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Simple Summary: Camelina sativa, also known as false flax, is an oilseed adaptable to wide agronomic
conditions and is an environment-friendly crop utilized by human beings for decades. Camelina seed
and its derivatives have a nutritional value comparable to other products fed to dairy cows. However,
similar to other oil crops, it has anti-nutritional factors which have brought some regulations from
authorities on the inclusion levels of camelina seed and oil-extracted products. Many studies have
been conducted, and effects on feed intake, digestion, and metabolism are controversial at higher
inclusion levels, Yet, there has still been no effect noticed on the metabolic hormones of dairy cows
when included at an appropriate level (2 kg/animal/day seeds or 10% inclusion on a dry matter
basis of oil extracted products). Although inclusion of the seed and expeller on milk fat suppression
is prominent, milk fat produced by a diet including camelina seed and its by-products is rich in
health-beneficial fatty acids. In addition, with processing, its anti-nutritional factors can be reduced,
and solvent-extracted meals can be used in higher inclusions than current recommended levels,
without affecting the digestion and metabolism of the animal.

Abstract: Camelina sativa, belonging to the Brassicaceae family, has been grown since 4000 B.C. as
an oilseed crop that is more drought- and cold-resistant. Increased demand for its oil, meal, and
other derivatives has increased researchers’ interest in this crop. Its anti-nutritional factors can be
reduced by solvent, enzyme and heat treatments, and genetic engineering. Inclusion of camelina by-
products increases branched-chain volatile fatty acids, decreases neutral detergent fiber digestibility,
has no effect on acid detergent fiber digestibility, and lowers acetate levels in dairy cows. Feeding
camelina meal reduces ruminal methane, an environmental benefit of using camelina by-products in
ruminant diets. The addition of camelina to dairy cow diets decreases ruminal cellulolytic bacteria
and bio-hydrogenation. This reduced bio-hydrogenation results in an increase in desirable fatty acids
and a decrease in saturated fatty acids in milk obtained from cows fed diets with camelina seeds
or its by-products. Studies suggest that by-products of C. sativa can be used safely in dairy cows at
appropriate inclusion levels. However, suppression in fat milk percentage and an increase in trans
fatty acid isomers should be considered when increasing the inclusion rate of camelina by-products,
due to health concerns.

Keywords: Camelina sativa; dairy cow; milk composition; glucosinolate

1. Introduction

Steady increase in world human population has raised the challenge of food security
for human beings. This challenge has attracted several critiques directed at the ruminant
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production industry, due to competition of feed supplies utilized as human food. This
criticism has increased over the last few decades because of rising interest in biofuel crop
production. Ruminants have a lower feed conversion ratio than monogastric animals, and
their higher environmental footprint also gives cause for concern. However, ruminants can
convert low-quality non-human food resources or agricultural byproducts into high-quality
milk and meat [1,2]. This ability of ruminants can be enhanced further with the utilization
of no-food or agro-industrial byproducts. In many countries, forages are low in protein
content, and resourcing the protein is an expensive task as the countries are forced to import
soybean or other protein-rich resources. To overcome these discrepancies, research for
alternative feed resources has gained attention. The utilization of alternative feed resources
depends on the nutritional profile, animal response to the feed, cost, and environmental
impact [2,3].

Camelina sativa (L.) Crantz, an oilseed plant, has gained more popularity in the last
decade due to its characteristic features in terms of environmental adaptability and com-
parable nutritional profile to conventionally used oilseeds. It can be grown in drought
and dry-land/rain-fed conditions and shows more resistance to pests, as well as to other
diseases [4]. Nutritionally, expeller extracted camelina cake and solvent extracted meal are
rich in protein [5]. In addition, the oil content in the seed or cake contains lipids with a high
amount of long-chain polyunsaturated fatty acids (PUFA), including n-3 and n-6 PUFA.
Mechanical and solvent extraction reduces the crude fat and increases the crude protein and
amino acid content. The lipid and fiber act as energy sources for high-producing animals.
Production of methane during digestion of camelina seed and its derivatives remains low.
Consequently, all these characteristics make camelina seed and its derivatives a potential
animal feedstock.

Unlike other oilseed plants, camelina also contains glucosinolates, erucic acid, sinapine,
and tannins as anti-nutritional factors and glucosinolates are of major concern [6]. In
addition, a higher amount of camelina seed and its derivatives in the feed may contribute
to a bitter taste that modulates the dry matter intake and digestion, resulting in lower
milk production and poor milk composition. Previous studies, even with 20% inclusion of
camelina meal, resulted in no effect on thyroid hormone production and functioning, as
well as metabolism of the feed [2,7–9]. However, the effect of camelina seed and derivatives
on feed intake, rumen digestion, and fermentation is contrasting. Similarly, the effect of
camelina seeds and their derivatives on milk production and composition remain unclear,
due to contrasting results [2,7,10,11].

The present review aimed to provide an account of the data and available literature
on the nutritional composition of camelina seed and its derivatives, and their usage in
dairy cow feeding, considering their effect on feed intake, digestion, metabolism, and milk
production and composition.

2. Nutritional Value of Camelina sativa and By-Products
2.1. Chemical Composition

C. sativa, sometimes known as fake/false flax, is a flowering oilseed plant of the Bras-
sicaceae family, generally farmed in Europe and North America. It has shown promising
characteristics to be considered as a candidate as an animal feed ingredient [4]. All C. sativa
genotypes show strong emergence and uniformly stand established after sowing. Similarly,
all C. sativa genotypes attain flowering and seed ripening phases at 53 and 116 days after
sowing, respectively; which indicates a quick seed-to-seed cycle [12].

The nutrient composition, like moisture, dry matter (DM), crude protein (CP), energy
(gross, digestible, net energy for lactation), ether extract (EE), acid detergent fiber (ADF),
and neutral detergent fiber (NDF), of camelina seed and derivatives is given in Table 1. C.
sativa is a nutritionally-rich oilseed plant having DM content between 88 and 94% [2,9]. The
crude protein (CP) content of CS forage is 11.34% [13], while that of camelina meal ranges
from 26.5 to 41.1% [7,14], of camelina seed from 27 to 34% [7,15], and of camelina cake
from 38 to 42% [16,17]. Ether extract (EE) concentration ranges between 11 and 13% [18,19].
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The net energy for lactation (NEL) has been reported as 2.02 Mcal/kg for camelina meal,
whereas it is 2.58 Mcal/kg for camelina seed [7]. The digestible energy (DE) for solvent-
extracted camelina meal is 2.172 Mcal/kg [20]. The gross energy (GE) of camelina meal,
camelina expeller, and cold-press camelina cake is 5.429 Mcal/kg [14], 5.139 Mcal/kg [18],
and 5.057–5.197 Mcal/kg [17,21], respectively. Metabolizable energy (ME) of camelina cake
is 8.0 MJ/kg for poultry, 14.0 MJ/kg for pigs, and 15.0 MJ/kg for cows [12]. The EE content
of camelina expeller is 18% [22] and that of cold-press camelina cake may vary between
10.52 and 12.70% [17,21]. Crude fiber (CF) content of camelina cake ranges from 12 to
16.92% [19,21], whereas camelina forage has 21.65% CF [13]. The ash content of camelina
seed has been reported between 3.7 and 6.9% [23,24]. The acid detergent fiber (ADF) ranges
between 14.4% and 25.4% [7,20], whereas neutral detergent fiber (NDF) ranges between 19.8
and 49.5% [9,13]. The starch content varies between 0.2 and 1.39% [8,19]. Oil production
from camelina seeds may vary from 32 to 38% [12]. The exploitation of camelina seed by-
products is a crucial aspect in lowering costs and promoting environmental sustainability.
The CS meal may prove to be an excellent addition to diets for ruminants attributed to
these nutritional qualities.

Table 1. Chemical composition of Camelina sativa seed, meal, expeller, and cake (on DM basis).

Item Camelina Seed Camelina Meal Camelina Expeller Camelina Cake

Moisture (%) 6.59–11.4 6–8.85 6.55–11.8 7.2–9.11
Dry matter (%) 88.6–93.41 91.15–94 88.2–93.45 90.89–92.8
Crude Protein (%) 27–34 26.5–41.1 19.35–35.70 38.42
NEL Mcal/kg of DM 2.58 2.02 - -
Digestible Energy (kcal/kg) - - 2172 -
Gross Energy (kcal/kg) 5139 5429 - 50.57–51.97
Organic matter (%) - - - -
Crude Fiber - - - 12–16.92
Ether Extract 18 - - 10.52–12.70
ADF 14.68–15.1 11.1–19.3 18.8 17.2–22.53
NDF 28.6–30.24 23.3–39.9 22.7–29.2 25.4–38.3

References [7,15,22,25] [7–9,14,26] [2,18,20,22,24] [16,17,21]

Camelina is a rich source of minerals. Camelina seed contains 1% calcium, 1.4%
phosphorus, and 1.6% potassium [27]. Potassium is the most common mineral in camelina
meal, followed by sulfur, phosphorus, magnesium, and calcium [28]. Mineral profile of
camelina cake, seed, and meal is given in Table 2.

Table 2. Mineral profile of Camelina sativa meal, seed, cake, and cold pressed meal (on DM basis).

