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Abstract
Camelina sativa L. Crantz (Brassicaceae family), known as camelina, has gained new attention as a re-emerging oil seed crop.
With a unique seed oil profile, with the majority of the fatty acids consisting of linolenic (C18:3), oleic (C18:1), linoleic (C18:2),
and eicosenoic (C20:1), camelina oil is reported to be useful as a food oil and biofuel. However, there are still many unknown
factors about the structure and genetic variability of this crop. Chromosomal localization of ribosomal DNAwas performed using
fluorescence in situ hybridization (FISH) with 5S rDNA and 25S rDNA sequences as molecular probes on mitotic chromosomes
of enzymatically digested root-tip meristematic cells. Here, we present for the first time a comparative analysis of selected
genotypes (cultivars, breeding lines and mutants) of C. sativa with the use of cytogenetic techniques. The main aim of the study
was to determine the intraspecific and interspecific polymorphisms in the structure of chromosomes of selected accessions using
conserved 5S and 25S rDNA repetitive sequences as molecular probes. The results were compared with C. microcarpa (closely
related to C. sativa) rDNA gene loci distribution. The presence of minor rDNA sites was discussed and compared with other
Brassicaceae species. In addition, demonstration karyograms of C. sativa and C. microcarpa mapped with rDNA probes were
prepared based on the cv. “Przybrodzka” and GE2011-02 genotype, respectively. The use of 5S and 25S rDNA probes provided
an insight on the genome structure ofC. sativa at the cytogenetic level and can help to understand the genome organization of this
crop. The putative role of cytogenetic markers in phylogenetic analyses of camelina was discussed, as well.
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Introduction

Camelina (Camelina sativa L. Crantz), known as a ‘false flax’
or ‘gold of pleasure,’ is one of the oldest cultivated plants in
Europe belonging to the Brassicaceae family. Camelina
comes from central and southeastern Europe where it has been
cultivated since 4000 years BC (Zohary et al. 2012). This
species shows the ability to adapt to adverse environmental
conditions, is vigorous, and has a high content of polyunsatu-
rated fatty acids (30–40%) in seeds (Kurasiak-Popowska and

Stuper-Szablewska 2020). An interest in this crop grew up
rapidly, when it was recognized, that camelina seeds and oil
are rich in ω-3 acids (α-linolenic acid (C18:3 ω-3), ω-6 acids
(linoleic acid (C18:2 ω-6), phytosterols, and phenolic com-
pounds (Berti et al. 2016). This is what makes it an attractive
raw material for the production of food and biofuels
(Belayneh et al. 2015; Walia et al. 2018; Yang et al. 2016).
What is more, high levels of long-chain hydrocarbons in
C. sativa oil are commonly considered as an aviation biofuel
and have been reported to reduce CO2 emissions compared
with traditional petroleum jet fuels (Shonnard et al. 2010).

Although camelina has high potential as an energy and
food raw material, there is a growing interest in the structure
and evolution of the C. sativa genome, as well as intraspecific
variability of this plant. Kagale et al. (2014) published the first
chromosome-scale high-quality reference genome sequence
of homozygous, doubled-haploid line DH55, derived from
C. sativa genotype SRS 933. Research conducted so far has
shown the high complexity of the camelina genome,
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indicating that camelina is an allohexaploid organism
(Mandáková et al. 2019). Considering narrow genetic vari-
ability, which was reported mainly in spring camelina culti-
vars (Luo et al. 2019; Vollmann et al. 2005), there is a huge
need to explore all available genepools, including winter cul-
tivars, regional ecotypes, breeding lines, mutants, and related
species among Camelina species. For example, winter
camelina genotypes show significantly lower average percentage
content of erucic acid, which is crucial, considering the utilization
of the camelina’s oil for food purposes (Kurasiak-Popowska and
Stuper-Szablewska 2020). Moreover, valuable gene configura-
tions can be found in mutant lines. Łuczkiewicz and Błaszczyk
(1998) developed a dwarf mutant by gamma radiation of winter
cultivar Przybrodzka II. Mutant plants showed lower height and
more branches than control plants, but the number of silicles,
number of seeds, and weight of seeds per plant were higher.
Gamma ray irradiation of seeds of cv. “Przybrodzka” revealed
several mutants, including a “clavate” mutant which had com-
pact inflorescences (Kurasiak-Popowska et al. 2018). This mu-
tant was a starting point for development of new breeding lines
followed by cultivars, “Maczuga” and “Luna,”with the potential
to yield reaching 3.0 t/ha and yielding 25–30% higher in com-
parison with cv. Przybrodzka (Kurasiak-Popowska et al. 2018).
Recently, CRISPR-Cas9 system was harnessed to produce
camelina breeding lines with increased oleic acid (Jiang et al.
2017; Morineau et al. 2017), decreased long-chain fatty acids
(Ozseyhan et al. 2018), and increased oil content (Waltz 2018).
Furthermore, C. sativa is closely related to Arabidopsis (both
Arabidopsis and Camelina are classified within Camelineae
tribe) (Nikolov et al. 2019) which gives the opportunity to ex-
plore the genome by comparative studies using C. sativa and
A. thaliana genome sequences (Lysák et al. 2016).

