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overall crop sustainability

Camelina sativa L. Crantz (Camelina) is an oilseed crop, useful for both industrial and healthy
food applications. It belongs to the Brassicaceae family and, nowadays, its popularity is growing.
The chemical features of Camelina feedstock (seeds, defatted seed meals, and straws) were
discussed in terms of yields of bioactive molecules per-hectare in open field trials laid out in
Northern and Central Italy. Chemical and phytochemical features, such as oil fatty acid profile,
defatted seed meal polyphenol, flavonol, glucosinolate and protein content and antioxidant
activities, were examined pointing out the Camelina products potential applications in food,
as well as in the pharma sector. At the same time, the valorisation of residual lignocellulosic
biomass was discussed. Detailed glucosinolate and fatty acid profiles evidenced slight
differences in the two trials, as well as total phenol and flavonoid contents. Fibre chemical
compositions indicate that, in Central Italy, Camelina straws were characterised by a higher
content of cellulose and hemicellulose and a lower amount of lignin in comparison to Northern
[taly, while no differences were found in the ash contents. All together, these data open new
perspectives for the valorisation of Camelina in a sustainable green chemistry approach based
on the real yields of bioactive molecules and the exploitation of whole biomass.

Keywords: Camelina sativa L. Crantz; feedstock; phytochemicals; antioxidant activity;
biomass exploitation.

1. INTRODUCTION

Camelina (Camelina sativa L. Crantz) is an ancient oilseed crop, belonging to
the Brassicaceae family, also known as false flax (UK) and gold of pleasure
(USA). It can adapt to sandy and degraded soils and it has lower input and wa-
ter requirements than other traditional oilseed crops [1]. Winter varieties were
rarely cultivated in the world except in North-eastern Europe. In Mediterranean
regions, they usually give higher yields in comparison to spring varieties that
are used mostly in Western Europe for the organic production of oil and press
cake for feed, mixing it with legumes, to enhance the nitrogen supply and
avoid weeds [1,2]. In Upper Midwest, where corn and soybean are the domi-
nant crops, winter Camelina recently proved to be useful in a double-cropping
system. This approach speeded up the Camelina harvest two weeks behind,
whilst oil yields and quality were not affected. At the same time, it potentially
allowed the earlier seeding of a second more profitable crop, thus improving
overall production and biodiversity [3]. Camelina ultimately gained an emerg-
ing economic potential for biofuel and vegetable oil production, especially in
temperate regions [4]. In order to generate a higher economic value in the oil-
seed and protein crops sector, defatted seed meals - as co-products of oil ex-
traction - and crop residues - as lignocellulosic biomass - need to have proper
qualities for the exploitation in a wide range of applications. Camelina can be
used both for industrial and healthy food applications, thanks to the wide range
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of products that can be derived from its cultivation.
Camelina seeds and seed meals can be ingredients
in porridge as in bread preparation, while its oil can
find application as dietary oil for human consumption,
with acknowledged beneficial effects in folk medicine
[5]. To enlarge the number of these new exploita-
tions, the characterisation of the chemical properties
of crops and, at the same time, the biocactive mole-
cule productivities per hectare are two crucial starting
points for the conception of new extraction process-
es and the design of innovative bio-based products.
It is undeniable that the renewed interest for Camelina
has been linked to its typical fatty acid (FA) profile,
characterised by a very high content of polyunsatu-
rated fatty acids, with linoleic (LA) and alpha linolenic
acid (ALA) accounting for more than 50% [6]. Fur-
thermore, camelina oil is naturally poor in erucic acid,
while, at the same time, it is a plant-based source of
the essential ALA, whose content may be interest-
ing for covering, at least partially, the recommended
daily intake of 2 g/day according to Regulation EU
n° 432/2012 [7]. Alpha-linolenic acid is considered a
precursor in the desaturation and elongation pathway
for the production of the very-long chain metabolites
eicosapentaenocic acid (EPA) and docosahexaenoic
acid (DHA) that are associated with health benefits
in humans, in the prevention of coronary heart dis-
ease, arrhythmias and thrombosis [6, 8]. However,
the efficiency of ALA and its rate of conversion are
still questionable [9]. A recent study on 79 human
subjects with impaired glucose metabolism showed
how Camelina oil could effectively improve serum lipid
profile just after 12 weeks of treatment compared to
diets enriched in lean or fatty fish designed to provide
approximately 1 g (EPA) + (DHA) per day, confirm-
ing, the ability of being metabolised in long chain fatty
acids for ALA derived from Camelina oil [10]. These
traits, joined to the fibres from straws and bioactive
molecules in the defatted seed meal, account for
the potential health benefits of Camelina that to date
cannot be ignored. Among all these compounds,
Camelina seeds contain three methylsulfinyl-alkyl
glucosinolates (GSLs): glucoarabin (9-(methylsulfinyl)
nonylglucosinolate; GSL9), glucocamelinin (10-(methyl-
sulfinyl) decylglucosinolate; GSL10), and (11(methyl-
sulfinyl) undecylglucosinolate; GSL11). Glucosinolates
are claimed to be active components responsible for
many beneficial effects, which were assayed in vitro,
in vivo, in human and epidemiological studies [11].
Alkyl sulfinyl GLSs are good inducers of detoxifying
phase 2 enzymes regardless the length of their al-
kyl chain [12-15]. Glucoraphanin, the GSL present at
high concentration in Tuscan black kale (Brassica ol-
eracea L. var. acephala sabellica) sprouts and seeds
[16, 17], is definitely the best known and extensively
studied GSL with reference to the beneficial proper-
ties of its corresponding isothiocyanate, the sulfora-
phane [18, 19]and to its no adverse effects in healthy

