Kimura’s notation to
match the notation from our model. More specifically, we
use the product of the local population size (N) and the
number of populations (U) as we are interested in the
fixation of the allele in the whole metapopulation. We

Pit+l):
( ll'Pi,(t+1)2+2'W12'P'

Extinction and recolonization

For the above description, we used the term ‘metapopula-
tion’ in a broad sense, meaning a group of separate but
interacting populations. However, many uses of the term
explicitly include extinction and recolonization. These
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can only use this equation for the stochastic version of
our model, as the deterministic version assumes infinite
population sizes, which for the introgression rates consid-
ered here causes the fixation probability to always equal 0
for the used negative selection coefficients and 1 for the
positive selection coefficients. We did not calculate the
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probability of fixation for the case where there is popula-
tion extinction as this case is much more complex. The
main work on this (Whitlock 2003) only describes the
probability of fixation of a new mutation, and does not
give any approximations for the fixation probability of
alleles with a higher frequency.

Tested parameter ranges

Both the deterministic and the stochastic versions of the
model were used to test a wide range of parameter com-
binations. The rates of introgression that we used ranged
from 0 to 0.5, which includes rates that are typical for
interspecific gene flow and rates that are typical for intra-
specific gene flow. We think that it is important to test
such a wide range as the relationships between crops and
their wild relatives range from intergeneric (e.g. wheat
and jointed goatgrass) to intraspecific (e.g. sugar beet and
sea beet) levels (Ellstrand 2003). The range of selection
coefficients that we used was also chosen to be very wide
from —0.1 to +0.1 as the effects of transgenes in natural
populations are also expected to vary. Genes for herbicide
tolerance or pest resistance may incur a very high positive
selection (Snow et al. 2003), whereas genes that do not
give a direct advantage in the wild relative may actually
be mildly deleterious because of the wasted resources that
are used for expressing those genes (Heil and Baldwin
2002). Population dynamics were simulated with extinc-
tion rates ranging from 0 to 0.4, following the model of
Vuilleumier et al. (2008). Below, we point out some of
the most important observations and illustrate them with
some more detailed analyses.

Results

Both the deterministic and the stochastic versions of the
model show that there is an effect of population structure
on the overall frequency of the transgene in the metapop-
ulation. When there is a high rate of migration between
populations, the overall transgene frequency after 15 gen-
erations of introgression can be up to twice as high as
when there is no migration between populations (Fig. 2).
This effect is due to the fact that introgression is most
effective when the frequency of the transgene in the
directly introgressed populations is low. With an increas-
ing transgene frequency, there is also an increasing chance
that an individual pollinated by a GM plant already pos-
sesses one or two copies of the transgene. Migration
increases the effectiveness of introgression by lowering the
frequency of the transgene in the directly introgressed
populations. Migration has this effect as the frequency of
the transgene in the shared seed pool is almost always
lower than the frequency in the directly introgressed pop-
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0 0.1 0.2 0.3 0.4 0.5
Introgression rate

Figure 2 Effect of introgression and migration rates on the overall
frequency of the transgene in the metapopulation after 15 genera-
tions. Deterministic version of the model, fraction of directly introgres-
sed populations (k): 0.1, selection (s): 0.001, extinction (d): 0. The
lines represent different migration rates (m), from top to bottom: 0.2,
0.1, 0.05, 0.02, 0.01, and 0.

ulations. The effect of population structure is already
present at low introgression rates and for a small number
of generations, though it is more pronounced when the
rate of introgression is high.

The effect of population extinction and recolonization
is comparable to that of migration (Fig. 3). With a high
rate of population turnover, introgression is more effec-
tive, leading to higher frequencies of the transgene in the
metapopulation. This result is not surprising as recolon-
ization with a migrant-pool model (Slatkin 1977) can be
seen as an extreme form of migration, where the migrants
replace all the residents of the population. Like with

0.3

o
N

Frequency of transgene
©
F

0.2 0.3 0.4 0.5
Introgression rate

Figure 3 Effect of population extinction and recolonization on the
overall frequency of the transgene in the metapopulation after 15
generations. Deterministic version of the model, fraction of directly
introgressed populations (k): 0.1, selection (s): 0.001, migration (m):
0.1. The lines represent different extinction rates (d), from top to bot-
tom: 0.4, 0.3, 0.2, 0.1, and 0.
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migration, the effect is most pronounced for high levels
of introgression, though it can also be observed for lower
levels.

