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Abstract

Promoting crop diversification in European agriculture is a key pillar of the agroecological transition. Diversifying crops
generally enhances crop productivity, quality, soil health and fertility, and resilience to pests and diseases and reduces environ-
mental stresses. Moreover, crop diversification provides an alternative means of enhancing farmers’ income. Camelina
(Camelina sativa (L.) Crantz) reemerged in the background of European agriculture approximately three decades ago, when
the first studies on this ancient native oilseed species were published. Since then, a considerable number of studies on this species
has been carried out in Europe. The main interest in camelina is related to its (1) broad environmental adaptability, (2) low-input
requirements, (3) resistance to multiple pests and diseases, and (4) multiple uses in food, feed, and biobased applications. The
present article is a comprehensive and critical review of research carried out in Europe (compared with the rest of the world) on
camelina in the last three decades, including genetics and breeding, agronomy and cropping systems, and end-uses, with the aim
of making camelina an attractive new candidate crop for European farming systems. Furthermore, a critical evaluation of what is
still missing to scale camelina up from a promising oilseed to a commonly cultivated crop in Europe is also provided (1) to
motivate scientists to promote their studies and (2) to show farmers and end-users the real potential of this interesting species.
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1 Introduction

5.1 Biofuels. . . European agriculture relies mostly on a few staple crops
5.2 Hydraulic fluids and biopolymers widely grown in different regions, and only two species
5.3 Feed

account for approximately 90% of the total arable area of
oilseed crops (source: Eurostat): sunflower (Helianthus
annuus L.), mainly grown in southern and eastern
Europe with a spring cycle, and oilseed rape (Brassica
napus var. oleifera L.), cultivated mainly in central
Europe with an autumn cycle or in northern Europe with
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a spring cycle. These oilseed species are often included in
rotations with winter cereals, root crops, and pulses, but
crop diversification of agricultural systems in Europe is
generally limited to a few crops despite indisputable
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benefits to the environment and the rural economy
(Adeux et al. 2019; Li et al. 2019; Lin 2011). In this
scenario, camelina (Camelina sativa (L.) Crantz) is re-
ceiving increasing attention worldwide by either the sci-
entific community, farmers, or end-users. Camelina is a
native European species, where it has been widely culti-
vated until the beginning of the twentieth century, when it
was replaced by the more productive oilseed rape (Berti
et al. 2016). Most recently, in the framework of different
EU projects (e.g., ITAKA, ICON, COSMOS), camelina
has been rediscovered as a multipurpose crop as a source
of both oil and protein (Righini et al. 2016), adopting
low-input and cost-competitive agronomic management
(Tonin et al. 2018). Due to the large interest in this spe-
cies in Europe and being the driving forces for this inter-
est, the authors consider it imperative to collect all
European knowledge on camelina to provide guidelines
for the future sustainable development of this species.

Interest in camelina is witnessed by numerous scientific
publications concerning this species (i.e., camelina) and
1156 references in SCOPUS in the period 1923-
March 2020. Since 1997, at least five articles per year have
been published containing the word camelina, which has in-
creased to at least 100 articles per year since 2015. The max-
imum value was reached in 2019, with 131 publications on
this crop. Approximately one-third of the publications on
camelina include European authors (390 vs. 1156, European
vs. total publications), and the countries most focused on this
oilseed crop are Poland (68), Germany (45), Spain (42), the
UK (41), Romania (38), France (33), and Italy (29).

Camelina has attracted the attention of European sci-
entists as a source of healthy oil to be used in food and
feed applications (Zubr 1997, 2009) in relation to its pe-
culiar fatty acid composition, particularly high in long-
chain polyunsaturated fatty acids (PUFAs) and tocoph-
erols (Berti et al. 2016). In the framework of the
ITAKA project, camelina was identified as an optimal
source of oil to be converted into jet fuel (Lobo et al.
2015). Camelina has been thoroughly studied as a source
of fat and protein for animal feed, with the oil being
particularly suitable for aquaculture applications (Hixson
et al. 2014a,b) and the cake being highly valued as a
protein source for poultry, both broiler and laying hens
(Aziza et al. 2010; Cherian et al. 2009). Currently, in
Europe, the main camelina applications on the commer-
cial scale are the use of oil as food dressings and the
inclusion of the cake in animal feed. To date, camelina
is cultivated in Europe in an area probably exceeding
10,000 ha per year, with a relevant share under organic
farming. Nevertheless, official data regarding the cultiva-
tion area are not publicly available. Further upscaling of
this crop is expected soon in relation to its unique agro-
nomic characteristics and multiple end-uses.
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2 Morphological description and main
agronomic traits

Camelina is an annual dicot species belonging to the
Brassicaceae family. Both winter and spring biotypes are
available, and within each biotype, different cultivars, geno-
types, and GenBank accessions are present. Camelina growth
cycle ranges between 90 and 250 days (Czarnik et al. 2018;
Hrastar et al. 2012; Krzyzaniak et al. 2019; Martinelli and
Galasso 2011; Masella et al. 2014; Royo-Esnal and
Valencia-Gredilla 2018; Zanetti et al. 2017; Zubr 1997).
Regarding the camelina cycle length, expressed as growing
degree day (GDD), differences in terms of duration were even
more restrained, as evidenced in Table 1, where an average of
1200 GDD results as the mean value accumulated from sow-
ing to harvest, depending on the sowing season and date.
Camelina shows remarkable morphological plasticity, as
sowing rate and growing conditions affect plant size and the
number of lateral shoots (Martinelli and Galasso 2011). After
the development of a pair of true leaves (Fig. 1a) on the first
node, the following leaves grow alternatively on consecutive
nodes (Fig. 1b) until the formation of a rosette (Martinelli and
Galasso 2011). Camelina can reach a final height ranging
from 0.65 to 1.05 m (Czarnik et al. 2018; Jankowski et al.
2019; Masella et al. 2014; Vollmann et al. 2007; Zatuski
et al. 2020) and form up to 30 lateral branches (Fig. 1¢)
(Martinelli and Galasso 2011). The inflorescence is composed
of small pale-yellow flowers (Fig. 1d), which are made up of
four petals that further develop pear-shaped silicles (Fig. 1e).
The final number of silicles per plant can range from approx-
imately 60 to 115, and it is positively and negatively correlat-
ed with increased N fertilization and increased sowing densi-
ty, respectively (Czarnik et al. 2017, 2018). At the end of their
expansion, silicles are 4-5 mm wide and 6—8 mm long
(Martinelli and Galasso 2011). During ripening, silicles
change their color from green to yellow-reddish and then
completely dry at full maturity (Fig. 1f). Each silique can
contain 10-20 small seeds (Czarnik et al. 2017; Jankowski
et al. 2019; Martinelli and Galasso 2011). In fact, 1000-seed
weight varies from 0.7 to 1.8 g (Angelini et al. 1997; Czarnik
et al. 2017, 2018; Jankowski et al. 2019; Righini et al. 2019;
Vollmann et al. 2007; Zatuski et al. 2020; Zanetti et al. 2017;
Zubr 1997). Older studies report a negative correlation be-
tween seed weight and both seed and oil yield. Contrary to
these findings, Zanetti et al. (2017) reported more recently that
in new improved camelina lines, characterized by increased
seed weight, seed yield was higher in comparison to lines with
average seed weight, and seed oil content was comparable.
Research carried out across Europe demonstrates that
camelina seed yield is influenced by both climate and cultivar
(Table 2). Camelina seed production in European environ-
ments ranges between 1.3 and 3.3 Mg DM ha ' (Angelini
et al. 1997; Czarnik et al. 2017, 2018; Jankowski et al.



