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Abstract: In recent years, a renewed interest in novel crops has been developing due to the environ-
mental issues associated with the sustainability of agricultural practices. In particular, a cover crop,
Camelina sativa (L.) Crantz, belonging to the Brassicaceae family, is attracting the scientific community’s
interest for several desirable features. It is related to the model species Arabidopsis thaliana, and its oil
extracted from the seeds can be used either for food and feed, or for industrial uses such as biofuel
production. From an agronomic point of view, it can grow in marginal lands with little or no inputs,
and is practically resistant to the most important pathogens of Brassicaceae. Although cultivated in
the past, particularly in northern Europe and Italy, in the last century, it was abandoned. For this
reason, little breeding work has been conducted to improve this plant, also because of the low genetic
variability present in this hexaploid species. In this review, we summarize the main works on this
crop, focused on genetic improvement with three main objectives: yield, seed oil content and quality,
and reduction in glucosinolates content in the seed, which are the main anti-nutritional substances
present in camelina. We also report the latest advances in utilising classical plant breeding, transgenic
approaches, and CRISPR-Cas9 genome-editing.
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1. Introduction

Camelina sativa (L.) Crantz, also called gold-of-pleasure, false flax, or linseed dodder, is
an oilseed crop belonging to the tribe Camelineae of the mustard family (Brassicaceae) [1–3].

Plants are erect and typically reach heights between 30 and 90 cm. Rosette leaves are
not lobed and are withered by the time of flowering. The stems are branched, woody when
mature, and can be sparsely hairy. The leaves alternate on the stem and are lanceolate with
a length of 2–8 cm and a width of 2–10 mm. Inflorescences are racemes with small flowers
in terminal clusters. The flowers are pale yellow with four spatulate petals. The siliques
are 7 to 9 mm long, leathery, smooth, and usually contain 5–15 golden brown seeds. Seeds
are small, generally 2 to 3 mm long, brown in colour, rough, and have a rippled surface
(Figure 1).

The weight of 1000 seeds is in the range of 0.8 to 2.0 grams. The seeds contain 38 to
43% oil, and 27% to 32% protein. Camelina reproduces through seed and is primarily a
self-pollinating species [4,5].

The possible centre of origin is located between Ukraine and Russia. The genetic
diversity hotspot was identified in this region [6]. The distribution of camelina extends
from Europe to southwestern Asia, and it was introduced in America and Canada as a
contaminant of flax, hence the name false flax. C. sativa is a very ancient crop plant, and
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archaeological evidence suggests that its cultivation began in the Neolithic age in south-
eastern Europe and during the Iron age, it was an important crop in most of Europe. In
1950 in Denmark, a mummified human body datable to this age was found from whose
remains the contents of the last meal were identified: barley, flax, oats, and camelina.
During the Roman Empire, the oil extracted from the seeds of this plant was used for
lamps, body care, and food. In 600 BC, camelina was cultivated in the Rhine valleys as a
monoculture. Its cultivation continued until 1940 throughout France, Belgium, and Russia,
where the oil was also used as fuel. Since 1950, this crop has been abandoned and replaced
with more profitable crops [2,7,8].
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In the current European scenario, the energy crops (based on rotational crops) that
provide raw materials, such as sugar, starch, and oils, are becoming affordable and feasible
to produce on a large scale. Among these, oil crops currently predominate, covering about
82% of the energy crop area (mainly rapeseed and sunflower).

In recent years, camelina has been rediscovered, mainly in the United States, Canada,
and in Europe. For example, in Italy camelina seems to have great potential thanks to
numerous interesting traits [9,10]. Therefore, crops, such as camelina, hemp, flax, crambe,
and castor bean (plants that produce highly unsaturated oils great for bio-lubricants), are
coming back into favour [2,11–13].

Genetic studies of the genome of camelina suggest a polyploid structure, and it is most
likely a hexaploid species (genome size of 750 Mbp with 2n = 40 chromosomes) [5]. Camelina
seeds contain up to 40% oil, 90% of which is made up of unsaturated fatty acids: 30–40%
fraction of α-linolenic acid, 15–25% fraction of linoleic acid, 15% fraction of oleic acid, and
around 15% eicosenoic acid [1]. Camelina oil is considered a high-quality edible oil [14]. This
crop is interesting because it has several attractive traits, such as a high ability to adapt to
marginal soils and low input growing conditions. Moreover, it has a high resistance of the
siliques to dehiscence [13,15].

Three main goals should be achieved to enhance the cultivation of Camelina sativa L.
not only as a cover crop, but to increase production and economic value [16]. The first
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goal should be yield improvement since camelina spring cultivars’ productivity is not high
(1.5–2.5 t/ha) [17].

The second is the oil content and quality. Furthermore, the increase in the human
and livestock population is leading to a greater need to find new sources of proteins and
oils [17].

The third is to reduce glucosinolate content. It is important to know which are the
anti-nutritive compounds in camelina seeds to use in nutrition, especially the secondary
plant metabolites, such as glucosinolates, sinapine, phytic acid, and condensed tannins [18].

In this review, we will show the more promising advancements obtained up to date
by using classical plant breeding, transgenic approaches and CRISPR-Cas9 genome editing,
and discuss the pros and cons of the different approaches.

2. Cultivation

Global climate change is leading to the deterioration of the sustainability of various
economic sectors worldwide. In particular, the most affected sector that causes the greatest
concern is the agricultural sector, which has been increasingly looking for crops that can be
as resilient as possible to this irreversible climatic variability [19,20]. Crop diversification is
used to promote better environmental, social, and economic sustainability of agri-food sys-
tems, maintaining their production capacity, providing ecosystem services, and promoting
the efficient use of resources.

Camelina is a hardy plant that adapts very well to different types of soil and grows
best in cool semi-arid climates. Camelina can tolerate drought conditions, although they
can negatively impact sensitive growth phases, such as flowering [4,21]. Different works
conducted in different countries worldwide on camelina seed yield were reviewed by Berti
and co-authors [3]. Reported yields vary greatly depending on the climate, the cultivar
used, and soil type. However, the highest seed yields have been registered in Mediterranean
climates [2,10,19,22,23].

In the western Prairie provinces of Canada and the North and Central Plains in the
USA, camelina may be economically competitive with other alternative oilseeds common
to these areas, such as soybean (Glycine max (L.), flax (Linum usitatissimum L.), rapa canola
(Brassica rapa L.), juncea canola (Brassica juncea L.), yellow mustard (Sinapis alba L.), oriental
mustard (Brassica juncea L.), and Ethiopian mustard (Brassica carinata L.) [24]. In the
upper Midwest Corn Belt region, camelina cultivation as a standalone crop could not
be competitive with corn and soybean, and should be used in winter dual cropping to
integrate the corn–soybean systems [25].

Its cultivation is also arousing growing interest in Italy [11,21,26]. In fact, a yield
of 1200–3300 kg/ha in the Italian Lombardy Region was reported using seven differ-
ent spring varieties (Calena, Ligena, Ukrajinskaja, Lindo, Zarja Socialisa, Soledo, and
Morgesonne) [11].

In this paper, the agronomic performance over two consecutive years of camelina sown
in spring and autumn was evaluated in comparison with rapeseed (Brassica napus L.). The
result showed, in general, the seed yield is similar to that of the rapeseed control and, on
average, between 1340 and 1625 kg/ha. Furthermore, regarding the two sowing seasons,
autumn planting allowed a better yield [11].

Camelina can be used in intercropping and rotation systems, especially in drier
areas [1,3,19].

Winter genotypes are the best varieties for growing in winter to protect the soil.
Concluding, using winter camelina as a cover crop prevents erosion and promotes carbon
sequestration in the soil. Moreover, it can also be used to control weeds as it inhibits their
growth [27,28].

3. Uses and Potential

In recent years, the interest in this plant has increased significantly as an oilseed
crop for food, feed, jet fuel, and bio-based products [13,24]. Berti and colleagues reported
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the great potential of the crop and its numerous uses, particularly the oil properties and
composition, which are useful for the purposes reported in Table 1 [3].

Table 1. Uses of Camelina sativa (modified from Berti et al., 2016 [3]).

Uses Details References

Human nutrition
Food

[28–33]Diet supplements

Animal feed

Bird
Chicken broilers

[19,34–39]Laying hens

Mammals

Cows

[40–47,47]
Swine
Sheep
Rabbit
Swine

Fish
Salmon

[48–56]Trout
Other fish

Chemicals

Polymers

[57–64]
Adhesives

Resins
Cosmetics ingredients

Fuels
Biodiesel

[1,3,5,13,64–72]Jet fuel

Camelina can be used to improve the quality of foods, such as dairy products and meat,
and the consumption of its oil has potential benefits for human health [73]. The oil is rich
in essential omega-3 fatty acids (e.g., α-linolenic acid) associated with reducing the risks of
coronary and inflammatory diseases. High polyunsaturated fatty acids content could reduce
blood serum cholesterol levels [74], and improve serum lipid profiles [75] while protecting
against cardiovascular risk factors. In folk medicine, camelina oil was used to treat skin
wounds and burns [76].

In addition to the various benefits, the high levels of tocopherols and phytosterols
with antioxidant activity increase the shelf life and stability of the oil [18,77].

Several studies have demonstrated the usefulness of camelina meal as a component
of feed for broilers, cattle, dairy cattle, and fish, such as salmon (Table 1), with the added
benefit of increasing the omega-3 content [50,78]. Camelina meal obtained from high-
pressure seed crushing, or a pre-press solvent extraction process represents an important
output with considerable economic value.

In animal feed, camelina flour and seeds are considered beneficial in limited quan-
tities [19]. The presence of anti-nutritional compounds limits its use in zootechnical
nutrition with a maximum percentage of 10% [79]. However, compared to other brassi-
cas, the sinapine content (sinapines are alkaloids present in the seeds of Brasssicaceae
that reduce the digestibility of proteins) is lower in the camelina meal. The glucosinolate
content is mainly considered to evaluate the palatability, and it can be included with a
content of 27–32 mmol/kg glucosinolates (GSLs) [80].

Additionally, considering the glucosinolates, camelina’s accessions with a low
content of erucic acid can be selected for animal diets. In the US Department of Agri-
culture’s (USDA) National Genetic Resources Program collection, erucic acid content
varies from 1.8–4.8% in camelina seed meal, and for feed, it is limited to a maximum of
<2% [19]. Neupane et al. [19] evaluated the effects of camelina meal on different animals’
diets. Adding camelina flour or seed oil to the diets of dairy cows led to an increase
in the MUFA (monounsaturated fatty acid) and PUFA (poly unsaturated fatty acid)
content in the milk with a consequent decrease in saturated fatty acids, without altering
other parameters, such as the intake of dry matter, milk production, or digestibility.
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In sheep diets, the addition of camelina flour increased the total omega-3 content and
improved the omega-6/omega-3 ratio in both lamb meat and milk, the oxidative stability
of the milk increased, and there was a reduction in atherogenic and thrombogenic indices.
In pigs’ diet, the inclusion of camelina seed meal by up to 18% increased the content of
α-linolenic acid and reduced the cholesterol content of the meat, thus improving its quality.
In addition to the quality of the final product, the animals’ health improved. Camelina
meal and oil are excellent substitutes for fish meal and fish oil in fish feed. Several studies
have shown an improvement in the total lipid content in salmon (Salmo salar L.) and cod
(Gadus morhua L.) without affecting the sensory quality. The use of camelina in fish feed
improved the content without adversely affecting the sensory quality of the fish fillets.
Replacing fish oil with camelina oil had no effect on growth performance for most fish. It
also tends to increase the omega-3 PUFA content in meat [48,50]. Another work published
in 2020 reported the effect of different percentages of camelina cake in laying hens’ diet.
Additionally, in this paper the authors showed that the inclusion of up to 20% of camelina
cake in the feed did not modify the eggshell quality or the birds’ welfare and health [39].

The great potential of this crop is also being exploited to obtain a sustainable feedstock
for its different applications, and to improve dryland agriculture [16].

In addition, the oil was used as a fuel for lamps and in various industrial applications,
while the stems were evaluated for their fibre [4,8].

Currently, camelina oil is used as a raw material to produce biofuels, especially for
the aviation industry, as it is rich in unsaturated fatty acids, and, consequently, it does
not solidify at low temperatures [81]. Recently, in Italy, experiments on the cultivation of
this crop for the production of biodiesel and the extraction of pure vegetable oil obtained
promising results [9]. The results obtained as “camelina fuels” are encouraging, having
successfully surpassed the techno-economic and life cycle analyses (LCA) as a second-
generation biofuel [81–83].

