
����������
�������

Citation: Soorni, J.; Shobbar, Z.-S.;

Kahrizi, D.; Zanetti, F.; Sadeghi, K.;

Rostampour, S.; Kovács, P.G.; Kiss, A.;

Mirmazloum, I. Correlational

Analysis of Agronomic and Seed

Quality Traits in Camelina sativa

Doubled Haploid Lines under

Rain-Fed Condition. Agronomy 2022,

12, 359. https://doi.org/10.3390/

agronomy12020359

Academic Editor: Søren

Kjærsgaard Rasmussen

Received: 11 January 2022

Accepted: 28 January 2022

Published: 31 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Correlational Analysis of Agronomic and Seed Quality
Traits in Camelina sativa Doubled Haploid Lines under
Rain-Fed Condition
Jahad Soorni 1,* , Zahra-Sadat Shobbar 1 , Danial Kahrizi 2, Federica Zanetti 3 , Kaveh Sadeghi 4,
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Abstract: Camelina (Camelina sativa (L.) Crantz) is an emerging industrial crop from the Brassicaceae
family, with its seed oil and cake being used for food, feed, and fuel applications. In this study,
the relationships between economically important agronomic traits including seed yield (SY), days
to maturity (DM), 1000-seed weight (TSW), seed protein content (PC), seed oil content (OC), and
fatty acid composition in 136 doubled haploid (DH) camelina lines were investigated under rain-fed
conditions in two consecutive years. There was prominent diversity among the studied DH lines
for the agronomic traits such as seed yield, erucic acid, omega3, protein content, etc. Based on
the Pearson correlation analysis of the data, SY was positively correlated with DM and OC, and
negatively correlated with TSW, PC, and linolenic acid (C18:3) content. The positive relationships of
the main characteristics, relevant to industrial applications, suggest the feasibility of developing new
higher-yielding camelina cultivars with high seed oil content. The high seed yield of some camelina
lines (DH044 and DH075) during the two growing seasons showed the potential of the lines. On
the other hand, the contrasting genotypes for key traits in this study promised a favorable source to
develop the superior breeding lines with higher seed yield and food/nonfood traits. Therefore, it can
be concluded that the diversity of camelina DH lines traits is crucial for developing new cultivars.
Furthermore, the present study reports some significant correlations among the DH lines, which may
be useful for the current and future camelina breeding program.

Keywords: seed yield components; correlation; oilseed crop; crude protein; fatty acid

1. Introduction

Camelina (Camelina sativa (L.) Crantz), a Brassicaceae family member, has a short
growth period and is closely related to the model plant Arabidopsis thaliana and Brassica
napus [1,2]. Due to the wide portfolio of biobased applications for oilseed crops, the
development and evaluation of new genotypes, particularly in emerging oilseed species,
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is an appropriate approach to achieve superior cultivars with improved oil production
potential [3,4]. Camelina is an industrial crop that has recently attracted particular attention
among researchers and industry worldwide, especially in Canada, the United States, and
Europe [5–11].

Camelina seeds’ oil content ranges from 30% to 49% of their dry weight [12], and
is characterized for its high amount of unsaturated fatty acids (>90%): 14–16% oleic
acid (C18:1), 15–23% linoleic acid, (C18:2), 31–40% linolenic acid (C18:3), and 12–15%
eicosenoic acid (C20:1) [13]. Camelina seeds also contain a relatively high level of proteins
(23–27%) [14] making them a potential source of animal feed [15–17]. In addition to its
food, feed, and nutritional applications, camelina oil can be used for biofuel production, in
particular jet fuel [17].

Camelina was widely grown in Europe and in the south-west of Asia as an oilseed
until the last century [18]. The cultivation of camelina diminished due to the emergence of
more productive oilseeds. However, the plant is gaining more attention for its nutritional
properties such as its protein content and profile [19]. Camelina is currently cultivated
in Canada, the United States, Europe, and Russia and is the subject of several breeding
programs to enhance its productivity and nutritional properties. It is also considered as
an alternative oilseed crop in other regions of the world [8,20–23] where its cultivation
management and productivity is under evaluation.