Agron. Sustain. Dev. (2021) 41: 2

Page3of18 2

Table 1 Camelina cycle length

expressed as duration in days and Country  Sowing Cycle length (days) GDD References
in growing degree days in scason
different European locations
Denmark  Spring 120 Zubr (1997)
Italy Spring 110 Martinelli and Galasso (2011)
Slovenia  Spring 110 Hrastar et al. (2012)
Italy Spring 115 Masella et al. (2014)
Autumn 220
Greece Spring 1266-1300"  Zanetti et al. (2017)
Italy 1117-1226"
Poland 933-1411"
Poland Autumn 291 Czarnik et al. (2017)
Spain Autumn 163-221 1897-2575*  Royo-Esnal and Valencia-Gredilla
Winter 123-150 17202174 (2018)
Poland Spring 97-135 1019-1389"  Krzyzaniak et al. (2019)
Italy Autumn 982-1123" Righini et al. (2019)
Spring 1000-1345
: Ti base = 5°C

% Tyase=—0.7 °C

Fig. 1 Details of the camelina
plant. a First pair of true leaves in
emerged camelina plants. b
Camelina plants at the rosette
stage. ¢ Camelina branches. d
Camelina inflorescences. e Pear-
shaped camelina silicles. f
Camelina silicles near maturity
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Table2 Camelina seed yield (Mg

DM ha ") and seed oil content (% Country  Location Sowing Seed yield range Seed oil References
DM) as reported in studies carried season (Mg DM ha™) content (%)
out across different European
locations. Sowing season: S Austria GroB-Enzersdorf S 1.6-2.2 Vollmann et al. (2007)
spring, A autumn, W winter Denmark ~ Taastrup A 3.3 44.8-46.7 Zubr (1997)
S 2.6 40.4-43.4
Taastrup, Borris S 41.3-44.6 Zubr (2003)
Germany  Miillheim, S 41.3-44.6 Zubr (2003)
Paderbormn
Greece Aliartos S 1.2 Zanetti et al. (2017)
Finland Helsinki 41.3-44.6 Zubr (2003)
Ireland Carlow S 41.3-44.6 Zubr (2003)
Italy Pisa S 24-33 Angelini et al. (1997)
Bergamo S 1.5-2.1 Masella et al. (2014)
A 1.2-34
Bergamo S 29-37 Pecchia et al. (2014)
A 28-33
Bologna S 1.9 Zanetti et al. (2017)
Norway Apelsvoll S 40.441.8 Kirkhus et al. (2013)
Poland Ketrzyn S 1.7 Zanetti et al. (2017)
Przectaw S 1.7-1.9 Czamik et al (2017)
Przectaw A 1.6-3.1 Czamik et al. (2018)
Dtlon S 0.7-2.2 Kurasiak-Popowska et al.
(2018)
A 1.1-2.2
Samtawki, S 1.2-14 35.2-38.2 Stolarski et al. (2018)
Kociborz
Batcyny S 1.5-2.5 36.6-42.2 Jankowski et al. (2019)
Lezany S 2.0-2.2 39.3-42.2 Krzyzaniak et al. (2019)
Slovenia  Koroska region S 28.8-40.2 Hrastar et al. (2012)
Spain Lleida A 0.6-24 Royo-Esnal and
Valencia-Gredilla
(2018)
W 1.0-2.1
Sweden Uppsala S 41.3-44.6 Zubr (2003)
UK Headley Hall, S 41.3-44.6 Zubr (2003)
Tadcaster

