
ABSTRACT: The oil-producing fungus Mortierella alpina 1S-4
is an industrial strain for arachidonic acid (AA) production. To
determine its physiological properties and to clarify the biosyn-
thetic pathways for PUFA, heterologous and homologous gene
expression systems were established in this fungus. The first trial
was performed with an enhanced green fluorescent protein gene
to assess the transformation efficiency for heterologous gene ex-
pression. As a result, strong fluorescence was observed in the
spores of the obtained transformant, suggesting that the foreign
gene was inherited by the spores. The next trial was performed
with a homologous PUFA elongase (GLELOp) gene, this enzyme
having been reported to catalyze the elongation of GLA (18:3n-6)
to dihomo-γ-linolenic acid (20:3n-6), and to be the rate-limiting
step of AA production. The FA composition of the transformant
was different from that of the host strain: The GLA content was
decreased whereas that of AA was increased. These data support
the hypothesis that the GLELOp enzyme plays an important role
in PUFA synthesis, and may indicate how to control PUFA
biosynthesis.  
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PUFA can serve as precursors of the eicosanoids of signaling
molecules including prostaglandins, thromboxanes, and leu-
kotrienes, and they also play important roles as structural
components of membrane phospholipids (1,2). The principal
PUFA that act as precursors for eicosanoid synthesis are di-
homo-γ-linolenic acid (DGLA, 20:3n-6), arachidonic acid
(AA, 20:4n-6), and EPA (20:5n-3). All mammals synthesize
eicosanoids, which are involved in regulating inflammatory re-
sponses, reproductive function, immune responses, and blood
pressure (3). Therefore, studies on PUFA biosynthesis are im-
portant in both the medical and pharmaceutical fields.  

We found the filamentous fungus, Mortierella alpina 1S-4,
to be a producer of PUFA-containing lipids (4). This species is
unique in its capacity to produce C20 PUFA, such as DGLA,
AA, and EPA. We have studied FA metabolism in this strain
and succeeded in using it for the industrial production of AA

(5). Therefore, this fungus is a good model for analyzing a FA
desaturation and/or elongation system from both fundamental
and applied standpoints. A number of mutants derived from
this fungus that show alterations in the FA synthetic pathways
have been determined through analyses of the FA composition
or accumulation.  

Wynn and Ratledge (6) determined that the rate-limiting
step for AA production is at the level of the elongation of GLA
(18:3n-6) to DGLA (6). They also predicted that enhancement
of the elongase activity would lead to an increase in AA pro-
duction (6). In plants and mammals, it is believed that micro-
somal FA elongation is a four-step process comprising one con-
densation step, two reduction steps, and one dehydration step
(7). Biochemical studies have provided indirect evidence that
the reaction catalyzed by the condensing enzyme of the elon-
gation system is rate-limiting (7–9). This enzyme regulates the
substrate specificity in terms of the chain length and the degree
of unsaturation of FA. Recently, the elongase responsible for
the conversion of GLA to DGLA, designated as GLELO, was
identified through expression studies on a M. alpina expression
sequence tag library in yeast (10,11).  

We have established a transformation system for this fungus
(12) and have applied it to the study of PUFA production, es-
pecially AA. In this study, we succeeded in increasing AA pro-
duction by M. alpina through metabolic engineering, namely,
construction of a M. alpina strain over-expressing the GLELO
gene: (i) As a first step, the enhanced green fluorescent protein
(EGFP) gene was expressed in M. alpina 1S-4 to assess expres-
sion of two genes (ura5 and EGFP), and (ii) GLELO cDNA
was cloned and isolated from the strain, and then over-expressed
in the same strain, hereby leading to increased AA production.
This is the first report of the significant importance of the FA
composition in an AA industrial strain, M. alpina 1S-4.  

EXPERIMENTAL PROCEDURES

Enzymes and chemicals. Restriction enzymes and other DNA-
modifying enzymes were obtained from Takara Bio Inc. (Shiga,
Japan) and New England BioLabs (Beverly, MA). All other
chemicals were of the highest purity commercially available.

