Chapter 8
Camelina sativa: For Biofuels
and Bioproducts

Freeborn G. Jewett

Abstract Oilseed crops have the potential to increase the stability and sustainabil-
ity of American agriculture by replacing a portion of the fossil fuels consumed by
this sector. There are several candidate oilseed species that have been identified as
compatible with a dryland winter wheat-fallow rotation. Of these species, Camelina
sativa has been previously identified as being a promising species for drought-prone
areas of the American High Plains. This is due to its short growing season, drought
tolerance, cold tolerance, and resistance to many of the insect and pest species that
cause yield reductions in other Brassica oilseed species. Camelina seed oil has high
concentrations (3040 %) of linolenic fatty acid (C18:3), which is a valuable
product and also improves the cold-flow properties of the feedstock oil. Camelina
is a native of Europe, and breeding efforts have so far focused on optimizing the
varieties to produce high yields in agricultural regions of the United States and
Europe. Breeding and research efforts have created linkage maps and identified
QTL for yield, agronomic characteristics, and oil characteristics. Researchers have
also found success in creating transgenic varieties of camelina, which could greatly
facilitate the optimization of the oil profile for use as a feedstock for industrial oils
and as a biofuel.

Keywords Oilseed crops ¢« Camelina sativa + Fatty acid ¢ Linoleic fatty acid
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Introduction

Camelina sativa, or “gold of pleasure,” belongs to the Brassicaceae family and has
been cultivated in Europe as an oilseed since the Bronze Age, which began around
4000 B.C. [1]. Numerous archeological studies have shown that camelina, flax, and
other assorted cereals constituted a significant portion of the human diet in Europe
and Scandinavia during the Bronze Age [1]. Cultivation of camelina waned until
recent interest in low-input biofuels resulted in a reexamination of its value as an
oilseed crop and as a potential source of omega-3 fatty acids for human and animal
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consumption [1, 2]. Interest in camelina as a biofuel feedstock stems from its
drought tolerance and compatibility with existing cropping systems.

In the United States, camelina can be incorporated into a dryland winter wheat-
based cropping system where it can be treated as a summer annual or a fall-seeded
annual [3]. Camelina is a small-seeded crop and can be broadcast or direct seeded
using existing wheat or canola planting equipment at a shallow depth of no more
than 12 mm, with 6.3 mm being optimal [3]. The optimal seeding rate has been
found to be 5.6-7.8 kg ha~' depending on planting conditions such as seed bed
quality, soil humidity, and pressure from weed competition [4]. No-till conditions
are appropriate for camelina planting, although there are some weed-control issues
that arise from this method of planting due to the lack of herbicide-resistant
varieties [5].

There are two types of camelina varieties: winter varieties that are planted in the
fall and allowed to overwinter in the rosette stage (fall-seeded) and those that do not
have a vernalization requirement (spring-seeded) [12]. Fall-seeded varieties have a
growth cycle similar to wheat in that they establish a stand and overwinter in a
dormant stage. Of course, this is dependent on the presence of fall rains. Spring-
seeded camelina does best when planted early [3, 6]. If camelina is planted in early
March before weed emergence, it will have enough time to allow it to compete
more vigorously with spring weeds [3, 5]. Camelina is a short-season crop, requir-
ing roughly 80 days to reach maturity. Early spring planting or late winter planting
will allow camelina to mature before high summer temperatures cause heat stress
and lower yields [7]. The required cumulative growing degree days (GDD) for
camelina are estimated to be 1,300 [8]. The optimal temperature for germination is
3.3 °C and delay of planting from March until April results in yield reductions of up
to 25 % due to heat stress [6]. Dryland trials of camelina in Colorado have
demonstrated superior yields compared to other oilseed crops such as canola [9,
10]. The seed oil content of camelina ranges from 30 to 45 % [1, 10, 11]. The
protein content ranges from 39.2 to 47.4 %/DM, while the fiber content varies from
12.5t0 16.8 % f.f. DM [11].

Although camelina is a low-input new oilseed crop, it responds well to fertili-
zation [12]. A general rule of thumb is that camelina needs 2-2.7 kg of N to produce
45 kg of seeds [13]. This can be applied during the growing season, or if residual
nitrogen is available from previous crops, this can be utilized by the plant as
well [13].

