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Abstract
AIM: To clone Δ12 -fatty acid desaturase gene of Mortier-
ella isabellina  and to functionally characterize this gene 
in vitro  and in vivo .

METHODS: Reverse transcriptional polymerase chain 
reaction (RT-PCR) was used to clone the open reading 
frame of Δ12-fatty acid desaturase gene (D12D) of Mor-
tierella isabellina . Plasmids pEMICL12 and pYMICL12 
were constructed with it. pEMICL12 was transformed into 
Escherichia coli  (E.coli ) strain BL21 using CaCl2 method 
for expression after induction with IPTG. pTMICL12 was 
transformed into Saccharomyces cerevisiae  strain IN-
VSc1 using lithium acetate method for expression under 
the induction of galactose. Northern blotting method 
was used to investigate the effect of temperature on the 
transcriptional level of this gene in S.cerevisiae  strain IN-
VSc1.

RESULTS: Recombinant plasmids pEMICL12 and pT-
MICL12 were successfully constructed and transformed 
into E.coli  and S.cerevisiae  separately with appropriate 
method. After induction with IPTG and galactose, it was 
found that expression of Δ12-fatty acid desaturase genes 
in E.coli  and S. cerevisiae under appropriate conditions 
led to the production of active Δ12-fatty acid desaturase, 
which could convert 17.876% and 17.604% of oleic acid 
respectively to linoleic acid by GC-MS detection in vitro 
and in vivo .

CONCLUSION: Cloning and expression of M.isabellina 
D12D gene in E.coli  and S.cerevisiae  is successfully 
completed.

© 2006 The WJG Press. All rights reserved.
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INTRODUCTION
As an economically important filamentous fungi, M isa-
bellina which belongs to Mucor sp. can produce linolenic 
acid(GLA) that plays very important roles in regulating 
the hormone level and fatty acid metabolism in human. 
In addition, recent study indicated that GLA can alleviate 
the symptoms of  many kinds of  diseases such as neurode-
generation[1,2] , adipogenesis[3], cancer[4,5] , Protofibrils[6-8] , 
cardiovascular disease[9-11], diabetes[12] and psoriasis[13]. Be-
ing a kind of  nutritionally and pharmaceutically important 
substance, GLA has become the hotspot both in academic 
and applied fields. M isabellina has been a widely used strain 
in industry to produce GLA by fermentation, in which 
GLA accounts for 8 percent of  total fatty acids. Further 
efforts to enhance the percentage of  the GLA by tradi-
tional mutation or by changing fermentation conditions 
such as medium and temperature have been made, but the 
extent is relatively small. Therefore, we attempted to re-
construct this strain with genetic engineering. 

In most eukaryotic cells, GLA is biosynthesized by 
two desaturation processes, using stearic acid C18:1 as ini-
tial substrate[14-17] . Linoleic acid (LA) C18:2 is synthesized 
from C18:1 by the reaction catalyzed by Δ12-fatty acid de-
saturase and then LA can be converted to GLA by Δ6-fatty 
acid desaturase. LA can also be converted to α-linolenic 
acid (ALA) by ω3 fatty acid desaturase. LA and ALA are 
so-called essential fatty acids (EFAs)[18,19] to human bodies 
because of  their inability to synthesize these compounds de 
novo. Linoleic acid is the precursor of  polyunsaturated fatty 
acids (PUFAs) in both routes of  n-6 and n-3[20]. Therefore, 
Δ12-fatty acid desaturase is the key enzyme for producing 
LA and is also the speed-limiting enzyme for routes of  
n-6 and n-3. Cloning and characterization of  Δ12-fatty acid 
desaturase gene will help understand the biosynthetic path-
way of  GLA and further enhance the percentage of  GLA 
in total fatty acids. 

Our research interest focuses on PUFAs having 18 
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carbon atoms or more such as linoleic acid and linolenic 
acid in fungus. In this paper, we report the isolation of  
cDNA of  D12D from M isabellina. The cDNA was ex-
pressed in a classical system, S.cerevisiae and E.coli. 

MATERIALS AND METHODS
Materials and culture conditions 
Mortierella isabellina M 6-22 was grown at 28℃ for 2 d in 
liquid medium containing 2% glucose, 1% bacto-yeast ex-
tract, 0.2% KH2PO4 and 0.1% MgSO4, with pH adjusted 
to 6.0. S. cerevisae strain INVScI was used as recipient strain 
in transformation experiments and was grown at 30℃ in 
complex medium containing 1% bacto-yeast extract, 2% 
bacto-peptone and 2% glucose. E.coli strain DH5a was 
grown at 37℃ in Luria–Bertani medium (LB) supple-
mented with 100 mg/L of  ampicillin. E.coli strain BL21 
and the expression vector pET21a were purchased from 
Novegon(Novegen Inc., Madison, WI).

