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Abstract

Arachidonic (ARA), eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids are the most biologically active
polyunsaturated fatty acids, but their biosyntheses in mammals are very limited. The biosynthesis of DHA is the most
difficult, because this undergoes the Sprecher pathway–a further elongation step from docosapentaenoic acid (DPA), a D6-
desaturase acting on a C24 fatty acid substrate followed by a peroxisomal chain shortening step. This paper reports the
successful heterologous expression of two non-mammalian genes (with modification of codon usage), coding for Euglena
gracilis D4-desaturase and Siganus canaliculatus D4-desaturase respectively, in mammalian cells (HEK293 cell line). Both of
the D4-desaturases can efficiently function, directly converting DPA into DHA. Moreover, the cooperation of the E. gracilis
D4-desaturase with C. elegans D15-desaturase (able to convert a number of n-6 PUFAs to their corresponding n-3 PUFAs) in
transgenic HEK293 cells made a more desirable fatty acid composition – a drastically reduced n-6/n-3 PUFAs ratio and a high
level of DHA as well as EPA and ARA. Our findings provide a basis for potential applications of the gene constructs for
expression of D15/D4-desaturases in transgenic livestock to produce such a fatty acid profile in the related products, which
certainly will bring benefit to human health.
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Introduction

The importance of polyunsaturated fatty acids (PUFA) for

human health has been well recognized. Among PUFAs,

arachidonic (ARA; 20:4n-6), eicosapentaenoic (EPA;20:5n-3) and

docosahexaenoic (DHA; 22:6n-3) acids are the most biologically

active essential fatty acids (EFA) in mammals. ARA can be

synthesized by D6 desaturation of linoleic acid (LA;18:2n-6) to

produce 18:3n-6 that is elongated to 20:3n-6 followed by D5

desaturation [1], while EPA can be synthesized from a-linolenic

acid (ALA,18:3n-3), requiring the same enzymes and pathway as

for ARA. Synthesis of DHA reportedly requires an elongation step

from EPA to docosapentaenoic (DPA;22-5n-3, an important

intermediate), a further elongation step to C24 PUFA, a second

D6 desaturation and a peroxisomal chain shortening step (b-

oxidation) [2]. Therefore, LA and ALA are considered essential

fatty acids in the human diet. However, the rate of conversion of

LA to ARA, or ALA to EPA and DHA, remains low [3–5]. The

conversion of LA to ARA is ,0.2%(6). A very small fraction

(perhaps ,1%) of ingested ALA is converted into EPA (20:5n-3),

and even less is converted into the 22-carbon DHA. Thus, these

long-chain PUFA composition of cell membranes are, to a great

extent, dependent on dietary intake [7,8]. On the other hand,

natural resources for n-6 PUFAs (such as LA and ARA) and n-3

PUFAs (such as ALA, EPA and DHA) are imbalanced, leading to

unhealthy diets with a high ratio (,10:1) of n-6/n-3 PUFAs

[9,10]. This may contribute to the prevalence of many diseases,

such as coronary artery disease, cancer, diebetes, arthritis and

depression [11,12].

To increase the n-3 PUFA content and decrease the ratio of n-

6/n-3 PUFAs in diet is conductive to human health. Hence efforts

have been made to achieve this goal. A D15 (n-3) desaturase gene

from C. elegans, fat-1, was introduced into mammalian cells then

into animals such as mice and pigs, and consequently the

desaturase produced n-3 PUFAs from the corresponding n-6

PUFAs in transfected mammalian cells and transgenic animals

[13–16]. This is a major breakthrough in the research field of n-3

PUFAs production. However, fat-1 gene mainly converted C18

and C20 n-6 PUFAs to their corresponding n-3 PUFAs (such as

ALA, EPA, DPA) and increased their content, without or with

very limited increase of DHA, the most important C22 PUFA.

Previously, D4 desaturases have been demonstrated in some

organisms including protozoan trypanosomes [17], the photosyn-

thetic freshwater protist Euglena gracilis [18], marine microalgae

Pavlova lutheria and Thraustochytrids [19,20], and herbivorous,

marine teleost fish, Siganus canaliculatus [21]. By heterologous
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expression in yeast, these D4 desaturases conferred on the yeast the

ability to convert DPA (22:5n-3) to DHA. We realized that if such

a D4 desaturase gene can still function in mammals to convert

DPA to DHA, it would coorperate with the D15 desaturase gene,

fat-1, to achieve a more desirable fatty acid composition (balanced

n-6/n-3 PUFAs with a high level of DHA).

