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Abstract 

Background  Oilseed plants of the Brassicaceae plant family are cultivated for food, feed and industrial purposes 
on large-scale in Europe. This review gives an overview of current market-oriented applications of new genomic tech‑
niques (NGTs) in relevant Brassicaceae oilseed crops based on a literature survey. In this respect, changes in oil quality, 
yield, growth and resistance to biotic and abiotic stress are under development in oilseed rape (Brassica napus), 
camelina (Camelina sativa), and pennycress (Thlaspi arvense).

Main findings  Environmental risk scenarios starting with hazard identification are developed for specific NGT 
applications in Brassicaceae oilseed crops with either a changed oil composition or with fitness-related traits. In 
case of a changed oil composition, an increase or decrease of polyunsaturated fatty acids (PUFA) may lead to risks 
for health and survival of pollinators. Regarding fitness-related traits, other risks were identified, i.e. an increased 
spread and persistence of NGT plants. Furthermore, there are indications for potential disturbance of interactions 
with the environment, involving signalling pathways and reaction to stress conditions.

Conclusion  It is shown that for environmental risk scenarios of the technological specificities of NGTs, the plants’ 
biology and the scale of releases have to be considered in combination. Therefore, the release of NGT plants 
into the environment for agricultural purposes will, also in future, require risk assessment and monitoring of individual 
traits as well as of combinatorial and long-term cumulative effects. In addition, risk management should develop 
concepts and measures to control and potentially limit the scale of releases. This is especially relevant for NGT Bras‑
sicaceae in Europe, which is a centre of diversity of this plant family.

Keywords  New genomic techniques (NGT), Genetically engineered organisms, Genome editing, Hazard 
identification, Unintended effects in NGT plants, NGT Brassicaceae, Hazards for pollinators, Spread of NGT plants, Fatty 
acids, PUFAs

Introduction
Brassicaceae is a diverse plant family and includes many 
domesticated species (broccoli, cabbage, cauliflower, col-
lards, kale, radish) as well as wild species, such as thale 
cress (Arabidopsis thaliana), capsella (Capsella bursa-
pastoris), wild radish (Raphanus raphanistrum) and 

pennycress (Thlaspi arvense). The cultivated species of 
this plant family are global sources of vegetables, oil and 
seeds harvested to produce mustard. The oil is mainly 
obtained from the oilseed crops, i.e. oilseed rape (Bras-
sica napus) and camelina/false flax (Camelina sativa) 
and can be used as source of food, for agrofuels, or for 
industrial purposes. Several species of this plant family 
originate from Europe and they partially emerged from 
interspecies hybridisation, such as Brassica napus [1–3]. 
Some of the recent species still have a potential for cross-
hybridisation within the Brassicaceae plant family [4, 5].

Plant breeders have been working for many decades 
with Brassicaceae oilseed plants to improve both the 
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quality of food and feed as well as plant-based raw mate-
rial used in industry. So far, they have successfully altered 
traits such as the oil content and the fatty acid compo-
sition of the oilseed crops [6–8]. The oil obtained from 
Brassicaceae oilseed crops consists mainly of monoun-
saturated fatty acids or MUFAs (oleic, erucic and gondoic 
acids), polyunsaturated fatty acids or PUFAs (linoleic 
and linolenic acids) and saturated fatty acids (palmitic, 
stearic and eicosanoic acids) [9, 10]. Linoleic and lino-
lenic acids are also known as omega-6 and omega-3 fatty 
acids, respectively. Both are known to have numerous 
health benefits [11], but are also known for their oxida-
tive instability [12]. Depending on the intended final use, 
some studies have reported an increase (in food and feed, 
see [13]) or decrease (for food or industrial purposes, see 
[14–16]) in the PUFA content in Brassicaceae crops. In 
addition, attempts are being made to further reduce the 
erucic acid content. There is evidence that it is toxic for 
humans, however earlier estimates regarding its toxic-
ity might be overrated, [17]. Besides increasing oil con-
tent and altering fatty acid composition, breeders are 
also focussing on improving yield, growth and tolerance 
to biotic and abiotic stress, including tolerance to plant 
pathogens and herbicides (see Sect.  “Overview of mar-
ket-oriented NGT applications in Brassicaceae oilseed 
plants” and references in Tables 1, 2 and S1-S3). Changes 
in these traits often result in positive fitness effects 
like higher likelihood of persistence and spread (see 
Sect. “Overview of market-oriented NGT applications in 
Brassicaceae oilseed plants”).

The genomes of some Brassicaceae species are par-
ticularly complex, which means that conventional breed-
ing (including non-targeted mutagenesis) is not only 
time- and labour-intensive for many traits, but also faces 
practical limitations [18, 19]. Several Brassicaceae crops 

are polyploid (up to allohexaploid), meaning they have 
more than two sets of paired chromosomes and therefore 
more than two copies of each gene. In addition, all Bras-
sica species have undergone genome triplication, which 
has resulted in a high number of gene copies [18, 20]. In 
order to achieve a desired breeding characteristic, it is 
frequently necessary to knock out all homologous genes 
[21], and in certain cases this may not be practicable at 
all.

