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Fat1 gene is an n-3 fatty acid encoding desaturase from Caenorhabditis elegan (C. elegan). It can raise
the n-3/n-6 polyunsaturated fatty acids (PUFAs) ratio in mammalian cells. To reveal the impact of
different codon optimizations of fat1 gene in influencing the catalysis efficiency of n-6 PUFAs into n-3
PUFAs in mammalian cells, the fat1 gene from C. elegan coding sequence was optimized based on the
codon usage frequency preference of bovine muscle protein, milk protein and the mixtype, named as
rfat1, nfat1 and yfat1, respectively. Three different codon optimized fat1 gene mammalian cell
expression vectors were constructed and transfected into mammary epithelial cells of Chinese Holstein
Cows. As expected, the specific fragment was amplified by RT-PCR from the transfected cells. Also,
different catalysis efficiencies were observed with different codon optimizations. This study will help to
understand the impact of codon usage bias, and the mechanisms of tissue specific regulation of gene
expression of fat1 on bovine mammary epithelial cell lines.
Key words: Fat1, codon usage bias, gene expression, mammary epithelial cells.
INTRODUCTION
Synonymous codons are not used with equal frequencies
(Comeron and Aguade, 1998). The over abundance in
the number of codons allows many amino acids to be
encoded by more than one codon because there are 64
different codons (61 codons encoding for amino acids
plus 3 stop codons) for only 20 different amino acids.
Different tissues and organisms often show particular
codon usage bias for the same amino acid. Codon usage
is different in different genomes as well as in the same
genome (Grantham et al., 1980a, 1980b). It means that a
higher frequency of one will be found than expected
purely by chance. How such preferences arise is a much
debated area of molecular evolution. It is generally
acknowledged that codon preferences reflect a balance
between mutational biases and natural selection for
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translational optimization, and proposed to be related by
different factors (Ermolaeva, 2001).
N-3 polyunsaturated fatty acids (PUFAs) have
beneficial effect on human health (Lopez-Huertas, 2010),
while a rational balanced level of n-6 and n-3 PUFAs is
important and the ideal n-6/n-3 ratio is 1:1 (Enser et al.,
1996, 1998). In terms of human being, however, it has
enzyme to neither synthesize n-6 and n-3 fatty acids nor
convert n-6 to n-3 fatty acids (Spychalla et al., 1997). n-3
Fatty acid desaturase contains 402 amino acids which
can transform C18 and C20 n-6 PUFAs into n-3 PUFAs.
Fat1 gene from Caenorhabditis elegan (C. elegan)
encodes a n-3 fatty acid desaturase. The first fat1
transgenic pig which can produce high levels of n-3 fatty
acids from n-6 analogs was produced in 2006 (Lai et al.,
2006), but the concentration of eicosapentaenoic acid
(EPA),
docosahexaenoic
acid
(DHA)
and
docosapentaenoic acid (DPA), the so-called highly
unsaturated fatty acids (HUFAs) which play a key role in
growth and development, was still with a low level
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Table 1. Primers of different xfat1 gene and GAPDH control.

Primer

Sequence

Digest enzyme site

rfat1-F

ACTTCTAGAGCCACCATGGTCGCTCATTCC

XbaI

rfat1-R

ACTGCTAGCTTACTTGGCCTTTGCCTTCT

NheI

nfat1-F

ACTGACGTCATGGTTGCCCACAGTAGT

AatⅡ

nfat1-R

ACTTCTAGATTACTTGGCCTTGGCCTT

XbaⅠ

yfat1-F

ACTGACGTCATGGTCGCTCACTCC

AatⅡ

yfat1-R

ACTTCTAGACCTCGAGTTACTTGGCCT

XbaⅠ

GAPDH-F

TGGTATCGTGGAAGGACTCATGAC

GAPDH-R

ATGCCAGTGAGCTTCCCGTTCAGC

Underscore indicates digest enzyme sites; italic indicates initiation/stop codon.