Camelina also has a high application potential in the chemical industry due to the
presence in its oil of a distinctive fatty acid composition. The predominance of polyun-
saturated fatty acids means that their use is multiple in the production of biopolymers,
bioactive molecules, lubricants, adhesives, varnishes, paints, pharmaceuticals, cosmetics
products, and packing materials [17,84].

4. Antinutritional Compounds: Glucosinolates

Although camelina oil is characterized by a high content of essential fatty acids and
is suitable for human consumption, zootechnics, and various industrial applications, it
also contains anti-nutritional compounds, such as glucosinolates, synapin, phytic acid, and
condensed tannins [85–87].

However, the main antinutritional compounds present in C. sativa are glucosinolates
(GSLs) (Figure 2), secondary metabolites present in the brassicales [88]. These defence com-
pounds are mainly accumulated in high concentrations in seeds, reducing the nutritional
value of the protein-rich cake [86]. GSLs tend to form complexes of enzymes and proteins,
thus making them indigestible [18].
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GSLs are compounds rich in sulphur (β-thioglucoside N-hydroxysulphates with a
side chain -R and sulphur linked β-D-glucopyranose) which can be classified by their
precursors and the type of modifications of the R group that is mainly elongated by one or
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more methylene moieties. Glucosinolates’ concentration, composition, and accumulation
vary between the stages of development and the plant’s tissues. The GSLs biosynthesis
consists of three main steps: condensation with acetyl-CoA, isomerisation, and oxidation-
decarboxylation [89]. GSLs, after hydrolysis conducted by myrosinase (thioglucosidase
enzyme), are broken down into different catabolites (e.g., thiocyanates, isothiocyanates,
nitriles, and epithionitriles) [89–91].

In intact plants, GSLs and myrosinases are sequestered in different compartments: the
enzyme is associated with the cytoplasmic side of internal membranes, while in extracellular
compartments, the GSLs are in vacuoles. In damaged plants, cell decompartmentation
allows the enzymatic reaction due to the breakdown of the vacuoles, resulting in the
formation of breakdown products. Unlike GSLs, which are inactive molecules, degradation
products have different biological effects [89,91,92].

More deeply, glucosinolates can be divided into three main classes: (i) aliphatic, mainly
derived from methionine; (ii) aromatic, mainly derived from phenylalanine; and (iii) indolic
if their biosynthesis is derived from tyrosine or tryptophane [93].

Simplifying the biochemical process involved in glucosinolates’ biosynthesis, it can
be summarised that their formation starts with the insertion of methylene groups in the
side chains of aliphatic and aromatic amino acids. Subsequently, the elongated amino acid
moiety, through metabolic processes, is reconfigured, giving the typical glucosinolates’
core structure, which will be further modified in structure through various secondary
transformations [93].

The starting point of aliphatic glucosinolates is represented by the building block
methionine that, after its amination, catalysed by the enzyme BCAT4 (branched-chain
amino acid aminotransferase 4), is converted to the corresponding 2-oxo acid, starting the
chain elongation process (Figure 3a) [94,95].

This first biosynthetic step happens in the cytosol (where BCAT4 is localized). In
contrast, all the other enzymatic activities involved in the elongation process are localized in
the chloroplasts [96–100], where the 2-oxo acids formed are transported by the chloroplast-
localized bile acid transporter BAT5 [101] (Figure 3a).

In the chloroplasts, the aliphatic chain of the 2-oxo acid is elongated by three enzymes.
In particular, the first enzyme involved is methylthioalkylmalate synthase (MAMS), which
catalyses the condensation of the acetyl-CoA with the 2-oxo acid forming a 2-malate deriva-
tive [96,97,102–104], which is isomerized to a 3-malate derivative by the isopropylmalate
isomerase (IPMI) [99,105]. Finally, the 3-malate derivative is oxidatively decarboxylated by
the isopropylmalate dehydrogenase (IPM-DH) to 2-oxo acid, which elongates the original
2-oxo acid by a methylene group [100,106,107]. The newly formed elongated 2-oxo acid
could be transaminated to homomethionine by the plastid-located enzyme branched-chain
aminotransferases-3 (BCAT3), or can proceed into the cycle for a new round of chain elon-
gation [108,109] (Figure 3a). It should be highlighted that the overall process generates
homomethionine and an array of chain-elongated methionine derivatives.

The newly formed homomethionine is further involved in the core formation of the
glucosinolates pathway, which takes place in the cytosol, involving a set of enzymatic
reactions shared by the three different glucosinolates’ classes (aliphatic, aromatic, and
indolic) (Figure 3b).

Successively, a set of enzymes belonging to the CYP79 gene family, cytochrome P450s,
mediate the conversion into aldoximes of the elongated methionine-derived amino acids to-
gether with tyrosine, tryptophane, and phenylalanine [110–115] (Figure 3b). The previously
identified Arabidopsis pathway was recently confirmed by Czerniawski and co-authors,
identifying orthologs of Arabidopsis glucosinolate biosynthetic genes in the Camelina
published genomes [116].
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The side chain structure is the main factor determining the biological activity of
glucosinolates [117]. After forming the basic glucosinolates core structure, many changes
can occur at the side chain and the glucose moiety. The main secondary modifications that
might occur in aliphatic glucosinolates are alkenylations, oxidations, benzoylations, and
hydroxylations. In turn, methoxylations and hydroxylations are the main transformations
to which indolic glucosinolates are subjected [118,119]. These modifications occur in an
organ- and development-specific pattern [120,121]. In camelina, three main aliphatic GSLs
were identified: GSL1 (9-methyl-sulfinyl-nonyl-GSL), GSL2 (10-methyl-sulfinyl-decyl-GSL),
and GSL3 (11-methyl-sulfinyl-un decyl-GSL) [80,122,123]. Taken together, these major
glucosinolates represent about 65 % of the total glucosinolate composition. These long-
chain glucosinolates predominate in camelina compared to short-chain glucosinolates in
canola [123].

In plants, transport processes for reallocating specialized metabolites with protective
activity, such as glucosinolates, is a key process adopted to protect specific tissues with
high value for species survival. This was demonstrated in Arabidopsis, where most
glucosinolates are translocated to the maturating seeds [121]. Moreover, as previously
reported, part of the steps involved in glucosinolate core biosynthesis happens in the
cytosol, whereas others occur in the chloroplasts.

Since glucosinolates are organic anions, they cannot diffuse passively across lipophilic
membranes, suggesting that transport proteins mediate their translocation from sources to
sinks. Immediately after their production, glucosinolates are distributed to a different extent
to the plant’s organs, suggesting a short- and long-distance transport of these molecules.
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In the short-distance, the leading transporter performs a pivotal role is the bile acid:
sodium symporter family protein 5 (BAT5), which imports 2-oxo acids into the chloroplast
for side chain elongation and exports the resulting products into the cytosol for their conver-
sion into glucosinolate [101]. BAT5 is the only member transactivated by the three aliphatic
glucosinolate regulators HAG1/MYB28, HAG2/MYB76, and HAG3/MYB29 [101]. Its
involvement in the aliphatic GSLs biosynthesis has been demonstrated in Arabidopsis
since a BAT5 defective mutant was characterized by a reduction in the aliphatic glucosi-
nolates level [101,124]. Concerning long-distance transport, it has been demonstrated
in Arabidopsis that the glucosinolates produced by maternal tissues, such as leaves and
siliques, were transported and accumulated into the seeds [125–127]. In Arabidopsis, this
source/sink aliphatic and indolic glucosinolates translocation network is mediated by
transporters GTR1 and GTR2 [high-affinity H+/glucosinolate influx symporters, belonging
to the ubiquitous peptide transporter (PTR/NRT1) superfamily [128,129]], with a leading
role for GTR2 [128,130–132].

From an economic, productive, and eco-friendly point of view, the possibility of ma-
nipulating plants genetically to inhibit the activity of these two transporters could lead to a
reduction in glucosinolates accumulation in seeds without altering their biosynthesis, thereby
maintaining the inherent defence potential of plants [86,132]. In recent studies on Brassica
juncea, GTR1 and GTR2 knock-out mutants highlighted changes in plant phenotype. In par-
ticular, GTR1 mutants were characterized by slightly reduced glucosinolates in seeds and a
significantly lower level in source tissues. However, the GTR2 defective mutant displayed
a significant reduction in glucosinolates in seeds and a higher accumulation in leaves and
pods [132]. In addition, as a consequence of glucosinolates accumulation in source tissues,
GTR2 mutants were characterized by higher resistance to the pest Spodoptera litura, suggesting
that GTR2 manipulation could ameliorate crop production, either by increasing plant defence
ability or by reducing anti-nutritional glucosinolates concentrations in seeds for alimentary
purposes [86,132]. Recently, the camelina homologous orthologous genes GTR1 and GTR 2
have also been modified by targeted mutagenesis to lower the GSLs content [133].

Although several studies have shown that GSLs exhibit toxicity to mammals, insects,
invertebrates, bacteria, nematodes, and fungi [134], GSLs can also be considered for their
benefits. For example, GSLs could reduce and prevent certain diseases in animals and
humans, fungicidal and biocidal capacities in plants, and antimicrobial use in the food
industry [135–137].

5. Genetic Resources and Varieties Constitution

To tackle Europe’s dependence on protein supply from other countries, it will be
necessary to cultivate new crops rich in proteins. The EU depends on about 80% of
protein-rich raw vegetable materials to complete the livestock feed rations usually using
corn as a main meal [138]. As reported by the European Commission (EC), on examining
many different alternative crops currently available in Europe, they found camelina,
containing about 25% of crude protein and 30–40% of oil in the seeds, a promising candi-
date [10,139]. Camelina for years has been an abandoned crop because of its replacement
by more productive oil crops such as rapeseed. Due to this, classical and modern plant
breeding techniques have not improved the commercial cultivars available.

Furthermore, several studies suggest that genetic variability among different cultivars
is limited, complicating the efforts to develop new promising varieties [6,140–144]. Another
genetic aspect complicates the breeder’s work regarding this species: C. sativa has an
allohexaploid genome (2n = 6x = 40) made by three closely related genomes [145], making
very difficult to induce genetic variability through the use of chemical-physical mutagenesis.
For these reasons, interspecific crosses have been made, cross-hybridizing camelina with
its wild relative C. macrocarpa. Nevertheless, the results were not promising for genetic
improvement due to lower pollen fertility and seed production [146].

Hence, it would seem that the most promising techniques for developing new
varieties are transgenic [5] and genome editing, particularly CRISPR-Cas9 [147]. How-
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ever, in July 2018, the Court of Justice of the European Union (CJEU) clarified that
organisms from new mutagenesis techniques fall within the scope of the EU GMO
legislation [148], consequently nullifying the results achieved with this new genetic
improvement technique in the EU. Considering all these issues, we should not abandon
the intention of improving camelina through classic breeding that will surely comple-
ment and support NBT, once the European community comes to terms with chemical-
physical mutagenesis. Thus, classical breeding methods for self-pollinated plants, such
as camelina, remain valid and useful. For example, there are about 140 commercial
varieties registered in the Community Variety Register [149] that could be available
for cultivation. Among the major producers of camelina are Canada, USA, Slovenia,
Ukraine, China, Finland, Germany, and Austria. For example, Arrow seed [150] is a
leading company in the USA. Among the largest easy-to-access collections in the world,
we can point out the GRIN [151], where 48 different accessions are collected. Among the
agronomic characteristics that breeders have considered are greater seed size, resistance
to lodging, greater competitive capacity (e.g., broader leaves), and resistance to herbi-
cides. The increase in disease resistance will have to take into account the resistance to
downy mildew (Peronospora parasitica), to white rust (Albugo candida), and to sclerotinia
rot (Sclerotinia sclerotiorum) [152]. However, the main interest of scientists/breeders is
focused on traits regarding the oil amount and quality. In fact, breeding for modified
fatty acid composition via mutagenesis (seeds treated with ethyl methanesulfonate)
was performed by Buchsenschutz-Nothdurft and colleagues, obtaining promising lines
which showed a higher linolenic acid content (about 30%) in the M3-generation [153]. A
paper published more recently by Lolli and colleagues showed that using an improved
camelina line with a low level of glucosinolates (obtained by classical breeding using
the pedigree method) permits the inclusion of up to 20% of camelina cake in the diet of
laying hens without any adverse effect on animal welfare and health, eggshell quality,
and production performance [39]. However, the recent advances in the field of ge-
nomics will give a great contribution to this species’ genetic improvement by the MAB
(Marker-Assisted Breeding). For instance, a recent work published by Li and co-authors
evaluated the genetic variation in a worldwide collection of 222 accessions using 161301
SNPs generated by whole-genome resequencing, confirming the low/moderate ge-
netic variability present in this species. However, genome-wide association studies
(GWAS) complemented by linkage mapping using RIL population (257 lines) allowed
the identification of QTLs associated with seed size, fatty acid composition, seed oil
content, flowering time, and plant height [154]. Finally, the results obtained in this work
led to the identification of a candidate gene (Cs01g013220) associated with fatty acid
composition (FAD2-2 gene, an omega-6 desaturase responsible for the desaturation
C18:1 to C18:2) and to flowering time. This latter candidate gene, named Flowering
Locus C (FLC, Csa08g054450), is one of the most promising traits associated with the
cultivation of this species [154]. The results obtained in this work will provide useful
molecular tools for future breeding programs.

