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Intention and Scope of the Case Study Oilseed Rape
(Brassica napus)

SPAGE (Self-Propagating Artificial Genetic Element) technologies allow for a pro-
liferation of genetic information on the population level at a higher rate than usual
Mendelian inheritance. Currently projected developments of SPAGE mainly aim at
a reduction or suppression of animal populations which are considered to be harmful
or undesirable (Oye et al. 2014). However, the application of SPAGE is not lim-
ited to animals only. In principle, also plant populations can be targeted (National
Academies of Sciences 2016). The GeneTip case study on oilseed rape (Brassica
napus) is intended to assess, which interactions play a role in a plant-specific context
to address relevant ecological interactions that need to be fully explored in order to
estimate potential risks. For such an assessment, oilseed rape is of particular interest
though no application developments are known to be currently on the way. Apart
from that, first experiments for instance increased shatter resistance to avoid seed
loss during harvest are already in development (Braatz et al. 2017).

Brassica napus exhibits relatively well studied environmental interaction types
that are prototypic for many other plants, in particular addressing relations of cul-
tivation and genetic exchange with feral and weedy species (Landbo et al. 1996;
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Pascher et al. 2006, 2010, 2017). It is one of the species that has its centre of ori-
gin in Europe, and thus a specific responsibility of the European Union to secure
sustainability conditions for related wild species may be implied. An analysis of
the environmental network of oilseed rape helps to understand the context that is of
comparable importance with the prerequisites for various other plant species.

Oilseed rape exemplifies the following risk relevant relations:

The plant is a main crop in Central European areas with significant economic value.
It is traded world-wide to a relevant economic extent. Oilseed rape has a variety
of technical uses including biodiesel or lubricant for industrial machinery (Moser
et al. 2013). It is most widely applied for food (e.g. edible oil, honey) as well as
in animal feed (Sarwar et al. 2013). The pollen of the plant is dispersed over very
large distances by wind and insects, in rare cases even up to 26 km (Devaux et al.
2005; Ramsay et al. 2003). Not only does oilseed rape frequently grow as a volun-
teer and establish feral populations, it also forms seed banks, which are viable for
up to 15–20 years (D’Hertefeldt et al. 2008; Lutman 1993; Schlink 1998a, b). Its far
reaching spatio-temporal spread and persistence is further coupled with a remark-
able extent of hybridisation potential to a large number of related species within
the Brassica genus and partly even to other genera such as Raphanus, Sinapis and
Erucastrum (Chèvre et al. 2004). Gene flow is rather well studied and models on the
population dynamics exist (Colbach et al. 2001a, b; Habekotté 1997a; Middelhoff
et al. 2011). Furthermore, extensive studies on the occurrence of transgene escapees
from genetically modified (GM) oilseed rape cultivation and in countries without
cultivation of GM oilseed rape have been conducted (Knispel and McLachlan 2010;
Simard et al. 2005; Warwick et al. 2003, 2008; Yoshimura et al. 2006). It was also
shown, that a self-organised formation of gene stacking can occur in the wild, accu-
mulating unassessed combinations of transgenes even within a very short period
of time (Hall et al. 2000; Warwick et al. 2008). Beyond that, there is a still largely
unknown hybridization network to othermembers of the Brassicaceae family, involv-
ing bridge species (Eschmann-Grupe et al. 2003; Sobrino-Vesperinas 1988). From
invasion biology it is known that plants can undergo an adaptation phase while they
persist unrecognised before they expand in range and frequency (cp. Prentis et al.
2008).

The intention of this case study is to consider and accumulate potential cause-
effect pathways to be studied in a plant context, which provides some differences
compared to animal application of SPAGE techniques.

Oilseed Rape—Biological and Ecological Characteristics

Brassica napus is an allotetraploid combination of its two diploid parent species
Brassica rapa and Brassica oleracea. As both wild parent species used to appear
on the coasts of the Atlantic Ocean and the North Sea, several records suggest that
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amphiploid oilseed rape forms derived from the crossbreeding ofB. rapa andB. oler-
acea have occurred several times at different sites and with different forms of diploid
parents (Song et al. 1990). Comparative genome analyses indicate that the diploid
species B. nigra, B. rapa and B. oleracea are derived from hexaploid ancestors.

The oldest archaeological documented findings of oilseed rape in Europe date
back to the thirteenth century. There is no evidence for a wild parental species of
the crop (Chalhoub et al. 2014). It is assumed that Brassica napus has its origin in
the Mediterranean, the common distribution area resulting in a B. napus geno- and
phenotype have been exemplified (Körber-Grohne 1995). Due to its origin, B. napus
is well adapted to the Mediterranean and central European climate conditions.

Although oilseed rape has characteristics of wild plants such as seed dormancy
and adaptation of seed germination capacity to the annual cycle, it does not exist as a
wild plant (Ammann and Vogel 1999). Janchen (1972), Adler et al. (1993) describe
oilseed rape as largely cultivation dependent, although long-term persistence of feral
populations has already been confirmed in several European countries (France: e.g.
Pessel et al. 2001;GreatBritain: e.g.Crawley andBrown2004;Germany: e.g.Menzel
2006; Austria: e.g. Pascher et al. 2010; Netherlands: e.g. Tamis and De Jong 2010).

Besides feral oilseed rapewhich grows on landfills, along roadsides, and in ruderal
sites, the so-called volunteer oilseed rape grows as a weed in fields in subsequent
crop rotations. This is due to the oilseed rape’s secondary dormancy allowing it to
remain in the seed banks for multiple years. Up to twelve volunteer oilseed rape
plants per 21.6 m2 were found by (Förster et al. 1998) on former oilseed rape fields
in subsequent crops. Thus, volunteers represent an essential factor which needs to be
considered in risk assessment of transgenic crop varieties (Pekrun et al. 1998). For
instance, 70% of the oilseed rape seeds stored in the soil were still able to germinate
after 1.5 years and up to 58% even after five years (Schlink 1998a, b, 1994). Due
to the secondary dormancy, germination capacity can even be maintained for more
than 10 years in deeper soil layers. Such high survival rates are otherwise achieved
only by weed seeds (Mayer et al. 1995).

Oilseed rape as a di-genomic species possesses the complete genomes of its two
parental species (Fig. 5.1). For this reason, various interspecific crosses with the
parental species proved to be successful in the past (Chen et al. 1988; Gland 1982).
Hybridisation of Brassica napus subsp. napus with other closely related species has
been demonstrated several times (e.g. Kerlan et al. 1992; OECD 1997; Scheffler and
Dale 1994). In order to successfully hybridise two species, the polyploidy level of
the female plant has to be at least as high as that of the male pollen donating plant.
Therefore, oilseed rape as a tetraploid plant often performs better as a pollen acceptor
than as a pollen donor in hybridisation events with related diploid species (Harberd
and McArthur 1980; Sikka 1940).

Allotetraploid hybridisation due to the double genomeof oilseed rape increases the
genetic variability which can occur in the resulting hybrids. Due to backcrossingwith
the parent species, new genes can be incorporated into the gene pool (introgression).
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Fig. 5.1 Relations of selected diploid and alloploid members of the genus Brassica. Adapted from
Nagaharu 1935

Profile: Oilseed rape, Brassica napus L. (Fig. 5.2).
Location: On agricultural land: under cultivation, and as a volunteer in subsequent
crop rotations. As feral plants on landfills, along roadsides, on fallow land, former
rapeseed fields. Mainly on fresh, nutrient- and alkaline sandy or loamy soils, deep soil
with sufficient water supply.
Life form: annual to perennial.
Flower: In cultivation, the main flowering time of feral oilseed rape is between
March/April to June. Outside cultivation, flowering extends to October, sometimes
even later. Flowering usually lasts for about two to three weeks.
Fertilisation: Oilseed rape is self-compatible and high levels of self-pollination (up
to 70–80%) were described. Its brightly coloured petals, productive nectaries, the fra-
grance, the protogyny and the outwardly open anthers already indicate its potential for
cross-pollination, which is conferred by insects; wind pollination also occurs and is
responsible for pollen distributions over large distances up to 26 km (Ramsey et al.
2003).
Fruit: The fruits are up to 8 cm long and up to 4 mm thick, with a 1–2 cm long beak.
At the time of the harvest, there are about 30–50 plants per square meter in the field.
Each plant produces 7–10 lateral shoots and 120–200 pods.
Seeds: Each pod contains about 18–30 small, one millimetre large, spherical seeds.
Plants produce more than 1000–1400 seeds. Thousand grain weight (TGW) is approx.
5 g.
Germination:Germination is rapid and uniform. Seeds survive in the soil by secondary
dormancyvaries depending on the germination temperature, the light supply, the variety
and the season. B. napus is frost resistant down to about −15 to −20 °C.
Phenotypic plasticity:Depending on exposition, climatic conditions and nutrient sup-
ply, plants can considerably vary in height, branching and number of pods (between
one single up to several hundreds.

(profile adapted from Breckling et al. 2004).
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Fig. 5.2 Flowering oilseed rape

Production, Uses and Genetic Modification

Oilseed rape is one of the first crops of which genetically modified varieties were
grown on a large scale. Multiple varieties with various properties, in particular her-
bicide resistance have been developed. Genetically modified oilseed rape varieties
have been grown in the USA and Canada since 1996 (ISAAA 2017), and in Aus-
tralia since 2008 (James 2015). In the EU, albeit there have been 383 field trials in
11 countries,1 there are so far only approvals for import of GM oilseed rape as food
and feed, but not for commercial cultivation inside the EU. Table 5.1 lists the top
rapeseed producing countries concerning the mass and area of cultivated rapeseed.
If known, the estimated percentage of GM rapeseed is given.

