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SUMMARY

In this paper the possibilities are indicated to model the

introgression of a domestication gene, especially a transgene, into a

wild plant population. The entire process of introgression consists of

two phases, i.e. gene flow by pollen (hybridization) or by seed

(escape), and establishment. A literature survey demonstrated that a

lot of information is available on the first phase (gene flow),

although seed dispersal is less studied than pollen dispersal. The

second phase of introgression (establishment) is hardly studied in a

quantitative way. It is important to focus further research on fitness

effects of establishment, because even at low levels of gene flow a

(trans)gene will finally succeed in entering a wild population. In this

paper several parts of a simulation model are described. In case of

small wild populations a stochastic model should be used in order to

account for genetic drift.
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INTROGRESSION: GENE FLOW AND ESTABLISHMENT

The process of introgression can be divided into two phases: gene flow and establish-

ment. Pollen and seeds as two different vectors are involved in this process (Fig. 1). In

biosafety studies emphasis was predominantly on the first phase, i.e. gene flow from a

transgenic or, in general a domesticated, cultivar to a wild relative. However, the spread
of a novel (trans)gene does not depend exclusively on the rate of hybridization. The

success of a genein a natural environment depends greatly on the selective advantage of

the individuals carrying the gene.

In order to acquire information on the relative importance of gene flow, either by

pollen (hybridization) or by seed (escape), and of establishment (naturalizing), an

analysis was carried out (Van Raamsdonk 1995), based primarily on the relevant data

from De Vries et al. (1992) with respect to 36 crop species and some genera. In the study

of De Vries et al. (1992) hybridization frequency was estimatedby checking intermediate

plants among herbarium material and in literature reports, i.e. hybridization was used

to refer to pollen flow. Escape events were traced by checking for domesticated plants

in the mentioned sources, which were collected under non-cultivated circumstances

(De Vries et al. 1992). Their data, supplemented with some data obtained from other

sources, were subjected to a principal component analysis in order to find the

correlation between the parameters frequency of hybridization, escape frequency.
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In a simulation study on establishmentof a herbicide resistance gene, Reboud (1992)

paid special attention to the hybridization barrier between the crop and its weedy

relative, leading to, for example, sterility of the hybrids. He concluded that the

hybridization barrier plays a major role in limiting the gene transfer from the crop to the

weed. Hybridization can result in the establishment of a novel gene in a recipient

population and in the development of weedy populations. Intermediateweeds occur in

relation to a range of different crops and weedy populations can act as a gene pool for

further backcrossing to wild relatives of a particular crop (Van Raamsdonk & Van der

Maesen 1996). Hybridization will not necessarily lead to introductionof novel genes in

the recipient population. The introduction depends on the fitness effect of each novel

gene (Fig. 1).

In this paper we will discuss both stages of introgression. Attention will be paid

primarily to two crop examples: Beta vulgaris (beet) and Daucus carota (carrot). After

Fig. 1. A: Relationship between the two phases of introgression (gene flow, establishment) and the vectors

involved (seed, pollen). B: Brief summary of the most importantmechanisms for ecological biosafety matters

(network display after Van Raamsdonk, 1993).

possibility of establishment of hybrids, occurrence of wild relatives in The Netherlands,

and possibility of naturalizing (Van Raamsdonk 1995). The possibility of hybridization

(i.e. pollen transfer) showed higher correlation coefficients with the other parameters

than the possibility of escape (i.e. seed transfer). As a result of these correlations, the

distribution of the 36 crop species in the principal component plot was predominantly

determinedby the hybridization frequency, indicating that pollen transfer plays a more

important role than seed transfer (Van Raamsdonk 1995).
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a brief introduction to the domestication background of these crops, gene flow, gene

establishment and the design of fitness measuring experiments will be discussed.