Mineral Camelina Meal Camelina Seed Camelina Cake Cold Pressed
Camelina Meal

Macro Minerals (ppm)
P 7468–10,000 7450–7800 6800–8000 9700–11,000
K 10,788–15,000 8600 - 13,200
Ca 2100–3300 2600–3700 2800–3100 3300–3600
Mg 3794–5000 3400–4053 - 5000
S 6723–11,200 6100 - 9900
Na 14.5–100 - - <0.015

Micro Minerals (ppm)
Fe 148–267 95.51–145 - 133.42
Mn 13.94–25.2 23.15 - 34.73
Zn 50.42–50.90 42.15–70.8 - 67.7
Cu 6.55–7.52 6.74–12 - 9.79
Al 1.78–35.16 - - -
Cl 2000 - - -

References [5,8,14,28] [23,25] [19] [21,23]
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2.2. Fatty Acid Composition

C. sativa is an oil plant that has received business and agriculture’s attention due to
its nutritional and chemical properties [29]. Camelina seed contains 0.1 to 0.9% myristic
acid (C14:0) [30,31], 5.1 to 10.3% palmitic acid (C16:0) [7,32], and 2.19 to 2.8% Stearic
acid (C18:0) [11,33]. Camelina meal possesses 0.17% myristic acid (C14:0) [34], 7.19 to
9.12% palmitic acid (C16:0) [14,34], and 2.27 to 2.9% Stearic acid (C18:0) [12,31]. Camelina
cake consists of 0.1 to 0.2% myristic acid (C14:0) [30,32] and 7.19 to 9.46% palmitic acid
(C16:0) [19]. Camelina seed has exhibited 14.4 to 19.9% oleic acid (C18:1) [7,30], 13.5 to 28.5%
linoleic acid, (C18:2) [7,35], and 28.6 to 36.77% linolenic acid, (C18:3) [11,32]. Camelina seed
contains 14.4 to 19.9% oleic acid (C18:1) [7,30], 13.5 to 28.5% linoleic acid, (C18:2) [7,35], and
28.6 to 36.77% linolenic acid, (C18:3) [11,32]. Camelina meal contains 17.8 to 21.7% oleic acid
(C18:1) [7,36], 24.35 to 28.8% linoleic acid, (C18:2) [31,36], and 24.2 to 46.3% linolenic acid,
(C18:3) [7,36]. The camelina seed oil is one of the richest known plant sources of the n-3
PUFA especially alpha-linolenic acid (ALA) [29,37]. Camelina seed contains 55.2–57.1% of
PUFA [25,38], 9.04–13.3% of SFA [31,39], and 32.1–36.16% of mono unsaturated fatty acids
(MUFA) [31,38]. Camelina oil (CO) has PUFA (55.2%), SFA (10.2%) and MUFA (34.6%) [40].
Table 3 represents the fatty acid (FA) composition of camelina seed, camelina cake, and
camelina meal.

The oil content of camelina seed has been found to range between 300 and
490 g kg−1 [41,42]. Camelina oil is rich in oleic, (18:1, 14 to 16%), linoleic (LA), (18:2,
15 to 23%), alpha-linolenic (ALA), (18:3, 31 to 40%), and eicosenoic (20:1, 12 to 15%) acids.
Other minor fatty acids include palmitic (16:0), stearic (18:0), and erucic (22:1) acid [43,44].
Camelina seed is high in anti-oxidants like phenolic acids and flavonoids, tocopherols, and
xanthophyll, in addition to PUFAs and proteins [25,45]. Gamma tocopherol makes for over
90% of the total tocopherols [37]. These chemicals have an antioxidant effect, as well as
an influence on the flavor and color of the oil [45]. Antioxidants stabilize oils and prevent
unsaturated fatty acids from oxidation, thus prolonging the shelf life of camelina oil for up
to six months [37]. From a nutritional perspective, the fatty acid composition appears to
be quite important; linolenic acid and alpha linolenic acid are important fatty acids, and
the oil can improve the n-6/n-3 balance in a diet, increasing the biological value of the
food [46]. During seed development, the amount of linolenic acid in oilseeds fluctuates
with temperature. ALA synthesis diminishes at higher temperatures, increasing the two
other primary ingredients, oleic and linoleic acids [47].

Table 3. Fatty acid profile of Camelina sativa seed, meal, expeller, cake, and forage (% total fatty acids).

Fatty Acid, % Camelina Seed Camelina Meal Camelina
Expeller

Camelina
Cake

Camelina
Forage Camelina Oil

Myristic (C14:0) 0.09–0.2 0.17 - 0.13–0.14 0.63 0.06
Pentadecylic (C15:0) - - - 005–0.06 - -
Palmitic acid, (C16:0) 5.1–10.3 9.12–9.19 7.22–14 7.19–7.46 18.59 5.2–7.00
Palmitoleic (cis-9 C16:1) 0.1–0.9 0.32-.52 0.16 - - 0.08
Stearic (C18:0) 2.19–2.81 2.27–2.9 2.02–2.64 - 0.1 2.2–3.08
Elaidic (trans-9 C18:1) 12.14–19 - 13.14 - - 10.57–19.37
Oleic (C18:1) 11.9–19.9 17.71–21.7 23.7 - 7.9 15.10–18.70
Linoleic (C18:2) 13.5–20.9 24.35–28.8 22.34–31.1 - 13.5 16.00–19.60
Linolenic (C18:3) 28.6–41.3 24.2–46.3 14.3–31.98 - 43.25 28.00–38.10
Arachidic (C20:0) 1.2–1.8 1.17 0.81–15.3 - 3.23 1.22–2.33
Eicosenoic (C20:1) 13.3–25.4 10.1–13.3 11.93 - - 11.60–15.1
Gondoic (C20:1 n-9) 11.9–15.57 11.23–13.3 - 10.18–10.56 0.2 10.56–15.19
Behenoic (22:0) 0.3–6.2 - 3.4 0.36–0.38 0.75 0.26–0.44
Erucic (C22:1 n-9) 1.6–4.2 0.77 2.86 2.84–3.32 - 1.6–4.2
Lignoceric (C24:0) 0.2 - - 0.25–0.28 - 0.13–0.28
Nervonic (C24:1 n-9) 0.6–0.7 - - 0.64–0.8 - 0.48–0.79
Total SFA 9.04–13.13 9.67–9.86 - - - 10.2–11.3
Total MUFA 31.0–37.7 33.5–33.87 - - - 31.6–34.6
PUFA 51.8–57.4 - - - - 55.2

References [7,11,30–
33,35,38,39,48–51] [7,14,31,34,36] [2,11] [19] [13] [40,50,52–59]
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2.3. Amino Acid Composition

Camelina seeds contain at least 17 amino acids. The primary constituents of essential
amino acids are leucine, valine, lysine, phenylalanine, and isoleucine. Besides essential
amino acids, protein in camelina seeds is high in non-essential amino acids such, as glutamic
and aspartic acids, serine, proline, and arginine [60,61]. The most abundant essential amino
acid available in camelina seed is arginine [62]. Camelina meal contains a high content of
crude protein and essential amino acids that make it a viable protein and energy source for
ruminants and non-ruminants alike [5]. Camelina meal is obtained from camelina seeds
after oil extraction [21]. The amino acid profile of camelina seed, cake and meal are given
in Table 4.

Table 4. Amino acid profile of Camelina sativa seed, meal, expeller, and cake (% total amino acids).

Amino Acid, % Camelina Seed Camelina Meal Camelina
Expeller Camelina Cake

Arginine 8.15–8.57 2.81–4.06 2.75–2.99 2.90–3.45
Histidine 2.60–4.06 0.6–2.02 0.78–1.01 0.85–1.09
Isoleucine 3.96–4.62 1.1–2.13 1.18–1.21 1.29–1.62
Leucine 6.63–7.12 1.77–3.32 2.14–2.24 2.34–2.70
Lysine 4.52–4.46 1.35–2.4 1.57–1.67 1.77–2.07
Methionine 1.72–2.85 0.6–1.26 0.61–0.63 0.63–0.73
Phenylalanine 4.19–5.22 1.1–2.37 1.4–1.48 0.48–1.74
Threonine 2.75–2.89 1.08–1.86 1.32–1.38 1.46–1.64
Valine 5.42–6.34 1.54–3.14 1.72–1.86 1.80–2.17
Alanine 4.61–6.14 1.28–3.07 1.4–1.45 1.56–1.87
Aspartic acid 8.71–9.04 2.25–4.36 2.47–2.99 3.22–3.35
Cystine 1.94–2.12 0.64–1.04 0.28–0.85 0.30–0.90
Glutamic acid 14.98–16.12 4.26–7.43 5.34–6.07 6.54–6.81
Glycine 5.25–6.06 1.36–3.44 1.7–1.84 1.98–2014
Proline 5.09–6.07 1.93–3.02 1.63–1.98 2.11–2.13
Serine 5.04–5.96 1.15–3.23 1.21–1.48 1.3–1.74
Tyrosine 3.04–3.64 0.63–1.82 0.9–0.97 0.97–1.14

References [60,61] [12,14,21,23] [18,22] [16,17,19]

3. Factors Governing the Nutritional Value of Camelina Seed and
Camelina By-Products

Nutritional composition and yield of camelina seed and its derivatives vary based
on variety (winter, fall, summer, and spring), genotype (Lindo, Ukrajinskaja, Soledo,
Volynskaja, ZarjaSocialisma, and Bavaria), environmental circumstances (temperature,
humidity), and agronomic practices (planting timing, fertilizer use, soil condition, irrigation
or non-irrigation of the soil, and herbicide use).

Winter C. sativa has a larger root to shoot ratio than spring camelina, probably due
to a prolonged period in fall for roots to establish themselves before overwintering and
beginning of development the following spring, resulting in more root growth [51]. Culti-
vars, climate, and soil types where camelina is grown all influence the seed yields [41]. In
Mediterranean conditions, the highest seed yields have been documented [63].

Seeds of C. sativa are quite tiny (0.7 mm to 1.5 mm), with a 1000-seed weight ranging
from 0.8 to 1.8 g, depending on cultivar and growth circumstances [64]. Despite its modest
genetic diversity, modern camelina germplasm contains enough phenotypic variety to
allow for significant agronomic advancement [61]. Oil content of camelina seed is a highly
heritable feature [65] and seed yield appears to be positively associated with genotype [66].
Amplified fragment length polymorphism fingerprinting indicated a significant degree of
genetic variation in a hitherto inaccessible group of C. sativa accessions from the Russian-
Ukrainian region [67]. Dry matter content and oil content of camelina is mainly dependent
on the number of days after anthesis [68]. Similarly, accumulation of protein and oil content
in C. sativa seed is also dependent on the number of days after anthesis [69].
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Although camelina may be effectively grown in semi-arid conditions [70], heat stress
can be an issue, particularly during the reproductive period. When high temperatures
coincide with the reproductive phase, camelina seed yields and oil content decrease dra-
matically, despite ample availability of water [71]. In camelina, protein content of seed
is favorably connected with nitrogen fertilizer rate, whereas seed oil content has been
negatively correlated [72]. The nature of the oil and the amount of protein in the seed
appear to be substantially determined by genotype. Availability of minerals in soil (Sulfur)
greatly influences PUFA concentration in C. sativa seed [73]. Camelina should be harvested
when 75 percent of the silicles are ripe, according to Sintim et al. [74], to establish a balance
between seed output, seed oil content, and tolerable loss due to breaking. To produce a
high-quality seed, post-harvest seed washing and conditioning are required.