adults up to 400 umol a day for two weeks [20].
Camelina GSLs and derived isothiocyanates appear
as a “natural extension” of the alkyl sulfinyl side chain
of glucoraphanin and sulforaphane. They have not yet
been studied for their effects in humans, even if their
activities were compared to those of sulforaphane in
Hepa-1c1c7 cells. GSL9, GSL10 and Camelina seed
extract have proved to be monofunctional inducers of
the phase Il detoxification enzyme quinone reductase
(NQO1), in this cellular model, whereas they have no
effect on phase | cytochrome P450 (CYP) 1A1 activity
[15]. Interestingly, both Camelina seed extracts and
Broccoli contain the bioactive flavonoid quercetin in
several glycosidic forms and both GSL9 and GSL10
hydrolysed by myrosinase and sulforaphane exhibit
a synergistic upregulation of NQO1 with quercetin,
suggesting that isothiocyanates taken through their
whole biomass natural source may be more effective
than purified isothiocyanates [15]. Camelina beneficial
effects on environment and health were also suggest-
ed by the antibacterial and antifungal effect of seed
extracts, which were able to inhibit the growth of sev-
eral laboratory bacterial strains or fungal pathogens
in a way comparable with the large spectrum antibi-
otic kanamycin or clotrimazole, a standard drug for
fungal infections [21, 22]. In this context, the aim of
this study was to evaluate the biochemical features
of seeds, defatted seed meals and residual lignocel-
lulosic biomasses of Camelina after the cultivation in
two environments of Central and Northern Italy, with
different agronomic managements. Yields and crop
characteristics have been assessed through a two-
year open field experiments adopting an intensive
crop rotation with cereals and exploring the possibil-
ity to maintain a quite uniformed yield in term of bio-
masses and potential ingredients for food and phar-
ma industries both in spring and autumn sowing. In
particular:

i) seeds were analysed for oil, fatty acid composition,
protein and GSL content;

i) defatted seed meals were characterised for total
phenols and flavonoid content, and for the total anti-
oxidant capacity;

iii) crop residues were evaluated through their compo-
sition in cellulose, hemicellulose and lignin.

The main components and the active compounds,
listed above, have been expressed in terms of yield
per hectare to better frame their potential economic
value in a biorefinery approach for valorisation of the
biomass as a whole.