However, whether these D4 desaturase genes can be expressed

functionally and can coorperate with fat-1 gene in mammalian

cells remains to be investigated. According to the reports in the

related literatures, we chose two D4 desaturase genes, one from E.

gracilis, the other from S. canaliculatus, as the candidates in our

research. The objective of this study was to examine whether the

two D4 desaturase genes can be functionally expressed in

mammalian cells in high efficiency and whether the D4 desaturase

activities can coorperate with the D15 desaturase activities to exert

a significant effect on cellular fatty acid composition.

Materials and Methods

Construction of Recombinant Plasmids
Both the gene sequences coding for Euglena gracilis D4 desaturase

(named as sEgD4 ) and Siganus canaliculatus D4 desaturase (named as

sScD4), whose original sequences were submitted to GenBank

(accession number AY278558 and GU594278, respectively ), were

artificially synthesized (with genetic codons optimized for mam-

malian expression). Then the synthetics were separately inserted

into the pcDNA3.1 expression vector by EcoR I/Hind III sites

(both synthetics carrying the same enzymic sites). The fat-1gene

(also synthesized with codons optimized, named as sN3) expression

vector was constructed similarly as the two D4 desaturase gene

expression vectors. The double gene expression vector pcDNA3.1-

N3D4 was constructed as follows: making use of Bgl II/Mlu I sites

carried on pcDNA3.1, PCR primers (with Bgl II or Mlu I site

sequence on 59end ) were designed to amplify the pCMV-sN3-

polyA DNA fragment on pcDNA3.1-sN3, and then the amplicon

was inserted into pcDNA3.1- sEgD4 by Bgl II/Mlu I double

digestion and ligation.

Cell Cultures and Transfection
Human embryonic kidney (HEK) 293 cell line was obtained

from American Type Culture Collection (Manassas, VA, USA).

Transient transfections in HEK 293 cells were carried out using

LipofectamineTM 2000 (Invitrogen Inc., USA) as described in the

manufacturer’s manual. One day prior to transfection, cells were

plated onto 60-mm culture dishes in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% fetal bovine serum

(FBS) and 10 mM PUFAs substrates (DPA for D4 desaturase genes

transfections, LA and ARA for sN3 or N3D4 transfections). Cells

were transfected with 8 mg of the plasmids. To monitor

transfection efficiencies, cells were transfected with an expression

vector containing the enhanced green fluorescent protein (EGFP)

cDNA, pcDNA3.1-EGFP. The day following transfection, the

transfection medium was replaced with fresh medium containing

the same PUFAs substrates as above. Two days after transfection,

cells were harvested and used for analysis of gene expression or

fatty acid composition.

RT-PCR
RT-PCR was performed to analyze transcripts in transgenic

cells.Total RNA was extracted from the harvested cells using

TRIzol Reagent (Invitrogen) followed by DNase treatment to

remove genomic DNA contamination. cDNA was prepared using

the TaKaRa RNA PCR Kit 3.0 (TaKaRa). The following primer

pairs were used to detect the target genes–sEgD4:59-TCATCAT-

CAACCACATCAGCGAG-39 and 59-

TTTAGCTCTTCTTGTCGCCGTTG-39; sScD4:59-

TCGGGCATCTGAGCGTGTTC-39 and 59-ATACTC-

CACGGGCTGGGTCTCC-39; sN3:59-ACGTGAACGCCAA-

CACCAAGC-39and 59-ACACGCCCATGAAGATGTTCCAC-

39. The PCR conditions were as follows: 94uC for 2 min, 35 cycles

of 94uC for 30 s, 60uC for 30 s, and 72uC for 30 s, followed by a

final extension period of 72uC for 10 min. The amplified products

were subjected to electrophoresis on a 2% agarose gel. As a

control, beta-actin gene was also amplified.

