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Abstract—Camelina or false f lax (Camelina sativa) is one of the most promising oilseed crops as a feedstock
for biofuel production. It is thought that this species originated in the Eastern European region, where this
species emerged due to polyploidization or crossing between wild representatives of the Camelina genus. As a
result, camelina is characterized by a low level of genetic diversity, which imposes limitations on breeding and
improvement of this crop. Although there are some studies discussing genetic polymorphism among the
existing camelina cultivars, the assessments of Ukrainian genotypes are scarce, although this region belongs
to the center of C. sativa’s origin. For the first time, an integrated assessment of genetic diversity among
Ukrainian camelina breeding lines and cultivars, as well as analyzed the morphometric and yield parameters
of their seed oil and its fatty acid composition, has been performed. Based on the results of chromatographic
analysis, two camelina genotypes (FEORZhYaF-2 and FEORZhYaFD) with seed lipids to a greater extent
composed of fatty acids with a short carbon chain (below C18) have been distinguished. Genetic distances
between the studied genotypes have also been identified using ISSR, SSR, and ILP (actin and β-tubulin)
markers. The obtained data were compared with the crop productivity and morphometric parameters, which
allowed for differentiating the most promising pairs of phenotypes for further cross breeding. For example,
crossing the FEORZhYaF-2 and FEORZhYaFD breeding lines with the cultivars Mirazh and Peremoha in
different combinations may hypothetically provide the trait of heterosis in the first generation. This approach
to the analysis of camelina breeding samples and genetic resources may become a powerful instrument for
improving the given oil-bearing crop.
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INTRODUCTION
Today, plants from the family Brassicaceae are one

of the most important oil-bearing crops across the
world, first of all, species such as rapeseed (Brassica
napus), (B. rapa ssp. oleifera, syn. B. campestris) and
brown mustard (B. juncea) [1–3]. However, more and
more species now attract attention as prospective
sources of high-quality oil for diesel and jet biofuel
production. Among the most promising candidates
are the following species: Ethiopian mustard (B. cari-
nata) [4–6] and two species that were earlier neglected
as weeds—camelina (Camelina sativa) [7, 8] and field
pennycress (Thlaspi arvense) [9, 10].

Camelina attracted the interest of researchers, first
of all, due to its significant capacity of adaptation to a
broad spectrum of biotic and abiotic types of stress
[11]. Camelina is well adapted to cultivation in tem-
perate climatic conditions, which could possibly

develop thanks to its origin from Eastern Europe. This
plant had been a widespread oleaginous crop across
this territory until the early 1900s when sunflower and
soya replaced it [12–15]. Camelina is positively distin-
guished from other prospective oil-bearing crops for
its high adaptation capacity. For example, C. sativa
seeds can germinate at +1°C and successfully tolerate
frosts at –8 to –10°C [13, 14, 16]. Moreover, camelina
can grow on depleted soils and is resistant to fungal
pathogens, such as Leptosphaeria maculans and Alter-
naria brassicae [15].

Camelina is valued as one of the most promising
oil-bearing crops for cultivation as a biofuel plant in
the climate zones of Europe and North America. The
prospective use of different Cruciferae members for
biodiesel production has widely been discussed in
recent years [17–20], but camelina is now regarded as
the most desired oil-bearing crop [21]. Camelina oil
420
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Table 1. Spring camelina cultivars registered in Ukraine

* This cultivar is the national standard.

Cultivar Registration year Organization Registration no.

Stepovyi-1* 1996 Institute of Oilseed Crops, NAAS of Ukraine 92097001
Girs’kyi 2000 Ivano- Frankivs’k Institute of Agroindustrial Production 97097001
Mirazh 2000 Institute of Oilseed Crops, NAAS of Ukraine 94097001
Klondike 2004 Institute of Land Cultivation, NAAS of Ukraine 03097001
Prestyzh 2006 Institute of Oilseed Crops, NAAS of Ukraine 05097001
Slavutych 2008 Institute of Oilseed Crops, NAAS of Ukraine 07097001
Zevs 2009 Institute of Oilseed Crops, NAAS of Ukraine 08097001
Peremoha 2015 Hryshko National Botanic Garden, NAS of Ukraine 12097002
Evro-12 2015 Hryshko National Botanic Garden, NAS of Ukraine 12097001
was taken as a model to demonstrate a possibility of jet
biofuel production [22, 23], and this very culture was
selected by the International Air Transport Associa-
tion (IATA) as a candidate for jet biofuel [24].

Camelina also has a broad potential for both selec-
tive and biotechnological improvement. C. sativa is
one of the closest relatives of Arabidopsis thaliana,
which is the best studied model object. Therefore,
camelina is considered to be an exceptionally attrac-
tive object for genetic engineering [25] and genome
editing, which, however, is somewhat limited by the
hexaploid structure of its genome [26]. Methods for
effective in vitro transformation and regeneration have
now been developed for camelina [25, 27], and this fact
significantly facilitates further manipulations with the
plant.

Despite all the above mentioned, the challenge of
camelina’s improvement based on the classical selec-
tion methods is no less important [11]. However, the
realization of this approach requires assessing genetic
polymorphism of the existing cultivars in the world’s
collections. For this purpose, the C. sativa genetic map
was built for the first time in 2006 using 157 AFLP
markers and three SSR markers [28]. Other research-
ers have also studied the genetic diversity of camelina
using a series of molecular markers, such as RAPD,
AFLPs, hTBP, SSR, and SNP [29–35].

Some of these studies have confirmed a low level of
genetic diversity and polyploidy in camelina [28, 33,
36]. The sequencing of the C. sativa genome has addi-
tionally confirmed allohexaploidy in this plant [37],
which may be correlated with its low genetic diversity.
Also, the possibility of participation of 2–3 wild came-
lina parent species in the formation of the polyploid
C. sativa genome is also discussed now [38, 39]. Thus,
although we have a sufficient number of the studied
camelina genotypes at the current time [39], the level
of its genetic diversity is considered as low. Moreover,
it should be noted that the genetic resources of the
Eastern European C. sativa remains almost completely
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unstudied, although this region is thought to be the
center of the origin of this species.

One of the recent studies contained investigations
of genetic distances between camelina cultivars of Polish
and Ukrainian breeding [40]. The Ukrainian cultivars
described in this study were predominantly related to the
results of the Soviet breeding studies and did not reflect
the existing genetic resources of C. sativa in Ukraine.
According to the data of the National Register of Cul-
tivars in Ukraine (http://agro.me.gov.ua/ua/file-stor-
age/reyestr-sortiv-roslin-ukrayini), as of 2020, nine cul-
tivars of spring camelina have been recorded (Table 1),
and eight breeding lines are still in the final breeding
stages at the Hryshko National Botanic Garden,
National Academy of Sciences of Ukraine [41–44].

In our earlier studies, we showed a possibility to use
some of these camelina genotypes as an oily feedstock
for producing a high-quality diesel fuel [45]. We have
already started to assess genetic diversity of Ukrainian
camelina samples using ISSR markers [46]; however,
the obtained results demonstrated the necessity to
attract new molecular markers and make this genetic
analysis more detailed. Therefore, the objective of this
study was to give an integrated molecular-genetic, bio-
chemical, and morphometric assessment of the pres-
ent C. camelina genetic resources of Ukrainian breed-
ing and evaluate the prospects for the further improve-
ment of camelina cultivars.

MATERIALS AND METHODS

Plant material. For this study, we used spring
camelina (C. sativa f. annua) samples from the collection
of the Hryshko National Botanic Garden, National
Academy of Sciences of Ukraine, including four culti-
vars (Mirazh, Klondike, Peremoha, Evro-12) and
eight breeding lines (FEORZhYaF-1, FEORZhYaF-2,
FEORZhYaF-3, FEORZhYaF-4, FEORZhYaF-5,
FEORZhYaFD, FEORZhYaFCh, and FEORZhYaFChP).

Chromatographic analysis of fatty acid composition
of seed lipids. A 10-mL test tube was filled with 60 mg
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Table 2. Sequences of ISSR primers used in the study

* Source: the previous study of C. sativa [46]; ** based on T. aes-
tivum microsatellites [48].

Primer’s name 5'→3'-sequence Expected range 
of fragments sizes

ISSR-3* (CT)8TG 350–2000 bp
ISSR-4* (CA)5GT 300–900 bp
ISSR-5** (AC)8TG 250–1400 bp
ISSR-16* (AG)7GT 150–700 bp
ISSR-18* (ACTG)5 350–2000 bp
ISSR-25** (AC)8CA 450–3000 bp
ISSR-62** (AG)26 250–1000 bp
of a specimen of oil previously extracted from different
camelina samples, 4 mL of isooctane, and 200 μL of
potassium hydroxide dissolved in methanol (2M). The
tube was shaken until a transparent solution was
obtained, i.e., until completion of the reetherification
reaction. To neutralize potassium hydroxide, 1 g of
potassium sulfate monohydrate was added to the test
tube. Upon sedimentation of the formed salts, the upper
layer was removed and put into new 4-mL tubes. The
obtained samples contained approximately 15 mg/mL of
methyl ethers of fatty acids dissolved in isooctane.

Fatty acid methyl ethers were further separated and
identified by gas chromatography with a flame ionization
detector (FID) using a GC-MS Agilent 7890B-7697 gas
chromatographer (Agilent, United States) equipped
with a Zebron ZB-FAME capillary column (Phenome-
nex Inc., United States) (60 m × 0.25 mm × 0.20 μm).
Nitrogen was used as a gas-carrier, while hydrogen was
used to maintain the FID. The temperature of the
evaporator reached 250°C, while the temperature of
the column increased as high as 185°C. The volume of
the injection was 1 μL, while the total duration of
analysis per sample reached 40 min. The separated
fatty acids were identified by comparing them with the
chromatogram of a standard fatty acid solution (C10-
C24, Supelco) obtained under analogous conditions.
The obtained percentage distribution values for the
areas of peaks on the chromatogram were recalculated
relative to the molecular mass of each particular fatty
acid. As a result, we obtained values for the content of
each particular fatty acid in % mol.

