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1. Introduction
Camelina (Camelina sativa [L.] Crantz) is an oilseed 

crop belonging to the Brassicaceae family, commonly 
known as false flax or gold-of-pleasure. It is adapted to 
temperate growing regions and has its origins in East Eu-
rope and West Asia. The crop has been utilized since the 
late Neolithic Era when it was domesticated in Southeast 
Europe [1, 2].

Since the 1980s, the interest in Camelina has been re-
vitalized due to the growing demand for both food and 
biofuel oils. This resurgence has led to the establishment 
of pilot-scale productions in European countries and North 
America. Camelina is notable for its low-input require-
ments [3] and remarkable resistance to common Brassica-
ceae diseases and pests, such as blackleg disease and [4] 
flea beetles [5].

In most Brassicaceae oilseeds, such as non-canola-
quality rapeseed cultivars or crambe, erucic acid (C22:1) 
is synthesized. The interest in these unusual fatty acids 
stems from their unique physicochemical properties and 

the broader range of oleochemical reactions they enable, 
making them suitable for various applications beyond tho-
se of common vegetable oils [6,7].

Camelina seed oil is distinctive in two key aspects: (i) 
the polyunsaturated alpha-linolenic acid (C18:3) is the pri-
mary fatty acid, and (ii) the concentration of erucic acid 
(C22:1) is relatively low compared to other Brassicaceae 
species, while eicosenoic acid (C20:1) is synthesized ins-
tead as a long-chain fatty acid [7-9].

Apart from acceptable yield and processing potential, 
fully developed tools are available for breeding and trait 
improvement through genetic engineering in Camelina. 
This is due to the high sequence identity of genes in Ca-
melina, which has led to numerous successful transforma-
tion reports over the years. Apart from selection markers, 
genes for altering fatty acid composition, improved seed 
and oil yield, or drought resistance have been expressed 
in Camelina [10, 11]. For example, RNAi suppression of 
fatty acid desaturase (FAD2) and elongase (FAE1) genes 
resulted in reduced concentrations of linoleic, linolenic, 
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and eicosaenoic acids, while oleic acid was accumulated 
at a level of 66% [12]. Compared to natural genetic or 
environmental variation in fatty acid composition, supp-
ression lines have a significant impact on tailoring oil 
composition traits. Additionally, other strains of Camelina 
engineered with fatty acid desaturase and elongase gene 
cassettes have produced up to 31% eicosapentaenoic acid 
(EPA, C20:5-omega-3) or up to 14% docosahexaenoic 
acid (DHA, C22:6-omega-3) [13].

Camelina has a low-risk biosafety status due to its low 
outcrossing rate [14, 15], no intercrossing with common 
Brassicaceae species [16] and weak weed potential [17] 
compared to other Brassicaceae crops, thus making it par-
ticularly suitable as a platform crop.

Gene silencing, particularly through antisense techno-
logy, is a crucial strategy for modifying fatty acid compo-
sitions [18]. Antisense technology involves the inhibition 
of gene expression by a double-stranded RNA molecule 
that hinders the expression of a specific gene homologous 
to the RNA. This process leads to mRNA degradation, ul-
timately resulting in a reduction of the targeted gene pro-
duct. In their study, researchers focused on tissue culture, 
transformation, and adaptation of the seed-specific FAE1 
gene from Camelina sativa in both sense and antisense 
orientations. This genetic manipulation aimed to enhance 
the oil quality of Camelina plants by modifying the fatty 
acid composition.

2. Materials and Methods  
2.1. Plant materials

The experiments were conducted using the Camelina 
sativa cultivar 'Soheil', developed by Biston Shafa Com-
pany in Iran. This cultivar, derived from a cross between 
Blaine Greek and Calena cultivars, was purified using the 
doubled haploid method. The 'Soheil' cultivar features ap-
proximately 3% erucic acid, 35% oil content, 90% unsa-
turated fatty acids, and around 35% omega-3 fatty acids 
in matured seeds. Genomic DNA for the experiments was 
extracted from young leaves using a kit from Vivantis.

2.2. Plasmids and bacterial strains
The Bluescriprt II SK+ plasmid and Escherichia coli- 

DH5-alpha were used for cloning and sequencing. The 
plasmid pBI121 (Novagen) and A. tumefaciens LBA4404 
were used in order to produce competent cells and plant 
transformation.

