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Abstract: The genes encoding Δ6 desaturase, Δ6 fatty acid elongase, and Δ5 desaturase from the alga, 
Phaeodactylum tricornutum, were co-expressed in Arabidopsis thaliana under the control of the Brassica napus 
napin promoter to produce arachidonic acid (ARA; 20:4 Δ5, 8, 11, 14) and eicosapentaenoic acid (EPA; 20:5 Δ5, 8, 11, 14, 

17). ARA and EPA accumulated up to 0.5% and 0.05% of total fatty acids, respectively, in the transgenic A. thaliana. 
The conversion efficiencies of desaturation steps in n6 (18.6% and 23.8%) and n3 (6% and 9%) were different. The 
efficiency in n6 pathways was higher than that of in n3 pathways. 
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1. Introduction 
 Polyunsaturated fatty acids (PUFAs), such as 
arachidonic acid (ARA; 20:4 Δ5, 8, 11, 14) and 
eicosapentaenoic acid (EPA; 20:5 Δ5, 8, 11, 14, 17), are 
essential for human health and well-being. They can 
maintain the structure and function of bio-membrane 
(1). They also have important physiological and 
medical functions, such as curing of cardiovascular 
disease anti-inflammatory (2) and promoting brain 
development (3). Recently people have paid more 
attention to ARA, EPA and docosahexaenoic acid 
(DHA; 22:6 Δ4, 7, 10, 13, 16, 19) than other PUFAs because 
of their special role and influence on human health. At 
present, the main source of EPA and DHA for human 
consumption is oily ocean fish (4). The γ-linolenic acid 
(GLA; 18:3 Δ6, 9, 12) can be found in plant oils derived 
from evening primrose, borage and black currant (5). 
ARA is commercially produced by fermentation of 
oleagenous fungi such as Mortierella alpina (6). The 
increasing demand has raised the interest in obtaining 
these PUFAs from alternative sources, which are more 
economical and sustainable than traditional source. 
One attractive option is to genetically engineer the 
oil-seed crops like soybean, rape, and others to produce 
long-chain PUFAs such as GLA, ARA, EPA, and DHA 
(7). 

The production of PUFA such as ARA, EPA and 
DHA in oilseed crops has been the subject of much 
recent interest. Abbadi et al. reported 1.5% AA and 
1.0% EPA in transgenic flax seeds containing Δ6 and 
Δ5 desaturases and a Δ6 elongase (8). However, in 
Brassica juncea, the introduction of 5 and 9 structural 

genes resulted in the production of up to 25% AA and 
15% EPA in transgenic seeds (9). Robert et al. used the 
Arabidopsis thaliana as the host plant for biosynthesis 
of PUFAs using a construct including a dual-purpose 
Δ5/Δ6 desaturase that acts on acyl-CoA substrates, the 
production of EPA and AA was 3.2% and 1.6% 
respectively in transgenic Arabidopsis (10). It is clear 
that some endogenous metabolic bottlenecks need to be 
overcome to enable transgenic plants to synthesize and 
accumulate PUFAs to levels equivalent to those found 
in the marine environment (11, 12, 13). Several 
different metabolic engineering rationales to increase 
PUFA production in transgenic seed oils have been 
suggested. One approach is to find superior desaturases 
can efficiently use acyl-CoA substrates (11). For 
example, Δ6-desaturases from liverwort, Marchantcia 
polymorpha and Mantoniella squamata can efficiently 
use acyl-CoA substrates, potentially bypassing the 
acyl-exchange bottleneck (14, 15, 16). Taken together, 
these results indicate that both the specific gene 
combinations used and the choice of host plant are 
important for VLCPUFA production (17). 

In previous, our team has researched the influence of 
gene copy number on the yield of PUFAs using the Δ6, 
Δ5 desaturase and Δ6 elongases from Phaeodactylum 
tricornutum in Pichia pastoris. Recently our team 
identified the Δ6 desaturase gene from M. alpine W15 
(18). In the present study, we report the seed-specific 
expression of Δ6 desaturase (D6), Δ5 desaturase (D5) 
(19), and Δ6 elongases (E6) (GenBank accession no. 
AY746355) from P. tricornutum in A. thaliana to 
reconstituted the biopathways for EPA and ARA.  
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2. Materials and methods 
Plant materials  

P. tricornutum was grown in f/2 culture medium at 
22 °C with photoperiods of 16 h of light, A. thaliana 
ecotype Columbia was grown at 22 °C and used for 
transformation. Brassica napus of B351 which 
provided by Shanxi Hybrid Rapeseed Research Centre 
of China was used for the cloning of napin promoter. 
Nucleic acids extractions 

Total genomic DNA was extracted from leaves of B. 
napus and seedlings of A. thaliana using a CTAB 
method (20). P. tricornutum in the logarithmic phase 
was collected by centrifugation and used for the 
extraction of total RNA (21). The total RNA of P. 
tricornutum was extracted using RNeasy Maxi Kit 
(Qiagen, Valencia, CA).  
Vector construction 

The sequence of napin promoter and the open 
reading frames of the different desaturases and 
elongase were modified by PCR to create appropriate 
restriction sites adjacent to the start codons and stop 
codons, cloned into the pGEMT-T vector (Promega, 
Madison, WI), and sequenced to confirm their identity.  