2019; Krzyzaniak et al. 2019; Kurasiak-Popowska et al. 2018;
Masella et al. 2014; Royo-Esnal and Valencia-Gredilla 2018;
Stolarski et al. 2018; Vollmann et al. 2007; Zatuski et al. 2020;
Zanetti et al. 2017; Zubr 1997). Seed yield is strongly affected
by weather conditions and is higher with milder temperatures
during the growing season (Jankowski et al. 2019; Krzyzaniak
etal. 2019; Zatuski et al. 2020; Zanetti et al. 2017; Zubr 1997).
Moreover, increasing sowing density and N fertilization re-
sults in greater production (Czarnik et al. 2018; Zubr 1997).
Early research by Zubr (1997) reported winter camelina cul-
tivars as more productive than spring cultivars; however, more
recent publications (Zanetti et al. 2017, Righini et al. 2019,
Zanetti et al. 2020) showed an opposite trend, with spring
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cultivars being able to outclass winter cultivars. Obviously,
the possibility of sowing spring camelina in autumn is con-
fined to regions where the winter air temperature never ex-
ceeds — 10 to — 14 °C (Soorni et al. 2017); thus, the direct
comparison between spring and winter types is geographically
very limited (Christou et al. 2018). We could speculate that
with the major part of camelina breeding carried out in spring
types to date, the reason for the higher productivity of spring
cultivars compared with winter cultivars reported in the most
recent literature is linked to their improved genetic pedigree.
In general, early sowing both in autumn and in spring signif-
icantly increases camelina productivity (Czarnik et al. 2018;
Righini et al. 2019). Seed yield and oil yield are positively
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correlated (Vollmann et al. 2007; Zanetti et al. 2017). Oil yield
is usually in the range of 0.6-1.0 Mg DM ha ' (Krzyzaniak
etal. 2019; Vollmann et al. 2007; Zanetti et al. 2017), and seed
oil content ranges from 36 to 43%, being higher in winter
cultivars than in spring cultivars (Jankowski et al. 2019;
Kirkhus et al. 2013; Krzyzaniak et al. 2019; Stolarski et al.
2018; Zatuski et al. 2020; Zanetti et al. 2017; Zubr 1997). In a
study carried out in Poland by Krzyzaniak et al. in 2019,
camelina oil content was influenced mainly by temperature
and precipitation during the growing season, with the highest
oil content observed in years with high temperatures and low
precipitation. Righini et al. (2019), when comparing autumn
and spring sowing dates in Italy, found an increased seed oil
content when the flowering and seed-filling phases occurred at
lower temperatures (i.e., autumn sowing). Jankowski et al.
(2019) reported that increased N fertilization reduces seed
oil content.

3 Sustainable cultivation strategies
for Europe

The introduction, or in this case, the reintroduction, of a new
species in a new environment encompasses meeting the needs
of the different actors along the value chain (farmers, end-
users of oil and cake, policymakers). Camelina was first iden-
tified as a suitable replacement for oilseed rape in areas char-
acterized by lower fertility or even marginal soils (Von Cossel
et al. 2019). This aspect has been broadly investigated in
Canada (Blackshaw et al. 2011), where canola and camelina
both have spring cycles. In Europe, this type of study has not
yet been carried out, mainly because camelina is still a niche
crop, with a spring cycle, and generally oilseed rape, in au-
tumn, is grown in deep and fertile soils in continental areas of
France, Germany, and Poland. Thus, the direct comparison
between the two species, as well as the possible replacement
of one crop with the other, in terms of not only productivity
but also possible effects in the rotation schemes, is lacking in
the available literature. Otherwise, in continental areas of
Poland, where camelina was widely cultivated until 1955
(Musnicki et al. 1967), this crop can represent a valuable op-
tion for replacing oilseed rape failing to establish in autumn.
Due to uneven precipitation patterns and the increase in the
occurrence of extreme weather events, this scenario has be-
come increasingly frequent in recent years. In Poland and
Ukraine, winter camelina cultivars were traditionally cultivat-
ed (Kurasiak-Popowska et al. 2018) since that areca was iden-
tified as one of the camelina centers of origin.

The undisputable agronomic plasticity of camelina has
more recently attracted the attention of scientists and growers
since it is one of the unique European crops able to fit easily
into diverse cropping systems, both under conventional and
organic farming (Bilalis et al. 2017; Royo-Esnal and

Valencia-Gredilla 2018). One of the winning features of
camelina remains its full adaptability to available agricultural
equipment on farms (Sindelar et al. 2017), which is often
identified as a major barrier for the feasible development of
a new crop.

Apart from the direct replacement of oilseed rape, three
cropping strategies have been identified as the most suitable
for growing camelina in Europe:

1. A) as the main crop in marginal soils where there is no
possibility to grow alternative staple species, apart from
winter cereals, as the sole crop;

2. B) as a cover crop, with both winter and summer cycles,
between two main crops in double cropping systems (=
form of sequential cropping in which two crops are grown
in sequence within a year on a piece of land, one after the
harvest of the other, FAO definition);

3. () as mixed cropping systems (= growing two or more
crops simultaneously in the same field, FAO definition) or
relay cropping (= form of intercropping growing two or
more crops in a sequence usually planting the succeeding
crop after the flowering, but before the harvesting of the
preceding crop, FAO definition) in combination with le-
gumes or grasses.

Included in any of the three abovementioned systems,
camelina will promote biodiversity, decrease soil erosion, im-
prove water infiltration (Gaba et al. 2015; Meyer et al. 2019),
and foster the sustainable intensification of cropping systems
(Sindelar et al. 2017; Struik and Kuyper 2017). Furthermore,
option C) is particularly valuable and widespread, especially
in organic farming, where the combination of more than one
species to overcome weed pressure is often adopted (Leclére
etal. 2019; Gollner et al. 2010; Saucke and Ackermann 2006).

3.1 Camelina as the main crop in marginal soils

This type of cultivation strategy can be adopted with both
spring and winter camelina cultivars (Stolarski et al. 2018,
2019). Furthermore, in milder environments of the
Mediterranean basin such as Spain (Martinez et al. 2020)
and Italy (Bacenetti et al. 2017), spring camelina adapts well
to be grown with an autumn cycle in marginal soils. Mauri
et al. (2019) reported that spring camelina sown in autumn
under semi-arid conditions in central Spain achieved an aver-
age seed yield of | Mg DM ha ' in a 2-year study. This value
might be considered a reliable yield threshold for the profit-
able cultivation of camelina in marginal or semi-marginal
soils, as also reported by Stolarski et al. (2018). Otherwise,
in the northern semi-arid land of Spain, spring camelina,
grown with an autumn cycle, was able to reach seed yields
often above 2 Mg DM ha ', as reported by Royo-Esnal and
Valencia-Gredilla (2018).
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3.2 Camelina as a cover crop in a double-cropping
system