The flowers of camelina are generally autogamous and are between 5 and 7 mm
in diameter [1]. These flowers become silicles which vary in number between
126 and 283 [14]. Each silicle can contain between 10 and 15 seeds [1, 14].

During growth, camelina is not susceptible to insect pressure from flea beetles
(Chrysomelidae) that have been shown to negatively affect yields of canola and
Brassica juncea [1]. The resistance to flea beetles is thought to be the result of
defense compounds present in the leaves of camelina. A class of compounds known
as quercetin glycosides has been identified as contributing to its resistance to
damage from the crucifer flea beetle [15]. The presence of additional leaf com-
pounds means that camelina is naturally resistant to some fungal infections, which
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is important in irrigated situations [16]. Camelina has also shown allelopathic
relationships with flax, Linum usitatissimum, under controlled conditions [17, 18].

Camelina is well suited to growth in low-moisture environments. The minimum
water requirement for camelina to reach its maximum yield potential has been
calculated to be 333 to 422 mm in Arizona [7]. The required minimum irrigation
varies with climatic conditions and evapotranspiration rate. Below this minimum,
yields are negatively affected. Irrigating above the minimum does not show any
positive effect on seed yields and has been shown to only raise evapotranspiration
of the plant [19]. The root zone of camelina is relatively shallow compared to
wheat, reaching a maximum depth of 1.4 m [19, 20].

Taxonomy and Domestication

The name camelina is derived from the Greek words chamai (dwarf) and linion
(flax) [21]. The center of origin of camelina is thought to be Europe. Ghamkahar
et al. [22] used amplified length fragment polymorphism (AFLP) to assess genetic
diversity among accessions collected in different geographic locations. They found
that Russia and Ukraine are likely a center of origin of the species due to the higher
level of diversity among accessions from these areas.

The species Camelina sativa (L.) Crantz and its wild relatives, which include
C. microcarpa and C. linicola, have been reported by humans since the Bronze Age
(1500-400 B.C.) [1]. Wild camelina species are present throughout North America
and likely arrived as contaminants of flax and other agricultural products from
Europe [23]. Wild accessions of Camelina microcarpa have been found that are
resistant to ALS herbicides [24]. In Montana, there are over 120 varieties found in
the wild [25].

Genetic Resources

Camelina ploidy varies among accessions. Camelina has been observed to have a
chromosome count of 2n =12 to 2n =40 [23]. The most common count has been
observed to be 2n =40 [26]. Analysis of the activity of desaturation and elongation
genes has revealed Camelina sativa to be an allohexaploid [27].

The genetic diversity of existing camelina germplasm is relatively low.
Vollmann et al. [28] analyzed a subset of 41 accessions of camelina using randomly
amplified polymorphic DNA (RAPD) markers. They found that these accessions
were also classified into four main groups based on the seed weight, oil content, and
protein content, which suggested a low level of diversity among these accessions.
Diversity of available camelina germplasm can be supplemented with accessions
recently made available from Eastern European collections formerly inaccessible to
Western researchers. Analysis of camelina accessions from Russia and Ukraine
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show higher levels of diversity among these accessions [22]. There is the possibility
of utilizing the numerous wild relatives of camelina; however, between C. sativa
and C. microcarpa, there is a barrier to cross-pollination, limiting C. microcarpa’s
value as a source of new traits [21].

Major Breeding Achievements

Breeding efforts of camelina have so far succeeded in producing several widely
available varieties that show high yields. Yields of trials in Western Nebraska in
2005 and 2006 were between 556 and 1,456 kg ha~' depending on the date of
planting [29]. Yields of winter camelina varieties in Minnesota from 2007 to 2008
were also reported to be within the range of 311-625 kg ha™' [30]. Camelina in
Arizona under irrigation yielded over 1,500 kg ha™' in 2009 and 2010 [8]. Camelina
yields in Chile have also been reported to vary between 420 and 2,314 kg ha™ ' for
2008 and 2009 [14]. Mean yields across several environments in Germany ranged
from 1,460 to 1,715 kg ha™! [31]. Camelina is able to produce adequate yields
under dryland conditions, but exposure to excessive heat during flowering nega-
tively affects its ability to produce higher yields and affects the oil profile [32].