2.3. Three-dimensional structure of FAE1 and DFAE1 
SWISS-MODEL is a renowned server for automated 

comparative modeling of three-dimensional (3D) protein 
structures. It has been a pioneer in automated modeling 
since 1993 and remains one of the most widely- used free 

web-based tools for this purpose. The SWISS-MODEL 
server is continuously evolving to enhance the integration 
of expert knowledge into a user-friendly platform.

2.4. Amplification and cloning of the FAE1 and 
DFAE1 genes 

In the project, primer pairs were designed and synthe-
sized based on the FAE1 sequences in GenBank (Acces-
sion no. GU929420.1) for the FAE1 (sense sequence) and 
DFAE1 (antisense sequence) (Table 1). The FAE1 primers 
were utilized to amplify the full-length FAE1 gene. Two 
strategies were implemented to modify the erucic acid 
content: a) the creation of an antisense structure from the 
entire FAE1 gene, referred to as RFAE1, with its specific 
promoter to reduce erucic acid content [19]; and b) genera-
ting an antisense structure from a portion of the FAE1 gene 
(first domain), known as DFAE1, with its specific promo-
ter to lower erucic acid levels. Subsequent PCR analysis 
of transgenic plants involved the detection of the integra-
ted TRFAE1 construct by amplification with TFAE1 F and 
TFAE1 R primers.

Genomic DNA was isolated from leaves of C. sativa 
with a Vivantis kit (Plant DNA extraction). The FAE1 
genes were amplified from the genomic DNA using the 
primers mentioned above (Vivantis kit). The purified FAE1 
genes were double digested with Cfr9I and SacI enzymes 
and sub-cloned into the PTG19-TPCR cloning vector (Vi-
vantis kit) which were digested with the same enzymes.

Following the TA-cloning scheme, tailed PCR pro-
ducts were ligated into the PTG19-T Vector using a 1:3 
molar ratio of vector to insert, based on the manufacturer's 
instructions. The ligation reaction was set up in a 30 µl 
volume, including 2 µl PTG19-T plasmid, 16 µl fresh PCR 
product, 1 µl T4 DNA ligase enzyme, 1 µl 10X buffer, and 
10 µl nuclease-free distilled water. After gentle mixing 
and brief centrifugation, the ligation reaction mixture was 
incubated overnight at 10ºC. Recombinant vectors were 
stored at -20°C until transformation. Competent cells were 
prepared from Escherichia coli strain DH5-alpha using 
the calcium chloride method. The PCR product was clo-
ned into the PTG19-T vector and transformed into E. coli 
(DH5-alpha strain). The presence of inserts in the trans-
formed colonies was screened by selection on MacConkey 
agar medium containing 100 mg/L ampicillin and colony 
PCR with specific primers. Subsequently, the recombinant 
plasmids underwent further analysis through sequencing.

2.5. Screening of clones containing pBI121 recombi-
nant plasmids

The plasmid was extracted from the clones that were 
cultured on LB medium supplemented with kanamycin 
and specific antibiotics for the Agrobacterium strain. Sub-

Name Primer Sequence (5′→3′)

FAE1
F CGC GAT AAT TTA TCC TAG TTT GC
R CTA CAA TGC GTT GGT GGA AG

DFAE1
F CCC GGG1 CGT AAT AGT GCT TGA TCT T
R GAG CTC2 TTA ACG TGC CCC CAC GAA A

TFAE1
F GTC GCC TAA GGT CAC TAT CAG CTA GC
R CTC TCA TCG TCT CCT TGT

Table 1. The sequence of primers used for the FAE1 gene and TRFAE1 construct as a complete antisense of the 
FAE1 gene. Where, F: Forward; R: Reverse.
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mycin for selection of transgenic plant cells, along with 
Cefotaxime and Meropenem to eliminate Agrobacteria. 
Subsequent subculturing was performed at 14-day inter-
vals. Transgenic plants were identified based on kanamy-
cin resistance, mature plants were regenerated, cultured in 
perlite, and then transferred to soil for growth to maturity. 
To prepare a cotyledon explant, germinated seeds aged 5 
to 7 days will be used. After removing the terminal buds, 
the cotyledon leaves will be positioned on the culture me-
dium with approximately 2 mm of the petiole immersed in 
the medium [23].