The genome sequence and transcriptome analysis of camelina (2n = 6x = 42) revealed
a high degree of similarity in functional genes with the model plant Arabidopsis [24–27],
making it plausible to adopt and utilize the results of genetic studies in Arabidopsis to be
considered in camelina breeding research and cultivation management [28].

The production of doubled haploid lines (DH) through anther culture is one of the
fastest and most efficient approaches for producing high purity cultivars with enhanced
traits, which has been well utilized in many plant species [29]. However, there are limited
studies in camelina following this approach [30,31]. Although, several studies have been
conducted to investigate the seed oil composition of camelina [32–34], the relationships
between the seed components and agronomically relevant traits have not been explored or
well documented up to now [5].

Having a large number of DH lines at our disposal, an augmented experimental design
was conducted [35] to compare a large number of unreplicated entries, which is typically
used in early generations of plant breeding programs [36]. Augmented block design was
first proposed by [37] and afterward used and developed further by other researchers in
different studies [38–40].

With regard to the fact that the industrialized world increasingly needs oil and oilseed
products for food, feed, and fuel industries, the production and evaluation of new geno-
types with new oil composition is indispensable for the world oil supply. Consequently, in
the present study, the relationships among oil content, protein content, and seed yield with
related agronomic traits of the new DH camelina lines grown under rain-fed conditions are
presented and discussed.

2. Materials and Methods
2.1. Plant Materials and Experimental Conditions

For this study, 136 DH lines of camelina derived from 15 different crosses (Figure S1)
were produced at Bisetonshafa Co., Kermanshah, Iran using the anther culture technique.
The information on the tested DH lines can be accessed in a former published study [31]
and is summarized in Supplementary Table S1. The study was carried out under non-
irrigated field conditions in the Karaj province (Latitude: 35◦50′ N, Longitude: 50◦56′ E,
Elevation: 1380 m.a.s.l.) of Iran during 2015–2018 growing seasons. The meteorological data
of the experimental station during the growing seasons are presented in Supplementary
Figure S2. In the semi-arid climate of the experiment location with hot summers and cold
winters, precipitation usually begins in October/November and continues until April/May.
Soil preparation of the experimental site was performed by a rolling harrow before the
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seed sowing after the harvest of the preceding crop (winter wheat). The seeds were
sown manually in November and harvested in May/June. The main soil characteristic
of the experimental farm is presented in Supplementary Table S2. The soil texture was
categorized to a silt loam according to the USDA soil taxonomy system. The camelina plots
were hand-weeded during the growing season and no additional fertilization was applied.

2.2. Experimental Design

An augmented randomized complete block design (RCBD) [41] with eight incomplete
blocks and three randomly selected check lines (DH010, DH029, and DH136) as controls in
each incomplete block was applied for the comparison of the DH lines’ performance under
field conditions. The experimental design and the position of control lines in different
blocks are presented in Figure S3. The seeds of each DH line were sown in rows of 1 m in
length, 20 cm distance between the rows, and 3 cm between the DH lines on a row.

2.3. Morphological Traits Measurement

The key parameters and industrially important traits such as days to physiological
maturation (DM), thousand seed weight (TSW), and seed yields (SY) were recorded. To
determine the SY, 10 plants from each plot were hand-harvested, and the mean SY value was
recorded as fresh and after oven-drying as dry matter. TSW was determined by counting
1000 seeds using a seed counter Sly-C (CGoldenwall), and recording the seeds’ weight. The
number of days from sowing to physiological maturity in each plot was recorded when at
least 50% of pods turned brown in color [42].

