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Studies on searching for novel and rich resources of polyun-
saturated fatty acids (PUFAs) have proceeded in various fields 
regarding health and dietary requirements. The most readily 
available PUFAs sources have been fish oils, animal tissues 
and microbial cells. Transgenic plants such as tobacco with 
some desaturase genes derived from other organisms have been 
reported to produce n-3 and n-6 PUFAs (Vrinten et al., 2007). 
In addition, mutants from filamentous fungi Mortierella have 
also been reported to be rich in unique PUFAs (Sakuradani 
et al., 1999; Hong et al., 2002; Sakuradani and Shimizu, 2003). 
Among them, Gamma linolenic acid (GLA, C18:3, n-6) is of 
great interest due to their important functions (Sakuradani 
and Shimizu, 2003; Lu et al., 2007, 2009; Flowers and Ntambi, 
2008). GLA, an n-6 PUFA, is present in trace amounts in 
some green leafy vegetables, organ meats and nuts. The most 
significant sources of GLA are plant seed oils of evening 
primrose (7-10 g/100 g GLA), blackcurrant (15-20 g/100 g 
GLA), borrage (18-26 g/100 g GLA) and microbial oils (23-26 
g/100 g GLA) (Horrobin, 1992; Gema et al., 2002). GLA is 
further metabolized to dihomogamma linlenic acid (DGLA) 
which undergoes oxidative metabolism by cyclooxygenases 
and lipoxygenases to produce anti-inflammatory eicosanoids 
such as prostaglandins and leukotrienes. GLA and its metabo-
lites have also been identified to affect expression of various 
genes by regulating the levels of gene products. These gene 
products play significant roles in immune functions and apop-
tosis (Horrobin, 1993; Fan and Chapkin, 1998; Kapoor and 
Huang, 2006; Flowers and Ntambi, 2008).

  GLA is synthesized from linoleic acid (LA, C18:2 
9,12

), an 
essential fatty acid of omega-6 series by the action of enzyme 
delta 6-fatty acid desaturase. Delta 6-fatty acid desaturase 
gene has been previously cloned and characterized from sev-
eral fungi, such as Thamnidium elegans, Cunninghamella echi-

nulata, Mortierella alpina, M. isabellina, Mocur rouxii, Pythium 

irregulare, Rhizopus arrhizus, R. nigricans, and R. stolonifer

strain As 3.38 (Laoteng et al., 2000; Hong et al., 2002; Zhang 
et al., 2004, 2007; Chen et al., 2005; Lu et al., 2007, 2009; Wang 
et al., 2007; Wan et al., 2009). In our previous work, we have 
isolated an endophytic fungus R. stolonifer strain YF6 from 
GLA producing plant Oenothera biennis. Interestingly, this 
strain could accumulate up to above 49% of GLA to the total 
fatty acids (data not shown). In this study, we report the clon-
ing of a delta 6-desaturase from R. stolonifer strain YF6, and 
characterization of its ability to direct the synthesis of GLA 
by heterologous expression in Pichia pastoris.

Recently, the delta 6-desaturase genes have been cloned from 
several fungi including the genus Rhizopus (Zhang et al., 2004; 
Lu et al., 2007, 2009). Our previous paper also reported that 
the delta 6-desaturase gene was isolated from oleaginous fungus 
C. echinulata (Wan et al., 2009). In this study, to clone the 
delta 6-fatty acid desaturase full-length cDNA and structural 
gene, R. stolonifer strain YF6, which was an endophytic fungus 
previously isolated from inner stem of Oenothera biennis L., 
was used. This strain was maintained on YPD plate (10 g 
yeast extract, 20 g peptone, and 20 g agar per L) at 4°C and 
regularly transferred every three months. It was grown at 28°C 
for 3 days in a liquid YPD medium with constant shaking 
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Sequence alignment of deduced amino acids of delta 6-desaturase from fungus R. stolonifer YF6 (D6DR) with those of R. stolonifer

R31.6 (RnD6D), R. oryzae NK030037 (RAD6D), T. elegans (TED6), and C. echinulata (D6DM). A cytochrom b5-like domain and three conserved 
histidine-rich motifs are underlined.

(200 rpm/min).
  Genomic DNA of strain YF6 was isolated by using Plant/ 
Fungi DNA Isolation kit (Norgen Biotek Corporation, Canada). 
Based on the nucleotide sequence of the reported delta 6-de-
saturase gene from R. stolonifer strain R31.6, two specific pri-
mers, D6DRF (5'-atgagtacattagatcgtcaat) and D6DRR (5'-ttaaa 
acgactttttgcttaa) were designed. PCR amplification was carried 
out using genomic DNA as template. The obtained fragment 
was cloned into the pMD 18-T vector (TaKaRa Bio, China) 
and sequenced (Invitogen, China). Total RNA was extracted 
from the powder by using TRIzol reagent (Invitrogen). Then 
the mRNA was extracted from the total RNA by using an 
Oligotex mRNA Mini kit (QIAGEN, Germany). First-strand 
cDNA was synthesized with the first-strand cDNA Synthesis 
kit (Promega, USA) and was used as a template for reverse 
transcription polymerase chain reaction (RT-PCR). The for-
ward primer and the reverse primer D6DRF and D6DRR 
were also used. The amplified product of expected length was 
subcloned into pMD 18-T vector and then sequenced (Invito-
gen). Sequence alignment and phylogenetic analysis were per-
formed using the software DNAMAN (version 4.0) and 
CLUSTAL X (Version 2.0). The cDNA sequence of delta 
6-desaturase gene from R. stolonifer YF6 has been deposited 
at GenBank database under the accession number DQ291156.
  Sequence analysis revealed that the structural gene was 
1,556 bp in length and it contained three introns. These in-
trons were flanked by the typical (GT-AG) intron splice site 
and were AT-rich (data not shown). The cDNA sequence con-
tained an ORF of 1,380 bp, designated as D6DR, encoding 
460 amino acid residues with an estimated molecular mass 
of 53 kDa. The deduced amino acid sequence of D6DR was 
compared with those desaturases from other organisms. Results 