Restriction endonucleases, and the other DNA-mod-
ifying enzymes were obtained from TaKaRa Bio. Dalian, 
China Co. Ltd. Other chemicals were purchased from San-
gon Bio. Shanghai, China Co. Ltd. 

RNA extraction
Mycelia were harvested by filtration and washed with 
phosphate buffer. The extraction of  total RNA was done 
according to the guanidinium thiocyanate method as de-
scribed by Chomczynski and Sacchi[21] and extracts were 
stored at -70℃ for future use.

Cloning of Δ12-fatty acid desaturase gene by RT-PCR 
A pair of  primers was designed according to the reported 
sequence of  Δ12-fatty acid desaturase gene from Mortier-
ella alpine[22] to clone the open reading frame (ORF) of  
the M isabellina D12D gene, P1: 5’-TAC CTC GAA TCC 
ATG GCA CCT CCC AAC ACT ATC GAT GCC-3’; 
P2: 5’-AAC CGT CTC GAG  TTA CTT CTT GAA AAA 
GAC CAC GTC TCC-3’, which corresponded to the 
nucleotide sequences of  start and stop codons (in bold-
face) of  the Δ12-fatty acid desaturase gene, respectively. 
The 5’-end of  both primers contained an EcoRⅠand an 
XhoⅠsite(underlined and in boldface), respectively that 
were underlined to facilitate subsequent manipulation. 
PCR was performed in a Biometra T-gradient thermal 
cycler using the following program: at 94℃ for 1 min, 
53℃ for 1 min, 72℃ for 2 min for 30 cycles, followed by 
extension for 10 min at 72℃. PCR fragments were sub-
cloned into pGEM-T vector (Promega, Madison, WI) to 
produce recombinant plasmid pTMICL12, which was then 
transformed into E.coli DH5a. Subsequently, nucleotide 
sequences were determined (TaKaRa Bio, Dalian, China). 
Analysis of  the sequences was done with DNAMAN soft-
ware (version 4.0, Lynnon BioSoft, Quebec). 

Plasmid construction 
The ORF of  Δ12-fatty acid desaturase from M isabellina 
was digested from pTMICL12 with EcoRⅠand XhoⅠand 
subcloned respectively into S.cerevisiae expression vector 
pYES2.0 and E.coli expression vector pET21a. Positive 
transformants were screened on the LB plate with ampicil-

lin resistance. The resultant positive plasmid was validated 
by PCR and restriction enzyme digestion. The construc-
tion sketch of  pYMICL12 is shown in Figure 1. The re-
sultant plasmids, pYMICL12 and pEMICL12 were stored 
and propagated in E.coli strain DH5a.

Yeast transformation and inducement of transgenic yeast
The recombinant plasmid pYMICL12 was transformed 
into S.cerevisiae INVSc1 using the lithium acetate method [23]. 
Positive transformants were selected by plating on com-
plex synthetic minimal medium agar lacking uracil (SC-Ura) 
and grown at 30℃ for 2-3 d. The putative Δ12-desaturase 
gene was heterologously expressed in yeast, which was 
induced under transcriptional control of  the GAL1 pro-
moter. Yeast cultures were grown to logarithmic phase at 
30℃ in synthetic minimal medium containing different 
concentrations of  galactose(1%, 2%, 3%, 4% respec-
tively), and 0.67% yeast nitrogen. Subsequently, cells were 
harvested by centrifugation followed by washing in sterile 
water for three times. The cells were dried and ground into 
fine powders for determination of  fatty acid composition 
by gas chromatography and for gas chromatography–mass 
spectrometry (GC-MS) analysis.

Inducement of the transgenic E.coli cells
Transformant containing plasmid pETMICL12 was cul-
tured in M9 medium at 37℃ overnight. Five hundred 
milliliter M9 medium was inoculated into 2.8 L Fernbach 
flask with aliquot from the overnight culture until the light 
density reached 0.5. IPTG was added until the final con-
centration reached 0.4 mmol/L. After 4 hours’ induction, 
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cells were pelleted by centrifugation at 5000 r/min for 10 
min at 4℃ and stored at -70℃ for future use.

Preparation of cell membrane 
Cells defrosted at room temperature were suspended in 30 
mL buffer A (containing 10 mmol/L MgCl2 , 50 mmol/L 
MOPS-NaOH, 1 mmol/L EGTA, 10 μg/mL DNase) and 
then were treated with supersonic 450 Hz for 40 cycles, 4 s 
per cycle. Intact cells and cell debris were pelleted by cen-
trifugation at 5000 r/min for 10 min at 4℃. Supernatants 
containing cell membrane were pelleted by super-centrifu-
gation at 150 000 r/min for 30 min at 4℃ and then were 
re-suspended in 200 μL buffer A.