(Olivotto et al., 2011).
Zhu et al. (2008) cloned another fat1 gene from
Caenorhabditis Briggsae (GenBank accession number:
CAAC01000009) and called it sFat1. The results showed
that sFat1 produce a marked effect for transforming n-6
PUFAs into n-3 PUFAs, including more long-chain HUFAs
like EPA, DHA and DPA (Zhu et al., 2008). The sFat1
gene is similar to fat1, with 71.5% gene sequence identity
and 86.1% amino acids similarity with the absence of two
amino acids. Meanwhile, n-3 fatty acid desaturases from
other species, such as Mortierella alpina and Saprolegnia
diclina (Pereira et al., 2004; Sakuradani et al., 2005) have
been studied, but no conserved cDNA region is found.
In the present study, we have optimized three types of
fat1 gene coding sequence based on the codon usage
frequency preference of bovine muscle protein, milk
protein and the mixtype, and named them rfat1, nfat1 and
yfat1. We then inserted these three different codon
optimized fat1 genes into the mammalian cell expression
vector pEF-GFP-IRES and transfected into mammary
epithelial cells (MEC) of Chinese Holstein Cows.
Comparison of the catalysis efficiency could provide
scientific insights into the regulation of codon usage bias
and the mechanism of fatty acid and milk protein
metabolism in bovine mammary epithelial cells. The
research of the expression efficiency of fat1 gene in MEC
cells will help to gain the best cell nuclear donor for the
production of transgenic fat1 cattle.

MATERIALS AND METHODS
Codon optimization of fat1 gene
In order to study which type of fat1 gene codon had the highest
expression in mammary epithelial cells (MEC) and to select the best
optimization approach, we optimized the codon of fat1 sequence
from C. elegan based on the bovine milk protein, muscle protein
and a mixed approach codon usage frequency preference (mixtype)
(called nfat1, rfat1 and yfat1, respectively) without any changing of
amino acid sequence. DNA coding sequences of bovine muscle

and milk proteins were analyzed by CHIPS (codon heterozygosity in
a protein coding sequence) of EMBOSS (the European molecular
biology open software suite) (Marra et al., 2003; Wright, 1990),
GeneQuest from DNAStar software and codon usage of Sequence
Manipulation Suite (SMS) (http://www.bio-soft.net/sms/index.html)
(Stothard, 2000). The effective numbers of codons (Frank Wright Nc
value) could help to judge the numbers of codon types. High level
expression gene has a low Nc value, by contrast, high Nc value
means low level express efficiency. Codon optimized fat1 was
synthesized by Sangon Biotech Company (Shanghai, China).

Construction of vector
In this mammalian cell expression vector, named pEF-GFP-fat1, a
codon optimized fat1 cDNA was driven by the elongation factor 1alpha promoter (EF1α promoter). An enhanced green fluorescent
protein (eGFP) gene was also expressed through an internal
ribosome entry site (IRES) sequence, and a neo-kan and amp
expression cassette as selection marker. Fat1 gene was cloned
from the original vectors pUC57 using primers listed in Table 1. The
eukaryotic expression vector pEF-GFP (Addgene plasmid NM
11154) was provided by Prof. Hongsheng Ouyang (Jilin University,
China). For quantifying the positive cell lines, we designed and
synthesized the A209 sequence, which contains a neo, IRES, and
an eGFP. The A209 fragment was cloned into the pEF-GFP vector
to replace the original eGFP sequence and named pEF-GFP-IRES.
Then, the expression cassette of fat1 was cloned into pEF-GFPIRES vector to complete the resulting construct pEF-GFP-xfat1 (x
means different optimized approach).

Cell culture and cytotoxicity assay
MEC cells of Chinese Holstein Cows were provided by the author’s
laboratory, which were cultured in Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12 (DMEM/F12, Gibco, USA),
supplemented with 10% (v/v) fetal bovine serum (FBS; PAA,
Austria), 1% (v/v) L-glutamine (Gibco, USA) and penicillin (100
U/ml) and streptomycin (100 µg/ml) (PAA, Austria), at 37°C, 5%
CO2. DMEM/F12 with different concentrations of G418 antibiotic
(300, 400, 500, 600, 700, 800 µg/ml, respectively) was prepared as
selection medium and used to replace growth medium. The cells
were incubated to proliferate for 15 days under selection medium,
and the lowest concentration of G418 which can cause cells’ entire
survival rate to 0% were defined as the optimum concentration. The

3404

Afr. J. Biotechnol.

Table 2. Frank Wright Nc value of xfat1 and C. elegans fat1 calculated by CHIPS programs.