Lipid Analysis
The fatty acid composition of total cellular lipids was analyzed

as following: an aliquot of cell pellet homogenate in a micro

reaction vessel (Supelco) was mixed with 1 ml of 14% BF3/

MeOH reagent containing 0.005% butylated hydroxytoluene (as

antioxidant). After blanketed with nitrogen, the mixture was

heated at 95–100uC for 1 hour, then cooled to room temperature

and methyl esters were extracted in the hexane phase following

addition of 1 ml H2O and 1 ml of hexane. The samples were

centrifuged for 5 minutes at 3000 rpm, then the upper hexane

layer was removed and concentrated under nitrogen. Fatty acid

methyl esters were quantified with GC-MS by using an HP-5890

Series II gas chromatograph equipped with an Omegawax 250

capillary column (Supelco, Bellefonte, PA) attached to an HP-5971

mass spectrometer. The oven program was maintained initially at

150uC for 2 min, then ramped to 200uC at 10uC/min and held for

4 min, ramped again at 5uC/min to 240uC, held for 3 min, and

finally ramped to 270uC at 10uC/min and maintained for 5 min.

Peaks were identified by comparison with fatty acid standards

(Sigma), then area and percentage for each resolved peak were

analyzed.

Statistical Analysis
Statistical analysis was performed with SPSS version 18.0 for

Windows using one-way ANOVA followed by LSD comparison

test for posthoc analyses. Results were expressed as the mean 6

SD. A p-value of ,0.05 was considered to be statistically

significant.

Results

The two D4 desaturase genes, sEgD4 and sScD4, were

successfully synthesized (with genetic codons optimized). Their

gene expression vectors, pcDNA3.1-sEgD4 and pcDNA3.1-

sScD4, were constructed (Fig. 1A and B). To test whether

pcDNA3.1-sEgD4 and pcDNA3.1-sScD4 could be expressed in

mammal cells, the vectors were introduced into human embryonic

kidney (HEK) 293 cells by using liposome transfection method.

DPA were added to the cell culture medium for 3 days. The RT-

PCR results showed that the mRNA from these two synthetic

genes could be greatly transcribed, while the cells transfected with

the control plasmid pcDNA3.1-EGFP, which carried the en-

hanced green fluorescent protein as reporter gene, detected

neither sEgD4 mRNA nor sScD4 mRNA (Fig. 2A and B). The

transient transfections of pcDNA3.1-sEgD4 and pcDNA3.1-sScD4

in HEK 293 cells confirmed both genes could directly and

efficiently convert DPA to DHA, as shown in Fig. 3. Both sEgD4

and sScD4 expression products had similar enzymic activity and

conversion rate (Table 1).

In order to test whether the D4 desaturase genes can coorperate

with fat-1 gene in mammalian cells to convert DPA (one of the

products catalyzed by fat-1 ) to DHA, we constructed the fat-1 gene

expression vector, pcDNA3.1-sN3 and a double gene expression
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vector, pcDNA3.1-N3D4 (Fig. 1,C and D), for the expression of

D4 and D15 desaturase activities in the same vector. The sEgD4

gene was chosen for the construction of this double gene

expression vector for it seemed to convert a little more DHA

from DPA than sScD4 (though it was not significant statistically).

The vectors pcDNA3.1-sN3 and pcDNA3.1-N3D4 were trans-

ferred into NHK293 cells together with pcDNA3.1-EGFP as a

control. Fatty acid substrates, 10 mM 18:2n-6 and 10 mM 20:4n-6,

were added to the cell culture medium for 3 days. RT-PCR was

performed to analyze the transcription levels of the introduced

genes in transgenic cells. As shown in Fig. 2C, D15 desaturase

mRNA were highly expressed both in pcDNA3.1-sN3 and

pcDNA3.1-sN3D4 transfected cells, and D4 desaturase mRNA

were highly expressed only in pcDNA3.1-sN3D4 transfected cells,

while pcDNA3.1-EGFP transfected cells detected no D15

desaturase mRNA, and both pcDNA3.1-EGFP transfected cells

and pcDNA3.1-sN3 transfected cells detected no D4 desaturase

mRNA.

Fatty acid composition of total cellular lipids extracted from the

transfected cells was analyzed by Gas Chromatography-Mass

Spectrometer (GC-MS). As shown in Fig. 4, the fatty acid profiles

were remarkably different between the control cells transfected

with pcDNA3.1-EGFP and the cells transfected with pcDNA3.1-

sN3 and the cells transfected with pcDNA3.1-sN3D4. In the cells

expressing the D15 desaturase, most of n-6 fatty acids were

converted notably to the corresponding n-3 fatty acids: 18:2n-6 to

18:3n-3, 20:3n-6 to 20:4n-3, 20:4n-6 to 20:5n-3, and 22:4n-6 to

22:5n-3. However, in the cells expressing the D15 desaturase, the

level of DHA obviously did not change, indicating that there was

no fatty acid substrate that could be converted to DHA. In the cells

expressing both the D15 desaturase and the D4 desaturase, the n-6

fatty acids were also converted notably to the corresponding n-3

fatty acids similarly as in the cells expressing the D15 desaturase,

but the main difference was that DPA was reduced, while DHA

was increased. As a result, the fatty acid composition of the cells

expressing both the D15 desaturase and the D4 desaturase was

more balanced compared with that of the cells expressing only the

D15 desaturase. The ratio of n-6/n-3 was reduced from 8.76 in the

control cells to 1.46 in the cells expressing the D15 and D4 fatty

acid desaturases(Table 2).