SURVEY OF CROP CHARACTERISTICS

Several characteristics make a crop suitable for research on introgression and establish-

ment in the framework of biosafety studies. Data on gene flow (first phase of

introgression, Fig. 1) are already available in many crops. Since restricted gene flow

between crops and their wild relatives will limit the possibility of studying gene

establishment (Lavigne 1994), unrestricted gene flow will allow us to focus on the second

phase: spread and establishmentof a transgene withina population. First-year flowering

may enhance the rate of establishment of genes in a population. Finally, a case study
based on a crop of which transgenic varieties are already available will result in

conclusions which can be directly applied for support of decisions on transgenic variety

release. So, the following prerequisites should be met:

• predominantly outcrossing;

• absence of reproductive barriers between crop and wild relative;

• first-year flowering (whether or not after vernalization); and

• foreseen releases of transgenic plants.

Two of the crops which confirm to these requirements are Beta vulgaris (beet,

cross-pollinated by wind) and Daucus carota (carrot, cross-pollinated by insects).

DOMESTICATION BACKGROUND OF BEET AND CARROT

In order to properly evaluate establishment of genes ineither weedy or wild populations,

some information on the domestication background of beet and carrot will be given.
The cultivation and introduction of beet (red beet or beetroot) to new areas in

northern Europe was accompanied by artificial selection, which resulted in the types

fodder beet, beet root and sugar beet (Campbell 1976; Fig. 2). It is not known whether

the more modern sugar beet cultivars originated from crosses between Silesian sugar

beet varieties and types of B. maritima or from selection within the Silesian beets

(Bosemark 1993). All species and varieties of section Beta, i.e. all close relatives of beet,

are interfertilewitheach other (Eijlander 1989). A system of self-incompatibility is based

on four interacting S-loci with two alleles each (Bosemark 1993). An experiment with

one beet plant in a circle of six other plants each carrying a homozygous dominant

marker (anthocyanin in the stem) resulted in 100% F, seedlings from the centre plant,

i.e. in complete cross pollination (Wellensiek 1943). Beet is grown as a biennial crop.

This is achieved by using exclusively cultivars with a high vernalization requirement.

Bolters, i.e. plants which flower in their first year, can occur, but modern cultivars have

a fairly low bolting incidence. Several reasons for bolting are assumed. It can be caused

either by early sowing in cold springs of plants, therewith vernalizing the plants

(Bosemark 1993), or by hybridization with weedy or wild relatives with a low

vernalization requirement (Ford-Lloyd & Hawkes 1986). Two different genetic systems

of vernalization requirement are currently recognized, i.e. one gene with two alleles

(qualitative system with Mendelian segregation; Letschert 1993), or quantitative

regulation based on a set of genes (Abegg 1936; Boudry et al. 1993). At least a major
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gene B is available, where the genotypes BB and Bb flower in the first year without

vernalization. Wild beets in the Mediterranean area flower without vernalization and

are therefore supposed to carry the B allele.

In Daucus, the most common wild subspecies ssp. carota and the domesticated ssp.

sativus are completely interfertile. The species is outbreeding and self-fertilization is

prevented by protandry (Banga 1976). Hybridization experiments were carried out

successfully (Brandenburg, 1981). Intensive unintentional crossing and introgression of

wild and cultivated carrots have been reported (Dale 1974; Brandenburg 1981; Small

1978, 1984; Wijnheimer et al. 1989). In eastern Europe introgression of domesticated

traits from purple-rooted carrots is observed. The possibility of observing this intro-

gression may be due to the very primitive background of this purple-coloured carrot,

referred to as ‘eastern carrot’ (Small 1984). On the other hand, domesticated characters

are hardly found in Canadian weed and wild populations (Small 1978). Hybrid plants

in a wild population in The Netherlands had difficulties establishing, and second

generation offspring hardly survived (Brandenburg 1981). The existence of wild, but

presumably F, populations as may be deduced from an experiment of Leveque de

Vilmorin (1886) also points to successful introgression. Leveque de Vilmorin (1886)

were able to breed domesticated carrots from a wild population in a few generations.
Similar results have not been achieved since then in similar experiments. The most

likely explanation is that Leveque de Vilmorin used the segregating offspring of a

contaminated(i.e. L[) population (Brandenburg 1981; Van Raamsdonk 1986).

