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A A12 desaturast~defective mutant of an arachidonic acid 
(AAFproducing fungus, Mortierella alpina 1S4, converted 
a-linolenic acid (18:3o~3) to 5(Z),8(Z),11(Z),14(Z),17(Z)- 
eicosapentaenoic acid (EPA). On submerged cultivation 
at 20°C for 10 d in a 5-L fermentor containing medium 
comprising 1% glucose, 1% yeast extract and 3% (vol/vol) 
linseed oil, EPA production amounted to ca. I g/L culture 
broth (64 mg/g dry mycelium), which accounted for ca. 
20% of the total  mycelial fatty  acids. A A  content  was 
26 mg/g dry mycelium (0.4 g/L}, accounting for 7.8% of the 
total  mycelial fatty acids. The other major mycelial fatty  
acids were palmitic acid (4.5%), oleic acid (20.4%), linoleic 
acid (10.0%}, 18:3c03 (20.3%} and lignoceric acid (4.3%L 
Most  of the EPA produced (ca. 90 tool%) was in tri- 
glyceride form. 

KEY WORDS: A12 Desaturation, eicosapentaenoic acid, MortiereUa 
alpina, n-3 fatty acids. 

5(Z),8(Z), ll(Z), 14(Z), 17(Z)-eicosapentaenoic acid (EPA), a 
rare C20 polyunsaturated fatty acid (PUFA) of potential 
pharmaceutical value, has attracted much interest be- 
cause of its unique biological activities (1-5). Marine fish 
oil is a conventional natural source for EPA but additional 
sources are desired. A marine alga, Chlorella minutissima 
(6), a freshwater alga, Monodus subterraceus (7), a moss, 
Leptobryum pyriforme (8) and Euglena gracilis (9) are 
other sources of EPA, but they have low growth rates and 
lipid contents. 

During studies on the fermentative production of useful 
PUFA, we found that  several members of the fungal sub- 
genus Mortierella are potent producers of arachidonic acid 
(AA) (10,11), dihomo-y-linolenic acid (DHGA) (12,13) and 
EPA (14-17). For the fermentative production of EPA, 
Mortierella fungi can use linseed oil (16,17), which is rich 
in a-linolenic acid (18:3co3, ca. 60%). Because all fungi, in- 
cluding M. alpina 1S-4, exhibit high A12 desaturase ac- 
tivity, converting oleic acid (18:1) to linoleic acid (18:2co6) 
and subsequently to AA, mycelia growing on linseed oil 
usually contain a considerable level of AA. From a nutri- 
tional standpoint, an EPA-containing oil with a low AA 
level is preferable because of the diverse biological ac- 
tivities of AA. Therefore, we tried to decrease the AA 
levels of the fungi. In a recent paper (18) we reported the 
isolation of mutants of M. atpina 1S-4 that  are defective 
in fat ty acid desaturation, one of which, Mut48, is defec- 
tive in A12 desaturase, but not in the other enzymes in 
the biosynthesis of AA (Fig. la). The mycelial fatty acids 
of this mutant comprise fatty acids of the n-9 family, such 
as Mead acid [5(Z),8(Z), 11(Z)-eicosatrienoic acid, 20:3co9], 
and are completely devoid of AA, which is the most abun- 
dant fatty acid in the wild-type strain (11). Because A12 
desaturase is not involved in the conversion of 18:3co3 to 
EPA (Fig. lb), Mut48 may convert exogenously provided 
18:3co3 to EPA without producing AA. 
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FIG. 1. Biosynthetic pathways for fatty acids. M. alpina 184 Mut48 
does not produce fatty acids of the n-6 family but produces signifi- 
cant amounts of n-9 fatty acids {a). The conversion route from 18:3o~3 
to EPA is shown in (b). EPA, 5(Z),SZ),14(Z),17(Z)-eicosapentaenoic 
acid; DHGA, dihomo-y-linolenic acid; AA, arachidonic acid; EL, 
elongation. 

In this paper we report the conversion of 18:3w3 to EPA 
by Mut48, which results in a mycelial oil which is low in 
AA. Several factors affecting EPA production and fat ty 
acid profiles of major lipid classes are described. 

MATERIALS AND METHODS 

Chemicals. Linseed oil was purchased from Wako Pure 
Chemicals (Kyoto, Japan) and converted to methyl esters 
with methanolic sulfuric acid {19}. The methyl esters were 
composed of palmitic acid (10% by wt), stearic acid (4%), 
oleic acid (10%), linoleic acid {18%} and a-linolenic acid 
{58%). All other reagents were of analytical grade. 