6. Biotechnological Approach

Unlike other crops of the Brassicaceae family, camelina has historically not been sub-
jected to extensive breeding, and only a small number of cultivars are available for agricul-
tural purposes, meaning that there is a wide margin to explore its genetic potential. Due to
its self-pollinating nature and low genetic variability, different biotechnological strategies
are needed to alter the final phenotype. The different biotechnological approaches include
gene transformation, ethyl methanesulfonate (EMS)-mutagenesis, genome editing (GE),
RNA interference (RNAi), high-throughput EcoTILLING to discover new Single Nucleotide
Polymorphisms (SNPs), vectors for the transfer of several genes in one go, protoplast fusion,
etc. [5,155–157].
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6.1. GMO Technology

Agrobacterium tumefaciens can easily transform camelina carrying an engineered plas-
mid, using a floral dip method, obtaining transgenic seeds in a relatively short period
(4–6 weeks) [158] or by in vitro leaf explants cultures [145,159]. Selectable markers could
identify transgenic seeds, for example, the red fluorescent protein (DsRed) or mCherry
fluorescent protein and identify resistance to specific herbicides or antibiotics (Table 2).

Camelina transformation efficiency of a single copy insertion of a transgene cassette
is 0.8% to 1% [158,178]. In camelina, the transgene(s) expression is generally mediated by
constitutive promoters, such as CaMV35S that over-expresses a transgene in most or all
tissues at all times. In other cases, the transgene(s) expression is specifically driven by
seed-specific expression promoters, often heterologous, similar to the related Arabidop-
sis FAE1 [171] or SiW6 [162], but also conlinin 1 and 2 from flax [171], seed phaseolin
promoter from bean [172], soybean glycinin 1 [58,161,168], and others, as reported in
Table 2. Advances in the heterologous introduction of genes into camelina are essentially
used to modify or improve a wide range of agronomic and biochemical traits, focusing
on manipulating seed oil yield and profile. In fact, the market requests have guided
breeding strategies on altered fatty acid (FA) content and composition in vegetable oils,
and camelina seed oil is not currently ideal for any single purpose. As already reported,
camelina oil and FA content is a polygenic trait influenced mainly by the environment,
water availability and temperature during seed filling [179,180]. This is a significant
limitation in ensuring good ecogeographical performances of camelina in different lo-
cations. Fortunately, over 90% of the Arabidopsis genes involved in lipid metabolism
were also present in the camelina genome [145]. Many efforts were made to show how
lipid biosynthesis in camelina seeds can be redesigned to enable the high accumulation
of the target oils. Manipulation of medium-chain FA content increased oleic acid, or
the synthesis of unusual lipids, such as the production of omega-7 unsaturated FA, or
enhancing the functionality of acetyl-TAGs (triacylglycerols), which are some examples
in camelina for industrial purposes, well reviewed by Bansal and Durett [181], Mur-
phy [182] and Sainger et al. [5]. Technological strategies used in this regard include the
introduction of very complex constructs containing information for a new pathway. For
example, overexpressing multiple heterologous genes from various species has obtained
a camelina oil rich in omega-3 long-chain polyunsaturated fatty acids (LC-PUFAs) with
high levels of EPA and/or DHA as an alternative to oil fish [49]. An interesting approach
to modify the FA composition is using RNAi and antisense approaches, as reported in
Table 2. For example, Nguyen et al. [168] obtained lines with high oleic acid up to 50%
using a double RNAi knock-down mutant targeting fatty acid desaturase 2 (FAD2) and
fatty acid elongase 1 (FAE1). With the same approach, they could also generate RNAi
lines deficient in napins (2S albumins) in the seed. Numerous scientific publications
reporting on the improvement of camelina’s fatty acid metabolism have shown that there
is a positive correlation between the change in fatty acid profile and seed size and protein
content [167,174], which are other important traits to improve (Table 2).

An example is described by Duan et al. [166], who heterologously transformed
camelina with a chimeric myosin XI-2 gene of Arabidopsis. The transgenic plants showed
enhanced main stem elongation, and an early flowering and seed set, indicating that
the transgene can improve plant growth, total seed number, and yield. Increased pro-
tein content in the seed and a consequent seed size rise could also be obtained by starch
biosynthesis suppression [169]. The significant number of publications on the genetic
improvement of camelina described here is certainly not complete, but it represents an idea
of the widespread use of this plant as a model crop.
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Table 2. Select examples of camelina seed improvement performed by engineering techniques.

Seed Quality
Traits Improved

Biotechnological
Approach Used

Target/Introduced
Gene(s) Promoter Used Selectable Marker Final Product/

Major Results Reference

Seed yield increase

single transgene
overexpression

Arabidopsis purple acid
phosphate (AtPAP2)

constitutive promoter
not specified

BASTA (Bar gene)
herbicide

50% higher seed yields
with increased seed size [160]

single transgene
overexpression

Arabidopsis G-protein γ
subunit 3 (AGG3)

CaMV35S and
seed-specific

soybean glycinin

DsRed fluorescence and
Bar gene

Increased seed size,
number, and seed mass [161]

single transgene
expression

Arabidopsis
WRINKLED1 (AtWRI1)

Seed-specific
SiW6 promoter BASTA herbicide

Enhances seed oil
content, seed mass and

seed size
[162]

transgenes cassette
overexpression

E.coli chloroplast
glycolate dehydrogenase

(GDH), glyoxylate
carboxylase (GCL), and
tartronic semialdehyde

reductase (TSR)

CaMV35S promoter,
tobacco EntCUP4

promoter, Arabidopsis
ACTIN2 promoter

seed mCherry
fluorescence,

phosphinothricin
herbicide

enhanced CO2 use
efficiency increased

plant grown up to 50%
[163]

transgenes cassette
expression

Arabidopsis
diacylglycerol

acyltransferase1
(DGAT1), and a
yeast cytosolic

glycerol-3-phosphate
dehydrogenase (GPD1)

seed specific oleosin and
glycinin promoters

from soybean

DsRed fluorescence and
Bar gene

up to 52% increase in
seed mass, and up to

13% higher seed
oil content

[164]

single transgene
expression

nonspecific
phospholipase C6

(NPC6)
not specified hygromycin B antibiotics

increase seed oil content,
seed weight, and

oil yield
[165]

single transgene
expression

chimeric arabidopsis
myosin XI-2

Arabidopsis myosin
XI-2 promoter hygromycin B antibiotics

improve plant growth,
total seed yield increase
as the total seed number

[166]

transgenes cassette
overexpression

At lipid transporters,
FAX1 (fatty acid

export1), and ABCA9
(ATP-binding cassette

transporter
subfamily A9)

CaMV35S promoter kanamycin antibiotic
in plates

increased expression of
fatty acid, and seed oil
production, increased
seed weight and size

[167]
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Table 2. Cont.

Seed Quality
Traits Improved

Biotechnological
Approach Used

Target/Introduced
Gene(s) Promoter Used Selectable Marker Final Product/

Major Results Reference

Seed protein content

RNAi suppression 12S and 2Sinapin protein seed specific soybean
glycine 1

DsRed fluorescence and
Bar gene

seed storage protein
(SPP) modulation [168]

RNAi suppression
ADP-glucose

pyrophosphorylase
(AGPase)

seed-specific
phaseolin promoter DsRed fluorescence enhanced seed protein

content and seed size [169]

Seed oil modulation

RNAi suppression camelina FAD2
and FAE1 not specificized DsRed fluorescence and

Bar gene
increase up to 50%

oleic acid [168]

RNAi suppression fatty acid desaturase 3
(FAD3) and FAE1

soybean glycinin-1
promoter

DsRed fluorescence and
Bar gene

seeds with high linoleate
content (approximately

57% of total FA)
[170]

transgenes cassette
expression

set of genes of
∆6-desaturase pathway

Different seed-specific
promoters, such as
Arabidopsis FAE1

promoter, flax Cnl1 and
Cnl2, and Brassica napus

napin promoter

BASTA herbicide >12% of DHA, high
ω3/ω6 ratio [170,171]

transgenes cassette
expression

microalgal and yeast set
of genes for

EPA synthesis

Different seed-specific
promoters, such as Vicia

faba USP, and sucrose
binding protein
promoter; napin

promoter, flax seed
specific conlinin 1 (Cnl1)

DsRed fluorescence
protein

EPA and DHA content
levels in camelina

equivalent to those in
fish oils

[49]

transgenes cassette
expression

Ricinus communis fatty
acid hydroxylase

(RcFAH), and
Lesquerella condensing
enzyme gene (LfKCS3)

native promoter of
camelina and
seed-specific

phaseolin promoter

BASTA herbicide high levels of hydroxyl
fatty acid [172]

single transgene and
transgenic

cassette expression

Lunaria annua
Ketoacyl-CoA synthase

(KCS) and the other
three elongase genes

from Arabidopsis

seed specific soybean
glycin1 and oleosin1,
cassava vein mosaic

virus (CMVP) promoter

DsRed fluorescence
protein

higher VLCFA
production, in particular

of 6–12% (C24:1∆15)
nervonic acid

[173]
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Table 2. Cont.

Seed Quality
Traits Improved

Biotechnological
Approach Used

Target/ Introduced
Gene(s) Promoter Used Selectable Marker Final Product/

Major Results Reference

transgenes cassette
expression

eight different
acyl-carrier-thioesterase

(FATB) from
Caesalpinia pulcherrima,

Cuphea viscosissima,
Crocodylus palustris,

Cladopus hookeriana and
Umbellularia californica

soybean glycinin-1
promoter

DsRed fluorescence
protein

medium chain FA of
different

lengths accumulation
[60]

single transgene
overexpression

Arabidopsis
patatin-related

phospholipase pPLAIIIδ

35S promoter, soybean
glycinin1 promoter hygromycin B antibiotics

Increased seed oil
content and decreasing

cellulose content
[58]

single transgene
expression and RNAi

Euonymus alatus
diacylglycerol-

acetyltransferase (DAcT)
overexpression with

suppression of DGAT1
and/or PDAT1

seed specific soybean
glycin1 and oleosin1

DsRed fluorescence
protein

modification and
increased level of

triacylglycerol content,
seed yield improvement

[174]

camelina gene
overexpression camelina DGAT1B Seed-specific Brassica

napus Napin promoter BASTA herbicide Total seed oils were
increased by ~24% [175]

single transgene
expression and RNAi

Umbellularia californica
12-acyl-carrier

thioesterase (FATB)
expression and

KASII suppression

seed specific
napin promoter

mCherry fluorescence
gene

higher accumulation up
to 28.5% of palmitate,
reduction in longer,

unsaturated fatty acids
in seed TAGs.

[176]

overexpression and
down-regulation

using artificial
microRNA (amiRNA)

PDAT overexpression
and DGAT suppression

seed specific
napin promoter BASTA herbicide

oil modulation:
a-linolenic decrease and

linoleic acid increase
[177]
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To date, the European Union’s (EU) uses the precautionary principle, and research on
GMO crops can be conducted only under confined conditions and demands pre-market
authorization for any GMO to enter the market, besides post-market environmental mon-
itoring. The European Food Safety Authority (EFSA) and the Member States author[s?]
require a risk assessment. The EU’s need for vegetable oil is increasing, and transgenic
camelina could cover this demand since it is particularly attractive as an industrial seed oil
crop. It should be considered that camelina has a limited ability to outcross to other plant
species and non-GM camelina, as demonstrated in greenhouse conditions [182] and in the
open field [183]. An opening in this direction was made in 2014 by the United Kingdom
government (the Department for the Environment, Food and Rural Affairs, and DEFRA),
which allowed the first field trials with transgenic camelina plants expressing high levels of
long-chain n-3 fatty acids DHA and EPA by Rothamsted Research with an extension period
for another five years of trials from 2019 to 2024 [184].