Attention toward the use of cover crops is rapidly increasing in
Europe, mainly in relation to their undeniable environmental
benefits (Constantin et al. 2015; Petit et al. 2018), but more
recently, in studies conducted together with farmers, adopting
a participatory approach, camelina was identified as a possible
summer cover crop in double cropping systems in northern
France (Leclére et al. 2018). This type of approach tremen-
dously widens the opportunities of camelina to pass from the
status of niche crop to cash cover crop in Europe. Cash cover
crops have been defined by Gesch et al. (2014) as cover crops
able to reach seed maturity before the establishment of the
main crop, thus providing an additional income to farmers.
Groeneveld and Klein (2013) demonstrated that growing
camelina as a summer cover, after strawberry (Fragaria x
ananassa), enhanced insect biodiversity, providing foraging
resources at time when very few other plants are usually
flowering. In the milder environments of northern Italy and
central Greece, Zanetti et al. (2019) demonstrated the feasibil-
ity of growing camelina as a winter cover crop before maize
(Zea mays L.). Reported results confirmed the suitability of
camelina to fit as a preceding crop before typical summer
cereals, but other alternative succeeding crops such as sun-
flower or soybean (Glycine max L. Merr) can also be sown
after camelina. The choice of the crop to match camelina
should be carried out locally to fulfill farmers’ expectations
and needs. One of the main advantages of camelina toward
other competing crops, also belonging to the Brassicaceae
family (i.e., Crambe abyssinica, B. napus), is the shorter cy-
cle, allowing the sowing of a second crop and likely aiding in
reducing nematodes. Camelina has been reported to reduce
soybean cyst nematodes (Heterodera glycines Ichinohe)
(Acharya et al. 2019).

3.3 Camelina as a mixed or relay crop with legumes or
grasses

Mixed cropping systems, either as full-mix or relay crops, are
often widespread in areas with environmental limitations, i.e.,
northern latitudes, where the growing season is too short to
allow growing two crops in one season (Berti et al. 2015).
However, more recently, this type of system has also become
popular in other areas in relation to constraints linked to water
scarcity, weed and disease pressure, and soil limitations (Gaba
et al. 2015); thus, growing two crops at the same time has
become of interest among growers. Several authors (Carton
et al. 2020; Gollner et al. 2010; Lecleére et al. 2019; Paulsen
2007, 2011; Saucke and Ackermann 2006) demonstrated that
camelina can be successfully grown when mixed with peas
(Pisum sativum L.), lentils (Lens culinaris L.), and lupins
(Lupinus angustifolius L. or Lupinus album L.) without
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consistent seed yield losses in both species and without the
need for any chemical weed control. Unfortunately, the ma-
jority of the abovementioned studies, apart from Carton et al.
(2020), report mixed cropping sown in spring, thus
confirming the lack of research on European studies consid-
ering camelina as a winter crop. Mixed cropping is highly
valuable for organic farming systems where experiences with
camelina grown together with soybean and lentil are reported
in France (Source: ITAB, France) and Austria (Gollner et al.
2010). Otherwise, experiences on camelina mixed cropping
with cereals (i.e., barley (Hordeum vulgare) and wheat
(Triticum sp.)) often result in a high reduction in camelina
yield (Leclére et al. 2019; Paulsen 2011), mainly in relation
to strong competition with grasses at early stages. In systems
including camelina and legume crops, the low vegetative
growth at the early stage of the latter is compensated by early
vigor of the camelina, thus preventing any weed emergence.

European experiences in relay cropping systems, including
camelina and other species, are completely lacking in the
reviewed literature, but there are experiences in Canada
reporting the feasibility of relaying crop camelina and chick-
pea (Cicer arietinum), for example (personal communication -
C. Eynck). More research in this field is surely needed to fully
exploit the potential of this new oilseed crop.

4 Seed qualitative traits and food uses

The high amounts of essential fatty acids (FAs) and natural
anti-oxidants add nutritive value to camelina seeds. These
compounds of interest are PUFAs, phenolic compounds, to-
copherols, carotenoid pigments, vitamins, phospholipids, and
phytosterols. The oil content in the seed (Table 3) ranges from
28 to 49% DM (dry matter) (Krzyzaniak et al. 2019). The oil
consists of approximately 50% PUFAs, of which «-linolenic
acid (C18:3, ALA) accounts for almost 28—50%, while
linoleic acid (C18:2, LA) accounts for approximately 15—
23% of all FAs (Krzyzaniak et al. 2019; Kurasiak-Popowska
etal. 2019). Camelina seeds have a favorable ratio of omega-3
(w-3) to omega-6 (w-6) acids, which varies from 1.3 to 2.6
(Kurasiak-Popowska et al. 2019; Rodriguez-Rodriguez et al.
2013). Oleic, eicosenoic (C20:1) and palmitic acids (C16:0)
were found in lower concentrations (Table 3). The amount of
erucic acid (C22:1) in camelina oil is naturally quite low and
always below 4%. This value is significantly lower than in
other members of the Brassicaceae family (Budin et al.
1995). Like oilseed rape, camelina cultivars (Kurasiak-
Popowska et al. 2019, 2020) and genetically edited lines
(Jiang et al. 2017) have extremely low levels of erucic acid
(~0%). Furthermore, camelina seeds are characterized by a
relatively high protein content ranging from 24.5 to 31.7%
of their mass. The proteins in camelina seeds are rich in es-
sential amino acids, with leucine, valine, lysine,
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phenylalanine, and isoleucine as the major constituents
(Table 4). In addition to essential amino acids, proteins in
camelina seeds are rich in non-essential amino acids as well,
mostly glutamic and aspartic acids, arginine, proline, and ser-
ine (Batrina et al. 2020; Zubr 2003). Apart from PUFAs and
proteins, camelina seed is rich in anti-oxidants, such as phe-
nolic acids and flavonoids, tocopherols, and xanthophyll
(Table 3) (Kurasiak-Popowska et al. 2019; Taranu et al.
2014; Zubr and Matthaus 2002; Terpinc et al. 2012; Zajac
et al. 2020). Among tocopherols, gamma tocopherol accounts
for approximately 90% of the total (Abramovic et al. 2007). In
addition to anti-oxidant activity, these compounds affect oil
taste and color (Kurasiak-Popowska et al. 2019). Many of
these anti-oxidants stabilize oils and protect unsaturated fatty
acids from oxidation, thus significantly extending the shelf life
of camelina oil.

Furthermore, camelina seeds provide minerals, especially
phosphorus, manganese, calcium, and iron (Table 3) (Zajac
et al. 2020), as well as several vitamins, mostly vitamins B;
(190-212 pg g "), By (18.6-19.8 ug g "), and Bs (11.0—
11.4 ug g ") (Table 3).