For the levels of selection that we analysed in our
model, the effect of selection is small during the first gen-
erations of introgression when the transgene frequency is
generally rather low (Fig. 4). This result is in line with
expectations, as the effectiveness of selection is highest at
intermediate allele frequencies (Fisher 1958). We only see
a notable selection effect, when the selection coefficient is
strongly positive or negative. A small interaction effect is
found between selection and migration. For positive and
slightly negative values of the selection coefficient, the
above results hold where increasing the migration
between population results in a higher overall frequency
of the transgene. However, when the selection coefficient
becomes strongly negative, high rates of migration lead to
overall transgene frequencies that are actually slightly
lower than those for lower rates of migration (Fig. 4).
This interaction is due to the fact that higher migration
rates lead to a higher overall allele frequency. As selection
is rather ineffective at lower allele frequencies, an
increased migration rate will also lead to an increased
efficiency of selection.

The single difference between the stochastic and deter-
ministic versions of the model is the population size,
which is finite in the stochastic and infinite in the deter-
ministic model. However, the differences in the results
obtained between the two versions are slight. We ran the
stochastic model with different population sizes and com-
pared the results with that of the deterministic model
with the same settings. The results show that there is very

0.06

o
o
a

o
o
=

o
o
@Q

Frequency of transgene
o
o
N

0.01

0
-0.1 -0.01 -0.001 -0.0001 0.0001 0.001 0.01 0.1

Selection coefficient

Figure 4 Effect of the selection coefficient and the migration rate
on the overall frequency of the transgene in the metapopulation after
15 generations. Deterministic version of the model, fraction of directly
introgressed populations (k): 0.1, rate of introgression (g): 0.05,
extinction (d): 0. The lines represent different migration rates (m),
from top to bottom: 0.2, 0.1, 0.05, 0.02, 0.01, and 0.
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little effect of population size on the overall frequency of
the transgene, except that for small populations, the over-
all frequency is somewhat lower than for large or infinite
populations (see Supporting Information). This trend
shows that in most cases, the deterministic model pro-
vides a good approximation.

Varying the fraction of populations that are in direct
contact with the GM crop has a very straightforward
effect on the overall transgene frequency: more directly
introgressed populations simply lead to more introgres-
sion. More interesting are the consequences this has for
the effectiveness of introgression as a result of migration
and population turnover: the greater the fraction of
directly introgressed populations, the smaller the impact
of those processes on the overall frequency of the trans-
gene (results not shown). If almost all populations experi-
ence introgression from the GM crop, the frequency of
the transgene in the shared seed pool will almost equal
the frequency in the directly introgressed populations, so
migration and population turnover hardly lower the
transgene frequency in these populations.

As all transgenic crops will eventually be replaced by
new varieties, introgression of a certain transgene will
only take place for a limited number of generations.
Therefore, it is of interest to see what happens to the
transgene after introgression stops, given the frequency it
reached due to the introgression. We applied Kimura’s
(1962) equation to the results of our model after 15 gen-
erations of introgression, for various introgression rates
and selection coefficients, but without population extinc-
tion. The obtained fixation probabilities show that even
when there is a low rate of introgression and a moder-
ately low positive selection coefficient, there can be a high
probability that the transgene goes to fixation (Fig. 5).
Apparently, a very low rate of introgression suffices to
push the overall frequency of the transgene to such a level
that the force of genetic drift becomes unimportant rela-
tive to the force of selection.

When fixation probabilities are compared between sim-
ulations with and without migration, we see that the
increased transgene frequency that results from the migra-
tion has only a very small effect on the fixation probabil-
ity. In fact, plotting the fixation probabilities for a
migration rate of 0.2 produces a graph that is indistin-
guishable from the ones without migration (not shown).
In a similar vein, graphs with the probability of fixation
for negative selection coefficients were very uninformative
as the probability was indistinguishable from zero (not
shown), except for cases with a very small population size
combined with a high level of introgression and weak
selection (for more on this subject, see Kimura 1962;
Whitlock 2003; Whitlock and Gomulkiewicz 2005).
This result shows that after introgression has stopped,
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Figure 5 Fate of the transgene when introgression stops after 15
generations, such as for a genetically modified (GM) variety replace-
ment in agriculture. Stochastic version of the model, which reduces to
a pure island model after introgression stops and there is no extinc-
tion; 1000 runs, number of populations (U): 100, population size (N):
1000, fraction of directly introgressed populations (k): 0.1, migration
rate (m): 0.05, extinction (d): 0. The lines represent different selection
coefficients (s), from top to bottom: 0.1, 0.01, 0.001, 0.0001,
0.00001 and 0. (A) The overall transgene frequency after 15 genera-
tions, as a function of the introgression rate, for several values of the
selection coefficient. Note that the curves overlap for all s < 0.1. (B)
Probability that the transgene goes to fixation in the metapopulation,
following Kimura (1962), using the frequencies in graph A.

population size plays a more important role than during
introgression.