2.4. Oil and Protein Content and Free Fatty Acids Measurement

The oil content was measured at the National Institute of Genetic Engineering and
Biotechnology (NIGEB), Tehran, Iran according to the methods of Bansal et al., [43] with
minor modifications. Briefly, the seeds of the DH camelina lines were ground manually in
mortar and pestle of which 5 g was subjected for extraction using Soxhlet extractor and n-
hexane as solvent for eight hours. The oil soluble fatty acids were saponified under vacuum
after removing the solvent in a vacuum evaporator according to Lopez-Martinez et al. [44] in
triplicate. The fatty acids were then methylated according to Lepage and Roy’s method [45].
The methyl derivatives of fatty acids were isolated after cooling to room temperature and
solvent removal for gas chromatography (GC) analysis. The isolation and identification of
various fatty acids were carried out using a Varian CP 3800 GC fitted with a flame ionization
detector (FID) equipped with a polar silica column (60 m × 0.25 mm i.d., 0.2 µm). Helium
was delivered at a flow rate of 1 mL/min as a carrier gas. The components of each sample
were analyzed using Workstation software (V 6.4). The oil content of seed samples was
calculated and reported based on their dry weight percent and fatty acids content based
on total oil content by comparing their peak area with standard samples (Sigma-Aldrich,
St. Louis, MO, USA). The crude protein content was determined in a Kjeldahl method
(Kjeltec analyser unit 2300, Sweden) and calculated by using the conversion factor of 6.25
for nitrogen content [46].

2.5. Statistical Analysis

The statistical analysis, including Analysis of Variance, Pearson correlation, princi-
pal component analysis (PCA) biplot, and heat map graphs, was carried out by using
augmented RCBD [41], ggpubr, ggplot2, ggpmisc, and gplots packages, respectively, in R
environment ver. 4.1.2 and Rstudio ver. 2021.09.0 + 351 software. The significant correlation
coefficients with a p-value lower than 0.05 were presented in the correlation graph using
asterisks. For standardization of different variables in the heatmap, Z-score standardization
was applied.
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3. Results
3.1. Comparison of Plant Grwoth and Fatty Acids in DH Lines of Camelina

In this study, the diversity and relationships between the seed quality and important
agronomical traits of camelina were considered for analysis under rain-fed conditions.
Promising and significant diversity for both seed quality and morphological traits were
observed among the studied DH camelina lines (Table 1). In detail, camelina seed yield,
seed weight, maturity time, protein, and oil content and oil composition were significantly
different at 0.01 level of probability in the DH and check lines under two cropping seasons
(Table 1). In this regard, the two more important fatty acids in camelina named erucic acid
and omega3 content, were also significantly different between the surveyed lines during
the two years, which can be used to develop new camelina cultivars with a lower level of
unfavorable erucic acid (Table 1).

Table 1. Analysis of variation in surveyed camelina traits during two consecutive growing seasons.

Source

D
f

C
12.0

C
14.0

C
16.0

C
16.1

C
18.0

C
18.1

C
18.2

C
18.3

C
20.0

C
20.1

C
20.2

C
20.3

C
22.0

C
22.1

C
22.2

C
22.3

C
24.0

C
24.1

SFA

M
U

FA

PU
FA

O
C

PC D
M

T
SW

SY

1st Year

Block 7 ** ns ns ns ns ns ns ns * ns ns ** ns ns ns ns ns ns ns ns ns ns ** ns ns ns
Check
Lines 2 * ** ** ns ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** **

DH
Lines 135 ns ns ** * ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** **

2nd Year

Block 7 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns * ns ns ns ** ns ns ns ns
Check
Lines 2 ns ns ** ns ns ** ** ** ** ** ** ** ** ** ns ** ns * ** ** ** ** ** ** ** **

DH
Lines 135 ns ns ** ns ** ** ** ** ** ** ** * ns ** ** ** ns * ** ns ** ** ** ** ** **

SFA = Saturated Fatty Acid, MUFA = Monounsaturated Fatty Acids, PUFA = Polyunsaturated Fatty Acids,
OC = Oil Content, PC = Protein Content, DM = Days to Maturity, TSW = Thousand Seed Weight, SY = Seed Yield.
n = 8; ns: p > 0.05; *: p ≤ 0.05; **: p ≤ 0.01.