New genomic techniques (NGTs), such as CRISPR/
Cas9, have been successfully applied in Brassicaceae 
[18, 22, 23]. The technology has made it possible to alter 
multiple copies of a gene, or even alter several different 
genes simultaneously (multiplexing). Unlike conventional 
breeding, NGTs can be used to introduce changes in 
genomic regions, in which natural mutations are known 
to occur at a low rate [24]. Due to the plants’ genome 
organisation, these regions are less accessible to con-
ventional breeding methods, including non-targeted 
mutagenesis, than other genomic regions [25, 26]. This 
technical potential of NGTs allows genotypes and traits 
to be modified within short periods of time, also going 
beyond what can be expected from conventional breed-
ing [27–30].

While some of the Brassicaceae species developed 
with the means of NGTs were also achieved using con-
ventional breeding (e.g. EMS (ethyl methane sulphonate) 
breeding), others are novel [31]. In future, it is expected 
that different NGT-derived genotypes can be generated 
[32–35], combined and stacked in plant breeding [36–
39], thus leading to even more extensive overall genomic 
and phenotypic changes in NGT plants.

Besides scientific publications dealing with basic and/
or applied research on NGT Brassicaceae (hereinafter 
referred to as ‘NGT applications’), which will be evaluated 

Table 1  NGT Brassicaceae field trials in Europe (see ref. [110])

Year of 
publication

Notification number Company/institute Title Plant Country Period of release

2023 23/Q02 Rothamsted Research Field assessment of gene 
edited Oilseed Rape with pod 
shatter resistance

Brassica napus UK 2023–2028

2023 23/R08/01 Rothamsted Research Synthesis and accumulation 
of seed storage compounds 
in Camelina sativa

Camelina sativa UK 2023–2026

2023 B/SE/23/4198 Umeå University Arabidopsis—photosynthesis 
and hormone biology

Arabidopsis thaliana Sweden 2023–2027

2019 B/GB/19/R08/01 Rothamsted Research Synthesis and accumulation 
of seed storage compounds 
in Camelina sativa

Camelina sativa UK 2019–2023

2019 B/GB/19/52/01 John Innes Centre Genetic regulation of Sul‑
phur metabolism in Brassica 
oleracea

Brassica oleracea (cabbage) UK 2019–2021
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as part of this study, various projects are already at a 
more or less advanced stage of commercialisation and 
have been tested in field trials (see Tables 1 and 2). For 
example, in 2024, the company Bayer announced to bring 
CRISPR mustard plants (B. juncea) to the market. These 
plants are the first commercially available Brassicaceae 
NGT worldwide and were designed to have less pungent-
tasting leaves [40].

The following sections provide an overview of current 
NGT applications in several Brassicaceae oilseed crops, 
i.e. oilseed rape (B. napus), camelina (C. sativa) and pen-
nycress (T. arvense). In addition, the biology of Brassi-
caceae oilseed crops is introduced, potential hazards are 
identified and specific risk scenarios are developed for 
some NGT applications. For the purpose of this review, 
market-oriented NGT applications in Brassicaceae oil 
plants were identified in the scientific literature and all 
NGT plants without permanent insertion of transgenes 
were listed. Basic research projects and applications 
using oligonucleotide directed mutagenesis (ODM) 
methods were not considered.

Biology of relevant Brassicaceae oilseed crops
The biology of Brassica napus
Oilseed rape is allotetraploid (2n = 38, AACC) [41] and 
the result of a natural cross between the diploid Brassica 
species B. oleracea (2n = 18, CC) and B. rapa (2n = 20, 
AA). The evolutionary relationship between different 
Brassica species sharing three core genomes (A, B and 

C) is described in the ‘Triangle of U’ [42]. Europe is the 
centre of origin and genetic diversity for oilseed rape and 
several other Brassica species. Due to its origin, B. napus 
is well adapted to European climatic conditions. How-
ever, oilseed rape is grown globally and is one of the most 
important oilseed crops in economic terms [43]. Canola 
oil, derived from double-zero oilseed rape seeds with 
low erucic acid and glucosinolate levels, is a healthy and 
nutritionally balanced cooking oil. It is also an important 
source of biodiesel production, industrial oil and proteins 
for animal feed [43].

Weedy characteristics
Most cultivated Brassica species have certain weedy 
characteristics, e.g. increased dispersal abilities, long 
secondary seed dormancy, the ability to invade dis-
turbed areas and natural plant communities. Addition-
ally, several relatives of oilseed rape, e.g. Sinapis arvensis, 
Raphanus raphanistrum and Hirschfeldia incana, are 
regarded as weeds. Weedy forms of B. napus, B. rapa 
and B. oleracea also exist, as oilseed rape has some wild 
(or weedy) plant characteristics, such as seed shedding 
and long secondary dormancy of the seeds in the soil. 
Although weedy oilseed rape is predominantly found on 
arable land, ruderal (feral) populations can persist over 
longer periods of time [44–46] and they have been found, 
for example, in various European countries, stemming 
from imports, transports and other sources (see, amongst 
others, [47–50]).