Up until the 1970s, due to its high erucic acid and glucosinolate contents, oilseed
rape could hardly be used for consumption. Since 1974, however, LEAR-varieties
(low erucic acid rapeseed) with an erucic acid content below 2% became avail-
able. Developed in Canada, double low varieties with low erucic acid and almost
no glucosinolate contents were bred by traditional means (canola). This allowed the
increased use of the oil and seed protein feed for non-ruminating animals such as
pig and chicken. Next to the widely cultivated double low varieties, HEAR—(high
erucic acid rapeseed), HO—(high oleic acid), HOLLi—(High oleic, low linoleic),
and triple-zero varieties exist. The latter in addition to the low erucic acid and
glucosinolate contents, is also low in fibre content.

1https://gmoinfo.jrc.ec.europa.eu/overview-plants.aspx.

https://gmoinfo.jrc.ec.europa.eu/overview-plants.aspx
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Table 5.1 Top oilseed rape producers and cultivation areas in 2016 (FAOSTAT, ISAAA, USDA)

Country Produced rapeseed /tonnes Cultivated area /ha GMO Percentage

Canada 18,423,600 7,990,300 93%

China 15,281,624 7,614,543

India 6,797,000 5,762,000

France 4,727,961 1,550,720

Germany 4,579,600 1,325,700

Australia 2,944,000 2,357,000 23%

Poland 2,219,270 826,946

United Kingdom 1,775,000 579,000

United States 1,403,650 686,440 90%

Czech Republic 1,359,125 392,991

Romania 1,292,779 455,048

Ukraine 1,153,910 449,930

Russia 998,932 911,849

Hungary 608,700 222,085

Oilseed rape has a wide range of applications such as cooking oil, ingredient
of cosmetics but also pesticides, biofuels, etc. It is the third-largest used source of
vegetable oil in the world (USDA 2018) followed by soybeans and oil palms (Kumar
et al. 2007; Langhof and Rühl 2017).

Potential Hybridisation Partners

Besides oilseed rape’s capability to persist in the seed bank and re-emerge either as
feral or volunteer, the plant also has multiple potential hybridisation partners. With
decreasing likelihood of hybridisation according to a study in Austria (Pascher et al.
2000), these are:

Turnip Brassica rapa (feral): partental species
Cabbage Brassica oleracea (feral): parental species
Longstalked rape Brassica elongata
Brown mustard Brassica juncea
Black mustard Brassica nigra
Haddick Raphanus raphanistrum
Wild mustard Sinapis arvensis
White mustard Sinapis alba
Perennial wall-rocket Diplotaxis tenuifolia
Annual wall-rocket Diplotaxis muralis
Radish Raphanus sativus
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Garden rocket Eruca sativa
Watercress dogmustard Erucastrum nasturtiifolium
Hairy rocket Erucastrum gallicum
Steppe cabbage Rapistrum perenne
Shortpod mustard Hirschfeldia incana (formerly Brassica geniculata)
Annual bastardcabbage Rapistrum rugosum
Austrian hare’s ear mustard Coringia austriaca
Oriental hare’s ear mustard Conringia orientalis
Tatarian cabbage Crambe tataria (endangered species in Austria, only

one location of occurence)
Hedge mustard Sisymbrium spp

Additional species for single European countries are listed in Chévre et al. (2004).
A study from Belgium (Devos et al. 2009) established a gene flow index to evalu-
ate the introgessive hybridisation potential (IHP) of each relative. They conclude
that Brassica rapa as one of the parents of oilseed rape has the highest introgres-
sive hybridisation propensity (IHP value = 11.5), followed by Hirschfeldia incana
and Raphanus raphanistrum (IHP = 6.7), Brassica juncea (IHP = 5.1), Diplotaxis
tenuifolia and Sinapis arvensis (IHP = 4.5), in Flanders.

The following paragraphs take a closer look at some of the well-documented
hybridisation partners of oilseed rape most common in Germany.

Oilseed turnip (Brassica rapa)

Brassica rapa is not only a highly developed crop but also one of the oldest crops
that was grown by man. B. rapa ssp campestris is the wild form of todays culti-
vated turnip, a breeding source of a variety of crops. Compared to oilseed rape,
turnip (Fig. 5.3) has some morphological differences (Fischbeck et al. 1982). Since
B. napus (AACC) is an allotetraploid descendant of B. rapa (AA) and B. oleracea
(CC), spontaneous interspecific hybridisation between oilseed rape and turnip occurs
frequently. Spontaneous crosses have been observed under natural conditions, among
others by Stace (2010). Successful hybridisation has also been proven under con-
trolled as well as under field conditions in different countries: Canada, England,
Denmark, New Zealand, Australia, Czech Republic, (Bing et al. 1991; Jørgensen
et al. 1996; Jørgensen and Andersen 1994; Metz et al. 1997; Mikkelsen et al. 1996;
Scott and Wilkinson 1998).

Hybridisation is most successful when oilseed rape functions as the female parent
(Scheffler and Dale 1994), but crossings in both directions are possible (Becker
1951). Jørgensen and Andersen (1994) could show an interspecific hybridisation rate
of 9–93% in crossbreeding of Brassica napus and Brassica rapa. In hybridisation
experiments between oilseed rape and turnip it was found that all F1-hybrids were
morphologically similar to oilseed rape, but showed a reduced pollen fertility of
around 55% (Warwick et al. 2003). The introgression rate of herbicide resistance
genes from oilseed rape to turnip was observed to be low (Hansen et al. 2001;
Jørgensen 1999; Norris and Sweet 2002). Interspecific hybrids are able to backcross
with B. rapa as a female parent (Jørgensen et al. 1996; Mikkelsen et al. 1996).



110 J. L. Frieß et al.

Fig. 5.3 As one of the most significant hybridization partners, Brassica rapa also occurs outside
cultivation at feral sites (Vechta 2019)

Haddick (Raphanus raphanistrum)

The haddick, also called wild radish, is native to Europe, Western Asia and parts
of Northern Africa. It is considered a wide-spread and invasive weed that grows
in summer crops, former oilseed rape fields but also in urban environments and
along roads. Raphanus raphanistrum shows a great morphological variability. Seeds
of haddick remain viable in the soil for a long time due to a restistant seed coat
(Darmency et al. 1998).

Already in 1924, intergeneric hybrids between the more distantly related gen-
era Raphanus and Brassica have been successfully produced (Karpechenko 1924).
Transgenic oilseed rape hybrids can also be created by ovary culture (Kerlan et al.
1993). Under natural conditions successful hybridisation was detected between male
sterile specimens of B. napus and R. raphanistrum (Eber et al. 1994). In that experi-
ment, frequent chromosome pairing and the presence ofmultivalent compounds have
indicated that recombination is also possible between the chromosomes of different
genomes. The recombination between the genomes of B. napus and R. raphanistrum
could also be shown experimentally (Baranger et al. 1995).

Spontaneous hybridisation of oilseed rape and haddick, even under natural field
conditions, was achieved at a relatively high frequency in France (Darmency et al.
1998) and Australia (Rieger et al. 2001). Intergeneric gene flow may occur mainly
through introgression of the transgene into the genome of the weeds (Chèvre et al.
1997).

The hybrid frequency is expected to range between 0.006 and 0.2% of the total
seeds produced (Darmency et al. 1998). Inmale sterile oilseed rape plants surrounded
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by haddick, even up to 37 hybrids per plant could be detected. Seed production of the
F1 and F2 generations even reached rates of 0.4–2% in comparison to wild haddick.

In contrast, Australian studies on gene flow between oilseed rape and haddick
showed low hybridisation rates (<4 × 10–8). When haddick acted as the maternal
partner, no hybrids were detected (Rieger et al. 2001).

Perennial wall-rocket (Diplotaxis tenuifolia) and Annual wall-rocket (Diplotaxis
muralis).

The genusDiplotaxis encompasses around 30 species.Diplotaxis is spread across the
warmerWest Eurasian as well as in the East Africanmountains. Its centre of diversity
lies in the south-western Mediterranean area (Eschmann-Grupe et al. 2003).

Diplotaxis tenuifolia occurs in moderately dry ruderal areas, which can be found
especially in harbour areas, on railways or increasingly in urban areas but also in
farmland. It is one of the four species in Austria with the highest hybridisation
probability with oilseed rape due to the close genetic relationship and the frequent
occurrence (Pascher et al. 2000).Hybridisation eventswith oilseed rapewere reported
by Ringdahl et al. (1987). Similar to Diplotaxis muralis, hybridisation with oilseed
rape as a female parent was unsuccessful (Salisbury 1989). The crossing between
D. muralis andD. tenuifolia produced a successful F1-generation (Eschmann-Grupe
et al. 2003; Sobrino-Vesperinas 1988), so hybridisations with Diplotaxis sp. and
oilseed rape might also create viable hybrids via such “bridges”.