Fig. 2. Domestication history of beet. (network display after Van Raamsdonk,

1995).

Beta vulgaris ssp. vulgaris
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GENE FLOW

Two vectors are of importance for geneflow: seed and pollen (Fig. 1). Major differences

between seed and pollen as carriers of genetic informationare the size, which is one of

the determinantsof dispersal distance, and the genetic content. Seeds, being diploid, are

independent propagules for establishing new plants, whereas pollen is normally

haploid, which implies that transfer is successful only when an appropriate receptor

plant is available. A difference between gene flow either by pollen or seeds, is that

cytoplasmic inherited genes are usually transferred by seeds only (Rieseberg &

Brunsfeld 1992). The occurrence of, for instance, cytoplasmic male sterility can

therefore be used as indicator for the direction of gene flow. Gene flow by pollen

accounts for considerable gene flow as is indicated in a number of studies (reviewed in

Ellstrand & Hoffman 1990; Klinger et al. 1991; Van Raamsdonk 1995). In several

papers pollen is implicitly assumed as vector for gene flow (e.g. Ellstrand & Hoffman

1990; Wilson 1990). Nonetheless this information, seed dispersal, including dispersal by

artificial means (trade, soil transport), also needs significant attention when discussing

gene flow, but quantitative data on seed dispersal is scarce. In Beta vulgaris in northern

France seed dispersal appeared to occur within distances less than 100 metres.

Calculations indicated that pollen dispersal is 60-90 times as large as natural seed

dispersal (Cuguen, pers. comm.). Seed dispersal by man can occur at much larger
distances than natural seed dispersal, since northern France weed beet populations

originated from hybridization in south west France seed production fields (Boudry

et al. 1993).

Pollen flow by wind

The dispersal of pollen by wind can formally be described in several ways. Two simple

equations that may be used for curve fitting to describe pollen dispersion are the inverse

power model and the negative exponential model (Fig. 3). Comparison of the success of

these models in fitting data does not indicate a clear preference for either equation (Fitt

& McCartney 1986). The curves of Beta vulgaris as displayed in Fig. 4 fit better to the

negative exponential model.

Fig. 3. Pollen density in dependenceon distance to the pollen source. A: Inverse power model; B: negative

exponential model, a and b have arbitrary values.



74 L. W. D. VAN RAAMSDONK AND H. J. SCHOUTEN

© 1997 Royal Botanical Society of The Netherlands, Ada Bot. Neerl 46, 69-84

A mechanistic approach that is used most widely is provided by the Gaussian

plume model (Fig. 5). This model has been used for describing the dispersion of air

pollutants around smokestacks, but they have also been applied to spore dispersal (e.g.

Aylor 1986; De Jong et al. 1990, 1991). The Gaussian plume model is based on the

normal probability distribution. The normal probability distribution is given by a

bell-shaped curve whose equation is:
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Fig. 4. A: Dispersal ofwind-borne pollen ofbeet and grasses. Percentages indicate the amount of pollen found

at regular intervals outside the population relative to the amount of pollen within the blooming population

(Jensen & Bogh, 1941). B: Interpopulationalmating in beet. The percentages indicate the part of the total seed

lot produced by a population after pollinationwith marker containing pollen of a specially designed donor

populationat several distances. Shaded area: variation caused by different wind directions (Schneider, 1944).

Fig. 5. Illustration of the Gaussian plume model, describing wind dispersal of pollen
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where P is the probability density function, a
2

is the variance of P and x is the spread

at a given distance s from the source. The factor iNln included so that the total area

under the curve from x= — oo to x= + oo will be equal to unity. Although the Gaussian

plume model has several restrictions (see KNMI 1979, pp. 166-168), it appears to be the

most widely used model for wind dispersal. The Gaussian plume model deals here with

dilution and spread of a pollen cloud. For estimations of gene flow from crops to wild

vegetations, estimations are needed on the number of pollen that depart from the crops

relatively to that number from the wild plants, and the spatial distributionof the wild

plants. If differences exist in timing of pollen release by crops and wild populations a

correction may be needed when simulating fertilization competition by pollen from

crops and pollen from wild plants.
At a distance of 1000 metres from the source windborne pollen of beet and grasses

could still be detected (Fig. 5). Effective interpopulational mating in beet, expressed as

percentage of seeds with a paternal parent from outside the population, was found at

distances up to 606 metres (Fig. 5). Madsen (1994) carried out an experiment with a

donor population of B. vulgaris var. conditiva (red beet) and receptor populations of B.