2. MATERIALS AND METHODS
2.1 PLANT MATERIAL AND GROWTH CONDITIONS

Camelina cv ltalia seeds were available in the seed
collection of Brassicaceae of CREA-CI (Bologna) [23].
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A two-year experiment (2014-2015) was laid out at
open field trial with a single plot design and a plot size
of 500 m?, in two different environments, representa-
tive of Northern and Central Italy pedo-climatic condi-
tions. The cultivation site in Northern Italy was located
at the CREA experimental farm at Budrio (Bologna) in
the Po Valley area (44°32°00” N; 11°29’33” E, 28 m
above sea level). The cultivation site in Central Italy
was located at San Piero a Grado (Pisa), in the coast-
al plain (43°40°N latitude, 10°19’E longitude, 1 m
above sea level) at the Centre for Agro-Environmental
Research “Enrico Avanzi” (CIRAA) of the University of
Pisa. Both areas were characterised by flat land with
alluvial deep loam soils with medium level of total ni-
trogen (1.4 g kg™') and organic matter (2%) content. In
Bologna, Camelina was sown on 16" October 2013,
and 20" October 2014, while harvest times were ac-
complished on 29" May 2014 and 4" of June 2015.
In Pisa, Camelina was sown on 17" March and 12®
March in 2014 and 2015 respectively, while harvest
times were accomplished on 25" June and 24" June
in 2014 and 2015, respectively. The cropping tech-
niques and mechanization methods were defined in
relation to the specific characteristics of each area,
and an intensive crop rotation with cereals was ad-
opted, with the aim of performing the experiments
under low input management in emphasized stress
conditions. In both experimental sites, low fertiliza-
tion rates were defined according to the soil chemical
characteristics, evaluated in soil samples collected at
the beginning of the trials. In Pisa, mineral nitrogen
fertilization was applied after seeding, at the rate of
80 kg N ha' split in two applications (as ammoni-
um sulphate and ammonium nitrate, in the 1t and
2nd application, respectively). In Bologna fertilization
was provided through pelletized cattle and horse ma-
nure-based amendment (organic C 30%, organic N
2%, moisture 18%) at sowing time at the rate of 600
kg ha' (equal to 12 kg N ha'). At full seed maturi-
ty, in both trials, three sampling areas of 1 m? were
randomly collected within each experimental plot to
assess: thousand seed weight (TSW), evaluated ac-
cording to ISTA rules (2005) and the residual above
ground biomass. After sampling, the entire surface
was mechanically harvested by a plot combine, to as-
sess the grain yield. The harvest index (HI) was calcu-
lated as: [grain yield / (residual above ground biomass
+ grain yield)] x 100.

2.2 SEED CHARACTERIZATION AND ANALYSIS

After harvesting, seeds were cleaned, partially dried,
ground to 0.5 mm size and analysed for their main
qualitative characteristics. Seed moisture was deter-
mined by oven-drying the seeds at 40°C until con-
stant weight for dry weight determination and the
moisture content was calculated as the difference be-
tween the seed weight before and after the treatment.

Seed oil content was measured by NMR (Nuclear
Magnetic Resonance) technique by an MQC bench-
top NMR analyser (Oxford Instruments) [24]. The
quantitative determination was based on a specific
calibration for Camelina seeds defined by the Soxhlet
official method [25]. Fatty acid composition of Came-
lina oil was analysed after oil extraction from ground
seeds by hexane, followed by trans-methylation in 2N
KOH methanol solution. Fatty acid methyl esters (FA-
MEs) were evaluated by gas chromatography and the
internal normalization method [26] was used for de-
termining the fatty acid composition. Total content of
(C-H-N) was determined by Elemental analyser LECO
CHN TruSpec according to the American Society for
Testing Materials [27]. The crude protein content was
expressed as a percentage on dry matter and calcu-
lated from nitrogen using the conventional factor of
6.25. Total GSL content and profile were determined
by HPLC analysis of desulfo-GSLs following the ISO
9167-1 method [28], with some minor modifications
[29]. The desulfo-GSLs were detected monitoring
their absorbance at 229 nm and identified with re-
spect to their retention time [30]. Their amounts were
estimated using sinigrin as internal standard; the re-
sponse factor 1 was arbitrarily adopted.