Discussion

In this paper, we firstly reported the transgenic expression and

enzymatic activity of two non-mammalian D4 desaturases in

mammalian cells, as well as one of the D4 desaturases coorperate

with D15 desaturase to convert DPA (a catalyzed product of D15

desaturase) to DHA in the transfected cells expressing the two

types of desaturases.

In nature, the synthesis of DHA are very different among

microorganisms, plants, and animals. The production of DHA in

marine bacteria, such as Shewanella sp., Vibrio sp., and Photobacterium

profundum, relies on polyketide synthase (PKS) systems, which are

Figure 1. Construction of Recombinant plasmids for cell transfections. All synthetics of candidate genes were inserted into the vector
pcDNA3.12 by EcoR I /HindIII restriction sites in (A), (B) and (C). The double gene expression vector pcDNA3.1-N3D4 (D) was constructed based on
pcDNA3.1-D4, with the insertion of pCMV-sN3-polyA DNA fragment by Bgl II/Mlu I restriction sites.
doi:10.1371/journal.pone.0084871.g001

Table 1. PUFA composition of total cellular lipids from the
HEK293 cells transfected with EGFP, sEgD4 or sScD4 genes.

Mol % of
fatty acids EGFP sEgD4 sScD4

18:2n-6 5.2860.41 4.6660.61 4.0760.26

20:3n-6 3.9960.38 3.1660.35 3.0160.21

20:4n-6 9.2160.69 8.2260.52 8.1860.53

20:5n-3 24.6160.61a 24.1860.59a 21.0960.79b

22:5n-3 44.1761.12a 31.8460.86c 34.8660.97b

22:6n-3 12.7260.60b 27.9260.74a 28.6261.04a

DHA/DPA ratio 0.2960.03b 0.8860.05a 0.8360.05a

Values are means of three measurements. Values for each fatty acid with the
same superscript do not differ significantly (P,0.05) between control (EGFP),
sEgD4 and sScD4.
doi:10.1371/journal.pone.0084871.t001
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encoded by large gene clusters of about 30 kb [22–26]. LCPUFA

production via this pathway might not be restricted to prokaryotes,

for the oleaginous fungus Schizochytrium sp. has been shown to

possess a gene cluster with significant similarity to the bacterial

PKS systems [27]. Another strategy relies on the alternating action

of desaturases and elongases, requiring fatty acid substrates such as

linoleic acid and a-linolenic acid to start with. They constitute the

v- 6 and v-3-pathways for polyunsaturated fatty acid biosynthesis.

Besides the main routes leading to arachidonic acid and DHA,

another route in different organisms makes use of a D9-elongase

and a D8-desaturase [28–30]. It seemed that the PKS systems are

more efficient in production of DHA than the v- 6 and v-3-

pathways. Mammals possess the desaturases (such as D6 and D5)

and elongases (D6, D5 and D7) needed in v- 6 and v-3-pathways,

but they synthesized only very limited DHA in vivo from other

common dietary n-3 PUFAs such as a-linolenic acid (ALA, 18:3n-

3). Some lower organisms (utilizing the PKS systems) such as

Thraustochytrium sp., Schizochytrium sp., and the dinoflagellate

Crypthecodinium cohnii accumulate as much as 50% DHA in their

fatty acids [31–33]. However, the fact was more complex than this,

because the cloning of a D5- and a D4-fatty acid desaturase from

Thraustochytrium sp indicates both the PKS systems and the

desaturases/elongases pathways might operate simultaneously in

this organism [20]. The alga E. gracilis differs from the above-

mentioned organisms by the fact that it accumulates only minor

proportions of DHA (about 2% of total fatty acids), while it

displays a wide range of different fatty acids with significant

proportions of C16–C22 PUFAs [34]. The cloning of a D8-

desaturase and a D4-desaturase from E. gracilis may be seen as

additional evidence for the presence of a LCPUFAs biosynthetic

pathway that involves desaturases and elongases [18,28]. Interest-

ingly, the E. gracilis D4-desaturase was as efficient at desaturating

exogenously supplied DPA at the D4-position to produce DHA as

Thraustochytrium sp. When heterologously expressed in yeast, the E.

gracilis D4-desaturase converted about 29.7% DPA to DHA [18].

