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Abstract—Mortierella alpina LPM 301, aproducer of arachidonic acid (ARA), was found to possess a unique
property of intenselipid synthesisin the period of active mycelium growth. Under batch cultivation of thisstrain
in glucose-containing media with potassium nitrate or urea, the bulk of lipids (28-35% of dry biomass) was
produced at the end of the exponential growth phase and remained almost unaltered in the stationary phase. The
ARA content of lipids comprised 42-50% at the beginning of the stationary phase and increased continuously
after glucose depletion in the medium due to the turnover of intracellular fatty acids; by the end of fermentation
(189-210 h), the amount of ARA reached 46-60% of thetotal fatty acids (16-19% of dry mycelium). Plausible
regulatory mechanisms of the growth-coupled lipid synthesis in microorganisms are discussed.
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Activelipid synthesisin microorganismsistypically
a two-phase process proceeding after the cessation of
cell growth. Information is available on only a few
yeast strains that possess the unique capability of
growth-coupled lipid synthesis [1-5]. Mechanisms
responsible for the regulation of active lipid synthesis
coupled with cell growth are so far unknown.

There has recently been increasing interest in the
microbiological production of arachidonic acid (ARA).
Owing to its high physiological activity, ARA has
found wide application in medicine, pharmacology,
cosmetics, the food industry, agriculture, and other
fields. The fungi of the genus Mortierella, belonging to
the class Phycomycetes, have been considered as prom-
ising producers of ARA [6-8]. Upon screening of more
than 100 strains of the genus Mortierella, we have ear-
lier revealed ARA production in 65 strains belonging to
32 species [9, 10]. Strain Mortierella alpina LPM 301
was selected as a highly active producer of ARA.

Theaim of the present work wasto study the synthe-
sis of lipids and ARA by M. alpina LPM 301 under
batch cultivation in glucose-containing media with
potassium nitrate or urea as the nitrogen source.

MATERIALS AND METHODS

Strain M. alpina LPM 301 was obtained from the
culture collection of the Laboratory of Physiology of
Microbial Culture Growth at the Skryabin Institute of
Biochemistry and Physiology of Microorganisms, Rus-
sian Academy of Sciences. The fungus was cultivated
inal0-l ANKUM-2M fermentor (Russia) with awork-
ing volume of 6 | in urea-containing medium or in a

100-1 BIOR fermentor (Russia) with aworking volume
of 60 | in medium with potassium nitrate. The media
contained (g/l) glucose, 66.0; KH,PO,, 2.0; MgSO, -
7H,0, 0.5; yeast extract (Difco, United States), 2.5;
KNO;, 6.0 or urea, 1.5; tap water, 1 |. The temperature
(25 £ 0.5°C) and pH (6.0 £ 0.1) were maintained auto-
matically during fermentation.

Biomass concentration was assayed gravimetri-
caly; glucose was analyzed spectrophotometrically
[11]. To determine fatty acid composition, the myce-
lium was vacuum-dried at 70°C to a constant weight
and subjected to methanolysis [12]. Fatty acid methyl
esters were analyzed by gas-liquid chromatography on
a Chrom-5 chromatograph (Czech Republic) equipped
with a flame-ionization detector and a glass column
(200 x 0.3 cm) packed with 15% Reoplex-400 on Chro-
maton N-AW (0.16-0.20 mm) at a column temperature
of 200°C; argon was used asthe carrier gas. Total lipids
were calculated as the sum of fatty acids; heptadecanoic
acid or n-docosane was used as an internal standard.

RESULTS AND DISCUSSION

The fungi of the order Mucorales are usually culti-
vated on complex media containing peptone, potato
hydrolysate, or vegetable oils[7, 13, 14]. In preliminary
studies, we developed glucose-containing media with
potassium nitrate or urea as a nitrogen source that
ensured good growth of M. alpina LPM 301 and the
production of lipids with ahigh ARA content.