SDS-PAGE  
Ten percent of  the gel was used to separate the protein 
bands, and stained by Coomassie Blue R-250[24].

In vitro assay of activity of Δ12-fatty acid desaturase
Sodium salt was added into the membrane suspension in 
buffer A to reach the final concentration of  150 μmol/L 
and then the mixture was incubated at 25℃ in water bath 
for 30 min after oleic acid was added. Soon after that, 
the mixture was extracted with chloroform methanol and 
water (volume ratio 2:1:2). The extraction was methyl-es-
terified with 5% HCl/methanol at 85℃ for 150 min. Fatty 
acid methyl ester was solubilized with hexane[25,26].

Detection of desaturase activity expressed in transgenic 
yeast
Total fatty acid was extracted from the cells by treating 
100 mg yeast powder with 5 mL 5% KOH in methanol 
for saponification at 70℃ for 5 h. pH of  the product was 
adjusted to 2.0 with HCl (6 mol/L) before the fatty acid 
was methyl-esterified with 4 mL 14% boron trifluoride in 
methanol at 70℃ for 1.5 h. Then, fatty acid methyl esters 
(FAME) were solubilized with hexane after addition of  
saturated sodium chloride solution. FAMEs were analyzed 
by gas chromatography (GC; GC-9A, Shimadzu, Kyoto, 
Japan) and identified by the comparison of  their peaks 
with that of  standards (Sigma). Qualitative analysis of  
FAME was performed by GCMS using an HP G1800A 
GCD system (Hewlett–Packard, Palo Alto, CA, USA). 
Both analyses were carried out with the same polar capil-
lary column (HP, 5.30 mU, 0.25 mm in internal diameter). 
The mass spectrum of  a new peak was compared with that 
of  the standard for identification of  fatty acid.

Analysis of mRNA level in transgenic yeast after induction 
at different temperature
Northern blotting was used to investigate the effect of  
temperature on the transcriptional level of  MID12. To-
tal RNA of  transgenic yeast after induction at different 
temperatures was extracted by UNIQ-10 column (Sangon 
Corp.) and digoxingenin (Roche Diagnostics Corp.) was 
used to label the DNA probe (PCR of  MID12) 

RESULTS
Target gene obtained

PCR product about 1.2 kb long was gel-purified by electro-
phoresis and cloned into pGEM-T vector.  Positive clones 
were selected on LB plate by color reaction. PCR and en-
zyme restriction were used to analyze the resultant trans-
formant named pTMICL12. After digestion with SacⅡand 
PstⅠ, a 3.03 kb fragment and a 1.2 kb target gene were 
obtained as shown in Figure 2. Subsequently, nucleotide 
sequences were determined (TaKaRa Bio, Dalian, China) 

Nucleic acid sequence of  Δ12 -fatty acid desaturase in 
M. isabellina has been deposited in Genbank database and 
assigned the accession No. AF417245. Comparison of  the 
DNA sequence with other Δ12-fatty acid desaturase gene 
showed that it has the highest identity with Δ12-fatty acid 
desaturase gene from M. alpina (about 99.92%) and higher 
identity with other D12D from fungi[27-30] (more than 
40%). Therefore, this sequence encoded a putative Δ12-
fatty acid desaturase gene. 

Expression vector construction for S. cerevisiae and E coli
In order to investigate the function of  this sequence, target 
gene was subcloned into YES2.0 and pET21a to construct 
two recombinant plasmids pYMICL12 and pEMICL12 
which were transformed into E.coli DH5a for propagation. 
After digested by EcoRⅠ and XhoⅠ, both of  the plasmids 
released a 1.2 kb fragment (Figure 3), indicating that the 
recombinant plasmids were successfully reconstructed.

Detection of desaturase activity in transgenic yeast
After inducement, the total fatty acid in transgenic yeast 
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Figure 2  Identif ication of the 
recombinant plasmid, pTMICL12 
b y  r e s t r i c t i o n  e n z y m e .  1 : 
pGEM-T/Eco RⅠ/XhoⅠ; 2: DNA 
size marker λ  DNA/Bst Ⅱ ;  3: 
pTMICL12/Eco RⅠ/XhoⅠ; 4: PCR 
product of D12D DNA.