For the generation of transformation constructs, a 
triple cassette containing the napin promoter, the NOS 
terminator, and three different polylinkers between 
each promoter and terminator were first inserted into 
the pUC18 vector, yielding the pUC18np plasmid. 

The open reading frames of desaturases and 
elongases were then released using the restriction sites 
created by PCR and successively inserted into the same 
restriction sites of the polylinkers of the pUC18np 
plasmid, yielding the pUC18123np plasmid. The 
resulting cassette, containing the three genes each 
under the control of the napin promoter, was released 
by digesting the pUC18123np plasmid with KpnI and 
BglII and cloned into the corresponding sites of the 
binary vectors pCAMBIA1303 (CAMBIA, Canberra, 
Australia) , yielding the pC1303D6E6D5 plasmid. The 
vectors pC1303D6E6D5 were transferred into the 
Agrobacterium strain LBA4404. 
Plant transformation 

A. thaliana transformation was carried out by the 
floral dipping method of Clough and Bent (22). Seeds 
from dipped plants (T1 seed) were collected and plated 
out on selective media containing hygromycin (40 
mg/L). The selected transformed seedlings were 
transferred to soil to establish T1 plants.  
Molecular analysis of transgenic plants 

Transgenic plants were checked by PCR 
amplification on genomic DNA. In order to detect the 
expression of target genes, RT-PCR were performed. 
Total RNAs were isolated from transformant and 
first-strand cDNAs were synthesized using the First 
Strand cDNA Synthesis Kit (Fermentas). These 
templates were used for the amplification of target gene 

using the same primer sets as those used in genomic 
PCR. 
Fatty acid extraction and analysis 

Total seed oil was extracted by a method as 
previously described (23). The fatty acid methyl esters 
(FAMEs) were prepared according to Lightner et al. 
(24) and analyzed by gas chromatography-mass 
spectrometry (GC-MS) using an Agilent 7890A-5975C 
GC-MS Network system. 
3. Results 
Construction of plant expression vectors and molecular 
analysis of transgenic plants 

Restriction and PCR analysis of the resultant clones 
identified trivalent expression vectors containing D6, 
E6, D5 expression cassette, and the result showed that 
trivalent expression vectors were successfully 
constructed (Figure 1). 

Hygromycin-resistant seedling lines were obtained 
after selection in a medium supplemented with 
increasing concentrations of hygromycin B from 15–45 
mg/mL. Genomic PCR analysis revealed that some of 
the seedlings contained the genes of D6, D5 desaturase, 
and E6 elongase, while the others contained only one 
or two genes of them.  

RT-PCR analysis showed that plant integrated by the 
genes of D6, D5 desaturase, and E6 elongase contained 
the transcripts of the three genes. And the transcripts of 
the three genes were detected only in the T1 plant’s 
seeds suggested that the three genes were only 
expressed in seeds (Figure 2). 
Fatty acid analysis of transgenic plants 

Following transformation with the trivalent 
expression vectors and selection on hygromycin, T1 
plants were recovered and their seeds were analyzed 
for fatty acid composition using GC-MS (Figure 3). 
The result showed that new n3 PUFA, including 
stearidonic acid (SDA; 18:4 Δ6, 9, 12, 15), eicosatetraenoic 
acid (ETA; 20:4 Δ8, 11, 14, 17) and EPA, and new n6 
PUFA, including GLA, dihomo-γ-linolenic acid 
(DGLA; 20:3 Δ8, 11, 14) and ARA were synthesized in 
T1 plants, conversely these productions were not 
detected in wild type A. thaliana. Thus it is concluded 
that ARA and EPA biosynthetic pathways were 
successfully reconstituted in A. thaliana. 

The fatty acids of the transgenic A. thaliana were 
shown in Table 1. The contents of GLA, DGLA and 
ARA were 6.2 %, 1.6 % and 0.5 % respectively. The 
yields of SDA, ETA and EPA accumulated to 0.9 %, 
0.5 % and 0.05 %, respectively. The contents of LA 
and ALA, especially eicosenoic acid (ENA; 20:1 Δ11), 
were decreased in transgenic A. thaliana comparing 
with the wild type. The decrease of the LA, ALA and 
ENA contents in transgenic plants indicated that these 
heterologous genes which were transformed into A. 
thaliana had significant influence on the fatty acid 
composition.of A. thaliana. The conversion efficiency 
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of each step in the n6 and n3 pathways was calculated 
as products/ (substrate + products). These results 
showed that the conversion efficiency of desaturation 
step in n6 (18.6% and 23.8%) was higher than in n3 
pathways (6% and 9%) (Table 2). The low conversion 
efficiency in n3 pathways is partly because of the low 
content of EPA.  