Strains, media, and growth conditions. Mortierella alpina
1S-4 ura5– (13) was maintained on Potato Dextrose Agar
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medium (Difco, Detroit, MI) containing 5-fluoroorotic acid
(0.5 mg/mL) and uracil (0.05 mg/mL). GY medium containing
glucose and yeast extract was used for FA composition analy-
ses. The composition of the GY medium depended on the kind
of assay (see below). The compositions of the Czapek–Dox and
SC media were given in a previous paper (13). For sporulation
of the ura5– strain, uracil was added to the Czapek–Dox
medium at 0.05 mg/mL. SC medium was used as the uracil-
free synthetic medium for cultivation of the ura5– strains and
the transformants. This synthetic medium was also used to
maintain the transformants. Fungal strains were cultivated at
28°C with reciprocal shaking (120 strokes/min). 

Preparation of genomic DNA and construction of a cDNA
library. Preparation of genomic DNA of the M. alpina strain
was performed according to the method described previously
(14). Purification of mRNA and cDNA synthesis were also per-
formed according to the methods described previously (15,16).  

Isolation of GLELO cDNA of M. alpina 1S-4 and its expres-
sion in Aspergillus oryzae. Two primers were synthesized for
amplification of the M. alpina 1S-4 GLELO cDNA by PCR with
the following primers, designed on the basis of the nucleotide
sequence of GLELOp of M. alpina ATCC 32221 (10): a sense
primer, 5′-ATGGAGTCGATTGCGCAATTCCT-3′, and an anti-
sense primer, 5′-TTACTGCAACTTCCTTGCCTTCTCCTT-3′.
These primers were used in a Biometra T Gradient thermal
cycler (Biometra GmbH, Göttingen, Germany) with a program
of 1 min at 94°C, 1 min at 52.5°C, and 2 min at 72°C, for 35 cy-
cles, followed by extension for 10 min at 72°C. The amplified
1.0-kb PCR product was cloned into the pT7Blue T-Vector (No-
vagen, Madison, WI) to construct pT7-GLELO, and then used
to transform Escherichia coli DH5α. This clone was determined
to encode a protein similar to GLELOp of M. alpina ATCC
32221 by DNA sequencing, as described below. Transformation
of A. oryzae was performed by the method described by Gomi et
al. (17) and Iimura et al. (18). A shuttle vector, pNGA142 (19),
with the GLELO cDNA insert was used as the transformation
vector for A. oryzae. Stable transformants were isolated by re-
peated sporulation on Czapek–Dox medium plates.  

Construction of transformation vectors for the M. alpina 1S-4
ura5− strain. Transformation vector pD4 (20), which was devel-
oped for the transformation of M. alpina, was kindly supplied by
Prof. David B. Archer (University of Nottingham, United King-
dom). pD4 originally contained an expression unit composed of
the histone H4.1 promoter, the modified hpt gene, and the N-(5′-
phosphoribosyl)anthranilate isomerase (trpC) transcription ter-
minator. The region from the promoter to the terminator was am-
plified using a forward primer, HisProFX (5′-TACGAATTCA-
AGCGAAAGAGAGATTATGAA-3′), and a reverse primer,
TrpCRX (5′-GAAGAATTCCCTCTAAACAAGTGTACCTGT-
3′), with pD4 as a template. The two primers contained an EcoRI
restriction site (underlined). A modified pBluescript® II SK+
(Stratagene, La Jolla, CA) was prepared by deletion of its BamHI
site for convenient manipulation in further experiments. The ap-
proximately 2.7-kb PCR product was digested with EcoRI, fol-
lowed by ligation into the modified pBluescript® II SK+ digested
with EcoRI, and designated as pBlues-hpt.  

Transformation vectors pDura5GFP and pDura5GLELO
were constructed by modification of pDura5 developed as a
transformation vector of the M. alpina 1S-4 ura5– strain (12).
pDura5GFP is a vector for the expression system of the
enhanced green fluorescent protein (EGFP) gene. An EGFP
gene was amplified using a forward primer, GFPforward (5′-
TCGCCACCATGGTGAGCAAG-3′), and a reverse primer,
GFPreverse (5′-CGCGGATCCTTTACTTGTA-3′), designed
on the basis of the sequence of the EGFP gene on the pEGFP
vector (Clontech Laboratories Inc., Palo Alto, CA) at an an-
nealing temperature of 58°C with the pEGFP vector as a tem-
plate. The GFPforward and GFP reverse primers contained
NcoI and BamHI restriction sites, respectively (underlined).
The approximately 700-bp fragment digested with NcoI and
BamHI was ligated to pBlues-hpt digested with the same en-
zymes to remove the pre-existing hpt gene, resulting in the con-
struction of a vector designated as pBlues-GFP. The EGFP
gene expression unit obtained from pBlues-GFP on digestion
with EcoRI was ligated to the EcoRI site of pDura5, resulting
in the construction of pDura5GFP (Fig. 1).
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FIG. 1. Two transformation vectors for Mortierella alpina 1S-4 ura5–

mutant. The details of each gene and the method for constructing these
vectors are given in the Experimental Procedures section. Restriction
sites: E, EcoRI; N, NcoI; B, BamHI; X, XbaI; H, HindIII; S, SspI.