vulgaris ssp. maritima in the directions E, ENE and ESE at several distances between

9.4 m and 75 m. Westerly wind was predominant. The interpopulational mating rate

ranged from 3-6% at 9-4 m to 0-06-0-31% at 75 m. These interpopulational mating rates

are surprisingly low compared to other wind pollinators (reviewed in Van Raamsdonk

1995). Interpopulation mating rates at distances between 50 m and 122m ranged from

8% to 88% in the case of Phlox and Pinus (Ellstrand & Hoffman 1990). Pollen flow over

distances of several kilometres has been traced around seed production fields of beet

(van Dijk, pers. comm.). The comparability of the experimental results depends on the

set-up of the experiment, on the absolute numbers of the donorand receptor plants, and

on the ratio between these two numbers.

Bidirectional introgression was traced between wild and domesticatedbeets (Santoni

& Berville 1992). A specific ribosomal DNA marker was present in 12 of 13 B. vulgaris

var. maritima plants, whereas bolters in four of five production fields showed rDNA

markers of B. vulgaris var. maritima. The absence of these markers in the bolters of the

fifth field was explained by assuming a hybrid origin of the
‘ B. vulgaris var. maritima’

pollen donors surrounding this field (Santoni & Berville 1992). The isolation require-

ment for the production of basic seed is 1000 m, and for the production of certified seed

between 300 m and 1000 m depending on the circumstances and ploidy level (Reheul

1987a; Santoni & Berville 1992; Bosemark 1993). Raybould & Gray (1993) stated an

isolation requirement of 3200 m in beet.

Pollenflow by insects

Manasse (1992) used a special case of the negative exponential model as a frequency

distribution for gene flow via pollen dispersal by insects:

S

P =
-e

b

b
(2)

Manasse (1992) estimated the factor b of the curve fitting models (Fig. 3) for dispersal

of a marker gene in Brassica campestris. The pollen that contained the marker gene were

spread by insects, mostly honey bees. He showed that at high plant densities the gene
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flow was on average less far than at low densities. Apparently, the insects flew further

ifless flowers were available. Manasse(1992) also tested less parsimonious equations in

the exponential family containing more parameters, but obtained no significantly better

fits to his gene flow data. Kareiva et al. (1994) tested a Weibull probability function. In

case of the negative exponential model the probability of a pollen of being deposited is

constant when carried away from its source, whereas in the Weibull function the

probability of deposition varies with distance away from the pollen source. A more

explanatory model for honeybee movement is the ‘advection-diffusion equation’

(Okubo & Levin 1980). This model breaks movement into two components: random

movement (‘diffusion’ similar to Equation 2) and directed movement because of

attraction by flowers (advection). Kareiva et al. (1991) combined this model for bee

movement with pollen deposition at a constant relative rate according to the negative

exponential model. This combined model predicted that with declining distances

between plants, bee movement and gene flow would also decline. This corresponded

with their experimental results.