D.muralis prefersmoderately dry soils and can be found on short-livedweedfields
and, as the name implies, close to walls. In a crossing experiment by Ringdahl et al.
(1987), a total of 285 flowers of 9 Diplotaxis plants were pollinated with oilseed
rape pollen. 157 pods (60.1%) with 607 seeds were formed, 31 (5.1%) of these
seeds were hybrids(Ringdahl et al. 1987). In Australia, Diplotaxis muralis produces
viable but sterile hybrids after forced pollination with oilseed rape pollen. The cross
yielded 0.054 seeds per pollinated flower (Salisbury 1991). In contrast to the results
of (Salisbury 1989) attempts of hybridisation with oilseed rape as a female parent
produced hybrids in studies by Bijral and Sharma (1996).

Conclusions on Gene Flow Potential

There are numerous, widely distributed hybridisation partners with a high level of
cross-fertilisation within the Brassicaceae family—almost exclusively among the
species of the tribe Brassiceae—which makes the formation of intra- and interspe-
cific hybrids quite common (Chèvre et al. 2004). Large-scale cultivation of trans-
genic oilseed rape over several years supports the formation of hybrids and thus
the propagation of transgenes. It can establish feral populations at ruderal sites and
occasionally even in natural habitats such as river banks (Pascher et al. 2000, 2017;
Pascher and Gollmann 1999). Also, the persistence of oilseed rape seeds in the soil
is an essential factor. There are various studies with different results concerning the
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distribution of pollen or hybridisation frequencies of related crossing partners of
oilseed rape. For instance, the outcrossing rates of the same plant species differ by
several orders of magnitude in different experiments. Furthermore, the frequency
of naturally occurring gene transfer varies to a large extent not only between plant
families and species, but also between populations, individuals and even from year to
year, hinting at the importance of the current environmental conditions such as tem-
peratures and moisture during ‘pollen rain’, wind force and direction, size of donor
and receiver population, distance etc. or different test setup (e.g. Gliddon 1999).

Finally, knowledge about distribution, abundance and flowering times of sin-
gle relevant species are indispensable. In the GenEERA project (2001−2004), the
cultivation sites of oilseed rape and the co-occurrences of potential hybridisation
partners in the vicinity was assessed and quantified in maps and geostatistically eval-
uated for typical Northern German landscapes and an urban area, the city of Bremen.
Figure 5.4a shows the cultivation situation. Figure 5.4b indicates the approx. 500 km2

that were visited in all publicly accessible areas to map the number of oilseed rape
single plants and populations as well as its potential hybridisation partners.

Pests and Pathogens

As the Brassica species are important native components of many ecosystems in
temperate climate, they provide forage for a large number of invertebrates and several
other organisms such as mice and birds (Organisation for Economic Co-operation
and Development OECD 2012). Herbivory is an important limiting factor in the
commercial crop production ofBrassica species (Kimber andMcGregor 1995; Lamb
1989).

Oilseed rape is also targeted by a wide range of pathogens, bacterial, fungal,
viral, phytoplasmal, andmiscellaneous other diseases. Three diseases are particularly
dangerous, because they are pandemic and have a potential for major crop injury.
These fungal diseases are blackleg, also known as stem canker, Sclerotinia stem
rot and clubroot. The conventional development of resistant varieties is difficult
due to the multi race pathogenicity (Organisation for Economic Co-operation and
Development OECD 2012).

Pollen Transfer and Gene Flow

Oilseed rape fields produce pollen for about three weeks, depending on the particular
weather conditions. Brassica napus is self-fertile. But since the stigma is mature
around three days before and after the anther, cross-pollination is also well possible.
Therefore, seed formation mainly consists of a mixture of cross- and self-pollination
of variable ratios. The ratio of cross fertilisation depends on various factors such as
the weather at the time of flowering and the genetic predisposition of the lineages
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�Fig. 5.4 a Satellite image of the surroundings of Bremen (Landsat) from May 2001. Oilseed rape
fields aremarked in yellow. The border of Bremen is indicated as a thin red line. Areas visited during
the field survey are surrounded by a yellow line. From: (Menzel and Born 2004, p. 43). b Number
of hybridisation partners mapped during the field survey in 2001. Solid Black line: Bremen city
limit. Light grey lines: Main traffic axes. The colour code refers to the number of species (oilseed
rape and hybridisation partners) found in the respective grid element (1 km2). It is apparent that
the central urban region harbours the highest species number of the considered plant group. From:
Menzel and Born (2004, p. 31)

(Hühn and Rakow 1979). Exact details of the quantitative effect of individual factors
are not available in the literature and the estimates for self- and cross-pollination
vary greatly. For instance, Hühn and Rakow (1979) assume that self-pollination
accounts for an average of two-thirds of oilseed rape. Timmons et al. (1995) reported
outcrossing rates of 5–55% based on various data from the literature under field
conditions. Neemann and Scherwaß (1999) assume an average cross-fertilisation
rate of 20–30%. Other authors report the outcrossing rate in rapeseed to be 5–30%
(Rakow and Woods 1987), 22–36% (Scheffler et al. 1993) or 41% (Lavigne et al.
1998).

Oilseed rape pollen is more or less spherical with a diameter of 25 µm. Their size
corresponds approximately to the size of many fungal spores, which are distributed
primarily by wind (McCartney and Lacey 1991). A yield reduction of 33–50% in
oilseed rape flowering under windless conditions in a greenhouse experiment sug-
gests that wind also plays a role in the pollination of oilseed rape, especially for long
distance dispersal (Timmons et al. 1995). Furthermore, it is reported that good yields
can be achieved even in the absence of insects (Wilkinson et al. 1995). The attractive
flowers of oilseed rape are mainly pollinated by insects, honey bees play a significant
role in pollination (Gerdemann-Knörck and Tegeder 1997). To secure purity of the
varieties in seed production, isolation distances of 100m for certified seed and 200m
for basic seed are required in the EU (Ingram 2000). In Austria, although several
international scientists suggest an isolation distance of 4 km considering 26 km as
maximum investigated confirmed pollen dispersal distance (Ramsey et al. 2003),
isolation distances of only 200 m for lineage varieties and 500 m for hybrid varieties
are put in practice (Pascher and Dolezel 2005). The aim of this measure is not an
absolute avoidance of gene flow, but a limitation as efficient as possible.

Pollen transport depends on various factors such as the respective lineage, the
location and season (Raybould and Gray 1993). Also, seed spillage is a significant
factor, since on the one hand large amounts of seed loss occur during harvest of
oilseed rape are lost in the field [30–40 kg/ha (Gerdemann-Knörck and Tegeder
1997)]. Because of the small seed size seeds are regularly spilled during transport
and handling activities (Adolphi 1995; Crawley et al. 1993; Franzaring et al. 2008;
Pascher et al. 2017; Warwick 1997).

These circumstances lead to an almost ubiquitous occurrence of oilseed rape in the
farmland and to the situation that oilseed rape plants combine the characteristics of
different oilseed rape lineages or varieties. For genetically modified varieties, (Hall
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et al. 2000) described the occurrence of plant individuals with multiple herbicide
resistances in a location where varieties with different single resistances were grown.
In this case, the triple resistant individuals were detected up to a distance of 550 m
from the putative pollen source.

Gene Flow by Airborne Pollen Transport

Although information on the spread of oilseed rape pollen exists, there are no quan-
titative data on the proportions or the respective influencing factors available in the
literature. However, a large number of influencing factors (Ingram 2000; Treu and
Emberlin 2000) as well as optimal conditions for high and low outcrossing rates (Feil
and Schmid 2001) are compiled. It is estimated that under typical weather condi-
tions in Britain (wind speed of 2 m/s, with convection currents), a potential pollen
drift of almost 172.8 km is possible within 24 h (7.2 km/h). Even a pollen transport
over 864 km would be possible within one day with wind speeds of 10 m/s. There-
fore, it is not surprising that pollen can be detected in the air above the middle of
the Atlantic Ocean (Treu and Emberlin 2000). However, only a small amount of the
released pollen drifts and no quantitative data on the long distance spread of pollen is
available. Factors influencing the quantity of pollen accredited to regional gene flow
may be the type of plant and variety characteristics, the current weather conditions
(particularly wind conditions) and the time of pollination, especially the time of the
day. For example, at night, there are different conditions for pollination than during
the day. At night, the long-distance transmission of pollen (regional gene flow) is
usually lower (McCartney and Lacey 1991).

Furthermore, the landscape configuration has a dominant influence on the extent of
local geneflowbetween crops andwild relatives (Squire et al. 1999). The rate of cross-
breeding from more distant sources is higher when there are no local pollen sources.
The highest pollen concentrations occur on days with intense insolation and strong
wind (McCartney and Lacey 1991). Correspondingly, a reduction in the amount of
detected oilseed rape pollen to 1.4% compared to the previous year was attributed to
heavy rainfalls and high humidity in the second year (Scott 1970 referenced by Treu
and Emberlin 2000). With the two factors humidity and more significantly the wind,
a correlation to the pollen concentration but not to the relation between wind speed
and distance could be found. Instead, it is suspected that upward air movements are
crucial for the pollens’ trajectory (compare viable maize pollen in 1.8 km height),
while wind speeds play a minor role (Feil and Schmid 2001). Moreover, the main
wind direction plays a major role. Messeguer et al. (2006) assessed the influence of
wind for maize cross-pollination.
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Lineage-Specific Factors of Actual Gene Flow

Beside the factors that influence potential gene flow, the actual entry of pollen
into plant populations (actual gene flow via pollen) are influenced by additional
factors. These factors are also dependent on the oilseed rape lineage such as
flowering periods of donor and receptor populations, outcrossing rates, self- and
cross-fertilisation rates, hybridisation rates, pollen life-span and morphological
characteristics regarding the compatibility of pollen and stigma.

