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Abstract
Camelina [Camelina sativa (L.) Crantz], an oilseed crop, belongs to Brassicaceae family. Two unique
features of camelina in comparison with the main oil crops are adaptation to different environments and
also its unique oil composition. Development of doubled haploid plants is one of the essential methods for
the crop improvement. This research was conducted to evaluate the genetic variation of 81 Camelina
doubled haploid (DH) lines obtained from �fteen crosses by ISSR markers. The total number of ampli�ed
bands was 243, of which 239 bands (98.3%) showed polymorphism. The percentage of polymorphic bands
(PPB) varied between 93.75 and 100. The size of the bands ranged from 50 to 1,700 base pairs. The
informative ISSRs were identi�ed by estimating marker features: polymorphism information content (PIC),
effective multiplex ratio (EMR), marker index (MI) and resolving power (RP). Three markers had higher RP
values (9.88, 8.5 and 7.46) and were the most informative markers to identify the DH lines. Cluster analysis
based on Complete algorithm divided the lines into �ve groups, indicating relatively clear con�guration
from the geographic distribution patterns of the parents of the doubled haploid lines. Principal coordinate
analysis (PCoA) classi�ed the 81 camelina DH lines into six groups. The lines grouping by these two
methods was similar to each other. The ISSR markers detected high polymorphism to reveal genetic
variation of camelina DH lines. The �ndings of this research, along with biochemical traits, can improve
classical and molecular breeding programs of camelina.

Introduction
The vegetable oils are mainly obtained from oilseeds such as soybean, sun�ower, cottonseed, peanut and
rapeseed, which are in high demand for water. However, these common oilseeds, despite their many
bene�ts, have their limitations in terms of cultivation and climatic conditions [1].

Camelina (Camelina sativa) is from the Brassicaceae family and has been shown in many experiments to
have much lower water requirements and greater resistance to spring cold than the other oil crops,
especially canola [2]. Camelina is a crop native to Europe and South Asia and may grow as a weed in some
farms. Its cultivation history dates back to 4000 years ago. The Former Soviet Union was the largest
producer of this plant in the twentieth century by 300,000 hectares in 1950 [3]. Camelina oil possesses high
omega-3 fatty acids so has many properties and uses in nutrition and health that may prevent many
diseases and disorders. In industry, it is used as biofuel, resins, waxes, as well as for the production of
cosmetics and pharmaceutical products. In oil re�neries, industrial antioxidants, which are extremely
dangerous to human health, are added to prevent oxidation as well as to increase the duration of the oil.
However, due to the high content of alpha-tocopherol and high vitamin E in camelina oil, which are strong
antioxidants, camelina does not need any additives to last [4].

89418 protein-coding genes have been identi�ed in the camelina genome as a hexaploid plant (2n = 40,
750Mb) [5]. Unlike many crops, there was limited information about the genus Camelina and its biodiversity
until 2005. The genome map of the camelina was drawn by [6]. Singh et al. [7] developed a genomic map
using 768 SNP markers and the Illumina GoldenGate SNP array method. Vollmann et al. [8] performed DNA
analysis using RAPD markers to investigate the variation of camelina accessions in Australia and reported
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four distinct clusters. In this study, only 63% of the 30 markers studied were polymorphic. This indicates a
low diversity of self-pollinating plants, such as camelina. Many camelina lines show little variation in
biochemical traits. Creating variation and reviewing are essential for the camelina to consider positive
characters and examine them in different environments.

As mentioned, due to the polyploidy of the camelina genome, the classical breeding methods are
complicated. On the other hand, cross-species hybridization in this plant has not been successful. It seems
that the production of double haploid plants isolated from the cultivation of anthers or microspores is a
suitable method of creating diversity and improvement of this plant [9]. This research was conducted to
assess the genetic diversity of 81 Camelina doubled haploid lines by ISSR markers.

Materials And Methods
Plant materials

In this study, 81 Camelina doubled haploid lines were studied in terms of genetic diversity. Table 1 shows
the list of these lines, their parents and origins [10]. Camelina doubled haploid seeds were planted in
October 2018 in the greenhouse of Faculty of Agricultural Sciences and Engineering, Razi University,
Kermanshah, Iran.