Discussion

Our results show that very small levels of introgression,
combined with a very small selective advantage for the
transgene and a moderately large population size, can
already lead to a high probability that the transgene goes
to fixation in the wild relative. A small number of genera-
tions of introgression is enough to push the transgene fre-
quency to such a level that the force of selection becomes
more important than the force of genetic drift. Figure 5
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illustrates this point well. For instance, let us consider an
introgression rate of 0.001 and a selection coefficient of
0.01. Both values are already so small that they become
hard to measure experimentally with a reasonable degree
of accuracy. Figure 5 indicates that if introgression lasts
for no more than 15 generations at this rate, the proba-
bility that the transgene will go to fixation in the wild rel-
close to 80%. Even though the selection
coefficient used here is small, this does not necessarily

ative is

mean that the likelihood of economic damage is small.
For example, if only one in a hundred populations are
treated with herbicides, a transgene for herbicide resis-
tance approximately has a selective advantage of about
1%. However, it may in total result in considerable eco-
nomical damage if the species is widespread. In most
cases where the transgene is under negative selection in
natural populations, the probability of fixation after
introgression becomes very close to zero, even though the
transgene may reach appreciable frequencies during intro-
gression. The only exceptions to this are the cases where
selection is very weak or population sizes are very small,
indicating that negative selection on the transgene may
only present a problem at the metapopulation level when
the wild relative is a rare species. However, when a spe-
cies is common but highly fragmented, negative selection
can also affect small isolated populations.

Several modelling studies that have investigated intro-
gression from GM plants into natural populations have
focused on a single population of the wild relative
(Haygood et al. 2004; Walklate et al. 2004; Damgaard
and Kjellsson 2005; Kuparinen and Schurr 2007). These
studies have mostly found that even with moderate levels
of introgression, the transgene can reach appreciable fre-
quencies of up to 5% in the wild population already dur-
ing the introgression phase itself (Kuparinen and Schurr
2007). Like the present study, Haygood et al. (2004)
looked at the fixation probability of a transgene under
positive selection, though they did this in a single-popula-
tion system. They found that the probability of fixation
can be high even for low rates and short periods of intro-
gression. Their results correspond to those of our study,
though in our case the fixation probabilities are higher as
the total effective size of a metapopulation, consisting of
many demes that all have size N, can be several orders of
magnitude larger than that of a single deme of size
N. These single-population models have also shown that
the realized introgression depends on the distance from
individual plants to the crop field (Kuparinen and Schurr
2007; Watrud et al. 2004). Therefore, gradients in trans-
gene frequency may develop within a natural population,
which in itself may influence introgression. However,
the main interest of this paper is the effect of meta-
population dynamics on the introgression process and the
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within-population dynamics that have been analysed in
these other studies have a negligible effect on the
between-population dynamics. Therefore, we feel that it is
justified to use a simplified introgression process at the
local population level, even though we are aware that the
within-population dynamics are in fact much more
complex.

Our metapopulation model also shows that increased
migration and population turnover increase the effective-
ness of transgene introgression from a GM crop into nat-
ural populations of its wild relative. These effects are
most pronounced when the rate of introgression is very
high, but are also present for lower rates of introgression.
The effect of population structure (migration) that we
found only takes place during the actual introgression
process. For the cases where there is no population
extinction, the standard island model applies once the
introgression stops and therefore, the results from Maruy-
ama (1970) apply, which show that under the island
model, the probability of fixation is independent of the
amount of population structure. Calculating the fixation
probability under different levels of migration shows that
the increase in transgene frequency that results from
migration does not translate in a drastic change in the
probability of fixation.