Camelina meal contains approximately 45% protein with a
favorable composition of amino acids (threonine, methionine,
glycine, lysine, and cysteine), like soy meal (Pekel et al. 2009,
2017; Zubr 1997). In addition, camelina meal is a high-quality
feedstock with enhanced anti-oxidant capacity due to the high
level of anti-oxidants in the seeds (Berti et al. 2016; Popa et al.

Table 4 Amino acid
composition of proteins
from camelina seed
(Zubr 2003; Batrina et al.

Amino acid Content (g/100 g)

Essential amino acids

2020) Histidine 2.60-4.06
Isoleucine 3.96-4.62
Leucine 6.63-7.12
Lysine 4.46-4.52
Methionine 1.72-2.85
Phenylalanine 4.19-5.22
Threonine 2.75-2.89
Tryptophan 1.21-1.32
Valine 5.42-6.34

Non-essential amino acids

Alanine 4.61-6.14
Arginine 8.15-8.57
Aspartic acid 8.71-9.04
Glutamic acid 14.98-16.12
Glycine 5.25-6.06
Cystine 1.94-2.12
Proline 5.09-6.07
Serine 5.04-5.96
Tyrosine 3.04-3.64
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2017; Woyengo et al. 2016). Nonetheless, in comparison to
alternative sources such as soy meal, camelina meal contains
different anti-nutritive compounds such as glucosinolates (14—
25 umol g 1), phytatel (2022 mg g '), sinapine (~4 mg g "),
and related phenolic acids (22-20 mg g ) (Schuster and Friedt
1998; Matthdus and Angelini 2005; Matthius and Zubr 2000;
Russo and Reggiani 2012; Russo et al. 2014; Zubr 1997).
However, in camelina, the majority of these anti-nutritive com-
pounds are contained in equal or slightly lower amounts when
compared with canola quality oilseed rape.

The ingestion of camelina seeds shows positive effects on
gastrointestinal processes in humans due to the high contents
of mucilage, crude fiber, and lignin. The beneficial role of
these ingredients in digestion is confirmed by long-term hu-
man consumption of bread enriched with camelina seeds
available in the Danish supermarkets in various recipes
(Zubr 2010). When extracted, fibers are valued as supple-
ments in the human diet, while mucilage can easily find phar-
maceutical and food applications (Fabre et al. 2020;
Ubeyitogullari and Ciftci 2020). Due to the presence of bio-
active compounds with beneficial effects on human health, oil
produced from cold-pressed camelina seeds is extremely valu-
able (Ubeyitogullari and Ciftci 2020; Schmidt and; Pokorny
2005) since the majority, but not all, of them are soluble in oil.
The high amount of ALA in camelina could be used as a
dietary supplement for the human diet since it can repair the
w-3/w-6 balance in plasma. However, many studies have
shown that ALA is converted to eicosapentaenoic (EPA;
C20:5, w-3) and docosahexaenoic (DHA; C22:6, w-3) acids
via elongation and desaturation enzymes in the human body
(De Lorgeril et al. 1994; Eidhin et al. 2003). The human diet is
characterized by the inclusion of high levels of LA and low
levels of ALA in contemporary diets, making the conversion
of ALA to EPA and DHA very limited (Eidhin et al. 2003);
thus, the inclusion of camelina oil could positively counter-
balance this situation. The lack of w-3 FAs is even more
serious in vegetarian and vegan diets where supplementation
with those FAs is often compulsory. In relation to previous
findings, there is an increasing occurrence of diet-dependent
diseases such as cholesterolemia, hypertension, atherosclero-
sis, obesity, and some types of cancer (Arnold et al. 2010;
Laviano et al. 2013; Kurasiak-Popowska et al. 2019;
Simopoulos 1991 and 2016). The required level of at least
450 mg per day of EPA + DHA fatty acids (WHO) cannot
be met by the annual global supply of fish from the current
marine fish stocks, which highlights the large gap between
supply and demand (Cunnane 2004; Scientific Advisory
Committee on Nutrition 2004; GOED 2014; Betancor et al.
2017; Tocher 2015; West etal. 2019). Accordingly, there is an
enormous demand for alternative sustainable sources of EPA,
DHA, and ALA to match global requirements (Baker et al.
2016). Camelina oil has great potential for use in the produc-
tion of health-promoting foods due to its unique composition
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and beneficial health impact. Manninen et al. (2019) observed
that human volunteers including camelina oil (10 g day ') in
their diet had a significant increase in the proportion of ALA
in erythrocyte membranes, cholesterol esters, triglycerides,
and plasma phospholipids. Additionally, Faustino et al.
(2016) investigated obtaining human milk fat from camelina
oil as a potential substitute for infants. Several studies have
confirmed that camelina w-3 fatty acids have anti-
inflammatory properties since they can be used as therapy
for inflammatory diseases. In some European countries,
camelina oil is used in traditional medicine as a cure for duo-
denal and stomach ulcers, as well as locally for eye inflamma-
tion as well as wound and burn healing (Ibrahim and El
Habbasha 2015; Rode 2002; Terpinc et al. 2012). Due to its
potential beneficial effects on human health, in Europe,
camelina oil continues to be consumed in the diet, mostly as
an ingredient of salad dressings (Lohaus 2019; Zubr 2003) but
also as cooking oil, in spreads and margarines, as well as for
the preparation of w-3 fatty acid—enriched products
(Abramovic and Abram 2005; Zubr 1997).