2.9. Statistical analysis
ANOVA was used for analysis of variance and 

Duncan's multiple range test was used to compare means. 
SPSS software was used to obtain the variance analysis 
and compare the average of the effect of explant age on the 
production of green seedlings, effect of hormone concen-
tration on regeneration rate, effect of antibiotics on the 
rate of regeneration and effect of hormone concentration 
on rooting rate.

3. Results
3.1. Three-dimensional structure of FAE1 and DFAE1 

Molecular homology modeling of DFAE1 proteins 
using the SWISS-MODEL server on ExPASy generated 
the 3D structure of FAE1 and DFAE1 proteins. The GMQE 
values of 0.44 for FAE1 and 0.08 for DFAE1 suggested a 
high level of accuracy in the structural prediction of these 
genes (Figure 1). 

3.2. Isolation of FAE1 gene from Camelina using PCR
PCR amplification of genomic DNA from the Sohil 

variety of Camelina sativa using specific primers (FAE1 F 
and FAE1 R) resulted in a PCR product with a size of 1518 
bp (Figure 2) for the FAE1 gene. Additionally, PCR ampli-
fication with specific primers (DFAE1 F and DFAE1 R) 
produced PCR products, with the DFAE1 gene size being 
723 bp (Figure 2).

The purified DFAE1 gene was inserted into the PTG19-
T vector and then introduced into Escherichia coli (DH5-

sequently, the extracted plasmid was verified and confir-
med through a control procedure (Jumping).

2.6. Sequencing of cloned DFAE1 gene
To conclusively confirm the obtained fragments, 

clones harboring the desired fragments were sequenced. 
Following the measurement of purified plasmid concen-
tration, 30 nanograms of each sample was submitted to 
Gene Technologies Company for sequencing. The clones 
sent for sequencing were identified using standard primers 
from both ends. Upon validating the accuracy of the am-
plified fragments through sequencing, the gene sequence 
under study was analyzed alongside other sequences in the 
BLAST and Alignment databases at both the nucleic acid 
and amino acid levels.

2.7. Antisense construction of FAE1 gene
In the antisense construction, the FAE1 gene was subs-

tituted for the β-glucuronidase (GUS) gene in the modified 
pBI121 vector. To achieve this, the modified pBI121 vec-
tor was cleaved with Cfr9I and SacI restriction enzymes 
to excise the GUS gene. Consequently, the PCR fragment 
utilized for the antisense construction had a SacI site at the 
beginning and a Cfr9I site at the end of the gene. The pre-
sence and orientation of the constructs in the recombinant 
pBI121 vector were assessed through PCR analysis and 
restriction enzyme digestion.

2.8. Plant tissue culture, transformation and regenera-
tion

In the experiment, seeds of Camelina sativa were ste-
rilized with 70% ethanol for 1 minute and 5% sodium 
hypochlorite by shaking vigorously for 10 minutes. Sub-
sequently, the seeds were rinsed thrice with sterile distilled 
water and germinated under aseptic conditions on 1/2 MS 
medium [20] in glass bottles (30- 40 seeds per bottle) at 
25°C under a 16-hour light/8-hour dark photoperiod. Plant 
transformation and regeneration were carried out accor-
ding to a specified procedure [21]. Cotyledon segments 
from seedlings of different ages (5, 7, 9, and 14 days) were 
used as explants to assess shoot regeneration. The media 
composition varied in terms of macro salts, types of anti-
biotics such as Cefotaxime (50, 100, 200 and 400 mg/L) 
and Meropenem (50, 100, 200 and 400 mg/L), sucrose (30 
and 20 g/L), and phytohormones such as BAP (0.5, 1.5, 2 
and 2.5 mg/L) and kin (0.5, 1.5, 2 and 2.5 mg/L) for rege-
nerating and NAA (0.2, 0.4, 0.5 and 1 mg/L) and IBA (0.1, 
0.2, 0.4 and 0.8) for rooting. 

Vitrification, a common issue in the tissue culture pro-
cess of Camelina, can significantly impact shoot multipli-
cation, culture vigor, and the successful acclimatization of 
micro-propagated plants to in vivo conditions [22]. In this 
study, ammonium-to-nitrate ratios (1/6, 1/3 and 1/2) and 
agar values (8.5, 8 and 7.5 gr)   were investigated. 

