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Fatty acid and sterol content and composition were determined for the di-
morphic mold, Mucor genevensis, grown under a variety of experimental condi-
tions. Fatty acids account for 6 to 9% of the dry weight of aerobically grown myce-
lium, and 70 to 80% of these are unsaturated. The organism contains 'y-linolenic
acid which is characteristic for Phycomycetes, and in sporangiospores this com-
pound represents 40% of the total fatty acids. Of the sterols found in mycelium,
80% is ergosterol, and stigmasterol was positively identified as one of the minor
components. In anaerobically grown yeastlike cells, sterol content is less than 10%
of the level found in aerobically grown cells, and fatty acids amount to less than
2% of the dry weight. These fatty acids are predominantly short chain and less
than 10% are unsaturated. Yeastlike cells obtained under aerobic conditions by
growth in the presence of phenethyl alcohol have fatty acid and sterol compositions
characteristic of aerobically grown mycelium. It is concluded that the dimor-
phology of the organism is not directly related to lipid composition.

Yeastlike development of dimorphic species of
Mucor can be induced by a variety of conditions.
Generally, it has been found that high glucose
and carbon dioxide concentrations and anaerobic
conditions favor yeastlike morphology (3). Cer-
tain chemicals such as phenethyl alcohol (21) and
an unidentified compound in peptone (8) also
favor the development of yeastlike cells.
The cell walls of yeastlike anaerobically grown

Mucor rouxii have been shown to differ in
mannan composition from the cell walls of
aerobically grown mycelia (5). However, in Sac-
charomyces cerevisiae, anaerobic growth is
known to affect greatly the lipid composition of
the cells, especially the unsaturated fatty acid
content (11). Therefore the possibility was con-
sidered that the dimorphology of Mucor species
may be related to lipid composition. Accord-
ingly, the fatty acid and sterol compositions of a
dimorphic species, M. genevensis, were com-
pared under conditions of anaerobic and aerobic
growth and aerobic growth in the presence of
phenethyl alcohol.

This communication reports that anaerobic
growth leads to considerable alteration in lipid
content and composition compared with aerobi-
cally grown cells. The total sterol and fatty acid
content decreases in anaerobically cultured cells,
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but the most significant change is the reduction
in unsaturated fatty acid level. However, the
morphology of the organism is not directly re-
lated to these changes in lipid composition since
aerobic yeastlike cells, induced by growth in the
presence of phenethyl alcohol, have a lipid com-
position which is characteristic of aerobically
grown mycelium.

MATERIALS AND METHODS
Organism. M. genevensis NRRL 1407 was kindly

supplied by C. W. Hesseltine of the Northern Utilisa-
tion Research and Development Division, Peoria, 111.

Production of sporangiospores. The culture was
maintained on cornmeal-agar slopes (Difco) at 4 C and
transferred every 6 weeks. For the production of spor-
angiospores, tomato juice-agar slopes (commercial
tomato juice diluted 1: I with water and containing
2.5% agar; reference 9) were inoculated with a small
piece of mycelium cut from the cornmeal stock culture.
After growth at 30 C for 7 days, sufficient sterile dis-
tilled water was added to each slope to completely
immerse the mycelium. After standing at room temper-
ature for I hr, the mycelial surface was gently agitated
with a glass rod, and the resulting suspension was
poured through a filter funnel plugged with cotton. The
filtrate containing the spores was centrifuged, and the
spores were washed once with sterile distilled water by
centrifugation. The spores were resuspended in distilled
water, counted in a hemocytometer, and either stored
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at 2 C or used for lipid extraction.
Liquid culture medium. The standard glucose syn-

thetic medium (2%GSy) contained, per liter: glucose,
20 g; KH2PO4, 0.5 g; (NH4)2 S04, 1.5 g; NaCl, 0.1 g;
CaCI2 2H20, 0.1 g; MgSO4 7H20, 0.5 g; ferric
citrate * 3H20, 0.0054 g; and 5 ml of a trace metal solu-
tion. The trace metal solution contained, per 5 ml:
CuSO4 5H20, 0.2 mg; KI, 0.5 mg; ZnSO4 7H20, 0.5
mg; Na2MoO4 2H20, 0.5 mg; Na2B407 10H20, 0.5
mg; and MnSO4*4H20, 1.0 mg. For anaerobic growth,
0.5% (w/v) Difco yeast extract was added to the me-
dium (2%GSyO.5YE).