Coincidentally, a vertebrate fatty acid desaturase with D4 activity

was cloned from S. canaliculatus, and also demonstrated that it

conferred on the transgenic yeast the ability to convert 23% DPA

to DHA [21]. As D6 and D5 desaturase activities were also

reported in S. canaliculatus, it showed that such a teleost fish utilized

the similar mechanism as E. gracilis for the production of DHA and

other LCPUFAs. According to this, we thought the D4-desaturases

from E. gracilis and S. canaliculatus was more suitable for the

heterologous expression in mammals to convert DPA to DHA, for

mammals possess similar PUFAs (e.g. 18C–22C) substrates for

production of DHA as in both organisms. This paper has clearly

demonstrated that, when heterologously expressed in mammalian

cells(HEK 293), both the E. gracilis D4-desaturase and S.

canaliculatus D4-desaturase can efficiently convert suplied DPA

into DHA. What’s more important is that the proportions of DPA

converted to DHA were about 37.5% in HEK 293 cells expressing

E. gracilis D4-desaturase and 36.3% in HEK 293 cells expressing S.

canaliculatus D4-desaturase, which is even higher than that in

transgenic yeast expressing these two desaturases respectively. This

indicates that the mammalian cells or even mammals are likely to

accept these D4-desaturases activities from lower organisms.

As mentioned above, mammals synthesized only very limited

DHA in vivo from it’s potential substrate PUFAs. Even the

heterologous expression of the D15 desaturase in mammalian cells

did not significantly increase the level of DHA [14]. This result

clearly shows the inefficiency of the Sprecher pathway in DHA

production. As shown either in Kang’s report [14] or in this study,

the heterologous expression of the D15 desaturase in mammalian

cells converted 22:4n-6 to DPA almost as efficiently as it converted

LA to ALA and ARA to EPA. This led to a relatively high

proportion of DPA accumulated, but the DPA almost completely

could not be converted to DHA through the Sprecher pathway.

Our study coupled the D4 desaturase with D15 desaturase in the

Figure 2. sEGD4, sScD4 and sN3 transcripts in transfected cells were analyzed by RT-PCR. (A) No. 1 and No. 2 were cells transfected with
EGFP and sEGD4 respectively; (B) No. 1 and No. 2 were cells transfected with EGFP and sScD4 respectively; (C) No. 1, No. 2 and No. 3 were cells
transfected with EGFP, sN3 and N3D4 respectively.
doi:10.1371/journal.pone.0084871.g002

Figure 3. Partial gas chromatograph traces showing fatty acid profiles of total cellular lipids extracted from the control cells
infected with EGFP (A), the cells infected with sEgD4 (B) and the cells infected with sScD4 (C).
doi:10.1371/journal.pone.0084871.g003
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transgenic HEK293 cell, which successfully and efficiently

converted the DPA to DHA. In other words, DPA formed by

D15 desaturase activity from 22:4n-6 was converted to DHA by

D4 desaturase activity. The rate of DHA synthesis could be faster

in the more direct D4 pathway that only requires endoplasmic

reticulum, whereas the Sprecher pathway also involves peroxi-

somes, translocation of PUFA intermediates and limited fatty acid

oxidation, a catabolic step. Some researchers thought the

inefficiency of the Sprecher pathway in DHA production was

due to D6 desaturase, the rate limiting enzyme in the PUFAs

biosynthetic pathway – both at the initial steps of the pathway and

at the terminal steps of the pathway (Sprecher pathway). However,

another result in our experiment demonstrated the co-overexpres-

sion of D6/D5 desaturases in mammalian cells only led to high-

level production of DPA, without obvious increase of DHA

(unpublished data). Therefore, it seemed that all of the steps in

Sprecher pathway together led to the inefficient DHA generation.

The introduction of D4 desaturase into mammalian cells avoided

these steps. Undoubtedly, this is a perfect combination of the D15/

D4 desaturases for the production of high level of DHA in

mammalian cells (very likely in mammals), as well as the dramatic

reduction of the ratio of n-6/n-3 PUFAs.

