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SUMMARY

When Mortierella elongata NRRL 5513 was cultured in shake flasks at 25 °C, mycelial growth reached a stationary phase at 48 h but maximum
eicosapentaenoic acid (EPA) production was observed at 6 days. When incubated at 11 °C, EPA production also continued to rise during the stationary
phase of growth, reaching a maximum after 10 days. An initial culture pH of 6.1 was found to be optimum for EPA production. The effect of temperature
on EPA production was dependent on medium constituents. In glucose and linseed oil supplemented media, optimum temperature for EPA production
was 11 and 15 °C respectively. A maximum EPA yield of 0.61 g/l was obtained in linseed oil (2% ), yeast extract (0.5%) supplemented basal medium.
Maximum EPA content as a percentage of lipids (15.12% ) was observed when the latter medium was supplemented with 0.25%, urea.

INTRODUCTION

Eicosapentaenoic acid (EPA) Las been shown to be of
major importance in the prevention and treatment of a
range of human diseases and disorders. EPA produces
beneficial nutritional or pharmacological effects, espe-
cially with respect to three areas: the heart and circulatory
system [6, 14, 23], the inflammatory area [12, 16, 29] and
cancers of mammary and colon tissue [4, 15]. The pre-
dicted market for omega-3 fatty acids is $790 million [24].

The major commercial source of EPA is from fish and
fish oil [27]. Fish oil concentrates are considered un-
attractive because they contain substantial amounts of
undesirable fatty acids and cholesterol [19, 26]. Conse-
quently, alternative sources of EPA are being sought,
especially from algae [17, 27, 28] and from fungi of the
order Mucorales [9, 19, 22]. When strains of Mortierella
alpina and Mortierella elongata were screened for EPA
production, M. elongata NRRL 5513 was found to pro-
duce the highest EPA yield when incubated at 11 °C for
10 days in the presence of 2% linseed oil [1]. In the
present report, studies have been carried out on opti-
misation of culture conditions with respect to EPA pro-
duction by M. elongata NRRL 5513.
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MATERIALS AND METHODS

Stock cultures

Mortierella elongata NRRL 5513 was maintained on
3%, agar slants containing 20 g/l glucose and 10 g/l yeast
extract and subcultured every two months.

Culture conditions

Mycelium, freshly grown on agar slants, was used to
inoculate 250-ml Erlenmeyer flasks containing 50 ml of
basal medium supplemented with 30 g/l linseed oil and
0.5 g/l yeast extract. Flasks were incubated at 25°Con an
orbital shaker, set at 300 rpm, to produce an inoculum for
EPA production cultures. Liquid EPA production cul-
tures also contained the basal medium with supplements
and was dispensed in 50-ml volumes in 250-ml Erlenmeyer
flasks, inoculated with 5%, inoculum and incubated on an
orbital shaker at 300 rpm. The basal medium consisted of
(g/M: KH,PO,, 2.4; KNO,, 1; CaCl, - 2H,0, 0.1; MgSO,
+ TH,0, 0.5; FeCl, - 6H,0, 0.015; ZnSO, - 7H,0, 0.0075
and CuSO, - 5H,0, 0.0005 [9]. Medium used for fungal
surface growth and EPA production contained 39, agar,
basal medium and linseed oil supplement. This medium
was inoculated with a loopful of mycelium from the
inoculum cultures grown in flasks.

Each data point in shake flask experiments reflects the
average of a minimum of four determinations, based on
the analysis of replicate samples from two separate flasks.
Variations in values observed between flask pairs was less
than 79;. In the case of agar plates, larger variations were
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observed. Therefore, triplicate plates were inoculated
simultaneously, and at least two plates were utilised for
analysis. The third plate was only used if the analytical
results of the first two plates were more than 10%, apart.

Analytical procedures

Fungal biomass was recovered from liquid media by
vacuum filtration (using Whatman filter paper, grade
GF/F having 0.7-mM size pores) or centrifugation at
3000 x g, followed by washing with 50 ml ether acidified
with 0.5 ml of 2NHCI and then with 50 ml distilled water
[20] and drying at 100 ° C for 12-16 h. This washing proto-
col was developed by Shimizu et al. [20] for washing
M. alpina mycelium recovered from linseed oil containing
cultures prior to recovery of EPA from the mycelium.
Fungal biomass was recovered from agar cultures by
scraping with spatula.