Microorganism and cultivation. M. alpina 1S-4 Mut48 
(18}, a mutant defective in desaturation at the h12 posi- 
tion, was derived from M. alpina 1S-4 (10-14}. The fungus 
was grown on medium GY (1% glucose, 1% yeast extract, 
pH 6.0), supplemented with 2% (vol/vol) linseed oil methyl 
esters at 24°C with shaking for one week, unless other- 
wise noted. 

Fatty acid and lipid analyses. The mycelium was washed 
with ethanol to remove excess oil, dried at 100°C over- 
night and analyzed by gas-liquid chromatography (GLC) 
as described previously (18,20}. All values in the figures 
and tables are the means of two independent deter- 
minations. 

RESULTS 

Conversion of 18:3co3 to EPA by Mut48. Several additional 
fatty acids to those from glucose-grown fungi were found 
after growth on the medium supplemented with 18:3w3. 
These fat ty acids were identified as 6(Z),9(Z), 12(Z), 15(Z)- 
octadecatetraenoic acid (18:4co3), 8(Z), ll(Z), 14(Z), 17(Z)- 
eicosatetraenoic acid (20:4w3), EPA, ll(Z),14(Z),17(Z)- 
eicosatrienoic acid (20:3(o3} and 5(Z),ll(Z),14(Z),17(Z)- 
eicosatetraenoic acid (20:4h5}. There was no AA or any 
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other fatty acid of the n-6 family in the resultant mycelia. 
The EPA percentage of the total n-3 fatty acids (including 
20:455) was ca. 55%, which accounted for 8.1% of the total 
mycelial fatty acids. 

Factors affecting E P A  production. As described above, 
the production of AA-free EPA-containing oil is possible 
provided that  pure 18:3co3 is used. However, that  would 
be impractical because 18:3o~3 of such high purity is 
presently too expensive. Thus, we selected linseed oil as 
an alternative starting material because of a high content 
of 18:3co3, as well as its suitability for EPA production 
by the wild-type strain (16). 

Time course of  E P A  formation. Mut48 efficiently incor- 
porated linseed oil. About one day after addition of the 
linseed oil, the culture medium became turbid but cleared 
after another day or two when the oil was completely in- 
corporated. Representative time courses for changes in the 
contents of some fat ty  acids of Mut48 on growth in the 
presence of the oil are shown in Figure 2. On growth at 
24°C or above, the mycelial 18:3~3 content usually 
reached a maximum at 3 d and then decreased gradually. 
However, maximal 18:3¢o3 production took longer at 
12 o C, which could have contributed to the lower rate of 
EPA formation. Because the linseed oil contained about 
20% 18:2o~6, which was subsequently converted to AA 
(Fig. la), the resultant mycelial oil also contained some 
AA. However, the level of AA was markedly lower com- 
pared with that in the wild-type, in which the EPA level 
never exceeded that  of AA {14-17). At 24°C, the mycelial 
content of EPA increased markedly from 3-5 d cultiva- 
tion, and then slowly to day 14. After two weeks, the 
mycelial EPA reached ccL 80 mg/g dry mycelium and AA 
(including 20:3co3) reached ca. 40 mg/g dry mycelium. 

Glucose and yeast  extract concentrations. Like the wild 
strain (11), Mut48 grew well on a simple basal medium 
containing glucose and yeast extract. As shown in Fig- 
ure 3a, the highest EPA production was observed at 
glucose concentrations of 0.5-2% when the yeast extract 
concentration was 0.5%. However, glucose concentrations 
higher than 1% resulted in marked decreases in the EPA 
yield in the medium containing 1% yeast extract (Fig. 3b). 
The optimal glucose concentrations were both in the range 
of 0.5-1.0%. As for the medium containing 1% glucose and 
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FIG. 3. Effects of glucose and yeast extract concentrations on EPA 
production. (a} 0.5% Yeast extract; (b} 1% yeast extract; (c) 1% glucose. 
The A A  fraction included ca. 30% 20:3w3. Abbreviations as in 
Figure 1. 

2% linseed oil, the optimal yeast extract concentration 
was in the range of 0.5-1% (Fig. 3c}. Further increases in 
the yeast extract concentration resulted in increases in 
the mycelial mass produced, but in decreases in the EPA 
yield. 

Linseed oil concentration. For the medium containing 
0.5% glucose, the highest EPA yield was at 2% (vol/vol) 
linseed oil; further increases in linseed oil caused marked 
decreases in the EPA yield (Fig. 4). However, in the 
medium containing 1% glucose, the highest EPA yield was 
obtained with 3% linseed oil and was c~ 1.2-fold the max- 
imal yield in the medium containing 0.5% glucose. 