Isolation of DNA and polymerase chain reaction
(PCR) conditions. Genomic DNA was isolated from
sprouts of seeds of samples (approximately 10 plants
for each genotypes) using the cetyltrimethylammo-
nium bromide (CTAB) method [47]. The analysis
using SSR markers included the isolation of DNA
from seven different exemplars of each genotype,
whereas genomic DNA was used for all other analyses.
The DNA’s quality and amount were determined by
electrophoresis on a 1.5% agarose gel using an Eppen-
dorf spectrophotometer. DNA samples were stored at
–20°C. A portion of 50 ng DNA of each of the samples
was used for PCR. Each PCR was minimally twice
repeated using a negative control to have a possibility
to detect nonspecific amplification products under a
further electrophoretic analysis. PCR was conducted
in 250 μL microtubes in a Thermal Cycler 2720 ampli-
fier (Applied Biosystems, United States). The 10-μL
reaction mixture contained a fivefold PCR buffer with
ammonium sulfate, 2.5 mmol MgCl2, 50 ng plant
DNA, 1 μM of each of the primers, 0.2 mm of each
deoxynucleotide triphosphate (dNTP), and 0.5 U Taq
polymerase (Fermentas, Lithuania).

Genotyping samples using ISSR markers. The
genetic diversity of the above-mentioned spring came-
lina samples was studied using ISSR markers by the
methodology described earlier [46]. In analogy with the
previously published study, seven primers (Table 2) were
used, a part of which was for the first time described as
being based on microsatellite sequences of Tritium
aestivum but capable to work with a broad spectrum of
species, including Chlorella vulgaris and C. pyrenoidosa
[48].

DNA was amplified using ISSR markers according
to the following protocol: initial denaturing (at 95°C)
for 5 min., 45 cycles of amplification (denaturing at
95°C for 1 min, annealing of primers for 1 min at opti-
mal temperature, elongation for 2 min at 72°C, end
elongation at 72°C for 7 min, and retention at 15°C
[46]. The amplification products were separated by
electrophoresis in a 1.5% agarose gel, adding ethidium
bromide and in a single Tris/borated-EDTA (TBE) buf-
fer. The DNA markers (O’GeneRulerTM 100 bp DNA
Ladder (Fermentas, Lithuania) were used to deter-
mine fragment lengths. The fragments were visualized
under UV light.

Genotyping samples using simple sequence repeats
(SSR) markers. Polymorphism in the alleles of micro-
satellite sequences was studied using primers specific
to seven different C. sativa SSR loci given in Table 3
[31, 33]. As has been shown earlier, the size of ampli-
fied fragments at the given loci varied from 60 to 320 bp
[40]. The amplification for all SSR markers was run
according to the following protocol: initial denaturing
(at 94°C) for 5 min., 40 cycles of amplification (dena-
turing at 94°C for 30 s, annealing of primers at optimal
temperature (depending on the primer) for 30 s, elon-
gation for 30 s at 72°C, and end elongation for 30 min
at 72°C [33].

PCR products were separated by electrophoresis in
a 6% polyacrylamide gel under denaturing conditions
in a single TBE buffer [47]. The duration of separation
of amplified fragments was 1.5 h at a voltage of 350 V.
The length of targeted fragments was determined using
the O’GeneRulerTM 50 bp DNA Ladder marker (Fer-
mentas, Lithuania). The silver nitrate staining method
was applied to visualize the fragments [49].
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020
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Table 3. Sequences of primers for SSR loci of C. sativa used in the study

Locus designation Repeat pattern Pair of primers: 5'→3' sequence

P3C3 (GA)31 F:TTGGCCATTGCTTGGGTGTA
R:ACTGGATTCCGTGCCTTGGT

P3H4 (GA)13 F:CCAGACAAACACACGAAGCCGAAT
R:CTGGGCGTAGGGTTTTAGTCCATT

P4В3 (TC)5(TG)3(TC)7(TA)2(TC)3 F:ATGGACGACGAGAGGTGTGA
R: CGATCTGAGCAGGCTCCATT

P4C2 (CT)14 F:CGTCTCCCGTTGTTCCAAGT
R:TCACAAATCACCAATTCCCAAG

P4E6 (CT)19 F:GCTCTACTACCAAACCCAACA
R:ATCCTCTCTCAAGGTATCTCTTTC

P6E4 CT(CTT)2(CT)21 F: CCGTGGAGGAAGATGATTGAGA
R: CCTCTGCCACAACCT TCAG

LIB19 (AG)26 F:CGTCTCTCCAAAGGCAGAAG
R:CAGCTCTCATCCTTGGTTTTG
Genotyping samples using the β-tubulin introns
lengths polymorphism method (TBP analysis). The
TBP analysis was conducted according to the method-
ology described in [50]. We used the pairs of degener-
ated primers, which f lank tubulin β intron I (TBP
analysis) and intron II (cTBP analysis), i.e., for TBP
analysis (5' → 3') – F: AACTGGGCBAARGGNCA-
YTAYAC; R: ACCATRCAYTCRTCD GCRTTYTC
[51], while for cTBP analysis (5' → 3') – F: GARAAY-
GCHGAYGARTGYATG; R: CRAAVCCBACCAT-
GAARAARTG [52].

DNA for TBP- and cTBP analysis was amplified
under the following protocol: (initial denaturing at
94°C) for 3 min., 35 cycles of amplification (denatur-
ing at 94°C for 30 s, annealing of primers at 55°C for
40 s, elongation at 72°C for 1.5 min), end elongation at
72°C for 8 min, and retention at 15°C [50]. The condi-
tions of electrophoretic separation of the obtained ampl-
icons were analogous to those used for the SSR analysis,
except the duration parameter, which was 2–3 h in this
case. The length of the formed and most clear fragments
was determined using the O’GeneRulerTM 100 bp Plus
DNA Ladder marker (Fermentas, Lithuania).

Genotyping samples using the actin introns lengths
polymorphism method (TBP analysis). To assess the
actin genes introns polymorphism, we used the previ-
ously developed degenerated primers specific to actin
genes intron II in plants; ActIn_F: 5'-TGGCATCAY-
ACNTTYTAC- AAYGA-3'; ActIn_R: 5'-CCMC-
CACCTDAGVACRATGTT-3' [53–55]. DNA was
amplified under the following protocol: initial dena-
turing (at 95°C) for 3 min., 40 cycles of amplification
(denaturing at 95°C for 45 s, annealing of primers at
59°C for 45 s, elongation at 72°C for 1 min, end elon-
gation at 72°C for 7 min, and retention at 15°C [53–
55]. The conditions of electrophoretic separation of
the obtained amplicons were analogous to those used
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020
for the TBP- and cTBP analyses, including the dura-
tion of separation and the used molecular mass
marker.

Statistical processing of data. The chromatographic
data for the camelina lipid fatty acid composition were
statistically treated using p-criterion. The coefficients
for the relative weight of metabolic pathways for fatty
acid synthesis were estimated according to [56–57]
with insignificant changes, in particular, using two
new coefficients suggested by the analogy with the
existing ones—oleic elongation ratio (OER) and gon-
doic elongation ratio (GER) coefficients. The values
of elongation ratio (ER), desaturation ratio (DR),
oleic desaturation ratio (ODR), linoleic desaturation
ratio (LDR), OER, and GER were estimated according
to the following formulas:

where %C18:1; %C18:2; %C18:3; %C20:1; and
%C22:1 are the values for the content of the corre-
sponding fatty acid in % mol.
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Based on the values obtained for fatty acid coeffi-
cients, we performed a hierarchical cluster analysis
using the Origin 9.1 software. Clustering in building a
dendrogram was performed using the unweighted pair
group method with arithmetic averages (UPGMA).

To estimate and record molecular weights of ampl-
icons (concerning ISSR, SSR, and TBP/cTBP mark-
ers used in this study), the digital photographs of gels
were analyzed using the Gel Analyzer program soft-
ware (http://www.gelanalyzer.com/). The bands of
amplicons were assessed by the binary system, when 1
represents the presence of a band while its absence was
designated as 0. The genetic distances between the
pairs of genotypes were determined using the Free
Tree software [58] based on the presence or absence
matrix of amplified bands shown by the investigated
samples by the Nei and Li coefficient [59], which were
estimated by the following equation:

where Ni, j is the number of alleles present in the i- and
j-genotypes; Ni is the number of alleles present in the
i-genotype; Nj is the number of alleles present in the
j-genotype; i, j = 1, 2, … [60].

The estimated values for the genetic similarity
coefficients were used to perform a cluster analysis and
build a dendrogram by the UPGMA method. The clus-
tering results were assessed based on 1000 bootstraps
using the earlier mentioned software. The terminal den-
drograms were visualized using the FigTree v1.4.2 soft-
ware (http://tree.bio.ed.ac.uk/software/figtree).

The heatmap (diagram) presented in the study was
estimated as a pairwise comparison matrix based on
the morphological parameters of the above mentioned
camelina genotypes reported by us earlier [42]. The
estimation was based on the data of the parameters,
such as the height of plants in the f lowering phase
(cm), the number of lateral shoots on the stem (num-
ber) in the f lowering phase, the diameter of the stem
(mm) in the f lowering phase, the number of leaves on
the stem (number), the leaf length (cm), the leaf width
(cm), the number of inflorescences on the main stem
(number), the length of inflorescences (cm), the
height of plants in the phase of insemination (cm), the
taproot length (cm), the number of lateral shoots
(number), the number of pods on the main stem
(number), the number of pods of the lateral shoots
(number), the lengths of the fruit (mm), the width of
the fruit (mm), the thickness of the fruit (mm), the
length of the seed (mm), the width of the seed (mm),
the mass of 1000 seeds (g). The heatmap was visualized
in the two-color variant using the online Heatmapper
software (http://heatmapper.ca/pairwise/) [61].