Public and private breeding programs for spring camelina development exist in
the American Midwest, Montana, and Western Europe. In the American Midwest,
the Yellow Stone variety was developed by Great Plains Oil in Ohio. High Plains
Crop Development, LLC, is currently active in Torrington, WY, and is producing
varieties for the High Plains Region. Blue Sun Biodiesel is currently active and has
previously developed the varieties BSX G22, BSX G24, and Cheyenne. The
varieties Suneson and Blaine Creek were developed in Montana at Montana State
University by Dr. Duane Johnson. Dr. Johnson currently works under Clear Skies
Inc. out of Big Fork, MT, developing camelina varieties. The varieties Ligena and
Celine were both developed in Europe and have demonstrated high yields in Europe
and in the United States under a variety of conditions. The variety Celine was
developed by Limagrain and has been observed to have a lower content of
glucosinolates than other varieties but is shatter-prone [33]. Sustainable Oils of
Global Clean Energy Holdings, Inc. is close to releasing their proprietary high
yielding varieties SO-40, SO-50, and SO-60. Due to the low rate of outcrossing in
camelina, major breeding programs have developed their varieties through open-
pollinated stands, using either pedigree selection or recurrent selection. Inbred
camelina lines used for the production of genetic maps have been derived through
single-seed descent to the F6 generation [31]. Some testing has been done to
determine the combining abilities of camelina lines for use in the creation of hybrid
varieties, but so far, no male sterilization methods have been commercialized [34].

Protoplast fusion has been used to create a somatic hybrid between Camelina
sativa and Brassica oleracea, with the intention to transfer camelina’s resistance to
the black spot leaf disease, although this was met with limited success [35].
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Mutagenesis has been used as a technique to introduce new and novel traits into
existing camelina germplasm. Ethyl methanesulfonate (EMS) has been used by
researchers interested in developing camelina lines with resistance to residual
herbicides. Walsh [36] used EMS mutagenesis to develop two camelina genotypes
that demonstrated tolerance to acetolactate synthase (ALS) inhibitor herbicides.
These mutant camelina lines showed increased resistance to imazethapyr and
sulfosulfuron herbicides. Limited quantities of these mutant lines are available
from Washington State University.

A mapping population was developed in Germany (Deutsche Saatveredelung,
Lippstadt, Germany) and has been used to create linkage maps and identify QTL for
favorable agronomic traits in several studies. This mapping population was derived
from a cross between the European varieties “Lindo” and “Licalla.” Gehringer
et al. [31] created a linkage map of camelina with 157 amplified fragment length
polymorphism (AFLP) markers and 3 Brassica SSR markers and identified quan-
titative trait loci (QTL) for seed yield, oil content, plant height, thousand-seed
weight, and fatty acid composition. Using this same mapping population, Enjalbert
[32] identified 29 significant QTLs for yield, drought tolerance, and oil quality
characteristics. Of these, six were found to be in common with Gehringer et al. [31].

Target Traits and Current Breeding Goals

Yield

Yield is the subject of most improvement programs. Camelina seed yield has shown
a high degree of heritability at 86.5 % [37]. Oil content and thousand-seed weight
also demonstrate high degrees of heritability at 95.6 % and 97.6 %, respectively
[38]. Thousand-seed weight could be a characteristic of interest for breeders
interested in increasing yield, as this character is easier to select than yield and
has a higher heritability than yield [31]. There is evidence that higher thousand-seed
weight comes at the expense of oil content and the number of seeds per plant [39].
Breeding for yield stability over environments will become more important in
the future as climate change and global warming affect both absolute environmental
conditions and variability of environmental conditions. Optimizing camelina
growth habits to better avoid summer heat can potentially minimize environmental
effects on yield. Flowering time may be a useful characteristic as a target for
selection, as earlier flowering varieties can better escape heat stress and earlier
flowering is positively correlated with seed yield and linolenic acid content [32].
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Oil Characteristics

The four most important components of the fatty acid profile of camelina are C18:1,
C18:2, C18:3, and C20:1, as they comprise the majority of the fatty acid profile of
camelina, and environmental conditions affect the concentrations of these fatty
acids [10, 32, 40]. The most economically important fatty acid, linolenic fatty acid
(C18:3), has been shown to vary in concentration between 30 and 40 % [14, 31,
32]. Breeding efforts might focus on increasing the percentage of linolenic fatty
acid to optimize the value of camelina press cake as an animal feed and its value as
a source of polyunsaturated fatty acids. Enjalbert [31] determined the heritability of
linolenic (C18:3) fatty acid to be between 0.40 and 0.83 and the heritability of oil
content to vary from 0.42 to 0.87. An increase in the amount of linolenic fatty acid
has been shown to improve heat and drought tolerance in some Brassica species
such as canola and Arabidopsis [41-45]. Camelina seeds are composed of 30—40 %
oil [1].