From experiments with carrot (Gary et al. 1972, 1977) it appeared that the advection

component is important. Bees from apiaries at the borders of a carrot field (17 ha) and

an adjacent onion (Allium cepa) field (2 ha) showed a slight tendency to forage more

frequently on onion flowers, but bees from more distantly located apiaries (up to

6117 m) visited carrot flowers much more frequently. The mean foraging distance of

bees on carrot was 1663 m (range: 121-6117 m), which was much higher than on onion

(557 m; range: 41-4346 m; Gary et al. 1972). Carrot appeared to have the most

attractive flowers compared to onion and safflower (Carthamus tinctorius), as far as may

be concluded from the foraging distances of bees (Gary et al. 1977). Gary et al. (1972)
found a considerable inter-field foraging of bees of the same colony. The minimal

isolation distance for fodder carrot in The Netherlands is 500 m for basic seed and

300 m for certified seed (Reheul 1987b). Raybould & Gray (1993) stated an isolation

requirement of 900 m in carrot.

GENE ESTABLISHMENT AND SPREAD

Even at relatively low hybridization rates a domestication gene will finally enter a

population of a wild relative. In the second phase of introgression, i.e. establishmentand

spread of the gene, the effect on the fitness of the individuals carrying the gene is very

important (Fig. 1). The gene will gradually be lost in the population when it has a

negative fitness effect. A domestication genewith a fitness enhancing effect will generally

suffer from a domesticated genetic background, which may have a decreasing fitness

effect (Regal 1994; Dale 1994). However, if the hybrid can produce some offspring after

backcrossing with wild representatives in the population, segregation and recombi-

nation will result in a loss of the fitness decreasing genetic background. This process will

increase the total fitness of the plants carrying the gene in subsequent generations

(Gregorius & Steiner 1993; Regal 1994; Kareiva et al. 1994) resulting in increased

adaptation to new environments or in genetic pollution (Fig. lb). Even a limited

selective disadvantage of a gene can be compensated by recurrent gene flow or genetic
drift (Dobzhansky et al. 1977; Hancock 1992; Tomiuk & Loeschke 1993). Recurrent

gene flow can even result in such a serious fitness decrease that it can cause extinction

of wild populations (Williamson 1993). The contribution to the seed bank of seeds
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containing transgenes can cause effects after years due to seed dormancy and persistence

(Linder & Schmit 1994; Dale 1994).

Models of establishment

Although there is a vast amount of population genetic theory on modelling natural

selection, there are only a few publications on modelling establishmentof transgenes. A

combinedapproach which provides informationon changes in bothallele frequency and

population size was not published. Therefore, such a model has been developed by

applying parts of population genetic theory on modelling establishment of transgenes.

Genotype frequencies in the course of timecan be calculated by using the equation for

the Hardy Weinberg equilibrium, if several parameters values are known. Several

underlying assumptions for the model are: a diploid organism which is reproducing

sexually with non-overlapping generations, absence of genetic drift and mutation and

presence of mendelian segregation. The selection coefficient will be applied to the plant

stage, i.e. gamete selection is excluded.

Consider in a numerical example a pollen flow from a transgenic crop to a fully
inter-fertilewild population of flowering plants, with 50% of the pollen from the crop

containing one copy of a transgene A. Further it is assumed here that 20% of the pollen
that fertilize the wild plants are from the transgenic crop. Then the initial frequency

of the transgene A among the male gametes ps equals (0-5)(0-2)=0T. The frequency of

male gametes without the transgene, qs
equals (1 - pf)=\ — 01=0-9 (Fig. 6). After this

single geneflow event the crop is removed and, hence, the establishmentof the transgene

depends on its selective advantage. Assuming that A behaves as a dominant gene with

a selective advantage to
= 0-1, the ratio AA:Aa:aa changes from 0:0-1:0-9 at the beginning

of the generation time, into (0 x 11):(01 x 1-1):0-9 at the end of the generation time.

These latter data can be normalized to frequencies by dividing by the sum: P(AA)- 0,

P(Aa)-0l09, and P(aa) = 0-891. From the genotype frequencies the gene frequencies of

the new gametes can be derived:p9
= P(AA)+0-5 7> and q%= 1 -/7$

=0 9455

and the share of A in the next generation can be calculated.