6.2. GE Technology

Genome editing (GE) techniques offer several advantages over the previously de-
scribed conventional or biotechnological breeding processes, in which multiple genes can
be targeted simultaneously without any linkage drag. The Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR)/Cas-based RNA-guided DNA endonuclease sys-
tem is the most versatile GE tool, with unprecedented ease, accuracy, and high efficiency
compared to other editing technologies based on the use of engineered nucleases, such
as TALENs (transcription activator-like effector nucleases) or ZFNs (zinc finger nucle-
ases). CRISPR/Cas9 can also be particularly effective as a time-reducing approach. The
Cas9 protein, when directed to multiple loci by expressing different sgRNAs can induce
simultaneous editing in different parts of the genome, as has already been demonstrated
in more than 90 species among food, industrial, or ornamental crops [185]. Notably, the
mutations can be stably inherited, and the process appears specific as other genes are not
mutated. As for other transformation systems, the receptive genotype, plasmid construct
features, and the number of specific target sgRNAs may need to be considered to achieve
the desired effort. In camelina, Suneson is the most utilised cultivar in GE studies, and a
constitutive promoter, such as CaMV35S or the Egg cell promoter, expressed mainly during
seed development, is favoured for Cas9 expression (Table 3).

Camelina is also a good example to demonstrate the power of the CRISPR/Cas9 tech-
nique compared to conventional and mutagenesis breeding, where it is tough to modify
multiple copies of a gene in different positions on different chromosomes. In fact, despite the
complexity of the allohexaploid genome, the three subgenomes are highly undifferentiated
in camelina. Although most genes have six copies (three homeologs), these copies can often
have high sequence identity [145]. Camelina also exhibits diploid inheritance [192], simplify-
ing the progression of single-copy mutated lines to homozygous status. For these reasons, in
this crop, the strategy of designing one or more sgRNAs targeting a conserved region for
all three homeologous genes selected, located on three different chromosomes, is the most
popular (Table 3). SNPs target sequences, on the other hand, help to determine whether all
genes have been efficiently targeted and mutated by the Cas9/sgRNA complex in a single
generation [157,186], or allow for assessing the effect of different combinations of modified
target alleles in subsequent generations [190]. Furthermore, the presence of many different
types of insertions and deletions (in-del mutation) at the same sgRNA target site [188,189], or
a different percentage of edited mutants in each homeolog can occur [186,191]. Indeed, the
number (1, 2, and 3) of the target homeologs that have been edited in such a complex genome
can provide some advantages since a sgRNA could be designed for only one or two of the
three subgenomes [133] depending on the final purpose [189]. The consequence of perform-
ing selected editing can be exploited for gene dosage experiments [187] to evaluate the right
combination in the desired phenotype without strong pleiotropic effects. This was observed,
for example, when scientists attempted to modify the fatty acid composition of the camelina
seed, especially when all the three homeologs gene copies of the ∆12-fatty acid desaturase
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(FAD2) genes were destroyed by the Cas9 activity [187,191]. Lee et. al’s study [191] shows
that the triple knockout mutant plants significantly increased MUFA levels (up to 80%)
in seeds, but led to a stunted bushy phenotype, and Mourineau et al. [187] confirmed a
similar phenotype in T3 full-edited generations. No particular phenotype was described by
Jiang et al. [186], who increased the oleic acid content from 16% to ≥50% in mutant seeds
containing only homozygous or biallelic knock-outs of the FAD2 genes. This suggests that
a reduction in PUFA within the vegetative tissues could impact agronomic performance,
partly due to the expression of FAD2 in both seeds and vegetative tissues [193]. Aznar-
Moreno [188] obtained an alteration in the seed oil composition by editing the three copies
of two genes involved in the TAG synthesis for industrial use of the camelina oil, but the
T2 generations show wrinkled and darkened seed compared to the wild-type. Ozseyhan’s
group [189], on the other hand, by changing the target gene for Cas9 activity, was able to
decrease the content of very long-chain fatty acids (VLCFAs) C20-C24 in seeds to 60% by
inducing editing in all three fatty acid elongase 1 (FAE1) genes. In this case, no differences
were observed between wild-type and edited seeds, suggesting that FAE1 genes do not
adversely affect plant growth [189]. As shown in Table 2, genome editing applications in
C. sativa are currently performed mainly to improve seed quality traits. In fact, the other two
important traits that have been manipulated are the storage protein quality [190] and the
amount of glucosinolates (GSLs) [133]. Lyzenga’s group improved the nutritional protein
amino acid profile of camelina meal, editing only cruciferin C (CsCRUC) genes, the most
divergent at the amino acid level and the most highly expressed among the 12 genes encoding
cruciferin storage proteins. Consequently, seed amino acid content was positively changed
with an increase in alanine, cysteine, and proline, and a decrease in isoleucine, tyrosine,
and valine [190]. However, the knockout of the CsCRU genes did not show any significant
alteration in total seed oil content, but increased the abundance of saturated fatty acids (SFAs).
Whereas no effect on fatty acid (FA) composition, oil, and protein content was observed by
Hölzl et al. [133] modulating the GSLs content in the seeds. Glucosinolates and their toxic
breakdown products are the most undesirable antinutritional compounds [85,194], which
limit the use of camelina seeds in animal feeding [41,195], but also act as plant defence
compounds [196]. For this reason, by targeting the two major GSL transporters, GTR1, and
GTR2, Hölzl et al. [133] obtained a reduction of 85–88% in GSL amount in the mutant seeds
compared to the wild type. Furthermore, they also demonstrated that the editing of the
transcription factors CsMYB28 and CsMYB29 resulted in the complete loss of GSLs in the
seeds representing C. sativa, the first crop GSL-free of the Brassicaceae family.

The cases discussed above suggest that CRISPR/Cas9 can be used to “knock out”
or disable the target gene in competing pathways to direct metabolic flux toward the
desired route. The choice and the selection of the desired ideotype, minimizing adverse
effects, is possible by selecting the most efficient combination of the right target and the
number of mutated alleles. The phenotype in this mutated background would also be
more genetically stable than that achieved through RNAi, and better than a transgenic
approach where transgenes are randomly integrated into the plant genome. Moreover,
to date in the USA, edited plants that no longer contain exogenous DNA sequences from
Agrobacterium tumefaciens T-DNA, but only contain the modification are not regulated by
the US Department of Agriculture’s (USDA)-Animal and Plant Health Inspection Service’s
(APHIS) as health-risk plants. In 2018, the Yeld10 Bioscience, an agricultural bioscience
company, submitted to the Authorities a genome-edited camelina line in which all six
copies of a gene involved in oil biosynthesis and oil turnover were single-based edited.
In 2021, field evaluations in diverse geographical regions in the U.S. were conducted to
evaluate the agronomic performances, confirming the genotype stability of the line, and a
5% increase in seed oil content as a percentage of seed weight over control plants [197].
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Table 3. Applications of CRISPR/Cas9 editing technology in camelina.

Cultivar Type/Promoter for Cas9
Promoter for

gRNA
Expression

Target Genes sgRNA Features Selection
Marker

Mutant line
Detection

System
Trait/Phenotype References

Suneson
Constitutive/ 35S promoter
from the Cauliflower mosaic

virus (CaMV35S)

Arabidopsis thaliana
U6 promoter

(AtU6-26)

fatty acid
desaturase 2

(FAD2) genes

three independent sgRNAs on
a conserved region of the 3
FAD2 genes, all designed in

5′-3′ (forward) direction

Red fluorescent
protein
(DsRed)

restriction
enzyme

screening

increased
MUFA

(monosatu-
rated fatty

acid) content in
the seed

[186]

Celine
Constitutive/Ubiquitin 4−2
promoter from Petroselinum

crispum (PcUbi4-2)

Camelina sativa
U6 promoter

(CsU6)

fatty acid
desaturase 2

(FAD2) genes

Two independent sgRNAs on
a conserved region in the first

600bp of the 3 FAD2 genes,
one in 5′-3′ direction, one in

3′-5′ direction

DsRed
simple allele-

discriminating
PCR (SAP)

increased
MUFA

(monosatu-
rated fatty

acid) content in
the seed

[187]

Suneson Constitutive/CaMV35S AtU6-26

phospholipid:
diacylglycerol
acyltransferase

1 (PDAT1),
diacylglycerol
acyltransferase
(DGAT1) genes

One sgRNA on a conserved
region of the three PDAT1
genes and 1sgRNA for the
3DGAT1. Both sgRNA are
designed in 5′-3′ direction

Hygromycin
phosphotrans-

ferase

restriction
enzyme

screening

Reduced oil
content and
altered fatty

acid
composition

[188]

Suneson Tissue-specific/Egg
cell-specific promoter (EC1.1) AtU6-26

fatty acid
elongase 1

(FAE1) genes

One sgRNA in reverse strand
(3′-5′) in a conserved region in

the first 600 bp of the three
FAE1 genes

DsRed
sequencing of

the target
regions

Decreased
VLCFAs

C20-C24 from
22% to 2%

[189]
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Table 3. Cont.

Cultivar Type/Promoter for Cas9
Promoter for

gRNA
Expression

Target Genes sgRNA Features Selection
Marker

Mutant line
Detection

System
Trait/Phenotype References

Suneson,
CAME

Tissue-specific/ Egg
cell-specific promoter (EC1.1) AtU6-26

fatty acid
desaturase 2

(FAD2) genes

One single sgRNA in the first
300bp in a conserved region

of the three FAD2 genes
designed in 5′-3′ direction

DsRed

deep
sequencing of
the targeted

sites

increased
MUFA (mo-

nounsaturated
fatty acid)

content in the
seed

[191]

CAM139 Constitutive/ PcUbi4-2 AtU6-26

glucosinolate
transporter 1

and 2
(GTR1-GTR2);
transcription

factors MYB28,
MYB29

Two sgRNAs in conserved
regions for each of the three

homeolog genes target
(7 sgRNA in total) 1sgRNA in
common between GTR1 and

GTR2 and 1sgRNA in
common between MYB28 and

MYB29 designed in both
directions

DsRed
restriction
enzymes
screening

decrease
glucosinolate
content in the

seed

[133]



Plants 2023, 12, 570 18 of 26

In the EU, however, organisms developed with GE are not exempt from specific reg-
ulations that still determine which regulatory framework is warranted for these crops.
Genetically modified crops and new breeding techniques are seen in Italy as a possible so-
lution to the challenges posed by climate change. In June 2022, at the European Parliament,
Italy’s Minister asked that the use of new plant breeding techniques should be liberalized
by “untying them from GMO rules of the 1999 directive”.

Currently, in the EU, plants’ characteristics resulting from GE applications could be
protected by a patent where the origin of the mutation must be declared, even when the
edit could also have occurred naturally [198].

However, in general, many methodologies could be used to improve C. sativa always
keeping in mind that by intraspecific and inter-specific crosses, we can obtain new varieties.
In contrast, by recurrent backcrosses, mutational breeding, transgenesis, and genome
editing, we can obtain essentially derived varieties regulated by EU legislation [199].