We did not calculate the probability of fixation for the
case where there is population extinction as this case is
much more complex. The main work on this (Whitlock
2003) only describes the probability of fixation of a new
mutation, and does not give any approximations for the
fixation probability of alleles with a higher frequency.
However, it is well known that extinction and recoloniza-
tion can lead to drastic reductions in the effective popula-
tion size (Slatkin 1977; Whitlock and Barton 1997;
Whitlock 2003; Vuilleumier et al. 2008). Using a simula-
tion approach, Vuilleumier et al. (2008) showed that this
reduction in effective population size indeed leads to a
reduction in the probability of fixation of a beneficial
allele. So regarding the risk of transgene introgression,
population extinction and recolonization work in both
ways: on the one hand, the risk increases slightly because
of the increased frequency of the transgene due to the
more effective introgression. On the other hand, popula-
tion turnover reduces the risk through a reduction of the
probability of fixation. Of these two, the reduction of the
probability of fixation through the smaller effective popu-
lation size is probably most important.

We deliberately made our model of transgene intro-
gression as simple as possible, so it would most closely
resemble the classical island model, with obvious benefits.
However, adopting this strategy means that a number of
simplifying assumptions were made. Many important
parameters that will influence the spread of a transgene
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over a wild population have been omitted, such as more
realistic population dynamics, seed banks, long-distance
pollen dispersal, and heterogeneity in the selection pres-
sure. Of course, the validity of any model is determined
by the assumptions it makes and the extent to which
any simplifications of complex processes are defensible.
Therefore, we will discuss the most important assump-
tions of the present model and how they affect our main
conclusions.

Introgression

We simplified the process of introgression by using a
fixed rate of pollination of individuals from the wild
populations by individuals from the GM crop. Such a
fixed rate is applicable, for instance, to cases where the
crop and its wild relative are genetically closely related
and crosses between them are equally successful as crosses
within the two groups (Watrud et al. 2004). However,
there are also cases where crops and their wild relatives
are genetically differentiated, often belonging to different
species or differing in ploidy level. Because of such differ-
entiation, hybrid breakdown is often observed, with many
possible outcomes such as the sterility of the F; genera-
tion, reduced growth and backcrossing with only a single
parental species (Ellstrand 2003). Such hybrid breakdown
can be quite severe, causing the actual introgression rate
to be much lower than the hybridization rate (Ellstrand
et al. 1999). Our model does not consider such complex
effects of hybridization, but the fixed rate of introgression
used can be seen as the ‘realized’ rate of introgression in
which hybrid breakdown effects are already accounted
for. A similar argument can be made for the transgene
containment strategies that have often been suggested
(see Brunner et al. 2007 for an overview). An example of
such a containment strategy is the induction of male ste-
rility in the transgenic crop, which directly prevents pol-
len flow from the crop to the wild population. However,
as no such system will ever be completely failsafe, the risk
of transgene escape will be determined by the amount of
leakage of the system (Haygood et al. 2004). Like hybrid
breakdown, such leakage can be incorporated in our
model as a simple downscaling of the introgression rate.
For example, Haygood et al. (2004) consider a hybridiza-
tion rate of 0.1 and a leakage of 0.025 to be plausible val-
ues, together with a selection coefficient of 0.1. For our
model, these values translate into an introgression rate of
0.0025, with a probability of fixation of 1 after 15 genera-
tions of introgression (Fig. 5). Therefore, adding a more
complex system of hybridization and introgression will
not qualitatively change the main outcomes of the pres-
ent model, though they may have a large quantitative
effect.
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Another simplification that we made in the process of
introgression is that we assumed only short-distance dis-
persal of the pollen from the crop-field into an adjacent
natural population. This is realistic for some crops but
certainly not for all: for example many wind-pollinated
species such as trees or grasses can have pollen dispersal
distances that equal or surpass that of their seeds
(Watrud et al. 2004; Robledo-Arnuncio and Gil 2005;
Fénart et al. 2007). Plantations of GM poplars have
already been established in China, and their release in
North America is expected in the near future (Strauss
et al. 2001). The main reason for not including long-
distance pollen dispersal in our model is that we were
mostly interested in the effect of population structure on
the introgression process, and we believe it is of relatively
minor importance whether the connectivity between
populations stems from seed dispersal or pollen dispersal.
Furthermore, the impact of long distance pollen dispersal
is expected to be small, as in the relatively rare event, that
pollen from the GM crop reaches a distant population it
may not necessarily be able to hybridize with the present
wild relatives. In other words, the contribution of long-
distance pollen dispersal is determined by the product of
its rate and the introgression rate.