Taking into consideration the growing importance of
C. sativa, surprisingly, little is known about the chromosome
constitution and karyotype structure of this crop. Tepfer et al.
(2020) used cytology to study chromosome behavior of prog-
eny produced by interspecific hybridization between
Camelina sativa and C. microcarpa during meiosis.
Karyotype analysis is crucial for comparative studies consid-
ering the exploration of camelina’s related species.
Karyotyping is widely used to reveal the number and charac-
teristics of chromosomes and can be used to elucidate the
origin, ploidy, and phylogenetic relationships among crop
plants, including, among others: Triticeae tribe (Kwiatek
et al. 2013; Lysák et al. 1999; Ruban and Badaeva 2018);
Brassicaceae (Hasterok et al. 2006; Xiong and Pires 2011)
Zea asp. (Albert et al. 2010; Kato et al. 2004), and Glycine
sp. (Findley et al. 2010). Routinely, karyotyping is performed
on mitotic or meiotic chromosomes and uses several staining
methods including Giemsa sta ining, C-banding,
CMA3/DAPIor/and fluorescence in situ hybridization
(FISH) with repetitive DNA sequences or BAC clones and
flow karyotyping (Badaeva et al. 2017; Doležel et al. 2004).

5S and 18S-5.8S-26S (45S) rDNA clusters are considered as
the most common chromosome landmarks. Their number,
position, and structure in chromosomes can be characteristic
of a given species or genus and used for comparative pur-
poses, including studies in evolutionary biology and system-
atics, as well as in crop science and plant breeding.

In the Camelina genus, only C. microcarpa chromosomes
have been karyotyped using rDNA markers (Ali et al. 2005).
To fill this gap, this work for the first time focuses on the use
of cytogenetic techniques in the comparative analysis of se-
lected varieties and genotypes of C. sativa. The main aim of
the study was to map the chromosomes bearing rDNA gene
loci and to determine intraspecific polymorphisms in the
structure of chromosomes of selected varieties and breeding
lines of camelina with the use of conserved 5S and 25S rDNA
repetitive sequences as molecular probes.

Material and methods

Plant material

The research material included ten genotypes (both spring and
winter forms; Table 1), originating from Poland, Georgia,
Austria, Ukraine, and the area of the former Soviet Union.
Three genotypes were obtained from the US Department of
Agriculture (USDA), Research, Education, and Economics
Agricultural Research Service, Midwest Area, Plant
Introduction Station, Iowa State University, Ames (IA,
USA). Seven genotypes were obtained from the collection
of the Department of Genetics and Plant Breeding at the
Poznan University of Life Sciences (PULS). Three of them:
cv. Maczuga and 14/3 and K9 breeding lines were developed
through mutation breeding (initiated by gamma irradiation)
from cv. Przybrodzka (Kurasiak-Popowska et al. 2018) at
the Department of Genetics and Plant Breeding at the PULS.

Chromosome preparation

Seeds of C. sativa were germinated on moist filter paper in
Petri dishes at 20–22 °C. Further treatment is according to
Hasterok et al. (2001). Briefly, seedlings with roots, 1–2 cm
long, were treated with 2 mM 8-hydroxyquinoline for 1.5–2 h
at room temperature (RT), fixed in ethanol-acetic acid (3:1)
fixative, and stored at − 20 °C until use. Fixed roots were
washed in citrate buffer (0.01 M citric acid with 0.01 M sodi-
um citrate, pH 4.8) and digested enzymatically in a mixture of
1% (w/v) cellulase from Aspergillus niger (Calbiochem), 1%
(w/v) cellulase “Onozuka R-10” (Serva), and 20% (v/v)
pectinase (Sigma) for 1.5 h at 37 °C. The root tips were
squashed in a drop of 60% acetic acid. After freezing using
liquid nitrogen, the coverslips were removed, and the slides
were air-dried.