Growth conditions. For aerobic growth, approxi-
mately 10 spores were added to 400 ml of 2%GSy
medium in a 1-liter conical flask, and the culture was
agitated at 30 C on a gyratory shaker at 200 rev/min
for 14 to 16 hr. Where indicated, phenethyl alcohol was
added to a concentration of 0.1% (v/v) before auto-
claving. Cells were harvested by filtration and washed
with chilled distilled water. Dry weights of yeastlike
cells, which could be uniformly dispersed, were deter-
mined after drying samples at 110 C for 24 hr. Dry
weights of mycelium for lipid analysis were calculated
from the wet weight after determining the ratio of wet
weight to dry weight of a sample from the same my-
celial mat.

For anaerobic growth, approximately 2.6 x 107
spores were added to 900 ml of 2%GSyO.5YE medium
in a I-liter conical flask Fitted with a rubber stopper
and glass inlet and outlet tubes. After inoculation, all
joints were sealed with molten paraffin wax, and the
medium was flushed for I hr with commercial nitrogen
freed from oxygen by the method of Meites and Meites
(13). The culture was stirred with a magnetic stirrer at
30 C for 16 to 20 hr. The culture was harvested by fil-
tration at 4 C: the cells were washed with cold, distilled
water, and resuspended in distilled water. Samples were
taken immediately for dry weight and lipid analysis. In
the case of anaerobic samples, not more than 5 to 6
min elapsed between breaking the seal of the anaerobic
apparatus and the commencement of hydrolysis for
lipid analysis.

Extraction of fatty acids and sterols. In preliminary
experiments, the hydrolysis procedure was examined to
find conditions which resulted in maximal extraction of
the lipids. The washed cells (50 to 500 mg, dry weight),
together with 4 mg of pentadecanoic acid per g, dry
weight, as an internal standard, were hydrolyzed under
the following conditions: (i) A 20-ml amount of 50%
(w/v) KOH per sample was added and saponification
was allowed to proceed for 2 to 6 hr in a boiling-water
bath. (ii) A 20-ml amount of 3 N HCI per sample was
added, and hydrolysis was carried out for 2 hr in a
boiling-water bath; subsequently, 10 g of solid KOH
was added, and hydrolysis was continued for a further
4 hr. Hydrolyzed samples were extracted with two 100-
ml portions of diethyl ether to yield the nonsaponifiable
sterol-containing fraction. The residue was acidified to
pH 1.0 with concentrated HCI, and the extraction was
repeated with diethyl ether to give a fraction containing
the fatty acids.

Sterol analysis. The ergosterol content of the nonsa-
ponifiable extract was estimated spectrophoto-
metrically by the method of Shaw and Jeffries (16). The
remainder of this fraction was evaporated to dryness,

dissolved in benzene or ethyl acetate, and analyzed by
gas-liquid chromatography on a stainless-steel column
(5 ft by 0.25 inches) of 3.8% silicone rubber UCCW-
982 on Diaport S, 80 to 100 mesh (Hewlett-Packard
Co.), at a column temperature of 250 C, or on a
column of 3.6% JXR Silicone on Gas Chrom Q, 120
mesh, (Applied Science Laboratories), at a column
temperature of 260 C. For thin-layer chromatography
of the nonsaponifiable fraction, plates of silica gel G
impregnated with 5% AgNO3 were prepared as de-
scribed by Morris (14). Development in the first dimen-
sion was with chloroform and in the second dimension
with hexane-ethyl acetate (80:20). Compounds of in-
terest were revealed after spraying with either Lie-
berman-Burchard reagent (7) or 50% aqueous H2SO4
and heating at 100 C for 10 min.

Fatty acid analysis. The fraction containing fatty
acids was dried over Na2SO4, the ether was removed
by evaporation, and the fatty acid residue was methyl-
ated by refluxing with anhydrous methanol containing
HCI for 60 min at 50 C. The methyl esters were parti-
tioned into hexane after evaporation of the methanolic
HCI and then separated by gas-liquid chromatography
on a column (5 ft by 0.25 inches) of 25% polyethylene
glycol adipate on Diatomite CO (80 to 100 mesh), op-
erated at 180 C. The esters were identified by their re-
tention times (10) relative to methyl ester standards
(Applied Science Laboratories Inc.). Carbon chain
lengths of the unsaturated fatty acids were confirmed
by gas-liquid chromatography after hydrogenation. For
the hydrogenation, approximately 40 mg of fatty acids
in 8 ml of methanol was mixed with 50 mg of Pt2O in
a microhydrogenator. Reduction was followed by hy-
drogen consumption and checked by nuclear magnetic
resonance spectroscopy (loss of ethylene proton signal
on reduction) with nuclear magnetic resonance spec-
trometer (model R-10, Perkin-Elmer Corp.) operated
at 60 Mhertz.