Many studies have analysed the possibility of hybridiza-
tion between crop species and their wild relatives. As the
observed rates of hybridization vary strongly between
taxa, a ‘typical’ value, or even a ‘typical range’ for the rate
of introgression cannot be given. One of the best studied
systems is oilseed rape (Brassica napus), which can
hybridize with both of its progenitor species, Brassica
rapa and Brassica oleracea. In this system, the observed
rates of spontaneous hybridization are quite low at
around 1% (Scott and Wilkinson 1999). Furthermore,
there is a difference in ploidy between the allotetraploid
B. napus and the two diploid progenitor species, causing
hybrid breakdown so that backcrossing the F1 to parental
species may cause a reduction in fitness (Hauser et al.
1998). Effective rates of introgression from oilseed rape
into natural populations of B. rapa and B. oleracea are
therefore expected to be low. On the other hand, volun-
teers of oilseed rape itself are important weeds in many
crop fields and many feral populations of oilseed rape
have been established. The risks of transgene escape are
much higher here, and indeed herbicide resistant feral
populations, originating from transgenic oilseed rape, are
frequently encountered and cause economic damage (Hall
et al. 2000; Senior and Dale 2002; Warwick et al. 2003).

Selection
We modelled selection to be the same across all popula-

tions of the wild relative. Whether this assumption is
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realistic depends to a large extent on the fitness effect that
the transgene has on individuals and on the interaction
between the transgene and the environment. This simpli-
fication may, for example, be realistic in cases where the
transgene conveys resistance to herbivores, such as the
often-used Cry genes from Bacillus thuringiensis (Snow
et al. 2003). As the targeted herbivores are usually wide-
spread, an escaped transgene is expected to provide a fit-
ness advantage in nearly all populations of the wild
relative. The simple selection model that we used is how-
ever less realistic for transgenes that provide herbicide
resistance, another often used trait. Usually, only a small
fraction of the natural populations of a species are treated
with herbicides, namely those that exist in or close to
agricultural fields to which the herbicide is applied. In
that case, the transgene gives a large fitness advantage to
introgressed individuals from such treated populations,
but may be selectively neutral or provide a disadvantage
to individuals from untreated populations (Meagher et al.
2003).

Studies on the actual fitness effect of transgenes in nat-
ural populations show that these are largely variable
between species and transgenes (see Chapman and Burke
2006 for a review). However, assessing the effect experi-
mentally is difficult as the actual fitness of individuals
that carry the transgene may be strongly context depen-
dent. For example, an insecticidal Bt-gene, when intro-
gressed from GM crop sunflowers into wild sunflowers,
resulted in an average fitness increase of 14% in Colorado
and a 55% increase in Nebraska (Snow et al. 2003). Fur-
thermore, as noted above, the selective pressure may not
always be present; so it is also important to measure any
possible negative fitness effects of the transgene in the
absence of the selection pressure. An example of such a
broad study is the case of a transgene conferring resis-
tance to white mould in sunflower (Burke and Rieseberg
2003). In this study, the transgene was found to indeed
provide resistance in crop-wild hybrids, with no negative
fitness effect in the absence of infection. However, the
effect of the disease varied between locations and as a
result, the mould-resistance provided by the transgene
did not translate into a higher reproductive fitness.

The study of the selection coefficient across different
ecological contexts is especially important as such hetero-
geneity strongly impacts the spread of the transgene. The-
oretical studies have shown that such spatially varying
selection increases the probability of fixation of an allele
under positive selection, compared to homogeneous selec-
tion with an equivalent average selection coefficient
(Whitlock and Gomulkiewicz 2005; Vuilleumier et al.
2008). Populations where selection for the transgene is
strong have a disproportional effect on the overall fixa-
tion probability as they act as buffer populations where
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an allele is much less likely to become extinct due to
drift.

Metapopulation dynamics

Perhaps the most stringent assumptions made by our
model concern the metapopulation dynamics: the model
is non-spatial, has fixed population sizes, and has a sim-
ple model of extinction and recolonization. In spite of
these assumptions, the island model (Wright 1930), on
which our model is based, is probably the most often
used model in population genetics and is generally found
to work surprisingly well (Felsenstein 2004). More realis-
tic population models that do include spatial structure or
different population sizes generally lead to a lower effec-
tive population size, and hence to a lower probability of
fixation for beneficial alleles and a higher probability for
deleterious alleles (Whitlock and Barton 1997; Whitlock
2003; Whitlock and Gomulkiewicz 2005). Below, we make
some predictions about the effects of such complex meta-
population dynamics on the effectiveness of introgression,
though there is a need to study these issues in more
detail.