Adjusted average seed yield (SY) of the 136 DH lines was 1149 kg ha−1 in the first
year and 1208 kg ha−1 in the second year with a range between 853 kg and 813 kg ha−1,
respectively (Table 2).

Interestingly, there was significant diversity in α-linolenic acid content along with seed
yield within the tested DH camelina lines in two consecutive growing seasons (Table 1). The
α-linolenic acid (C18:3); one of the principal fatty acids in camelina oil, showed significant
changes among the genotypes in the present study and ranged between 30.04–34.98%, and
30.05–34.16% in the first and second years, respectively (Table 2). In general, the seed quality
was not significantly affected in two growing seasons. The average content of saturated fatty
acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA)
of camelina lines were, respectively, 10.95 ± 0.78, 34.11 ± 0.94, and 54.89 percent with a
range between 4.01, 4.49, and 5.27 percent in the first year and 10.97 ± 0.71, 34.15 ± 0.90,
and 54.84 ± 0.97 percent with a range between 4.03, 4.83, and 5.41 percent in the second
year (Table 2).



Agronomy 2022, 12, 359 5 of 13

Table 2. Overview of variation in the surveyed parameters of DH camelina lines included in
the study.

Parameters
Minimum Maximum Mean ± SD CV

1st Year 2nd Year 1st Year 2nd Year 1st Year 2nd Year 1st Year 2nd Year

C12:0 (%) 0.04 0.04 0.07 0.07 0.05 ± 0.01 0.05 ± 0.01 7.1 11.6
C14:0 (%) 0.08 0.08 0.13 0.13 0.10 ± 0.01 0.10 ± 0.01 7.2 7.0
C16:0 (%) 3.53 3.59 6.8 6.58 5.69 ± 0.55 5.70 ± 0.49 3.0 3.4
C16:1 (%) 0.16 0.15 0.22 0.22 0.19 ± 0.01 0.19 ± 0.01 3.6 4.4
C18:0 (%) 1.52 1.51 3.39 3.03 2.44 ± 0.33 2.42 ± 0.03 2.3 3.5
C18:1 (%) 13.36 13.45 18.26 17.75 15.53 ± 0.97 15.52 ± 0.93 0.5 1.4
C18:2 (%) 15.97 16.42 22.13 21.91 19.18 ± 1.29 19.22 ± 1.24 0.5 1.6
C18:3 (%) 30.04 30.05 34.98 34.16 32.28 ± 0.96 32.14 ± 0.91 0.5 0.5
C20:0 (%) 1.45 1.53 2.69 2.77 1.92 ± 0.22 1.94 ± 0.21 2.5 3.6
C20:1 (%) 13.34 13.52 16.29 16.12 14.61 ± 0.55 14.69 ± 0.55 0.5 0.8
C20:2 (%) 1.14 1.21 1.82 1.78 1.51 ± 0.15 1.51 ± 0.12 3.9 3.0
C20:3 (%) 0.94 1.03 1.62 1.50 1.22 ± 0.11 1.24 ± 0.09 3.1 4.7
C22:0 (%) 0.39 0.42 0.61 0.65 0.48 ± 0.04 0.51 ± 0.04 4.4 6.1
C22:1 (%) 2.50 2.39 3.71 3.49 3.01 ± 0.23 3.05 ± 0.23 1.7 4.0
C22:2 (%) 0.13 0.15 0.23 0.26 0.19 ± 0.02 0.21 ± 0.02 4.5 5.4
C22:3 (%) 0.37 0.39 0.63 0.65 0.50 ± 0.06 0.53 ± 0.05 2.8 4.0
C24:0 (%) 0.20 0.18 0.35 0.32 0.27 ± 0.03 0.25 ± 0.03 4.4 9.1
C24:1 (%) 0.60 0.53 0.92 0.90 0.78 ± 0.07 0.70 ± 0.08 2.4 5.5
SFA (%) 8.90 9.04 12.93 13.05 10.95 ± 0.78 10.97 ± 0.71 1.7 1.8