Outcrossing rates observed in fertile oilseed rape are not transferable to male
sterile oilseed rape used for hybrid seed production. Conversely, observations with
male sterile recipients or those incapable of self-fertilisation cannot be transferred to
male fertile of self-pollinating populations (Ingram 2000).

Hybrid varieties, such as Synergy, appear to be particularly prone to introgression
(Simpson et al. 1999), as they worked with male sterile plants and the cultivated crop
regularly contained male sterile plants. However, in some hybrid varieties, fertility
in the growing crop is mostly restored (not always completely), so foreign pollen in
turn has to compete with local pollen (Ingram 2000).

Not-Lineage-Specific Factors of Actual Gene Flow

The following factors influence the competitive situation between the pollen of the
receptor population and ‘foreign’ pollen. This competitive relationship is a significant
factor which pollen fertilises the flowers of the receptor population. These factors
are the geographic distance to plants and receptor populations, crop density and size
ratio of donor to receptor populations (Feil and Schmid 2001) as well as competition
between own and foreign pollen arrived at the stigma and growing towards the ovary.

Gene Flow via Pollen Transport by Insects

Insects play the most important role in the fertilisation of oilseed rape. Some farmers
even pay beekeepers to set up beehives near their fields. This is of special impor-
tance for sterile hybrid crops (Ramsey et al. 1999) which, for instance, account for
approximately 75% of the oilseed rape varieties in Austria. All of the GM oilseed
rape varieties are hybrids. The relatively high sugar concentration in the nectar of
the plant attracts bees and other insects over long distances (Ramsey et al. 1999;
Saure et al. 1999a, b). Honey bees provide 90% of insect pollination in oilseed rape
(Mesquida et al. 1988). However, solitary bees and bumblebees, if they occur, are
comparably efficient in pollination. Other species such as dipterans, butterflies and
beetles occur less frequently and have a lower pollination performance (Mesquida
et al. 1988; Saure et al. 1999a, b).
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Information on insect flight distances vary greatly. The data on the flight distances
of honey bees range from 600 m (Osborne et al. 1999) over 2 or 5 km ( according
to beekeepers) and 2.75 and 4.6 miles (4.42 and 7.4 km) (Eckert 1933) up to 14 km
(Saure et al. 1999a, b). Clustering radii of up to 6 km, which would correspond to
an area of up to 100 km2 around a hive were observed (Waddington et al. 1994).
For solitary bees with a small body size, flight distances of 200 m, up to 800 m for
sand bees, and 2 km for bumblebees were measured (Saure et al. 1999a, b). Bees
can carry up to 60,000 oilseed rape pollen on their body in addition to the pollen in
their pollen sacs. In the hive, worker bees clean each other. Thereby, pollen transfer
to other bees takes place. Thus, bees leaving the hive probably carry a mixture of
fertile pollen on their bodies (Ramsey et al. 1999).

In summary, the high variability concerning data on the flight activity of insects
also have an unpredictable influence on gene flow. Insect activity is reduced during
cold, wet, cloudy and stormyweather. Reduced insect activity is also observed during
an especially hot and dry year (Brown and Brown 1996).

The extrapolation from small- to large-scale experiments is considered as difficult.
For instance, a small pollen source experiment extrapolated 2–11% of the original
pollen level 100 m from the pollen source. But a large-scale study showed pollen
densities of 27–69% at 100 m distance from an oilseed rape field (Timmons et al.
1995; Wilkinson et al. 1995). Therefore, the extrapolation from small pollen sources
to the field level is problematic (Wilkinson et al. 1995). However, small-scale experi-
ments yield valuable results, if the gene flow from or into small stocks is considered.
Prime examples for this would be feral oilseed rape populations also descending
from transport losses as well as volunteer populations.

Seed Persistence and Germination in Oilseed Rape

Apart fromB. napus capability to spread its geneticmaterial bypollen, also volunteers
acting as transgene donors due to seed persistence have to be considered. It is argued
that the risk of spread of e.g. the pat-gene (glufosinate resistance gene) by threshing
losses at harvest and volunteering in the next cultivation cycle is much higher than
by pollen transport (Fischbeck 1998). Therefore, the seed persistence of oilseed rape
plays a major role in its gene flow pattern. Thereby, not only the persistence over
time but also the spatial distribution of seeds has to be taken into account.

In oilseed rape fields, on average 200–300 kg of grain per hectare remain after
harvest (Pekrun et al. 1998). Whereas, the optimal sowing rates are as low as 60–
90 seeds/m2 (Männer 2000). In Northern Germany, however, occurrence of 400 vol-
unteers/m2 is not uncommon (Gerdemann-Knörck and Tegeder 1997). In Southern
Germany, 0–202 seeds/m2 were observed one to six years after oilseed rape cultiva-
tion. Whereby, seed counts above 100 occurred only at locations, where unusually
large quantities of lost oilseed rape were left on the field due to late harvesting or hail
(Roller et al. 2001). Other studies even report 10,000 lost seeds/m2 (Lutman 1993).
This amount of persistent seeds has an apparent impact on volunteer emergence.
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Norris et al. (1999) observed that in the United Kingdom, the number of volunteer
plants can vary greatly from one area to another. This depends on details of the
agricultural practice.

For instance, it was observed that an erucic acid content of less than two percent
was achieved only seven years after a switch to an erucic acid free oilseed rape
variety (Sauremann 1987) referenced by (Schlink 1994). Also, a growth of oilseed
rape varieties cultivated ten years ago could be found (Röbbelen 1986) referenced by
Schlink (1994). It could be shown in experiments that after ten years on average 0.5%
of the buried seeds survived. The maximum survival was 4.7%. Of those persistent
seeds, over 96% sprouted and developed viable seedlings within four days after being
exposed to daylight on the soil surface (Schlink 1998b).

These high persistence probabilities of above 70% over a one-and-a-half-year
period and nearly 60% after five years in the soil resemble those of weed seeds. Also
a change in the germination rate in the annual cycle is more characteristic for wild
plants (Pekrun et al. 1997). Due to the traits of his two wild parental species, oilseed
rape has maintained ‘weedy’ characteristics (Schlink 1994).

The long-term survival of B. napus seeds and resulting volunteers is attributable
to dormancy. Dormancy grants seeds the ability to survive for extended periods of
time in the soil also under changing environmental conditions. Seeds are defined to
be dormant, if they do not germinate under the optimum environmental conditions
and an additional factor or environmental stimulus is required for germination. There
is a distinction between primary and secondary dormancy. The primary dormancy
prevents germinations on the mother plant and up to a certain period of time after the
seed has dropped. Secondary dormancy on the other hand, is induced by unfavourable
environmental conditions on the swollen seeds and can either be broken by specific
environmental stimuli or degraded over a longer time period. Thereby, a clear dis-
tinction between primary and second dormancy is not always possible and dormancy
should not be confused with quiescence. Quiescence happens, when seeds do not
germinate as a result of adverse environmental conditions e.g. lack of water, air or
due to unfavourable temperatures. Influencing factors for germination and survival
are listed in Table 5.2.

Genetic Modifications in Oilseed Rape

Oilseed rape is one of the first crops that were genetically modified. Several vari-
eties were tested, deliberately released and commercialised. Most of them confer
herbicide resistances to a number of active ingredients, among of which glyphosate,
glufosinate, bromoxynil and others. Also varieties with altered plant metabolism, in
particular fatty acid composition, and male sterility have been created. Moreover,
Bt-Insect toxicity (Halfhill et al. 2002) as well as growth form (Gressel 1999; Reuter
et al. 2008), and various other traits have been tested so far. A survey of genetic modi-
fications, including oilseed rape is provided by theFood andAgricultureOrganisation
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Table 5.2 Factors that influence seed survival and germination

Seed survival influencing factors Seed germination influencing factors

Variety characteristics Variety characteristics

Year of the seed burial Time of the year

Storage duration in the soil Storage duration in the soil

The depth at which the seed is stored in the
soil

Water supply

Soil conditions Soil conditions

Habitat Temperature

Storage temperature before storage in the soil Light availability

Duration of stress factors
(see Pekrun, Lutman et al. 1997b)

Short-term light exposure while Otherwise in
darkness

Amplitude in temperature changes
(see Pekrun Lutman et al. 1997b, c)

Stratification

Age of the seeds Drying

of the United Nations (FAO2), by the Biosafety Clearing House mechanism of the
Biosafety Convention (Cartagena Protocol3) and for deliberate release and placing
on the market of GMO by the Joint Research Centre of the European Union.4

Persistence of Genetically Modified Oilseed Rape Outside
Fields

Breckling and Menzel (2004) discussed the following implications in the light of
transgenic oilseed rape persistence. They discuss general implications, effects on
agriculture and cultivation implications and effects on biodiversity and wildlife.