2.3 DEFATTED SEED MEAL PHYTOCHEMICAL CON-
TENT AND ANTIRADICAL CAPACITY EVALUATION

Seed meals were obtained by grinding 10-15 g of
seeds, subsequently sieved at 0.75 mm and de-
fatted by hexane. For total phenolic content (TPC),
total flavonoid content (TFC), and antiradical ca-
pacity determination, the meals were extracted with
80% methanol with a 1:20 (w/v) ratio by using ultra-
sound-assisted extraction (25 min). The extracts were
centrifuged (30,500 g, 15 min, 4°C) and supernatants
were filtered. Final extracts were kept on ice for the
subsequent analysis that were performed at the same
day or stored at -20°C. For each defatted seed meal
sample three extracts were prepared, and the results
were expressed on a dry matter basis (DM).

2.3.1 Total phenols

Total phenolic content was determined by the Fo-
lin-Ciocalteu method according to Dewanto et al.
[31]. Gallic acid was used as a standard and the
results were expressed as mg gallic acid equivalent
(GAE) g of meal.

2.3.2 Total flavonoids

Total flavonoid content was determined spectropho-
tometrically according to Jing et al. [32]. Catechin
was used as external standard for calibration curve
and the results were expressed as mg of catechin
equivalents (CE) g of meal.
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2.3.3 Antiradical capacity

Antiradical capacity was assessed by measuring the
ability of the extracts to scavenge synthetic radicals
[i.e. 2, 2-diphenyl-1-picryl-hydrazyl-hydrate, DPPHe
and 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfon-
ic acid), ABTSe*]. Extracts serial dilutions in 80%
methanol were tested and both DPPHe and ABTSe*
quenching capacities were estimated spectropho-
tometrically by solution discoloration at 515 nm and
734 nm respectively. Radical quenching was calculat-
ed by using the formula:

1- (A x A /(A

sample blank

A ), where A

control " plank sample

was the absorbance of the extract in presence of the
radical solution; A, was the absorbance of the ex-
tracts plus solvent without radical; A_  was the ab-
sorbance of the extraction solvent in presence of the
radical solution. The concentration required to obtain
a 50% antioxidant effect (EC,) was determined as
the concentration of extract (mg of defatted seed
meal x mL" of extraction solvent) causing the 50%
inhibition of the initial colour production. Spectropho-
tometric assays were performed by using an Infinite
M200 PRO microplate reader, with 20 uL and 180 pL
of extracts and radical solution (or solvent) respec-
tively. Measurements were replicated two times for
each pool.

2.4 FIBRE CHEMICAL COMPOSITION

Chemical fibre composition of residual lignocellulosic
biomass (cellulose, hemicellulose and lignin) and total
proteins were evaluated according to ASTM D5373
and Van Soest et al. [27, 33].

The tests were performed by using an ANKOM Fibre
Analyser model A 200. Ash content was determined
by heating the residues in an electric muffle furnace at
550°C for four hours.

2.5 STATISTICAL ANALYSIS

Described analysis were carried out in triplicate and
statistical analysis of data, expressed as mean =+
standard deviation, including EC,, estimation, were
performed by using the R Statistical Software (Foun-
dation for Statistical Computing, Vienna, Austria), un-
less differently specified. Data were then analysed by
a one-way ANOVA and LSD test to assess significant
differences between samples (P < 0.05).

3. RESULTS AND DISCUSSION

The average grain yields obtained in 2014-2015 were
0.46 and 0.77 Mg ha in Bologna and Pisa respec-
tively, and those values were used to calculate the
seed protein, oil and GSL yields reported in Table .