The high concentration of polyunsaturated fatty acids (~50 %) and protein
present in the press cake is a valuable addition to feed but must be added in modest
proportions. It is recommended that camelina meal comprise no more than 10 % of
the feed weight due to the concentration of toxic glucosinolates that can negatively
affect growth of livestock and poultry [46, 47]. Camelina meal can replace up to
5 % of broiler chicken feed without negatively impacting the quality of the meat.
The incorporation of this feed increases the intramuscular concentration of omega-3
fatty acid [48]. The protein content of the press cake left over from the hexane
solvent extraction process is suitable for animal consumption. It is lower in fat due
to the increased efficiency of the extraction technique, but it has protein content
similar to that of soybean meal. Any harmful compounds such as glucosinolates and
erucic acid present in the seeds before pressing can be extracted by subsequent
solvent treatment of the seed meal [49]. Vegetable consumers can recognize
glucosinolates from the pungent odor that is released when cooking those in the
Brassica family such as cabbages and Brussels sprouts. The leftover camelina seed
meal can be heated to reduce the glucosinolate content prior to consumption,
similar to these vegetables [50].

The most common, easiest, and least expensive method of oil extraction uses a
mechanical oilseed crusher. This machine heats and crushes the seeds, which
causes the separation of the oil from the seed meal [51]. The resulting press cake
contains approximately 10 % oil by weight and is considered to have an extraction
efficiency of 75 % [52]. The leftover seed meal from camelina pressing contains
4045 % crude protein and 10 % fiber, which is lower than soybeans but compa-
rable to rapeseed press cake [48]. With the residual fatty acids and absence of erucic
acid (C22:1), the molecular profile of the leftover seed meal indicates that it could
be a potentially valuable coproduct as animal feed. Future improvements and plant
breeding research will need to focus on optimizing the biofuel oil profile to raise the
percentage of oleic acid (18:1) and decrease concentrations of linolenic acid (18:3)
[53]. This would reduce the iodine value (a measure of the degree of unsaturation of



8 Camelina sativa: For Biofuels and Bioproducts 163

the oil) to a value that is below the acceptable limit of 120 as established by the
European biodiesel standard [53].

Recent analysis of Eastern European camelina germplasm collections has iden-
tified an accession with desirable oil profile of greater than 30 % linolenic fatty acid,
less than 3 % erucic acid, less than 10 % saturated fatty acids, and a ratio of
linolenic to linoleic acid greater than one [22].

Breeding Strategies and Integration of New Biotechnologies

Analysis of the agronomic characteristics of recombinant inbred lines (RIL) formed
from a cross between the varieties Lindo and Licalla showed that 25 % of the
offspring outperformed both parents, meaning that camelina shows transgressive
segregation [31]. Of these RILs, Gehringer et al. [31] identified five promising
varieties as candidates for possible release. Two of these were also identified at
Colorado State University as containing QTL for yield and drought tolerance and
demonstrating significantly higher yields [32]. These are currently undergoing
further yield evaluations with the possibility for commercial release [32]. The
difference in climate between Germany and Colorado suggest that these varieties
are widely adapted and show high yields in a variety of environments.

Gamma ray irradiation was used by Vollmann et al. [37] to induce mutations in
camelina germplasm for improving linolenic acid content. Lines were isolated that
contained higher concentrations of the fatty acid (40.8 %). In addition, some
mutants were identified that contained lower concentration of erucic acid (less
than 2 %).