Modern diets are high in saturated fatty acids, and low in

unsaturated fatty acids [35,36]. Among unsaturated fatty acids,

the diets are high in n-6 fatty acids and low in n-3 fatty acids.

It was reported that the average US intake of linoleic acid (LA)

is 14.8 g/day, while arachidonic acid (ARA) is consumed at the

amount of 0.15 g/day. The total intake of n-3 FAs in the US is

1.6 g/day. Of this, a-linolenic acid (ALA) accounts for 1.4 g/

day and only 0.1–0.2 g/day comes from eicosapentaenoic acid

(EPA) and docosahexaenoic acid (DHA) [17,20,37]. However,

for most population in the whole world, their intake of fatty

acids are nearly like this because of the extensive consumption

of meat products (high in saturated fat) and vegetable oil (mostly

high in LA). From this we see that ARA, EPA and DHA are

the LCPUFAs that are most likely to be insufficient in today’s

diets. Of the three LCPUFAs, DHA is more difficult than ARA

and EPA to be accumulated from the biosynthesis pathways in

mammals. To some extent, DHA is the PUFA whose intake

should be elevated through diets. Our findings as presented in

this paper provided a potential for land animals or livestock to

produce high level of DHA as well as EPA and ARA (with

balanced n-6/n-3 PUFAs). This will greatly increase the

availability of these important LC-PUFAs for most people

across the world without altering their dietary habits. After all,

today’s dietary DHA and EPA supplements mainly come from

marine products such as encapsulated fish oil, which may not

be suitable for lifelong daily consumption. Furthermore, the

decline in marine fish stocks and the potential contamination of

marine products with mercury and other chemicals call for

land-based dietary sources of LC-PUFAs (DHA, EPA and

ARA).

In conclusion, this work has demonstrated that the heterol-

ogous expression of the two D4-desaturases in mammalian cells

can still efficiently function, directly converting DPA into DHA,

and conferring on mammalian cells the ability to produce high

level of DHA. Our findings showed that the cooperation of the

E. gracilis D4-desaturase with C. elegans D15-desaturase in

transgenic HEK293 cells made a more desirable fatty acid

composition – with drastically reduced n-6/n-3 PUFAs ratio

and high level of DHA as well as EPA and ARA. Our data

provides a basis for potential applications of the gene constructs

for expression of D15/D4-desaturases in transgenic designer

livestock with desirable fatty acid profile. We believe that such

livestock will bring benefit to mankind–if safty of transgenic

animal products is ensured.

Table 2. PUFA composition of total cellular lipids from the
HEK293 cells transfected with EGFP, sN3 or sN3D4.

Mol % of
fatty acids EGFP sN3 sN3D4

n-6 PUFAs

18:2n-6 50.5261.29a 32.9961.13b 35.4760.92b

20:4n-6 28.9260.87a 17.4560.64b 18.7760.71b

22:4n-6 10.3060.59a 4.8760.44b 5.2260.51b

Total 89.7461.41a 55.3160.96c 59.4660.99b

n-3 PUFAs

18:3n-3 0.6460.03c 19.4860.31a 16.1460.27b

20:5n-3 1.4160.08b 11.8660.22a 10.9960.18a

22:5n-3 3.9260.11b 8.8460.20a 4.1260.13b

22:6n-3 4.2760.18b 4.6160.16b 9.2760.25a

Total 10.2460.30c 44.7961.07a 40.5260.91b

n-6/n-3 ratio 8.7660.27a 1.2360.06b 1.4660.07b

Values are means of three measurements. Values for each fatty acid with the
same superscript do not differ significantly (P,0.05) between control (EGFP),
sN3 and N3D4.
doi:10.1371/journal.pone.0084871.t002

Figure 4. Partial gas chromatograph traces showing fatty acid profiles of total cellular lipids extracted from the control cells
infected with EGFP (A), the cells infected with sN3 (B) and the cells infected with N3D4 (C).
doi:10.1371/journal.pone.0084871.g004

A More Desirable Balanced PUFAs in Mammalian Cells

PLOS ONE | www.plosone.org 5 December 2013 | Volume 8 | Issue 12 | e84871



Author Contributions

Conceived and designed the experiments: GZ QO TZ. Performed the

experiments: GZ KW HF MW JS. Analyzed the data: GZ XJ GS NZ TG.