During the experiment, care was taken to remove the 
apical meristem that may sometimes adhere to the petioles. 
Colonies of A. tumefaciens strain LBA4404 containing the 
modified binary plasmid recombinant pBI121 (antisense 
constructs) were cultured overnight at 28°C in LB medium 
supplemented with 10 mg/L kanamycin. Explants were 
then inoculated with A. tumefaciens for 10 minutes, fol-
lowed by cultivation on the same medium solidified with 
agar at 25°C in the dark. After 72 hours of co-cultivation, 
the explants were transferred to medium containing kana-

Fig. 1. a: Three-dimensional structure of FAE1 protein, b: Three-di-
mensional structure of Domain 1, FAE1 protein and c. Three-dimen-
sional structure of DFAE1 protein.
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alpha strain) through transformation. The presence of the 
insert in the transformed colonies was verified by selec-
ting them on MacConkey agar medium (as shown in Fig. 
3a) and conducting colony PCR with specific primers (as 
illustrated in Figure 3b).

The DFAE1 gene was isolated, subjected to restriction 
enzyme digestion, and cloned into the pSK+ plasmid. The 
clones were verified through PCR, restriction enzyme ana-
lysis, and sequencing. Subsequently, the validated PCR 
fragments were sub-cloned into a plant binary vector 
(recombinant pBI121), and the resulting clones and orien-
tation of the construct were confirmed through PCR and 
restriction enzyme digestion, as shown in Figure 4 [23].
3.3. Enzymatic digestion of vector pBI1400

To prepare the plant expression vector PBI1400, the 
vector's quality was verified, followed by enzymatic di-
gestion with Cfr9I and SacI enzymes at 37 degrees Celsius 
for four hours on a 1% agarose gel. Subsequently, the desi-
red fragments resulting from the enzymatic digestion were 
purified from the gel using an extraction kit. The outcome 
of this reaction is depicted in Figure 5 [23].

3.4. Sequencing of Colonies DFAE1 gene
Following the verification of the amplified fragments 

through sequencing, the gene sequence under study was 
compared with other sequences in the BLAST and Align-
ment databases at both the nucleic acid and amino acid 
levels, as depicted in Figure 6.

3.5. Cloning of DFAE1 fragments in pBI1400 plasmid 
vector

The DFAE1 fragments were ligated with the cut 
pBI1400 vector, and the binding reaction was executed. 

Fig. 2. The FAE1 gene of the amplification by PCR. L2 Amplifica-
tion of the FAE1 gene with specific primers (1518 bp). The DFAE1 of 
the amplification products by PCR L4 with specific primers (723 bp). 
L1 and L5: negative control.

Fig. 3. Colonies were screened by selection on Mac Conkey agar 
medium and Confirmation by PCR of DFAE1 construct. a) Colo-
nies were screened for DFAE1 construct. b) Confirmation by PCR; 
Lane M: 50 bp plus ladder. L1 and L2: Negative control (723 bp).

  

Fig. 4. Confirmation of DFAE1 construct cloned into recombinant 
pBI121 via restriction enzyme analysis. M: 100 bp plus ladder. L2 
digestion of the DFAE1 construct with Cfr91, Sac I, and L1 pBI1400 
plasmid.

Fig. 5. Electrophoresis pattern of pBI1400 enzymatic digestion pro-
duct containing gus fragment. L M: marker (Mix 100bp) DNA; L2 
and 3: Gus gene removed from pBI1400 plasmid with Cfr9I and Sacl 
enzymes.

Fig. 6. Examining the similarity of the sequencing result with the 
main sequence of the DFAE1 gene.
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The recombinant plasmids were then introduced into sus-
ceptible E. coli DH5-alpha cells, and initial screening was 
conducted on a solid medium supplemented with kana-
mycin. To confirm successful cloning, plasmid extraction 
was performed from multiple colonies grown on the solid 
medium. The homology of the DFAE1 fragments within 
the pBI1400 plasmid vector was validated using the PCR 
method, as shown in Figure 7.

The constructs were transferred to A. tumefaciens 
LBA4404 using the freeze-thaw standard method. Sub-
sequently, the Agrobacterium strains were utilized to 
transform Camelina sativa via Agrobacterium-mediated 
petiole cotyledonary transformation. In investigating the 
age of cotyledon explants on the production of green seed-
lings, an experiment was used in a completely randomized 
design with three replications. The results of the analysis 
of variance and comparison of means by Duncan's method 
can be seen in Tables 2 and 3 that the five-day-old explants 
with the production rate of green seedlings were superior 
to the other two ages.