5 Non-food uses and innovative applications
5.1 Biofuels

The composition of camelina oil allows its use as biofuel,
either converted to biodiesel or directly as vegetable oil
(Paulsen 2011). Methyl ester from camelina oil has been
demonstrated to have characteristics similar to those of
oilseed rape (Frohlich and Rice 2005). When compared
with mineral diesel fuel, camelina biodiesel shows a better
performance in terms of power, a 50% reduction of visual
smoke and CO emissions, and lower emissions of toxic
components from gases, e.g., NOx (Bernardo et al. 2003;
Lebedevas et al. 2012). Furthermore, biodiesel produced
from camelina has a better environmental performance
than soybean and oilseed rape when land use change im-
pacts are considered (Bacenetti et al. 2017; Ciubota-Rosie
et al. 2013). Notwithstanding these properties, the use of
camelina oil as biodiesel still shows many drawbacks.
Indeed, camelina methyl ester possesses a high iodine val-
ue, high CCR (Conradson carbon residue) values, high
CFPP (Cloud Filter Pour Point), and low oxidation stabil-
ity (Ciubota-Rosie et al. 2013; KarCauskiene et al. 2014,
Zaleckas et al. 2012). Standards for iodine value have been
demonstrated to be met by mixtures containing 50%
camelina seed oil and 50% pork lard or by compositions
consisting of 60% camelina oil and 40% exhausted frying
oil (Karcauskiene et al. 2014; Zaleckas et al. 2012), while
oxidation stability could be adjusted by adding an indus-
trial anti-oxidant, e.g., ionol (Karcauskiene et al. 2014;
Zaleckas et al. 2012). Therefore, improvement of camelina

oil in terms of reducing its high degree of unsaturation and
its molecular weight would be the pivotal point for its
possible use as biodiesel fuel. Another possible use of
camelina in biofuel production could derive from the val-
orization of residual straw by means of fast pyrolysis to
produce biodiesel or hydrotreated vegetable oil. Both ther-
mal and catalytic pyrolysis have been investigated by
Hernando et al. (2017), showing the potential of both tech-
nologies to produce bio-oils from camelina residual bio-
mass with different chemical characteristics.

5.2 Hydraulic fluids and biopolymers

In relation to the high amount of PUFAs, the production
of epoxidized camelina oil has potential industrial appli-
cations in the field of adhesives, coatings, and resins (Kim
et al. 2015). Unfortunately, European studies on this topic
are negligible in comparison with those from the USA or
Far East countries (i.e., the USA, China, Korea). A study
by Kasetaite et al. (2014), comparing the performance of
camelina oil-based polymers with the performance of lin-
seed oil, demonstrated the valuable potential of camelina
oil as a starting point for biopolymer synthesis. Additional
studies on the use of camelina oil to produce polymeric
materials have been carried out by Balanuca et al. (2014
and 2015) with the scope of characterizing these new
products in comparison with reference petrol-based prod-
ucts. The results were optimistic for producing interpen-
etrating polymer networks (Balanuca et al. 2014), mono-
mers for photopolymerization procedures (Balanuca et al.
2015), and nanocomposites (Balanuca et al. 2017), but
camelina oil needs to be blended with other compounds
in the formulation to achieve performance similar to
petrol-based products. Polyhydroxyalkanoates (PHAs)
are biodegradable polyesters synthesized by prokaryotes,
which in the case of Pseudomonas sp. are able to provide
high yields when supplemented by camelina oil
(Bustamante et al. 2019). Camelina oil has also been re-
ported as a valuable ingredient, with improved stability
comparable to flax oil, in the formulation of chitosan
films for food packaging, being able to promote thermal
stability, anti-oxidative, anti-quorum sensing, and anti-
microbial activity in the film (Gursoy et al. 2018). In the
framework of the European project COSMOS, one of the
possible end-uses of explored camelina oil was the formu-
lation of lubricants (Labanauskas et al. 2017). In the re-
ported study, only the monounsaturated fatty acid
eicosenoic acid (C20:1) derived from camelina oil was
considered a suitable feedstock for lubricant formulation.

The protein fraction of camelina seed has been successfully
used to produce biobased adhesives (Liu et al. 2018), but
unfortunately, in this field, European studies are completely
lacking, highlighting a need for further research.
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5.3 Feed

Camelina oil and meal can be used as ingredients in livestock
feed diets (Taranu et al. 2014) due to their high protein con-
tent, specific amino acid profile, and interesting energetic val-
ue (Colombini et al. 2014). The addition of camelina meal to
the diets of rabbits (Oryctolagus cuniculus) and broiler
chickens (Gallus gallus) has no effect on their growth perfor-
mance and proportions, but it can modulate their FA profile
(Zajac et al. 2020). In fact, the meat produced was character-
ized by a lower content of saturated fatty acids (SFAs), lower
monounsaturated fatty acids (MUFAs), and a higher content
of w-3 PUFAs with a consequently decreased w-6 to w-3
PUFA ratio (Orczewska-Dudek and Pietras 2019; Peiretti
et al. 2007). The possibility of including camelina meal in
laying hen diets to improve PUFA content in yolks is not only
widely reported in the literature (Aziza et al. 2013; Rokka
et al. 2002) but also commercially scaled up in Europe
(https://uovapascolo.it/). Camelina meal is more palatable
than flax meal for laying hens, and the quality properties of
the eggs and the eggshells are better (Cherian and Quezada
2016; Lolli et al. 2020; Rokka et al. 2002). Regarding milk
production, the inclusion of camelina meal in the feeding of
ewes (Ovis aries) and ruminants allows the production of low-
saturated milk with an increased content of PUFAs
(Colombini et al. 2014; Halmemies-Beauchet-Filleau et al.
2017; Halmemies-Beauchet-Filleau et al. 2018; Szumacher-
Strabel et al. 2011). Nonetheless, the presence of anti-
nutritional factors such as glucosinolates, phytic acid,
sinapine, and condensed tannins represents an obstacle to the
increase in the inclusion rate in animal rations (Colombini
etal. 2014).

Aquaculture systems are often identified as unsustainable
from an environmental point of view, and the replacement of
fish oil with camelina oil will permit the improvement of this
aspect without clear drawbacks in fish health and performance
(Bell et al. 2010; Hixson et al. 2014a; Morais et al. 2012).
Studies on the use of camelina oil, alone or in a mix, as a
substitute for fish oil are reported in many cold-water fish spe-
cies, i.e., Atlantic salmon (Salmo salar), Atlantic cod (Gadus
morhua), and rainbow trout (Oncorhynchus mykiss) (Hixson
et al. 2014b; Morais et al. 2012). Furthermore, in Europe, re-
search on the possibility of replacing fish oil with transgenic
camelina oil enriched with long-chain PUFAs (EPA and DHA)
has also been carried out with promising results (Betancor et al.
2016, 2017), but the actual European regulation on the use of
genetically modified organisms (GMOs) is completely limiting
this application on any commercial scale.