RESULTS AND DISCUSSION
An extremely important factor determining the

value of any oil-bearing crop is oil quality, depending

2 ( ),ij i i jS N N N= +
on its fatty-acid composition. Therefore, we per-
formed a chromatographic analysis of the lipid con-
tent and fatty acid composition of seeds from the
studied camelina samples (Fig. 1). We have estab-
lished that the content of linolenic (18 : 3) acid was
31.95–38.89% (the highest content was shown by the
FEORZhYaFD breeding line) and that of linoleic
(18 : 2) acid was from 20.04 to 24.89% (in the Klond-
ike cultivar). The highest content of oleic (18 : 1) acid
was identified in the FEORZhYaF-2 breeding line
(18.57%), whereas the content of erucic (22 : 1) acid
varied from 1.08 to 2.01%. The obtained data are cor-
related with the results of our previous studies on the
fatty acid composition of oil from seeds of these geno-
types [43–45]. The camelina seed oil, in general, is
characterized by a high content of polyunsaturated
fatty acids and a low level of erucic acid compared with
other Cruciferae [11, 16]. The genotypes studied by us
are also no exception.

In addition, we have estimated the content of the
main fatty acid groups (the content of saturated, poly-
unsaturated, and monounsaturated fatty acids,
including fatty acids with the carbon chain length
≤C18 or >C18) in the oil of the studied camelina
breeding lines and cultivars (Fig. 2). In general, the
content of particular fatty acid groups were not signifi-
cantly different among genotypes. The content of sat-
urated fatty acids was the lowest in FEORZhYaF-2
(12.85%), whereas the highest level was recorded in
FEORZhYaF-4 (16.36%). The highest content of poly-
unsaturated fatty acids was recorded in FEORZhYaFD
(61.58%), while monounsaturated fatty acids had
their highest level in FEORZhYaF-2 (31.71%). The
highest content of fatty acids with a short chain was
recorded in FEORZhYaFD (87.01%). The samples
FEORZhYaF-1, FEORZhYaF-3, FEORZhYaF-5,
FEORZhYaFCh, FEORZhYaFChP, Mirazh, Klond-
ike, Peremoha, Evro-12 did not differ strongly from
one another in these indicators. According to our pre-
vious studies, the FEORZhYaFD breeding line has
already been supposed as the most promising geno-
type for the use as a feedstock for biodiesel production
[43–45]. The FEORZhYaF-2D breeding line differs
from other genotypes by its high content of oleic (18 : 1)
acid as well as by the lowest level of saturated acids.

At the next stage of our studies, we estimated fatty
acid coefficients for each of the investigated camelina
genotypes (Table 3). The values of these indicators
allow us to assess so called “relative weight of a partic-
ular region in a metabolic pathway” and approxi-
mately determine the relative activity of an enzyme
cascade acting at a particular stage of elongation and
saturation. ER describes the elongation of the oleic
acid chain (C18:1) to eicosenoic (C20:1) and erucic
(C22:1) acids, whereas DR describes the desaturation
of oleic acid to linoleic (C18:2) and linolenic acid
(C18:3), ODR from oleic to linoleic, and LDR from
linoleic to linolenic acid. ER and DR were estimated
according to [57], while ODR and LDR were esti-
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020
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Fig. 1. Fatty acid composition of oils from different camelina genotypes used in this study (%, p < 0.05)
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Fig. 2. Distribution groups of fatty acids in the camelina oils: SFA—saturated fatty acids; PUFA—polyunsaturated fatty acids;
MUFA—monounsaturated fatty acids; ≤C—fatty acids with the carbon chain length 18 and less; >C18—fatty acids with the carbon chain
length over 18 (%, p < 0.05); 1—FEORZhYaF-1; 2—FEORZhYaF-2; 3—FEORZhYaF-3; 4—FEORZhYaF-4; 5—FEORZhYaF-5; 6—
FEORZhYaFD; 7—FEORZhYaFCh; 8—FEORZhYaFChP; 9—Mirazh; 10—Klondike; 11—Peremoha; 12—Evro-12.
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Distribution of the main fatty acid groups in oil of different C. sativa genotypes
mated according to [56]. We also offered additional
coefficients to describe the processes of elongation in
more detail: OER describes the relative weight of the
elongation pathway from oleic (C18:1) acid to gondo-
inic (C20:1) acid and GER describes the elongation of
gondoinic acid to erucic (C22:1) acid. Summing the
above, we can state that these coefficients indicate the
% mol ratio between the content of particular fatty
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020
acids and the content of the acids that are the products
of their conversion through the desaturation or elon-
gation pathways.

Thus, according to Table 4, the FEORZhYaFD
breeding line characterized by the highest content of
short-chain (≤C18) fatty acids has the lowest ER
value—0.1174. At the same time, DR is the highest
for the FEORZhYaFD genotype—0.7128—since its
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Table 4. Estimation data on relative weight coefficients for metabolic pathways of fatty acid synthesis

Genotypes ER DR ODR LDR OER GER

FEORZhYaF-1 0.1342 0.6633 0.7661 0.6306 0.3986 0.1113

FEORZhYaF-2 0.1509 0.63 0.742 0.6203 0.4079 0.1027

FEORZhYaF-3 0.1636 0.6651 0.7952 0.6135 0.4886 0.1108

FEORZhYaF-4 0.1661 0.6697 0.8031 0.5908 0.5029 0.1163

FEORZhYaF-5 0.1602 0.6929 0.825 0.6268 0.5215 0.1296

FEORZhYaFD 0.1174 0.7128 0.8076 0.6533 0.4088 0.1098

FEORZhYaFCh 0.1512 0.6851 0.8072 0.6066 0.4802 0.122

FEORZhYaFChP 0.1494 0.6668 0.784 0.6008 0.4485 0.1603

Mirazh 0.1288 0.6575 0.7547 0.617 0.376 0.137

Klondike 0.138 0.6964 0.8079 0.5636 0.4547 0.127

Peremoha 0.1457 0.647 0.7573 0.6053 0.4127 0.0953

Evro-12 0.1503 0.689 0.8109 0.6444 0.4833 0.1282
seed oil composition is characterized by the highest
content of polyunsaturated fatty acids compared with
other genotypes.

All camelina breeding lines and cultivars have a
rather low GER coefficient value, varying within
0.0953–0.1603, which is correlated with an insignifi-
cant content of erucic acid in these genotypes (2% and
less). Other coefficients also change according to the
same principle. For example, а low LDR value is cor-
related with a low content of linolenic acid, etc. The
values of the given coefficients allow us to assess not
only the content of some particular acid but also the
entire differences in the functions of metabolic path-
ways for the synthesis of fatty acids, which can further
serve as an orientation for creating camelina lines with
increased content of particular fatty acids.

To make the total assessment of differences in the
biochemical composition of lipids in the C. sativa
seeds of Ukrainian breeding, we have built a dendro-
gram (Fig. 3) based on the values of the estimated fatty
acid coefficients (Table 4) on which we can distinguish
three main groups. Group C included two genotypes
Klondike and FEORZhYaFChP, characterized by
rather low LDR and GER values. Group A contains 5
genotypes: FEORZhYaF-1, Mirazh, FEORZhYaF-2,
Peremoha, and FEORZhYaFD. At the same time,
Evro-12 and the FEORZhYaF-3, FEORZhYaF-4,
FEORZhYaF-5, and FEORZhYaFChP breeding lines
are related to the B group. Thus, judging by the fatty
acid composition, the group A containing prospective
breeding lines, such as FEORZhYaF-2 and FEOR-
ZhYaFD, is the most interesting due to their special
fatty acid composition. According to the results of our
previous studies, it should also be noted that all A
group members, with the exception of the Mirazh cul-
tivar, were characterized by an especially high seed
lipid content exceeding 42% [43–45].

According to different sources, the yield of spring
camelina types may reach 2500 kg/ha [21] or 3320 kg/ha
[14]. At the same time, the spring camelina cultivars in
southern Poland can produce almost 2400 kg/ha
under similar conditions and the winter cultivars can
produce yields reaching 2800 kg/ha (data of 2012, the
most favorable year for cultivation) [40]. According to
our data, the productivity of the studied genotypes
reached 4111 kg/ha for the Evro-12 cultivar [45],
which allows providing the yield of lipids reaching
1330 kg/ha [41]. As has previously been shown, the
content of oil in seeds of the cultivars studied by us var-
ied within 36.04–43.89% [41, 43–45], whereas,
according to different reports, the oil content of came-
lina seeds may reach 49% [11]. Some current
approaches allow producers to increase the total fatty
acid content in camelina seeds. For example, the
camelina seed oil content may be increased by induc-
ing the overexpression of the WRI1 gene by as high as
14% compared with untransformed plants [62].

To establish the level of polymorphism and genetic
differences among the Ukrainian C. sativa breeding
lines and cultivars, we have performed DNA profiling
with seven ISSR primers (ISSR-3, ISSR-4, ISSR-5,
ISSR-16, ISSR-18, ISSR-25, ISSR-62), which were
used by us previously for camelina fingerprinting [46].
The electrophoregrams with the separation of ampli-
cons obtained with ISSR-25 and ISSR-18 primers are
presented in Fig. 4. In total, 81 loci have been
detected, including 68 polymorphic ones with the
level of polymorphism reaching 83.95%.