Contributed reagents/materials/analysis tools: QO TZ GS NZ MW.

Wrote the paper: GZ.

References

1. Cook HW, McMaster RCR (2004) Biochemistry of Lipids, Lipoproteins, and

Membranes, eds DE Vance and JE Vance (Elsevier, Amsterdam), 181–204.
2. Sprecher H (2000) Metabolism of highly unsaturated n-3 and n-6 fatty acids.

Biochim Biophys Acta. 1486: 219–231.
3. Emken EA, Adlof RO Gulley RM (1994) Dietary linoleic acid influences

desaturation and acylation of deuterium-labeled linoleic and linolenic acids in

young adult males. Biochim Biophys Acta. 1213: 277–288.
4. Pawlosky RJ, Hibbeln JR, Novotny JA Salem NJ (2001) Physiological

compartmental analysis of alpha-linolenic acid metabolism in adult humans. J
Lipid Res. 42: 1257–1265.

5. Gao F, Kiesewetter D, Chang L, Rapoport SI, Igarashi M (2010) Quantifying

conversion of linoleic to arachidonic and other n-6 polyunsaturated fatty acids in
unanesthetized rats. J Lipid Res. 51: 2940–294.

6. Hussein N, Ah-Sing E, Wilkinson P, Leach C, Griffin BA, et al. (2005) Long-
chain conversion of [13C]linoleic acid and alpha-linolenic acid in response to

marked changes in their dietary intake in men. J Lipid Res. 46: 269–280.
7. Clandinin MT, Field CJ, Hargreaves K, Morson L, Zsigmond E (1985) Role of

diet fat in subcellular structure and function. Can J Physiol Pharmacol. 63: 546–

556.
8. McLennan PL, Abeywardena MY, Charnock JS (1988) Dietary fish oil prevents

ventricular fibrillation following coronary artery occlusion and reperfusion. Am
Heart J. 116: 709–717.

9. Simopoulos AP (2000) Human requirement for N-3 polyunsaturated fatty acids.

Poultry Sci. 79: 961–970.
10. Simopoulos AP, Cleland LG (2003) Importance of the ratio of omega-6/omega-

3 essential fatty acids: evolutionary aspects. World Rev Nutr Diet. 92: 1–22.
11. Perica MM, Delas I (2011) Essential Fatty Acids and Psychiatric Disorders. Nutr

Clin Pract. 26: 409–425.

12. Chajès V, Torres-Mejı́a G, Biessy C, Ortega-Olvera C, Angeles-Llerenas A, et
al. (2012) v-3 and v-6 polyunsaturated fatty acid intakes and the risk of breast

cancer in mexican women: impact of obesity status. Cancer Epidemiol
Biomarkers Prev. 21: 319–326.

13. Spychalla JP, Kinney AJ, Browse J (1997) Identfication of an animal n-3 fatty
acid desaturase by heterologous expression in Arabidopsis. Proc Natl Acad Sci

USA. 94: 1142–1147.

14. Kang ZB, Ge Y, Chen Z, Cluette-Brown J, Laposata M, et al. (2002) Adenoviral
gene transfer of Caenorhabditis elegans n-3 fatty acid desaturase optimizes fatty acid

composition in mammalian cells. Proc Natl Acad Sci USA. 98: 4050–4054.
15. Kang JX, Wang J, Wu L, Kang ZB (2004) Transgenic mice Fat-1 mice convert

n-6 to n-3 fatty acids. Nature. 427: 504.

16. Lai L, Kang JX, Li R, Wang J, Witt WT, et al. (2006) Generation of cloned
transgenic pigs rich in omega-3 fatty acids. Nat Biotechnol. 24: 435–436.

17. Tripodi KEJ, Buttigliero LV, Altabe SG, Uttaro AD (2006) Functional
characterization of front-end desaturases from trypanosomatids depicts the first

polyunsaturated fatty acid biosynthetic pathway from a parasitic protozoan.
FEBS J. 273: 271–280.

18. Meyer A, Cirpus P, Ott C, Schlecker R, Zähringer U, et al (2003) Biosynthesis of

docosahexaenoic acid in Euglena gracilis: Biochemical and molecular evidence for
the involvement of a D4-fatty acyl group desaturase. Biochemistry. 42: 9779–

9788.
19. Tonon T, Harvey D, Larson TR Graham IA (2003) Identification of a very long

chain polyunsaturated fatty acid D4-desaturase from the microalga Pavlova

lutheri. FEBS Lett. 553: 440–444.