Due to the large interest in the use of insects in animal feed,
camelina cake has recently been tested in the formulation of a
black soldier fly diet (Hermetia illucens) with promising re-
sults (http://cosmos-h2020.eu/media/2019/09/19-08-30-
COSMOS __ Project _achievements web.pdf).
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5.4 Cosmetics

Vegetable oils have a major application in the cosmetic indus-
try, especially now that consumers have become more inter-
ested in buying “Clean Beauty” (de Clermont-Gallerande
2020), leading to a 75% increase in “natural” raw material
claims in the make-up market (Goodsitt 2019).

The high levels of anti-oxidant activity (Quéro et al. 2016)
shown by camelina oil allow its use in various cosmetic for-
mulations (Ionescu et al. 2015). Many commercial cosmetic
products containing camelina oil in their formulation such as
facial and body creams, shampoos, and other hair care prod-
ucts already exist, but almost nothing is published in the
reviewed scientific literature. Nevertheless, in the framework
of the COSMOS project, different molecules to be used in
fragrances for cosmetic formulation were obtained from fatty
acids derived from refined camelina oil by Arkema (France,
http://cosmos-h2020.eu/media/2017/10/COSMOS-D6.1-
List-of-molecules-that-can-be-used-for-flavors-and-
fragrances.pdf). Despite not being already in the market, these
molecules could represent valuable coproducts for increasing
the economic sustainability of the whole camelina value
chain.

6 Genetic diversity and breeding strategies

Archeological findings of camelina in the central and eastern
parts of Europe date from the late Neolithic and early Bronze
Ages (Bouby 1998). Southeast Europe and Southwest Asia
are believed to be the center of the origin of camelina, even
if one study evoked the Russian-Ukrainian area as a camelina
genetic diversity hotspot (Ghamkhar et al. 2010). In these
native regions, camelina could be found both cultivated or as
a weed, but the increasing use of herbicides over time has
decreased the presence of wild camelina in cultivated fields
(Brock et al. 2018). Wild camelina may represent a valuable
source of genetic diversity for this species in future breeding
programs in Europe. The allohexaploid genome of camelina is
sequenced and embraces approximately 788.6 MB, contain-
ing approximately three times more genes than Arabidopsis
thaliana and with the highest genetic density among se-
quenced plant genomes (Chaudhary et al. 2020; Kagale et al.
2016). Even though it has a sequenced genome, information
on camelina genes controlling important traits is still lacking.

The number of available camelina accessions is nearly
1000. There are 799 accessions stored within the EURISCO
(European Search Catalog for Plant Genetic Resources) col-
lection, 137 in PGRC (Plant Gene Resources of Canada), and
49 deposited in the USDA National Plant Germplasm System.
Genetic studies conducted on camelina included a small num-
ber of accessions (Gehringer et al. 2006; Ghamkhar et al.
2010; Kim et al. 2017; Manca et al. 2013; Vollmann et al.
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2005) using a modest number of DNA molecular markers.
Vollmann (2005) found that 2/3 of analyzed RAPDs
(Random Amplified Polymorphic DNA) were polymorphic,
amplifying only one to three loci per marker, imposing a low
level of genetic diversity in camelina. Genotyping-by-
sequencing is an efficient method for SNP discovery, and
generated data can be used together with a phenotyping ap-
proach to analyze marker-trait associations (Luo et al. 2019).
Using the SNP marker technology, Kim et al. (2017) identi-
fied marker-trait links for plant height, leaf length, and silicle
size. To make use of these molecular marker systems in
marker-assisted selection and thus accelerate the breeding pro-
cess, both greater mapping populations and numbers of mo-
lecular markers are required.

Flowers of camelina are self-pollinated with a low level of
outcrossing. The most commonly used breeding procedure in
camelina is pure line selection, after which pedigree or bulk
breeding methods are used for segregating generations
(Vollmann and Eynck 2015). Furthermore, the single seed
descent method is used for the rapid development of recom-
binant inbred lines (Gehringer et al. 2006). The efficiency of
double-haploid technology, the fastest procedure of producing
homozygous lines, in camelina is rather low (Ferrie and
Bethune 2011). Mutagenesis, as a way of introducing genetic
variability, is a frequent companion in camelina breeding, es-
pecially aiming at a desirable fatty acid composition.

As a niche crop, camelina has not been subjected to inten-
sive breeding procedures, meaning there is a vast scope to
explore its genetic potential. Breeding for high oil content is
one of the major breeding goals of camelina. Oil content is a
polygenic trait influenced mainly by the environment. Both oil
and fatty acid contents are sensitive to temperature during the
phase of seed filling. Camelina has a relatively high oil con-
tent, ranging from 28 to 49% of the total seed weight, and is
rich in essential fatty acids. Camelina has high levels of un-
saturated oc-linolenic (30-36%) and eicosenoic acid (15—
20%). Since flax is the main source of omega-3 fatty acids,
camelina represents an excellent alternative to this type of oil.

Market requests have guided breeding strategies on altered
fatty acid content and composition in vegetable oils. To com-
ply with industrial demands for high content of single fatty
acids for non-food uses, in particular high ALA, a
mutagenesis-based breeding program was initiated in
Germany (Biichsenschiitz-Nothdurft et al. 1998). The authors
used ethyl methanesulfonate (EMS), a mutagenic chemical
that causes random mutations via nucleotide substitution in
the genome. Camelina can easily be genetically transformed
with Agrobacterium tumefaciens (Sitther et al. 2018) to pro-
duce oil with increased levels of oleic acid and decreased
contents of LA and ALA fatty acids (Yuan and Li 2020).
Similarly, delta-12 fatty acid desaturase (FAD2) suppression
by a system made of clustered regularly interspaced short
palindromic repeats coupled with protein Cas9 (CRISPR/