The obtained data substantially differ from the ear-
lier obtained results [46], mainly, due to the fact that a
higher number of loci were detected with the markers
ISSR-3 (nine loci in total), ISSR-4 (11 loci), ISSR-16
(10 loci), and ISSR-18 (12 loci) under this study,
which increased the total number of detected loci. The
number of detected polymorphic loci has also proved
to be larger (83.95%) compared with the previous
results (76.5%), which, in the first place, was caused
by higher levels of polymorphism associated with the
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020
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Fig. 3. Dendrogram based on the hierarchical clustering
analysis of fatty-acid coefficient values shown by different
camelina genotypes.
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ISSR-3 (78%) and ISSR-16 (90%) primers compared
with the previous studies of these camelina genotypes
[46]. No significant differences have been shown for
ISSR-5, ISSR-25, and ISSR-62 primers in either the
number of present loci or the number of polymorphic
ones, which varied from 77 to 93%.

The indicated differences in the results of molecu-
lar-genetic profiling with ISSR markers, are, first of
all, associated with the very method and its specifici-
ties. The ISSR analysis is one of the variations of the
Random Amplification of Polymorphic DNA (RAPD)
method with the partial specificity to microsatellite
repeats [63]. Since ISSR primers can conventionally
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020

Fig. 4. Electrophoregrams of amplicons obtained for different 
emoga; 2—FEORZhYaF-5; 3—FEORZhYaFChP; 4—FEOR
ZhYaF-1; 8—FEORZhYaF-3; 9—FEORZhYaFCh; 10—Klondi
2—FEORZhYaF-2; 3—FEORZhYaF-3; 4—FEORZhYaF-4; 5—
FEORZhYaFChP; 9—Peremoha; 10—Evro-12; 11—Mirazh; 12
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randomly select sequences for amplification under

PCR, the number and length of obtained fragments

may vary, although, despite this, the reproduction of

the method is much better than in the case of RAPD

[63]. This is also one of the causes as to why the same

ISSR primers can work with a broad range of plant

types (from monocotyledonous and dicotyledonous to

microalgae) [46, 48]. Subsequently, to verify the

obtained results, we also used other DNA profiling

methods based on evaluating the polymorphism of

both the SSR loci and the lengths of introns in differ-

ent genes of cytoskeletal proteins (actin and β-tubu-

lin). Despite this, we estimated the coefficients of

genetic distances on the basis of the obtained molecu-

lar-genetics profiles with different ISSR markers and

built a dendrogram (Fig. 5).

As clearly seen from Fig. 5, the dendrogram is sub-

divided into two main branches designated A and B.

All cultivars (Peremoha, Klondike, Evro-12, and

Mirazh) are referred to branch A, as well as the

FEORZhYaF-5 breeding line (A1), whereas the

FEORZhYaFCh (A3) falls out from the main group.

The FEORZhYaF-1, FEORZhYaF-2, FEORZhYaF-3,

and FEORZhYaFChP breeding lines are grouped at

some distance from the B2 subclade. This distribution

hardly correlates with the dendrogram based on the

fatty acid coefficients (Fig. 3). The exceptions include

the FEORZhYaF-1 and FEORZhYaF-2 breeding

lines, which fall under the common clade. The built

tree almost completely coincides with the previously

obtained data [46], which confirms that the results are

reproduced within these genotypes despite the speci-

ficities of the ISSR analysis method. There are no

published studies so far in which ISSR markers were

used for assessing the C. sativa polymorphism.

Although the methods based on the amplification of

random regions are not so widely used today, it has

recently been shown that the application of RAPD

primers with SSR markers helps to discriminate
camelina genotypes using ISSR markers: (a) ISSR-25: 1—Per-
ZhYaFD; 5—FEORZhYaF-4; 6—FEORZhYaF-2; 7—FEOR-
ke; 11—Mirazh; 12—Evro-12; (b) ISSR-18: 1—FEORZhYaF-1;

FEORZhYaF-5; 6—FEORZhYaFD; 7—FEORZhYaFCh; 8—
—Klondike. M—molecular weight marker.
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Fig. 5. Dendrogram based on the polymorphism data for the amplified fragments obtained using SSSR markers of loci in different
camelina genotypes.
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Fig. 6. Fragments of the electrophoregram with amplified SSR loci in different plants of the Peremoha cultivar.
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between cultivars of the Polish and Ukrainian-Soviet
breeding [40].

In addition, we analyzed seven plants of each gen-
otype with seven pairs of SSR primers (the P3C3,
P3H4, P4B3, P4C2, P4T6, P6T4, and LiB19 loci).
The total number of detected alleles varied from one
(the monomorphic P6E4 locus) to six (the P4C2
locus). We detected two alleles at the LiB19 locus and
two alleles at the P4B3 locus. Three allelic variants
were detected at each of the P3H4, P4E6, and P3C3
loci. Figure 6 gives electrophoregrams with the ampli-
fied SSR loci of the Peremoha cultivar.

In general, the cultivars and breeding lines studied
by us were characterized by a sufficiently low level of
heterozygosity, and, in particular, no heterozygous
plants have been found at the LiB19 and P6E6 loci.
The largest number of heterozygotes has been detected
at the P4E6 locus, for example in the FEORZhYaF-3
line (one exemplar) and in the Euro 12 cultivar (two
exemplars). Other studies devoted to a genetic diver-
sity of camelina, using the given SSR markers, also
reported about a high level of homozygosity detected

in plants of this species [33]. Based on the obtained

molecular genetic profiles at different microsatellite loci,

we have estimated the coefficients of genetic distances

and built a dendrogram (Fig. 7). As is clearly seen, the

genotypes are distributed in two large branches (A and B).

We should note that the majority of breeding lines

are differentiated at some distance (in the A branch)

from the Mirazh, Peremoha, and Euro 12 cultivars

located in the branch B. It is interesting that the B

branch is itself subdivided into subclades coinciding

with similar subclades of the dendrogram based on the

polymorphism of ISSR markers (Fig. 5). Thus, the B1

subclade of the tree with the SSR markers is identical

to the A1 subclade of the tree with ISSR markers and

contains the FEORZhYaF-5 breeding line and the

Peremoha cultivar. The same may be stated about the

Mirazh and Evro 12 cultivars belonging to both the B2

subclade (the SSR tree, Fig. 7) and the A2 subclade

(the ISSR tree, Fig. 5).
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020



EVALUATING THE DIVERSITY AND BREEDING PROSPECTS 429

Fig. 7. Dendrogram based on the polymorphism data on SSR loci in different camelina genotypes.
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A similar situation may be observed in relation to the
FEORZhYaF-1, FEORZhYaF-2, and FEORZhYaF-3
breeding lines, which fall under the same subclade in both
dendrograms. The FEORZhYaF-1 and FEORZhYaF-2
breeding lines are also differentiated in both cases to
the common branch of the lowest order, thus demon-
strating their high genetic similarity. It should be noted
that the FEORZhYaFD breeding line is stably differ-
entiated in both cases to the particular subclade far
from the above-mentioned samples and localized in
the middle of the dendrogram, indicating its sizeable
genetic distance from other breeding lines, which is
still insufficient for FEORZhYaFD to fall out from the
main groups and be distributed into another clade. In
addition, this fact may indicate that FEORZhYaFD is
genetically closer to the members of the B clade (Fig. 7)
than other representatives from the A clade.

As an additional instrument to assess genetic poly-
morphism in the studied camelina breeding lines and
cultivars, we used molecular genetic markers allowing
us to assess the intron length polymorphism (ILP).
Among these were markers based on the actin gene II
intron length polymorphism. This approach was ear-
lier used for different plant species, including f lax
(Linum usitatissimum) [53], as well as for Solanaceae
and Poaceae representatives [54]. We employed this
approach to detect genetic diversity of Ukrainian
camelina cultivars and breeding lines. The results of
electrophoretic separation of the obtained actin II
intron amplicons in different C. sativa genotypes are
given in Fig. 8. The obtained DNA fragments had
lengths ranging from 550 bp to approximately 3000 bp.
It should be noted that the majority of the obtained
fragments did not differ between different camelina
genotypes. However, their insignificant polymor-
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020
phism was detected in the 1000–1100 bp zone. The
given fragments had a sufficiently low intelligibility in
all repeats but were reproduced from which allowed us
to conclude that these amplicons were not nonspecific
PCR products.

Although the given fragments were not fully intelli-
gible for assessing their length, it was possible to con-
clude that their sizes were similar to those of the
FEORZhYaF-2, FEORZhYaF-3, FEORZhYaFD, Pe-
remoha, and Klondike genotypes, for which the given
amplicon length was close to 1000 bp. The FEORZhYaF-1,
FEORZhYaF-4, FEORZhYaF-5, FEORZhYaFCh,
and FEORZhYaFChP breeding lines and the Euro 12
and Mirazh cultivars have also been characterized by
the presence of fragments with similar sizes. Due to a
significantly low level of detected polymorphism, the
data of these molecular genetic profiles were not used
further for building dendrograms. In general, the actin
intron length polymorphism method may possibly be
more suitable for detecting polymorphism either
among higher taxonomic units (at the level of different
species and genera) or for assessing geographically dis-
tant populations or studying interspecies hybrids and
identifying their parent forms [53–55].

We have also performed a TBP analysis for identi-
fying the level of polymorphism in the β-tubulin I
intron length in the studied C. sativa genotypes. The
obtained electrophoregram (Fig. 9a) shows that the
length of all amplicons ranged from 295 bp to 3200 bp.
A great number of the formed amplification products
(nearly 50) were observed in all studied camelina sam-
ples, which is explained by the allohexaploid structure
of this plant’s genome as well as by a number of the
β-tubulin isotypes in C. sativa (nearly 20) [32].