EGFP



pDura5GLELO is a vector for expression of the GLELO
gene. Mortierella alpina 1S-4 GLELO cDNA was amplified
using a forward primer, GLELOF (5′-CACCATGGAGTC-
GATTGCGC-3′), and a reverse primer, GLELOR (5′-GT-
GGATCCTTACTGCAACTTCCTTGCCTT-3′), at an annealing
temperature of 54°C with the 1S-4 cDNA library as a template.
The GLELOF and GLELOR primers contained NcoI and
BamHI sites, respectively (underlined). The approximately 1.0-
kb PCR product was ligated to the pT7Blue T-Vector to con-
struct pT7-GLELO. By following the same strategy as for the
construction of pDura5GFP, pDura5GLELO was constructed
(Fig. 1).  

Transformation of the M. alpina 1S-4 ura5– strain. Trans-
formation of the M. alpina 1S-4 ura5– strain with pDura5GFP
or pDura5GLELO was performed with a PDS-1000/He Parti-
cle Delivery System (Bio-Rad Laboratories Inc., Hercules, CA)
as described previously (12).  

Isolation of stable transformants and checking of transfor-
mation by PCR were performed by the methods described pre-
viously (12).  

FA analyses. The A. oryzae recombinant transformed with
the M. alpina 1S-4 GLELOp cDNA was inoculated into a test
tube containing 5 mL GY medium containing 2% glucose and
1% yeast extract, and then cultivated at 28°C with reciprocal
shaking (120 strokes/min) for 3–4 d. The spores or mycelia of
M. alpina 1S-4 recombinants transformed with pDura5GLELO
and the host cells were inoculated into 20-mL Erlenmeyer
flasks containing 4 mL of GY medium containing 2 or 5% glu-
cose, 1% yeast extract, and 0.05 mg/mL of uracil. The culture
was performed at 28°C with reciprocal shaking (120
strokes/min) for the desired period. FA analysis was performed
basically as described in the previous paper (21).  

Nucleotide sequence accession numbers. The nucleotide se-
quences of the GLELO genomic gene cloned from M. alpina
1S-4 have been assigned DDBJ accession no. AB193123.

RESULTS AND DISCUSSION

Transformation of the M. alpina 1S-4 ura5– strain with
pDura5GFP. The first trial involved expression of the EGFP
gene in the M. alpina 1S-4 ura5– strain using a homologous
ura5 gene-containing vector. This would directly demonstrate
that a two-gene expression system is feasible, and that heterol-
ogous gene expression in M. alpina, which will lead to further
applications, has been achieved. The EGFP gene was placed
under the control of the same promoter and terminator as pre-
viously used for expression of the homologous ura5 gene
(12). On the basis of this idea, an EGFP-expression vector,
pDura5GFP, was constructed and used for transformation of
the ura5– strain. Transformation was successfully performed,
and six stable transformants were selected from the 45 isolated.
All the stable ones were determined to be transformed through
vector insertion into the rDNA locus (data not shown). When
both host cells (ura5– strain) and ones of the transformants
were cultivated in various media and observed under a fluores-
cence microscope, strong fluorescence was detected, mainly in

the outer part of the cells. To remove this fluorescence, proto-
plasts were prepared, but the resulting cells still had a strong
fluorescence. Although these transformants seemed to show
strong fluorescence in their cytoplasm, the observation could
not be thought to be sufficient evidence that the EGFP gene
was truly expressed.  