Fig. 6. An example of the establishment of a fitness-enhancing transgene in a wild population after growing
a transgenic crop during one growing seasononly at t=0. The curve is a continuation of the numerical

example given in the text.
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In Fig. 6 the frequency of plants that harbour the transgene is given in case of

presence of the transgenic crop during the first year only. Note that the frequency of the

transgene continues to increase although the crop has been removed. Fitness enhancing

genes have a permanent effect on the wild population. Fitness reducing genes of the

domesticationbackground of the hybrids are removed by recombination and selection,

therewith having a temporal effect only.

The model can be run for different levels of gene flow, different fitness-values, etc.

giving quantitative insight. Recurrent gene flow, mutation and genetic drift can be

added to this model.

Genetic drift

In the above-described selection model an infinitepopulation size is assumed. If the wild

population is small, ‘chance’ factors may play a significant role. This may give rise to

remarkable deviations from expected gene frequencies. To account for this phenom-

enon, called random genetic drift, calculations for small populations should be executed

at the level of individual plants, rather than at the population level. By repeating the

calculations for all plants separately, the stochastic behaviour of the small population

can be studied. This is called a stochastic model, whereas the model described in the

previous section is a deterministicmodel. For stochastic simulations random numbers

can be used. This procedure is also applied for other processes during which chance

plays a role, such as probability of survival and reproduction in dependence of fitness.

The calculations are repeated for all plants in the population, and average frequencies

are subsequently calculated. Each new run for all plants provides a result that deviates

to some extent from the expected result, because of chance. By running the model a

number of times, using the same parameter values, insight is gained into the extent of

fluctuations caused by random genetic drift.

Modelling population size

Andow (1994) provided several examples of pest introductions that dramatically

influenced local plant communities by nearly eradicating a plant species in the

introduction area. Analogously, introduction of a novel resistance gene may dramati-

cally change a plant community. If primary consumers strongly suppress the population

size of a plant species in a wild vegetation, then the introduction of an effective

resistance genemight enhance the fitness of the plants strongly, therewith increasing the

size of the plants’ population significantly. The effects of fitness alterations on

population size can be incorporated in the above described simulation model. Figure 7

shows an expectation of the course of the size of a wild population after a gene flow from

a transgenic crop during one season. Stochastic fluctuations are left aside. In Fig. 7 it is

assumed that a numberof domestication genes enter the wild population after a pollen

flow. The majority of these genes are fitness-reducing or fitness-neutral, resulting into a

decrease of the population size. Some of the genes, however, are fitness-enhancing, such

as a genethat provide resistance to a pest or disease that suppresses the population size.

During the first generations after the gene flow, the fitness-reducing genes will be

removed by selection, but the frequency of fitness-enhancing geneswill increase. Finally

the average fitness and population size will be higher than before the occurrence of the

gene flow. If a fitness-enhancing gene is linked to one or more fitness-reducing genes

because of location on the same chromosome, then increase of the population size will
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be delayed. All these effects can very well be simulated. In this approach population

genetics are linked to population dynamics. To the authors’ knowledge this is new to

risk assessment studies of transgenic plants.

Spread

A novel and fitness-enhancing gene that is introduced into a plant population will

increase in frequency and will spread through the population. Both gene flow and fitness

effects influence the velocity of spread through a population. The velocity of the

invasion front is expressed in distance per time unit. Kareiva (1990) and Manasse &

Kareiva (1991) reviewed and used theoretical equations from Fisher, Weinberger and

others in order to obtain an equation that describes the speed of the invasion front.

Fisher (1937) used a model in which spread is related to gene diffusion and to selection

rate. Fisher’s ‘diffusion and selection’ equation predicts an asymptotic spread of the

introduced gene in the form of a travelling wave with an asymptotic rate of spread.

Manasse & Kareiva (1991) preferred a later-developed model by Weinberger that

required less strict assumptions, and elaborated that model numerically. They concluded

that virtually all spread models predict that at first the rate of spread will be slow and

will gradually accelerate to some asymptotic maximum rate in a uniformenvironment.

Van den Bosch et al. (1988) discovered the same phenomenon for focus expansion in

plant diseases.