430 BLUME et al.

Fig. 8. Electrophoregrams with actin intron amplicons in
different camelina genotypes. The figure shows the molec-
ular mass range in which polymorphic fragments were
identified: 1—Peremoga; 2—FEORZhYaF-5; 3—FEOR-
ZhYaFChP; 4—FEORZhYaFD; 5—FEORZhYaF-4; 6—
FEORZhYaF-2; 7—Evro-12; 8—FEORZhYaF-1; 9—
FEORZhYaF-3; 10—FEORZhYaFCh; 11—Klondike;
12—Mirazh. M—molecular weight marker.
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A large part of bands on the electrophoregram is
monomorphic (Fig. 9a). In total, one can distinguish
seven clear polymorphic bands located in the following
ranges: 295–300 bp (band 1'), 350–400 bp (bands 1, 2),
600–700 bp (bands 3, 4), and 1000–1100 bp (bands 5–7).
However, it is probable that band 1' (295 bp) may be
formed as a nonspecific amplification product since
this band is clear in some samples but unnoticeable or
absent in other samples. The samples FEORZhYaF-5
and FEORZhYaFChP are characterized by 370 bp
amplicons, whereas amplicons in other samples are
formed with a different weight (375 bp). The 660 bp
band is observed in four of the studied 12 breeding
lines (Mirazh, FEORZhYaF-1, FEORZhYaF-5, and
FEORZhYaFChP) but the remaining eight breeding
lines were characterized by the 650 bp long band. The
1085 bp band characterizes the cultivar Mirazh alone.
Apart from this, the molecular profile of Mirazh in the
majority of repeats contained one amplicon approxi-
mately 1150 bp long, which was not encountered in
other genotypes.

Thus, assessing the β-tubulin gene I intron length
polymorphism, we have successfully discriminated
between different samples of the C. sativa cultivars and
breeding lines. However, the majority of amplicons
were similar within the genetic profiles of all cultivars
and breeding lines, except the earlier mentioned
molecular weight ranges. However, approximately half
of the samples have a very similar or even the same
genetic profile, which agrees with the reports about a
low level of genetic diversity among camelina cultivars
[28, 33]. In our case, in addition, the majority of the
studied C. sativa genotypes have a common breeding
origin.

Therefore, to specify and detail the obtained infor-
mation for the purpose of a more accurate differentia-
tion between samples, we have additionally performed
the cTBP analysis, i.e., studied polymorphism in the
β-tubulin gene II intron length. The results of electro-
phoretic separation of the amplified fragments of the
β-tubulin gene II intron also indicated the presence of
a great number of fragments, the majority of which
were also monomorphic for all samples (Fig. 9b).

The DNA fragments were detected approximately
within the 350 bp–2990 bp range, but clear and repro-
duced fragments were present only within the range
from 350 bp to 1190 bp, and therefore, only the latter
were subsequently estimated. In total, seven polymor-
phic fragments were detected with approximate
molecular mass: 515 bp (band 1*), 520 bp (band 2*),
525 bp (band 3*), 550 bp (band 4*), 570 bp (band 5*),
795 bp (band 6*), and 1015 bp (band 7*). The studied
genotypes also rather strongly differed in the presence or
absence of particular amplicons. For example, band 4*
was present only in FEORZhYaF-1, FEORZhYaF-2,
FEORZhYaF-3, and the Peremoha cultivar, whereas
band 5* was characteristic for all other genotypes.
Bands 4* and 5* are most likely related to the same
region that has a different length in different geno-
types. As for bands 1*, 2*, and 3*, two bands from this
range are present in each of the FEORZhYaF-3,
FEORZhYaF-5, Mirazh, and Evro 12 genotypes, which
may confirm a high level of heterozygosity in these
lines. Most probably, these bands are also amplifica-
tion products of homologous regions differing in
length. The same is related to the duplicate band 7* in
FEORZhYaF-4. It should be noted that these nuances
happened to be detected only owing to the cTBP anal-
ysis, whereas, according to the analysis of the first
intron length polymorphism, all profiles of the studied
genotypes had an equal number of bands.

Based on the obtained molecular genetic profiles of
the studied camelina genotypes, we have estimated the
Nei and Li similarity coefficient. According to the
TBP analysis, the coefficient values vary from 0 (among
the FEORZhYaF-5–Mirazh and FEORZhYaF–ChP–
Mirazh samples) to 1 (in the majority of samples). The
Nei genetic distance had values from 0 to 1.242. The
Nei and Li similarity coefficient values estimated on
the basis of the cTBP analysis profiles vary from 0 to 1,
while the Nei genetic distance varies from 0 to 1.099.
Based on the estimated Nei and Li coefficients, we have
built a dendrogram (Fig. 10) that shows the distribution
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020



EVALUATING THE DIVERSITY AND BREEDING PROSPECTS 431

Fig. 9. Electrophoregram with amplicons of (a) I and (b) II introns of the β-tubulin gene in different C. sativa genotypes. The
arrows indicate the most polymorphic fragments: 1—Mirazh; 2—FEORZhYaF-2; 3—FEORZhYaF-3; 4—Evro-12; 4—FEORZhYaF-4;
5—FEORZhYaF-5; 6—Peremoha; 7—Klondike; 8—FEORZhYaFCh; 9—FEORZhYaF-1; 10—FEORZhYaF-5; 11—
FEORZhYaFChP; 12—FEORZhYaFD. M—molecular weight marker.
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of the studied camelina samples by their genetic
TBP/cTBP profiles.

Three major branches (A, B, C) can be seen in the
built dendrogram. It should also be noted that the
Mirazh cultivar (Institute of Oilseed Crops, Ukrainian
Academy of Agrarian Sciences, (UAAS)) falls out of
all groups, which indicates its significant genetic dis-
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020

Fig. 10. Dendrogram based on the polymorphism data on
β-tubulin intron lengths (by I (TBP) and II (cTBP)
introns) in different camelina genotypes.
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tance from the genotypes from the Hryshko National

Botanic Garden and the Klondike cultivar (Institute

of Agriculture, UAAS). Group C includes the

FEORZhYaF-5 and FEORZhYaFChP breeding lines,

whereas the FEORZhYaF-3 breeding line and the

Evro-12 cultivar are related to group B. It should be

noted, according to the previous analyses, that these

samples were not grouped in a similar way in any of the

cases (Figs. 5, 7), with the exception of the dendro-

gram based on fatty acid coefficients (Fig. 3), in which

FEORZhYaF-3 and Evro-12 were related to the B group,

although they were located in different branches. As in the

case with SSR- and ISSR markers, the FEORZhYaF-1,

FEORZhYaF-2, and FEORZhYaF-4 breeding lines

were related to the A group (Fig. 10). It is interesting

that the Klondike and Peremoha cultivars are located

in the same branch of the lowest order, which was fre-

quently observed in the dendrogram with ISSR mark-

ers in which these genotypes belonged to the same

branch. The genetic closeness of the FEORZhYaD

and FEORZhYaF-4 breeding lines is also confirmed

by their location in the adjacent branches in Fig. 10

and by their distribution in the case of ISSR-tree to the

same branch. The FEORZhYaD and FEORZhYaF-4

breeding lines were also sufficiently close with SSR
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Fig. 11. Heatmap of pair comparison, which shows the
level of difference between genotypes (with Black color—
completely identical; white color—most different) in mor-
phological parameters of plants: 1—FEORZhYaF-1; 2—
FEORZhYaF-2; 3—FEORZhYaF-3; 4—FEORZhYaF-4;
5—FEORZhYaF-5; 6—FEORZhYaFD; 7—FEOR-
ZhYaFCh; 8—FEORZhYaFChP; 9—Mirazh; 10—Klond-
ike; 11—Peremoha; 12—Evro-12.
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markers and both were related to the A group, albeit to
its different subgroups (Fig. 7).

To compare the studied camelina genotypes in
morphometric indicators, we used the data of our pre-
vious studies [42]. The heatmap reflects the level of
diversity in the genotypes in morphology (Fig. 11).
The lowest degree of similarity with other samples was
demonstrated by the Evro-12 cultivar differing by sig-
nificantly higher productivity [45], larger sizes of fruits
and seeds and, in general, by larger plants compared
to other genotypes [42]. The Peremoha cultivar dif-
fered slightly less but nevertheless substantially. The
highest similarity was shown by the following pairs
of genotypes: FEORZhYaFD–FEORZhYaF-1,
FEORZhYaFChP–FEORZhYaF-5, Mirazh–
FEORZhYaF-5, and Klondike–FEORZhYaFD. All
other genotypes demonstrated a moderate degree of
differences between one another.

There are no clear coincidences in the distribution
of samples if we compare the results of molecular-
genetic analysis with different markers but some similar-
ities are present. For example, the FEORZhYaFChP–
FEORZhYaF-5 breeding lines are related to the same
branch in the TBP dendrogram (Fig. 10) but belong to
absolutely different groups in other cases (Figs. 5, 7).
Mirazh–FEORZhYaF-5 belong to the common
group by the results of ISSR- and SSR-analysis,
although they fall under different subclades within these
groups. In the case of the Klondike–FEORZhYaFD
pair, there are coincidences with dendrograms on Figs. 7
and 10, where these genotypes are related to the same
branch within the same group. This correlation was
not observed in other cases.

If we turn to the analysis of differences in the fatty-
acid composition (Fig. 3) and to the analysis of genetic
polymorphism (Figs. 5, 7, 10), we can see that the pic-
tures substantially differ. It is known that, in the case
when genetic distances are determined based on the
analysis of noncoding regions of the genome, the
obtained results may substantially differ from the
established similarity of genotypes in morphological
or biochemical traits [64]. Therefore, this correlation
between the morphology, fatty-acid composition, and
polymorphism of molecular genetic markers is insuffi-
ciently clear.

To obtain camelina genotypes with increased con-
tents of particular fatty acids, it would be theoretically
expedient to select breeding pairs in which the desired
trait would be most expressed. At the same time, these
breeding lines (or cultivars) should be genetically dis-
tant from each other as far as possible. A possibility of
obtaining heterozygous lines has been shown for dif-
ferent species of Cruciferae: rape (B. napus) [65, 66],
Indian mustard (B. juncea) [67], white cabbage
(B. oleracea var. capitata) [68], Chinese leafy or bok
choy cabbage (B. rapa ssp. chinensis) [69], and came-
lina [70]. Moreover, apart from the use of molecular
markers for identifying genetic distances between cul-
tivars, the confirmation of their homozygosity and
selection of parent genotypes for obtaining heterozy-
gous lines of plants in the first generation was success-
fully shown on the example of Indian mustard using
RAPD markers [71] and on the example of Pekinese
cabbage (B. rapa ssp. pekinensis) [71] using SSR mark-
ers and sequencing [72].