How the self-fluorescence of this fungus is produced re-
mains unclear, as it was impossible to detect the fluorescence
from the EGFP protein precisely in the mycelial cells. On the
other hand, when spores were observed under the fluorescence
microscope, a strong fluorescence was detected only in those
of the transformants (data not shown). This finding implies that
the foreign gene could be inherited by both the daughter cells
and spores and indicates that the EGFP and ura5 genes were
both successfully expressed in this fungus. Hence, we expected
that the same strategies could be used for expression of genes
involved in PUFA syntheses, leading to elucidation of FA me-
tabolism and improvement of PUFA production.  

Isolation and heterologous expression of the GLELO gene of
M. alpina 1S-4. The gene encoding GLELOp, which catalyzes
elongation of GLA to DGLA, has previously been cloned from
M. alpina ATCC 32221 and characterized (10). To perform ho-
mologous expression of the GLELO gene, the GLELO cDNA
of M. alpina 1S-4 was isolated. As a result, a fragment contain-
ing an open reading frame with a length of 957 bp, starting with
an ATG codon and ending with a TAA codon, was isolated. The
gene was suggested to encode a protein consisting of 318 amino
acids with a M.W. of 37,000 (data not shown). A computer-aided
homology search of the amino acid sequences of other proteins
in a database revealed that the deduced amino acid sequence of
the resultant gene exhibits 95.9% identity with that of the
GLELOp of M. alpina ATCC 32221, and 33.5 and 32.5% iden-
tity with those of elongation of very long chain FA protein 2
(ELO2) of mouse and human, respectively (22,23). The amino
acid sequence of GLELOp showed several regions of identity,
including a common histidine box motif, with ELO2. A
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TABLE 1 
FA Compositions of Aspergillus Transformant MG-5a

mol% of FA in the total FA of the cellsb

Control strain MG-5 

FA Control strain (+ GLA)c MG-5 (+ GLA)

16:0 17.4 9.9 14.0 11.8
18:0 5.8 2.7 5.2 4.1
18:1n-9 14.8 5.5 11.7 7.6
18:2n-6 56.8 30.0 63.8 43.4
GLA —d 50.6 — 17.5
18:3n-3 5.1 1.4 1.4 1.5
20:2n-6 — — 4.0 2.9
DGLA — — — 11.2
aA. oryzae MG-5 strain, which was transformed with Mortierella alpina 1S-4
GLELO cDNA, and the control strain without the GLELO gene were grown
at 28°C for 3–4 d in 5 mL of GY medium with reciprocal shaking (120
strokes/min).  
bThese values are the means of triplicate experiments.
c0.2% GLA methyl ester was added to the culture broth.  
d—, not detected; DGLA, dihomo-γ-linolenic acid.



hydropathy plot (Kyte and Doolittle) of GLELOp indicated that
this protein is hydrophobic in nature and contains several pre-
sumptive transmembrane domains (data not shown). Further-
more, functional analyses were also performed on gene expres-
sion in A. oryzae (Table 1). The Mortierella alpina 1S-4 GLELO
cDNA was ligated to fungal expression vector pNGA142. In the
resultant plasmid, designated as pGEGA10, expression of the
cloned GLELOp gene was controlled by a glucoamylase pro-
moter of A. oryzae. The FA composition of the selected A. oryzae
transformant, MG-5, was different from that of the control strain
without the GLELO gene: The new peak in the chromatogram
of FAME from the transformant cultured in GY medium for 4 d
exhibited a retention time identical to the FAME standard of
20:2n-6, which is produced through an elongase reaction on en-
dogenous 18:2n-6. In the presence of exogenous GLA, a new
peak of DGLA was observed only for the transformant, indicat-
ing conversion of GLA to DGLA at the rate of 39%, whereas the
rate of conversion of endogenous 18:2n-6 to 20:2n-6 was 5.9%,
and 18:1n-9 and 18:3n-3 were not converted to the correspond-
ing 20-carbon PUFA at all. Another experiment indicated that
exogenous 18:1n-12 was converted to 20:1n-12 with a conver-
sion rate of 2.1% (data not shown). The GLELOp of M. alpina
ATCC 32221 showed the same characteristics as that of M.
alpina 1S-4 (10,11). Thus, the cDNA was determined to be the
gene encoding GLELOp throughout this analysis.  

It is generally believed that the elongation activity involves
four distinct subunit enzymes: a condensing enzyme, two reduc-
tases, and a dehydrase. It is unlikely that one protein exhibits all
four activities (11). Therefore, the elongase activity of GLELOp
in the Aspergillus transformants is likely to arise from interac-
tion with other endogenous components of Aspergillus elongase.