Although a same TSW obtained in both cultivation
sites, lower grain yield and harvest index were ob-
served in Bologna in comparison to Pisa (Table I). The
mean oil content was lower in the Pisa trial (33%), in
comparison to Bologna trials where a mean oil con-
tent of 39% was reached, even if the higher com-
bined grain yield value determined a highest overall
oil yield per hectare in Pisa. The protein content was
similar in both cultivation sites, attesting around the
levels reported in the literature [34]. Regarding the
GSL seed content, total GSL yield per hectare in Bo-
logna trial was lower than that achieved in Pisa, due
to the lower seed yield obtained (see also Table Il for a
detailed analysis on GSL seed content and composi-
tion). Seeds from both environments showed a similar
GSL profile (Table Il), and the micromoles per gram
of dried seed were slightly higher in Bologna than in
Pisa for GSL10 and GSL11. The fatty acid profiles of
the oils obtained in the two environments are report-
ed in Table Ill. The oil extracted from Bologna seeds
was characterised by a higher content of ALA (+13%)
and a lower content of oleic and linoleic acids (about
-7% and -15%, respectively), if compared to the oil
produced in Pisa. Similarly, the detected content of
polyunsaturated fatty acid (PUFA) resulted higher in
Bologna, contrariwise monounsaturated fatty acid
(MUFA) resulted higher in Pisa, whilst saturated fat-
ty acids (SFA) contents were similar in both environ-
ments. The ratio between Q 6 and Q 3 ranged from
0.56 in Bologna to 0.7 in Pisa, accordingly to new
recommendations for human health, which establish
that a reduction in the dietary intake of LA/ARA ra-
tios and ARA-derived metabolites could increase Q23
circulating long chain-PUFAs in most individuals [35].
Phenolic and flavonoid contents of Camelina defatted
seed meals were reported in Table V. In the two en-
vironments, no significant differences were found in
phenolic and flavonoid contents as well as for total an-
tioxidant capacities of defatted seed meals (Table IV).
Furthermore, the lowest EC, values for DPPHe as-
say suggested a higher antiradical efficacy deriving
from small molecules or from low steric hindrance
molecules. The residual above ground biomass was
quite similar in both sites, with 2.73 and 2.63 Mg ha™
in Bologna and Pisa, respectively. The total proteins
from the two environments accounted for 5.8% +
0.4% and 4% =+ 1%, for Bologna and Pisa respec-
tively. The straw chemical composition (Table V) in-
dicated that holocellulose accounted for more than
60% of the dry crude biomass by weight, in both
locations. In Pisa, Camelina straws were character-
ised by a higher content of cellulose and hemicellu-
lose and a lower amount of lignin in comparison to
Bologna, while no significant differences were found
in the ash contents between the two environments.
The low-input approach, jointed probably with the
autumn sowing, gave an upward trend in lignin pro-
ductivity in Bologna trials with a mean yield of 0.4 Mg
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Table | - Productive parameters and seed oil, protein and glucosinolate yields of Camelina sativa cv. ltalia, cultivated for two
consecutive years (values are averaged over 2014 and 2015 years) in Bologna and Pisa. Mean values + SD (n=3) are shown.

Bologna Pisa

TSW g FW* 11+0.1 11+£0.2
Grain yield Mg ha! DW* 0.8+0.2b 1.3+0.2a
Harvest Index 225+3.7b 34 +2a
Moisture % 4020 58+05
Oil seed yield kg ha'! DW 179.0 £ 6.0b 250.0 +41.0a
Seed Protein yield kg ha! DW 127.0 £ 13.0b 205.0 £ 11.0a
Total GSLs yield kg ha'! DW 78+0.3b 11.7+0.6a

Values followed by different letters are significantly different at P<0.05 using LSD.

“FW: Fresh Weight
“DW: Dry Weight

Table Il - Glucosinolate content and yield of seeds of Camelina sativa cv Italia, cultivated for two consecutive years (values are
averaged over 2014 and 2015 years) in Bologna and Pisa. Mean values + SD (n=3) are shown. The results are expressed as
umoles g-' of seed meal (DW, dry weight) and as open field production considering the mean seed production per hectare of the

two years (kg ha'').

Content (umoles g-") Yield (kg ha"')
Bologna Pisa Bologna Pisa
Glucoarabin 9.3+0.8 92+05 2.2+0.20b 36+0.2a
Glucocamelin 20.7£0.8a 19+1b 50%0.2b 7.2+0.4a
11-methylsulfinylundecyl 27+02a 23+0.10b 0.66 + 0.05b 0.96 + 0.04a
Glucosinolate

Values followed by different letters are significantly different at P<0.05 using LSD test.

Table Ill - Fatty acid profile of Camelina sativa cv. ltalia oil
derived from crops cultivated for two consecutive years (mean
value of 2014 and 2015) in Bologna and Pisa. Mean values +
SD (n=3) are shown. Data were expressed as % of the total
peak area from the gas-chromatography analysis.