General Implications

If no additional fitness differences occur, (Breckling and Menzel 2004) conclude,
transgenic oilseed rapewould be likely to disperse aswidely as conventional varieties
with regard to the ecological and physiological characteristics of the species. Wild

2https://www.fao.org/food/food-safety-quality/gm-foods-platform/en/, https://www.fao.org/food/
food-safety-quality/gm-foods-platform/browse-information-by/commodity/commodity-details/
en/?com=38947.
3https://bch.cbd.int/database/organisms/default.shtml, https://bch.cbd.int/database/results?
searchid=742060.
4https://gmoinfo.jrc.ec.europa.eu/Default.aspx, https://gmoinfo.jrc.ec.europa.eu/gmp_browse.
aspx.

https://www.fao.org/food/food-safety-quality/gm-foods-platform/en/
https://www.fao.org/food/food-safety-quality/gm-foods-platform/browse-information-by/commodity/commodity-details/en/?com=38947
https://bch.cbd.int/database/organisms/default.shtml
https://bch.cbd.int/database/results?searchid=742060
https://gmoinfo.jrc.ec.europa.eu/Default.aspx
https://gmoinfo.jrc.ec.europa.eu/gmp_browse.aspx
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Fig. 5.5 Escape from cultivation: single oilseed rape plant growing on the margin of a cereal filed
in Goldenstedt, Lower Saxony (Germany) 2017

populations of B. napus receive a steady input due to seed losses from cultivation,
seed transport by vehicles, animals (e.g. wild boar) or man. Buried seeds from the
soil seed bank eventually emerge when soil substrate is transported and redeployed.
All these factors support sustaining of feral populations. Based on the empirical
observation, that urban feral sites are important as centres of occurrence for oilseed
rape as well as for potential hybridisation partners (Menzel 2006, see also Fig. 5.5),
It is argued that the conditions for genetic interaction (i.e. cross-pollination) are
largely provided not only in rural but also in urban environments. The conditions
for a fixation of genetic traits seem even more favourable in urban environments
due to the smaller population sizes (Klinger and Ellstrand 1994). Since oilseed rape
frequently grows along traffic axes and seeds are transported attached to car tires, a
rapid translocation seems possible. If an invasive potential should be acquired, cars
would strongly contribute to large distance transport. von der Lippe and Kowarik
(2007) demonstrated this in an empirical investigation.

Agricultural Implications

Concerning agricultural implications, it is argued that the introduction of transgenic,
herbicide resistant varieties would require important changes of the general agricul-
tural practice, for GMO growers and neighbouring conventional fields. Considering
the issue of the pesticide treadmill, (Breckling andMenzel 2004) state that due to the
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fact that harvest seed losses occur on the field to a large extent (Cramer 1990), herbi-
cide resistance will lose efficiency in volunteer control leading to a reduced number
of active herbicide compounds available for weed management and volunteer con-
trol. They further elaborate that since pollen transfer is efficient over large distances
(Treu and Emberlin 2000), cross-pollination-conferred GM-contamination of neigh-
bouring fields regularly occurs. Thus, seed losses in subsequent generations could
cause weed management problems, even if the level of contamination may remain
below the legal threshold (Pekrun 1994). Tracing the origin of crop contamination to
a specific grower might not always be possible, even if the event (the specific vari-
ety) and thus the patent holder can be identified through genetic analysis. For Central
European cultivation conditions at least, the gain of transgenic herbicide resistances
is low (Augustin et al. 1998). As soon as oilseed rape has reached a certain height, it
can usually outcompete weeds. Thus, Breckling and Menzel (2004) conclude that in
oilseed rape cultivation, weed control before crop germination is usually sufficient
and later herbicide treatments are rarely required. This applies to Central Europe; in
other regions it may be different. Here, the small advantage in cultivation would have
to outweigh the substantial cost for other growers as well as for the general public
to cover the management system and documentation and damage regulation cost as
well as separate conventional and transgenic processing and commodity flows. This
may be one of the reasons, why transgenic varieties are not admitted for cultivation
in the EU up to now.

Conservation Implications

As the fixation of transgenes in feral populations appears to be rather probable, con-
servational issues are implied. In reference to the concept of “genetic swamping”
(Snow 2002) which addresses the threat of cultivation-specific, fitness altering genes
to wild type populations, Breckling and Menzel (2004) coined the term “transgenic
swamping” which refers to transgenes escaping to feral populations. This seems
inevitable in the case of oilseed rape. The impact of persisting transgenes on biodi-
versity is difficult to estimate. However, the invasive potential of released plants has
been discussed previously (Hurka et al. 2003) and applications of the precautionary
principle are in place also to prevent harm to biodiversity as a protected ecological
good. Breckling andMenzel (2004) argue that in the light of the centre of biodiversity
of oilseed rape being located in Europe and due to the inevitability of the transgene
escape from cultivation to feral populations (Fig. 5.5), an unpredictable high number
of genotypes would be anticipated.



122 J. L. Frieß et al.

Detection of Unintended Spread of Transgenic Oilseed Rape
in Various Countries

The following section summarises data collated by Testbiotech (Bauer-Panskus et al.
2013). Testbiotech imposingly evidences the uncontrolled and unintended spread and
outcrossing of transgenic oilseed rape varieties for six countries.

Canada

Canada is one of the countries that grows herbicide tolerant oilseed rape in large
quantities. Transgenes were found in nearly all of the conventional Canadian oilseed
rape seed supply (Friesen et al. 2003). Feral populations had developed at the edges
of fields and along roadsides. In the province of Manitoba, 88% of feral oilseed rape
populations examined contained glyphosate tolerant plants. About 50% of the plants
were tolerant to both herbicides, imidazoline and glufosinate (Knispel et al. 2008). 93
out of 100 feral oilseed rape plants along field edges or roadsides tested, contained
transgenic constructs (Knispel and McLachlan 2010). All feral populations tested
in another study contained hybrids with Brassica rapa (Simard et al. 2006). Tests
revealed that nearly no fitness costs are associated with the stacking of transgenes in
oilseed rape plants (Simard et al. 2005). Persistence of such hybrid populations over
time was affirmed by a long term survey which showed that feral hybrid populations
of B. napus × B. rapa, despite a decreased fitness, persisted over six consecutive
years (Warwick et al. 2008). Also transgenic volunteers could be found up to seven
years after the original cultivation (Beckie and Warwick 2010).

USA

In the United States, commercial cultivation of genetically engineered oilseed rape
started early and, at present, accounts for more than 90% of all oilseed rape fields.
Unintended large scale dispersal of herbicide-tolerant oilseed rape along roadsides
was demonstrated in North Dakota (Schafer et al. 2011). Out of all oilseed rape
plants growing along roadsides, 80% tested positive for genetic modification. Of
these plants one half contained the cp4epsps-gene for glyphosate tolerance, the other
half the pat-gene encoding a tolerance to glufosinate. Some plants were tolerant to
both herbicides.

Japan

Japan itself does not cultivate but imports genetically modified oilseed rape. The first
studies on the presence of transgenic oilseed rape in ruderal habitats in Japan were
published in 2005 (Saji et al. 2005). In the proximity of ports like Kashima, Chiba,
Nagoya and Kobe as well as along transportation routes to industry plants where
oilseed rape seeds are processed, plants were found that proved to be resistant to
glyphosate or glufosinate although these transgenic varieties have never been culti-
vated. Feral oilseed rape populations co-occur with wild populations of B. juncea in
port areas (Kawata et al. 2009). Transgenic oilseed rape plants were detected that had
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hybridised with each other and consequently, were tolerant to both herbicides (Aono
et al. 2006). In follow-up studies feral populations were found along further trans-
portation routes (Nishizawa et al. 2009) and in areas close to all other major ports
(such as Shimizu, Yokkaichi, Mizushima, Hakata, or Fukushima) (see for example
Kawata et al. (2009). Mizuguti et al. (2011) came to the conclusion that the inves-
tigated oilseed rape populations were able to self-sustain over time. In 2008 in the
proximity of Yokkaichi port, 90% of all tested plants proved to be genetically modi-
fied. Also in that area, the first transgenic hybrids between B. napus and B. rapawere
found (Aono et al. 2011). Under the influence of climatic conditions, the properties
of feral transgenic oilseed rape plants might have changed. Plants with greater height
that have also become perennial were found (Kawata et al. 2009), whereas oilseed
rape and all other Brassica species growing in Japan are usually annual.

Australia

InWesternAustralia, herbicide tolerant oilseed rape is cultivated only in certain areas
and makes up less than ten percent of the overall oilseed rape acreage (McCauley
et al. 2012). Nevertheless, more than 60% of the samples taken from feral oilseed
rape populations tested positive for glyphosate tolerance (Conservation Council of
Western Australia CCWA 2012).

European Union

Although transgenic oilseed rape was never admitted for cultivation in theEuropean
Union, several field trials have taken place, the “transgen” website lists 383 in 11
countries.5 In Germany (North Rhine-Westphalia) feral genetically modified oilseed
rape was found 700 m from a former trial field (Hofmann et al. 2007). Even ten
years after field trials, transgenic oilseed rape was found in Sweden (D’Hertefeldt
et al. 2008). In Austria, feral conventional oilseed rape single plants up to large
populations as well as related wild hybridisation partners were regularly identified
along transportation routes, border railway stations, railway stations, at switchyards,
ports and oil mills (Pascher et al. 2017). Feral populations were also observed in
France (Garnier et al. 2008; Pivard et al. 2008), the Netherlands (Tamis and De Jong
2010) and Great Britain (Crawley and Brown 2004; Squire et al. 2011).