In order to evaluate the effect of hormone concentra-
tion on the regeneration rate, a factorial experiment was 
carried out in the form of a completely randomized design 
with two replications. The results of analysis of variance 

of this plan are in Table 4 and the comparison of averages 
was done by the LSD method, the results of which are pre-
sented in Table 5. The results show that there is a signifi-
cant difference between different concentrations of BAP, 
Kin and their interactions. Explants at a concentration of 
1.5 mg/L of BAP are superior to other concentrations.

In order to choose the best antibiotics and their concen-
trations, a factorial experiment was used in the form of a 
completely randomized design with two replications. The 
results of analysis of variance and comparison of means by 
LSD method are presented in Tables 6 and 7. The results 
show that there is a significant difference between different 
concentrations of antibiotics and their interactions. The 
explants in concentrations of 200 mg/L of cefotaxime and 
100 mg of meropenem were superior to other concentra-

Fig. 7. a) DFAE1 colonies in pBI1400 plasmid. b) Confirmation of 
construct was transferred to A.tumefaciens LBA4404 by PCR, L2 pro-
duct of the recombinant pBI121 plasmid containing DFAE1 construct. 
L3: negative control. c) The transformation vector used in the study.

  

 

Source Df MS
age 2 40.44**

Error 6 3.22
CV 13.5

Table 2. Variance analysis of the effect of explant age on the production 
of green seedlings.

Age (day) SE=3.222
5 17.667a

7 11.667b

10 11b

Table 3. Comparing the average effect of explant age on the production 
of green seedlings.

Source Df MS
BAP 3 36.78**

Kin 3 9.94**

BAP*Kin 9 1.3*

Error 16 0.406
CV 17.33

Hormone concentration SE=0.4
BAP 0.5 6.62a

1.5 3.87b

2 2.75c

2.5 1.62d

Kin 0.5 5.37a

1.5 3.37 b

2 3.12 b

2.5 3.00 b

Table 4. Variance analysis of the effect of hormone concentration on 
regeneration rate.

Table 5. Comparing the average of the effect of hormone concentration 
on regeneration rate.

Source Df MS
Cefotaxime 3 10.45**

Meropenem 3 9.28**

Cefotaxime * Meropenem 9 4.87*

Error 16 0.187
CV 22.34

Table 6. Variance analysis of the effect of antibiotics on the rate of 
regeneration.

Hormone concentration SE=0.4
Cefotaxime 50 3.62a

100 1.62b

200 1.37bc

400 1.12c

Meropenem 50 3.5a

100 1.75b

200 1.37bc

400 1.12c

Table 7. Comparing the average of the effect of antibiotics on the rate 
of regeneration.
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tions.
In order to investigate the best concentration of NAA 

and IBA hormones on the rate of rooting, a factorial expe-
riment was carried out in the form of a completely ran-
domized design with two replications. The results show 
that there was a significant difference between different 
concentrations of NAA. Seedlings had root production at 
a concentration of 1 mg/L of NAA (Tables 8 and 9).

 The transgenic plants exhibited a regeneration frequen-
cy of approximately 30% in the medium containing 8 
mg/L of kanamycin. Following acclimatization of the 
rooted plantlets to in vivo conditions, they were allowed 
to flower and produce seeds (Figure 8).

3.6. Molecular analysis of transgenic plants
Genomic DNA from putative transgenic and non-trans-

genic plants was examined for the presence of the TRFAE1 
gene using PCR with the TFAE1 F and TFAE1 R primers. 
PCR amplification yielded a 750 bp fragment in the trans-
genic plants, while no amplification was detected in the 
control plants, as illustrated in Figure 9.

4. Discussion
Camelina is an oilseed crop that has recently been de-

veloped for oil production and diversification of modern 
crop production systems [24-26]. Biotechnology provides 
an effective tool for rapid Camelina improvement and bio-
logical research [27, 28]. By employing RNA interference 
(RNAi) targeting crucial genes in fatty acid synthesis, seed 
fatty acids can be efficiently modified through a straight-
forward transfection approach. This approach opens ave-
nues for enhancing Camelina for various agronomic traits, 
such as altering fatty acid composition in seed oil, thereby 
positioning this crop as a sustainable bioenergy source.