Fatty acid composition

::it;y Common name Bol‘;‘gna P:Z a
C16:0 Palmitic acid 6.1+0.3b 6.5+0.1a
C18:.0 Stearic acid 25101 25101
C18:1 Oleic acid 16.7+£0.1b | 17.9+0.5a
C18:2 Linoleic acid 174+05b | 204+0.3a
C18:3 Linolenic acid 36+1a 32+2b
C20:0 Arachidic acid 08+0.7 1.0+£07
C 20:1 Gadoleic acid 13.2+£0.8 129+0.2
C20:2 Cis-11,14-eicosadienoic 15+0.6 09+08
C20:4 Arachidonic acid 1.4+02a| 0.96 £0.06b
C22.0 Behenic acid 0.0+0.1 01+£0.2
C 221 Erucic acid 25+0.1 26+0.2
C24:0 Lignoceric acid 0.3+0.2a | 0.04 £ 0.08b
C 241 Nervonic acid 0.55+0.09| 055+0.04
SFA 9.8+0.60 10.1+£0.8
MUFA 330+0.3b| 34.0%0.6a
PUFA 56.7 £0.9a 54 £ 1b
n6/n3 0.56 £ 0.02b | 0.70 £ 0.06a

Values followed by different letters are significantly different at
P<0.05 by using LSD test. SFA saturated fatty acids, MUFA mono

unsaturated fattv acids. PUFA polvunsaturated fattv acids.

ha'. In Pisa, the cellulose content of crop residues;
was quite similar to that reported for rapeseed straw
[36], while lower hemicellulose and lignin contents
were obtained in both environments. The reduced
external input, mainly in terms of nitrogen fertilisers,
brought the lower grain yields observed in Bologna in
comparison to those achieved in Pisa. Some authors
consider the optimal N rate ranges between 44 and
185 kg ha [37-39] even if negative effects in terms of
plant lodging and pod shattering were observed after
a N application greater than 75 kg ha [38]. On the
other hand, the negative role of N on the qualitative
characteristics of Camelina seeds is well known, and
several authors have already observed an antagonis-
tic effect of N application on Camelina oil content and
the relative fatty acid composition [37, 39]. Similar re-
sults were obtained also in this study, thus confirming
some previous findings. In fact, the quantitative anal-
yses of seeds (Table I), showed a significant higher oil
seed content in the trials in Bologna, reaching a mean
oil content of 38.92%, data in accordance to the re-
sults obtained in different trials realized in Europe [4].
The reduction of carbohydrates for oil synthesis due
to an increased protein synthesis could explain the
negative correlation between oil content and N rates.
However, in our study protein contents were similar in
both cultivation sites, therefore, it could be assumed
that the differences in oil yield were mainly due to the
different environmental conditions [4Q]. In fact, the dif-
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Table IV - Total phenols (TPC), total flavonoids (TFC),
antioxidant activity (AC) and anti-radicalic activity (ECso) of
defatted seed meal from Camelina sativa cv. ltalia, cultivated
for two consecutive years (values are averaged over 2014 and
2015 years) in Bologna and Pisa. Mean values + SD (n = 3)
are shown. The results for TPC and TFC are expressed both
as content and yield.

Bologna Pisa

PC Content (mg GAE g') 6.9+ 0.3 7+1
Yield (kg GAE ha'') 1.9£0.2b 34+0.3a

TFC Content (mg CAE g) 6.1£0.5 61
Yield (kg CAE ha'") 1.7£0.3b 28+0.5a
AC ABTS++ mg mL"! 29+05 30+09
*EC50 DPPHe mg mL-! 1.8+04 19404

Values followed by different letters are significantly different at
P<0.05 using LSD test.

* ECs0 = mg of defatted seed meal mL" of extract required to obtain
50% DPPH" or ABTS* scavenging in the assay conditions.

Table V - Lignin, hemicellulose, cellulose and ash content in
Camelina sativa cv. Italia straw derived from crops cultivated
for two consecutive years years (value are averaged over
2014 and 2015 years) in Bologna and Pisa.

Mean values + SD (n = 3) are shown. Results are expressed
both as % on dry matter basis and field production (Mg ha'").