Major factors affecting the nutritional composition of camelina seed and its derivatives
are discussed below.

3.1. Variety

Different varieties of C. sativa contain distinct amounts of protein and oil content [75].
The summer variety contains more oil and protein content as compared with the winter
variety [76]. Summer camelina seeds contain 40.9% oil content, whereas winter camelina
seeds have 38.9% [75]. The amounts of SFA and MUFA are higher and of PUFA lower in
summer camelina [76]. The summer variety requires less amount of fertilizer or pesticide
and has more tolerance for draught and cold climates [77]. There are differences in summer
and winter biotypes in regards to vegetative leaf pairs, breadth, length, height, and lobe
numbers [78]. Schuster and Friedt et al. [79] stated that summer camelina varieties contain
a higher content of glucosinolate.

3.2. Genotype

The major concern about camelina in animal feed is the anti-nutritional factors, which
greatly vary with genotype. For instance, Ames28371 and FF006 contain the lowest amount
of glucosinolate, Calena contains the lowest amount of phytic acid, D11851 contains the
lowest amount of sinapine, whereas Ligena and D9952 contain the lowest amounts of
condensed tannins [80]. Colombini et al. [12] compared 10 genotypes of C. sativa and
concluded that the highest yield per hectare, CP, plant height and weight, and number
of branches and siliques of the main stem were obtained by CAM40, FF066, ligena and
FF084, respectively. Twelve genotypes of C. sativa were evaluated by Katar et al. [56],
mainly focusing on linoleic, erucic, oleic, linolenic, eicosenoic, and stearic acids. The latter
author stated that Ames28372 can be used as an oil crop due to its medicinal, industrial
and biodiesel importance. Jiang et al. [73] studied 5 genotypes of C. sativa and stated that
CD1007, CD1002 and CD1005 contain the highest amounts of oil and protein yields and
PUFAs, protein content, and MUFAs, respectively. A variety called dikiy found in Crimea
can produce a high yield not only under a favorable environment, but also under adverse
and stressful situations [81].

3.3. Environment

Different environmental factors like composition of soil, precipitation and surrounding
temperature greatly influence the oil quality, and quantity of C. sativa. The oilseed content
concentration is dependent on temperature [73]. High temperature leads to reduced oil
concentration [82]. Precipitation and temperature influence the levels of phospholipids,
tocopherols, and phytosterols in C. sativa [82]. Raziei et al. [83] cultivated C. sativa in cold
and tropical provinces and measured the following characteristics of C. sativa: SFA, MUFA
and PUFA. The latter authors found that the proportion of unsaturated FA was greater in
cold regions. Similarly, Obour et al. [84] stated that C. sativa grown in the Northern Great
Plains, having cold temperatures, have superior fatty acid profiles as compared with those
grown in the Central Great Plains. In summary, C. sativa should be cultivated in cold areas
for nutritional usage, and in tropical areas for industrial usage.
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3.4. Agronomic Practices

Production of C. sativa increases with nitrogen fertilization usage. The yields of
summer and winter varieties improved by 2.3 and 3.7 times with 90 and 100 kg per
hectare nitrogen fertilization [75]. Increase in C. sativa seed protein content and decrease
in oil content as nitrogen fertilizer levels increases as mentioned in studies [85,86]. The
production of AA and FA is widely considered to compete for energy metabolism and
carbon skeletons [66]. Since seed yield is positively related to N rates, oil and protein
yield increased with N input. The concentration of PUFA enhances as N increases, but
the concentration of MUFA decreases [73]. Ahmad et al. [87] cultivated C. sativa with the
application of selenium in the form of prime and foliar, and concluded that Se triggers
several physio-biochemical properties during drought stress and mitigates the negative
consequences of drought stress. Kirkhus et al. [82] showed that seed oil content and
composition of C. sativa are considerably influenced by pre-crop, S and N fertilizer levels
and season. Nitrogen fertilization reduced oil content while increasing the amounts of
tocopherols and 18:3 in the camelina oil.

4. Comparison of Camelina Meal with other Oilseed Meals

Camelina is more drought- and cold-resistant than canola [88], therefore, camelina
production is expected to rise [89]. Camelina meal has higher CP (39.5%) and NDF (37.5%)
values than expeller-extracted camelina meal; however, a lower EE (1.3%) has been reported.
Camelina meal possesses a lower crude protein (CP) content (39.5%) than soybean meal
44 (46.7%). Nevertheless, the CP content is equivalent to sunflower meal 36 (39.3%) and
rapeseed meal (39.8%) [90]. A major portion of camelina meal consists of glutelin (64.64%)
followed by globulin (17.67%), and albumin (10.54%) [91]. Protein yields for cold-pressed
defatted camelina meal and hot-pressed defatted camelina meal have been reported as 38.4%
and 36.8%, respectively [92]. Berti et al. [51] demonstrated that protein yield of camelina
meal is greater by solvent extraction using hexane (35.9%) in comparison with cold-press
(29.9%) and CO2 extraction (31.6%). An upward trend has been seen regarding the use of
cold-press camelina cake (CPCC) in animal diets over the years [16,93]. Researchers have
estimated that CPCC is comprised of 30% CP and 10 to 30% oil that contains 35% α-linolenic
acid (ALA) [93]. Kahindi et al. [16] found that CPCC, like canola byproducts, has a high
EE content, which is attributed to seed varity and coat thickness along with its starch
percentage. Camelina meal contains about 15% crude fiber (CF) mostly accounted for by
cellulose. The most EE content was in expeller-extracted camelina meal (CE) (13.5%) [90].

Camelina hulls exhibit equal NDF (54.9%) and ADF (34.8%) content, and have higher
ADL (7.8%), and lower CP (9%) than soybean hulls (17.1%) [90]. The NDF of camelina
seed cake (CSC) is greater than that of canola and solvent-extracted soybean meal, which is
32–34%, 22.6%, and 8.21% respectively [21,94]. Camelina meal could be a good alternative
to soybean meal and maize in diets for growing heifers [26]. In dairy cows, a study of
raw, moist and dry-heated camelina seeds revealed that moist heat was the most effective
treatment for lowering the rumen-degradable protein (RDP) and enhancing the digestibility
of rumen-undegradable protein (RUP) [15].

Considering the above-mentioned comparisons, it can be concluded that partial or
complete replacement of major oilseed meals, like soybean, sunflower, rapeseed or cot-
tonseed meals, with camelina meal is possible. The replacement of major oilseed meals
with camelina meal will not only ensure self-reliance in oilseed meal, but also improve
profitability in addition to reducing the import bill of oilseeds.

Ruminants benefit from camelina meal and seeds since they are high in protein and
energy [95]. The researchers observed that camelina oil from the cold-press technique had
low oxidative stability which was linked to a high PUFA concentration (57.1 to 76.4%).
However, camelina oil was more stable than cold-press linseed oil [96,97], thus camelina
oil can improve the fatty acid composition of milk and meat [98]. Indeed, 72% organic
matter (OM) and 77% CP digestibilities were discovered in an in vivo study which were
comparable to sunflower and maize gluten meal [99]. The cheese produced from milk
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of cows fed a camelina meal-based diet rich in ALA had greater conjugated linoleic acid
(CLA) compared to those fed linseed, soybean, or rapeseed meals [100]. A brief comparison
of nutritional contents of camelina meal with other oilseed meals has been presented in
Table 5.

Table 5. Comparison of camelina meal with other oilseed meals.

Item (%) Camelina Meal Canola Meal Soybean Meal Rapeseed Meal

Dry matter 92.2 91.4 90.2 87.7
Organic matter 93.9 92.2 92.7 -
Crude protein 41.9 39.4–40.1 49.6–54.9 34.5
NDF 33.4 28.5 10.3–18.8 31.8
ADF 23.8 19.4–27.6 6.2–19.5 21.6
Ether extract 7.03 4.56 1.1–1.92 4.11
Ash 5.98 7.69 6.9 8.4

Amino acids, % CP
Histidine 1.72 2.52 2.55 2.13
Isoleucine 2.17 3.53 3.89 3.76
Leucine 3.24 6.39 7.52 6.49
Lysine 2.27 4.87 5.91 4.8
Methionine 1.08 1.88 1.55 1.56
Phenylalanine 2.27 3.74 5.02 3.59
Threonine 1.59 3.87 4.07 4.32
Tryptophan - 1.35 - 1.14
Valine 2.81 4.47 3.76 4.77
Arginine 4.13 5.9 - 5.58
Alanine 2.81 4.43 4.26 4.16
Glycine 3 5.13 4.21 4.54
Proline 2.98 6.2 5.07 5.45
Serine 2.81 4.13 5.44 4.11
Tyrosine 0.78 2.9 3.66 2.85
Glutamic acid 7.6 22.7 14.99 15.6
Cysteine 0.94 2.43 1.47 2.58
Aspartic acid 4.35 7.34 11.43 6.78

Minerals, % DM
Ca 0.31 0.89 0.7 0.8
P 0.82 1.11 0.73 1.1

References [5] [5,9,101] [101–104] [105,106]

5. Anti-Nutritional Factors in Camelina Seed and By-Products

Plants tend to synthesize anti-nutritional factors (ANFs) in the form of secondary
metabolites that safeguard them against insects, pathogens (bacterial or viral), predators
(omnivorous or herbivorous), and negative environmental alterations [107]. The ANFs of
camelina seed, cake, and meal are given in Table 6. Camelina seeds and roots contain the
majority of ANFs [6]. A previous study found that the levels of phytic acid, condensed
tannins, and sinapine in camelina meal are lower than those found in other members of the
Brassicaceae family commonly used in animal diets [12]. A few studies have evaluated the
trypsin inhibitor action in camelina. A study reported trypsin inhibitor activity between 16
and 21 units per milligram on a dry weight basis [33], which is high enough to raise some
concerns. Heat treatment, on the other hand, may diminish activity, and there is enough
variability to suggest that selective cultivar breeding may be able to lower it.
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Table 6. Anti-nutritional factors of Camelina sativa cake, expeller, and meal.