Establishment in weedy populations

Reboud (1992) made a simulationmodel for the dynamics of a herbicide resistance gene

that escaped from a crop to a weed in a verge along the crop. Fie did not focus on wild

populations. Reboud (1992) assumed in his model that the weedy plants that are closely

related to the crop are very numerous in the verge (infinitive), and therefore he ignored

random genetic drift. He simulated the frequency of the herbicide resistance genotypes

in the verge at equilibrium, which was assumed to be attained after200 generations. The

Fig. 7. Expected course of the size of a wild population after entrance of a series of domestication genes from

a crop (see text).



L. W. D. VAN RAAMSDONK AND H. J. SCHOUTEN80

© 1997 Royal Botanical Society of The Netherlands, Acta Bot. Neerl. 46, 69-84

model was not tailored to a specific plant species. Although reproductive isolation

appeared to be important, in some situations even a poor compatibility results in a high

frequency of resistant weeds after 200 generations. According to his model this is the

case if the plant is an outbreeder, if there is a strong pollen flow and seed flow, if

resistant individuals show no decrease in fitness when the herbicide is not used, and if

segregation in the F
2 generation restores phenotypically wild plants (Reboud 1992).

Lavigne (1994) concluded that ‘a nuclear transgene would be more of a problem than a

recessive or cytoplasmic one if it escapes from the crop’. Her models also indicated that

interactions between parameters may play an important role, even on a short term. This

would hamper simple predictions. In both beet and carrot weedy populations have been

established, although with a different origin and genetic background. Some information

is available on the genetics of these populations. The origin and evolution of weed beets

are extensively studied in north western Europe, because of their economic problems

(Hornsey & Arnold 1979; Evans & Weir 1981; Ford-Lloyd & Hawkes 1986; Boudry

et al. 1993; Gliddon 1994). Ford-Lloyd & Hawkes (1986) recognized three categories of

weed beets, of which two are of importance for biosafety studies: (a) so-called volunteer

beets or bolters, genetically identical to domesticated beet, but with a relatively low

vernalizationrequirement, and (b) conspecific wild forms (ssp. maritima), including their

hybrids with domesticated beet. In both categories (a) and (b) the bolting allele B, i.e.

the ability to flower in the first year of growing, is abundant.

Carrot is not indigenous in the New World. The escape from cultivation and

establishment of weedy carrots in Canada with wild characters such as colourless,

non-edible roots and bolting (the absence of vernalization requirement; Small 1978),

indicates that wild type alleles remained in the domesticated carrot, presumably as

recessive alleles in heterozygous plants. A high level of heterozygosity was indeed

demonstrated in four common cultivars (St Pierre & Bayer 1991). The wild type allele

of the bolting gene appeared to be recessive (Wijnheimer et al. 1989). Carrot is grown

as a biennial crop. The biennial habit is dominant in carrot, which is in contrast to the

dominant annual habit in beet. Therefore, heterozygous (i.e. hybrid) plants are

unrecognizable in the carrot field and seed lots can contain unknown frequencies of the

unwanted recessive, ‘annual’ allele. The dominance of the absence of vernalization

requirement can be one of the causes for the difficulty to recognize weedy carrot

populations, contrary to the abundance in beet.

MEASURING FITNESS

Good estimations of fitness effects of domestication genes and of linkage between genes

that affect fitness are required in order to validate a simulationmodel. Transgenic plants

have often been tested, but unfortunately these experiments are not suited for fitness

estimations as needed for a simulation model. Until now, only a few experiments were

reported of which certain aspects are useful for this goal. The most elaborateexperiment

was carried out by Crawley et al. (1993). They used experiment with a herbicide

resistance line (Basta® resistance) and a kanamycin resistance line of Brassica napus

ssp. oleifera (oilseed rape ‘Westar’) in three subsequent years (1990, 1991 and 1992) in

12 different habitats at three different sites in England, with four replicates per

site/habitat. In absence of selective pressure, i.e. without applying the appropriate

herbicide, transgenic rape seed is not more invasive or more persistent in natural

habitats than conventionally bred lines. This experiment has been the object of
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much debate (Kareiva 1993; Miller et al. 1993, 1994; Crawley 1993, 1994), but the

experimental design can be used as basis for improved tests.