Table 2  NGT Brassicaceae deregulated in the US [111, 112]

CBI: confidential business information

Year of 
application

Plant Applicant Method Trait

2023 Pennycress CoverCress CRISPR/Cas9 Lowered erucic acid, lowered fibre in seeds, lowered glucosinolate 
in seeds, increased oleic acid in seeds and reduced seed shatter

2023 Pennycress Hielle Advisors (CoverCress) CRISPR/Cas9 Lowered erucic acid, lowered fibre and lowered glucosinolate in seeds

2022 Brassica juncea Pairwise Plant Services, Inc CRISPR/Cas9 Reduced pungency and reduced trichome production

2022 Pennycress Hjelle Advisors (CoverCress) CRISPR/Cas9 Lowered erucic acid and lowered fibre in seeds

2020 Canola Corteva Agriscience CRISPR/Cas9 Altered meal qualities

2020 Pennycress CoverCress CRISPR/Cas9 (?) CBI

2020 Pennycress Illinois State University CRISPR/Cas9 (?) Development of pennycress as an oilseed-producing cover crop

2020 Canola Yield10 Bioscience CRISPR/Cas9 Altered oil content

2020 Pennycress CoverCress Inc CRISPR/Cas9 CBI

2020 Camelina Yield10 Bioscience CRISPR/Cas9 CBI

2020 Pennycress CoverCress Inc CRISPR/Cas9 CBI

2019 Pennycress Illinois State University CRISPR/Cas9 CBI

2018 Camelina Yield10 Bioscience CRISPR/Cas9 CBI

2018 Pennycress Illinois State University CRISPR/Cas9 Altered oil content

2018 Camelina Yield 10 CRISPR/Cas9 Altered oil content

2017 Camelina Yield 10 CRISPR/Cas9 Altered oil content
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Interspecific hybridisation
Oilseed rape has pronounced hybridisation potential and 
can form hybrids with various congeneric (i.e. Brassica) 
species, such as B. rapa (turnip rape, field mustard, bird-
seed rape, etc.), B. juncea (various mustard varieties) and 
others, but also with wild and weedy Brassicaceae from 
other genera [51, 52]. So far, spontaneous hybridisation 
was confirmed in a total of eight native or cultivated spe-
cies in Europe [4, 53–58].

Pollen flow
Oilseed rape is self-compatible and predominantly self-
pollinated, but also cross-pollinated by wind and insects. 
Estimates of the outcrossing rate vary widely in the lit-
erature, ranging from 12 to 55 percent [59, 60]. It can 
thus be inferred that up to half of the pollen load may 
be dispersed by wind and, above all, by insects. Cross-
pollination over very long distances has been demon-
strated in oilseed rape (several kilometres) [61, 62]. It is 
also a sought-after source of food, especially for bees and 
outcrossing can be expected in the foraging area of both 
social and solitary bees [63].

Secondary dormancy
A considerable number of seeds are lost when oilseed 
rape is harvested, and end up back on the fields as vol-
unteer rapeseed. According to Gulden et al. [64], this loss 
can be up to around 6% of the harvest, which can amount 
to a total of 6000 seeds per square metre [65]. Around 
80% of volunteers germinate during the first 12 months 
after harvest, but a considerable proportion of the seeds 
remain viable for up to 15 years in the soil [66–69].

The biology of Camelina sativa
Camelina (C. sativa) is an annual Brassicaceae plant that 
is mainly cultivated in Europe and North America. It is 
allohexaploid (2n = 6x = 40, AABBCC) and an ancient 
crop that has been used i.a. for lamp oil and medical 
purposes [8]. A recent study found that the plant was 
probably first cultivated in the Caucasus region [70]. In 
contrast to other Brassicaceae species, camelina has not 
been widely used in plant breeding in the past, so only 
a small number of varieties are available for agricultural 
purposes [71]. The oil from camelina seeds is used as 
food and feed, but also for biofuels and industrial com-
pounds [71–73]. It contains large amounts of polyunsat-
urated fatty acids (PUFAs) such as essential linoleic and 
linolenic acids [73, 74].

Pollen flow
Camelina is primarily self-pollinating, but there is also 
evidence of cross-pollination by bees, bumblebees and 
other insects [75]. Outcrossing in camelina decreases 

rapidly with distance. For example Walsh et al. [76] dem-
onstrated that the outcrossing rate in camelina popula-
tions was only 0.09% at a distance of 20 m. However, this 
does not eliminate the possibility of rare but ecologically 
significant long-distance pollination events by insects 
that are able to fly considerable distances [63].