Antinutritional Factors

Meals of Different Genotypes of Camelina sativa Screw-
Pressed

Camelina
Cake

Camelina
Expellers

Camelina
MealCS

Lindo

CS
Ukrajin

Skaja

CS
Soledo

CS
Volynskaja

CS Zarja
Socialisma

CS
Bavaria

GSL (mmol kg−1) 21.9 23.7 23.1 24.3 23.6 19.9 36.3 36.3 - -
Phytic acid (g kg−1) 24.1 22.2 21 24.8 12 22.2 - - - 40.7
Condensed tannins (g kg−1) 2.11 1.98 1.81 2.09 2.11 1.89 2 1.9 - 34.2
Sinapine (g kg−1) 2.19 3.04 2.64 3.27 2.55 2.56 - - - -
GSL-9 (mg g−1) - - - - - - - - 3.48 -
GSL-10 (mg g−1) - - - - - - - - 7.72 -
GSL-11 (mg g−1) - - - - - - - - 1.25 -
Total GSL (mg g−1) - - - - - - - - 12.45 -

References [12] [16] [18] [8] [108]

CS = Camelina sativa; GSL = Glucosinolates.

Camelina meal, despite being a high-quality meal with an amino acid profile similar to
soybean meal [109], contains a variety of ANFs [110]. Due to ANFs such as glucosinolates,
tannins, phytic acid, fiber, and trypsin inhibitors, inclusion of camelina seed and its by-
products is typically confined to low levels [16]. Oil seeds from the Brassicaceae family,
including canola, mustard, and rapeseed, contain glucosinolates [111]. Camelina contains
glucosinolates (14–36 µmol/g), at a level similar to that observed in rapeseed but at much
lower levels than that found in other crops like mustard (>120 µmol/g) [18,35]. Camelina
contains a unique glucosinolate, 10-methyl-sulfinyl-decyl glucosinolate (10-MSG) that
accounts for 60 to 65% of the glucosinolates found in camelina, while 9-methyl-sulfinyl-
nonyl glucosinolate (9-MSG) and 11-methyl-sulfinyl-undecyl glucosinolate (11-MSG) are
approximately 30% and 10%, respectively [79,110].

Winter camelina cultivars have roughly 10 mol/g fewer glucosinolates than frequently
planted spring types, and glucosinolate content is mostly dependent on sulfur content and
soil type [79]. The main issue while feeding camelina is glucosinolate because of its effects
on the thyroid and cardiovascular systems [112].

Camelina has a sinapine concentration of about 4 mg/g seed, which is about 30%
lower than rapeseed [110]. Inositol pentaphosphate and inositol hexaphosphate values
range from 20 to 22 mg/g, the highest amounts being seen in winter cultivars, and also
vary according to the region where they are grown [110].

Condensed tannins are found in all seeds and may reduce digestion in ruminants and
non-ruminants alike [110]. The tannin level in camelina is 1.1 mg/g which is much lower
than 4 mg/g in rapeseed [110]. The majority of ANFs in camelina are equivalent or slightly
lower than canola and rapeseed.

Camelina seed contains (~3%) erucic acid [29] that causes myocardial lipidosis in
animals. The European Union has defined the maximum dietary limit of erucic acid at
7 mg/kg body weight [113]. According to Hrastar et al. [114], the erucic acid level has
been minimized by extensive breeding in some crops to 0%; canola meal now contains <2%
erucic acid. However, camelina still contains 2-4% of erucic acid.

6. Reduction of Anti-Nutritional Factors and Enhancement of Nutritional Value of
Camelina sativa
6.1. By Processing

Solvent extraction [115], enzyme addition [116], and heat treatment [117] are some of
the procedures that may be used to lower the ANFs in camelina.

Earlier studies have reported thermal and chemical degradation (myrosinase catalyzed
hydrolysis) of glucosinolates [118,119]. Glucosinolate profiles of cooked brassica vegeta-
bles may vary depending on the culinary techniques used; such as cooking, steaming,
or microwaving. During the cooking process, the indolic glucosinolate of red cabbage
(Brassica oleracea var. capitata L.) was reduced [120]. According to a recent study [119] on
the roasting of rapeseed, industrial-scale post-harvest treatments have an impact on the
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glucosinolate profile of plant materials. During the roasting process, up to 29% of the origi-
nal glucosinolate amount in plant materials was reduced [23]. These findings show that
thermal degradation reduces the glucosinolate content of plant materials in industrial-scale
roasting processes, with up to one-third of glucosinolates degraded. Aerobic conversion of
meals results in enhanced CP and EE content, and decreased glucosinolate concentration
(up to 70%) in meals.

Phytates and tannins are heat-stable compounds that can be reduced by dehulling
if they are stored in the outer seed coat [121] or decomposition via other methods, such
as fermentation [122]. Dry or wet heating [123], as well as soaking in alkaline solutions
like ammonia or calcium hydroxide [124], can reduce sinapine. To increase CP content,
non-starch polysaccharides (NSPs) are fermented through microbes and release sugar for
microbial consumption. Microbial conversion of fructose, galactose, glucose (hydrolytic
products of oligosaccharides), and NSPs into organic acids (acetic, propionic, and butyric
acids) serve as an energy source [125]. Reduction of ANFs in diet leads to increase in
utilization of the plant nutritional profile at maximum level in diets.

6.2. By Solid-State Fermentation

Solid-state fermentation (SSF) is a bioprocessing technique that improves the nutrient
composition of several underutilized agricultural byproducts and crops. Anti-nutrients
are catalyzed during SSF, which includes the synthesis of exogenous enzymes along with
their use as a microbial substrate for their growth [126,127]. Aspergillus spp. is one of the
most important filamentous fungi in the food and fermentation industries, and they are
generally recognized as safe [128].

Non-fermented camelina meal has a phytic acid content of 27.48 mg/g that was signif-
icantly reduced to 22.39, 16.72, and 18.98 mg/g with the help of Aspergillus sojae, Aspergillus
ficuum, and co-culture fermented camelina meal, respectively [129]. Camelina meal’s phytic
acid content was previously reported to be reduced during fermentation [130,131]. Lower-
ing of pH in fermented meals activates the fungi’s phytase leading to lower phytic acid
content [132] in addition to the reduction of total glucosinolates between 26.16 µmol/g and
30.35 µmol/g [129] from 34.43 µmol/g [133]. This could be due to differences in camelina
meal sources and processing conditions.

6.3. By Genetic Engineering

C. sativa is a hexaploid species that has received considerable attention in the last
decade because its oil traits are different from those of other oilseed crops due to its
high level of n-3 PUFA, tocopherols, and ease in genetic engineering [134,135]. The first
FA modification in C. sativa was achieved by overexpressing the fatty acid hydroxylase
gene from castor (Ricinus communis RcFAH12) driven by seed-specific phaseolin promoter
that resulted in 15% hydroxy fatty acid (HFA) production in camelina plants that could
not produce it earlier [136]. Second, antisense silencing reduced the expression of the
camelina fatty acid desaturase 2 (CsFAD2) enzymes, blocking the desaturation pathway
and accumulating more oleic acid (18:1). The level of oleic acid (18:1) was raised from 15.5%
to 51.2% while levels of linoleic acid (18:2) and linolenic acid (18:3) were reduced from
16.8% and 33.2% to 6.3% and 11%, respectively [137].

Another study found that RNAi silencing of fatty acid desaturase 2 (FAD2) and fatty
acid elongase 1 (FAE1) improved the oleic acid content even more, with 18:1 accumulation
reaching 70%, and 18:2 and 18:3 levels dropping from 17% and 36% to 4% and 8%, respec-
tively [138]. The FAD2 knock out using CRISPR/Cas9 by two different research groups
in 2017 was the first target of genome editing in camelina [139,140]. These studies used
gRNA to target all three FAD2 loci at the same time and showed a significant increase in
oleic acid and a decrease in PUFAs like linoleic acid and linolenic acid. Camelina seed oil
contains a high level of very-long-chain fatty acids (VLCFAs) that make it unsuitable for
industrial or consumer use. Use of CRISPR/Cas9 to deactivate the FAE1 gene increased the
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C18 unsaturated fatty acids (such as oleic, linoleic, and a-linolenic acids) and decreased the
C20–C24 VLCFAs (such as eicosenoic acid and erucic acid) to less than 2% [141].

Recently, Huang et al. [142] stated that it is possible to create C. sativa dihydrodipicoli-
nate synthase (DHDPS) isoforms that are resistant to lysine feedback inhibition, resulting
in a higher level of protein-incorporated lysine in the seed. This study also revealed that
individual mutations, as well as combinations of mutations, must be examined within the
context of the enzyme under investigation to generate variants that are not only lysine
insensitive but also highly active. It may be possible to re-engineer one or more of the
endogenous C. sativa DHDPS paralogues to confer these properties using the ability to edit
genes directly within the C. sativa genome [143].

It can be concluded from the above discussion that the nutritional profile of C. sativa,
in terms of FA and amino acids, can be enhanced with the help of genetic engineering.

7. Use of Camelina Seed and By-Products for Dairy Cows
7.1. Effects on Feed Intake and Digestion

The DM content of diet is the principal component in making the ration for animals.
The DM intake (DMI) and its digestibility is an important factor in influencing the per-
formance of dairy cows. In high-producing animals, DMI plays a key role to supply the
required amount of nutrients. Therefore, attention should be paid to DMI of animals.
Heifers fed diets with 10% camelina meal, linseed meal, or distiller’s dried grains with
solubles (DDGS) on a DM basis show no difference in DMI and average daily gain (ADG).
Although gain: feed was lower for camelina meal compared to linseed meal, it was not
different in comparison with DGGS. Treatments also showed that the body condition
score was greater for the camelina meal group compared to the linseed meal and DDGS
groups [8]. These differences can be due to differences in digestibility and metabolism of
camelina meal and linseed meal.