Growth temperature. As shown in Figure 5, the optimal 
temperature for E PA production was 24 o C with growth 
for 7 d, but it shifted to around 20°C when the cultiva- 
tion time was 10 d. On growth at 20°C, the incorporation 
of linseed oil, as judged from the mycelial 18:3co3 content, 
occurred at a slower rate than on growth at 24°C, but the 
change in mycelial 18:3o~3 content during the first two 
days was the same, as shown in Figure 2 for growth at 
12°C. 

Bench-scale production o f  EPA. Because of the above 
results, the fungus was cultured in a 5-L jar fermentor. 
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FIG. 2. Time courses of changes in the contents of some fatty acids 
in M. a lp ina  1S-4 Mut48. The fungus was grown at 28°C for I d and 
then at 12°C, or always at 24°C. Cultivation time indicates the total 
time before and after the temperature shift. The A A  fraction included 
about 30% 20:3co3. Abbreviations as in Figure 1. 
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FIG. 4. Effect of the linseed oil concentration on EPA production. 
The A A  fraction included ca. 30% 20:3co3. Abbreviations as in 
Figure 1. 

JAOCS, Vol. 70, no. 2 (February 1993) 



121 

FUNGAL PRODUCTION OF EICOSAPENTAENOIC ACID 

1.4 

1.2 

0.8 

4 0.6 

0.4 

e- 
0.2 

S 
12 20 24 28 

w 

12 20 24 28 
Temperature (°C) 

A 
24 "~ e~ 

2o ~ 

o 
8 ~ 

FIG. 5. Effect  of the growth temperature on EPA production. Ex- 
cept for the cultures grown at 12°C, which were grown at 28°C on 
the first day before reducing the temperature to 12°C, all were grown 
at the temperature indicated from the first day of cultivation. The 
AA fraction included ca. 30% 20:3o~3. Abbreviations as in Figure 1. 

The fungus was cultured at 24°C for 2 d before the growth 
temperature was reduced to 20°C to stimulate the incor- 
poration of linseed oil, which occurred more slowly on 
growth at 20°C. As shown in Figure 6a, fungal growth 
reached a stationary phase after 5 d, but the production 
of EPA and AA (including 20:3co3) increased for 10 d. 
After 10 d, EPA production reached ca. 1 g per L of 
culture broth (64 mg/g dry mycelium), which accounted 
for 19.5% of the total mycelial fatty acids. Because 20:3co3 
accounted for 30% of the sum of AA and 20:3w3, the 
amount of AA produced by day 10 was ca. 0.4 g/L culture 
broth (26 mg/g dry mycelium), accounting for 7.8% of the 
total mycelial fatty acids. The other major fatty acids 
(>~1.0%) were 16:0 (4.5%), 18:0 (2.9%), 18:1 (20.4%), 18:2~o6 
(10.0%), 18:3w3 (20.3%), 18:4w3 (1.6%), 20:3w3 (3.4%), 
20:4w3 (1.0%), 20:4t5 (1.4%) and lignoceric acid (4.3%}. 
Saturated, n-9, n-6 and n-3 fatty acids amounted to 12.5, 
21.8, 18.5 and 47.2%, respectively. Mead acid and other 
PUFA of the n-9 family, which occur in considerable 
amounts on culturing in a medium without oil supplemen- 
tation (21), had almost completely disappeared, the sum 

of these PUFA being less than 1% of the total mycelial 
fatty acids. 

Distribution of  fa t ty  acids in the major lipid classes of  
Mut48  grown on linseed oil. As shown in Table 1, fat ty 
acid methyl esters (FAME) accounted for the major part 
(ca. 80 mol/) of the extractable lipids. The FAME should 
be those of the added oil and not of fungal lipid, because 
such a large amount of this fraction has never previously 
been detected in fungi grown without oil supplementation 
(21). The fat ty acid composition was comprised mainly 
of 18:3co3 (ca. 50%), without EPA or any fat ty acid other 
than those present in linseed oil. Irrespective of the growth 
temperature, most of the EPA (ca. 90 mol%) was contained 
in triglyceride (TG), and the remainder was in phospho- 
lipids, especially in phosphatidylcholine (PC, ca. 7%). The 
percentages of EPA in individual lipid classes were 
relatively high in PC and TG. For example, for growth at 
28°C, the EPA ratios in TG, phosphatidylethanolamine 
(PE), PC and phosphatidylserine (PS) were 10.4, 5.0, 16.3 
and 4.7%, respectively. 