Cas9) (Jiang et al. 2017) leads to an increase in oleic acid
content from 16 to >50% (Jiang et al. 2017). After EMS
treatment of camelina, seed mutant lines with altered fatty acid
composition can be detected, which offers an opportunity to
target genes of interest via CRISPR/Cas9 technology.
Ozseyhan’s team managed to decrease very long-chain fatty
acid (VLCFA) seed content by 60% by inducing mutations in
fatty acid elongase 1 (FAE1 9) genes (Ozseyhan et al. 2018).
When reducing VLCFA levels, the levels of other fatty acids
increase. Thus, it is possible to create a breeding material that
has a favorable ALA content for food use. In recent years, in
the UK, transgenic camelina was engineered to produce w-3
long chain polyunsaturated with five gene assemblies contain-
ing genes from microalgae for eicosapentaenoic acid (EPA)
production (Ruiz-Lopez et al. 2014). In 2014, the UK govern-
ment allowed the first field trials with transgenic camelina.
This camelina line contained high levels of DHA
(docosahexaenoic acid) and EPA, w-3 acids typically found
in fish oil. The use of genetically modified (GM) camelina in
fish feeding has the potential to make fish farming more sus-
tainable. After consuming food containing either commercial
blended fish oil or oil from GM camelina, there was no dif-
ference in DHA and EPA incorporation into the blood lipids
of humans (West et al. 2019). Synthesis of acetyl-
triacylglycerols (Liu et al. 2015, b) and w-7 fatty acids
(Nguyen et al. 2015) represent other examples of metabolic
pathway alterations in transgenic camelina.

Camelina seed size is one of the traits related to yield that
needs to be improved. Its seed is quite small, approximately
1.5 mm x 0.8 mm. Having larger seeds would mean stronger
vigor, even emergence and seedling establishment in the field,
which would enhance camelina planting and facilitate harvest-
ing. A recent study showed that seed size rose after starch
biosynthesis suppression (Na et al. 2018). However, the
amount of oil in seeds remained the same, while seed weight
rose due to increased protein content (Na et al. 2018). Hence,
there is a need for further research into mechanisms that will
concurrently increase both seed size and oil content.

The European Union’s (EU) need for oil is high and in-
creasing, with a net import of 86.7% in 2017 (Eurostat 2017).
Oil prices largely oscillate, causing economic instability and
repressing economic advancement. Many European countries,
especially Eastern Europe, consider only one or two oil
sources. The diversification of energy supply and decreasing
energy import dependence are part of the European Union’s
strategy (European Council 2015). To fulfill EU ambitions
and diminish dependence on imports, the use of new alterna-
tive sources of edible oils with stable quality and competitive
price will become compulsory for the near future.

In EU, scientific research on GMO crops can be conducted
under confined conditions, while growing in open fields is still
restricted due to environmental and biodiversity concerns. In
terms of legislation, the CRISPR/Cas9 editing technique is
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considered a process-based tool that uses foreign genes during
mutation induction within organisms. Mutagenesis and cell
fusion of plant cells of organisms that can exchange their
DNA via traditional breeding techniques are excluded from
the EU Directive 2001/18/EC. Since 2018, the Court of
Justice of the EU elucidated in a ruling (Case C-528/16) that
organisms derived from new techniques of mutagenesis are
considered GMOs and thus regulated within the legal frame-
work of EU GMO legislation (Judgment of the Court 2018).
Most likely, it is a matter of time when society will get used to
these novel tools that can be safely exploited among others to
prevent human, animal, and plant diseases.

7 Strengths, weaknesses, opportunities,
and threats (SWOT) of camelina in Europe

Despite the wide interest witnessed by the active European
literature on camelina, this crop is still a niche oilseed species.
Otherwise, as highlighted in the present review, camelina pos-
sesses many of the relevant features to become a “real crop”
since it is able to meet the requirements of the different actors
along the value chain, presenting unique agronomic charac-
teristics, multiple end-uses, and good adaptability to all
European climates and soils. Camelina still has some weak-
nesses to be overcome before becoming a widespread
European crop. For this reason, the authors decided to

Fig. 2 SWOT analysis of
camelina in Europe
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summarize the outcomes of the present review study in a
simplified SWOT analysis, which is reported in Fig. 2.
Together with undeniable strengths linked to both agronomic
characteristics and seed compositional peculiarities, camelina
still presents some bottlenecks mainly linked to a poorly de-
fined market for all its seed fractions. Compared with the two
most widely cultivated oilseed crops in Europe, oilseed rape
and sunflower, camelina has some indisputable advantages. In
particular, in comparison with oilseed rape, camelina has con-
siderably lower input requirements in terms of both fertilizers
and chemicals, lower shattering losses, and shorter crop cy-
cles. Otherwise, when compared with sunflower, autumn-
sown camelina could represent a feasible alternative in areas
where spring sunflower is highly suffering from heat and
drought stress, as in central and southern Spain. However,
the market drives prices and, consequently, the economic rev-
enues of farmers, who might be very interested in growing
camelina for agronomic and ecosystem-related aspects, but a
stable market price will be compulsory in the next develop-
ment step of the camelina value chain in Europe.

8 Conclusions

Certainly, not even in the rosiest future will camelina ever
replace oilseed rape or sunflower, but hopefully, it will be-
come an interesting alternative to be included in European
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agricultural systems, being able to sustainably intensify agri-
cultural systems and to provide farmers with additional
choices for their rotation schemes. Among the multiple end-
uses of camelina-derived products, for sure, the application in
animal feed is now representing the driving force for its stable
introduction and diffusion in Europe, in relation to the tremen-
dous lack of protein for animal feed. Furthermore, camelina
seed is a valuable source of natural anti-oxidants, especially
tocopherols, phenolic acids, and flavonoids, and its oil, par-
ticularly high in w-3 PUFAs, will soon represent a healthy
choice to be included in European diet. The ability of camelina
to be transformed into a species with completely a different
fatty acid content and composition makes it an ideal candidate
for the production of particular fatty acids for inclusion in the
human diet, livestock and aquaculture feed, and biobased
products. The ability to manage its fatty acid composition
connected with its weak outcrossing potential makes camelina
a notable crop for sustainable oil biosynthesis without affect-
ing the production of staple food crops, thus avoiding the
usual food vs. non-food debate.
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