Effects of camelina seed or its derivatives feed on the DMI of dairy cows remain
inconclusive. The addition of 630 g/d camelina seed or 2 kg/d camelina meal with corn
silage-based (60%) diet had no effect on DMI [7]. Cows fed a clover silage-based diet along
with expeller extracted camelina meal or camelina oil, having an equivalent amount of
lipids (29 g/kg) at the inclusion rate of 20% of concentrate feed, showed no effect on silage
and total DMI, OM intake (OMI), and NDF intake compared to the control diet. However,
expeller extracted camelina meal lowered the OMI [2]. Sarramone et al. [11] reported no
change in DMI, and OMI, CP, and NDF intakes in dairy cows fed a diet with expeller
extracted camelina meal and camelina seed (Table 7). Camelina meal and expeller extracted
camelina meal have higher amounts of PUFA [2], which can be the reason for lower DMI.
due to influencing DM digestibility, fermentation, and shift in the digestion site to the
intestine from rumen [144].
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Table 7. Effect of the Camelina seed and its byproducts on feed intake, rumen digestibility and VFAs production in dairy cattle.

Treatment Inclusion
Rate 1 Study Type DMI,

Kg/d
OM

Digestibility, %
DM

Digestibility, %
NDF,

%
ADF,

%
Protein,

% pH TVFA,
mM

Acetate,
mmol/

100 mmol

Butyrate,
mmol/

100 mmol

Propionate,
mmol/

100 mmol

Acetate:
Propionate References

CS 2.9 x

In vivo
20.6 - - - - - 6.02 - 54.9 b* 16.6 21.9 b* -

[7]CM 9.5 19.8 - - - - - 6.02 - 51.4 c* 16.1 25.5 a* -
Control 0.00 21.0 - - - - - 6.11 - 57.7 a** 15.6 21.2 c* -

CO 2.9 y

In vivo
23.3 * 68.5 - 54.6 - - - - - - - -

[2]CE 20 22.7 * 68.0 - 52.5 - - - - - - - -
Control 0 23.3 69.9 - 55.0 - - - - - - - -

CM 10
In vivo

4.91 66.4 a* 66.5 57.0 53.0 63.3 6.8 80.9 67.6 9.3 c* 20.9 3.25
[8]LINM 10 4.93 63.6 b* 64.0 56.2 56.6 59.4 6.8 78.0 67.1 9.9 b* 20.8 3.24

DDGS 10 5.10 64.7 ab* 65.0 56.9 56.3 60.8 6.7 77.5 66.6 11.0 a* 20.8 3.32

CM0 0
In vitro

- 51.1 45.0 52.5 * 32.2 54.8 - 76.5 63.7 *** 14.1 19.4 *** 3.28 ***
[9]CM50 10.1 - 48.4 44.5 48.0 * 32.6 51.1 - 78.9 57.2 *** 13.6 25.9 *** 2.22 ***

CM100 20.2 - 47.2 43.2 45.0 * 29.7 53.4 - 77.6 54.9 ** 14.2 27.9 ** 1.98 **

CS 4.2

In vivo

24.2 - - - - - 6.31 - 60.52 10.32 25.58 2.40

[11]CE 9.5 24.4 - - - - - 6.25 - 60.52 11.10 26.00 2.38
DDGS 18 23.7 - - - - - 6.37 - 62.31 12.55 23.42 2.86
WFS 4.7 25.9 - - - - - 6.28 61.53 10.56 23.79 2.55

CM
In vitro

- 44.55 - - - - 6.79 62.11 * 35.79 * 7.51 12.47 2.88 [3]SBM - 47.04 - - - - 6.92 72.58 * 42.91 * 8.17 14.10 3.05

CS
(5% EE) 7.7

In vitro

- 53.9 * 50.2 * 47.0 * 40.1 * 49.2 * - 85.1 ** 49.1 c** 14.9 30.1 ** 1.64 c*

[115]CS
(8%EE) 17.7 - 53.3 48.1 44.8 36.7 51.5 - 79.4 50.1 c** 14.9 28.9 1.77 c*

CaPO
5% EE - 58.7 * 56.1 * 56.1 * 49.1 * 55.5 * - 89.9 ** 55.8 b** 14.6 25.9 ** 2.21 b*

8% E.E. - 57.1 54.9 57.6 52.4 56.9 - 89.1 60.6 a** 12.9 23.5 2.60 a*

DMI = Dry Matter Intake; OM = Organic Matter; DM = Dry Matter; NDF = Neutral Degradable Fiber; ADF = Acid degradable Fiber; TVFA = Total Volatile Fatty Acids, CS = Camelina
Seed; CM = Camelina Meal; CO = Camelina Oil; CE = Camelina Expeller; DDGS = Distiller Dried Grains with Solubles; LINM = Linseed Meal; WFS = Whole Flax Seed; SBM = Soybean
Meal; EE = Ether Extract; CaPO = Calcium salt of Palm Oil, 1 = % DM basis unless otherwise indicated; x = % in diet (DM basis); y = % in concentrate (DM basis), a–c, *, **, *** = Values
with superscripts describe the significant difference (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).
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Although expeller extracted camelina meal and camelina meal tended to decrease the
DMI, inclusion rates (2 kg/d, 10% DM basis, 20% inclusion in concentrate feed) did not
show any significant decrease in the DMI. Therefore, further studies are recommended
with higher inclusion rates and feed regimes to evaluate the selection behavior and DMI
in dairy cows. Most often, lower DMI is attributed to the unsaturated FA present in the
oilseeds and their derivatives [145]. Higher unsaturated FA content in the oilseeds or their
derivatives can regulate the physiology of the rumen. They change microbial digestion,
and site of digestion, and exert a filling effect in the rumen, resulting in lower feed intake.
Although profound decrease in DMI has not been reported at the studied inclusion levels
of camelina seeds and derivatives, solvent extracted camelina meal could be studied in the
future with higher inclusion rates.

Halmemies-Beauchet-Filleau et al. [2] described that OM, NDF, nitrogen, and total
tract digestibility in dairy cows fed a red clover silage-based diet with camelina meal
or camelina oil remained unaffected. Similarly, Lawrence et al. [8] showed no effect of
camelina meal on total tract digestibility in heifers; whereas OM digestibility of camelina
meal was greater in comparison with linseed meal. Replacement of canola meal with
solvent extracted camelina meal did not show any difference in DM, OM, ADF, CP true
digestibility; however, NDF digestibility was decreased. Such differences require further
investigation [9]. However, this difference in digestibility might be attributed to the effect
of camelina meal on rumen microbes and fermentation process.

7.2. Effects on Rumen Fermentation and Rumen Microbial Population

Lawrence et al. [8] reported no difference in rumen pH, total VFAs, acetate, propionate,
acetate to propionate ratio, iso-butyrate, valerate, and isovalerate in heifers offered a
diet containing camelina meal. However, butyrate decreased with the supplementation
of camelina meal. The NH3 production in the rumen by both the treatments remained
unchanged. Similarly, inclusion of camelina seed in diets with two fat levels increased the
C4 and C5 branched chain VFAs, propionate, and valerate, reduced the concentration of
acetate and total VFAs, while not affecting formate, lactate, and succinate [146]. Hurtaud
and Peyraud et al. [7] stated that no change occurs in rumen pH after feeding camelina seeds
and meal compared to a control diet. Diets with camelina seed or meal decreased acetic acid,
acetate to propionate ratio, and increased butyric acid and propionic acid. This increase
in butyric and propionic acids was greater in the group fed camelina meal compared
to camelina seeds. Iso-acids remained unchanged under the effect of the treatments.
Camelina meal and camelina seeds added to the diets showed no effect on plasma glucose
and urea. Camelina meal increased total glycerol and reduced plasma alpha-amino N
but these components remained unchanged with camelina seeds compared to a control
diet [7]. Replacement of canola meal with camelina meal decreased the acetate, and
acetate: propionate, and increased the propionate, valerate, isovalerate, and branched
chain VFAs, whereas, pH, total VFAs, butyrate, and iso-butyrate remained unchanged [9].
Sarramone et al. [11] also reported a decrease in acetate and iso-butyrate in addition to
decrease in butyrate, propionate, acetate: propionate in response to feeding camelina seeds
and camelina meal. These researchers also reported an increase in the NH3-N of dairy cows
fed camelina meal compared to those fed DDGS. However, it was lower in comparison
with those fed camelina seeds. Sizmaz et al. [3], in an in vitro study, reported no change in
pH, NH3-N of camelina meal compared to soybean meal. However, production of total
VFAs, acetate, and fermentative CH4 decreased, and propionate increased while acetate:
propionate ratio, butyrate, isobutyrate, valerate, and isovalerate remained unaffected.
Increasing levels of dietary camelina oil (0, 2, 4, 6, and 8%) in total mixed rations having
30:70, 50:50, and 70:30 roughage to concentrate ratios showed a marked decrease in CH4
production after 48 h of incubation and increase in ammonia nitrogen and microbial
protein in 30:70 and 50:50 TMRs [39]. The study also reported that camelina oil lowered
the methanogens, protozoa, bacteria, Prevotella, as well as increased the Firmicutes to
Bacteroidetes ratio, Pseudobutyrivibrio, and Ruminobacter in camelina oil groups [39]. Similar
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results were reported by Dai et al. [146] in response to the inclusion of camelina seed in diets
in an in vitro study. They reported an increase in Firmicutes, Bacteroidetes, Erysipelotrichaceae,
Succinivibrionaceae, and Veillonellaceae while a reduction in relative abundance of Butyrivibrio
spp., Fibrobacter spp., Ruminococcus spp., Lachnospiraceae, Paraprevotellaceae, Ruminococcaceae,
and Fibrobacteraceae, in addition to increased abundance of Succinivibrio and Megasphera
genera in groups with camelina seed [146]. Similarly, supplementation of 60 g camelina
oil had a decreasing effect on ruminal CO2 and CH4 production in addition to no effect
on total fungi, protozoa, bacteria, and methanogens [40]. This decrease in CH4 production
also shows the environmental benefits of the use of camelina products in animal diets that
might be attributed to the reduction of methanogens [39] and/or the bio-hydrogenation of
unsaturated fatty acids capturing the hydrogen atoms necessary for CH4 formation in the
rumen. Moreover, camelina by-products rich in oil, i.e., camelina seed, cake, and oil, being
rich in PUFAs can shift the composition of ruminal microbial population; thus, inducing
substantial alterations in rumen fermentation, metabolism, and metabolite composition.