Bologna Pisa
Lianin % 152+ 0.6a 13.9+0.7b
g Mgha' | 040£020 | 037001

Hemicellulose % 9.4 +0.8b 19+ 1a

Mg ha! 0.30+0.1b 0.49+0.03a
Cellulose % 37+2b 44 + 2a

Mg ha! 1.0+03 1.17 £0.02
Ash % 53106 57108

Mg ha! 0.14 £0.05 0.15+0.02

Values followed by different letters are significantly different at
P<0.05 by using LSD test.

ferences in sowing time between the two locations
and, consequently, the climatic conditions occurred
during seed ripening, may influence the oil synthesis
phase, which was probably longer in Bologna than in
Pisa (see Fig.1).

With specific reference to fatty acid profiles, a posi-
tive correlation between N rate and oleic acid and a
negative one between N rate and linolenic acid were
previously observed, and the inverse relationship be-
tween the two fatty acids was partially explained by
the known conversion of oleic acid to linolenic acid
in angiosperms [37]. The lower PUFA/MUFA ratio
registered in Pisa could be due to the higher tem-
peratures at seed ripening phase - mean temperature
during the last sixty days before harvest time in Pisa
and in Bologna were 22 and 20°C respectively - that
interfered with the activity of enzymes responsible for
PUFA metabolism [34, 41, 42]. With regard to phe-

nolic and flavonoid contents, reported in Table IV, the
results well overlapped recent literature [43], consid-
ering that the amount of phenolic compounds mostly
accounts free phenols. The overall yields of bioactive
molecules that is GSLs and phenols, per hectare
were lower in the defatted meals obtained from the
Bologna trial, because of lower seed vyields if com-
pared to those from Pisa trial, thus Pisa production
seemed more convenient for industrial applications.
On the other hand, in the face of lower yields, sus-
tainable production methods, even if less profitable,
can ensure healthier products for food and pharma
applications.

Finally, if we consider the residual above ground bio-
mass, even if lower than those produced by other oil-
seed crops, these residues could impact on soil fer-
tility and on the economic sustainability of the entire
cropping system, especially considering that Came-
lina requires, during cultivation, low agronomical in-
put. In fact, other authors already observed that, if
the fallow period in wheat-based cropping systems
is replaced by Camelina as cover crop, the crop
residue incorporated into the soil is much greater in
Camelina—wheat than in fallow—wheat rotation, which
is expected to improve soil quality and productivity
on long term [44]. On the other hand, a full biomass
exploitation approach could increase the economical
sustainability of this crop if Camelina straws could be
converted into bioethanol, biogas, biochemicals and
nanofibrillated cellulose (NFC). Actually, the low con-
tent of hemicellulose found in our experiments could
lead to a poor nanofibrillation aptitude of the fibres of
Camelina [45]. Recently, the thermochemical valori-
sation of Camelina straws were investigated with the
aim of obtaining bio-oil via thermal or catalytic fast
pyrolysis that would be the first stage on a sequence
of chemical processes for biofuel production [46].
In our open field trials, Camelina showed interesting
characteristics as feedstock for pyrolysis because its
low protein content reduces the nitrogen and sulphur
content, making the hydro processing required to re-
move impurities less intensive. At the same time, it
showed a good adaptability in Northern and Central
ltaly pedo-climatic conditions that could guarantee a
two-up annual yield that is strongly required for the
maintenance of food and pharma industries produc-
tion.

4. CONCLUSIONS

In this paper, new perspectives for the uses and
the valorisation of Camelina in a green chemistry
approach based on the integral exploitation of bio-
masses were pointed out. The presence of many
macromolecules and bioactive molecules per hectare
opens to several industrial applications for Cameli-
na. While an integrated pest and weed management
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Figure 1 - Meteorological data of growing seasons in Bologna (a,b) and Pisa (c,d).

a) from October 2013 to May 2014; b) from

October 2014 to June 2015; c) from March 2014 to June 2014; from March 2015 to June 2015. Data represents average
maximum and minimum temperatures and total rainfall per decade.
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seemed to be more productive and, therefore, more
suitable for industrial exploitation, a very low input ap-
proach could provide safest and healthiest bio-based
products. This is very important when the molecular
features of Camelina are examined for their healthy
values. In fact, insufficiently validated health claims
and aggressive marketing strategies may lead to un-
safe fresh or processed agricultural products when
the total production chain is not properly controlled.
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