The time courses of M. alpina LPM 301 growth,
glucose uptake, and lipid production in the mediawith
potassium nitrate or urea are shown in Figs. laand 1b,
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Fig. 1. Growth of M. alpina LPM 301 and lipid accumulation in mediawith (&) potassium nitrate and (b) urea: (1) glucose; (2) bio-

mass; (3) lipids.

respectively. Special attention isattached to the fact that
in both media high lipid accumulation coincided with
active culture growth. In the potassium nitrate-contain-
ing medium, the bulk of lipids (27.7% of dry biomass)
was produced by the 60th hour; then, the lipid content
of biomassincreased only slightly, amounting to 31.1%
of dry biomass at the end of fermentation (189 h). In
urea-containing medium, the time course of lipid synthe-
sis coincided with that of the culture growth (Fig. 1b);
lipid accumulation reached a plateau prior to the sta-
tionary phase (by the 144th hour), when the residual
glucose concentration remained sufficiently high
(13.12g/1).

Lipid synthesis in oleaginous microorganisms is
known to occur mainly in the second phase of batch
culture growth under conditions of limitation or inhibi-
tion by some component (or factor), when excessive
carbon substrateis still available in the medium. Only a
few yeast strains were reported to be able to produce
great amounts of lipids concurrently with active cell
growth, namely, Cryptococcus terricolus [1, 2], Leu-
cosporidium gelidum [3], and Debaryomyces globosus
[4, 5]. The capability of M. alpina LPM 301 for growth-
coupled lipid synthesisisaso illustrated by the data on
continuous cultivation of this strain; lipid content of
biomass increased 1.2-fold with an increase in the spe-
cific growth rate from 0.03 to 0.05 h* [15], whereas
oleaginous microorganisms are typically characterized
by a negative correlation between the specific growth
rate and the level of lipid accumulation [16].

Mechanisms responsible for the regulation of
growth-coupled active lipid synthesis in microorgan-
isms are unclear. A biochemical explanation for the
lipid accumulation in the second phase of batch culture

growth was suggested by Ratledge and coworkers
[2, 17-20]. It was stated that the depletion of nitrogen
in the growth medium evokes a decrease in the intrac-
elular concentration of AMP, an activator of isocitrate
dehydrogenase, and, as a conseguence, an increase in
the contents of citrate and isocitrate in the cells. Since
glucose uptake by the cells continued under nitrogen
limitation, citrate became amajor metabolite. Citrateis
converted by ATP : citrate lyase to oxaloacetate and
acetyl-CoA; the latter is used for the synthesis of fatty
acids. ATP: citrate lyaseis considered to play akey role
in the fatty acid synthesis: it has been revealed only in
oleaginous microorganisms [19].

It may be assumed that growth-coupled active lipid
synthesisin several unique strains of oleaginous micro-
organismsinvolves an impaired regulation of the tricar-
boxylic acid cycle, intense citrate accumulation, and
enhanced activity of ATP : citrate lyase during active
growth of the producer.