Name
Nc Value

nfat1
20.000

rfat1
34.588

tests were performed in triplicate.
Transfection and selection of mammal epithelial cells
One day before transfection, 0.5 to 2 × 105 MEC cells were plated
into 500 µl of culture medium without antibiotics per well of a 6-well
culture plate. When the cells reached more than 90% confluency,
the culture medium was replaced by Opti-MEM serum-free media
(Gibco, USA). Cells were transfected with 2 µg plasmid DNA using
FuGENE HD Transfection Reagent (Roche, Germany) according to
the manufacturer’s protocol. The cells were incubated at 37°C in a
CO2 condition. Within 18 h, the selection DMEM/F12 containing 500
µg/ml of G418 antibiotic for an additional 12 days was change.
Cells were propagated and split into selection DMEM/F12. The
surviving cell colonies were picked and propagated in a new plate
until stable cell lines formation. pEF-GFP-IRES vector transfected
cell lines were used as the control, and performed under the same
conditions (n = 3).
Analysis of transfected cells by RT-PCR
Expression of bovine fat1 mRNA on MEC cells were determined by
RT-PCR. On the 12th day, cells were collected and pelleted; total
RNA was extracted from positive cells and cDNA was prepared
using Oligo dT. The cDNAs were used as templates and specific
primers were used to amplify the fat1 coding region; GAPDH
primers were used as a control. Primers used in RT-PCR reactions
were given in Table 1. PCR was performed in a 25 µl reaction
system with 35 cycles: 94°C for 30 s, 60°C for 30 s, and 72°C for 60
s. The PCR products were subjected to electrophoresis on a 1.5%
agarose gel.

Real-time RT-PCR assessment of the expression of three
different fat1 genes
xfat1 gene mRNA expression was analyzed on Eppendorf
Mastercycler ep realplex System by fluorescent dyes SYBR Green
real-time RT-PCR, data from which were computed by comparative
CT method while GAPDH was chosen as control (sequences shown
in Table 1). The conditions used for Real-time RT-PCR were 2 min
at 95°C and then 40 cycles of 15 s at 95°C and 40 s at 60°C. For
each experiment, pEF-GFP-IRES vector and untransfected cells
were included as negative controls. Each cDNA sample was tested
in duplicate (n = 3), and the mean values were calculated.
Catalysis efficiency analysis by gas chromatograph
Gas chromatograph (GC) was used to analyze the catalysis
efficiency of Fat1 protein. Mixed clones were mixed in order to
eliminate the effects of the gene insertion sites. Lipids were
extracted as previously reported (Kang and Wang, 2005; Lai et al.,
2006; Lu et al., 2008). Briefly, cell pellet was collected in a glass
methylation tube, mixed with 4.0 ml MeOH and 2.0 ml
trichloromethane (capillary GC; Sigma-Aldrich, USA), 1.5 ml ddH2O,
and incubated on a rotating platform shaker for 10 s. After 15 min at
RT, trichloromethane and ddH2O were added and mixed again, left

yfat1
38.350

C. elegans fat1
41.598

at RT for 5 min, then vortexed and centrifuged, the lower phase was
dried under nitrogen and re-suspended in boron trifluoride
methanol, 1.5 ml of 14% BF3/MeOH reagent was then added, after
mixing vigorously, the mixture was heated at 90°C for 30 min, and
cooled to room temperature. The mixture was vortexed again and
the upper phase was recovered. 1.5 ml ddH2O and 4.0 ml hexane
was then added and the methyl esters were extracted in the hexane
phase. The samples were centrifuged for 1 min, and then the upper
hexane layer was removed and concentrated under nitrogen.
Fatty acid methyl esters were analyzed by gas chromatography
using a fully automated HP5890 system (Agilent) equipped with a
flame-ionization detector. The extracts were dried, re-suspended,
and injected into a capillary column SP-2560 (Supelco), 100 m ×
0.25 mm ID, 0.20 µm film thicknesses (Sigma-Aldrich, USA).
Identification of components was done by comparison of retention
times with those of authentic standards (Sigma-Aldrich, USA).
Statistical analysis
All experiments were performed three times and representative
results were shown. While data were shown as the mean ±
standard deviation (SD) for indicated number of experiments.
Bonferroni's Multiple Comparison Test was used to evaluate
statistical significances between different treatment groups in Realtime RT-PCR assessment, Chi-square test was used to evaluate
statistical GC analysis, with p < 0.05 considered statistical
significance.

RESULTS
Codon optimization and sequence analysis of fat1
gene
In nfat1, rfat1 and yfat1, we changed 259, 65 and 51
bases, respectively, which affect 215, 65 and 51 codons,
respectively. The lengths of nfat1, rfat1 and yfat1 were
1221, 1234 and 1221 bp, respectively. The results
showed that all the sequences of three types of fat1 were
beneficial to the expression of the gene. The prediction
result of the RNA secondary structure by DNAStar
GeneQuest showed that the optimized gene could have
high level expression with low minimum energy and noncrowd gene structure. The Frank Wright Nc value of each
optimized fat1 was calculated using CHIPS programs and
the results showed that there was a decreasing of Frank
Wright Nc value after optimization (Table 2). The fat1
CDS sequence after optimization could be favorable to
express in specific tissues.