Figure 3  A: Identification of pYMICL12. 1: PCR product of D12D DNA; 2: DNA 
size marker DL2000; 3: pYMID12/Eco RⅠ/XhoⅠ; 4: DNA size marker λDNA/Hind
Ⅲ; 5: pYES2.0/Eco RⅠ/XhoⅠ. B: Restriction analysis of recombinant plasmids 
pEMICL12. 1: Plasmid pEMICL12; 2: PCR product of D12D; 3: pET21a/ Eco RⅠ; 4: 
pMAGL12/ XhoⅠ; 5: pEMICL12/ Eco RⅠ+ XhoⅠ; 6: λDNA/HindⅢ marker.
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harboring plasmid pYMICL12 was extracted and analyzed 
by GC. It was found that under different conditions, the 
expressed desaturase showed different activities.

First, the transgenic yeast was induced at 30℃ for 36 
h, with different concentrations of  galactose: 1%, 2%, 3%, 
4%. The result of  GC showed that percentage of  LA in 
transgenic yeast was the highest when it was induced with 
3% galactose (Figure 4). 

Then, different duration times were used to induce 
the transgenic yeast by 3% galactose at 30℃ for 12, 24, 36, 
and 48 h respectively. The result of  GC showed that the 
optimal induction time was 24 h as shown in Figure 5.

Thirdly, the transgenic yeasts were induced by 3% ga-
lactose for 24 h at  different temperatures of  15℃, 20℃, 
25℃, and 30℃ respectively. It was found that the lower 
the temperature, the higher the activity of  the expressed 
enzyme. The highest percentage of  LA reached 16.706% 
of  total fatty acid in induced yeast harboring plasmid 
pYMICL12 when the temperature was 15℃ (Figure 6).

Therefore, the optimal condition for expressing 
D12D from M isabellina was: 3% galactose induction for 
24 h at 15℃. GC analysis of  the fatty acid composition of  
the transgenic yeast containing plasmid pYMICL12 indi-
cated that a novel peak that had the same retention time 
with that of  LA standard appeared. That specific peak was 
absent from the control transformant (Figure 7).    

Northern blot
Northern blot was performed to check if  there was an in-
crease of  mRNA after induction by low temperature which 
resulted in the higher activity of  Δ12-fatty acid desaturase 
in transgenic yeast, INVSc1(pYMICL12).

After induction at different temperatures, total RNA 
was extracted. In the formaldehyde-denaturalization elec-
trophoresis, 30 mg RNA was used for each sample. The 
result of  the Northern blot is shown in Figure 8.

Any visible change of  the level of  RNA could not be 
found on the photo of  Northern blot. Analysis by VDS-

scan also showed no obvious difference between the sam-
ples, implying there were no changes of  the mRNA level 
of  D12D in the transgenic yeast at different temperature. 
The level of  transcription was not the key cause for the 
change of  LA level in INVSc1 (pYMICL12) under cold 
condition. The increasing activity of  Δ12-fatty acid desatu-
rase might come from the protection of  the enzyme activ-
ity by low temperature, which even prolonged the half  life 
of  Δ12-fatty acid desaturase mRNA.

Detection of Δ12-fatty acid desaturase expressed in E coli 
by SDS-PAGE
Transformants harboring plasmid pEMICL12 were cul-
tured in M9 medium and induced by IPTG to express Δ12-
fatty acid desaturase from M isabellina. Cell membranes 
were pelleted by super-centrifugation. Analysis with SDS-
PAGE showed that a specific protein band that had the 
molecular weight of  approximately 43 kd existed on the 
gel, whereas cell membrane from control transformant 
harboring the plasmid pET21a did not express the specific 
protein. In addition, the molecular weight of  the specific 
protein band was nearly identical to other reported Δ12-
fatty acid desaturase. These results suggested that this spe-
cific band putatively was Δ12-fatty acid desaturase (Figure 9).

In vitro assay of activity of Δ12-fatty acid desaturase 
In order to test whether this protein band could convert 
OA to LA, in vitro assay with membrane protein was done. 
E coli can not produce OA that is the most commonly used 
substrate of  Δ12-fatty acid desaturase. Therefore, OA must 
be added into the reaction mixture to be converted to LA 
by Δ12-fatty acid desaturase. GC analysis of  the mixture af-
ter reaction indicated that transformant containing plasmid 
pETMICL12 exhibited Δ12-fatty acid desaturase activity 
and that the membrane protein could convert 17.604% of  
the OA to LA(indicated by arrow), whereas cell membrane 
protein from transformant containing empty plasmid 
pET21a did exhibit Δ12-fatty acid desaturase activity. Also, 
the retention time of  the specific peak in Figure 10 was 
identical to standard LA from Sigma. These results indi-
cated that the specific band had Δ12-fatty acid desaturase 
activity. 