7. Conclusions and Future Perspectives

Although the breadth of research in camelina in the last few years is notable, several
areas that would benefit from further research were identified. Winter-hardy oilseed cover
crops show tremendous promise for providing needed ecosystem services. However,
low seed yields and other quality traits currently hamper winter camelina’s potential to
be economically viable for double or relay cropping, not only in the US Great Plains or
upper Midwest, but also in other countries, such as Italy. Development of populations
from crosses between winter and spring types of C. sativa, combined with leveraging
next-generation sequencing technologies to identify genetic factors associated with, for
example, freezing tolerance, flowering, yield, seed oil quantity and quality, are needed.
Either through conventional breeding, transgenic approaches and RNAi and CRISPR/Cas
9 technology, increasing the seed size, seed yield, and oil quality in winter types of camelina
could enhance their economic value as cover crops in double and relay cropping systems.
Nevertheless, new research will be needed. In particular, new breeding programs and
molecular genetics studies will allow us to achieve real use of this crop in our environment,
promoting the rethinking of new, appropriate cropping systems, and moving into an era of
climate-smart agriculture.
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77. Ratusz, K.; Symoniuk, E.; Wroniak, M.; Rudzińska, M. Bioactive Compounds, Nutritional Quality and Oxidative Stability of
Cold-Pressed Camelina (Camelina sativa L.) Oils. Appl. Sci. 2018, 8, 2606. [CrossRef]

78. Christodoulou, C.; Mavrommatis, A.; Mitsiopoulou, C.; Symeon, G.; Dotas, V.; Sotirakoglou, K.; Kotsampasi, B.; Tsiplakou, E.
Assessing the Optimum Level of Supplementation with Camelina Seeds in Ewes’ Diets to Improve Milk Quality. Foods 2021, 10,
2076. [CrossRef]

79. Nain, S.; Oryschak, M.A.; Betti, M.; Beltranena, E. Camelina sativa Cake for Broilers: Effects of Increasing Dietary Inclusion from 0
to 24% on Tissue Fatty Acid Proportions at 14, 28, and 42 d of Age. Poult. Sci. 2015, 94, 1247–1258. [CrossRef]

http://doi.org/10.1111/anu.13017
http://doi.org/10.1016/j.aquaculture.2022.738733
http://doi.org/10.1111/are.15797
http://doi.org/10.1007/s11746-015-2654-z
http://doi.org/10.1016/j.indcrop.2015.02.033
http://doi.org/10.1016/j.indcrop.2015.04.015
http://doi.org/10.1016/j.indcrop.2014.10.025
http://doi.org/10.1016/j.porgcoat.2015.04.009
http://doi.org/10.1016/j.molliq.2021.117043
http://doi.org/10.1007/s11696-022-02434-3
http://doi.org/10.1039/D2RA03253H
http://doi.org/10.1002/ep.10461
http://doi.org/10.1071/CP13054
http://doi.org/10.1016/j.indcrop.2012.05.023
http://doi.org/10.1016/j.scitotenv.2014.02.003
http://doi.org/10.15406/apar.2015.02.00043
http://doi.org/10.1016/j.indcrop.2015.11.073
http://doi.org/10.1016/j.renene.2017.05.044
http://doi.org/10.1053/meta.2002.35183
http://www.ncbi.nlm.nih.gov/pubmed/12370843
http://doi.org/10.1016/j.atherosclerosis.2018.12.017
http://www.ncbi.nlm.nih.gov/pubmed/30658192
http://doi.org/10.3390/app8122606
http://doi.org/10.3390/foods10092076
http://doi.org/10.3382/ps/pev080


Plants 2023, 12, 570 22 of 26

80. Russo, R.; Galasso, I.; Reggiani, R. Variability in Glucosinolate Content among Camelina Species. Am. J. Plant Sci. 2014, 5, 294–298.
[CrossRef]

81. Lokesh, K.; Sethi, V.; Nikolaidis, T.; Goodger, E.; Nalianda, D. Life Cycle Greenhouse Gas Analysis of Biojet Fuels with a Technical
Investigation into Their Impact on Jet Engine Performance. Biomass Bioenergy 2015, 77, 26–44. [CrossRef]

82. Fröhlich, A.; Rice, B. Evaluation of Camelina sativa Oil as a Feedstock for Biodiesel Production. Ind. Crops Prod. 2005, 21, 25–31.
[CrossRef]

83. Ciubota-Rosie, C.; Ruiz, J.R.; Ramos, M.J.; Pérez, Á. Biodiesel from Camelina Sativa: A Comprehensive Characterisation. Fuel
2013, 105, 572–577. [CrossRef]

84. Zubr, J. Dietary Fatty Acids and Amino Acids of Camelina sativa Seed. J. Food Qual. 2003, 26, 451–462. [CrossRef]
85. Matthaus, B.; Zubr, J. Variability of Specific Components in Camelina sativa Oilseed Cakes. Ind. Crops Prod. 2000, 12, 9–18.

[CrossRef]
86. Nour-Eldin, H.H.; Madsen, S.R.; Engelen, S.; Jørgensen, M.E.; Olsen, C.E.; Andersen, J.S.; Seynnaeve, D.; Verhoye, T.; Fulawka, R.;

Denolf, P.; et al. Reduction of Antinutritional Glucosinolates in Brassica Oilseeds by Mutation of Genes Encoding Transporters.
Nat. Biotechnol. 2017, 35, 377–382. [CrossRef]

87. Regolamento (UE) 2017/1017 della Commissione, del 15 Giugno 2017, che Modifica il Regolamento (UE) n. 68/2013 Concernente il Catalogo
delle Materie Prime per Mangimi (Testo Rilevante ai Fini del SEE). Available online: http://data.europa.eu/eli/reg/2017/1017/oj
(accessed on 23 January 2023).

88. Amyot, L.; McDowell, T.; Martin, S.L.; Renaud, J.; Gruber, M.Y.; Hannoufa, A. Assessment of Antinutritional Compounds and
Chemotaxonomic Relationships between Camelina sativa and Its Wild Relatives. J. Agric. Food Chem. 2019, 67, 796–806. [CrossRef]

89. Halkier, B.A.; Gershenzon, J. Biology and Biochemistry of Glucosinolates. Annu. Rev. Plant Biol. 2006, 57, 303–333. [CrossRef]
90. Schuster, A.; Friedt, W. Glucosinolate Content and Composition as Parameters of Quality of Camelina Seed. Ind. Crops Prod. 1998,

7, 297–302. [CrossRef]
91. Shakour, Z.T.; Shehab, N.G.; Gomaa, A.S.; Wessjohann, L.A.; Farag, M.A. Metabolic and Biotransformation Effects on Dietary

Glucosinolates, Their Bioavailability, Catabolism and Biological Effects in Different Organisms. Biotechnol. Adv. 2022, 54, 107784.
[CrossRef]

92. De Groef, B.; Decallonne, B.R.; Van der Geyten, S.; Darras, V.M.; Bouillon, R. Perchlorate versus Other Environmental
Sodium/Iodide Symporter Inhibitors: Potential Thyroid-Related Health Effects. Eur. J. Endocrinol. 2006, 155, 17–25. [CrossRef]

93. Wittstock, U.; Halkier, B.A. Glucosinolate Research in the Arabidopsis Era. Trends Plant Sci. 2002, 7, 263–270. [CrossRef]
94. Diebold, R.; Schuster, J.; Däschner, K.; Binder, S. The Branched-Chain Amino Acid Transaminase Gene Family in Arabidopsis

Encodes Plastid and Mitochondrial Proteins. Plant Physiol. 2002, 129, 540–550. [CrossRef]
95. Schuster, J.; Knill, T.; Reichelt, M.; Gershenzon, J.; Binder, S. Branched-Chain Aminotransferase4 Is Part of the Chain Elongation

Pathway in the Biosynthesis of Methionine-Derived Glucosinolates in Arabidopsis. Plant Cell 2006, 18, 2664–2679. [CrossRef]
96. Falk, K.L.; Vogel, C.; Textor, S.; Bartram, S.; Hick, A.; Pickett, J.A.; Gershenzon, J. Glucosinolate Biosynthesis: Demonstration and

Characterization of the Condensing Enzyme of the Chain Elongation Cycle in Eruca Sativa. Phytochemistry 2004, 65, 1073–1084.
[CrossRef]

97. Textor, S.; de Kraker, J.-W.; Hause, B.; Gershenzon, J.; Tokuhisa, J.G. MAM3 Catalyzes the Formation of All Aliphatic Glucosinolate
Chain Lengths in Arabidopsis. Plant Physiol. 2007, 144, 60–71. [CrossRef]

98. Sawada, Y.; Kuwahara, A.; Nagano, M.; Narisawa, T.; Sakata, A.; Saito, K.; Hirai, M.Y. Omics-Based Approaches to Methio-
nine Side Chain Elongation in Arabidopsis: Characterization of the Genes Encoding Methylthioalkylmalate Isomerase and
Methylthioalkylmalate Dehydrogenase. Plant Cell Physiol. 2009, 50, 1181–1190. [CrossRef]

99. Knill, T.; Reichelt, M.; Paetz, C.; Gershenzon, J.; Binder, S. Arabidopsis Thaliana Encodes a Bacterial-Type Heterodimeric
Isopropylmalate Isomerase Involved in Both Leu Biosynthesis and the Met Chain Elongation Pathway of Glucosinolate Formation.
Plant Mol. Biol. 2009, 71, 227–239. [CrossRef]

100. He, Y.; Mawhinney, T.P.; Preuss, M.L.; Schroeder, A.C.; Chen, B.; Abraham, L.; Jez, J.M.; Chen, S. A Redox-Active Isopropylmalate
Dehydrogenase Functions in the Biosynthesis of Glucosinolates and Leucine in Arabidopsis. Plant J. Cell Mol. Biol. 2009, 60,
679–690. [CrossRef]

101. Gigolashvili, T.; Yatusevich, R.; Rollwitz, I.; Humphry, M.; Gershenzon, J.; Flügge, U.-I. The Plastidic Bile Acid Transporter 5
Is Required for the Biosynthesis of Methionine-Derived Glucosinolates in Arabidopsis Thaliana. Plant Cell 2009, 21, 1813–1829.
[CrossRef]

102. Textor, S.; Bartram, S.; Kroymann, J.; Falk, K.L.; Hick, A.; Pickett, J.A.; Gershenzon, J. Biosynthesis of Methionine-Derived
Glucosinolates in Arabidopsis Thaliana: Recombinant Expression and Characterization of Methylthioalkylmalate Synthase, the
Condensing Enzyme of the Chain-Elongation Cycle. Planta 2004, 218, 1026–1035. [CrossRef]

103. de Kraker, J.-W.; Gershenzon, J. From Amino Acid to Glucosinolate Biosynthesis: Protein Sequence Changes in the Evolution of
Methylthioalkylmalate Synthase in Arabidopsis. Plant Cell 2011, 23, 38–53. [CrossRef]

104. Kumar, R.; Lee, S.G.; Augustine, R.; Reichelt, M.; Vassão, D.G.; Palavalli, M.H.; Allen, A.; Gershenzon, J.; Jez, J.M.; Bisht, N.C.
Molecular Basis of the Evolution of Methylthioalkylmalate Synthase and the Diversity of Methionine-Derived Glucosinolates.
Plant Cell 2019, 31, 1633–1647. [CrossRef]

105. He, Y.; Chen, B.; Pang, Q.; Strul, J.M.; Chen, S. Functional Specification of Arabidopsis Isopropylmalate Isomerases in Glucosinolate
and Leucine Biosynthesis. Plant Cell Physiol. 2010, 51, 1480–1487. [CrossRef]

http://doi.org/10.4236/ajps.2014.53040
http://doi.org/10.1016/j.biombioe.2015.03.005
http://doi.org/10.1016/j.indcrop.2003.12.004
http://doi.org/10.1016/j.fuel.2012.09.062
http://doi.org/10.1111/j.1745-4557.2003.tb00260.x
http://doi.org/10.1016/S0926-6690(99)00040-0
http://doi.org/10.1038/nbt.3823
http://data.europa.eu/eli/reg/2017/1017/oj
http://doi.org/10.1021/acs.jafc.8b04724
http://doi.org/10.1146/annurev.arplant.57.032905.105228
http://doi.org/10.1016/S0926-6690(97)00061-7
http://doi.org/10.1016/j.biotechadv.2021.107784
http://doi.org/10.1530/eje.1.02190
http://doi.org/10.1016/S1360-1385(02)02273-2
http://doi.org/10.1104/pp.001602
http://doi.org/10.1105/tpc.105.039339
http://doi.org/10.1016/j.phytochem.2004.02.021
http://doi.org/10.1104/pp.106.091579
http://doi.org/10.1093/pcp/pcp079
http://doi.org/10.1007/s11103-009-9519-5
http://doi.org/10.1111/j.1365-313X.2009.03990.x
http://doi.org/10.1105/tpc.109.066399
http://doi.org/10.1007/s00425-003-1184-3
http://doi.org/10.1105/tpc.110.079269
http://doi.org/10.1105/tpc.19.00046
http://doi.org/10.1093/pcp/pcq113


Plants 2023, 12, 570 23 of 26

106. He, Y.; Chen, L.; Zhou, Y.; Mawhinney, T.P.; Chen, B.; Kang, B.-H.; Hauser, B.A.; Chen, S. Functional Characterization of
Arabidopsis Thaliana Isopropylmalate Dehydrogenases Reveals Their Important Roles in Gametophyte Development. New
Phytol. 2011, 189, 160–175. [CrossRef]