In an experiment by Fredshavn et al. (1995), attempting to estimate mter-specific

competitive ability, plants of Brassica napus ssp. oleifera (oilseed rape) transgenic and

non-transgenic lines were planted in mixed plots of different densities with the more

aggressive crucifer (Sinapis alba). It was concluded that the relationship between yield

of the oilseed rape and density was not different between the transgenic and non-

transgenic varieties.

An experiment comparable to that of Crawley et al. (1993) was carried out by Madsen

(1994) using three different types of Beta plants: hybrids between a glyphosate tolerant

transgenic sugarbeet line and B. vulgaris ssp. maritima (sea beet), a non-transgenic

sugarbeet line and B. vulgaris ssp. maritima itself. The plants were planted in

monocultures in a series of mixed plots (plant ratios of 1:1, 1:4, 4:1) with three densities.

The above-ground biomass (fresh weight) was used as measurement for competitive

ability. Both sugar beet and the hybrid seem to show a somewhat higher competitive

ability than sea beet in the sea beet population plots. An important drawback of this

experiment is that the fresh root weight was not measured, while the rate of investment

in root biomass is a major difference between sugar beet and sea beet (Madsen 1994).

Experiments for measuring interspecific competition with Beta vulgaris var. altissima

(sugar beet) resistant to Beet Necrotic Yellow VeinVirus (BNYVV) were carried out by
Bartsch et al. (1995, 1996). Competitive ability was measured by using mixed plots with

Chenopodium album. Three types of beet plants were used: a transgenic test line with

BNYVV resistance, a genetically comparable control line, and a conventionally bred

BNYVV tolerant cultivar. Test plots were sown on a BNYVV infested field and on a

non-infested field. In the 1993 experiment at the infested field, i.e. with selection, the

fresh weight production of the transgenic resistant line was comparable to that of the

susceptible control. However, in the 1994 experiment the fresh weight production was

intermediate between the control and the conventionally bred tolerant cultivar.

According to Bartsch et al. (1996), an increasingly additive ecological advantage of the

transgenic test line can be noticed. The conventionally bred cultivar showed the highest

production in all experiments due to an optimal breeding result. No significant
differences were found between the three lines at the non-infested field (Bartsch et al.

1995, 1996).

It is apparent that in the experiment with selective pressure by Bartsch et al. (1996) the

transgene had a fitness-enhancing effect. On the other hand, in the experiments without

selective advantage of the transgenic lines (Crawley et al. 1993; Madsen 1994; Fredshavn

et al. 1995; Bartsch et al. 1996) it is not surprising to discover that there is no enhancing
effect on fitness of a character when the selective pressure is absent.

Reboud & Till-Bottraud(1991) found a fitness reduction between nearly isogenic lines

of Setaria italica (foxtail millet) with and without a herbicide resistance gene. This

fitness reduction of the resistant plants appeared to be density dependent and increased

with density in a competition experiment. In this experiment selective pressure was not

applied by using the herbicide (Reboud & Till-Bottraud 1991) and the fitness reduction

can be due to genetic load. Small negative effects of a transgene on fitness by the absence

of the selective agent can be compensated by a very small continuous gene flow from

other populations which contain the transgene (i.e. the domesticatedrelative of a wild

population; Dobzhansky et at. 1977) or by correlated response (hitch-hiking by linkage

to fitness-enhancing genes; Price & Langen 1992).
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CONCLUDING REMARKS

A computer model for simulating gene flow and establishment, including the effect of

fitness on allele frequencies and population size, can be developed. A stochastic

approach is preferred in order to be able to include genetic drift since wild populations

are often small. The few risk assessment models available usually focus on effects of

fitness on genotype frequencies, but never calculate the effects on the size of the wild

population. The effects of fitness changes on population size particularly may be of more

interest to decision makers than changes in genotype frequencies.
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