The polyploidy of the C. sativa genome provides a
high level of diversity of allelic variants of particular
genes, which may facilitate the obtaining of hybrids
with a high level of heterozygosity and, respectively,
provide the appearance of novel phenotypic variants
with the expressed heterosis effect [37]. Camelina is
also a primarily self-pollinating plant, which leads to
the natural formation of inbred lines with a high level
of homozygosity [33, 70]. Thus, we have also con-
firmed in our study with SSR markers that the number
of homozygous plants within a cultivar or a breeding
line significantly exceeded the number of heterozy-
gotes.

Within the context of this study, we can speak
about the selection of camelina genotypes character-
ized by attractive qualities in fatty acid composition
(such as the FEORZhYaF-2 and FEORZhYaFD gen-
otypes) and demonstrating a sufficiently high level of
seed productivity and oil content. This all, in the first
place, is related to genotypes of the A group (Fig. 3),
including FEORZhYaF-1, Mirazh, FEORZhYaF-2,
Peremoha, and FEORZhYaFD. As was mentioned
above, these breeding lines and cultivars, except
FEORZhYaF-1, are valued for higher-than-average
productivity and a high seed lipid content (more than
42%) [43, 45], which provides the yield of oil at a level
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020
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exceeding 1200 kg/ha per unit of area, whereas this
value for the studied genotypes varies from 1058 kg/ha
(FEORZhYaF-1) to 1330 kg/ha (Evro-12) [41]. At the
same time, the morphometric indicators, such as pro-
ductivity, are close in the given genotypes to the aver-
age values per sample, which may additionally con-
tribute to heterosis, since, as has been shown earlier,
this phenomenon is more strongly manifested in
crossing camelina plants with moderate indicators of
quantitative traits [70]. In view of this, we can state that
pairs for crossing, such as Peremoha-FEORZhYaF-2
and Peremoha-FEORZhYaFD, as well as Mirazh–
FEORZhYaF-2 and Mirazh–FEORZhYaFD, are
more promising for the probability of manifesting the
heretosis effect, since these pairs are sufficiently dis-
tant in the dendrograms in the majority of cases based
on the polymorphism of molecular-genetic markers
(Figs. 5, 7, 10). Moreover, according to the analysis of
polymorphism in the β-tubulin introns lengths, the
Mirazh cultivar completely falls out of the main group,
which indicates its distant location.

The FEORZhYaF-2–FEORZhYaFD combina-
tion may also be potentially interesting in view of their
fatty-acid composition specificities. This pair of gen-
otypes is not so genetically distant, as the previous
one, since the plants are grouped in the majority of
cases under the same clade, despite their distribu-
tion in rather distant branches. The same can be
related to the Mirazh–Peremoha pair since its com-
ponents are assigned to the same group in all cases,
except Fig. 10. The Peremoha–FEORZhYaF-1 and
Mirazh–FEORZhYaF-1 pairs can be qualified as
insufficiently attractive due to low productivity indi-
cators in the FEORZhYaF-1 line. The FEORZhYaF-1–
FEORZhYaF-2 combination of genotypes is the least
preferable, since these breeding lines show the highest
level of genetic similarity in all cases among all samples.

There is also a possibility to form other combina-
tions with genetically most distant camelina samples,
but the obtained hybrids may be less promising for use
as a feedstock for the biofuel production in view of
their productive parameters and oil quality. This is
confirmed by the fact that, although all the studied
genotypes came from the same geographical region,
they manifest rather significant variability between
one another. Although it is known that camelina
crossing combinations with geographically distant
populations could be most advantageous, the heterosis
effect may theoretically also be possible within sam-
ples from the studied genotypes, which, of course,
must be verified in practice.

FUNDING

The study was supported by the project on the Integrated

Assessment of Productivity Characteristics of Camelina as

an Energy Feedstock for the Production of Diesel Biofuel

Components Compared with Other Brassicaceae Oil Crops

within the Target Integrated Interdisciplinary Program for
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020
Scientific Research of the National Academy of Sciences

(NAS) of Ukraine for Elaborating Scientific Principles for

the Rational Use of Natural Resource Potential and Sus-

tainable Development (2015–2019) and the project for the

Assessment of Technical Characteristics and Selection of

Oil-Rich Plants and Microalgae for Biodiesel Production

within the integrated target scientific-technological pro-

gram of scientific research of the NAS of Ukraine—Biolog-

ical Resources and Novel Technologies of Bioenergocon-

version (2018–2022).

COMPLIANCE WITH ETHICAL STANDARDS

The authors declare that they do not have any conflicts

of interest. This article does not contain any studies con-

ducted by any of the authors in animals or humans.

REFERENCES

1. Downey, R.K., The origin and description of the Brassi-
ca oilseed crops, in High and Low Erucic Acid Rapeseed
Oils: Production, Usage, Chemistry, and Toxicological Eval-
uation, Kramer, J.K.G., Sauer, F.D., and Pigden, W.J.,
Eds., Toronto: Academic, 1983, pp. 1–20.

2. Carlson, A.S., Plant oils as feedstock alternatives to pe-
troleum—a short survey of potential oil crop platforms,
Biochimie, 2009, vol. 91, pp. 665–670. 
https://doi.org/10.1016/j.biochi.2009.03.021

3. Warwick, S.I., Brassicaceae in agriculture, in Genetics
and Genomics of the Brassicaceae, Schmidt, R., and
Bancroft, I., Eds., New York: Springer Science+Busi-
ness Media, 2011, pp. 33–65.

4. Warwick, S.I., Gugel, R., McDonald, T., and Falk, K.C.,
Genetic variation and agronomic potential of Ethiopian
mustard (Brassica carinata) in western Canada, Genet.
Resour. Crop. Evol., 2006, vol. 53, pp. 297–312. 
https://doi.org/10.1007/s10722-004-6108-y

5. Marillia, E.F., Francis, T., Falk, K.C., Smith, M., and
Taylor, D.C., Palliser’s promise: Brassica carinata, an
emerging western Canadian crop for delivery of new
bio-industrial oil feedstocks, Biocatalysis Agricult. Bio-
technol., 2014, vol. 3, no. 1, pp. 65–74. 
https://doi.org/10.1016/j.bcab.2013.09.012

6. Gesch, R.W., Isbell, T.A., Oblath, E.A., Allen, B.L.,
Archer, D.W., Brown, J., Hatfield, J.L., Jabro, J.D.,
Kiniry, J.R., Long, D.S., and Vigil, M.F., Comparison
of several Brassica species in the north central U.S. for
potential jet fuel feedstock, Industr. Crop Prod., 2015,
vol. 75, pp. 2–7. 
https://doi.org/10.1016/j.indcrop.2015.05.084

7. Moser, B.R., Camelina (Camelina sativa L.) oil as a
biofuels feedstock: golden opportunity or false hope?,
Lipid Technol., 2010, vol. 22, no. 12, pp. 270– 273. 
https://doi.org/10.1002/lite.201000068

8. Berti, M., Gesch, R., Eynck, C., Anderson, J., and
Cermak, S., Camelina uses, genetics, genomics, pro-
duction, and management, Industr. Crop Prod., 2016,
vol. 94, pp. 690–710. 
https://doi.org/10.1016/j. indcrop.2016.09.034

9. Moser, B.R., Knothe, G., Vaughn, S.F., and Isbell, T.A.,
Production and evaluation of biodiesel from field pen-



434 BLUME et al.
nycress (Thlaspi arvense L.) oil, Energy Fuels, 2009,
vol. 23, pp. 4149–4155. 
https://doi.org/10.1021/ef900337g

10. McGinn, M., Phippen, W.B., Chopra, R., Bansal, S.,
Jarvis, B.A., Phippen, M.E., Dorn, K.M., Esfahanian, M.,
Nazarenus, T.J., Cahoon, E.B., Durrett, T.P.,
Marks, M.D., and Sedbrook, J.C., Molecular tools
enabling pennycress (Thlaspi arvense) as a model plant
and oilseed cash cover crop, Plant Biotechnol. J., 2019,
vol. 17, no. 4, pp. 776–788. 
https://doi.org/10.1111/pbi.13014

11. Vollmann, J. and Eynck, C., Camelina as a sustainable
oilseed crop: Contributions of plant breeding and genetic
engineering, Biotechnol. J., 2015, vol. 10, pp. 525–535. 
https://doi.org/10.1002/biot.201400200

12. Zubr, J., Oil-seed crop: Camelina sativa, Industr. Crop
Prod., 1997, vol. 6, pp. 113–119. 
https://doi.org/10.1016/S0926-6690(96)00203-8

13. Frohlich, A., Rice, B., Evaluation of Camelina sativa oil
as a feedstock for biodiesel production, Industr. Crop
Prod., 2005, vol. 21, pp. 25–31. 
https://doi.org/10.1016/j.indcrop.2003.12.004

14. Gugel, R.K., Falk, K.C., Agronomic and seed quality
evaluation of Camelina sativa in western Canada, Can.
J. Plant Sci., 2006, vol. 86, pp. 1047–1058. 
https://doi.org/10.4141/P04-081

15. The Biology of Camelina sativa (L.) Crantz (Camelina). A
Companion Document to Directive 94-08 (Dir94-08),
Assessment Criteria for Determining Environmental
Safety of Plant with Novel Traits, CFIA, Plant Bio-
Safety Office, Ottawa, ON, Canada, 2012.
http://www.inspection.gc.ca/english/plaveg/bio/dir/
camelsate.shtml. Accessed April 4, 2013.