Switzerland

Fifty out of 2400 oilseed rape individuals collected along railway tracks throughout
Switzerland proved positive for the presence of the transgenic Roundup Ready char-
acteristic enzyme that confers glyphosate tolerance (Schoenenberger and D’Andrea
2012). Another study confirmed these findings and identified hot spots of transgenic
plants at locations were unloading takes place (Hecht et al. 2014). These hot spots
were ports and railway stations bordering to France and Italy, despite Switzerland’s
import ban (Schulze et al. 2015, 2014).

5www.transgen.de.

http://www.transgen.de
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It can be considered as empirically confirmed that transgenes in oilseed rape are
not limited to cultivation only, but can be found regularly as feral and as volunteer
plants under a wide variety of geographic and ecological conditions.

Modelling Approaches for Gene Drives

There have been multiple attempts to model the gene flow of B. napus. Two of the
most advanced approaches will be presented here. Tomodel the population dynamics
of a gene drive, possible modifications to existing models will be proposed. The two
models explored are the GeneSys model established by Colbach et al. (2001a, b) and
GeneTraMP by Middelhoff et al. (2011).

Another potentially relevant model was established by (Maxwell et al. 2015)
which assumes a theoretical weed species and predicts the evolution and dynamics
of herbicide resistance. On the basis of fungal spore dispersal, the model simulates
pollen transfer between spatial entities assessing the interaction between herbicide
application and plant genotype. Furthermore, Habekotté (1993, 1997a, b) established
an empirical model BRASNAP-PH to predict key times of flowering and maturity of
winter oilseed rape based on temperature and insolation. Some of her findings were
included as input data in GeneSys and GeneTraMP.

GeneSys

The model was conceived to evaluate the effects of different cropping systems on
gene flow in oilseed rape. It integrates the effects of crop succession andmanagement
at the level of a region. Simulation duration and crop succession and cultivation tech-
niques are defined by the user. Themodel simulates the annual life cycle of cultivated
and volunteer oilseed rape, starting with the seed bank at harvest and determining
seedling emergence. Seedlings grow, flower and produce new seeds, some of which
replenish the seed bank.At the end of each stage, the number of individuals per square
meter is calculated. The seed bank is divided into four soil layers. Accordingly, seeds
are distinguished by their respective layer and age, subdivided into young and old
(older than one year) with related survival rates according to data by (Schlink 1994).
The seeds’ position in the soil layers may be changed by stubble breaking and the
numbers of seeds and post-harvest seedlings may be reduced by pre-sowing tillage.
Three tillage regimes are distinguished, stubble-breaking, ploughing and rigid-tine
cultivation. Herbicide applications can be conducted after sowing in spring with
mortality rates of 90 or 85%, respectively. Adult survival depends on vernalisation
and density dependent intra- and interspecific competition. Newly formed seeds are
deposited in the upper soil layer. The maximum adult oilseed rape plant density was
taken from Freudhofmaier (1991) and Vullioud (1992), flower and seed production
values from (Leterme 1985). The competitiveness of crop plants to volunteer plants
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was deduced by division of the maximum plant densities of the subsequent crop.
Oilseed rape’s seed loss rate can be specified as a variable parameter. Seedling emer-
gence rates, effects of the sowing date, number of flowers and flower duration were
experimentally assessed, considering tillage and intercrop periods. To integrate her-
bicide resistant varieties, the user can define the genotype as dominant or recessive,
homozygous or heterozygous. Furthermore, self-pollination rate as well as seed and
pollen production rate must be defined in accordance with the particular variety. The
model deterministically considers pollen and seed transfer betweenfields and random
import of foreign seed and contamination with foreign pollen. However, Couturaud
(1998) shows that GeneSys tends to underestimate pollen and seed dispersal.

The model works with an aggregated plant representation and does not integrate
individual plants, neither in nor outside the cropping area. Furthermore, it does
not take differentiated climate response of the plants into consideration. Different
genotypes in the model do not exhibit different developmental characteristics such as
the onset of flowering. The model GeneSys has, however, been successfully applied
in the definition of management rules for the commercial release of GM-oilseed rape
crops in Europe (Bock et al. 2002; Messean et al. 2006).

GeneTraMP

The GeneTraMP model (Generic Transgene Movement and Persistence) was devel-
oped to assess regional effects of a large scale cultivation of GM-oilseed crops.
Input data include results of landscape and climate analysis (Schmidt and Schröder
2011), satellite image processed oilseed rape distribution (Breckling et al. 2011) and
regional crop management schemes (Glemnitz et al. 2011). This allows to analyse
spatio-temporal dynamics of gene flow with implemented human crop management
activities. The model differentiates between feral and volunteer plants as well as
aggregated crop plant cohorts. Different genotypes, regarding cygosity, dominance
or recessiveness and ploidy can be distinguished and implemented to simulate trans-
gene spread. The model considers three types of pollen transfer: local pollen mass
flow, insect-borne pollen transfer and unspecific regional background pollen transfer
across larger distances. Pollination is dependent on the spatio-temporal distribution
of flowering plants, the number of open flowers and their respective state of fertil-
ity. For the individual plant development, the model distinguishes five stages: seed,
seedling, start of flowering, end of flowering and maturity. Progression through these
stages is in accordancewith climatic and environmental parameters. Seeds are further
specified by one of four soil layers and their age, divided into young and old (older
than one year), following (Nathalie Colbach et al. 2001). Also in accordance with
GeneSys, seed persistence and germination decisions are calculated in dependence
on temperature and moisture regimes. The temperature-dependent oilseed rape ger-
mination parameters were derived from (Habekotté 1997a) with the additional need
for one rainy day in the week before germination. Plant development, flowering
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progress, flower and seed numbers were derived from Habekotté (1993, 1997a, b)
and Cramer (1990).

Human activities are included in the form of cultivation practices, crop rotation,
intensity and distribution of feral plants as a result of seed loss and road verge clearing
activities. The model uses the same three tillage regimes as GeneSys. Weed control
is implemented either as cutting, selective or total herbicide application. Information
concerning crop management schedules and procedures in Germany were derived
from a field cultivation survey (Zander 2003). The occurrence of volunteers is esti-
mated for different subsequent crops in probability and density, according to field
observations (Menzel 2006) and in dependence of environmental conditions. During
oilseed rape harvest procedures, a stochastic amount of seeds is transferred to neigh-
bouring grid cells, specified as ruderal areas. Feral oilseed rape plants are distinct
from cultivation crop plants in frequency, size, number of inflorescences, flowering
progress, pod forming rate and seed number per pod.

Model Suitability to Represent Gene Drive Population
Dynamics

Bothmodels are compared in Table 5.3. From these observations, it is obvious that the
more recent GeneTraMP model, which in part is even based on the GeneSys model
does not only contain more ecological details, but would be also more suitable to
model the spread of gene drive oilseed rape plants. Even though, the model would
have to be adjusted and requires further refinements for this purpose.

In order to use the GeneTramp model for the assessment of gene drive population
dynamics and their spatio-temporal spread, certain additions to the program would
have to be made. For instance, the model is already capable to simulate genotypes
of transgenic varieties and their spread as volunteers and feral populations. For gene
drive, the inheritance of such an organism as well as its genotypic characteristics
would have to be implemented. Furthermore, potential side effects of the gene drive,
such as an eventually reduced fitness would have to be implemented. At the current
state of research, however, parameters concerning these side effects would be based
on assumptions or require new empirical data. It would have to be decided whether
a gene drive-carrier produces a mass of pollen or seeds that deviate from the conven-
tional plants and whether and how gene drive organisms deviate in their life cycle.
Apart from such considerations an evenmore significant issuemight be to finalise the
inclusion of oilseed rape’s hybridisation partners which was not yet done due to the
lack of appropriate data. Furthermore, if these were included, the next issue would
be the consideration of introgression events. However, the GeneTraMP model was
already successfully applied to simulate the occurrence of plants with multiple her-
bicide resistances emerging from single-resistant GM-oilseed rape crops cultivated
in adjacent fields as was previously shown to occur in Canada (Hall et al. 2000). The
model could be used to simulate not only a gene drive or the spread of resistance
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Table 5.3 Comparison of the GeneSys and GeneTraMP models

Aspect GeneSys GeneTraMP

Regions Small
(Ile-de-France)

Large (Northern Germany),
4 different climate zones

Pollen transfer Deterministic field to field,
Random pollen import

Local pollen mass flow
Insect borne transfer
Regional long distance transfer

Seed transfer Empirical values –

Seed loss User defined rate Randomly determined from
literature ranges

Plant development Uniform from empirical data
4 seed stages, 2 seedling stages,
2–3 adult stages, flowers, 2 new
seed stages

Temperature and precipitation
dependent
seed, seedling, start of flowering,
end of flowering, maturity

Crop rotation User defined 10 most widely applied generic,
area specific rotations

Cultivation densities – 3

Genotypes Dominant-recessive,
Cygosity

Dominant-recessive,
Cygosity, Ploidy

Herbicides Up to two (unspecified) One (unspecified)

Crop management User defined, Tillage, cutting,
chisel, herbicide treatment

Included Ploughing, rigid tine,
both

Populations Crop, volunteer Crop, volunteer, feral

Soil layers 4 4, analogous to GeneSys

Hybridisation partners – Not yet fully included

genes but also the combination of both and the ultimate formation of resistance-
carrying gene drive-carriers. Given the necessary input, it would even be possible to
model the application of gene drives to target and remove herbicide resistances in
volunteer and feral populations.