Extraction and determination of lipids

The dried cells were weighed (20-40 mg) in teflon-
lined screw cap test tubes of 10 ml capacity in duplicate
and the lipids were extracted according to the procedure
of Bligh and Dyer [3]. The extracted lipids were dried at
36 °C under nitrogen atmosphere and then methylated
using the method of Holub and Skeaff [10]. Then the fatty
acid methyl esters were dissolved in 200 pl n-hexane and
an 1-ul sample was injected into a gas-liquid chromato-
graph (GLC) for analysis. The Shimadzu CR601 GLC
was connected with GC-14A data integrator. The GLC
was fitted with megabore column DB-225 (Chromatogra-
phic Specialities, Brockville, Ontario) and a flame ioni-
zation detector. Helium was used as the carrier gas. The
fatty acid ester peaks were identified and calibrated using
standard fatty acids supplied by Sigma, St. Louis, MO.
Pentadecaenoic acid (C15:0) was used as internal stan-
dard.
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Fig. 1. Pattern of production of EPA, biomass and lipid by Mortierella elongata NRRL 5513 at 25 °C in shake flask culture. Medium:
basal medium + 3%, linseed oil.



Chemicals

Standard fatty acids were obtained from Sigma, St.
Louis, MO. Solvents and reagents were obtained from
Aldrich, Milwaukee, WI and British Drug House,
Toronto, Ontario. General medium constituents were
obtained from Difco, Detroit, MI, and linseed oil was
supplied by Recochem Inc., Canada. This linseed oil
contained (%, w/w): palmitic acid, 4.9; stearic acid, 3.0;
oleic acid, 19.5; linoleic acid, 14.5; «-linolenic acid, 53.3;
and other acids 3.7.

RESULTS

In preliminary studies on this organism, cultivated at
11 and 25 °C, maximum EPA was produced in the basal
medium containing 2.5 and 3%, linseed oil respectively.
The patterns of biomass development, and production of
lipids and EPA; under these conditions in submerged
culture were monitored and the results are presented in
Fig. 1 and 2. At 25 °C, fungal growth and lipid production
in biomass was essentially complete after 48h and,
although biomass remained relatively constant up to 8
days a decline in lipid is observed after 3 days. EPA
content of biomass increased during the stationary phase
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of growth from 4.89 mg/g after 48 h to a plateau of
14.5 mg/g after 6 days. EPA content of lipid and overall
EPA yields reached maxima of 4.76%, w/w and 0.45 g/l
respectively after 6 days (Fig. 1).

When incubated at 11 °C, biomass and lipid content in
biomass was maximum after 8 days. However, EPA con-
tent of biomass and overall EPA yield increased to
22.12 mg/g and 0.55 g/l after 10 days (Fig. 2). These levels
were about 51 and 229, higher, respectively, than the
corresponding EPA levels observed at the higher tem-
perature.

The time course of biomass growth and EPA produc-

" tion was also monitored in agar surface cultures. At 25 °C,

maximum biomass and lipid content of biomass was ob-
served after 15 days after which biomass and lipid content
declined (Fig. 3A). EPA content of biomass reached a
maximum after 27 days while EPA content in lipids con-
tinued to increase to completion of the experiment at 36
days. When agar cultures were first incubated at 25 °C for
24 h and then incubated at 4 °C (Fig. 3B) a similar pattern
was observed. Biomass and lipid content of biomass was
maximum after a 20-day incubation whereas a higher
EPA content was observed in biomass and lipids after a
more prolonged incubation (36 days). The maximum EPA
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Fig. 2. Pattern of production of EPA, biomass and lipid by M. elongata NRRL 5513 at 11 °C in shake flask culture. Medium: basal
medium + 2.5% linseed oil.
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Fig. 3. Pattern of production of EPA, biomass and lipid by M. elongata NRRL 5513 in surface agar cultures at (A)25° and (B) 11°C.
Medium: 29, agar + basal medium; linseed oil, 3%, at 25°C and 2.5% at 11°C.
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Fig. 4. Effect of temperature on EPA and lipid production by M. elongata NRRL 5513 with (A) linseed oil and (B) glucose as carbon
sources, in shake-flask cultures. Medium: basal medium + carbon source.
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15

FEffect of nitrogen source on EPA, lipid and biomass production by M. elongata NRRL 5513. Medium: Basal medium + 37, linseed
oil + 0.5%, nitrogen source. Incubation temperature: 25 °C. Incubation time: 6 days.