Improving the quality of Camelina oil and meal pre-
sents a valuable goal for enhancing this plant. Camelina 
oil can serve purposes in human nutrition or industrial 
applications, while the protein-rich meal can be utilized 
in livestock feed or as a fertilizer. The quality of Came-

lina oil is influenced by its fatty acid composition, as well 
as factors such as anti-nutritional components (e.g., glu-
cosinolates) and the balance of protein and fiber content. 
The ratio of oil to protein in the seed, particularly the oil 
content due to its economic value, plays a significant role 
in determining the overall quality of Camelina [19].

Improving the quality of Camelina oil involves ad-
dressing the presence of erucic acid, an undesirable com-
pound that impacts the oil's food quality when exceeding 
two percent. Genetic modification methods, such as gene 
transfer, offer a means to reduce erucic acid levels by tar-
geting the biosynthesizing enzyme controlled by the FAE1 
gene. By identifying, isolating, and cloning the FAE1 gene 
and introducing the appropriate structure into Camelina 
plants, the effects on oil quality can be assessed. Antisense 
structures of RFAE1 and DFAE1 were developed to inhibit 
the FAE1 gene, with computer analysis aiding in primer 
design for cell isolation and amplification. Structural ana-
lysis revealed the potential efficacy of the antisense struc-
ture DFAE1 in reducing erucic acid levels, supported by 
genomic similarities of the proteins [7,19, 29, 30].

Regeneration studies in Camelina have shown that 
various species of the cruciferous family and hypocotyl 
explants are efficient for initiating organogenesis in labo-
ratory conditions. Experimentation by Yamets et al. (2013) 
involved utilizing Camelina sativa seedlings of different 
ages (five, seven, nine, and 14 days) on culture medium to 
generate explants. Previous research has highlighted that 
cytokinins play a crucial role in promoting stem forma-
tion by initiating cell division and branch differentiation in 
several cruciferous species, alongside different combina-

Source Df MS
NAA 3 109.36**

IBA 3 2.28ns

NAA * IBA 9 4.72*

Error 16 1.21
CV 27.81

Table 8. Variance analysis of the effect of hormone concentration on 
rooting rate.

Hormone concentration SE=1.21
NAA 0.2 4.62a

0.4 4.12ab

0.5 3.75ab

1 3.37b

IBA 0.2 9.5a

0.4 2.37b

0.5 2.25b

1 1.75b

Table 9. Comparing the average of the effect of hormone concentration 
on the rooting rate.

Fig. 8. Development and elongation of shoots after transformation.

Fig. 9. PCR analysis of transgenic plants with integrated TDFAE1 
construct. L1: Negative control. L2, L3 and L4, PCR amplification 
produced a fragment of 750 bp in the transgenic plants with TDFAE1 
construct.
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tions of auxin and cytokinin. Efficient shoot regeneration 
in Camelina has been achieved in media containing cyto-
kinins combined with auxin [31-35].

In a study by Zebarjedi et al. (2006), the FAE gene was 
transferred to canola using sense and antisense structures 
via the Agrobacterium method. This transfer was conduc-
ted in both low erucic acid cultivars (LEAR, e.g., PF) 
and high erucic acid cultivars (HEAR, e.g., Maplus). The 
transgenic plants were screened in a kanamycin-contai-
ning environment, followed by analysis using PCR and 
Southern blotting methods. The erucic acid content in the 
first generation of transgenic plants (T0) was assessed 
through chromatography, revealing significant alterations 
in fatty acid composition between transgenic plants har-
boring meaningful and non-functional FAE gene struc-
tures [23]. Additionally, in a study by Bashiri et al. (2023), 
plants containing the RFAE1 construct displayed reduced 
erucic acid levels compared to control plants, as analyzed 
by gas chromatography [19].

In a separate study, a fluorescent protein (DsRed) ser-
ved as a visible selective marker in the genetic modification 
of Camelina. This approach enabled the straightforward 
screening of mature transgenic seeds from a large pool of 
non-transgenic seeds, resulting in the successful acquisi-
tion of over one percent transgenic seeds. Genetic analysis 
revealed that the majority of transgenic plants carried a 
single transgenic version. The results demonstrated the ef-
ficacy of genetic engineering in enhancing the agronomic 
characteristics of Camelina, particularly in modifying the 
fatty acid profile of its seed oil [21].