MUFA (%) 32.05 32.13 36.88 36.62 34.11 ± 0.94 34.15 ± 0.90 0.4 1.7
PUFA (%) 52.29 51.70 57.7 56.97 54.89 ± 1.06 54.84 ± 0.97 0.3 0.8

OC (%) 32.76 33.56 38.37 38.99 35.91 ± 1.25 36.24 ± 1.20 0.3 0.5
PC (%) 25.66 25.25 30.47 29.99 27.76 ± 0.91 27.36 ± 0.89 0.3 0.6

DM (day) 144 148 218 221 167 ± 11.8 168 ± 11.4 1.5 2.4
TSW (g) 0.60 0.69 1.47 1.52 1.06 ± 0.19 1.12 ± 0.18 6.8 4.7

SY (kg ha−1) 783 831 1636 1644 1149 ± 194 1208 ± 187 1.0 4.1

SFA = Saturated Fatty Acid, MUFA = Monounsaturated Fatty Acids, PUFA = Polyunsaturated Fatty Acids,
OC = Oil Content, PC = Protein Content, DM = Days to Maturity, TSW = Thousand Seed Weight, SY = Seed Yield.
SFA includes C12:0, C14:0, C16:0, C18:0, C20:0, C22:0, and C24:0. MUFA includes C16:1, C18:1, C20:1, C22:1, and
C24:1. PUFA includes C18:2, C18:3, C20:2, C20:3, C22:2, and C22:3. n = 136.

A significant difference was detected between the DH lines for the average of the
traits in the two studied growing seasons (Table 1). The adjusted average of palmitic acid
(C16:0), oleic acid (C18:1), linoleic acid (C18:2), linolenic acid (C18:3), erucic acid (C22:1),
SFA, MUFA, OC, PC, DM, TSW, and SY showed that there was a pronounced diversity
for future breeding programs (Figure 1). There were some contrasting genotypes for oil
compositions, protein and oil content, seed yield and weight, and early/delay maturity
habit, which are useful in omics studies to unravel the genetic mechanisms of these traits.
This remarkable diversity among the DH lines perhaps are due to the different parental
origin of these lines (Figure S1 and Table S1).
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Figure 1. Frequency distribution of selected traits in camelina DH lines.

3.2. Correlation Analysis

The Pearson correlation coefficient among the selected traits is shown in Figure 2.
The results showed that there were robust correlations between SY with OC and DM
in the biennial average (Figure 2). On the other hand, oil and protein contents had a
negative correlation (r = −0.75). The DM negatively correlated with TSW, PC, C16:1, C18:3,
and C22:1. Interestingly, linolenic acid (C18:3), a nutritional factor, showed a negative
correlation (r = −0.36) with erucic acid (C22:1) as an anti-nutrition factor.
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Figure 2. Heatmap correlations of the different characters of 136 camelina DH lines. Ns: p > 0.05;
*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001. The different colors (Red = negative correlations, Blue =
positive correlations) in the scale, as well as the numbers on the right end side of the figure show the
Pearson correlation coefficient.

Generally, the DH camelina lines characterized by small seed size such as DH031 had
less protein content but higher seed yield and oil content in the seeds (Figures 2 and 3).

The graphical representation of the data as a clustered heat map can simplify the
presentation of variations and relationships between seed composition [8] and the agro-
nomical traits of camelina (Figure 3). The obvious negative relationship between MUFA
and PUFA is shown in Figure 3. The negative relationship between MUFA and PUFA was
also reported by Krzyżaniak et al. [8] in 10 spring camelina genotypes grown in Poland.
DH031 had the highest DM associated with low SFA and a fairly high amount of C18:1
and C18:2 rather than the spring biotypes (Figure 3). This result confirmed that SFA can be
reduced in late maturity genotypes. Furthermore, some of the lines such as DH042 were
characterized by a low level of long-chain fatty acids (C ≥ 22) associated with a high level
of long-chain fatty acids (16 ≥ C ≥ 22) (Figure 3).
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Figure 3. Heat map with a dendrogram of the measured traits in the 136 DH lines of camelina.
In each column, the colors represent Z-score standardization of the data. DH lines showed in
rows and surveyed traits are in columns. DM = Days to Maturity, TSW = Thousand Seed Weight,
SY = Seed Yield, OC = Oil Content, PC = Protein Content, SFA = Saturated Fatty Acid, MUFA =
Monounsaturated Fatty Acids, PUFA = Polyunsaturated Fatty Acids. c1, c2, and c3 were the control
genotypes.