200 J Appl Genetics (2021) 62:199–205



DNA probes and fluorescence in situ hybridization

A coding region of 25S rDNA of Arabidopsis thaliana
(Unfried and Gruendler 1990), used for detection of 45S
rDNA loci, was labeled with digoxigenin-11-dUTP (Roche)
by nick translation following the protocol provided by the
kit’s manufacturer (Roche). The 5S rDNA from the clone
pTa-794 (Gerlach and Dyer 1980) was amplified and labeled
with tetramethyl-rhodamine-5-dUTP (Roche) using PCRwith
universal M13 “forward” (5′-CAG GGT TTT CCC AGT
CAC GA-3′) and “reverse” (5′-CGG ATA ACA ATT TCA
CAC AGG A-3′) sequencing primers. Conditions for PCR
labeling were as follows: 94 °C × 1 min, 35 cycles of
94 °C × 40 s, 55 °C × 40 s, 72 °C × 1 min, 1 cycle of
72 °C × 5 min. Chromosome preparations were pretreated
with RNase in 2 × SSC (DNase-free, 100 μg/ml, 1 h at
37 °C) followed by 2 washing runs in 2 × SSC. The hybridi-
zation mixture consisted of 50% deionized formamide, 10%
dextran sulfate, 2 × SSC, and 0.5% SDS, and probe DNAwas
mixed to a concentration of 100–130 ng per slide. The hybrid-
ization mixture was denatured at 75 °C for 10 min. Next,10 μl
of hybridization mixture was applied to the slides and dena-
tured at 70 °C for 5 min using heating plate (Slide Warmer
XH2002, C & A Scientific—Premiere). The slides were incu-
bated overnight in a humid chamber at 37 °C. Next day, four
runs of washing with 2 × SSC and 0.1 × SSC were performed
at 42 °C. The immunodetection of digoxigenated DNA probe
was carried out by FITC-conjugated anti-digoxigenin antibod-
ies (Roche). Finally, preparations were mounted in 2 μg/ml
DAPI in Vectashield (Vector Laboratories). Images were

acquired with a DLT-CAM Pro 12MP CCD (Delta Optical)
camera attached to Delta Optical L-1000 epifluorescence mi-
croscope then processed using Delta Optical DLT-Cam
Viewer software. Karyograms of C. microcarpa (GE2011-
02: Fig. 1) and C. sativa (cv. Przybrodzka: Fig. 2) were pre-
pared using IdeoKar software (ver. 1.2) according to
Mirzaghaderi and Marzangi (2015).

Results

The mitotic chromosome sets of ten genotypes of camelina
were evaluated using 3 slides per genotype and based on 20
digital images per slide. In total, 600 images were screened.
The chromosomes with 5S, 45S, and 5S + 45S gene loci were
counted (Table 1). The rDNA landmarks were divided into
major and minor signals according to Ali et al. (2005). All
genotypes possessed 40 chromosomes. The morphology of
the mitotic chromosomes during metaphase was mostly iden-
tical. The only chromosomes of the complement that can be
easily recognized, but not confirmed as strictly homologous,
were the NOR-bearing chromosomes with usually noticeable
secondary constrictions. C. microcarpa (GE2011-02) was
used as a control genotype, which is closely related to
C. sativa. Cytogenetic analysis revealed that six chromosome
pairs of GE2011-02 carried 45S rDNA sites (6 major and 6
minor signals), and five chromosome pairs showed 5S rDNA
landmarks (6 major and 4 minor signals) (Fig. 1). Moreover,
one pair (no. 10: Fig. 1) revealed a co-localization of 5S and
45S rDNA loci. Chromosomes of cv. Przybrodzka, used as a

Table 1 Number and position of 5S and 45S rDNA sites for ten Camelina sativa genotypes

Accession number Species Name Origin 2n No. of chromosomes with*

5S rDNA
(red signals)

45S rDNA
(green signals)