Brandao et al. [9] observed an increase in branched chain VFAs in an in vitro study
involving partial or complete replacement of canola meal with camelina meal. Besides
these, increase in branched chain VFAs, decrease in NDF digestibility, no effect on ADF
digestibility, and lowered acetate levels occur, due to the replacement of canola meal with
camelina meal. These findings suggest the suppression of cellulolytic bacteria without
affecting microbial efficiency in the rumen of dairy cows fed diets with camelina meal. This
notion was further confirmed by Dai et al. [146] who reported a decrease in cellulolytic
bacterial populations and communities in addition to those that produce acetate. In general,
camelina seed and its derivatives are rich in PUFAs that play a key role in modifying
the microbial population of rumen. A shift in microbial communities takes place mainly
through the disruption of lipid bilayers of cellulolytic bacteria [147], thereby suppressing
NDF digestibility and acetate production while enhancing production of branched chain
VFAs. Microbial populations other than cellulolytic bacteria needing branched chain VFAs
for growth in the rumen might be a reasonable explanation for increased rumen branched
chain VFAs in dairy cows fed camelina seed and its derivatives.

7.3. Effects on Metabolism

In general, the rumen environment is influenced by diets composition and inclusion
rate and consequent change in the microbial community and fermentation. As described
above, glucosinolates present in camelina are a matter of concern for using it as a replace-
ment of the protein and fat source(s) in ruminant diets, because of their toxic effects on
thyroid functioning and metabolic imbalance. However, Lawrence et al. [8] reported no
change in plasma glucose, urea N, triglycerides, cholesterol, IGF1, and T3 and T4 in heifers
fed diets containing 10% camelina meal. In the same manner, diets containing camelina
seed and camelina meal showed no effect on plasma NEFA (non-esterified FA), glucose,
and urea. Total plasma glycerol and alpha-amino N decreased with camelina meal, while
remaining unchanged with camelina seed supplementation [7]. Similarly, Halmemies-
Beauchet-Filleau et al. [2] reported no change in plasma NEFA and glucose concentration
in dairy cows fed expeller-extracted camelina meal and camelina oil. Likewise, diets hav-
ing camelina meal did not alter the plasma levels of beta hydroxybutyrate, insulin, and
T4 [26]. Similarly, feeding rations with camelina meal had no effect on the plasma SFA,
MUFA, thyroid stimulating hormone, T3, T4, and cortisol. However, an increase in plasma
total FA, n-3, and n-6 PUFA was noted [36]. Brandao et al. [115] reported a reduction in
non-ammonia nitrogen, bacterial nitrogen, and dietary nitrogen, but increased ammonia
nitrogen in groups receiving 17.7% camelina seed at 8% dietary EE compared to those with
17.7% camelina seed at 5% dietary EE. In addition, rumen undegradable protein nitrogen,
rumen degradable protein nitrogen, and the pH of the fermentator remained unaffected.
These findings indicate that microbes had reduced nitrogen synthesis, probably due to the
toxic effect of oil content of camelina seed on microbial population. These studies suggest
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that the inclusion of camelina seed and by-products can be used safely in dairy cows at an
appropriate inclusion rate.

7.4. Effects on Milk Production, Bio-Hydrogenation, and Milk Composition

Use of dietary oilseeds or their derivatives affect milk yield and composition. These
effects are dependent on the inclusion levels, derivative type, concentration of unsaturated
fats, and composition of the basal diet. The effect of camelina seeds and their derivatives
remain unclear due to contrasting results. Earlier studies reported that milk production
of dairy cows remains similar despite the inclusion of camelina seed or its derivatives in
diets [2,7,10]. However, a recent study reported that dietary inclusion of expeller extracted
camelina meal lowered the energy and fat corrected milk yield, and milk fat and protein
yields in comparison with DDGS (Table 8) [11].

Table 8. Effect of the Camelina seed and its by-products on milk production and composition in dairy
cow’s milk.

Treatment Inclusion Rate
(% DM Basis)

Milk
Production

(kg/d)
Lactose

(g/d)
Protein

(g/d) Fat (g/d) Lactose
(%)

Protein
(%) Fat (%) References

CS 2.9% x 34.40 - 967 865 b*** 4.86 2.83 2.51 b***
[7]CM 9.5% 32.50 - 902 481 c*** 4.75 2.76 1.44 c***

Control 0.00 33.80 - 980 1063 a*** 4.93 2.89 3.14 a***

CO 2.9% y 31.20 1450 992 1234 4.61 3.23 3.93
[2]CE 20% 32.20 1485 1014 1192 4.61 3.15 3.67

Control (0) 0 31.10 1431 1013 1225 4.60 3.30 3.96

CS 4.2% 36.50 * 1699 1161 1258 b** 4.66 3.20 3.48 b**
[11]CE 9.5% 37.00 1729 1133 1000 c** 4.69 3.07 2.71 c**

DDGS 18% 37.40 1748 1182 1355 a** 4.66 3.16 3.63 a**
WFS 4.7% 35.60 * 1652 1146 1328 4.64 3.22 3.74

CM 0% (31% SFM) 19.27 - - - 4.45 2.85 3.39
[10]CM50 50% (15.5 SFM

+ 15.5% CM) 18.35 - - - 4.45 2.91 3.17
CM100 100 (30.1% CM) 19.63 - - - 4.45 2.95 3.16

CS = Camelina Seed; CM = Camelina Meal; CO = Camelina Oil; CE = Camelina Expeller; DDGS = Distiller
Dried Grains with Solubles; WFS = Whole Flax Seed; x = % in diet (DM basis); y = % in concentrate (DM basis),
a–c, *, **, *** = Values with superscripts describe the significant difference (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).

Hurtaud and Peyraud et al. [7] demonstrated that milk fat yield and FA composition
of milk fat is influenced by the addition of camelina meal in diets of dairy cows compared
to control and camelina seeds. Camelina seed and camelina meal reduced the SFA while an
increase in MUFA, PUFA was noted in comparison with a control. Feeding camelina seed
and camelina meal enhanced all trans-isomers of C18:1, particularly the trans-10 C18:1. In
addition, an increase in trans FA was noted in milk of dairy cows fed diets with camelina
seed or camelina meal, while short-chain MUFA i.e., C14:1 and C16:1 and medium-chain
FA (4- to 12- carbon FA) were lower. Cows fed diets with camelina meal exhibited a
suppression of cis-9 and cis-12 C18:1 isomers in milk. Among the PUFA, dietary camelina
seed and camelina meal increased the C18:2 isomers especially CLA and rumenic acid
(cis-9, trans-11 CLA). However, this response was more pronounced in cows fed camelina
meal than those fed camelina seed [7]. Camelina seed and camelina meal increased the
LA despite a very low level of LA in milk. In contrast, inclusion of expeller extracted
camelina meal and camelina oil had no effect on milk fat yield; however, composition of
milk fat was altered by camelina meal and camelina oil in terms of increased MUFA and
PUFA and increased SFA compared to control diet [2]. Nonetheless, expeller extracted
camelina meal had greater PUFA, MUFA, and CLA in addition to lowered SFA than
for camelina oil [2]. Partial or complete replacement of sunflower meal with camelina
meal did not affect the milk yield and milk composition; although MUFA, PUFA, CLA,
n-3 PUFA, n-6 PUFA, α-LA, and CLA increased in milk of dairy cows fed a control diet
with partial or complete replacement of sunflower meal [10]. It is well accepted that the
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FA yield and composition of milk can be modified through modulation of dietary FA.
Dietary camelina oil or expeller-extracted camelina meal lowered the 4- to 14-carbon FA
and increased the trans FA in milk. Dietary camelina oil reduced the C18:0, trans-4, trans-6
to trans-12 C18:1, and increased cis-15 C18:1 compared with sunflower oil. Moreover,
dietary camelina oil suppressed the n-6 C18:2, trans-10, cis-12 CLA, and trans-10, trans-12
CLA in addition to enhancement of other isomers of C18:2, n-3 C18:3, C18:3, C20:0, and
C20:1 [2]. Findings suggest that dietary camelina oil might have exerted these effects due to
increased intake of n-3 C18:3. Similarly, dietary camelina oil lowered the C6:0, C8:0, C10:0,
C12:0, C14:0, and C16:0 while increasing the C18:0, total C18:1, C18:2, CLA, n-3 C18:3,
MUFA, PUFA, and trans FA levels in milk of dairy cows [40]. Bayat et al. [40] reported
an increase in cis-10 C16:1, cis-12 C16:1, trans-9 to trans-13 C16:1, cis-9, cis-12, cis-15, cis-16
C18:1. Milk fat content and composition changes with the addition of camelina diets are
shown in Table 9. Camelina seed is a rich source of PUFA that usually stimulates ruminal
bio-hydrogenation to an extent, followed by decrease in bio-hydrogenation of FA and
transportation to the intestine for absorption. Therefore, it can be said that decreased
ruminal bio-hydrogenation enhances the composition of milk FA in terms of desirable
FA [146]. Camelina seed and oil rich by-products of camelina seed increase the total CLA
content of milk, notably rumenic acid (cis-9, trans-11 CLA). This change in the yield of fats
can be explained by two facts. First, the addition of camelina seed or its derivatives in
the diet results in the suppression of acetate production, which is the precursor for the FA
yield in the milk. Second, during microbial fermentation, there is a shift from a trans-11
to trans-10 bio-hydrogenation pathway, converting to more intermediates and short chain
fatty acids, which results in lower milk fat yield. A diet rich in PUFA has a considerable
effect on the content in milk, implying greater food quality and possible health benefits for
consumers. A detailed summary of the effect of camelina seed and camelina by-products
on the FA composition of the milk fat of dairy cows is shown in Table 10. Addition of
camelina to dairy cow diets decreases ruminal bacteria of Pseudobutyrivibrio and Butyrivibrio
genera in addition to Clostridium proteoclasticum and cellulolytic bacterial species like
Ruminococcus albus, Ruminococcus flavefaciens, and Fibrobacter succinogenes, thus suppressing
bio-hydrogenation [146]. Suppression of bio-hydrogenation increases desirable FA transfer
to milk. Suppression of 6- to 16-carbon FA and SFA levels in the milk of dairy cows fed
camelina oil is attributed to the high content of oil in plant sources, including camelina
oil, that ensures the availability of 18-carbon and above FA. Consequently, the availability
of C18 and further long chain FAs causes the inhibition of acyl-CoA carboxylase, thus
suppressing the de novo biosynthesis of 6- to 16-carbon FA in mammary glands [148,149].
Enhancement of cis-MUFA in the milk of dairy cows fed camelina seed and oil rich by-
products is mainly due to increased intake and subsequent escape of cis-9 C18:1 from the
rumen that undergoes desaturation in the mammary glands since most C18:0 in blood
circulation is desaturated in the mammary glands of dairy cows; whereas, cis-9 C16:1 in milk
comes from endogenous synthesis using C16:0 regulated by stearoyl CoA desaturase [149].
In addition, trans C16:1 in milk fat is a product of the isomerization of dietary trans-3
C16:1, cis-9 C16:1, or the oxidation of C18:1 ruminal bio-hydrogenation intermediates [150].
Increase in trans FA in milk of dairy cows fed camelina oil occurs mainly due to trans-
11 C18:1, a common intermediate product of ruminal bio-hydrogenation of PUFA [151].
Increased trans FA in milk of dairy cows fed camelina oil is attributable to incomplete
bio-hydrogenation of unsaturated FA in the rumen [148]. In a nutshell, researchers have
reported an increase in desirable FA (e.g., MUFA, PUFA, CLA, and n-3 and n-6 PUFA) and
a decrease in unhealthy SFA in milk obtained from cows fed diets with camelina seeds or its
derivatives [2,7,10]. However, increase in the trans FA isomers which are unhealthy should
be considered while increasing the inclusion rate of camelina seed or its by-products [7].
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Table 9. Effect of Camelina seed and derivatives on the composition of milk fatty acid composition in
dairy Cow’s milk fat.