Dormancy
Seed shattering and the small size of camelina seeds (seed 
rain from the combine harvester) both contribute to har-
vest losses. Thus, due to primary or secondary dormancy 
the likelihood of volunteer plants and persistence may 
increase. There are differing accounts in the literature 
with regard to secondary dormancy, i.e. dormancy after 
harvest or seed dispersal. While Ehrensing and Guy [77] 
found no dormancy in camelina seeds at all, Walsh et al. 
[78] showed that volunteer populations could be found 
up to two years after cultivation, even when selective 
herbicides are used, thus suggesting survival in the seed 
bank. Similarly another experiment conducted in south-
eastern France found that 85.8% of wild camelina seeds at 
a depth of 10 cm had survived after two and a half years 
[79]. Thus, while dormancy has been principally docu-
mented, the longevity of camelina seeds in the seed bank 
still needs to be further investigated.

Hybridisation potential
Camelina can hybridise with wild relatives such as C. 
microcarpa and C. alyssum [80–82], which are also part 
of the European flora. According to results of a large 
number of studies, interspecific hybridisation with other 
Brassicaceae such as oilseed rape, field mustard, Arabi-
dopsis and others, seems unlikely (see overview in ref. 
[75]). However, most of these studies were conducted 
in North America while data from Europe are largely 
missing.

The biology of Thlaspi arvense
Pennycress (T. arvense) is another member of the Brassi-
caceae family and currently being engineered with NGTs. 
It is closely related to the thale cress Arabidopsis thaliana 
and native to Eurasia, but can now be found worldwide as 
crop and weed [83]. Uses include feed and the production 
of agrofuels [84]. Due to its high vitamin C content, it is 
also added to salads or is cooked like spinach [85]. Pen-
nycress is diploid, the plant’s genome consists of seven 
chromosomes (2n = 14) [86]. It has a high seed oil con-
tent and a favourable fatty acid composition that makes 
it suitable for use as oil crop for industrial purposes [87]. 
In agriculture, pennycress is mainly used as winter cover 
crop since it can tolerate very low temperatures [86, 88]. 
As a cover crop, it provides important ecosystem services 
by reducing soil erosion and the leaching of nutrients.
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Weedy characteristics
Pennycress has only recently been domesticated and 
current cultivars still harbour many weed traits [86]. In 
North America, it is listed in several regions as a noxious 
weed which considerably reduces crop yields [85]. It is 
also considered as a weed in the UK [89] and other Euro-
pean countries [90].

Pollen flow
Pennycress is mainly wind-, but also self- or insect pol-
linated. In a study conducted in Germany, flowers were 
visited by different bee species, but not by honey bees 
[91].

Seed dormancy
Due to its nearly non-domesticated history, T. arvense 
still exhibits weedy characteristics, for example very 
long secondary seed dormancy. The seed bank can last 
20 years or more [92].

Interspecific hybrids
Interspecific hybridisation is not reported for T. arvense 
[87].

Pollinator interaction
Pennycress has a high feed value for pollinating insects, 
and is especially valuable as early-season food source 
[93].

Overview of market‑oriented NGT applications 
in Brassicaceae oilseed plants
Brassica napus (oilseed rape)
So far, around 45 market-oriented NGT applications 
in B. napus are described in the scientific literature (see 
Table  S1). The agronomic importance of this oilseed 
crop has produced a growing interest in exploiting the 
potential of NGTs to tailor their fatty acid composition 
and total oil content to specific uses (14 reported NGT 
applications, shown in orange in Table  S1 and Fig.  1). 
Attempts to reduce PUFAs and erucic acid by knocking 
out FAD (fatty acid dehydrogenase) and FAE (fatty acid 
elongase) genes are particularly frequent (see for example 
[94]). Further alterations in this direction were achieved 
i.a. by knocking out other genes in the fatty acid biosyn-
thesis (SAD2 (Δ9-Stearoyl-ACP-Desaturase 2) [95]) and 
lipid decomposition genes (SFAR4 and 5 genes (seed fatty 
acid reducer 4 and 5) [96]). Alterations of genes in flavo-
noid pathway (TT genes (transparent testa) [13, 97, 98]) 
or glucose flux and ABA hormone signalling (CIPK9 gene 
(Calcineurin B-like (CBL)-interacting protein kinase 9) 
[99]) also showed strong influence on oil content or fatty 
acid composition. A CRISPR library was used in a recent 
study to knock out different genes, partially of unknown 
function in B. napus, which also significantly altered oil 
content and fatty acid composition [33].