16. Obour, K.A., Sintim, Y.H., Obeng, E., and Jeliazkov, D.V.,
Oilseed camelina (Camelina sativa L. Crantz): produc-
tion systems, prospects and challenges in the USA
Great Plains, Adv. Plants Agric. Res., 2015, vol. 2, no. 2,
00043. 
https://doi.org/10.15406/apar. 2015.02.00043

17. Wittkop, B., Snowdon, R.J., and Friedt, W., Status and
perspectives of breeding for enhanced yield and quality
of oilseed crops for Europe, Euphytica, 2009, vol. 170,
pp. 131–140. 
https://doi.org/10.1007/s10681-009-9940-5

18. Singh, S.P. and Singh, D., Biodiesel production through
the use of different sources and characterization of oils and
their esters as the substitute of diesel: a review, Renew. Sust.
Energy Rev., 2010, vol. 14, pp. 200–216. 
https://doi.org/10.1016/j.rser.2009.07.017

19. Atabani, A.E., Silitonga, A.S., Ong, H.C., Mahlia, T.M.I.,
Masjuki, H.H., Badruddin, I.A., and Fayaz, H., Non-
edible vegetable oils: a critical evaluation of oil ex-
traction, fatty acid compositions, biodiesel production,
characteristics, engine performance and emissions pro-
duction, Renew. Sustain. Ener. Rev., 2013, vol. 18,
pp. 211–245. 
https://doi.org/10.1016/j.rser.2012.10.01

20. Ratanapariyanuch, K., Clancy, J., Emami, S., Cutler, J.,
and Reaney, M.J.T., Physical, chemical, and lubricant
properties of Brassicaceae oil, Eur. J. Lipid Sci. Tech-
nol., 2013, vol. 115, pp. 1005–1012. 
https://doi.org/10.1002/ejlt.201200422
21. Iskandarov, U., Kim, H.J., and Cahoon, E.B., Came-
lina: an emerging oilseed platform for advanced biofuels
and bio-based materials, in Plants and BioEnergy,
McCann, M.C., Buckeridge, M.S., and Cerpita N.C.,
Eds., New York: Springer, 2014, pp. 131–140.
https://doi.org/10.1007/978-1-4614-9329-7_8

22. Li, X., and Mupondwa, E., Life cycle assessment of
camelina oil derived biodiesel and jet fuel in the Canadian
Prairies, Sci. Total Environ., 2014, vol. 481, pp. 17–26. 
https://doi.org/10.1016/j.sci-totenv.2014.02.003

23. Natelson, R.H., Wang, W.C., Roberts, W.L., and Ze-
ring, K.D., Technoeconomic analysis of jet fuel produc-
tion from hydrolysis, decarboxylation, and reforming of
camelina oil, Biomass Bioenergy, 2015, vol. 75, pp. 23–34. 
https://doi.org/10.1016/j.biombioe.2015.02.001

24. IATA 2015 Report on Alternative Fuels, 10th ed., 2016,
Montreal–Geneva: International Air Transport Asso-
ciation, ISBN 978-92-9252-870-6.

25. Faure, J.D., Tepfer, M., Camelina, a Swiss knife for plant
lipid biotechnology, OCL, 2016, vol. 23, no. 5, D503. 
https://doi.org/10.1051/ocl/2016023

26. Weeks, D.P., Gene editing in polyploid crops: wheat,
camelina, canola, potato, cotton, peanut, sugar cane,
and citrus, Prog. Mol. Biol. Transl. Sci., 2017, vol. 149,
pp. 65–80. 
https://doi.org/10.1016/bs.pmbts.2017. 05.002

27. Yemets, A.I., Boychuk, Yu.N., Shysha, E.N., Rakhme-
tov, D.B., and Blume, Ya.B., Establishment of in vitro
culture, plant regeneration, and genetic transformation
of Camelina sativa, Cytol. Genet., 2013, vol. 47, no. 3,
pp. 138–144. 
https://doi.org/10.3103/ S0095452713030031

28. Gehringer, A., Friedt, W., Lühs, W., and Snowdon, R.J.,
Genetic mapping of agronomic traits in false f lax
(Camelina sativa subsp. sativa), Genome, 2006, vol. 49,
pp. 1555–1563. 
https://doi.org/10.1139/g06-117

29. Vollmann, J., Grausgruber, H., Stift, G., Dryzhyruk, V.,
and Lelley, T., Genetic diversity in Camelina germ-
plasm as revealed by seed quality characteristics and
RAPD polymorphism, Plant Breed., 2005, vol. 124,
pp. 446–453. 
https://doi.org/10.1111/j.1439-0523.2005.01134.x

30. Ghamkhar, K., Croser, J., Aryamanesh, N., Camp-
bell, M., Kon’kova, N., and Francis, C., Camelina
(Camelina sativa (L.) Crantz) as an alternative oilseed:
molecular and ecogeographic analyses, Genome, 2010,
vol. 53, no. 7, pp. 558–567. 
https://doi.org/10.1139/G10-034

31. Manca, A., Galasso, I., Development of simple se-
quence repeat (SSR) markers in Camelina sativa (L.)
Crantz, Minerva Biotec., 2010, vol. 22, pp. 43–45.

32. Galasso, I., Manca, A., Braglia, L., Martinelli, T., Mo-
rello, L., and Breviario, D., h–TBP: an approach based
on intron–length polymorphism for the rapid isolation
and characterization of the multiple members of the b–
tubulin gene family in Camelina sativa (L.) Crantz, Mol.
Breed., 2011, vol. 28, pp. 635–645. 
https://doi.org/10.1007/s11032-010-9515-0

33. Manca, A., Pecchia, P., Mapelli, S., Masella, P., and
Galasso, I, Evaluation of genetic diversity in a Camelina
sativa (L.) Crantz collection using microsatellite mark-
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020



EVALUATING THE DIVERSITY AND BREEDING PROSPECTS 435
ers and biochemical traits, Genet. Resour. Crop Evol.,
2012, vol. 60, pp. 1223– 1226. 
https://doi.org/10.1007/s10722-012-9913-8

34. Singh, R., Bollina, V., Higgins, E.E., Clarke, W.E.,
Eynck, C., Sidebottom, C. Gugel R., Snowdon, R.,
and Parkin, I.A.P., Single-nucleotide polymorphism
identification and genotyping in Camelina sativa, Mol.
Breed., 2015, vol. 35, no. 1, pp. 1–13.
https://doi.org/10.1007/s11032-015-0224-6

35. Luo, Z., Brock, J., Dyer, J.M., Kutchan, T., Schacht-
man, D., Augustin, M., Ge, Y., Fahlgren, N., and Ab-
del-Haleem, H., Genetic diversity and population
structure of a Camelina sativa spring panel, Front. Plant
Sci., 2019, vol. 10, p. 184. 
https://doi.org/10.3389/fpls.2019.00184

36. Hutcheon, C., Ditt, R.F., Beilstein, M., Comai, L.,
Schroeder, J., Goldstein, E., Shewmaker, C.K.,
Nguyen, T., De Rocher, J., and Kiser, J. Polyploid ge-
nome of Camelina sativa revealed by isolation of fatty acid
synthesis genes, BMC Plant Biol., 2010, vol. 10, p. 233. 
https://doi.org/10.1186/1471-2229-10-233

37. Kagale, S., Koh, C., Nixon, J., Bollina, V., Clarke, W.E.,
Tuteja, R., Spillane, C., Robinson, S.J., Links, M.G.,
Clarke, C., Higgins, E.E., Huebert, T., Sharpe, A.G.,
and Parkin, I.A., The emerging biofuel crop Camelina
sativa retains a highly undifferentiated hexaploid ge-
nome structure, Nat. Commun., 2014, vol. 5, p. 3706. 
https://doi.org/10.1038/ncomms4706

38. Mándaková, T., Pouch, M., Brock, J.R., Al-Shehbaz, I.A.,
and Lysak, M.A., Origin and evolution of diploid and
allopolyploid Camelina genomes were accompanied by
chromosome shattering, Plant Cell, 2019, vol. 31,
no. 11, pp. 2596–2612. 
https://doi.org/10.1105/tpc.19.00366

39. Chaudhary, R., Koh, C.S., Kagale, S., Tang, L.,
Wu, S.W., Lv, Z., Mason, A.S., Sharpe, A.G., Die-
derichsen, A., and Parkin, I.A.P., Assessing diversity in
the Camelina genus provides insights into the genome
structure of Camelina sativa, G3: Genes, Genomes, Genet.,
2020, vol. 10, no. 4, pp. 1297–1308. 
https://doi.org/10.1534/g3.119.400957

40. Kurasiak-Popowska, D., Tomkowiak, A., Czlopinska, M.,
Bocianowski, J., Weigt, D., and Nawracala, J., Analysis
of yield and genetic similarity of Polish and Ukrainian
Camelina sativa genotypes, Industr. Crop Prod., 2018,
vol. 123, pp. 667–675.
https://doi.org/10.1016/j.indcrop.2018.07.001

41. Rakhmetov, D.B., Blume, Ya.B., Yemets, A.I., Boi-
chuk, Yu.M., Andrushchenko, O.L., Vergun, O.M.,
and Rakhmetova, S.O., Camelina sativa (L.) Crantz—
valuable oil plant, Plant Introduction, 2014, vol. 2,
no. 62, pp. 50–58.

42. Rakhmetov, D.B., Rahmetova, S.O., Boychuk, Yu.N.,
Blume, Ya.B., and Yemets, A.I., Physiological and
morphological characteristics of new forms and variet-
ies of spring false f lax (Camelina sativa), Bull. Ukr. Soc.
Genet. Breed., 2014, vol. 12, no. 1, pp. 65–77.

43. Blume, R.Ya., Boychuk, Yu.M., Yemets, A.I., Ra-
khmetova, S.O., Blume, Ya.B., and Rakhmetov, D.B.,
Comparative analysis of fatty acid composition for oils
from seeds of tyfon, oil radish and camelina breeding
forms and varieties as perspective source for biodiesel
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020
production, Factors Exp. Evol. Organisms, 2018, vol. 18,
pp. 61–66.