Suitability and Prerequisites of Oilseed Rape for Gene
Drives?

Ideally, the target organisms for a gene drive would exist in geographically isolated
populations. Wherein, the migration of individuals from one population to another
does (at best) not occur. Target organisms must reproduce sexually with relatively
short generation times. Non-overlapping generations would thereby allow an eas-
ier assessment of the gene drive’s spread in the population. Furthermore, the target
organism should be diploid and its genome should already bewell studied, in the con-
text of gene expression patterns over the course of its development, while sequence



128 J. L. Frieß et al.

variations within the targeted genes should be rare. The mutation rate of the tar-
get organism should also be low. Moreover, there should be no interspecific mating
events, barring the creation of gene drive-carrying hybrids. Lastly, the application of a
gene drive is a risky intervention into, not only the genome of a target species but also
its ecosystem, which may harbour unforeseen consequences. Therefore, experts rec-
ommend to only consider (at least CRISPR/Cas-based gene drives) for applications
that, if successful, have an extraordinarily high level of benefit for large majorities.
Such aims include the population control of vector species for diseases, such as
for malaria. Multiple approaches to tackle the disease have been suggested (Burt
et al. 2018). The application of gene drives for conservational goals such as invasive
species control on the other hand, is controversial and considered too risky—or for
some experts the risks would outweigh the intended benefits (Esvelt and Gemmell
2017).

According to several already mentioned aspects, it is foreseeable that oilseed
rape does not fit well the criteria for an ideal gene drive target organism. This is
further illustrated in Table 5.4. Oilseed rape is an allotetraploid plant complicating the
engineering and propagation of a potent gene drive system, albeit the genome is well
studied also due to the many available transgenic variants. The genetic variability of
modern oilseed rape varieties are low due to the two bottlenecks in selective breeding
for low erucic acid and low glucosinolate content (Bus et al. 2011). However, in
a study of the allelic diversity of 72 varieties of oilseed rape from five different
countries, Chen et al. (2007) found a total of 59 private alleles of which 21 are
shared with other Brassica species. On the one hand, the spread of gene drive pollen
would be partially reduced due to the fact that oilseed rape is self-compatible. On
the other hand, spatial confinement of a gene drive would be nearly impossible as
oilseed rape is cultivated around the world and many feral populations exist, mainly
due to seed losses along transportation routes. Additionally, pollen is dispersed over
long distances. The occurrence of feral populations also makes the confinement of

Table 5.4 Requirements for an ideal gene drive target organism

Ideal target organism Oilseed rape

Diploid Allotetraploid

Geographically isolated Cultivated around the world

Low genetic variability Low due to selective breeding

Low migration rate Long range pollen dispersal, transportation losses

Low mutation rate and genetic diversity ?

No interspecific gene flow Interspecific gene flow with introgression

Non-overlapping generations Overlapping generations due to perennial Feral
plants and secondary dormancy

Sexual reproduction High self-compatibility

Short generation times Annual or even perennial

Well studied genome Many transgenic variants
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a gene drive to the target population and even target species difficult, as the plant
possesses many hybridisation partners. Temporal confinement is a major problem
due to the long generation times and even overlapping generations in the case of
perennial stocks. This last point is even further aggravated due to the secondary
dormancy, which allows certain seeds to remain dormant in seed banks for over a
decade (Pekrun 1994).

An even greater problem is that oilseed rape is an agricultural product. It is there-
fore likely that gene drive pollen could fertilize conventionally grown oilseed rape.
On the one hand, thiswould reduce the spread of the gene drive as these plants are har-
vested annually. But on the other hand it likely will give rise to gene drive volunteer
plants which may be detrimental to organic farmers and socially not well-received
even in conventional cropping.

Purposes for Oilseed Rape Gene Drives?

In general, gene drives can be subdivided by their intended goal to either suppress
or replace/modify wild populations, to disperse certain alleles in a population, or to
limit genetic exchange with other populations. In most techniques, this is decided
by the cargo genes associated with the drive mechanism. Suppression might, for
instance, be achieved by driving stimulus specific vulnerabilities (to either low or
high temperatures or certain chemicals) into the population. A modification to sup-
press volunteering without suppressing the population might entail the deletion or
repression of the genes responsible for secondary dormancy. Suppression could also
be achieved by infertility. Especially female infertility may be a desirable trait to
prevent the hybridisation with other plant species, as hybridisation with oilseed rape
is mostly successful with B. napus as the female parent (Scheffler and Dale 1994).
Organisms with infertile female sex organs would also not produce seeds but still
produce and disperse pollen and could thereby propagate the trait.

As already predicted in 2004 and even before, the cultivation of transgenic oilseed
rape has led to transgene escape into feral populations (Breckling andMenzel 2004).
As the examples offivedifferent countries and theEUshow, transgenic contamination
and concomitant dispersal of herbicide resistance genes is a serious issue which
supports an invasion of feral transgenic oilseed rape into many ecosystems. This
eventually leads to the potential gene flow and introgression of transgenic herbicide
resistances to other hybridisation partners of oilseed rape. This may negatively affect
the integrity of genetic resources in wild relatives (Londo et al. 2010).

Furthermore, we are currently experiencing an anthropomorphic downward spi-
ral in agriculture, called the pesticide treadmill. Due to the broad application of
herbicides weeds with single or multiple resistances, so called superweeds emerge.
Therefore, the development of new generations of pesticides is required for main-
taining of pesticide protected industrial agriculture. These will however, eventually
be followed by yet another generation of superweeds and the vicious cycle continues
[For a scope of the pesticide treadmills governance issues see Bain et al. (2017)].



130 J. L. Frieß et al.

Gene drive applications might potentially stop or at least slow down this vicious
cycle, but may also cause new problems.

This section is therefore dedicated to the exploration of conceivable gene drive
applications with the goal to get rid of transgenic feral and volunteer populations of
oilseed rape.

Gene Drives to Delete/Block Herbicide Resistances

We consider the possibility to eliminate or reduce the occurrence of herbicide resis-
tance from undesirable escape of transgenes to the wild and their persistence in
feral populations. To reduce the occurrence of herbicide-resistant feral populations,
an obvious target locus for a gene drive would be the resistance genes themselves.
Despite heavy outcrossing of the feral populations, the resistance genes confer a
fitness gain and are therefore likely to become conserved.

CRISPR/Cas-Based Approaches

It might seem at least feasible to use a CRISPR/Cas-based gene drive to target all
different herbicide resistance-loci in order to delete or disrupt them by homing cargo
genes into them. The gene drivewould confer a fitness penalty, whichmight cause the
gene drive carrying oilseed rape to vanish after a number of generations. Multiple
releases over several years might be necessary. Furthermore, this fitness penalty
would favour the selection for gene drive resistant alleles. However, considering the
large number of herbicide resistant variants this would require many gRNAs, most
likely resulting in a higher genetic load which may confer an even higher fitness
penalty.

The formation of resistance alleles, due to non-homologous end joining instead of
homology-directed repair, would on one hand impede the copying of the gene drive
cassette, but may on the other hand cause a null-mutation in the present resistance
allele. This would constitute a positive side effect of imperfect repair not present in
other gene drive approaches currently discussed.

Probably, the most problematic issue of this approach is the potential cross-
fertilisation of (feral) gene drive oilseed rape with cultivated transgenic varieties.
The seeds of these crosses would also carry the gene drive and might remain in the
seed bank for decades being able to restart the gene drive. Furthermore, this gene
drive oilseed rape may occur as volunteer in subsequent crop rotations. Another
problematic aspect would be the risk of an outcrossing to related species.
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Resistance Blocking

An alternative pathway could include either miRNA cargo genes that target the
resistance genes’ mRNAs or cargo genes for proteins that either repress the gene
expression of the resistances or inactivate the gene product post-translationally.While
a CRISPR/Cas-based approach would act only once in the germline, this alternative
approach would require a constitutive gene expression throughout the life cycle of
the plant to block resistance. These cargo genes would therefore confer a high fitness
penalty and thus be subject to mutational changes. Since a single base pair deletion
could lead to reading frame shifts in the genes of proteins, this may be detrimental
to the gene drive and may in the end result in carrier-organisms retaining partial
resistance. This effect would probably be less pronounced when using miRNAs to
block resistance instead of proteins. But then, multiple RNAs should be included
within the gene drive cassette to silence a single resistance gene. But despite a
successful gene drive application, the population would then still retain the resistance
genes.

Overwriting Various Herbicide Resistances with a Single
Resistance

It might be feasible to equip the gene drive with resistance against a newly designed
herbicide including the implication to overwrite or disrupt existing resistances. If
such a gene drive would be used in cultivation and successively spread to feral
populations, it might be an approach to eliminate herbicide resistances from feral
populations. This, however, would be a long-term and large scale intervention.

It is obvious that such an approach is based on some major assumptions which
seem difficult to achieve. Another problematic issue would be the almost impossible
monitoring of such a gene drive’s spread in feral populations. Moreover, it would be
necessary to sow gene drive oilseed rape into identified feral populations which is
especially time-consuming and makes the applications of a gene drive hardly useful,
as the feral population could simply be destroyed instead.