Nitrogen Source (5 g/1) Biomass (g/1)

Lipids in biomass (% w/w)  EPA

in biomass (mg/g) in lipids (% w/w) yield (g/1)
Peptone 24.70 33.89 8.59 2.54 0.212
Tryptone 23.77 30.27 12.57 4.15 0.299
Malt extract 19.60 27.30 2.53 0.93 0.050
Yeast extract 24.01 30.50 14.51 476 0.450
content of biomass and lipids observed at 25°C was
TABLE 2 considerably higher in agar surface cultures than in liquid

Effect of initial culture pH on EPA, lipid and biomass production
by M. elongata NRRL 5513 in shake flask culture. Medium:
Basal medium + 3% linseed oil + 0.59%, yeast extract. Incu-
bation temperature: 25 °C. Incubation time: 6 days.

pH Biomass Lipidsin EPA
(&M biomass
(% (w/v) in biomass

in lipids yield

(mg/g) (7% wiwy (/)
48 2736 31.68 11.07 3.50 0.303
56 2210 31.53 12.57 3.99 0.278
6.1 2401 39.57 13.80 3.85 0333
68 2522 37.04 9.30 2.51 0.235
78 2270 37.86 10.30 272 0.234

TABLE 3

flask cultures whereas the maximum EPA values ob-
served at 4 °C in surface culture were similar to the lower
temperature submerged culture values.

The effect of nitrogen source on growth and EPA pro-
duction was investigated by incorporating 0.5%, of each
nitrogen source into the basal medium supplemented with
3% linseed oil. Maximum EPA was produced in the
medium containing yeast extract (Table 1). The effect of
initial culture pH on EPA production was tested in the pH
range 4.8-7.8. An initial pH of 6.1 was optimum for EPA
production (Table 2).

In preliminary studies, M. elongata was found to pro-
duce EPA in the basal medium supplemented with linseed
oil at both 11 and 25 °C but only produced EPA at the
lower temperature in glucose supplemented media. The
effects of temperature on production of EPA in linseed oil
and glucose supplemented media were therefore investi-
gated (Fig. 4). In linseed oil supplemented medium, opti-

Effects of urea and linseed oil concentrations on EPA, lipid and biomass production by M. elongata NRRL 5513 in shake flask culture,
Medium: Basal medium + 0.5, yeast extract supplemented with urea and linseed oil. Incubation temperature: 15 °C. Incubation time:

10 days.
Linseed oil Urea conc. Biomass (g/1) Lipids in biomass EPA
cone. (% viv) (% wiv) (% wiv)

in biomass (mg/g) in lipids (% w/w) yield (g/1)
2.0 0.00 20.55 43.20 29.51 6.83 0.606
20 0.05 19.97 24.98 23.02 9.22 0.460
2.0 0.15 19.55 11.98 16.23 13.55 0.317
20 0.25 19.20 701 10.61 15.12 0.204
25 0.25 24.67 13.99 12.84 9.17 0.317
30 0.25 29.66 22.06 14.58 6.61 0432
3.5 0.25 29.60 21.12 16.96 8.03 0.502
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TABLE 4

Fatty acid profiles of M. elongata mycelia from shake flask
cultures producing (a) maximum EPA yields and (b) maximum
EPA content in lipids. Incubation temperature: 15°C. Incu-
bation time: 10 days.