Transformation of M. alpina 1S-4 with pDura5GLELO. A
transformation vector, pDura5GLELO (Fig. 1), was constructed

and used for transformation of the ura5– strain to over-express
the GLELO gene. Out of the 36 transformants obtained, 9 were
determined to be stable transformants with pDura5GLELO
(data not shown). To investigate their properties, two transfor-
mants (#3 and #8) were cultivated in GY medium, containing
5% glucose, 1% yeast extract, and 0.05 mg/mL of uracil, for 4
or 10 d to investigate their FA compositions (Table 2). It was
verified that complementation of ura5 genes does not influence
the FA composition of the host cells (data not shown). Trans-
formant #8 showed the same FA composition as that of the host
cells, regardless of the cultivation period. On the other hand,
transformant #3 exhibited a different FA composition from that
of the host cells: GLA, which serves as a substrate for
GLELOp, was decreased and AA was increased. For further
investigation, time course experiments were performed with
transformant #3 and the host cells (Fig. 2). The accumulation
of AA continued after 4 d in both strains, regardless of the cul-
ture conditions. With 5% glucose in the medium, AA content
remained low in comparison with that with 2% glucose. Al-
though this observation was in accordance with results previ-
ously reported, the AA productivity (mg/mL of culture broth)
was proportional to the glucose concentration (data not shown)
(4). In the case of 2% glucose (Figs. 2A and B), the AA con-
tent increased linearly after 4 d in the transformant but not in
the host cells. Our previous report also stated that significant
AA accumulation was observed in the stationary phase (5,24),
and this phase is thought to correspond to the period after 4 d
in the present experiment.  

The final content of AA in the transformant was higher than
that in the host cells. Hence, over-expression of the GLELO
gene clearly occurred in this lipogenic phase rather than in the
growth phases. With 5% glucose (Figs. 2C and 2D), differences
in the FA profile appeared clearly: The AA content of transfor-
mant #3 increased more than that of the host cells after 5 d. The
GLA content of the transformant cells remained lower than that
of the host cells, especially after 4 d. The DGLA content in-
creased at the beginning of cultivation and then decreased con-
comitantly with the increase in the AA content. The AA con-
tent of transformant #3 was 1.4-fold higher than that of the host
cells at the end point. The significance of this increase can be
appreciated from our previous efforts to enhance the produc-
tivity, which did not achieve such significant change. This
major increase must therefore have resulted from the enzyme
playing an important role in AA biosynthesis. In addition, the
analysis of real-time quantitative PCR showed that the quan-
tity of GLELO RNA in transformant #3 was 7.4-fold higher
than that of the host strain on 4 d (data not shown). Therefore,
the results obtained for stable transformant #3 must be directly
due to GLELO gene expression.  

In conclusion, GLELOp catalyzes the conversion of GLA to
DGLA and serves as the rate-limiting step in AA production. As
predicted by Wynn and Ratledge (6), AA productivity can be in-
creased through enhancement of the enzyme activity. This is the
first report that genetic manipulation led to an increase in AA
production by an industrial oleaginous strain, M. alpina 1S-4.  
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TABLE 2
Comparison of FA Compositions of M. alpina 1S-4 Transformantsa

Incubation mol% of FA in the total FA of the cellsb

period (d) FA Host cell Transformant #3 Transfomant #8

4 16:0 18.5 16.8 19.7
18:0 5.7 5.4 7.0
18:1n-9 28.2 27.8 27.3
18:2n-6 9.9 10.2 9.0
GLA 7.7 9.2 6.7
DGLA 5.8 6.4 6.7
AA 19.8 20.9 20.5

10 16:0 19.7 19.9 20.0
18:0 6.4 7.12 6.5
18:1n-9 30.6 24.9 32.1
18:2n-6 8.7 8.5 8.4
GLA 5.6 3.8 5.6
DGLA 5.9 6.2 4.5
AA 18.1 25.6 19.1

aTwo M. alpina 1S-4 recombinants transformed with pDura5GLELO, #3 and
#8, and host cells were grown at 28°C for 4 or 10 d in 4 mL of GY medium
containing uracil under reciprocal shaking (120 strokes/min).  
bThese values are the means of triplicate experiments. AA, arachidonic acid;
for other abbreviations see Table 1. 
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