DISCUSSION 
As suggested previously (14,16), there are two routes for 
EPA production by M. alpina 1S-4. The first, which occurs 
at low temperature, involves conversion of an endogenous 
fat ty acid(s) of the n-6 family to the corresponding n-3 
fatty acid and, subsequently, to EPA through the n-3 fatty 
acid biosynthetic pathway. The other is the conversion of 
exogenous 18:3w3 to EPA through the n-3 fat ty acid 
biosynthetic route. Due to a lack of endogenous n-6 fat ty 
acids, the former route does not occur in this mutant 
unless n-6 fatty acids are provided exogenously (Jareonkit- 
mongkol, S., and S. Shimizu, unpublished observation). 
Although the mutant should convert 18:2w6 and other 
n-6 fat ty acids to EPA on growth at 12°C, cultivation at 
this temperature did not lead to an increase in EPA pro- 
duction, as found for the wild-type strain. The optimal 
temperature in this study was around 20°C, which was 
the same as that  previously found for Mead acid produc- 
tion (21). A6 Desaturation of 18:3co3 into 18:4w3 might be 
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FIG. 6. Production of EPA under submerged culture conditions. The fungus was pre- 
cultured at 28°C for 3 d in medium GY and then supplemented with linseed oil methyl  
esters in a 5-L fermentor. Cultivation was performed at 24°C for 2 d, followed by 20°C. 
EPA and A A  contents are shown in (a), and fatty acid composition during growth is shown 
in (b). Abbreviations as in Figure 1. 
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TABLE 1 

Fat ty  Acid Profiles of the Major Lipid Classes of M. a l p i n a  1S-4 Mut48 Grown on Linseed Oil a 

Fatty acid composition (mol%) 

Lipid b composition 18:2w6 c 18:3co6 c 18:3w3 c 20:2co6 c DHGA c AA c 20:4h5 c 
(mol%) 16:0 18:0 18:1 18:2w9 20:0 20:1 18:4w3 20:2co9 20:3a)9 22:0 20:3w3 20:4co3 EPA 24:0 

28°C FAME 86.0 (0) 5.6 3.4 23.2 16.7 _ d  51 .1  . . . . . . . .  
TG 14.0 (88) 7.9 3.4 21.8 10.2 0.8 33.4 1.6 0.2 0.2 0.9 5.4 2.0 10.4 1.8 
PE 0.7 (4) 14.4 6.2 36.0 6.7 2.4 18.3 4.0 trace 0.8 -- 6.3 trace 5.0 trace 
PC 0.8 (5) 13.3 4.6 22.5 6.0 1.4 16.9 3.4 0.6 2.1 trace 8.1 4.2 16.3 0.6 
PS 0.5 (3) 19.5  7.1 36.7 7.7 1.7 14.3 1.6 -- 0.4 -- 4.9 1.4 4.7 -- 

12°C FAME 83.2 (0) 5.0 3.2 22.7 16.8 -- 52 .3  . . . . . . . .  
TG 16.8 (86) 6.2 3.7 20.6 11.8 0.7 38.7 1.7 0.1 trace 0.5 4.3 1.5 9.4 0.8 
PE 1.0 (5) 9.2 6.0 36.2 8.8 3.5 10.9 5.7 0.2 0.7 -- 11.1 1.0 6.2 0.6 
-P~ 1.4(7) 8.0 8.2 19.0 7.9 2.7 8.1 ....... cj:-~ trace 3.8 2.0 .................... ~ 5.6 Y ~ - -  
PS 0.5 (2) 19.6 9.5 38.7 7.0 3.0 6.7 2.5 -- trace -- 7.2 trace 5.9 -- 

aThe fungus was grown at 28°C for 7 d (28°C), or at 28°C for 2 d, and then at 12°C for a further 8 d (12°C). Abbreviations: DHGA, 
dihomo-y-linolenic acid; AA, arachidonic acid; E PA, 5(Z}, 8(Z), 1 I(Z?, 14(Z), 17(Z)-eicosapentaenoic acid; FAME, fatty acid methyl esters; 
TG, triglycerides; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PS, phosphatidylserine. 

bOther minor lipids, i.e., sterol ester, glycolipids and diglycerides, were not included for the calculation. The values shown in brackets 
were calculated by assuming that FAME equals zero. 