44. Blume, R., Rakhmetov, D., Comparative analysis of oil
fatty acid composition of Ukrainian spring Camelina
sativa breeding forms and varieties as a perspective bio-
diesel source, Cruciferae Newslett., 2017, vol. 36,
pp. 13–7.

45. Blume, R.Y., Lantukh, G.V., Levchuk, I.V., Rakhme-
tov, D.B., and Blume, Ya.B., Evaluation of potential
biodiesel feedstocks from industrial Cruciferae: cameli-
na, turnip rape, oil radish and tyfon, Open Agr. J., 2020,
vol. 14 (in press).

46. Bayer, G.Ya., Boichuk, Yu.M., Pirko, Ya.V., Kork-
hovoy, V.I., Rakhmetov, D.B., Yemets, A.I., and
Blume, Ya.B., Analysis of breeding false f lax (Cameli-
na sativa (L.) Crantz) material with ISSR markers, Fac-
tors Exp. Evol. Organisms, 2014, vol. 14, pp. 146–150.

47. Sambrook,  J.,  David,  W.R., Molecular  Cloning: A
Laboratory Manual, Cold Spring Harbor, 2001, vol. 2.

48. Shen, S. Genetic diversity analysis with ISSR PCR on
green algae Chlorella vulgaris and Chlorella pyrenoidosa,
Chin. J. Ocean. Limn., 2008, vol. 26, no. 4, pp. 380–
384. 
https://doi.org/10.1007/s00343-008-0380-1

49. Benbouza, H., Jacquemin, J.-M., Baudoin, J.-P., and
Mergeai, G., Otimization of a reliable, fast, cheap and
sensitive silver staining method to detect SSR markers in
polyacrylamide gels, Biotechnol. Agron. Soc. Environ.,
2006, vol. 10, pp. 77–81. https://popups.uliege.be:
443/1780-4507/index. php?id=1128

50. Bardini, M., Lee, D., Donini, P., Mariani, A., Gia-ni, S.,
Toschi, M., Lowe, C., and Breviario, D., Tubulin-
based polymorphism (TBP): a new tool, based on func-
tionally relevant sequences, to assess genetic diversity in
plant species, Genome, 2004, vol. 47, pp. 281–2891. 
https://doi.org/10.1139/g03-132

51. Breviario, D., Baird, W.V., Sangoi, S., Hilu, K., Blu-
metti, P., and Giani, S., High polymorphism and reso-
lution in targeted fingerprinting with combined β-tubu-
lin introns, Mol. Breed., 2007, vol. 20, pp. 249–259. 
https://doi.org/10.1007/s11032-007-9087-9

52. Braglia, L.B., Manca, A.M., Mastromauro, F.M., and
Breviario, D. cTBP: A successful intron length poly-
morphism (ILP)–based genotyping method targeted to
well defined experimental needs, Diversity, 2010, vol. 2,
pp. 572–585. 
https://doi.org/10.3390/d2040572

53. Postovoitova, A.S., Yotka, O.Yu., Pirko, Ya.V., and
Blume, Ya.B., Molecular genetic evaluation of
Ukrainian flax cultivars homogeneity based on intron
length polymorphism of actin genes and microsatellite
loci, Cytol. Genet., 2018, vol. 52, no. 6, pp. 448–460. 
https://doi.org/10.3103/S0095452718060099

54. Postovoitova, A.S., Pirko, Ya.V., and Blume, Ya.B.,
Polymorphism of actin gene introns as an instrument
for genotyping of the representatives from Solanaceae
family, Biol. Systems: Theor. Innov., 2018, no. 287,
pp. 71–79. 
https://doi.org/10.31548/biologiya2018.287.071

55. Postovoitova, A.S., Pirko, Ya.V., and Blume, Ya.B., In-
tron length polymorphism of actin genes as the efficient
tool for an genetic profiling of selected cereals from the



436 BLUME et al.
grass (Poaceae L.) Family, Dopov. Nats. Akad. Nauk.
Ukr., 2019, vol. 2, pp. 78–83. 
https://doi.org/10.15407/dopovidi-2019.02.078

56. Pleines, S. and Friedt, W., Breeding for improved C18-
fatty acid composition in rapeseed (Brassica napus L.),
Fett./Lipid, 1988, vol. 90, pp. 167–171. 
https://doi.org/10.1002/lipi.19880900502

57. Velasco, L., Goffman, F.D., and Becker, H.C., Vari-
ability for the fatty acid composition of the seed oil in a
germplasm collection of the genus Brassica, Genet. Re-
sour. Crop Evol., 1998, vol. 45, pp. 371–382. 
https://doi.org/10.1023/A:1008628624867

58. Pavlicek, A., Hrda, S., and Flegr, J., FreeTree–free-
ware program for construction of phylogenetic trees on
the basis of distance data and bootstrap/jackknife anal-
ysis of the tree robustness. Application in the RAPD
analysis of the genus Frenkelia, Folia Biol., 1999,
vol. 45, pp. 97–99.

59. Nei, M. and Li, W.H., Mathematical model for study-
ing genetic variation in terms of restriction endonucle-
ases, Proc. Natl. Acad. Sci. U. S. A., 1979, vol. 76,
pp. 5269–5273. 
https://doi.org/10.1073/pnas.76.10.5269

60. Hongtrakul, V., Huestis, G.M., and Knapp, S.J., Am-
plified fragment length polymorphisms as a tool for
DNA fingerprinting sunflower germplasm: genetic di-
versity among oilseed inbred lines, Theor. Appl. Genet.,
1997, vol. 95, pp. 400–407.
https://doi.org/10.1007/s001220050576

61. Babicki, S., Arndt, D., Marcu, A., Liang, Y., Grant, J.R.,
Maciejewski, A., and Wishart, D.S., Heatmapper: web-
enabled heat mapping for all, Nucleic Acids Res., 2016,
vol. 44 (W1), pp. W147– W153. 
https://doi.org/10.1093/nar/gkw419

62. An, D. and Suh, M.C., Overexpression of Arabidopsis
WRI1 enhanced seed mass and storage oil content in
Camelina sativa, Plant Biotechnol. Rep., 2015, vol. 9,
pp. 137–148. 
https://doi.org/10.1007/s11816-015-0351-x

63. Khlestkina, E.K., Molecular markers in genetic studies
and breeding, Russ. J. Genet. Appl. Res., 2014, vol. 4,
no. 3, pp. 236–244. 
https://doi.org/10.1134/S2079059714030022

64. van Tienderen, P.H., de Haan, A.A., van der Linden, C.G.,
and Vosman, B., Biodiversity assessment using markers
for ecologically important traits, Trends Ecol. Evol.,

2002, vol. 17, no. 12, pp. 577–582. 
https://doi.org/10.1016/S0169-5347(02)02624-1

65. Grant, I. and Beversdorf, W.D., Heterosis and combin-
ing ability estimates in spring-planted oilseed rape
(Brassica napus L.), Can. J. Genet. Cytol., 1985, vol. 27,
no. 4, pp. 472–478. 
https://doi.org/10.1139/g85-069

66. Wolko, J., Dobrzycka, A., Bocianowski, J., and Bart-
kowiak-Broda, I., Estimation of heterosis for yield-re-
lated traits for single cross and three-way cross hybrids
of oilseed rape (Brassica napus L.), Euphytica, 2019,
vol. 215, p. 156. 
https://doi.org/10.1007/s10681-019-2482-6

67. Gupta, P., Chaudhary, H.B., and Lal, S.K., Heterosis
and combining ability analysis for yield and its compo-
nents in Indian mustard (Brassica juncea L. Czern &
Coss), Front. Agricult. China, 2010, vol. 4, pp. 299–307. 
https://doi.org/10.1007/s11703-010-1016-8

68. Kibar, B., Karaagaz, O., and Kar, H., Heterosis for
yield contributing head traits in cabbage (Brassica oleracea
var. capitata), Cien. Inv. Agr., 2015, vol. 42, no. 2,
pp. 205–216. 
https://doi.org/10.4067/S0718-16202015000200007

69. Xie, F., Zha, J., Tang, H., Xu, Y., Liu, X., and Wan, Z.,
Combining ability and heterosis analysis for mineral el-
ements by using cytoplasmic male-sterile systems in
non-heading Chinese cabbage (Brassica rapa), Crop
Pasture Sci., 2018, vol. 69, no. 3, pp. 296– 302.

70. Zelt, N.H. and Schoen, D.J., Testing for heterosis in
traits associated with seed yield in Camelina sativa, Can.
J. Plant Sci., 2016, vol. 96, no. 4, pp. 525–529. 
https://doi.org/10.1139/CJPS-2015-0254

71. Jain, A., Bhatia, S., Banga, S.S., Prakash, S., and
Lakshmikumaran, M., Potential use of random ampli-
fied polymorphic DNA (RAPD) technique to study the
genetic diversity in Indian mustard (Brassica juncea)
and its relationship to heterosis, Theor. Appl. Genet.,
1994, vol. 88, pp. 116–122. 
https://doi.org/10.1007/BF00222403

72. Kawamura, K., Kawanabe, T., Shimizu, M., Nagano, A.J.,
Saeki, N., Okazaki, K., Kaji, M., Dennis, E.S., Osabe, K.,
and Fujimoto, R., Genetic distance of inbred lines of
Chinese cabbage and its relationship to heterosis, Plant
Gene, 2016, vol. 5, pp. 1–7. 
https://doi.org/10.1016/j.plgene.2015.10.003

Translated by N. Tarasyuk
CYTOLOGY AND GENETICS  Vol. 54  No. 5  2020


	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS AND DISCUSSION
	REFERENCES

		2020-09-30T17:26:56+0300
	Preflight Ticket Signature