5S and 45S
rDNA

USDA, spring forms

Ames 31219 C. microcarpa GE2011-02 Georgia 40 6 + 4 minor 6 + 6 minor 2

PI 258366 C. sativa VNIIMK 17 Former USSR 40 6 + 4 minor 8 + 4 minor 4

PI 650164 C. sativa CSS-CAM38 Austria 40 6 + 2 minor 8 + 6 minor 4

Dept. of Genetics and Plant Breeding, PULS, spring forms

n/a C. sativa 11025 Poland 40 6 + 6 minor 8 + 4 minor 4

n/a C. sativa 7 Poland 40 8 + 2 minor 8 + 4 minor 4

n/a C. sativa Ukrajinski Ukraine 40 6 + 12 minor 4 + 6 minor 4

Dept. of Genetics and Plant Breeding, PULS, winter forms

n/a C. sativa 14/3 (mutant) Poland 40 6 + 2 minor 12 + 8 minor 6

n/a C. sativa K9 (mutant) Poland 40 10 + 2 minor 14 + 6 minor 6

n/a C. sativa Maczuga (mutant) Poland 40 8 + 2 minor 12 + 6 minor 6

n /a C. sativa Przybrodzka Poland 40 8 + 4 minor 4 + 8 minor 6

*The number of chromosomes is presented in the columns independently from each other
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representative genotype for rDNA mapping on chromosomes
of C. sativa, were arranged into a karyogram, as well (Fig. 2).
The cytomolecular analysis showed that chromosomes of this
cultivar carried one more chromosome pair with 5S rDNA
signals. The number of 45S rDNA signals was comparable
with C. microcarpa (GE2011-02) line, but only two chromo-
some pairs showed strong signals. What is more, Przybrodzka
revealed two extra chromosome pairs with co-localization of
5S and 45S rRNA loci. The numbers of 5S and 45S rRNA loci
vary among the genotypes (Table 1, Supplementary material
1-10). The number of 5S rDNA bearing chromosomes ranged
between 8 and 12, with an exception of genotype
“Ukrainskij,” which showed eighteen 5S rDNA signals
(Table 1). The detailed analysis of distribution of these loci
revealed that the number of major 5S rDNA signals ranged
between 6 and 10. The number of 45S rDNA loci was diver-
sified. What is interesting, cv. Przybrodzka and Ukrainskij
revealed only four chromosomes with strong signals. The
highest number (20) of chromosomes with 45S rDNA signals
was observed in K9 and 14/9 genotypes. Moreover, four ge-
notypes (GE2011-02, VNIIMK17, 11025, and cv.
Przybrodzka) had identical number (12) of chromosomes
bearing 45S rDNA loci (Table 1). Co-localization of 5S and
45S rRNA gene loci was observed, as well. The number of
chromosomes carrying both types of signals ranged from 2 to
6 (Table 1). What is interesting is that the number of this type
of chromosomes was species and habit specific, more precise-
ly: C. microcarpa (GE2011-02) carried two chromosomes

carrying both signals, spring cultivars of C. sativa showed 4
chromosomes with co-localization of rDNA probes, and win-
ter cultivars ofC. sativa possessed six chromosomes with both
sites (Table 1).

Discussion

Comparative analysis of 5S and 45S rDNA gene loci distribu-
tion performed on camelina chromosomes indicated the oc-
currence of intraspecific and interspecific polymorphisms in
the number, size (major and minor sites), and localization of
rDNA loci. This may indicate chromosomal rearrangements
that could occur during species evolution or the breeding
process.

A similar analysis was made for the mustard family (Ali
et al. 2005), including C. microcarpa Andrz. Ex DC. (2n =
40), which is closely related to C. sativa (Mandáková et al.
2019). Using multicolor fluorescence in situ hybridization
with 5S and 25S rDNA probes, Ali et al. (2005) identified
14 chromosomes carrying 45S rDNA signals, six chromo-
somes with 5S rDNA sites, and four chromosomes bearing
both landmarks. The number of C. microcarpa rDNA gene
loci is not equal to any observation made in this study consid-
ering both C. microcarpa and C. sativa. The number of chro-
mosomes (four) carrying both 45S and 5S rDNA sites
reported by Ali et al. (2005) in C. microcarpa is also not the
same as the present study (two chromosomes). Moreover, Ali

Fig. 1 Karyogram of C. microcarpa (GE2011-02) after fluorescence in situ hybridization with 5S (red) and 25S (green) rDNA probes. The numbers of
chromosome pairs do not correspond with homologous groups of C. sativa chromosomes

Fig. 2 Karyogram of C. sativa cv. “Przybrodzka” after fluorescence in situ hybridization with 5S (red) and 25S (green) rDNA probes. The numbers of
chromosome pairs do not correspond with homologous groups of C. sativa chromosomes