Treatment Inclusion Rate
(%, DM Basis) SFA (%) MUFA (%) PUFA (%) n-3 FA (%) n-6 FA (%) n-6/n-3 References

CS 2.9% x 66.6 b*** 30.7 b*** 2.70 a* - - -
[7]CM 9.5% 57.4 c*** 39.7 a*** 2.92 a* - - -

Control 0.00 72.7 a*** 25.1 c*** 2.16 b* - - -

CO 2.9% y 65.4 b*** 28.2 b*** 5.93 b*** - - -
[2]CE 20% 62.6 c*** 29.7 a* 7.27 a*** - - -

Control 0 71.0 a*** 23.2 c*** 5.33 c*** - - -

CM 0% (31% SFM) 64.98 *** 27.67 ** 5.52 *** 0.62 4.92 *** 9.45 *
[10]CM50 50% (15.5 SFM

+ 15.5% CM) 61.87 *** 29.58 ** 6.43 *** 0.61 5.81 *** 9.60 *
CM100 100 (30.1% CM) 60.34 *** 30.48 ** 6.31 *** 0.67 6.64 *** 10.25 *

FA = Fatty Acids; SFA = Total Saturated FA; MUFA = Mono-Unsaturated FA; PUFA = Poly-Unsaturated
FA; n-3 = Total n-3 FA, n-6 = Total n-6 FA; CS = Camelina Seed; CM = Camelina Meal; CO = Camelina Oil;
CE = Camelina Expeller; x = % in diet (DM basis); y = % in concentrate (DM basis); a–c, *, **, *** = Values with
superscripts describe the significant difference (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).

Table 10. Effect of camelina seed and its derivatives on the fatty acid composition of milk fat in
dairy cows.

FA (% of Total FA)
Hurtaud and Peyraud [7] x Toma et al. [10] Halmemies-Beauchet-

Filleau et al. [2] y Bayat et al. [40] 1

Control CS
(2.9%)

CM
(9.5%) Control CM50 CM100 1 Control CO

(2.9%)
CE

(20%) Control CO
(6%)

C4:0 2.44 2.16 1.40 0.11 0.08 0.06 3.35 3.57 3.67 3.10 3.18

C5:0 0.023 0.025 0.024 - - - - - - - -

C6:0 1.95 1.84 0.99 - - - 1.76 1.69 1.69 1.90 1.56

C7:0 0.020 0.022 0.019 - - - - - - - -

C8:0 1.34 1.27 0.61 - - - 1.23 1.14 1.09 1.12 0.79

C9:0 0.048 0.037 0.029 - - - - - - - -

C10:0 3.33 3.16 1.59 - - - 3.19 2.72 2.57 2.66 1.55

cis-9 C10:1 - - - - - - 0.30 0.27 0.26 0.296 0.193

C11:0 0.085 0.058 0.054 - - - - - - - -

C12:0 4.13 4.04 2.61 3.46 3.46 3.46 3.91 3.20 3.09 3.24 1.84

cis-9 C12:1 - - - - - - 0.09 0.07 0.07 0.082 0.043

trans-9 C12:1 - - - - - - 0.08 0.07 0.07 0.081 0.046

C13:0 0.132 0.130 0.131 - - - - - - - -

C14:1 1.28 1.42 1.96 12.66 12.67 12.44 - - - - -

C14:0 12.99 12.95 11.77 - - - 13.0 11.6 11.9 12.1 8.10

cis-9 C14:1 - - - - - - 0.97 0.85 0.99 1.12 0.77

trans-9 C14:1 - - - - - - 0.014 0.012 0.014 0.230 0.456

Iso-C15 0.24 0.23 0.23 - - - - - - - -

C15:1 0.57 0.53 0.54 - - - - - - - -

C15:0 1.35 1.21 1.42 - - - 2.22 1.92 1.98 2.36 1.55

C16:0 2.14 2.25 4.14 31.01 20.03 28.20 32.4 27.1 26.8 34.4 21.3

C16:1 37.0 32.2 31.9 1.50 1.39 1.38 1.89 1.67 1.93 2.43 2.10

cis C16:1 - - - - - - 1.60 1.36 1.52 2.20 1.64

trans C16:1 - - - - - - 0.29 0.21 0.31 0.230 0.456

Iso-C17 0.40 0.41 0.57 - - - - - - - -

C17:1 0.91 0.88 1.04 - - - - - - - -

C17:0 0.58 0.54 0.59 - - - 1.21 1.11 1.23 1.18 0.86
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Table 10. Cont.

FA (% of Total FA)
Hurtaud and Peyraud [7] x Toma et al. [10] Halmemies-Beauchet-

Filleau et al. [2] y Bayat et al. [40] 1

Control CS
(2.9%)

CM
(9.5%) Control CM50 CM100 1 Control CO

(2.9%)
CE

(20%) Control CO
(6%)

C18:3 0.20 0.32 0.36 - - - - - - - -

trans-6-8 C18:1 0.26 0.57 0.64 - - - - - - - -

cis C18:1 - - - - - - 14.5 18.1 15.7 17.5 25.3

trans C18:1 - - - - - - 4.02 4.91 8.28 2.31 6.71

trans-9, trans-12
C18:2 0.09 0.18 0.67 - - - - - - - -

cis-9, cis-12 C18:2 1.86 2.20 1.89 - - - - - - - -

CLA - - - - - - 0.59 0.79 1.33 0.38 0.95

C18:3 n-3 - - - - - - 1.10 1.17 1.06 0.454 0.489

C18:3 n-6 - - - - - - 0.05 0.06 0.05 0.015 0.007

cis-9,truns-11, cis-15
C18:3 - - - - - - 0.03 0.05 0.05 0.036 0.056

cis-9,trans-11,trans-
15
C18:3

- - - - - - 0.014 0.023 0.055 - -

C18:4 n-3 - - - - - - 0.02 0.02 0.02 - -

trans-9 C18:1 0.26 0.55 0.58 23.05 25.13 25.34 - - - - -

trans-10 C18:1 1.02 3.44 11.27 - - - - - - - -

trans-11 C18:1 1.26 2.19 3.34 - - - - - - - -

trans-12 C18:1 0.15 0.18 0.52 - - - - - - - -

cis-9 C18:1 16.4 17.3 14.1 - - - - - - - -

trans-15, cis-11 0.68 1.03 1.47 - - - - - - - -

C18:1 - - - - - - 18.5 23.0 24.0 - -

C18:1 cis-12 0.23 0.43 0.07 - - - - - - - -

C18:0 6.61 6.09 3.40 9.16 9.17 8.85 - - - 8.78 12.9

C20:0 - - - - - - 0.42 0.77 0.57 0.178 1.69

cis C20:1 - - - - - - 0.50 1.24 1.20 0.247 2.48

trans C20:1 - - - - - - 0.08 0.23 0.29 0.040 0.585

C20:1 - - - - - - 0.58 1.47 1.49 0.287 3.07

C20:2 n-6 - - - - - - 0.045 0.073 0.088 0.024 0.063

C20:3 n-3 - - - - - - 0.020 0.037 0.037 0.008 0.046

C20:3 n-6 - - - - - - 0.093 0.087 0.073 0.047 0.033

C20:4 n-3 - - - - - - 0.09 0.07 0.08 0.034 0.026

C20:4 n-6 - - - - - - 0.07 0.08 0.07 0.066 0.046

C20:5 n-3 - - - - - - 0.13 0.11 0.10 0.049 0.032

C22:0 - - - - - - 0.10 0.12 0.10 0.054 0.157

C22:1 - - - - - - 0.07 0.19 0.18 0.025 0.286

C22:2 n-6 - - - - - - 0.006 0.008 0.012 - -

C22:3 n-3 - - - - - - 0.003 0.012 0.015 - -

C22:4 n-6 - - - - - - 0.018 0.016 0.015 0.018 0.013

C22:5 n-3 - - - - - - 0.074 0.071 0.060 0.060 0.038

C22:6 n-3 - - - - - - 0.004 0.003 0.003 - -

C26:0 - - - - - - 0.013 0.011 0.012 0.030 0.013

C28:0 - - - - - - 0.003 0.003 0.004 - -

trans FA - - - - - - 6.56 8.47 11.7 3.37 11.8
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Table 10. Cont.