In addition to various applications that intend to 
improve breeding and harvesting (see for example [100, 
101]), there are numerous studies that involve traits that 
are related to the fitness of plants. Related traits were 
altered by knocking out diverse genes (see Table  S1) 
and the resulting NGT oilseed crops showed for exam-
ple increased drought tolerance [102], superior growth 

Fig. 1  Three main categories of NGT applications in Brassicaceae oilseed plants B. napus, C. sativa and T. arvense. A total of 58 NGT applications 
were found in the three species in the scientific literature (see Table S1-3). Attempts to change the oil content or composition are marked in orange. 
NGT applications that involved traits which are known to be related to fitness effects (and potentially resulting in higher likelihood of persistence 
and spread) in the plant are marked in green. Other traits are marked in grey
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[103], longer roots [104], longer flowering period [105] 
or a higher number of siliques and seeds [106] (green in 
Table S1 and Fig. 1).

Camelina sativa (camelina)
Camelina has already been genetically engineered sev-
eral times using NGTs (10 reported NGT applications, 
see Table S2). Similar to oilseed rape, attempts are being 
made to alter the oil content and fatty acid composition 
(8 reported NGT applications, orange in Table  S2 and 
Fig. 1) and NGT applications to reduce PUFAs and erucic 
acid (by modification of FAD and FAE genes) are particu-
larly frequent as well (see for example [19, 107]). Differ-
ent knockouts (5 genes, multiple copies) were established 
in a multiplexing approach resulting in early-flowering 
plants [32] (green in Table S2 and Fig. 1).

Thlaspi arvense (pennycress)
In pennycress, NGTs were used to knock out FAE1 
(see for example [16]), thus making it possible to abol-
ish erucic acid production (see Table S3 and Fig. 1). The 
knockout strain was further combined with NGT-derived 
FAD2 and ROD1 knockouts to increase oleic acid con-
tent and to decrease PUFA content [108].

Field trials and commercialisation pipeline
In the USA and also in Europe, various projects are 
underway aiming at the market release of NGT Bras-
sicaceae. In Europe, there is currently no NGT prod-
uct on the market. However, applications for field trials 
were filed in both the EU and the UK [109]. All trials 
were carried out with plants modified with the CRISPR/
Cas9 gene scissors (Table  1). After leaving the EU, the 
UK introduced a new law that facilitate the field release 
of NGT plants under simplified conditions. Current field 
trials in the EU and the UK include NGT oilseed rape as 
well as NGT camelina and NGT cabbage (B. oleracea).

In the US, companies and research institutions can 
submit a request to the US Department of Agriculture 
(USDA) to determine whether a transgenic or NGT 
plant is subject to the requirements of the US “Coor-
dinated Framework for the Regulation of Biotechnol-
ogy” or may be marketed without restrictions. In the 
meantime, a number of NGT Brassicaceae have been 
exempted from biotechnology regulations this way (see 
Table  2). However, deregulation does not automatically 
mean that an NGT plant will actually be commercial-
ised. So far, only an NGT brown mustard (B. juncea) 
developed by Pairwise has been announced to be com-
mercialised by company Bayer. In addition to oilseed 
rape, some NGT applications in camelina and pennycress 
have been deregulated, most of which have had their oil 
content modified. In nearly half of the applications for 

deregulation, all relevant information was declared to be 
confidential business information (CBI), thus no infor-
mation is publicly available concerning the specifics of 
these projects (Table 2).

Findings and scenarios relevant for risk assessment
This section is not a risk assessment per se and does not 
derive to final conclusions in regard to specific risks. At 
the stage of hazard identification, findings from labo-
ratory studies can be highly relevant to develop risk 
hypothesis which then can be used in further risk assess-
ment. Therefore, this review accomplished a compre-
hensive overview on the existing information of various 
scientific quality including some grey literature. Further 
data and expert judgements will then be required to 
proof, dismiss or assess specific risks of specific plant/
trait combinations.

Hazard identification and risks for pollinators
Brassicaceae oilseed crops are highly attractive for pol-
linators: they offer easily accessible and highly abundant 
floral resources and are an important food resource [93, 
113]. Their pollen has low protein:lipid values [114] and 
is particularly rich in PUFA linolenic acid [115].

It has been shown that fatty acids play key roles in 
the development, communication, reproduction and 
health of pollinators, including in their colonies (see, e.g. 
[116–118]). Studies indicate that the specific composi-
tion of fatty acids in pollen is important for plant choice 
and pollinator–flower interactions [114]. In addition, it 
is assumed that the bumblebee species Bombus terrestris 
relies on lipids as nutritional cue to regulate its food 
intake. This is likely to be caused by the impact of certain 
fatty acids on their overall fitness [119].

Changes in the dietary composition of pollinators 
should be carefully examined for risks to the insects, as 
a suboptimal nutrient balance is thought to be one of the 
threats to their populations [120].

Decreased amounts of PUFA may negatively affect the health 
of pollinators
Several NGT applications in Brassicaceae oilseed crops 
focus on fatty acid composition in efforts to obtain plants 
with a low PUFA content. Like other fatty acids, PUFAs 
have different important functions in many biological 
processes, both in plants and animals. Animals cannot 
synthesise PUFAs themselves so they need to be part of 
their diet [117, 121].