DNA puri�cation

DNA extraction was performed in the laboratory of Zagros Bioidea Company located in Science and
Technology Park, Kermanshah, Iran. Leaf samples of young leaves of potted seedlings grown in the
greenhouse were prepared and immediately transferred to a freezer at -80°C in liquid nitrogen (-196°C). DNA
extraction from leaf samples was performed using a kit made by Zagros Bioidea Company.
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Table 1 List of camelina
doubled haploid lines
numbers and their parents in
the crosses

  ( ) ( ) DH lines
Numbers

Cross N. Cultivar Origin Cultivar Origin  

1 Voronezskij 349 Russia Kirgizskij 1 Kyrgyzstan 1, 2,
5,
37,
51,
62,
77,
86,
87,
93

2 Omskij Mestnyj Russia Irkutskij
Mestnyj

Irkutsk
Region

3, 6,
9,
32,
43,
60,
79

3 Przybrodzka Poland Hoga Denmark 7,
14,
104

4 Saratouskij Russia Bronowska Poland 24,
40,
96,
115

5 Chulymskij Russia Omskij Mestnyj Russia 25,
41,
42,
68

6 Krupnosemjannyj Russia Brzybrodzka II Poland 26,
78

7 Came Germany Volynskaja Former
Soviet
Union

69,
76,
98

8 Boha Denmark Volynskaja Poland 23,
97

9 Came Germany Omskij Former
Soviet
Union

4,
35,
82,
88,
94,
95,
100

10 Svalöf Sweden Ukrajinskij Former 27,
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Soviet
Union

28,
50,
52,
56,
103,
105

11 Calena Germany Blaine Greek Greece 15,
36,
80,
83,
84,
101

12 Zavolzskij Former
Soviet
Union

Sortandinskij Former
Soviet
Union

21,
44,
45,
59,
67,
81,
102

13 VNIIMK17 Former
Soviet
Union

Borowska Poland 57,
74,
75,
85

14 Voronezh349 Former
Soviet
Union

Czestochowska Poland 10,
16,
54,
55,
61,
109

15 Lindo Germany Ukrajinskaja Former
Soviet
Union

12,
13,
33,
53,
64,
65,
72,
92,
107

ISSR ampli�cation

Ten ISSR markers were used to detect genetic variation at the molecular level among all doubled haploid
lines (Table 2). PCR ampli�cation was done according to Najaphy et al. [11] and Williams et al. [12] in a
BIOER XP CYCLER thermocycler. Agarose gels staining and visualization were conducted using ethidium
bromide and a UV transilluminator, respectively.

Statistical analysis

Ampli�ed products were scored as (0) for the absence or (1) for the presence about each of the camelina
DH lines. Jaccard's similarity coe�cients were calculated based on the bivariate. Cluster analysis using
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Complete method and Principal coordinate analysis (PCoA) were performed by NTSYS-pc software version
2.02.

The number of ampli�ed and polymorphic bands, and the percentage of polymorphic bands (PPB) were
measured for all of the markers. To determine the informative ISSRs to discriminate among camelina DH
lines, polymorphism information content (PIC), effective multiplex ratio (EMR), marker index (MI) and
resolving power (RP) were estimated. PIC was measured according to Mousapour Gorji et al. [13], as PIC =
1-p2-q2, where p is the frequency of the present band and q is the frequency of the absent band. DI
(Diversity Index) was calculated as the average PIC value. EMR was recorded using the product of the
number of polymorphic bands and the fraction of polymorphic bands [14]. MI index was measured
according to Powell et al. [15] as the product of EMR and PIC. The formula RP=ΣIb was used to calculate
RP, where Ib is band informativeness and Ib= 1-[2 × (0.5 - p)], where p is the proportion of genotypes which
contains the band [16].

Results
ISSR Polymorphism and marker parameters

In this experiment, 10 ISSR markers were used individually. Marker parameters are summarized in Table 2.
The total number of ampli�ed bands was 243, of which 239 bands (98.3%) showed polymorphism. The
character ranged between 16 (P4) and 33 (MM15). MM15 and P9 primers possessed the highest number of
total ampli�ed products as 32 and 31, respectively. The percentage of polymorphic bands (PPB) differed
from 93.75 for P4 to 100 percent for primers P1, P6, P7, P8, P9, and MM14. The size of the bands varied
between 50 and 1700 base pairs. The highest PIC was observed for MM16 primer (0.49) and P10 (0.48).
PIC ranged between 0.25 and 0.49 with an average of 0.35.
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Table 2 ISSR
Marker
parameters for
genetic
diversity
evaluation of
camelina DH
lines