A PCA-based biplot is a powerful technique for the visualization of genotypes and
variables simultaneously. PCA for the surveyed traits showed that the first two components
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explained 35% of the total variation in the averages of the two cropping seasons (Figure 4).
The PCA biplot revealed a remarkable diversity among the DH lines and grouped the lines
according to their parental crosses (Figure 4). The first principal component (PC1) had a
negative correlation with the DM, SY, OC, MUFA, PUFA, C18:1, C18:2, and C20:2 traits
(Figure 4). This means that those lines that showed a negative PC1, had higher values for
the analyzed traits.

Figure 4. Biplot of genotypes according to PC1 and PC2 of measured traits. The DH lines (showed
with the numbers in biplot) derived from each of the 15 different crosses are presented with a
differentiated color.

4. Discussion

The confirmed superiority of camelina compared with oilseed rape as well as Brassica
carinata and B. juncea, means that it is much more resilient to environmental stresses, which
leads to its higher performance under rain-fed conditions [47]. Camelina seed yield and
quality widely varied across the DH lines in the present study during two cropping seasons.
Similar findings were recently reported by Zanetti et al. [48] and Leclere et al. [49] in
different genotypes of camelina. In this regard, Krzyżaniak et al. [8] reported much larger
diversity among growing seasons for yields ranging from 1.33 in 2016 to 2.55 Mg ha−1

in 2018 from the plants cultivated in Poland. Similar results for SY were reported by
Zanetti et al. [5] in Poland, Italy, Greece, and Canada, by Kurasiak-Popowska et al. [50]
and Krzyżaniak et al. [8] in the Ukraine, and by Załuski et al. [51] in Poland. Therefore,
camelina SY can be significantly enhanced under favorable environmental conditions.
These results showed that despite camelinas’ environmental suitability, the SY can be
considerably increased under optimum conditions. The findings of this study showed that
the environmental conditions may change the ranking of DH lines as well as in the check
lines; therefore, a multi-year average of yield reporting should be considered.

Camelina is a drought and frost tolerant oilseed crop [52], making it a smart choice for
producing high-quality oil under rain-fed conditions in areas with adequate precipitation
in fall and spring. Obeng et al. [53] suggested a delay in planting date to early-to mid-April
for optimum spring camelina seed yield where the saturated fatty acid (SFA) concentration
was also increased compared with the mid-March planting date on non-irrigation farms
of western Kansas. The mid-March planting date enhanced the oil content and quality
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by increasing PUFA and ALA concentrations. Our studied 136 DH lines derived from 15
different crosses helped us to find out the relationships between the seed yield and oil
quality as a key factor to achieve high yielding cultivars with a favorable oil quality under
rain-fed conditions. It is also noteworthy to mention the effect of maturation habitat as well
as climatic conditions that may significantly affect the oil quality in oilseed crops [54,55].
Among our results there were robust correlations between SY and OC, and SY and DM
(Figure 3). Therefore, it is possible to highlight that the late-ripening genotypes can produce
higher seed yields with consequent higher oil content. This can be simply the consequence
of a longer growth period and higher photosynthate remobilization rate during the last
part of the growth cycle. The late ripening is one of the most important agronomic traits
and is mostly associated to the winter biotype [56].

Seed quality, especially the fatty acid profile, is an important aspect in camelina
production. Although the polyunsaturated fatty acids (PUFAs) with double bonds are not
generally desirable for biodiesel, they are very advantageous for industrial applications [57].
The observed diversity among the studied lines of our camelina plants can be an attractive
phenomenon for classical breeding and to find functional molecular markers for genotypes
selection. The results of reported camelina genetic diversity would be of high interest and
crucial for future breeding programs [58].