Identification of pEF-GFP-xfat1 vectors
Correct

pEF-GFP-xfat1

vector was

identified

by
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Figure 1. Identification of pEF-GFP-xfat1 using enzyme
digests and PCR. A: pEF-GFP-rfat1. 1, pEF-GFP-rfat1
plasmid; 2, digestion by restrictive enzyme Aat Ⅱ; 3,
digestion by restrictive enzyme XbaⅠ; 4, PCR selective
amplification rfat1. B: pEF-GFP-nfat1. 1, pEF-GFP-nfat1
plasmid; 2, digestion by restrictive enzyme XhoⅠ; 3,
double digestion by restrictive enzyme AatⅡ/ XbaⅠ; C:
pEF-GFP-yfat1. 1, pEF-GFP-yfat1 plasmid; 2, digestion
by restrictive enzyme XhoⅠ; 3, double digestion by
restrictive enzyme Aat Ⅱ, XbaⅠ.

restriction enzyme digestion, PCR and sequencing. The
multi cloning sites of AatII / XbaI (TaKaRa, China) were
incorporated into the fat1 gene sequence during
synthesis, and an XhoI site was inserted into the pEFGFP-IRES vector. The expected fragments were
obtained by complete digestion of the pEF-GFP-xfat1
plasmid. The target fragment coding region of fat1 gene
was amplified from pEF-GFP-xfat1 plasmid with specific
primers by PCR. The results showed that the target gene
fragment was successfully inserted to the pEF-GFP-IRES
vector.
The constructed plasmids were transformed and

amplified in E. coli (TOP10, Tiangen, China) and
extracted using AxyPrep Plasmid Miniprep Kit (Axygen,
China) from positive clones, then sequenced by Beijing
Genomics Institute (China). The sequence was aligned
by DNAStar and BLAST. The results showed that these
three fat1 gene was successfully cloned into AatII / XbaI
sites of the pEF-GFP-IRES vector (Figure 1).
Cytotoxicity test of G418 in mammal epithelial cells
After 3 days of selection with different concentrations of
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Table 3. Cytotoxicity test of G418 to cultured cells for 12 day.

G418 concentration (µg/ml)
Survival rate (%)

300
+

400
+

500
−

600
−

700
−

800
−

+, Survival rate of ≥ 30%. −, survival rate of 0%.

Figure 2. Compare normal cells with positive cells in morphological, under microscope (40×). A: normal cells before transfection. B:
Positive cell aggregate, 12 days after G418 selected. The pictures show that positive cell aggregates continue growing while others
died after selected.

G418, each group of MEC cells were found to be in
various degrees of death, and the peak mortality was in 8
to 10 days. At day 12, cells treated with 600 µg/ml G418
or more were dead completely, as shown in Table 3, the
concentration of 600 µg/ml was therefore considered as
the minimum dose of G418 for MEC cells selection.

amplification. The bright target fragment was detected by
electrophoresis on a 1.5% agarose gel in pEF-GFP-xfat1
transfection group. The GAPDH control confirmed the
cDNA quality (189 bp). Both the pEF-GFP-IRES vector
negative control and the water group blank control were
negative on the gel as shown in Figure 3, suggesting that
the transfection was successful and the exogenous gene
was integrated into the genome.

Transfection and G418 selection of mammal epithelial
cells
Different expression levels of xfat1 gene
The MEC cells transfected with pEF-GFP-xfat1 vector by
FuGENE HD Transfection Reagent were selected with
G418 for 12 days. As expected, the negative control cells
were all dead, and the positive cells could be observed
under visible light (Figure 2). However, the expression of
eGFP was not evident under fluorescent microscope 48 h
following transfection. Subsequently, selection medium
was replaced with fresh growth culture media without
G418, and the resistant cells formed positive clones and
gradually proliferated.
Identification of positive cells
Total RNA from the monoclonal MEC colonies was
extracted using Total RNA Extraction kit (Bioer, China)
and the clonal MEC lines examined by RT-PCR