The PUFA content of seeds is mainly reduced by knock-
ing out FAD genes using NGTs [15, 19, 94, 108, 122–125]. 
In another experiment, the PUFA content was success-
fully decreased by knocking out CIPK9 genes [99]. In B. 
napus it was shown that FAD genes are highly expressed 
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in pollen, thus explaining the high levels of PUFAs [126]. 
Although it remains to be determined, it can therefore 
be assumed that the knockout of FAD genes will signifi-
cantly decrease the PUFA content in pollen.

In habitats with agricultural monocultures of plants 
with a low PUFA content, bees may suffer from PUFA 
deficiency when feeding on a limited variety of modi-
fied pollen [116, 117]. It was shown that honey bees with 
a linolenic acid dietary deficiency showed poor perfor-
mance in both olfactory and tactile associative learn-
ing assays [116, 127]. According to preliminary data 
hypopharyngeal glands in the bees were also smaller 
[116]. Experimental feeding studies showed that total 
lipid concentration and the linoleic:linolenic acid ratio 
are further factors affecting nursing activity [128], brood 
development [117] and adult longevity in honey bees 
[117, 129]. Taken together, a balanced PUFA diet is nec-
essary for maintaining proper colony development [117, 
128, 129].

Further, PUFAs appear to influence the bacterial gut 
microbiome of certain bees [130, 131] and in case of 
honey bees they also inhibit the growth of pathogens, e.g. 
Paenibacillus larvae and fungal diseases [115, 132, 133]. 
PUFAs also act as pheromones, e.g. in recognising and 
discriminating between nestmates and non-nestmates 
[134], or in attracting further worker bees from their hive 
[135].

Taken together, a sufficient supply of PUFAs appears 
to be very important for the health, colony development 
and communication of honey bees. Malnutrition result-
ing from dietary deficiency of certain fatty acids may 
therefore cause adverse effects especially in honey bees 
and maybe also in other wild pollinators, and should be 
addressed in hazard identification and risk assessment 
before NGT Brassicaceae with an altered fatty acid con-
tent are placed on the market.

Increasing amounts of oil and unsaturated fatty acids may 
negatively affect the health of pollinators
In addition to approaches aiming to lower the PUFA con-
tent in oilseed crops, there are several studies that used 
NGTs successfully to increase the total amount of oil and, 
in particular, unsaturated fatty acids in seeds.

For example, oleic acid contents were elevated by 
knocking out FAD genes [15, 19, 94, 108, 122–125]. PUFA 
contents were elevated by knocking out different TT 
(transparent testa) genes [13, 97, 98], SAD2 (Δ9-Stearoyl-
ACP-Desaturase 2) gene [95], KANT3 gene [33], GIF1 
(GRF-interacting factor 1) gene [33], AGP11 (Arabi-
nogalactan protein 11) gene [33] or EDA32 gene [33]. In 
some cases, complex biosynthetic pathways (flavonoid 
biosynthesis, TT genes) were modified and PUFAs lev-
els increased as (unintended) side effect [13, 97, 98]. In 

Brassicaceae, such knockouts could also change the fatty 
acid composition of its pollen and thus influence pollina-
tors’ diets.

Studies have shown that the reproduction and sur-
vival rate of bumble bees was significantly reduced when 
they animals ingested too many fatty acids [119, 136]. 
This may explain why bumble bees strongly avoided 
consuming pollen enriched with fatty acids in feeding 
experiments [119]. In honey bees, feeding studies found 
significant increases in the mortality rate when a certain 
threshold of oleic or linoleic acid was reached [137].

The negative effects of fatty acids on survival and repro-
duction could be the result of intoxication with excessive 
amounts of fatty acids [119]. Intake of high amounts of 
PUFAs, for example, might lead to lipid peroxidation 
and cell damage [136]. On the other hand, a lack of other 
nutrients as a consequence of reduced overall pollen con-
sumption due to fat avoidance, might further increase 
mortality [119]. Hence, in habitats with agricultural mon-
ocultures of plants with highly increased oil and PUFA 
content in pollen, pollinators, such as honey bees and 
bumble bees, may either over-consume fatty acids or suf-
fer nutrient deficiencies due to fat avoidance.

As mentioned above, changes in oil composition of 
plants can also be achieved with conventional breed-
ing (including random mutagenesis (see also ref. [138]). 
However, NGTs offer new potential for the targeted edit-
ing of Brassicaceae genomes [33]. With regard to indi-
vidual NGT traits, it may be difficult without an in-depth 
case-by-case investigation to conclude on whether a spe-
cific genotype and phenotype could also be obtained with 
conventional breeding.

Furthermore, the overall number of NGT applica-
tions in Brassicaceae oilseed plants and the technological 
potential of NGTs [25, 34, 35] show a new dimension in 
the scale (in terms of space and time) of potential releases 
of plants [139] with novel genotypes and phenotypes [29, 
31, 33]. This will complicate any prediction about the 
potential impacts of NGT plants, especially when com-
pared with conventionally bred plants: both spontaneous 
and intended crossings may lead to new combinations of 
traits causing unintended interactions without precedent 
(see sect. “Persistence, spread and gene flow”.).