Self-Limiting CRISPR/Cas-Based Approaches

A more confineable CRISPR-based technique would simply cut out the resis-
tance alleles without propagating the CRISPR/Cas-system itself. This self-limiting
approach would, therefore, not constitute a gene drive. Thus, multiple mass-releases
would be necessary, although their seeds may remain in the seed bank for multiple
generations as well. However, these individuals carrying non-functional resistance
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genes would be less fit than their resistant conspecifics and probably even less fit
than conventional non-GMO oilseed rape stocks.

Finally, there is the possibility of self-limiting CRISPR/Cas-based gene drives,
e.g. the daisy-chain drive. A daisy drive system consists of multiple gene drives in
which each element drives the next element in the chain. The bottom element is lost
from the population first, then the next element ceases to drive and gets lost from the
population and so on. This process continues upwards in the chain until, eventually,
the population returns to its wild-type state with regard to the expression of genes
expressing intended artificial functionalities (Noble et al. 2016). This approachwould
limit the spread of a gene drive in time and space which on one hand would increase
controllability, but on the other hand would be less desired in the case of the widely
spread feral populations.

Gene Drive Seeds as a Breeding Tool on Agricultural Fields

To take this thought one step further, though ecologically not really desirable, it might
be feasible to sow gene drive carrying oilseed rape on agricultural fields. Although it
seems unlikely to have farmers being willing to sow gene drive-carrying oilseed rape
within the EU, there may be functionalities of such an approach. The characteristics
of the gene drive could be that of the resistance-overwriting approach which would
overwrite existing herbicide resistances (and gene drives) with a single resistance.
This might also help in accelerating breeding procedures towards the reproduction
of basic seed. After a number of generations, taking into account the spread of
the gene drive to feral populations and the persistence in the seed banks, a switch
of overwriting drive carrying oilseed rape and herbicide might be performed. The
advantage would be the seed losses during transportation, which would guarantee a
wide spread of the gene drive and enable it to reach more distant feral populations.

While currently, new herbicides have to be developed again and again to overcome
the emerging formation and outcrossing of resistances, this approach would allow
to alternate between a limited set of herbicides, if extended towards additional weed
species. Since the massive use of a limited number of active herbicide ingredients
led to the selection of major problematic weeds worldwide and in particular in those
agricultural systems using herbicides extensively (Heap 2014). The alternative in
organic agriculture would be adequate crop rotations and the sustaining of a rich
biodiversity in the surrounding landscape to limit pest outbreaks.

Female Infertility Drive

This paragraph serves to further explore the thought experiments of a gene drive con-
ferring female infertility. As mentioned above, this could be achieved by repressing
or even deleting the genes responsible for the development and functioning of the
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plants’ stigma or gamete production. To be able to mass-produce these organisms
in the laboratory, it needs to be equipped with a repressor mechanism, which would
allow normal development in the presence of a certain chemical, as is the case in the
Release of Insects carrying a Dominant Lethal (RIDL)-system (Thomas et al. 2000).
Assuming again, a drive propagation by the transformative action of a CRISPR/Cas-
based gene drive, a high conversion rate could be expected. The drive would only
propagate via pollen. It would not remain in the seed bank, because it is unable to
produce seeds. In order to pursue the set goal of the suppression of transgenic feral
populations, the drive could again home in on various resistance gene sequences.
Thus, only the offspring of transgenic parents would be converted to homozygous
carriers, while non-GMO parents would give rise to heterozygous offspring. The
latter would be the case, if the gene drive pollen was to fertilize cultivated plants.
Assuming for the female infertility to only homozygously be effective, the cross-
pollination of cultivated gene drive crops would not pose a threat to conventional
agriculture. Instead, it would reduce the occurrence of volunteer plants in subsequent
crop rotations. Furthermore, this would cause the drive to be almost self-limiting, as
it would stop its propagation, if no transgenic plants are fertilized for several genera-
tions. However, in this scenario, multiple releases over several decades would again
be necessary.

Other Gene Drive Techniques Besides CRISPR/Cas

Up to this point, the considered gene drive applications revolved around drives prop-
agated by the CRISPR/Cas system. To complete the available drive systems, we
discuss them below.

Medea (Maternal Effect Dominant Embryonic Arrest)

This technique uses a toxin-antidote combination that causes it to be inherited with
a super-Mendelian frequency. The maternally expressed toxin is deposited in the
embryo and only if that embryo inherits the gene drive, it will be able to counteract
the toxin with the appropriate antidote. This functionality was discovered occurring
naturally inTriboliumflour beetles. Itwasfirst synthetically engineered inDrosophila
(Akbari et al. 2014). In principle, Medea constitutes a modification drive designed
to be able to replace wild populations.

Underdominance

The phenomenon of Underdominance causes heterozygous carriers to receive a
higher fitness penalty than homozygous carriers. This can be achieved by toxin-
antidote combinations, either similar to the Medea technique (Akbari et al. 2013),
or containing an miRNA toxin, targeting a vital gene, and a recoded but haplo-
insufficient version of the gene (Reeves and Reed 2015). Underdominance consti-
tutes a modification drive as well, but different from Medea depends on a higher
threshold within a population in order to drive the desired traits to fixation.
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Killer-Rescue

Independently inherited toxin (killer) and antidote (rescue) alleles will transiently
increase the rescue alleles (fused to cargo genes) prevalence within a population. The
lethal killer alleles will be quickly selected from the population and as soon as this
happens, the rescue alleles will no longer confer a fitness gain and therefore, will be
reduced in frequency in the population as well (Gould et al. 2008).

All three toxin-antidote techniques may potentially be applicable for gene drives
in oilseed rape. Albeit up until now, none of these techniques has been developed
for plant species. Whether their functionality in allotetraploid plants would be com-
parable to that in diploid animals is therefore unknown. The ideas presented above,
could be incorporated into these drive mechanisms as well with the exception of the
female infertility trait in combination with the Medea or the Medea-related Under-
dominance drive systems because these techniques rely on a maternally deposited
toxin to select against offspring not carrying the drive construct(s).

Meiotic drives

These naturally occurring drive systems rely on the distortion of chromosome seg-
regation during meiosis. The most widely discussed approach in this category is the
X-Shredder technique, which in sexually reproducing animals distorts the sex ratio
by targeting the X-chromosome with nucleases. If the necessary genes are located
on the Y-chromosome, this can result in a male bias of up to 95% (Galizi et al.
2014). Although the sex determination in plants is more complex than in animals
and oilseed rape is monoecious, as each plant has both sexes united in perfect flow-
ers, the Bassicaceae family belongs to the group of eurosids II, which were shown
to possess sex chromosomes (Charlesworth 2002). Therefore, it might be feasible
to engineer a drive system resembling the X-Shredder technique in oilseed rape.
Wherein, carrier-organisms may produce a high percentage of androcious offspring.
These would be able to propagate via pollen.

This drive, however, useful to suppress feral populations would again be prob-
lematic due to the fertilisation of cultivated crops. The consequence would be gene
drive-carrying volunteers. Furthermore, by hybridisation events, this drive might
invade other species, distorting their sex ratios as well. This would most likely prove
detrimental for the flora with potential secondary effects to the fauna of a vast number
of ecosystems. However unlikely, such an event seems probable considering the long
lasting persistence of the drive due to volunteering, formation of feral populations
and long-term persistence in the seed bank inherent to oilseed rape. Even events
with an extremely low probability become significant, given enough time and a large
sample size (Diaconis and Mosteller 1989).
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Conclusion

This case study presented oilseed rape in its agricultural significance, its ecologi-
cal interconnections as well as its survival and propagation strategies. It pointed to
the numerous potential hybridisation partners, lists some of the transgenic varieties
and stressed the emerging problem of escaping transgenes into the environment.
Existing computer programs applicable to model the gene flow of oilseed rape and
the spread of those escaping transgenes were reviewed and compared, especially
points of improvement in the light of the simulation of gene drive were emphasised.
Finally, the suitability of oilseed rape as a target organism for gene drives was scruti-
nized and furthermore multiple ideas for the various, currently discussed gene drive
approaches were exercised in thought experiments in various modes with different
potential cargo genes.

In summary, the application of a gene drive to oilseed rape as target organism
would be laborious to engineer, very difficult to confine, almost impossible to ade-
quately monitor and would require multiple mass releases across large areas and long
time spans. Such an endeavour would be very costly. The risk of losing control would
increase over time, and considering the long time frame would almost be certain. In
face of the (apparently mild or negligible) benefits, a successful gene drive would
harbour the reduction of transgene escape into feral populations or, economically
more interesting, potentially slowing down the pesticide treadmill. These circum-
stances make the application of an oilseed rape gene drive an unfavourable bargain.
Therefore, such an application is not recommended. It was demonstrated that various
risk dimensions are required to be considered. Among these are stability and dis-
persal issues, gene flow and complex spatial crop-volunteer-feral plant interactions,
not to mention conservation and public acceptance issues. Although oilseed rape is
not a good target organism for gene drive applications, it points out a panoply of
relevant issues that may arise in part or in various combinations, when considering
other possible plant target organisms for gene drive.

The major value of the considerations is not the expectation of a near-future appli-
cation of SPAGE in oilseed rape. Instead, we intended this case study to emphasize
the diverse issues which are crucial for an implication analysis in plants. Oilseed
rape is an excellent example for such an exercise, since it allows to exemplify the
dimensions of the physiological, ecological, environmental and agricultural context,
which is relevant also for the risk assessment of other potential botanical candidates
for genetic modification of the considered types.
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