202 J Appl Genetics (2021) 62:199–205



et al. (2005) did not report any minor sites of rDNA loci on
chromosomes of C. microcarpa. The differences in the num-
ber of minor rDNA sites may reflect their origin. Here, the
probe signals were classified into two groups, including minor
(weak) and major (strong) signals. This kind of signal catego-
rization is quite common in cytogenetic studies—and can be
associated with copy number of particular rDNA loci. For
example, Taketa et al. (1999) observed the differences in dis-
tribution of weak and strong 5S signals on chromosomes of
H. spontaneum which gave an evidence for variation in its
copy number among different accessions of this species. It
was also hypothesized that the minor rDNA sites are NOR
residue remains of ancestral forms. What is more, it was re-
ported that the activity of rRNA genes is correlated with the
length of the intergenic spacer and to the level of the methyl-
ation of cytosine residues in regulatory sequences (Abou-
Ellail et al. 2011). Moore et al. (1993) showed that 45S
rDNA loci, mostly at minor loci and in chromosomal positions
more proximal than those of the normally active NORs, are
more methylated and become deleted during evolution. The
presence of minor rDNA sites has also been described in other
Brassicaceae species, such as Arabidopsis suecica, Brassica
oleracea, Olimarabidopsis pumila, O. cabulica, Rorippa
palustris, Neslia paniculata (Ali et al. 2005), and B. rapa
(Maluszynska and Heslop-Harrison 1993).

Another issue concerns the number chromosomes carrying
both signals (5S and 45S rDNA) of cv. Przybrodzka, which
was similar to 14/9, K9, and cv. Maczuga (developed from cv.
Przybrodzka through mutation breeding; Kurasiak-Popowska
et al. 2018). Noticeably, cv. Przybrodzka and other winter
accessions showed higher number of chromosomes with co-
localization of 5S and 45S rDNA than spring accessions (four
chromosomes) and C. microcarpa (two chromosomes).
Generally, it is said that nucleolar architecture and rDNA tran-
scription respond to cellular stresses, including irradiation or
chemical mutation (Kus et al. 2018; Stimpson et al. 2014).
The changes in rDNA gene loci distribution induced by irra-
diation were observed in other species, such as barley
(Juchimiuk-Kwasniewska et al. 2011), Brachypodium (Kus
et al. 2019), or wheat (Mukai et al. 1993). Moreover,
Amosova et al. (2019) reported that rapeseed breeding by
chemical mutagenesis can result in cytogenetic instability in
the mutant progeny. Significant differences in karyotypes
were observed in Brassica napus mutant lines using 5S and
45S rDNA gene loci visualization (Amosova et al. 2019).

An increased number of chromosomes carrying rDNA
gene loci are characteristic for polyploids (Kovarik et al.
2008). However, there are many examples of biased elimina-
tion of those loci related to asymmetric transcription and epi-
genetic modifications caused by the polyploid formation
(McStay 2006). Schranz et al. (2006) proposed a speciation
theory of the ancestral genome of Camelina, called CAM
(2n = 14), which has evolved from an ancestral crucifer

karyotype (ACK). Mandáková et al. (2019) elucidated the
following evolution pathway of Camelina species. Bacterial
artificial chromosome–based chromosome painting together
with genomic in situ hybridization and multi-gene phyloge-
netics revealed that CAM (2n = 14) was an ancestor of diploid
camelinas (Camelina hispida, 2n = 14; Camelina laxa, 2n =
12; and Camelina neglecta, 2n = 12). It was also reported that
diploid species C. neglecta (2n = 12, N6N6) and C. hispida
(2n = 14, H7H7) participated in the origin of allotetraploid
Camelina rumelica (2n = 26, N6N6H7H7). Recently,
Mandáková et al. (2019) reported that allohexaploid
C. sativa (2n = 40) originated through hybridization between
an auto-allotetraploid C. neglecta–like genome (2n = 13,
N6N6N7N7) and C. hispida (2n = 14, H7). What is interesting,
the same model of origin and chromosome number (2n = 40)
was assigned to C. microcarpa; however, this species appears
to have different cytotypes (2n = 12; 26 or 40) (Martin et al.
2017). Moreover, considering differences in 45S rDNA loci
distribution between chromosome complements of C. sativa
and C. microcarpa, it could be hypothesized that it is possible
that both species have evolved from a common allohexapliod
ancestor and followed separate speciation pathway.
Considering similar ploidy level and origin pathways,
C. microcarpa can be used as a primary genepool for im-
provement of C. sativa genetic diversity.

In conclusion, depending on genotype, rDNA loci land-
marks allowed us to discriminate 11 to 16 pairs of camelina
chromosomes, which indicate significant intraspecific poly-
morphisms and varied chromosome composition and struc-
ture within this species. Moreover, similar but not identical
numbers of rDNA gene loci in C. microcarpa can be one of
selective markers for breeding purposes, such as cytogenetic
evaluation ofC. sativa ×C. microcarpa hybrids.Minor rDNA
sites can be also used as a cytogenetic marker to map chro-
mosomes of the diploid ancestors in order to confirm the pu-
tative parental species as well as the origin of camelina.
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