Further observations regarding changes in oil composition
Changed oil content and composition may result in fur-
ther unintended and undesirable effects. Fatty acids are 
known to play important roles in plants, e.g. in the bio-
synthesis of secondary metabolites found in cellular 
membranes and phytohormones.

For example, the phytohormone group of jasmonate 
and its derivatives have important roles as signalling 
molecules in plant defence, particularly against insect 
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herbivores [140, 141]. Linolenic acid is a precursor mol-
ecule of jasmonic acid [142]. Changes in oil composition 
may therefore affect plant communication, signalling 
pathways and plant resistance to biotic or abiotic stress-
ors [31]. There are further NGT applications with altered 
plant characteristics which could be relevant to interac-
tions with pollinators, e.g. traits with a significant impact 
on hormone signalling [99, 143] or flavonoid content [13, 
98]. In addition, changes in oil composition may also have 
effects on various other species which feed on plants, 
such as pest insects [144] or other wild species [145].

Persistence, spread and gene flow
In environmental risk assessment of genetically engi-
neered organisms, persistence, spread and gene flow are 
highly relevant for hazard identification and risk assess-
ment [146]. For example, concerns were raised about 
unpredictable next-generation effects if transgenic plants 
‘go wild’ [147].

Due to the biology of Brassicaceae species, it may 
not be easy to control the further spread of NGT Bras-
sicaceae beyond the areas of intended cultivation, espe-
cially under European conditions. Some of the problems 
are:

•	 A broad range of Brassica species can hybridise with 
each other;

•	 Many Brassicaceae have weedy characteristics;
•	 Seeds can exhibit prolonged dormancy;
•	 Pollination by insects and wind can occur over long 

distances.

Oilseed rape is also a good example of the difficulties 
associated with the cultivation of genetically engineered 
Brassica plants. Sohn et al. [148] showed that the unin-
tended persistence and spread of (transgenic) genetically 
engineered (GE) oilseed rape is already present in differ-
ent countries (Japan, Canada, USA, Switzerland, Argen-
tina). The list includes countries that do not even allow 
the cultivation or import of transgenic plants, as trans-
genic populations near ports and along transport routes 
can originate from transgenic seeds that are imported 
legally or from contamination of other commodities 
[149].

GE herbicide-tolerant oilseed rape was recently shown 
to have hybridised with weedy B. rapa (bird rape mus-
tard) in Canada [150]. Oilseed rape and B. rapa are 
intercrossable, and hybrids of both were confirmed pre-
viously (see [151, 152]). It was assumed that the hybrid 
plants had reduced fertility and were, therefore, unable 
to become permanently established in the environment. 
Contrary to this assumption, Laforest et al. showed that 

the genetically engineered trait is now detectable in B. 
rapa plants in Canada [150].

The oilseed rape example shows that genetically engi-
neered Brassicaceae plants can persist in the environ-
ment as well as spread into wild or weedy populations by 
pollen or seed dispersal. Other studies appear to indicate 
fitness advantages of GE oilseed rape or its hybrids with 
related species (see examples in ref. [147]).

A closer look at NGT applications in Brassicaceae spe-
cies shows there are several examples of traits with posi-
tive fitness effects (green in Tables S2 and S3). It can be 
hypothesised that these traits might further increase 
the likelihood of spread and persistence of NGT Brassi-
caceae plants. Their potential to spread may dependent 
on environmental conditions: this has been, for exam-
ple, discussed for semi-dwarf phenotypes [153, 154], 
which might show improved survival in ruderal areas 
[155]. However, this paper does not claim evidence on 
enhanced fitness.

Spontaneous crossings and stacking
NGTs make it possible to induce small, targeted changes 
in plant genomes to generate new properties. This is, in 
particular, the case with site-directed nuclease 1 applica-
tions (SDN 1, i.e. short deletions and/or insertions of a 
few base pairs), which also enable the alteration of several 
different DNA sequences—and thus several properties—
simultaneously (multiplexing).

As shown in the overview of applications used in Bras-
sicaceae oilseed plants, most traits are currently based on 
the knockout of single genes, gene copies, members of a 
particular gene family or genes associated with a distinct 
phenotype (see [18, 31]). The two most prominent trait 
categories, altered fatty acid metabolism and positive fit-
ness effects (orange and green in Table  S1-3), comprise 
a variety of different traits, ranging from early/late flow-
ering and the reduction of flavonoids to the increase/
reduction of unsaturated fatty acids (see Table S1-3).