RP EMR MI PIC Total
ampli�ed
bands

No. of
polymorphic
bands

PPB Sequence
3' →5'

Primer

4.8 20 6.8 0.34 20 20 100% GAG
(CAA)5

P1

3.36 14.06 4.64 0.33 16 15 93.75% CTG
(GT)8

P4

4.15 29 7.25 0.25 29 29 100% (AG)8GCC P6

4.87 28 8.12 0.29 28 28 100% (AG)8GTG P7

3.68 25 6.25 0.25 25 25 100% (GA)8ACC P8

5.62 31 9.30 0.30 31 31 100% (GA)8ATC P9

7.46 17.05 8.18 0.48 19 18 94.73% (ATG)5 P10

4.72 23 7.59 0.33 23 23 100% (CT)8RA MM14

9.88 31.03 13.03 0.42 33 32 96.96% (AC)8YT MM15

8.5 17.05 8.35 0.49 19 18 94.73% (AC)8YA MM16

- - - - 243 239 - Total  

5.63 23.52 7.95 0.35 24.3 23.9 98.3% Mean  

 PPB:
Percentage of
Polymorphic
Bands; PIC:
Polymorphism
Information
Content; MI:
Marker Index;
EMR: Effective
Multiplex
Ratio; RP:
Resolving
Power

MI ranged from 4.64 to 13.03. The highest MI parameter were determined for ISSR primers P9 and MM16
which ampli�ed more bands (32 and 31, respectively). EMR index depends on the percentage of
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polymorphic bands and number of polymorphic bands. This feature marker varied from 14.06 to 31.03 with
a mean of 23.52 (Table 2).

Three ISSR markers had higher resolving power (RP) values (9.88, 8.5 and 7.46 for MM15, MM16 and P10,
respectively) and could be useful informative markers to identify DH lines (Table 2). This index varied from
3.36 to 9.88 with an average of 5.63 (Table 2).

Genetic relationships and cluster analysis

Jaccard's similarity coe�cients using ISSR data for camelina doubled haploid lines were calculated.
Genetic similarity ranged between 0.0.05 and 0.85 (Due to the large matrix, data not shown). The minimum
similarity (0.05) was recorded between lines 27 and 45. These two DH lines obtained from separate crosses
with different parents (Table 1). Doubled haploid lines 103 and 104 had the most similarity coe�cient
(0.85).

To investigate genetic relationships among camelina DH lines and to classify the lines, cluster analysis
was performed using the Jaccard's similarity coe�cients matrix. Various clustering methods were tested
and �nally Complete method was selected as the most appropriate due to the lowest rate of chaining and a
considerable cophenetic correlation coe�cient of r = 0.89. The dendrogram grouped the camelina DH lines
into �ve clusters (Figure 1):

Group Ι: DH Lines 1, 6, 9, 12, 13, 21, 23, 24, 40, 7.

 Group II: DH lines 2, 3, 103, 104, 109, 64, 65, 72, 74, 81, 92, 98, 95, 96, 97, 105, 85, 100, 86, 88, 93, 94, 26, 41,
55, 36, 44, 68, 69, 75, 82, 83, 43, 53, 51, 54, 45, 52, 50, 76, 77, 78, 79, 28, 33, 35, 32, 59, 60, 62, 61. Group Ш:
DH lines 4, 25, 56, 115, 15, 87, 57, 16, 80.

Group IV: DH lines 5, 10, 14, 67, 107.

Group V: DH lines 27, 37, 42, 84, 101, 102.

Principal coordinates analysis based on ISSR markers

Principal coordinate analyses (PCoA) was carried out using the marker system (Figure 2). The Latent roots
(Eigen values) calculated by ISSRs data showed that the �rst �ve principal coordinates accounted for
25.27, 3.61, 2.74, 2.34, and 2.10% of total variability, respectively (36.06% cumulatively). PCoA classi�ed
the 81 camelina DH lines into six distinct groups. Most of the lines that came together in the scatter plot
were in the same cluster dendrogram (Figure 2).