In a study reported by Zubr [59], the variation in quality of camelina seeds was partly
claimed to be due to the genotype’s diversity among the studied seven summer varieties
and is mainly linked to the combined effects of the climatic and soil conditions, which
is in contrast to our observations where the diverse qualitative traits were identified in
genotypes grown in the same experimental conditions. The negative correlation of oil and
protein content of the seed (r = −0.75) was also observed in camelina by [5,8].

In a two-year experiment [54] reporting fatty acid compositions of 66 spring and 9 win-
ter biotypes of camelina in Poland under field conditions, significant differences between
the spring and winter cultivars were observed but with no differences among the same
samples between the growing seasons (2016–2017). For example, the linoleic acid contents
in spring and winter biotypes were different (14% and 16%, respectively), while there
was no significant difference in α-linolenic acid content (37–38%). In our study however,
DH031 as a winter biotype, had a higher level of C18:1 and C18:2 and lower level of C18:3,
but this behavior was observed in some spring lines, such as DH067, as well. DH031,
which is a winter type, had favorable unsaturated fatty acid, but, needing vernalization,
must be sowed in fall in regions with low temperatures in the winter. Therefore, there
were no significant differences in the fatty acid profile between the summer and winter
biotypes of camelina grown in greenhouse conditions [60]. The fatty acid composition of
different camelina lines was stable also in the work of Augustin et al. [61], comparing both
greenhouse and field conditions. The existing diversity of the obtained results of camelina
research worldwide is strong evidence for a promising future of this minor oilseed crop as
a particular candidate suitable for the concept of bio-economy [62].

Delayed sowing of spring camelina in Nevada negatively affected oil content, seed
yield, and biodiesel production, and the authors claimed that a delay in sowing seed in
semi-arid agroecosystems might be a challenge [42]. Furthermore, Righini et al. [22] also
suggested shifting the sowing time of camelina from spring to autumn to increase the oil
quality of seeds for biobased applications. Our results illustrated that spring-type camelinas
can be successfully cultivated in fall under the rain-fed conditions of Iran. Since cultivation
in spring needs irrigation to produce a satisfactory yield, we suggest sowing camelina
exactly before the first rain in the fall under Iranian climatic conditions.

5. Conclusions

The increasing interest in camelina cultivation and research is due to its specific fatty
acid profile, particularly in relation to the high level of omega-3 when compared to other
oilseed crops. In this study, in order to compare the seed yield and important industrial and
agronomical characteristics, doubled haploid lines were cultivated under field condition.
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In general, the results of this study showed that, despite the limited availability of cultivars
and breeding lines of camelina in many regions of the world, the studied lines had a very
good diversity, which could be used for introducing suitable cultivars in different regions
of the world. Furthermore, the use of DH camelina lines in future breeding programs
will promote the industrial interests since cultivars with higher oil, higher protein content,
higher essential fatty acids, and lower erucic acid might be easily selected. Therefore,
different camelina lines might undertake different pathways for fatty acid production as a
result of doubled haploidy. The presented work can be considered for the future research
on identifying the linkage between differentially expressed genes and phytochemical and
agronomical traits that are of high interest for camelina breeding.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12020359/s1, Figure S1: Proportion of the DH lines
derived from each cross in 136 DH lines. Figure S2: Main meteorological data (mean air temperature
and total precipitation) for Karaj station during 2015–2018. Figure S3: Augmented design for
assessment of the 136 DH lines. Table S1: List of camelina cultivars used as parents in the crosses for
production of DH lines. Table S2: Soil characteristics of the experimental site taken from 0–30 cm in
the two different cropping years.
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50. Kurasiak-Popowska, D.; Tomkowiak, A.; Człopińska, M.; Bocianowski, J.; Weigt, D.; Nawracała, J. Analysis of yield and genetic
similarity of Polish and Ukrainian Camelina sativa genotypes. Ind. Crops Prod. 2018, 123, 667–675. [CrossRef]
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