These traits are frequently influenced by many different 
genes that are involved in multiple biological processes, 
consequently their alteration may lead to undesirable 
pleiotropic effects and unintended consequences in some 
circumstances. Therefore, the potential negative impacts 
on ecosystems, food webs and the health of wild species, 
livestock and humans need to be assessed on a case-by-
case basis, individually for each event. In addition, pos-
sible combinations of the traits and impacts thereof need 
to be assessed and monitored in the areas of release and 
in wider environments. Trait combinations may occur 
through intentional crossings (stacked event) or in case 
of Brassicaceae, by spontaneous hybridisation (see for 
example [156]). Consequently, it is likely that new com-
binations of geno- and phenotypes of Brassicaceae will 
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emerge that were neither intended nor previously tested 
for biosafety.

In case of large-scale releases of NGT Brassicaceae oil-
seed plants, the likelihood of hybridisation within cross-
able species and therefore the overall likelihood for novel 
traits in ferals or wild relatives would increase. Further-
more, the chances of spontaneous and unintended com-
binations of different NGT traits would also increase. 
Similar outcrossing phenomena have already been 
reported in the cultivation of transgenic oilseed rape 
plants where spontaneous combinations of herbicide 
resistances have been observed. These spontaneous com-
binations resulted in the occurrence of transgenic events 
that were not approved for release (see [157, 158]).

The stacking of different NGT events via conventional 
breeding or spontaneous crossings in the environment 
can both result in NGT offspring with new biological 
characteristics that are absent in the parental plants (see 
[147]). New biological characteristics could, for example, 
affect plant species composition with unintended and 
possibly undesirable consequences for ecosystems, food 
webs, the health of wild species and consumers. They 
may also cause NGT plants to become invasive. Even if 
each of the initial NGT events were individually classified 
as ‘safe’ or ‘unlikely to become invasive’ in risk assess-
ment, their offspring may show effects in the next gen-
erations causing unexpected risks induced by genomic 
interactions. As with transgenic plants, spontaneous 
crossings of NGT plants may result in new combinations 
of traits, such as higher fitness and/or novel changes in 
oil composition.

In this context, unpredictable interactions at the 
genome as well as the phenotype level may further 
depend on the genetic background (including cryptic 
gene variants, see for example [159]) and the accumula-
tion of unintended genetic changes caused by the NGT 
processes (for overview, see [139, 160, 161]).

Conclusions
A closer look at NGT applications in Brassicaceae oilseed 
crops described in the scientific literature shows that var-
ious, often fitness-relevant traits have been altered so far, 
e.g. growth and yield, oil and protein composition, abi-
otic and biotic resistance and fertility.

Currently, most of these traits are conferred by knock-
ing out single genes or gene copies. Some of these traits 
may also be altered with conventional breeding methods. 
However, the power and increasing complexity of NGT 
applications, which includes the modification of several 
different genes [32], means that it is becoming increas-
ingly difficult if not impossible to achieve the same or 
‘equivalent’ results using conventional methods. This is 
due, in particular, to the complexity of some Brassicaceae 

genomes, but also to the specific technical potential of 
NGTs that may rapidly evolve further [33–35].

The use of NGTs opens up new possibilities to modify 
the genome [25, 29, 36–38], and in many cases results in 
new genotypes and phenotypes that are unlikely to result 
from conventional breeding even if additional DNA 
sequences are not inserted and no new proteins are pro-
duced by the plants [27, 28, 162]. Furthermore, the spa-
tio-temporal scale of potential releases of Brassicaceae 
NGT oilseed plants may also cause new combinations 
and interactions to occur that were neither intended nor 
assessed and going along with unpredictable environ-
mental impacts [139, 147]. However, there is an ongoing 
discussion on the equivalence of new breeding with con-
ventional breeding technologies (see e.g. [163, 164]).

In case of a changed oil composition an increase or 
decrease of PUFAs may result in risks for the health and 
survival of pollinators. The likelihood of outcrossing and 
spread, and environmental risks would increase depend-
ing on a couple of factors: (a) the number of released new 
genotypes; (b) the spatio-temporal scale of release of new 
genotypes; (c) the fitness relevance of the new traits and 
(d) the novelty of traits compared to the wildtype. Per-
sistence and spread of novel genotypes can hardly be 
controlled and also hazard mitigation will be extremely 
difficult due to the hybridisation potential, seed dor-
mancy, seed dispersal, persistence in the wild and large 
pollen transfer distances.

Environmental risk scenarios of specific NGT appli-
cations in Brassicaceae oilseed crops as outlined in this 
review, show that a combination of relevant factors has to 
be addressed here: (a) the technological specificity (with 
the potential to develop increasingly complex traits); (b) 
the plants’ biology and (c) the scale of releases. There-
fore, the potential release of NGT plants for agricultural 
purposes requires risk assessment and monitoring not 
only of single traits, but also of combinatorial and long-
term cumulative effects as already foreseen in Directive 
2001/18/EC. In addition, risk management may require 
new concepts and measures to control and potentially 
limit the scale of releases. This is especially relevant for 
potential releases of NGT Brassicaceae in Europe which 
is one of the centres of origin and diversity of many mem-
bers of this plant family.
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