=

(a)* by
16:0 6.00 7.40
16:1 traces traces
18:0 2.64 1.67
18:1 12.34 17.71
18:2 13.77 12.29
18:3 37.22 24.60
20:4 5.20 16.37
20:5 6.83 15.12
Others 10.00 4.84

* Basal medium + 2% linseed oil + 0.5% yeast extract.
** Basal medium + 2% linseed oil + 0.5% yeast extract +
0.25%, urea.

mum temperature for EPA production was 15 °C whereas
the maximum EPA in glucose supplemented medium was
produced at 11 °C. EPA produced in linseed oil supple-
mented medium at 15 °C amounted to 29.5 mg/g biomass,
6.8%, w/w of lipid and 0.61 g/! of culture broth. The effect
of linseed oil concentration and supplementation of the
medium with urea is illustrated in Table 3. Maximum yield
of EPA was obtained at a linseed oil supplement of 2%,
while increasing urea concentration significantly reduced
lipid content in biomass and overall has a negative effect
on EPA yields. However, a dramatic increase in EPA
content of lipids was observed by supplementation of the
medium with 0.25% urea. EPA accounted for 15.12%, of
total lipids. Fatty acid profiles in mycelia of cultures pro-
ducing maximum EPA yields and in cultures producing
highest EPA content in lipids are compared in Table 4.

DISCUSSION

In studying factors affecting EPA production, two
parameters are important in pursuing an optimisation
strategy. Maximizing EPA yield per litre has an impact on
the reduction of the fermentation cost while optimizing
EPA percentage in lipids has an important bearing on
EPA recovery costs. The priority parameter for ultimate
process optimisation requires a detailed economic pro-
cess analysis after a downstream processing protocol has
been developed.

In general, in these growth studies, it was observed
that the percentage of EPA in lipids continued to rise after

net lipid synthesis has ceased. Wassef [26] noted that the
amount of lipid produced by a given species depends on
the developmental stage of growth of that species. In the
case of Aspergillus nidulans, fat formation in surface cul-
tures was also found to accelerate at the later stages of
growth, after which fat content decreased [21]. This later
decrease in fat content has also been observed in our
studies with M. elongata. Extending the fermentation time
to achieve a decrease in lipid content and an increase in
the percentage of EPA in lipids, while increasing fermen-
tation costs, would reduce the complexity and cost of
EPA recovery.

The higher EPA content of biomass and lipids ob-
served at 25°C in agar surface cultures compared to
submerged cultures may be due to increased oxygen
tension in surface as compared to submerged cultures.
Increased oxygen tension elevated the unsaturated fatty
acid content of fungi of the order Mucorales [22] and the
desaturase enzymes required for production of the unsa-
turated fatty acids require molecular oxygen as cofactor
[25]. However, the prolonged incubation times required
to achieve higher yields of EPA in surface cultures makes
this cultivation method much less practical than sub-
merged culture from an economic standpoint.

An initial culture pH of 6.1 was found to be optimal for
EPA production. Optimum initial culture pH for ara-
chidonic acid production by M. alpina was in the range
6.0-6.7 [2]. It was noted that, as incubation temperature
increased, EPA content in biomass and in lipids dramati-
cally declined. However, this also resulted in an extension
of the fermentation time from 6 to 10 days so that overall
EPA productivity was higher at the higher temperature.
Generally, lower temperatures have been found to result
in an increase in lipid unsaturation [8, 11, 26]. These
relationships between the level of lipid unsaturation and
cultivation temperature may be due to the thermolabile
nature of desaturases, which are reported not to operate
at higher temperatures [5].

Increasing urea content in the medium resulted in a
dramatic decrease in lipid and EPA accumulation. This
may be explained by the general observation that lipid
accumulation is favoured by an increasing C: N ratio and
is indeed often triggered on depletion of nitrogen. Nitro-
gen content of the medium has been reported also to affect
the proportion of saturated to unsaturated fatty acids in
a variety of microorganisms, including fungi [7, 13, 18].

Culture conditions were established in which EPA
content of lipids amounted to 15.12%. The percentage of
EPA in lipids reported in cultures of different strains of
M. alpina ranged from 3.2-5.4%, [19]. However, M. alpina
produced a maximum yield of 0.87 g EPA per litre of
culture compared to a maximum yield of 0.61 g/i observed
with M. elongata NRRL 5513.
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