Intense lipid synthesis in microorganisms may be
considered as a combination of growth-associated pro-
cesses (formation of functional lipids, mainly, phos-
pholipids) and processes unessential for cell growth
(accumulation of storage lipids, mainly, triacylglycer-
ols) [21]. It seems quite reasonable to assume that
ARA, which exhibits a high physiological activity, isa
component of functional lipids and, therefore, its syn-
thesis should proceed concurrently with mycelium
growth. As can be seen from the data presented in
Tables 1 and 2, the level of ARA in lipids continuously
increased during growth of M. alpina LPM 301 in urea
or nitrate-containing media and reached 42-50% of the
total fatty acids (15% of dry mycelium) at the begin-
ning of the stationary phase. However, membrane phos-
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Table 1. Fatty acid composition of lipids in the course of M. alpina LPM 301 growth in medium with potassium nitrate
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Time h Acids, % of the total fatty acids
me 14:0(15:0(16:0|18:0(18:1|18:2|y-18:3/20:0|20:1|20:2|20:3(20:4|22:0|24:0
24 15 06 | 168 90 | 198 | 21.2 | 49 0.4 0 0 39 | 199 | 04 0
36 15 04 | 167 | 106 | 170 | 175 | 49 0.4 0 0.1 37 | 244 | 10 0.8
48 13 02 | 151 | 115 | 161 | 171 | 41 0.4 0 0.2 36 | 283 | O 11
60 11 02 | 143 | 111 | 155 | 145 | 43 0.4 0 0.2 36 | 323 | 12 0.6
72 11 02 | 143 | 121 | 157 | 126 | 46 05 0 0.3 34 | 331 | 12 0.8
84 1.0 02 | 134 | 115 | 149 | 114 | 40 0.7 0.3 0.3 37 | 359 | 14 0.7
108 0.8 01 | 124 | 112 | 135 99 | 21 0.8 0.3 0.3 34 | 412 | 17 0.8
132 0.4 01 | 102 9.7 | 116 83 | 38 0.8 0.3 0.4 26 | 502 | 15 0
156 0.3 0.1 9.2 7.6 | 100 76 | 34 0.8 0.3 0.3 0 569 | 20 14
180 0.2 0.2 8.1 5.9 9.3 9.8 | 32 05 0 0.3 0 584 | 22 16
189 0.2 0.2 7.6 5.7 8.6 89 | 30 0.4 0 0.2 0 604 | 23 19
Table 2. Fatty acid composition of lipids in the course of M. alpina LPM 301 growth in urea-containing medium
Acids, % of the total fatty acids
Time, h
14:0(15:0|16:0|18:0|18:1|18:2|y-18:3/20:0|20:1|20:2|20:3|20:4|22:0|24:0
24 0.3 03 | 117 | 55 | 195 | 335 | 51 0.3 0 0 01 | 189 | 20 04
36 0.7 09 | 133 | 01 | 202 | 332 | 6.8 0.2 0 0.1 23 | 181 | 08 0.4
48 0.1 15 | 174 | 17 | 202 | 212 | 65 0.3 0 0.1 39 | 231 | 05 14
60 1.6 04 | 169 | 90 | 168 | 135 | 56 0.3 0 0.3 45 | 276 | 13 13
72 1.7 03 | 170 | 92 | 184 | 125 | 48 05 0.3 0.1 36 | 290 | 1.2 1.0
96 15 02 | 235 | 23 | 194 | 114 | 41 0.7 0.4 0.2 32 | 300 | 13 1.0
120 1.0 02 | 148 | 99 | 170 | 108 | 4.2 0.8 0.4 0.2 28 | 348 | 13 13
144 0.7 01 | 135 | 99 | 163 | 105 | 36 0.6 0.4 0.3 27 | 387 | 14 11
168 05 02 | 120 | 88 | 151 | 104 | 4.0 0.6 0.4 0.3 28 | 422 | 15 0.9
192 05 02 | 1127 | 88 | 145 | 106 | 38 0.7 0.4 0.4 28 | 430 | 14 1.0
210 0.4 02 | 108 | 82 | 136 | 102 | 34 0.7 0.4 05 27 | 460 | 16 12

pholipids obviously cannot contain such large amounts
of ARA. Our earlier studies with Mortierella hygro-
phila revealed the occurrence of ARA not only in phos-
pholipids, but also in about 60% of triacylglycerol mol-
ecules [22]; it was suggested that the metabolic role of
triacylglycerolsin fungi is not restricted to the function
of energy reserve. It should be noted that ARA synthe-
sisin M. alpina LPM 301 persisted after the cessation
of mycelium growth. It is obvious that the observed
increase in the level of ARA in lipids in the stationary
phase, when the lipid content of the biomass remained
constant, could have occurred only due to the metabo-
lism of other intracellular fatty acids. As can be seen
from Tables 1 and 2, the ARA content of lipids in the
stationary phase increased by 7-10%, mainly due to a
decrease in the amounts of saturated fatty acids and
oleic acid. In this case, the content of direct precursors
of ARA (linoleic and y-linolenic acids) changed insig-
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nificantly, possibly, because of their active conversion
to ARA. At the end of fermentation (189-210 h), the
amount of ARA reached 46-60% of thetotal fatty acids
(16-19% of dry biomass).

To conclude, it should be emphasized that strain
M. alpina LPM 301, due to its unique property of
growth-coupled lipid synthesis, may be considered a
promising producer of ARA under continuous cultiva
tion.
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