Camelina is a suitable candidate species for transgenesis. It is widely considered
a primarily self-pollinating species with a low rate of outcrossing [23]. Field
experiments have estimated the outcrossing rate in camelina to vary between 0.01
and 0.28 % [54]. This is nearly equal to soybean, which is approximately 0.30 %
[55]. The fact that camelina is a facultative outcrossing species means that it can be
bred through recurrent selection or through the creation of hybrids by creating male
sterile lines for crossing. A methodology for developing doubled haploid camelina
would also greatly reduce the number of generations necessary for new lines of
camelina to reach homozygosity [39].

Research looking to characterize the genome of camelina has been ongoing for
some time. There have been notable efforts to identify several target genes with
respect to their potential for genetic manipulation. Hutcheon et al. [27] targeted
genes regulating fatty acid synthesis in Arabidopsis that were hypothesized to be
homologous in camelina. These genes include fatty acid desaturase 2 (FAD2),
which converts oleic acid (C18:1) to linoleic acid, and fatty acid elongase
1 (FAE1), which adds two carbons to an 18-carbon chain. It is presumed that
downregulation of these genes could lead to increased production of oleic acid, a
favorable fatty acid for biodiesel feedstocks. RNA sequencing techniques revealed
that unlike in Arabidopsis, where only one copy of each gene is found, the camelina
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genome contains at least three functional copies of FAD2 and FAEL. This suggests
at least three full genome duplication events occurred at some point in the evolution
of the camelina genome. The polyploid nature of the camelina genome was
proposed to be conducive to reverse genetic (TILLING) manipulations using pro-
tocols developed for wheat, another allohexaploid. The use of TILLING technol-
ogies would make it possible to identify individuals with mutations in the FADI
and FAE2 genes.

Another attempt to modify the oil profile of camelina through the use of trans-
genics was carried out by Lu and Kang [56]. Using a seed-specific phaseolin
promoter and the floral dip method, the authors were able to carry out a successful
plant transformation where they inserted a castor oil gene FAHI2, which codes for a
novel fatty acid (C18:10H). The oil profiles of the resulting transgenic plants had
elevated levels of oleic acids from 14.4 to 21.6 % and a resulting decrease in the
polyunsaturated fatty acid percentage from 37.8 to 13.3 %.

Seed Production

Camelina can be directly harvested using existing wheat harvesting equipment with
a screen of 3.6 mm installed over the lower sieves of the harvester [3, 5]. Harvesting
efficiency can be improved if future varieties are selected to reduce shattering. If
weeds are a problem, camelina can be swathed when the pod color is about 65 %
yellow [5].

Today, camelina is being produced as a biofuel feedstock crop. Commercial
camelina production in the United States centers on the Pacific Northwest region
and Montana, and the majority of this production is sold to the US Air Force for its
green fuel program. According to the USDA National Agricultural Statistics Ser-
vice [57], about 19,500 acres of camelina were harvested in 2009 and 9,400 acres
were harvested in 2010 in the United States. Camelina is currently being produced
exclusively under contract; there is no open market for the crop.

Although the production areas of camelina include Montana, Oregon, and
Washington, camelina testing and varietal evaluation is being conducted in several
states including Colorado, Wyoming, California, Kentucky, Iowa, Florida, and
Arizona. Photos of camelina stands grown in Craig, Colorado, are shown in
Figs. 8.1 and 8.2.

Camelina contract price varies depending on the location and year, but in 2010,
the average price was $0.16/1b [58]. Assuming the cost of meal is $0, which is not
the case, the value of the camelina biodiesel would be $5.00/gallon [58]. Keske
et al. [59] estimated that producing camelina for on-farm use of straight vegetable
oil would have the highest probability of return when conventional diesel prices
reach and exceed $1.31/L. The cost of production for camelina based on models
developed at Montana State University is estimated to be $80.27/acre at 1,350 1bs/
acre yields [34, 58].
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Fig. 8.1 Camelina stands

in the high-altitude location
of Craig, Colorado, 60 days
after planting. July 11, 2011

Fig. 8.2 Camelina stands
ready for harvest in Craig,
Colorado. August 30, 2011
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Winter Varieties

Limited development of winter camelina lines exists today. High seed yield from
fall-seeded winter varieties remains to be proven [30, 60]. The advantage of these
varieties is to allow the camelina seedlings to be in the soil when weather conditions
are optimal for emergence. Phenotypically, these varieties differ from spring
varieties in leaf shape and overwintering ability.