As expected, the result of Bonferroni's multiple
comparison test analysis of real-time RT-PCR indicated
that there was no xfat1 gene mRNA expression in the
pEF-GFP-IRES vector control and untransfection control.
nfat1 and yfat1 showed similar expression level while
significantly higher than rfat1 (p < 0.05) (Figure 4).
Comparison of the catalysis efficiency of three
different codon optimization fat1 gene
Positive transgenic mammary epithelial cells (rfat1, nfat1
and yfat1) as sample and pEF-GFP-IRES vector
transgenic MEC control cells were used to conduct fatty
acid analysis. The results of GC analysis showed that n-3
PUFAs were elevated a lot in nfat1 group when compared
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Figure 3. Identify positive cells using RT-PCR. 1: rfat1 positive cells group. 2: nfat1
positive cells group. 3: rfat1 positive cells group. 4: pEF-GFP-IRES vector control group. 5:
Untransfection control group. pEF-GFP-xfat1 transfection group showed a 1234, 1221 and
1221 bp fragment, respectively. The GAPDH control confirmed the cDNA quality (189 bp).
Both the pEF-GFP-IRES vector group as the negative control and the untransfection group
as the blank control were negative result.

Figure 4. The expression of xfat1 mRNA on MEC cells determined by real-time RT-PCR. Total RNA was
extracted from MEC cells and cDNA was prepared using Oligo dT primer. Specificity primers were used to
amplify the xfat1 sequence. The results of Bonferroni's multiple comparison test analysis showed that control
groups (pEF-GFP-IRES vector group and untransfection group) had no expression. While nfat1 and yfat1 showed
analogous express which was significantly higher than rfat1 (p < 0.05).

to the others, and the ratio of n-6/n-3 is 0.7128, which is
approximately 2 fold less than control groups. Meanwhile,
n-3 PUFAs in rfat1 and yfat1 groups also increased.
Specifically, the ratio of n-6/n-3 in rfat1 and yfat1 is
1.3519 and 1.2061 compared with control MEC cells
1.4353 to 1.4633 as well (Table 4), which are more
closed to the ideal ratio 1:1. The specific proportion of
total n-3 PUFAs in every group can be seen in Figure 5.
The result of Chi-square test indicated that there are
significant differences of the concentration of each

Linolenic acid (α-LA, 18:3 n-3) showed a high proportion
in nfat1 and yfat1 group (49.66 and 40.96%,
respectively), which is significantly higher than other
groups (p < 0.05).
DISCUSSION
Several n-3 PUFAs between different optimization
approaches (p < 0.05) (Figure 6). For instance, α-
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Table 4. PUFAs composition of total lipids from the transgenic cells and controls.