107. He, Y.; Galant, A.; Pang, Q.; Strul, J.M.; Balogun, S.F.; Jez, J.M.; Chen, S. Structural and Functional Evolution of Isopropylmalate
Dehydrogenases in the Leucine and Glucosinolate Pathways of Arabidopsis Thaliana. J. Biol. Chem. 2011, 286, 28794–28801.
[CrossRef]

108. Knill, T.; Schuster, J.; Reichelt, M.; Gershenzon, J.; Binder, S. Arabidopsis Branched-Chain Aminotransferase 3 Functions in Both
Amino Acid and Glucosinolate Biosynthesis. Plant Physiol. 2008, 146, 1028–1039. [CrossRef] [PubMed]

109. Lächler, K.; Imhof, J.; Reichelt, M.; Gershenzon, J.; Binder, S. The Cytosolic Branched-Chain Aminotransferases of Arabidopsis
Thaliana Influence Methionine Supply, Salvage and Glucosinolate Metabolism. Plant Mol. Biol. 2015, 88, 119–131. [CrossRef]
[PubMed]

110. Hull, A.K.; Vij, R.; Celenza, J.L. Arabidopsis Cytochrome P450s That Catalyze the First Step of Tryptophan-Dependent Indole-3-
Acetic Acid Biosynthesis. Proc. Natl. Acad. Sci. USA 2000, 97, 2379–2384. [CrossRef]

111. Wittstock, U.; Halkier, B.A. Cytochrome P450 CYP79A2 from Arabidopsis Thaliana L. Catalyzes the Conversion of L-Phenylalanine
to Phenylacetaldoxime in the Biosynthesis of Benzylglucosinolate. J. Biol. Chem. 2000, 275, 14659–14666. [CrossRef] [PubMed]

112. Mikkelsen, M.D.; Hansen, C.H.; Wittstock, U.; Halkier, B.A. Cytochrome P450 CYP79B2 from Arabidopsis Catalyzes the
Conversion of Tryptophan to Indole-3-Acetaldoxime, a Precursor of Indole Glucosinolates and Indole-3-Acetic Acid. J. Biol. Chem.
2000, 275, 33712–33717. [CrossRef]

113. Hansen, C.H.; Wittstock, U.; Olsen, C.E.; Hick, A.J.; Pickett, J.A.; Halkier, B.A. Cytochrome P450 CYP79F1 from Arabidopsis
Catalyzes the Conversion of Dihomomethionine and Trihomomethionine to the Corresponding Aldoximes in the Biosynthesis of
Aliphatic Glucosinolates. J. Biol. Chem. 2001, 276, 11078–11085. [CrossRef] [PubMed]

114. Chen, S.; Glawischnig, E.; Jørgensen, K.; Naur, P.; Jørgensen, B.; Olsen, C.-E.; Hansen, C.H.; Rasmussen, H.; Pickett, J.A.; Halkier,
B.A. CYP79F1 and CYP79F2 Have Distinct Functions in the Biosynthesis of Aliphatic Glucosinolates in Arabidopsis. Plant J. Cell
Mol. Biol. 2003, 33, 923–937. [CrossRef]

115. Glawischnig, E. The Role of Cytochrome P450 Enzymes in the Biosynthesis of Camalexin. Biochem. Soc. Trans. 2006, 34, 1206–1208.
[CrossRef]

116. Czerniawski, P.; Piasecka, A.; Bednarek, P. Evolutionary Changes in the Glucosinolate Biosynthetic Capacity in Species Represent-
ing Capsella, Camelina and Neslia Genera. Phytochemistry 2021, 181, 112571. [CrossRef]

117. Hopkins, R.J.; van Dam, N.M.; van Loon, J.J.A. Role of Glucosinolates in Insect-Plant Relationships and Multitrophic Interactions.
Annu. Rev. Entomol. 2009, 54, 57–83. [CrossRef]

118. Sønderby, I.E.; Geu-Flores, F.; Halkier, B.A. Biosynthesis of Glucosinolates–Gene Discovery and Beyond. Trends Plant Sci. 2010, 15,
283–290. [CrossRef] [PubMed]

119. Ouassou, M.; Mukhaimar, M.; El Amrani, A.; Kroymann, J.; Chauveau, O. Biosynthesis of indole glucosinolates and ecological
role of secondary modification pathways. C. R. Biol. 2019, 342, 58–80. [CrossRef] [PubMed]

120. Petersen, B.L.; Chen, S.; Hansen, C.H.; Olsen, C.E.; Halkier, B.A. Composition and Content of Glucosinolates in Developing
Arabidopsis Thaliana. Planta 2002, 214, 562–571. [CrossRef]

121. Brown, P.D.; Tokuhisa, J.G.; Reichelt, M.; Gershenzon, J. Variation of Glucosinolate Accumulation among Different Organs and
Developmental Stages of Arabidopsis Thaliana. Phytochemistry 2003, 62, 471–481. [CrossRef] [PubMed]

122. Quéro, A.; Molinié, R.; Mathiron, D.; Thiombiano, B.; Fontaine, J.-X.; Brancourt, D.; Van Wuytswinkel, O.; Petit, E.; Demailly, H.;
Mongelard, G.; et al. Metabolite Profiling of Developing Camelina sativa Seeds. Metabolomics 2016, 12, 186. [CrossRef]

123. Tavarini, S.; De Leo, M.; Matteo, R.; Lazzeri, L.; Braca, A.; Angelini, L.G. Flaxseed and Camelina Meals as Potential Sources of
Health-Beneficial Compounds. Plants 2021, 10, 156. [CrossRef] [PubMed]

124. Sawada, Y.; Toyooka, K.; Kuwahara, A.; Sakata, A.; Nagano, M.; Saito, K.; Hirai, M.Y. Arabidopsis Bile Acid:Sodium Symporter
Family Protein 5 Is Involved in Methionine-Derived Glucosinolate Biosynthesis. Plant Cell Physiol. 2009, 50, 1579–1586. [CrossRef]
[PubMed]

125. Du, L.; Halkier, B.A. Biosynthesis of Glucosinolates in the Developing Silique Walls and Seeds of Sinapis Alba. Phytochemistry
1998, 48, 1145–1150. [CrossRef]

126. Chen, S.; Petersen, B.L.; Olsen, C.E.; Schulz, A.; Halkier, B.A. Long-Distance Phloem Transport of Glucosinolates in Arabidopsis.
Plant Physiol. 2001, 127, 194–201. [CrossRef]

127. Ellerbrock, B.L.; Kim, J.H.; Jander, G. Contribution of Glucosinolate Transport to Arabidopsis Defense Responses. Plant Signal.
Behav. 2007, 2, 282–283. [CrossRef] [PubMed]

128. Nour-Eldin, H.H.; Andersen, T.G.; Burow, M.; Madsen, S.R.; Jørgensen, M.E.; Olsen, C.E.; Dreyer, I.; Hedrich, R.; Geiger, D.;
Halkier, B.A. NRT/PTR Transporters Are Essential for Translocation of Glucosinolate Defence Compounds to Seeds. Nature 2012,
488, 531–534. [CrossRef] [PubMed]

129. Léran, S.; Varala, K.; Boyer, J.-C.; Chiurazzi, M.; Crawford, N.; Daniel-Vedele, F.; David, L.; Dickstein, R.; Fernandez, E.; Forde, B.;
et al. A Unified Nomenclature of NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER Family Members in Plants. Trends
Plant Sci. 2014, 19, 5–9. [CrossRef] [PubMed]

130. Nour-Eldin, H.H.; Halkier, B.A. The Emerging Field of Transport Engineering of Plant Specialized Metabolites. Curr. Opin.
Biotechnol. 2013, 24, 263–270. [CrossRef]

http://doi.org/10.1111/j.1469-8137.2010.03460.x
http://doi.org/10.1074/jbc.M111.262519
http://doi.org/10.1104/pp.107.111609
http://www.ncbi.nlm.nih.gov/pubmed/18162591
http://doi.org/10.1007/s11103-015-0312-3
http://www.ncbi.nlm.nih.gov/pubmed/25851613
http://doi.org/10.1073/pnas.040569997
http://doi.org/10.1074/jbc.275.19.14659
http://www.ncbi.nlm.nih.gov/pubmed/10799553
http://doi.org/10.1074/jbc.M001667200
http://doi.org/10.1074/jbc.M010123200
http://www.ncbi.nlm.nih.gov/pubmed/11133994
http://doi.org/10.1046/j.1365-313X.2003.01679.x
http://doi.org/10.1042/BST0341206
http://doi.org/10.1016/j.phytochem.2020.112571
http://doi.org/10.1146/annurev.ento.54.110807.090623
http://doi.org/10.1016/j.tplants.2010.02.005
http://www.ncbi.nlm.nih.gov/pubmed/20303821
http://doi.org/10.1016/j.crvi.2019.03.005
http://www.ncbi.nlm.nih.gov/pubmed/31088733
http://doi.org/10.1007/s004250100659
http://doi.org/10.1016/S0031-9422(02)00549-6
http://www.ncbi.nlm.nih.gov/pubmed/12620360
http://doi.org/10.1007/s11306-016-1135-1
http://doi.org/10.3390/plants10010156
http://www.ncbi.nlm.nih.gov/pubmed/33466939
http://doi.org/10.1093/pcp/pcp110
http://www.ncbi.nlm.nih.gov/pubmed/19633020
http://doi.org/10.1016/S0031-9422(97)00877-7
http://doi.org/10.1104/pp.127.1.194
http://doi.org/10.4161/psb.2.4.4014
http://www.ncbi.nlm.nih.gov/pubmed/19704682
http://doi.org/10.1038/nature11285
http://www.ncbi.nlm.nih.gov/pubmed/22864417
http://doi.org/10.1016/j.tplants.2013.08.008
http://www.ncbi.nlm.nih.gov/pubmed/24055139
http://doi.org/10.1016/j.copbio.2012.09.006


Plants 2023, 12, 570 24 of 26

131. Xu, D.; Hunziker, P.; Koroleva, O.; Blennow, A.; Crocoll, C.; Schulz, A.; Nour-Eldin, H.H.; Halkier, B.A. GTR-Mediated Radial
Import Directs Accumulation of Defensive Glucosinolates to Sulfur-Rich Cells in the Phloem Cap of Arabidopsis Inflorescence
Stem. Mol. Plant 2019, 12, 1474–1484. [CrossRef] [PubMed]

132. Nambiar, D.M.; Kumari, J.; Augustine, R.; Kumar, P.; Bajpai, P.K.; Bisht, N.C. GTR1 and GTR2 Transporters Differentially Regulate
Tissue-Specific Glucosinolate Contents and Defence Responses in the Oilseed Crop Brassica Juncea. Plant Cell Environ. 2021, 44,
2729–2743. [CrossRef]

133. Hölzl, G.; Rezaeva, B.R.; Kumlehn, J.; Dörmann, P. Ablation of Glucosinolate Accumulation in the Oil Crop Camelina sativa by
Targeted Mutagenesis of Genes Encoding the Transporters GTR1 and GTR2 and Regulators of Biosynthesis MYB28 and MYB29.
Plant Biotechnol. J. 2023, 21, 189–201. [CrossRef]

134. Noret, N.; Meerts, P.; Tolrà, R.; Poschenrieder, C.; Barceló, J.; Escarre, J. Palatability of Thlaspi Caerulescens for Snails: Influence of
Zinc and Glucosinolates. New Phytol. 2005, 165, 763–772. [CrossRef]

135. Alexandre, E.M.C.; Moreira, S.A.; Pinto, C.A.; Pintado, M.; Saraiva, J.A. Analysis of Glucosinolates Content in Food Products. In
Glucosinolates: Properties, Recovery, and Applications; Elsevier: Amsterdam, The Netherlands, 2020; pp. 213–250, ISBN 978-0-12-816493-8.

136. Baenas, N.; Cartea, M.E.; Moreno, D.A.; Tortosa, M.; Francisco, M. Processing and Cooking Effects on Glucosinolates and Their
Derivatives. In Glucosinolates: Properties, Recovery, and Applications; Elsevier: Amsterdam, The Netherlands, 2020; pp. 181–212,
ISBN 978-0-12-816493-8.

137. Galanakis, C.M. Recovery Techniques, Stability, and Applications of Glucosinolates. In Glucosinolates: Properties, Recovery, and
Applications; Elsevier: Amsterdam, The Netherlands, 2020; pp. 251–280. ISBN 978-0-12-816493-8.