FA (% of Total FA)
Hurtaud and Peyraud [7] x Toma et al. [10] Halmemies-Beauchet-

Filleau et al. [2] y Bayat et al. [40] 1

Control CS
(2.9%)

CM
(9.5%) Control CM50 CM100 1 Control CO

(2.9%)
CE

(20%) Control CO
(6%)

SFA 72.7 66.6 57.4 64.98 61.87 60.34 71.0 65.4 62.6 72.1 56.0

UFA 27.3 33.4 42.6 - - - - - - - -

MU FA 25.1 30.7 39.7 27.67 29.58 30.48 23.2 28.2 29.7 24.7 39.1

PUFA 2.16 2.70 2.92 5.52 6.43 6.31 5.33 5.93 7.27 2.89 4.46

FA = Fatty Acids; SFA = Total Saturated FA; MUFA = Monounsaturated FA; PUFA = Polyunsaturated FA;
CLA = Conjugated linoleic Acid; CS = Camelina Seed; CM = Camelina Meal; CO = Camelina Oil; CE = Camelina
Expeller; 1 = % DM basis unless otherwise indicated; x = % in diet (DM basis); y = % in concentrate (DM basis).

8. Conclusions

To summarize, C. sativa is an oilseed plant, the seeds and derivatives of which can be
used in ruminant diets with minimal negative consequences, as replacement of conven-
tionally used protein sources. The nutritional profile of C. sativa can be enhanced, in terms
of a better fatty and amino acid profile and reduced anti-nutritional factors, with the help
of mechanical, chemical, and genetic engineering techniques. The use of camelina seed
and its by-products in dairy cow diets reduces ruminal cellulolytic bacteria and biohydro-
genation, resulting in an increase in beneficial FA (MUFA, PUFA, CLA, n-3, n-6 FA) and
decreased SFA levels in the milk of dairy cows. At optimum inclusion levels, C. sativa and
its derivatives can be utilized safely in dairy cow feed. However, special attention should
be given to suppression in feed intake and lowered acetate production that may decrease
milk fat percentage and give rise to greater levels of undesirable trans FA isomers in milk
fat. Further studies are required to corroborate the optimal inclusion level of C. sativa and
its derivatives in rations of dairy cows for minimal negative consequences. To establish
acceptable dietary inclusion levels, further in vivo experiments are required to evaluate C.
sativa for a wider range of animals at different physiological stages.

Author Contributions: Conceptualization, O.S. and R.R.; methodology, R.R. and I.A.; data curation,
R.R. and I.A.; writing—original draft preparation, R.R. and I.A.; writing—review and editing, O.S.
and U.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mottet, A.; de Haan, C.; Falcucci, A.; Tempio, G.; Opio, C.; Gerber, P. Livestock: On our plates or eating at our table? A new

analysis of the feed/food debate. Glob. Food Sec. 2017, 14, 1–8. [CrossRef]
2. Halmemies-Beauchet-Filleau, A.; Kokkonen, T.; Lampi, A.-M.; Toivonen, V.; Shingfield, K.; Vanhatalo, A. Effect of plant oils and

camelina expeller on milk fatty acid composition in lactating cows fed diets based on red clover silage. J. Dairy Sci. 2011, 94,
4413–4430. [CrossRef]

3. Sizmaz, Ö.; Çalik, A.; Bundur, A. In Vitro Fermentation Characteristics of Camelina Meal Comparison with Soybean Meal. Livest.
Stud. 2021, 61, 9–13. [CrossRef]

4. Waraich, E.A.; Ahmed, Z.; Ahmad, R.; Ashraf, M.Y.; Naeem, M.S.; Rengel, Z. ‘Camelina sativa’, a climate proof crop, has high
nutritive value and multiple-uses: A review. Aust. J. Crop Sci. 2013, 7, 1551–1559.

5. Paula, E.M.; da Silva, L.G.; Brandao, V.L.N.; Dai, X.; Faciola, A.P. Feeding canola, camelina, and carinata meals to ruminants.
Animals 2019, 9, 704. [CrossRef]

http://doi.org/10.1016/j.gfs.2017.01.001
http://doi.org/10.3168/jds.2010-3885
http://doi.org/10.46897/livestockstudies.610102
http://doi.org/10.3390/ani9100704


Animals 2022, 12, 1082 20 of 25

6. Czerniawski, P.; Piasecka, A.; Bednarek, P. Evolutionary changes in the glucosinolate biosynthetic capacity in species representing
Capsella, Camelina and Neslia genera. Phytochemistry 2021, 181, 112571. [CrossRef]

7. Hurtaud, C.; Peyraud, J.-L. Effects of feeding camelina (seeds or meal) on milk fatty acid composition and butter spreadability. J.
Dairy Sci. 2007, 90, 5134–5145. [CrossRef]

8. Lawrence, R.; Anderson, J.; Clapper, J. Evaluation of camelina meal as a feedstuff for growing dairy heifers. J. Dairy Sci. 2016, 99,
6215–6228. [CrossRef]

9. Brandao, V.; Silva, L.; Paula, E.; Monteiro, H.; Dai, X.; Lelis, A.; Faccenda, A.; Poulson, S.; Faciola, A. Effects of replacing canola
meal with solvent-extracted camelina meal on microbial fermentation in a dual-flow continuous culture system. J. Dairy Sci. 2018,
101, 9028–9040. [CrossRef]

10. Toma, S.; Dragomir, C.; Habeanu, M.; Ropota, M.; Cismileanu, A.; Grosu, H. Effects of replacing sunflower meal with camelina
meal on dairy cows performances. Arch. Zootech. 2015, 18, 85.

11. Sarramone, J.; Gervais, R.; Benchaar, C.; Chouinard, P. Lactation performance and milk fatty acid composition of lactating dairy
cows fed Camelina sativa seeds or expeller. Anim. Feed Sci. Technol. 2020, 270, 114697. [CrossRef]

12. Colombini, S.; Broderick, G.A.; Galasso, I.; Martinelli, T.; Rapetti, L.; Russo, R.; Reggiani, R. Evaluation of Camelina sativa (L.)
Crantz meal as an alternative protein source in ruminant rations. J. Sci. Food Agric. 2014, 94, 736–743. [CrossRef] [PubMed]

13. Colonna, M.A.; Giannico, F.; Tufarelli, V.; Laudadio, V.; Selvaggi, M.; De Mastro, G.; Tedone, L. Dietary Supplementation with
Camelina sativa (L. Crantz) Forage in Autochthonous Ionica Goats: Effects on Milk and Caciotta Cheese Chemical, Fatty Acid
Composition and Sensory Properties. Animals 2021, 11, 1589. [CrossRef] [PubMed]

14. Aziza, A.; Panda, A.; Quezada, N.; Cherian, G. Nutrient digestibility, egg quality, and fatty acid composition of brown laying
hens fed camelina or flaxseed meal. J. Appl. Poult. Res. 2013, 22, 832–841. [CrossRef]

15. Peng, Q.; Khan, N.A.; Wang, Z.; Yu, P. Moist and dry heating-induced changes in protein molecular structure, protein subfractions,
and nutrient profiles in camelina seeds. J. Dairy Sci. 2014, 97, 446–457. [CrossRef]

16. Kahindi, R.K.; Woyengo, T.A.; Thacker, P.; Nyachoti, C. Energy and amino acid digestibility of camelina cake fed to growing pigs.
Anim. Feed Sci. Technol. 2014, 193, 93–101. [CrossRef]

17. Woyengo, T.; Patterson, R.; Levesque, C. Nutritive value of multienzyme supplemented cold-pressed camelina cake for pigs. J.
Anim. Sci. 2018, 96, 1119–1129. [CrossRef]

18. Kiarie, E.; Walsh, M.; He, L.; Velayudhan, D.; Yin, Y.; Nyachoti, C. Phytase improved digestible protein, phosphorous, and energy
contents in camelina expellers fed to growing pigs. J. Anim. Sci. 2016, 94, 215–218. [CrossRef]

19. Smit, M.; Beltranena, E. Effects of feeding camelina cake to weaned pigs on safety, growth performance, and fatty acid composition
of pork. J. Anim. Sci. 2017, 95, 2496–2508. [CrossRef] [PubMed]

20. Ye, C.L.; Anderson, D.M.; Lall, S.P. The effects of camelina oil and solvent extracted camelina meal on the growth, carcass
composition and hindgut histology of Atlantic salmon (Salmo salar) parr in freshwater. Aquaculture 2016, 450, 397–404. [CrossRef]

21. Woyengo, T.; Patterson, R.; Slominski, B.; Beltranena, E.; Zijlstra, R. Nutritive value of cold-pressed camelina cake with or without
supplementation of multi-enzyme in broiler chickens. Poult. Sci. 2016, 95, 2314–2321. [CrossRef]

22. Ryhänen, E.L.; Perttilä, S.; Tupasela, T.; Valaja, J.; Eriksson, C.; Larkka, K. Effect of Camelina sativa expeller cake on performance
and meat quality of broilers. J. Sci. Food Agric. 2007, 87, 1489–1494. [CrossRef]

23. Kasiga, T.; Karki, B.; Croat, J.; Kaur, J.; Gibbons, W.R.; Muthukumarappan, K.; Brown, M.L. Process effects on carinata Brassica
carinata and camelina Camelina sativa seed meal compositions and diet palatability in Rainbow Trout Oncorhynchus mykiss.
Anim. Feed Sci. Technol. 2020, 267, 114578. [CrossRef]

24. Halmemies-Beauchet-Filleau, A.; Rinne, M.; Lamminen, M.; Mapato, C.; Ampapon, T.; Wanapat, M.; Vanhatalo, A. Alternative and
novel feeds for ruminants: Nutritive value, product quality and environmental aspects. Animal 2018, 12, s295–s309. [CrossRef]
[PubMed]
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