Adding an explicit spatial population structure will
most likely not influence our conclusions very much. The
effectiveness of introgression is influenced by the popula-
tion structure as migration removes some transgenes from
the directly introgressed populations and replaces them
with wildtype alleles from the populations that are not in
direct contact with the GM crop. This process will also
take place when migration is spatially restricted, unless all
directly introgressed populations are clustered together. A
similar prediction can be made for adding pollen flow
between populations. Our model assumes that all migra-
tion takes place through the movement of seeds, but of
course there are many plant species in which long dis-
tance dispersal takes place through pollen. However, one
of the main outcomes of our model is that migration
enhances the effectiveness of introgression, and we believe
that it is of minor importance whether the migration
takes place though seeds or through pollen and the rela-
tive proportion of each. Thus, migration through pollen
can simply be taken into account by scaling up, in our
model, the migration rate parameter.

Relaxing the assumption that all populations have the
same size will also have only a moderate impact on the
effectiveness of the introgression as long as there is a fixed
rate of introgression. In reality, however, the rate of
introgression is expected to be linked to the ratio between
the size of the crop field and the population size of the
wild species directly affected by introgression: if the wild
population is very small compared with the crop, the
individuals are swamped by pollen and may be more
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likely to hybridize with the crop. If the wild population is
large, there may be enough conspecific pollen for an effi-
cient dilution effect and hybridization may be less likely.

The lack of a seed bank in our model is not realistic for
most wild relatives of crop species. As a majority of these
species is annual, a seed bank is an important part of their
life-history. The main effect of a seed bank is that it causes
an increase in the species’ effective population size. This
increase is proportional to the average time to germination
of seeds in the seed bank (Nunney 2002). Thus, the longer
the seeds remain viable in the seed bank, the larger the
effective population size. As only a part of this larger effec-
tive population is at one time directly exposed to introgres-
sion, this is equivalent to scaling the introgression rate
down. On the other hand, a seed bank may cause a slight
increase in the effectiveness of the introgression in a similar
same way as migration does. When introgression starts, the
seed bank is completely filled with wildtype alleles, but dur-
ing introgression seeds containing the transgene are stored
in the seed bank and the standing population is partly
replenished with wildtype individuals from the seed bank.
This keeps the transgene frequency in the standing popula-
tion relatively low and therefore increases the effectiveness
of the introgression. This latter effect of the seedbank will
mostly be present when the duration of the introgression is
relatively short compared to the average time to seed ger-
mination. Combined, the increase in the effective popula-
tion size due to the seed bank is expected to have a much
larger impact than the increase in the effectiveness of intro-
gression.

Conclusions

Using a metapopulation model in which only a subset of
populations is in direct contact with the GM crop, we
found that population structure and population turnover
impact the effectiveness of transgene introgression: more
migration between populations or a higher extinction rate
of populations leads to higher overall frequencies of the
transgene. Furthermore, using analytical approximations
under an island demographic model, we confirmed that
earlier results showing that even very low levels of intro-
gression and positive selection can lead to a high proba-
bility that the transgene goes to fixation in the
metapopulation of the wild relative (Haygood et al.
2004). However, the increase in the transgene frequency
that results from the population structure does not have
a significant effect on the probability of fixation. Evi-
dently, the island model of population structure that we
used is an abstraction, and the results may be different
for other, more realistic models of population structure.
Nevertheless, we believe that relaxing the model’s assump-
tions does not qualitatively change our main results about
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the effect of metapopulation dynamics on the effective-
ness of introgression. However, for quantitative predic-
tions of the outcome of transgene introgression under
specific scenarios, more precise metapopulation models of
transgene introgression are needed. Furthermore, it is
important to study in more detail the effect of population
turnover and population structure on the probability that
the transgene goes to fixation.

The results of our model have important implications
for GM risk assessment. They show that a comprehensive
risk assessment strategy should not only include analyses
of the realized introgression rate, the survival of the
hybrids, and the fitness effect of the transgene (Wilkinson
et al. 2003a), but also an analysis of the effective size of
the metapopulation of the wild relative, the rate of popu-
lation turnover and the rate of migration between the
populations.
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Figure S1 The frequency of the transgene (P,) after 25
generations of introgression, for several different values of
the selection coefficient (s), rate of introgression (g),
migration rate (m), and population size (N).
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