138. European Parliament. Available online: https://www.europarl.europa.eu/portal (accessed on 26 November 2022).
139. Gugel, R.K.; Falk, K. Agronomic and Seed Quality Evaluation of Camelina sativa in Western Canada. Can. J. Plant Sci. 2006, 86,

1047–1058. [CrossRef]
140. Manca, A.; Pecchia, P.; Mapelli, S.; Masella, P.; Galasso, I. Evaluation of Genetic Diversity in a Camelina sativa (L.) Crantz Collection

Using Microsatellite Markers and Biochemical Traits. Genet. Resour. Crop Evol. 2012, 60, 1223–1236. [CrossRef]
141. Singh, R.; Bollina, V.; Higgins, E.E.; Clarke, W.E.; Eynck, C.; Sidebottom, C.; Gugel, R.; Snowdon, R.; Parkin, I.A.P. Single-

Nucleotide Polymorphism Identification and Genotyping in Camelina Sativa. Mol. Breed. New Strateg. Plant Improv. 2015, 35, 35.
[CrossRef] [PubMed]

142. Galasso, I.; Manca, A.; Braglia, L.; Ponzoni, E.; Breviario, D. Genomic Fingerprinting of Camelina Species Using CTBP as
Molecular Marker. Am. J. Plant Sci. 2015, 6, 1184–1200. [CrossRef]

143. Faure, J.-D.; Tepfer, M. Camelina, a Swiss Knife for Plant Lipid Biotechnology. OCL 2016, 23, D503. [CrossRef]
144. Luo, Z.; Brock, J.; Dyer, J.M.; Kutchan, T.; Schachtman, D.; Augustin, M.; Ge, Y.; Fahlgren, N.; Abdel-Haleem, H. Genetic Diversity

and Population Structure of a Camelina sativa Spring Panel. Front. Plant Sci. 2019, 10, 184. [CrossRef]
145. Kagale, S.; Koh, C.; Nixon, J.; Bollina, V.; Clarke, W.E.; Tuteja, R.; Spillane, C.; Robinson, S.J.; Links, M.G.; Clarke, C.; et al. The Emerging

Biofuel Crop Camelina sativa Retains a Highly Undifferentiated Hexaploid Genome Structure. Nat. Commun. 2014, 5, 3706. [CrossRef]
146. Tepfer, M.; Hurel, A.; Tellier, F.; Jenczewski, E. Evaluation of the Progeny Produced by Interspecific Hybridization between

Camelina sativa and C. Microcarpa. Ann. Bot. 2020, 125, 993–1002. [CrossRef]
147. Kumar, D.; Yadav, A.; Ahmad, R.; Dwivedi, U.N.; Yadav, K. CRISPR-Based Genome Editing for Nutrient Enrichment in Crops: A

Promising Approach Toward Global Food Security. Front. Genet. 2022, 13, 932859. [CrossRef]
148. Legislation for Plants Produced by Certain New Genomic Techniques. Available online: https://ec.europa.eu/info/law/better-

regulation/have-your-say/initiatives/13119-Legislation-for-plants-produced-by-certain-new-genomic-techniques_en (accessed
on 23 January 2023).

149. CPVO | Community Plant Variety Office. Available online: https://cpvo.europa.eu/en (accessed on 20 November 2022).
150. Welcome to Arrow Seed- WE KNOW SEED. Available online: https://arrowseed.com/ (accessed on 20 November 2022).
151. GRIN. Available online: https://www.ars-grin.gov/ (accessed on 20 November 2022).
152. Government of Canada, C.F.I.A. Directive 94-08 (Dir 94-08) Assessment Criteria for Determining Environmental Safety of Plants

With Novel Traits. Available online: https://inspection.canada.ca/plant-varieties/plants-with-novel-traits/applicants/directive-
94-08/eng/1512588596097/1512588596818 (accessed on 18 November 2022).

153. Büchsenschütz-Nothdurft, A.; Schuster, A.; Friedt, W. Breeding for Modified Fatty Acid Composition via Experimental Mutagen-
esis in Camelina sativa (L.) Crtz. Ind. Crops Prod. 1998, 7, 291–295. [CrossRef]

154. Li, H.; Hu, X.; Lovell, J.T.; Grabowski, P.P.; Mamidi, S.; Chen, C.; Amirebrahimi, M.; Kahanda, I.; Mumey, B.; Barry, K.; et al.
Genetic Dissection of Natural Variation in Oilseed Traits of Camelina by Whole-Genome Resequencing and QTL Mapping. Plant
Genome 2021, 14, e20110. [CrossRef] [PubMed]

155. Khan, E.U.; Liu, J.-H. Plant Biotechnological Approaches for the Production and Commercialization of Transgenic Crops.
Biotechnol. Biotechnol. Equip. 2009, 23, 1281–1288. [CrossRef]

156. Mudalkar, S.; Golla, R.; Ghatty, S.; Reddy, A.R. De Novo Transcriptome Analysis of an Imminent Biofuel Crop, Camelina sativa L.
Using Illumina GAIIX Sequencing Platform and Identification of SSR Markers. Plant Mol. Biol. 2014, 84, 159–171. [CrossRef]
[PubMed]

157. Ozseyhan, M.E.; Li, P.; Na, G.; Li, Z.; Wang, C.; Lu, C. Improved Fatty Acid Profiles in Seeds of Camelina sativa by Artificial
MicroRNA Mediated FATB Gene Suppression. Biochem. Biophys. Res. Commun. 2018, 503, 621–624. [CrossRef]

http://doi.org/10.1016/j.molp.2019.06.008
http://www.ncbi.nlm.nih.gov/pubmed/31260813
http://doi.org/10.1111/pce.14072
http://doi.org/10.1111/pbi.13936
http://doi.org/10.1111/j.1469-8137.2004.01286.x
https://www.europarl.europa.eu/portal
http://doi.org/10.4141/P04-081
http://doi.org/10.1007/s10722-012-9913-8
http://doi.org/10.1007/s11032-015-0224-6
http://www.ncbi.nlm.nih.gov/pubmed/25620879
http://doi.org/10.4236/ajps.2015.68122
http://doi.org/10.1051/ocl/2016023
http://doi.org/10.3389/fpls.2019.00184
http://doi.org/10.1038/ncomms4706
http://doi.org/10.1093/aob/mcaa026
http://doi.org/10.3389/fgene.2022.932859
https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/13119-Legislation-for-plants-produced-by-certain-new-genomic-techniques_en
https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/13119-Legislation-for-plants-produced-by-certain-new-genomic-techniques_en
https://cpvo.europa.eu/en
https://arrowseed.com/
https://www.ars-grin.gov/
https://inspection.canada.ca/plant-varieties/plants-with-novel-traits/applicants/directive-94-08/eng/1512588596097/1512588596818
https://inspection.canada.ca/plant-varieties/plants-with-novel-traits/applicants/directive-94-08/eng/1512588596097/1512588596818
http://doi.org/10.1016/S0926-6690(97)00060-5
http://doi.org/10.1002/tpg2.20110
http://www.ncbi.nlm.nih.gov/pubmed/34106529
http://doi.org/10.1080/13102818.2009.10817654
http://doi.org/10.1007/s11103-013-0125-1
http://www.ncbi.nlm.nih.gov/pubmed/24002439
http://doi.org/10.1016/j.bbrc.2018.06.051


Plants 2023, 12, 570 25 of 26

158. Lu, C.; Kang, J. Generation of Transgenic Plants of a Potential Oilseed Crop Camelina sativa by Agrobacterium-Mediated
Transformation. Plant Cell Rep. 2008, 27, 273–278. [CrossRef]

159. Sitther, V.; Tabatabai, B.; Enitan, O.; Dhekney, S. Agrobacterium-Mediated Transformation of Camelina sativa for Production of
Transgenic Plants. J. Biol. Methods 2018, 5, e83. [CrossRef]

160. Zhang, Y.; Yu, L.; Yung, K.-F.; Leung, D.Y.; Sun, F.; Lim, B.L. Over-Expression of AtPAP2 in Camelina sativa Leads to Faster Plant
Growth and Higher Seed Yield. Biotechnol. Biofuels 2012, 5, 19. [CrossRef]

161. Roy Choudhury, S.; Riesselman, A.J.; Pandey, S. Constitutive or Seed-Specific Overexpression of Arabidopsis G-Protein γ Subunit
3 (AGG3) Results in Increased Seed and Oil Production and Improved Stress Tolerance in Camelina Sativa. Plant Biotechnol. J.
2014, 12, 49–59. [CrossRef]

162. Dahee An; Mi Chung Suh Overexpression of Arabidopsis WRI1 Enhanced Seed Mass and Storage Oil Content in Camelina Sativa.
Plant Biotechnol. Rep. 2015, 9, 137–148. [CrossRef]

163. Dalal, J.; Lopez, H.; Vasani, N.B.; Hu, Z.; Swift, J.E.; Yalamanchili, R.; Dvora, M.; Lin, X.; Xie, D.; Qu, R.; et al. A Photorespiratory
Bypass Increases Plant Growth and Seed Yield in Biofuel Crop Camelina Sativa. Biotechnol. Biofuels 2015, 8, 175. [CrossRef]
[PubMed]

164. Chhikara, S.; Abdullah, H.M.; Akbari, P.; Schnell, D.; Dhankher, O.P. Engineering Camelina sativa (L.) Crantz for Enhanced Oil
and Seed Yields by Combining Diacylglycerol Acyltransferase1 and Glycerol-3-Phosphate Dehydrogenase Expression. Plant
Biotechnol. J. 2018, 16, 1034–1045. [CrossRef]

165. Cai, G.; Fan, C.; Liu, S.; Yang, Q.; Liu, D.; Wu, J.; Li, J.; Zhou, Y.; Guo, L.; Wang, X. Nonspecific Phospholipase C6 Increases Seed
Oil Production in Oilseed Brassicaceae Plants. New Phytol. 2020, 226, 1055–1073. [CrossRef] [PubMed]

166. Duan, Z.; Ito, K.; Tominaga, M. Heterologous Transformation of Camelina sativa with High-Speed Chimeric Myosin XI-2 Promotes
Plant Growth and Leads to Increased Seed Yield. Plant Biotechnol. 2020, 37, 253–259. [CrossRef]

167. Cai, G.; Wang, G.; Kim, S.-C.; Li, J.; Zhou, Y.; Wang, X. Increased Expression of Fatty Acid and ABC Transporters Enhances Seed
Oil Production in Camelina. Biotechnol. Biofuels 2021, 14, 49. [CrossRef]

168. Nguyen, H.T.; Silva, J.E.; Podicheti, R.; Macrander, J.; Yang, W.; Nazarenus, T.J.; Nam, J.-W.; Jaworski, J.G.; Lu, C.; Scheffler, B.E.;
et al. Camelina Seed Transcriptome: A Tool for Meal and Oil Improvement and Translational Research. Plant Biotechnol. J. 2013,
11, 759–769. [CrossRef] [PubMed]

169. Na, G.; Aryal, N.; Fatihi, A.; Kang, J.; Lu, C. Seed-Specific Suppression of ADP-Glucose Pyrophosphorylase in Camelina sativa
Increases Seed Size and Weight. Biotechnol. Biofuels 2018, 11, 330. [CrossRef]

170. Horn, P.J.; Silva, J.E.; Anderson, D.; Fuchs, J.; Borisjuk, L.; Nazarenus, T.J.; Shulaev, V.; Cahoon, E.B.; Chapman, K.D. Imaging
Heterogeneity of Membrane and Storage Lipids in Transgenic Camelina sativa Seeds with Altered Fatty Acid Profiles. Plant J. Cell
Mol. Biol. 2013, 76, 138–150. [CrossRef]

171. Petrie, J.R.; Shrestha, P.; Belide, S.; Kennedy, Y.; Lester, G.; Liu, Q.; Divi, U.K.; Mulder, R.J.; Mansour, M.P.; Nichols, P.D.; et al.
Metabolic Engineering Camelina sativa with Fish Oil-like Levels of DHA. PLoS ONE 2014, 9, e85061. [CrossRef]

172. Snapp, A.R.; Kang, J.; Qi, X.; Lu, C. A Fatty Acid Condensing Enzyme from Physaria Fendleri Increases Hydroxy Fatty Acid
Accumulation in Transgenic Oilseeds of Camelina Sativa. Planta 2014, 240, 599–610. [CrossRef]