nfat1 transgenic
cell

rfat1 transgenic
cell

yfat1 transgenic
cell

pEF-GFP-IRES
vector control

Untransfection
control

18:3 n-3
20:5 n-3
n-3
PUFAs
22:5 n-3
22:6 n-3
Total n-3 PUFAs

1.65440
0
0
0.29083
1.94523

0
1.52911
2.20939
2.00691
5.74541

0.80321
0
0
0.08570
0.88891

0
0.86193
1.37282
1.14540
3.38015

0
3.23268
3.93281
3.10696
10.27245

18:2 n-6
20:4 n-6
22:4 n-6

1.15280
0.12725
0.10644

3.65069
4.11629
0

0.7976
0.16775
0.10673

2.36002
2.49117
0

7.19989
7.83222
0

Total n-6 PUFAs

1.38649

7.76698

1.07208

4.85179

15.03211

n-6/n-3

0.712764

1.3518583

1.2060614

1.4353771

1.4633422

Fatty acid

n-6
PUFAs

optimization fat1 gene can be expressed functionally in
bovine mammary epithelial cells, and their transcription
and expression could give MEC cells’ different capability
of converting n-6 PUFAs to corresponding n-3 PUFAs. It
can also lead to an n-6/n-3 ratio balance and a change in
HUFAs production. N-3 polyunsaturated fatty acids (n-3
PUFAs) have a specific advantaged effect on biological
function and health in mammal, especially in
cardiovascular health, cancer and autoimmune diseases
(Kris-Etherton et al., 2004; Mozaffarian et al., 2005;
Simopoulos, 2002b). Although the ratio of n-6/n-3 PUFAs
is also of special importance, a lower ratio of n-6/n-3 is
more desirable in reducing the risk of many of the chronic
diseases of high prevalence (Simopoulos, 2002a).
There are different codon usage biases in different
species, which can influence the expression efficiency of
exogenous gene in host tissues and cells. In order to
raise the transcription and expression level of specific
protein, we could replace the rarity codon sequence via
choosing the optimality codon sequence, optimizing and
synthesizing CDS into preferences ones. Therefore, the
research of codon usage bias plays an important role in
increasing protein expression in terms of genetic
engineering. Although the expression level of exogenous
gene influenced by DNA modification, protein localization
etc., the difference of degenerate codon preferences is
the key factor. The C. elegans is eukaryote, but its codon
characteristic is similar with prokaryote. So codon
optimization is integrant in this experiment.
The optimization of nfat1 was based on the codon
usage frequency preference of bovine milk protein
(casein), including α-LB, LGB, CSN1S1 and CSN2. The
rfat1 gene was based on bovine muscle protein, including
myofibrillar proteins, sarcoplasmic proteins and stroma
proteins, of which the myofibrillar proteins account for
approximately 60% and yfat1 was mixtype. After

optimization, the Frank Wright Nc Value of each xfat1
showed a significant decrease. The RNA secondary
structure analysis showed that the structural stabilization
of mRNA is favorable, and the minimum energy reduced
distinctly compared with the original fat1 gene. All the
aforementioned is beneficial to raise the expression
efficiency (Gao et al., 2003).
The different ways of optimization of fat1 gene lead to
different transcription level in MEC cells. It can be seen
clearly that nfat1 (casein type) shows a significantly high
transcription in MEC cells, meanwhile, rfat1 (muscle type)
shows the lowest transcription level, as well as yfat1
(mixtype) shows intermediate. The specific mechanism is
not clear yet, but perhaps it is related to the regulation
mechanism of different type of cells. In the pathway of
lipometabolism in mammal, PUFAs can be catalyzed by
∆5/∆6 desaturase and elongase, but n-3 and n-6 PUFAs
cannot by mutual transformation. The ∆15 desaturase
from fat1 gene can catalyze almost every type of n-6
PUFAs into n-3 PUFAs in high efficiency, in order to
supply the lack of n-3 PUFAs ingestion from food.
Meanwhile, the high transcription level of nfat1 can
produce more ∆15 desaturase in MEC, because different
level of desaturase compete nearly as many substrate,
the catalyst efficiency shows significant difference
(Figures 5 and 6).
However, the efficiency of IRES promoter is invalid, it
can drive both front and back open reading frame (ORF)
in theory, but the distance between IRES and eGFP is
unsuitable. Therefore, the expression of eGFP was not
evident as fluorescent cells. The optimization of IRESGFP is under way.
In terms of tissue specific expression, we desired to
design a model of muscle and milk expression, in order to
produce fat1 transgenic cattle which contain high
proportion of n-3 PUFAs in meat and milk. Ubiquitous
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Figure 5. Gas chromatograph traces showing fatty acid profiles of total cellular lipids extracted from the positive and control MEC cells. MEC cells were infected with pEFGFP-xfat1 and the control groups infected with pEF-GFP-IRES. The results of gas chromatograph showing the catalyst efficiency of nfat1 group was significantly higher than
other groups in terms of total n-3 and n-6 PUFAs

expression was avoided since the possibility of
increasing embryonic death rate. It appeared that
using a specific promoter did not achieve better
results. Animal breast is predominantly composed
of MEC, so it was considered an ideal tissue for

the production of n-3 PUFAs by transferring the n3 fatty acid desaturase gene. We proved that
different ways of codon approach can play a role
in specificity express proteins in MEC. However,
our work demonstrated that the composition of n-3

PUFAs changed a lot in different optimized
approach. Therefore, the cause of this
phenomenon needs to be explored in the future.
Thus, our studies indicated that milk protein
optimization approach (nfat1) can produce high n-
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Figure 5. Gas chromatograph traces showing fatty acid profiles of total cellular lipids extracted from the positive and control MEC cells. MEC cells were infected with pEFGFP-xfat1 and the control groups infected with pEF-GFP-IRES. The results of gas chromatograph showing the catalyst efficiency of nfat1 group was significantly higher
than other groups in terms of total n-3 and n-6 PUFAs.

Figure 6. The Chi-square test results of concentration of each type of n-3 PUFAs between
different optimization approaches. Values are means ± SD of all experiments and
expressed as a percentage of control (p < 0.05).

Liu et al.

3 PUFAs in MEC, which probably become an efficient
and economical approach to produce milk enriched in n-3
PUFAs transgenic domestic animals.
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