In the case of fall-seeded, the plant establishes itself in the fall and overwinters
as a rosette. The following spring, when temperatures reach 3.3 °C, growth is
initiated and the plant emerges from the rosette and resumes growth [6]. The
vernalization requirement for winter camelina has not been well characterized.
Previous experiments have found that fall-seeded camelina has enough winter
hardiness to survive the harsh winters of Minnesota, where average winter air
temperatures are far lower than those found in Colorado [30]. As the plant is
already established, it reaches maturity far earlier than spring-seeded camelina.
Earlier maturity means that the plants are not exposed to as much of the heat and
drought stress that occurs during the warmest months of summer.

In addition to the potential for increasing yields, earlier harvest allows more time
for moisture recharge in the field during the summer. This could result in higher
yields for wheat that is planted after fall-seeded camelina than spring-seeded
camelina. This may vary based on spring temperatures and moisture conditions.
Another advantage of winter camelina is that fall planting is generally drier and the
seeds are already planted when spring rainfall arrives. Winter seeding of camelina
would be particularly advantageous in southeastern regions of the United States,
where the winters are warmer and the spring arrives earlier. In colder climates,
overwintering ability is increased with snow cover [61, 62]. Aase and Siddoway
[61] determined that 7 cm of snow cover is sufficient to buffer wheat seedlings from
temperatures as low as —40 °C. With the increased stubble as a result of the
implementation of no-till agricultural systems, there is a greater amount of snow
capture on fields.

Winter camelina trials in Akron, Colorado, have encountered failures related to
the presence of Ceutorhynchus cyanipennis and Ceutorhynchus americanus ([60,
B. Kondratieff and G.L. Hein (2011), personal communication). These insect pests
appear frequently on plant species in the Brassicaceae family, which includes
camelina [63]. These insects most strongly affect winter camelina that is planted
earlier in the fall, especially in August, as this is the time adult insects lay eggs
[63]. Later fall planting dates have been shown to reduce the impact of these pests.
Studies of winter camelina in Ireland have shown that earlier planting dates are
prone to high rates of lodging [64]. This also may be due to the damage from these
insects, as the larvae feed on stems at or below the soil line (G.L. Hein (2011),
personal communication).
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Market Challenges/Barriers to Commercialization/
Opportunities

Barriers to the wide-scale adoption of camelina as a biofuel feedstock come from a
variety of factors. Camelina sativa is related to weedy species that are recognizable
to farmers. This might contribute to their reluctance towards planting large swaths
of land with camelina. This can be overcome through education and awareness, as
camelina is not very competitive as a weed species and volunteer camelina can be
easily controlled with available herbicides.

The lack of an open market for camelina may dissuade some potential producers.
Farmers operating outside of certain areas where contract camelina growing oper-
ations exist may have trouble selling excess product, as it is not certified for human
consumption.

The main opportunity for camelina production exists in the on-farm production of
biofuels. This eliminates the need for an open market, as local consumption is not
subject to certification in the same way as biodiesel producers looking to sell to large
blenders. Local camelina production is an opportunity for farmers to offset their costs
in two ways. The first is through the utilization of the camelina oil as a diesel
substitute that will offset the annual consumption of diesel fuel. The second is by
utilization of leftover seed meal, or press cake, to offset consumption of animal feed.

Camelina-derived diesel fuel can be utilized directly without any fuel processing.
This is known as straight vegetable oil (SVO). The SVO can be directly burned in an
engine that has been modified with tank heaters to increase the viscosity of the fuel, or
else, it can be blended with diesel fuel and used in an unmodified engine.

Local production of camelina is dependent on collaboration between producers.
A possible model for the production of camelina-based fuel involves a community-
funded crushing facility that is shared between several producers. The meal and
camelina oil can be distributed among the producers along with the costs. Currently,
there are locally sourced crushing facilities in three locations in Colorado. These are
in Rocky Ford, Burlington, and Costilla County, Colorado [32].

More advanced producers will take advantage of the specialized oil profile of
camelina and produce with the intention of selling the components of the oil such as
linolenic and linoleic fatty acids, which has a higher value than vegetable oil for use as
diesel fuel alternatives. Selling the components of the camelina oil is a way to increase
production when fuel prices are low and ensure profits during low yielding years.
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