20. Qiu X, Hong H, MacKenzie SL (2001) Identification of a D4 fatty acid

desaturase from Thraustochytrium sp involved in the biosynthesis of docosahex-
anoic acid by heterologous expression in Saccharomyces cerevisiae and Brassica juncea.

J Biol Chem. 276: 31561–31566.
21. Li Y, Monroig O, Zhang L, Wang S, Zheng X, et al. (2010) Vertebrate fatty acyl

desaturase with D4 activity. Proc Natl Acad Sci USA. 107(39): 16840–16845.

22. Yazawa K (1996) Production of eicosapentaenoic acid from marine bacteria.
Lipids. 31 (Suppl.): S297–300.

23. Tanaka M, Ueno A, Kawasaki K, Yumoto I, Ohgiya S, et al. (1999) Isolation of
clustered genes that are notably homologous to the eicosapentaenoic acid

biosynthesis gene cluster from the docosahexaenoic acid-producing bacterium

Vibrio marinus strain MP-1. Biotechnol Lett. 21, 939–945.
24. Yu R, Yamada A, Watanabe K, Yazawa K, Takeyama H, et al. (2000)

Production of eicosapentaenoic acid by a recombinant marine cyanobacterium,
Synechococcus sp. Lipids. 35: 1061–1064.

25. Takeyama H, Takeda D, Yazawa K, Yamada A, Matsunaga T (1997)
Expression of the eicosapentaenoic acid synthesis gene cluster from Shewanella

sp. in a transgenic marine cyanobacterium, Synechococcus sp. Microbiology. 143:

2725–2731.
26. Allen EE, Bartlett DH (2002) Structure and regulation of the omega-3

polyunsaturated fatty acid synthase genes from the deep-sea bacterium
Photobacterium profundum strain SS9. Microbiology. 148: 1903–1913.

27. Metz JG, Roessler P, Facciotti D, Levering C, Dittrich F, et al. (2001) Production

of Polyunsaturated Fatty Acids by Polyketide Synthases in Both Prokaryotes and
Eukaryotes. Science 293: 290–293.

28. Wallis JG, Browse J (1999) The Delta 8-desaturase of Euglena gracilis: an
alternate pathway for synthesis of 20-carbon polyunsaturated fatty acids. Arch

Biochem Biophys. 365: 307–316.

29. Qi B, Beaudoin F, Fraser T, Stobart AK, Napier JA, et al. (2002) Identification
of a cDNA encoding a novel C18-Delta (9) polyunsaturated fatty acid-specific

elongating activity from the docosahexaenoic acid (DHA)-producing microalga,
Isochrysis galbana. FEBS Lett. 510: 159–165.

30. Kihara A (2012) Very long-chain fatty acids: elongation, physiology and related
disorders. J Biochem. 152: 387–395.

31. Jiang Y, Chen F (2000) Effects of medium glucose concentration and pH on

docosahexaenoic acid content of heterotrophic Crypthecodinium cohnii. Process
Biochem. 35: 1205–1209.

32. Bajpai PK, Bajpai P, Ward OP (1991) Optimization of production of
docosahexaenoic acid (DHA) by Thraustochytrium aureum ATCC34304. J

Am Oil Chem Soc. 68: 509–514.

33. Yokochi T, Honda D, Higashihara T, Nakahara T (1998) Optimization of
docosahexaenoic acid production by Schizochytrium limacinum SR21. Appl

Microbiol Biotechnol. 49: 72–76.
34. Korn ED (1964) The fatty acids of Euglena gracilis. J Lipid Res. 5, 352–364.

35. Grenon SM, Hughes-Fulford M, Rapp J, Conte MS (2012) Polyunsaturated
fatty acids and peripheral artery disease. Vasc Med. 17(1): 51–63.

36. Merle BM, Delyfer MN, Korobelnik JF, Rougier MB, Malet F, et al. (2013)

High Concentrations of Plasma n3 Fatty Acids Are Associated with Decreased
Risk for Late Age-Related Macular Degeneration. J Nutr. 143(4): 505–511.

37. Institute of Medicine, Food and Nutrition Board (2005). Dietary Reference
Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein,

and Amino Acids (Macronutrients). Washington, DC: National Academies

Press.

A More Desirable Balanced PUFAs in Mammalian Cells

PLOS ONE | www.plosone.org 6 December 2013 | Volume 8 | Issue 12 | e84871