 

 
Figure 2. RT-PCR results of transgenic A. thaliana. M: 
marker; lane 1: seed; lane 2: root; lane 3: stem; lane 4: 
leaf; N: negative control. 
 

Figure 1. A: Restriction analyses of pC1303D6E6D5. 
M: marker; lane 1: digested recombinant plasmid; lane 
2: PCR product of target gene expression cassette. B: 
The trivalent expression vector. 

 
Figure 3. Results of GC-MS analysis of fatty acids in 
transgenic A.thaliana. A, B represent the fatty acids in 
the wild type and transgenic A.thaliana respectively.  
 

Table 1. Fatty acid composition (% w/w) of total fatty acids from transgenic A.thaliana. 
Fatty acid A.thaliana transgenic A.thaliana 
PA a 16:0 9.7±0.3b 10.1±0.3 
SA 18:0 4.3±0.2 6.7±0.2 

OA 18:1Δ9 16.6±0.5 15.8±0.5 
LA 18:2Δ9,12 28.2±0.6 27.1±0.5 

ALA 18:3Δ9,12,15 17.2±0.5 14.0±0.4 
AIA 20:0 2.2±0.1 1.7±0.1 

ENA 20:1 Δ11 19.7±0.4 10.8±0.3 
GLA 18:3Δ6,9,12 NDc 6.2±0.4 

DGLA 20:3Δ8,11,14 ND 1.6±0.2 
ARA 20:4Δ5, 8, 11, 14 ND 0.5±0.1 
SDA 18:4Δ6,9,12,15 ND 0.9±0.2 
ETA 20:4Δ8,11,14,17 ND 0.5±0.1 

EPA 20:5Δ5, 8, 11, 14, 17 ND 0.05±0.0 
aPA: palmitic acid; SA: stearic acid; OA: Oleic acid; LA: linoleic acid; ALA: α-linolenic acid; AIA: arachidic 
acid; ENA: eicosenoic acid; GLA: γ-linolenic acid; DGLA: dihomo-γ-linolenic acid; ARA: arachidonic acid; 
SDA: stearidonic acid; ETA: eicosatetraenoic acid; EPA: eicosapentaenoic acid. 
bEach value is the mean ± SD from three independent experiments 
cNot detected 
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Table 2. Conversion efficiency (%) of P. tricornutum PUFAs biosynthetic enzymes in transgenic A.thaliana. 
Δ6-des Δ6-elo Δ5-des 

LA→GLA     ALA→SDA GLA→DGLA    SDA→ETA DGLA→ARA     ETA→EPA   

18.6 a 6.0  20.5 35.7 23.8 9 

a The conversion efficiency of each step was calculated as 100 × product/(substrate +product) (%) 
 
4. Discussion 

In this study, the content of EPA (n3) was lower than 
that of ARA (n6) in transgenic A. thaliana, thus the 
conversion efficiency of n6 pathways was higher than 
that of n3 pathways overall. It is partly because of the 
low content of EPA. The genes of Δ6 desaturase, Δ5 
desaturase, and Δ6 elongases were from P. tricornutum. 
The content of EPA was much higher than ARA in P. 
tricornutum. Maybe there was some kind of 
mechanism by which ARA can be converted to EPA. 
Recently, some researchers reported that the 
seed-specific expression of a Δ9 elongase pathway 
consisted of the Isochrysis galbana Δ9 elongase, the 
Pavlova salina Δ8 and Δ5 desaturases in A. thaliana 
and B. napus, furthermore the contents of ARA and 
EPA were 9.7% and 2.4%, respectively in T2 
transgenic B. napus seed (25). The efficiency of Δ9 
elongase pathway was higher than that of conventional 
Δ6-pathway, but in the both pathway the content of 
ARA was much higher than that of EPA. In other study, 
the content of ARA was higher than that of EPA, too 
(26).  

To obtain a suitable and alternative source of these 
desired PUFAs, producing PUFAs in the oil-bearing 
crops would be a preferable alternative. The fatty acids 
mainly synthesized in the seeds. Napin promoter can 
control the expression of heterologous genes which 
were specifically expressed in seeds, prevent foreign 
gene expression in other parts of the plant, reduce the 
waste of plant energy and nutrients, and reduce the 
adverse effects of transformation heterologous genes 
on plants. So napin promoter was often used in 
transformation of A. thaliana and B. napus. P. 
tricornutum has high levels of EPA, and its content 
exceeds 30% (27). P. tricornutum was possibly a good 
genetic source material. In transgenic A. thaliana, the 
conversion efficiencies of each step in the n6 and n3 
pathways were low, so the content of ARA and EPA 
were low, too. The result showed that heterologous 
expression of the genes from some material which has 
high levels of PUFAs may not produce high levels of 
PUFAs in transgenic material. Hence, it is necessary to 
take other method to obtain high lever ARA and EPA. 
For example, using the Δ9 elongase pathway or 
acyl-CoA-dependent pathway, or using the 
lyso-phosphatidylcholine acyltransferases gene was 
optional methods. 
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