In a study by Wu et al. (2008), the complete coding 
sequences of the FAE gene were extracted from eight 
rapeseed cultivars with varying levels of erucic acid 
content. It was observed that four base pair deletions 
occurring between T1366 and G1369 in the FAE1 gene 
resulted in a frame-shift mutation in certain instances, lea-
ding to premature termination of translation. This muta-
tion highlighted a genetic variation that could impact the 
synthesis of erucic acid in rapeseed [36].

The four-base pair deletion was primarily observed in 
the C-genome of B. napus and infrequently in the A-ge-
nome. In the yeast system, gene isoforms resulting from 
this deletion generated truncated proteins lacking enzyma-
tic activity, unlike the intact FAE1 gene that produced very 
long chain fatty acids. While the FAE1 gene isoforms were 
transcribed by eliminating four base pairs during rape seed 
development, these isoforms failed to translate into func-
tional proteins. Through this mutation-induced deletion of 
four base pairs, researchers achieved the production of low 
erucic acid in rapeseed [37].

In a study by Kang et al. (2011), three FAD2 genes were 
identified in Camelina for the production of oils suitable 
for industrial applications using the antisense method. 
The aim was to enhance oleic acid (monounsaturated fatty 
acid, MUFA) content and reduce levels of unsaturated fat-
ty acids (polyunsaturated fatty acids, PUFA) such as lino-
leic acid and linolenic acid in industrial oils. Despite the 
high sequence similarity among the three CsFAD2 genes, 
they exhibited distinct expression patterns. CsFAD2-1 was 
found to be expressed in various tissues, including deve-
loping seeds, flowers, leaves, roots, and stems, while Cs-
FAD2-2 and CsFAD2-3 were primarily expressed in seeds 
[15].

Yemets et al. (2013) focused on optimizing tissue 

culture and regeneration processes in Camelina cultivars 
Peremozhets and Mirazh. The study successfully deter-
mined the most effective concentrations of disinfectants, 
treatment durations for plant material, phytohormone 
ratios, sucrose concentrations for branching formation, 
and NAA concentration for seedling rooting. Additio-
nally, transgenic Camelina plants were generated through 
the Agrobacterium method utilizing the pGH217 vector 
carrying the β-glucuronidase (Gus) reporter gene [33].

Yan et al. (2015) conducted a study on Brassica rapa 
lines lacking erucic acid, revealing that the development 
of plants with reduced erucic acid content was not asso-
ciated with changes in the FAE1 coding sequence but ra-
ther linked to decreased FAE1 expression. The FAE1 pro-
moter sequences in low erucic acid and high erucic acid 
materials exhibited a 95% similarity. Notably, deletions 
of twenty-eight bases, including a 24-base AT-rich region, 
were identified approximately 1300 bp upstream from the 
FAE1 start codon in the low erucic acid accessions. These 
promoter variations could impact FAE1 expression levels, 
suggesting novel regulatory mechanisms for erucic acid 
synthesis [37].

Camelina, an under-exploited crop species, holds si-
gnificant economic potential. Research demonstrates that 
Camelina can be efficiently transformed using a simplified 
method that bypasses complex tissue culture procedures. 
Unique properties of Camelina, such as low agricultural 
requirements and resilience to pests and diseases, make it 
an attractive option for cultivation. Its cost-effective pro-
duction in various climates positions Camelina as a favo-
rable choice for biofuel production compared to other ve-
getable oils. However, the presence of erucic acid, a com-
ponent of the Brassicaceae family of fatty acids, poses 
health risks, prompting efforts to develop erucic acid-free 
varieties. Modifying erucic acid levels in seeds is a key 
focus for enhancing the quality of Brassica oil [25].

Abbreviations
 Enzyme β-ketoacyl CoA Synthase (KCS); Global Mo-
del Quality Estimation (GMQE); Basic Local Alignment 
Search Tool (BLAST); β-glucuronidase (GUS); Benzyl 
Amino Purine (BAP); Naphthalene Acetic Acid (NAA); 
Indole-Butyric Acid (IBA); Mono Unsaturated Fatty 
Acids (MUFA); Poly Unsaturated Fatty Acids (PUFA); 
Eicosapentaenoic Acid (EPA); Fatty Acid Desaturase 2 
(FAD2); Fatty Acid Elongase 1(FAE1).
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