DISCUSSION
M isabellina strain M6-22 is a mutant strain in which total fatty 
acids account for 60 percent of  the dry weight of  the my-
celium. Also, it synthesizes PUFAs only up to 18-carbon 
with c isomer of  linolenic acid (GLA), which make the 
subsequent purification relatively easy. Thus, M isabellina 
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Figure 4  Percentage of linoleic acid in transgenic yeast induced by different 
concentration of galactose. 1: 1% galactose; 2: 2% galactose; 3: 3% galactose; 4: 
4% galactose.
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Figure 5  Percentage of linoleic acid in transgenic yeast induced for different 
durations. 1.12 h; 2. 24 h; 3.36 h; 4. 48 h.
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Figure 6  Percentage of linoleic acid in transgenic yeast induced at different 
temperature. 1: 15℃;  2: 20℃; 3: 25℃; 4: 30℃.
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strain M6-22 is a promising producer of  GLA and also a 
potential strain to be used to produce other nutrition-
ally and pharmaceutically important PUFAs. However, 
increasing the percentage of  GLA meets great challenges, 
which made us to turn to other methods including genetic 
engineering. As we all know, cloning the genes encoding 
corresponding enzymes is the first thing we should do. In 
our previous work, we have successfully cloned and char-
acterized Δ6-fatty acid desaturase gene from M isabellina[31]. 
In order to further elucidate the biosynthetic pathway of  
polyunsaturated fatty acid, we decided to clone the enzyme 
genes that are ahead of  the Δ6-fatty acid desaturase gene in 
reaction chains. 

As M isabellina is very near to M alpine in phylogeny, 
we adopted the strategy of  direct cloning the gene by de-
signing the primer identical to the reported M alpine Δ12-
fatty acid desaturase gene. Using this method, a fragment 
of  proximately 1.2 kb was obtained. Sequence comparison 
indicated it has the highest identity with M alpine Δ12-fatty 
acid desaturase gene. In order to functionally identify this 
nucleic acid sequence, two expression systems were ap-
plied: yeast and E.coli. In both systems, the heterologously 
expressed proteins exhibited Δ12-fatty acid desaturase ac-
tivity, indicating that this sequence encoded a functional 
desaturase. The high identity between the two sequences 
suggests that M alpine and M isabellina belong to the same 
species. But there indeed exist great differences between 
the two species. M alpine can produce many kinds of  PU-

FAs, but M isabellina can only synthesize PUFAs up to 
18-carbon. This indicates that other factors may contribute 
to the difference.

Protein expression in yeast is influenced by many 
factors such as temperature, induction time. In this work, 
different temperatures were used. In a certain extent 
(15-30℃), the higher the temperature, the lower the de-
saturase activity. At even lower temperature, the yeast 
INVSc1 (pYMICL12) could achieve more LA. However, 
a temperature lower than 15℃ would hinder the growth 
of  the mycelium, which reduced the total activity of  Δ12 
-fatty acid desaturase. 

Although desaturase activity increased as the tempera-
ture decreased, northern blotting analysis indicated that 
the increasing of  desaturase activity was not due to the 
corresponding increase of  the mRNA level. In our study, 
no significant difference existed among the mRNA level 
at different temperatures. Other researchers also have re-
ported the same result[28]. This indicates that under certain 
conditions, mRNA level can not be influenced by tempera-
ture. The most important factor that can change it may be 
the promoter activity. Does the increased activity of  Δ12-
fatty acid desaturase, however, come from the influence of  
coldness on mRNA level or protein level? Or does longer 
half  life of  Δ12-fatty acid desaturase even directly influence 
activity of  protein? There are different opinions about this 
in academia.
   In conclusion, this report about cloning and character-

Figure 7  GC analysis of the total fatty acid in transgenic yeast, INVSc1 (pYMICL12). A: Total fatty acid in transgenic yeast, INVSc1 (pYMICL12) after induction by 3% 
galactose at 15℃ for 24 h; B: Total fatty acid in transgenic yeast, INVSc1 (pYES2.0) after induction by 3% galactose at 15℃ for 24 h; C: Linoleic acid; D: Oleic acid.
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Figure 8  Northern blot of total RNA of transgenic yeast induced at different 
temperature. 1: 15℃; 2: 20℃; 3: 25℃; 4: 30℃.
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marker; 3: Total protein of BL21/
pMICL12; 4: Total soluble protein 
of BL21/pMICL12 after super-
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of BL21/pMICL12.
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ization of  the M isabellina Δ12-fatty acid desaturase gene 
will be helpful for us to utilize the industrially used strains. 
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