Discussion
In the presented research, the genetic variation of Camelina doubled haploid (DH) lines was assessed by
ISSR markers. The set of 81 DH lines, obtaining from �fteen different crosses, possessed the parents from
The Former Soviet Union and some parts of Europe.
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The e�ciency of the used markers was assessed by calculating their PIC parameter. The high average
polymorphism (98.3%) among camelina DH lines and mean PIC value of 0.35 (Diversity Index = 0.35) in our
study indicates considerable genetic variation among the lines and high e�ciency of the ISSR markers to
distinguish the variation. An average polymorphism information content, i.e. Diversity Index (DI) = 0.29
indicating moderate genetic variation of Camelina sativa spring accessions using SNPs was reported by
Luo et al. [17]. Najaphy et al. [11] detected 80.2% polymorphism among 30 wheat accessions and an
average PIC value of 0.22 using ISSR markers. Rostami Ahmadvandi et al. [18] recorded a mean PIC value
of 0.39 for ISSR markers in cumin.

EMR based on the product of the number of polymorphic bands and the fraction of polymorphic bands;
and MI index as the product of EMR and PIC, were the two other parameters recorded for the marker
system. The primers that produced more polymorphic bands had a higher EMR record. On the other hand,
most of the primers with higher PIC showed higher MI value (Table 2). Different reports have been used MI
and EMR parameters to assess the discriminatory characteristic of molecular markers in some plants such
as wheat [11], apricot [14] and Thyme [19].

The ability of primers to identify the DH lines was also assessed by determining resolving power. This index
ranged between 3.36 and 9.88 with a mean of 5.63 (Table 2). Three ISSR markers: M15, MM16 and P10
had higher resolving power (RP) values 9.88, 8.5 and 7.46, respectively) and could be useful informative
markers to distinguish DH lines (Table 2). RP parameter presents a partly precise estimate of the number of
accessions that can be distinguished using a marker. The index may provide no knowledge about the
ability of a marker to show the phylogenetic relationships of the accessions [20]. Some reports while
calculating the ISSR parameters in the study of different crops genetic diversity, introduced the resolution
power and marker index as indicator parameters for informative primers [11, 19].

Genetic similarity matrix of camelina doubled haploid lines based on Jaccard's similarity coe�cients using
ISSR data was calculated (Table 1). The most similarity coe�cient (0.85) was found between lines 103 and
104. Interestingly, the two DH lines were also originated from different crosses by the parents from different
countries. Line 103 had been obtained from the cross between Svalöf (originated from Sweden) and
Ukrajinskij (from the Former Soviet Union). DH line 104 originated from a cross between Przybrodzka (from
Poland) and Hoga (from Denmark).

Cluster analysis using Complete method depicted genetic relationships and classi�ed the lines into �ve
groups. The clustering method indicated relatively clear con�guration from the geographic distribution
patterns of the parents of the doubled haploid lines. Nevertheless, there is a mixture of DH lines with
different parents especially in Group II (Fig. 1, Table 1). The phenomenon may related to genetic
interchange between the areas where are placed near to or overlapping each other in the Former Soviet
Union and some parts of Europe. The relationships between geographic distribution and genetic variation
has been shown in some other studies [11, 17, 19, 21, 22]. Ghamkhar et al. [23] reported high genetic
variation of �fty three camelina genotypes from Ukraine.
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Principal coordinate analysis (PCoA) was performed on ISSR data to develop a predictive function using
independent new variables, based on the primary correlated variables and to compare with clustering
method. By the analysis, six distinct groups were revealed. The output of grouping DH lines obtained from
PCoA was partly comparable and consistent with the cluster analysis (Fig. 2). It is noteworthy that most of
the camelina doubled haploid lines that occupied positions together in the scatter plot of PCoA, were
classi�ed in the same grouping dendrogram.

Doubled haploids is one of the applied mapping population that can facilitate QTL mapping and molecular
breeding programs. The Identi�cation of genetic diversity and relationships among Camelina sativa
doubled haploid lines is useful in breeding efforts. In our investigation, inter simple sequence repeats
(ISSR) markers were employed to explore the genetic variation of C. sativa doubled haploid lines. The
ISSRs generated high polymorphism for assessing genetic diversity and can be used in mapping QTLs and
distinctive �ngerprinting investigations of camelina accessions. Our results showed that the C. sativa DH
lines were genetically diverse. By the ISSRs analysis, clustering of the lines according to the geographic
distribution patterns of the parents of the doubled haploid lines was depicted. PIC, MI and RP are
suggested as maker features to identify informative ISSRs. The molecular diversity evaluated in this
research, along with biochemical traits of camelina can improve classical and molecular breeding
programs of the crop.
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Figure 1

Complete Dendrogram of 81 Camelina doubled haploid lines based on ISSR marker data.
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Figure 2

Plot of camelina double haploid lines by principal coordinate analysis using the ISSR data.
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