173. Huai, D.; Zhang, Y.; Zhang, C.; Cahoon, E.B.; Zhou, Y. Combinatorial Effects of Fatty Acid Elongase Enzymes on Nervonic Acid
Production in Camelina Sativa. PLoS ONE 2015, 10, e0131755. [CrossRef] [PubMed]

174. Liu, J.; Rice, A.; McGlew, K.; Shaw, V.; Park, H.; Clemente, T.; Pollard, M.; Ohlrogge, J.; Durrett, T.P. Metabolic Engineering of
Oilseed Crops to Produce High Levels of Novel Acetyl Glyceride Oils with Reduced Viscosity, Freezing Point and Calorific Value.
Plant Biotechnol. J. 2015, 13, 858–865. [CrossRef]

175. Kim, H.; Park, J.; Kim, D.; Kim, A.; Suh, M. Functional Analysis of Diacylglycerol Acyltransferase1 Genes from Camelina sativa
and Effects of CsDGAT1B Overexpression on Seed Mass and Storage Oil Content in C. Sativa. Plant Biotechnol. Rep. 2016, 10,
141–153. [CrossRef]

176. Hu, Z.; Wu, Q.; Dalal, J.; Vasani, N.; Lopez, H.O.; Sederoff, H.W.; Qu, R. Accumulation of Medium-Chain, Saturated Fatty Acyl
Moieties in Seed Oils of Transgenic Camelina Sativa. PLoS ONE 2017, 12, e0172296. [CrossRef]

177. Marmon, S.; Sturtevant, D.; Herrfurth, C.; Chapman, K.; Stymne, S.; Feussner, I. Two Acyltransferases Contribute Differently to
Linolenic Acid Levels in Seed Oil. Plant Physiol. 2017, 173, 2081–2095. [CrossRef] [PubMed]

178. Liu, X.; Brost, J.; Hutcheon, C.; Guilfoil, R.; Wilson, A.K.; Leung, S.; Shewmaker, C.K.; Rooke, S.; Nguyen, T.; Kiser, J.; et al.
Transformation of the Oilseed Crop Camelina sativa by Agrobacterium-Mediated Floral Dip and Simple Large-Scale Screening of
Transformants. Vitro Cell. Dev. Biol.-Plant 2012, 48, 462–468. [CrossRef]

179. Obour, A.K.; Obeng, E.; Mohammed, Y.A.; Ciampitti, I.A.; Durrett, T.P.; Aznar-Moreno, J.A.; Chen, C. Camelina Seed Yield and
Fatty Acids as Influenced by Genotype and Environment. Agron. J. 2017, 109, 947–956. [CrossRef]

180. Righini, D.; Zanetti, F.; Martínez-Force, E.; Mandrioli, M.; Toschi, T.G.; Monti, A. Shifting Sowing of Camelina from Spring to
Autumn Enhances the Oil Quality for Bio-Based Applications in Response to Temperature and Seed Carbon Stock. Ind. Crops
Prod. 2019, 137, 66–73. [CrossRef]

181. Bansal, S.; Durrett, T.P. Camelina Sativa: An Ideal Platform for the Metabolic Engineering and Field Production of Industrial
Lipids. Biochimie 2016, 120, 9–16. [CrossRef]

182. Murphy, E.J. Camelina (Camelina Sativa). In Industrial Oil Crops; Elsevier: Amsterdam, The Netherlands, 2016; pp. 207–230,
ISBN 978-1-893997-98-1.

http://doi.org/10.1007/s00299-007-0454-0
http://doi.org/10.14440/jbm.2018.208
http://doi.org/10.1186/1754-6834-5-19
http://doi.org/10.1111/pbi.12115
http://doi.org/10.1007/s11816-015-0351-x
http://doi.org/10.1186/s13068-015-0357-1
http://www.ncbi.nlm.nih.gov/pubmed/26516348
http://doi.org/10.1111/pbi.12847
http://doi.org/10.1111/nph.16473
http://www.ncbi.nlm.nih.gov/pubmed/32176333
http://doi.org/10.5511/plantbiotechnology.20.0225b
http://doi.org/10.1186/s13068-021-01899-w
http://doi.org/10.1111/pbi.12068
http://www.ncbi.nlm.nih.gov/pubmed/23551501
http://doi.org/10.1186/s13068-018-1334-2
http://doi.org/10.1111/tpj.12278
http://doi.org/10.1371/journal.pone.0085061
http://doi.org/10.1007/s00425-014-2122-2
http://doi.org/10.1371/journal.pone.0131755
http://www.ncbi.nlm.nih.gov/pubmed/26121034
http://doi.org/10.1111/pbi.12325
http://doi.org/10.1007/s11816-016-0394-7
http://doi.org/10.1371/journal.pone.0172296
http://doi.org/10.1104/pp.16.01865
http://www.ncbi.nlm.nih.gov/pubmed/28235891
http://doi.org/10.1007/s11627-012-9459-7
http://doi.org/10.2134/agronj2016.05.0256
http://doi.org/10.1016/j.indcrop.2019.05.009
http://doi.org/10.1016/j.biochi.2015.06.009


Plants 2023, 12, 570 26 of 26

183. Walsh, K.D.; Puttick, D.M.; Hills, M.J.; Yang, R.-C.; Topinka, K.C.; Hall, L.M. Short Communication: First Report of Outcrossing
Rates in Camelina [Camelina sativa (L.) Crantz], a Potential Platform for Bioindustrial Oils. Can. J. Plant Sci. 2012, 92, 681–685.
[CrossRef]

184. GM Freeze | UK Field Trials. Available online: https://www.gmfreeze.org/why-freeze/uk-field-trials/ (accessed on
21 November 2022).

185. Ricroch, A.; Clairand, P.; Harwood, W. Use of CRISPR Systems in Plant Genome Editing: Toward New Opportunities in
Agriculture. Emerg. Top. Life Sci. 2017, 1, 169–182. [CrossRef]

186. Jiang, W.Z.; Henry, I.M.; Lynagh, P.G.; Comai, L.; Cahoon, E.B.; Weeks, D.P. Significant Enhancement of Fatty Acid Composition in
Seeds of the Allohexaploid, Camelina Sativa, Using CRISPR/Cas9 Gene Editing. Plant Biotechnol. J. 2017, 15, 648–657. [CrossRef]

187. Morineau, C.; Bellec, Y.; Tellier, F.; Gissot, L.; Kelemen, Z.; Nogué, F.; Faure, J.-D. Selective Gene Dosage by CRISPR-Cas9 Genome
Editing in Hexaploid Camelina Sativa. Plant Biotechnol. J. 2017, 15, 729–739. [CrossRef]

188. Aznar-Moreno, J.A.; Durrett, T.P. Simultaneous Targeting of Multiple Gene Homeologs to Alter Seed Oil Production in Camelina
Sativa. Plant Cell Physiol. 2017, 58, 1260–1267. [CrossRef] [PubMed]

189. Ozseyhan, M.E.; Kang, J.; Mu, X.; Lu, C. Mutagenesis of the FAE1 Genes Significantly Changes Fatty Acid Composition in Seeds
of Camelina Sativa. Plant Physiol. Biochem. PPB 2018, 123, 1–7. [CrossRef]

190. Lyzenga, W.J.; Harrington, M.; Bekkaoui, D.; Wigness, M.; Hegedus, D.D.; Rozwadowski, K.L. CRISPR/Cas9 Editing of Three
CRUCIFERIN C Homoeologues Alters the Seed Protein Profile in Camelina Sativa. BMC Plant Biol. 2019, 19, 292. [CrossRef]
[PubMed]

191. Lee, K.-R.; Jeon, I.; Yu, H.; Kim, S.-G.; Kim, H.-S.; Ahn, S.-J.; Lee, J.; Lee, S.-K.; Kim, H.U. Increasing Monounsaturated Fatty Acid
Contents in Hexaploid Camelina sativa Seed Oil by FAD2 Gene Knockout Using CRISPR-Cas9. Front. Plant Sci. 2021, 12, 702930.
[CrossRef] [PubMed]

192. Gehringer, A.; Friedt, W.; Lühs, W.; Snowdon, R.J. Genetic Mapping of Agronomic Traits in False Flax (Camelina sativa Subsp.
Sativa). Genome 2006, 49, 1555–1563. [CrossRef]

193. Kang, J.; Snapp, A.R.; Lu, C. Identification of Three Genes Encoding Microsomal Oleate Desaturases (FAD2) from the Oilseed
Crop Camelina Sativa. Plant Physiol. Biochem. PPB 2011, 49, 223–229. [CrossRef]

194. Russo, R.; Reggiani, R. Glucosinolates and Sinapine in Camelina Meal. Food Nutr. Sci. 2017, 8, 1063–1073. [CrossRef]
195. Cherian, G. Camelina sativa in Poultry Diets: Opportunities and Challenges. In Biofuel Co-Poducts as Livestock Feed: Opportunities

and Challenges; FAO: Rome, Italy, 2012.
196. Kliebenstein, D.J.; Kroymann, J.; Brown, P.; Figuth, A.; Pedersen, D.; Gershenzon, J.; Mitchell-Olds, T. Genetic Control of Natural

Variation in Arabidopsis Glucosinolate Accumulation. Plant Physiol. 2001, 126, 811–825. [CrossRef] [PubMed]
197. Inc, Y.B. Yield10 Bioscience Announces an Update on the Camelina Line E3902 Development Program for Producing Low-Carbon

Feedstock Oil for Renewable Diesel. Available online: https://www.globenewswire.com/en/news-release/2022/03/03/2396309
/34378/en/Yield10-Bioscience-Announces-an-Update-on-the-Camelina-Line-E3902-Development-Program-for-Producing-
Low-carbon-Feedstock-Oil-for-Renewable-Diesel.html (accessed on 20 November 2022).

198. Highlights|Home|Panel for the Future of Science and Technology (STOA)|European Parliament. Available online: https:
//www.europarl.europa.eu/stoa/en/home/highlights (accessed on 21 November 2022).

199. CPVO Essentially derived varieties. Available online: https://cpvo.europa.eu/sites/default/files/documents/articles/EDV_
presentation_PlantumNL_March_2006_BK.pdf (accessed on 23 January 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.4141/cjps2011-182
https://www.gmfreeze.org/why-freeze/uk-field-trials/
http://doi.org/10.1042/ETLS20170085
http://doi.org/10.1111/pbi.12663
http://doi.org/10.1111/pbi.12671
http://doi.org/10.1093/pcp/pcx058
http://www.ncbi.nlm.nih.gov/pubmed/28444368
http://doi.org/10.1016/j.plaphy.2017.11.021
http://doi.org/10.1186/s12870-019-1873-0
http://www.ncbi.nlm.nih.gov/pubmed/31272394
http://doi.org/10.3389/fpls.2021.702930
http://www.ncbi.nlm.nih.gov/pubmed/34267775
http://doi.org/10.1139/g06-117
http://doi.org/10.1016/j.plaphy.2010.12.004
http://doi.org/10.4236/fns.2017.812078
http://doi.org/10.1104/pp.126.2.811
http://www.ncbi.nlm.nih.gov/pubmed/11402209
https://www.globenewswire.com/en/news-release/2022/03/03/2396309/34378/en/Yield10-Bioscience-Announces-an-Update-on-the-Camelina-Line-E3902-Development-Program-for-Producing-Low-carbon-Feedstock-Oil-for-Renewable-Diesel.html
https://www.globenewswire.com/en/news-release/2022/03/03/2396309/34378/en/Yield10-Bioscience-Announces-an-Update-on-the-Camelina-Line-E3902-Development-Program-for-Producing-Low-carbon-Feedstock-Oil-for-Renewable-Diesel.html
https://www.globenewswire.com/en/news-release/2022/03/03/2396309/34378/en/Yield10-Bioscience-Announces-an-Update-on-the-Camelina-Line-E3902-Development-Program-for-Producing-Low-carbon-Feedstock-Oil-for-Renewable-Diesel.html
https://www.europarl.europa.eu/stoa/en/home/highlights
https://www.europarl.europa.eu/stoa/en/home/highlights
https://cpvo.europa.eu/sites/default/files/documents/articles/EDV_presentation_PlantumNL_March_2006_BK.pdf
https://cpvo.europa.eu/sites/default/files/documents/articles/EDV_presentation_PlantumNL_March_2006_BK.pdf

	Introduction 
	Cultivation 
	Uses and Potential 
	Antinutritional Compounds: Glucosinolates 
	Genetic Resources and Varieties Constitution 
	Biotechnological Approach 
	GMO Technology 
	GE Technology 

	Conclusions and Future Perspectives 
	References