showed that this sequence had 88% identity to the delta 6-fatty 
acid desaturase from R. stolonifer As3.38, 76% identity to that 
from R. oryzae, 79% identity to that from T. elegans, and 56% 
identity to that from C. echinulata. The comparison of the 
deduced amino acids of D6DR with other fungal delta 6-fatty 
acid desaturases revealed that four conserved histidine-rich 
motifs at amino acid positions 48, 210, 352, and 391 (Fig. 1). 
Hydrophobic regions which known to all membrane-bound 
desaturases are also found in this cDNA sequence (data not 
shown). In addition, a cytochrome b5-like domain HPGG re-
ported in the cytochrome b5 superfamily, which is required 
as an electron donor for fatty acid desaturation, was observed 
at the N-terminus of D6DR (Fig. 1) (Sayanova and Smith, 
1997; Ranong et al., 2006). Interestingly, the C-terminus of 
D6DR was obviously shorter than other delta 6-desaturases 
(Fig. 1), which suggested that this 24-bp C-terminus might 
not be essential to the activity of delta 6-desaturase. All these 
results indicated that full-length of cDNA and structural gene 
sequences of delta 6-fatty acid desaturase was isolated from 
R. stolonifer strain YF6.

To further demonstrate the function of this putative delta 
6-fatty acid desaturase, D6DR was inserted between NotI and 
CpoI sites of the expression vector pHBM906 (preserved in 
our laboratory) to create plasmid pHBM954. Sequence of the 
product was verified. The resulting vector was linearized by 
SalI and electroporated into P. pastoris GS115 (his

-
) host cells. 

Transformants were selected by plating on synthetic minimal 
medium agar lacking histidine and grown at 28°C for 3 days.
  Heterologous expression of D6DR was induced under tran-
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 Fatty acid compositions (%) of total lipid from yeast transformants harboring the control plasmid pHBM906 and the recombinant 
plasmid pHBM954. Each assay was repeated three times.

P. pastoris harboring plasmids
Fatty acid composition (% of total fatty acid)

18:0 18:1 18:2 18:3GLA 18:3ALA

pHBM906 3.7 26.6 23.8 0 11.5

pHBM954 2.7 38.5 15.5 22.4 1.3

           (A)                                           (B)

Identification of fatty acid compositions in P. pastoris GS115 harboring pHBM 906 (A) and pHBM 954 (B).

scriptional control of the yeast AOX1 promoter. Selected col-
onies were grown on BMGY medium (Invitrogen) at 28°C 
overnight. Then 5 ml cultures was used to inoculate 100 ml 
of BMGY medium for 16-18 h until the log phase growth 
(A600=2-6). Cells were harvested, washed and resuspended 
in 100 ml of BMGY. Expression of the D6DR was induced 
by supplementation of methanol as the sole carbon source, 
and the cells were grown for another 72 h at 20°C in BMMY 
medium (Invitrogen). Subsequently, cells were harvested by 
centrifugation, and washed three times with sterile distilled 
water.
  Fatty acid compositions of total lipid from mycelia culti-
vated under different growth conditions were determined by 
modification of direct trans-methylation method (Wan et al., 
2009). Dried mycelia were crushed, samples were trans-me-
thylated with 5% HCl in methanol at 80°C for 1 h. Fatty acid 
methyl esters (FAME) were analyzed by gas chromatography 
(Agilent, USA) and a HP-INNOWax column (30 m by 320 mm 
inner diameter, purchased from HP Company). The areas of 
chromatographic peaks were calculated for relative amounts 
of fatty acid methyl esters. One novel fatty acid peaks corre-
sponding to the GLA methyl ester standard was detected in 
GC analysis of FAME from the recombinant yeast harboring 
pHBM954 (Fig. 2). This peak was absent in the yeast harboring 
the empty vector pHBM906 as control. The percentage of this 
new fatty acid was 22.4% to the total fatty acids (Table 1). 

We noticed that the delta 6 fatty acid desaturase gene from 
R. stolonifer strain As3.38 was also expressed in Saccharomyces 

cerevisiae, however, the percentage of GLA from recombinant 
strain was 12.25% to the total fatty acids (Zhang et al., 2004). 
In addition, the amount of alpha linolenic acid (ALA, 
C18:3

9,12,15
), an n-3 polyunsaturated fatty acid, was incredibly 

decreased (Table 1). LA is the precusor for both ALA and 
GLA formation. Delta 15-fatty acid desaturase has been dem-
onstrated to be the key enzyme responsible for ALA synthesis 
(Ratledge, 2004). Therefore, we speculate that overexpression 
of delta 6-desaturase gene in P. pastoris might inhibit the ex-
pression of delta 15-desaturase gene in this strain. This specu-
lation awaits further investigations. In summary, this result 
strongly supported that D6DR from R. stolonifer YF6 encoding 
a delta 6-fatty acid desaturase which is responsible for GLA 
accumulation in P. pastoris.
  Taken together, we first cloned a delta 6-desaturase cDNA 
from an endophytic fungus R. stolonifer strain YF6, which 
could produce high levels of GLA. In addition, this gene has 
been successfully expressed in P. pastoris and makes it accu-
mulate up to 22.4% of GLA to the total fatty acids. This 
work would be helpful for further investigation on the PUFAs 
metabolic pathways in R. stolonifer. Furthermore, these results 
may prove advantageous in production of GLA by recombi-
nant yeast.
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