CThese pairs of fatty acids were not separated by the gas-liquid chromatographic conditions used, the first fatty acid being the major 
one {more than 80%}. 

dUndetectable. 

t he  ra te - l imi t ing  s tep  in  the  convers ion  of 18:3co3 to EP A  
in  the  r a t  {22}, and  th i s  also may  be t rue  for our  fungus .  
I n  addi t ion ,  /~6 d e s a t u r a t i o n  should  also be the  rate- 
l i m i t i n g  s tep in  the  fo rma t ion  of Mead  acid, because  the  
b iosyn theses  of n-3, n-6 and  n-9 f a t t y  acids involve the 
same enzymat ic  systems.  According to these concepts,  we 
sugges ted  t ha t  the  increase in  EPA produc t ion  on growth 
a t  20°C is re la ted to an  increase  in  t 6  desa tu rase  activ- 
ity, b u t  no t  to the  convers ion of n-6 f a t t y  acids to EPA. 

E x c e p t  for the  low AA-level, there  was no marked  dif- 
ference in  the  f a t t y  acid compos i t ion  be tween  the  oil pro- 
duced  by  Mut48  and  t h a t  by  the  wild s t ra in .  Previous  
s tud ies  (16,17) failed to reveal the  occurrence of 20:3o~3 
and  20:455 because  of the  use  of low-resolut ion packed- 
co lumn  GLC, b u t  these  f a t t y  acids are also p re sen t  in  the  
funga l  oil ob ta ined  on i n c u b a t i o n  of the  wild s t r a in  wi th  
l inseed oil. 20:4h5 has been  found by  several inves t iga tors  
(23,24) in  an imal  cells i ncuba t ed  wi th  18:3~03. I t  is widely 
accepted tha t  20:4h5 is formed by carbon chain-elongation 

from 18:3w3 to 20:3a~3, followed by  h5 desa tu ra t ion .  I t  is 
possible t h a t  the  same  reac t ions  also take  place in  M u t 4 8  
and  in  the  wild type.  The  low A A  level in  the  oil is prom- 
i s ing  in  t h a t  it  is more  diff icul t  to decrease the  A A  level 
t h a n  to increase  it, which is easi ly  per formed by merely  
b l end ing  wi th  AA-rich oil from the wild s t ra in  (11}. As  for 
the yield of EPA, the  h ighes t  value previous ly  repor ted  
was ca. 2 mg/mL cu l tu re  broth,  whereas  the value ob- 
t a ined  in th is  s t u d y  was ca. 1 mg / mL cul ture  b ro th  
(Table 2), b u t  this  difference should  be due  to differences 
in  cu l tu re  condi t ions ,  especial ly  the  cu l t i va t ion  time. I t  
would be more correct to compare the product ion of a f a t ty  
acid in  t e r ms  of p roduc t i on  per  a cer ta in  per iod of t ime. 
Taking  the  ag ing  t ime  as the  cu l t i va t ion  time, the  E P A  
product ion  per day was calculated and  is shown in Table 2. 
A l t h o u g h  there were some differences in  the  cul ture  con- 
di t ions,  i t  is clear t h a t  the  EPA p roduc t i v i t y  of Mu t48  
is no t  so different  f rom the  h ighes t  va lue  reported, the  
product ion  of EPA per day in  bo th  cases be ing  ca. 100 m g  

TABLE 2 

Comparison of E P A  Productivities of M. alpina 1S-4 Mut48 and the Wild Strain a 

Yield g/L 
Strain and culture culture broth 
conditions EPA AA 

Fatty acid 

Content mg/g 
dry mycelium 

% in total 
fatty acids 

Productivity 
mg/L/day 

EPA AA EPA AA EPA AA 
EPA/AA 

ratio 

M. alpina 1S-4 
28°C, 2 d; 12°C, 8 d b 0.30 1.76 27 158 10.9 
+LO, c 28°C, 6 d; aging 28°C, 7 d d 0.99 1.49 41 62 9.2 
+LO, 12°C, 9 d; aging 12°C, 7 d d 1.88 2.44 67 88 12.0 

Mut48 (present study} 
+LO, 20°C, 10 d 0.97 0.39 64 26 19.5 

63.8 
13.8 
15.7 

7.8 

30 
76 

118 

97 

176 
115 
153 

39 

0.17 
0.66 
0.77 

2.49 

aAbbreviations as in Table 1. bCited from Ref. 14. cLO, linseed oil. dCited from Ref. 17. 
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per L of cul ture  broth.  The mycelial A A  con ten t  was lower 
t h a n  half  the  lowest va lue  in  the  case of the  wild-type, a nd  
the  EPA/AA ra t io  in  the  oil produced by  M u t 4 8  was ca. 
2.5, where t ha t  found in  previous s tudies  was less t h a n  0.8. 
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