Purification of 18:3 fatty acid component. Thin-layer
plates of silica gel G impregnated with 5% AgNO3
were prepared as described by Morris (14). The devel-
oping system was diethyl ether-light petroleum (boiling
point, 40 to 60 C), 2:3 (v/v). After development,
marker spots were detected by spraying with 50%
aqueous H2SO4; corresponding regions from the un-
sprayed area of the plate were selected and eluted. Pu-
rity was checked by both gas-liquid and thin-layer
chromatography.

RESULTS
Hydrolysis method for optimal extraction of

lipid components. Preliminary studies indicated
that the apparent fatty acid content of mycelium
varied with hydrolysis time in KOH (Table 1).
Accordingly, conditions were sought for max-
imum lipid extraction. It was found that a pre-
liminary acid hydrolysis followed by 4 hr of
heating in alkali gave satisfactory results and
that further heating did not increase the yield of
fatty acid or ergosterol. All of these procedures
resulted in estimation of the fatty acid compo-
nents in the same proportions. Under these con-
ditions, the pentadecanoic acid was added after
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TABLE 1. Hydrolysis method for optimal extraction of
lipid components

Total Total Unsat-
time Ergos- fatty urated

Expt Method of of terol ci fat
no. hydrolysis hydrol- (mg/g aci at

yssdry wt) (mg/g acid
YhSrS dry wt) (%

1 50% (w/v) KOH 2 2.00 33.0 81
50% (w/v) KOH 6 2.17 57.3 80

2 50% (w/v) KOH 6 1.29 33.4 82
3N HCI for 2 hr, 6 2.06 51.3 83

then 50% (w/v)
KOH for 4 hr

the acid hydrolysis. This procedure eliminated
errors due to selective destruction of the stand-
ard, a process which has been found to occur in
some experiments when the standard was added
before acid hydrolysis. Two different samples of
mycelium grown to stationary phase in 2%GSy
medium were used in this study. It was subse-
quently found that fatty acid content of myce-

lium falls upon the aging of cultures in stationary
phase, and it is believed that the difference be-
tween fatty acid content of the two cultures after
6 hr of hydrolysis in KOH represents a real dif-
ference in fatty acid content.
Experiments on the efficiency of fatty acid ex-

traction from the yeastlike form of the organism
showed, in contrast to similar experiments on the
mycelial form, that a preliminary acid hydrolysis
did not lead to increased lipid yields. Hence a

preliminary acid hydrolysis was routinely in-
cluded when extracting mycelium or spores, but
it was omitted in the case of yeastlike cells.

Relationship of culture age to lipid content and
composition. It is known that the lipid composi-
tion of fungi may vary with the growth phase of
the culture (18). Consequently it was of impor-
tance to establish the limits of any variation in

lipid content of M. genevensis before comparison
of mycelial and yeastlike forms were made. The
variation of sterol and fatty acid content during
growth of a mycelial culture is shown in Table 2.
During the transition from exponential growth to
stationary phase, there is a decline in both total
and unsaturated fatty acid content of the cells.
This decline is accounted for almost entirely by
the loss of the long-chain saturated and polyun-
saturated fatty acids, whereas the content of
monounsaturated acids showed slight increases
over this period.
The distribution of sterols from an exponen-

tially growing culture is shown in Fig. 1a. Ergos-
terol accounts for more than 80% of the total
sterol in this phase of growth. In stationary-
phase mycelium (Table 2), there is a substantial
increase in the content of this sterol, and stig-
masterol, which in exponential phase is a minor
component, increases to 40% of the total sterol
present.

In experiments described below, lipid composi-
tion was compared while cultures were still in the
exponential phase of growth.

Effect of growth conditions on morphology and
lipid composition. It is known that anaerobic
growth of M. rouxii is stimulated by thiamine
and nicotinic acid (4). To obtain satisfactory
growth of M. genevensis under anaerobic condi-
tions, it is necessary to supplement the medium
with yeast extract as a source of vitamins and
perhaps other undetermined growth factors.
When aerobic mycelial cells, grown in the

presence or absence of yeast extract, were com-

pared with anaerobically grown yeastlike cells in
respect to their lipid content, it was found that
there are considerable differences between the
aerobic and anaerobically cultured cells (Tables 2
and 3). The fatty acid content of anaerobically
grown cells is lower than that of aerobically
grown cells, and less than 10% of the fatty acids
are unsaturated. In the anaerobic cells there is

TABLE 2. Fatty acid and ergosterol content during the aerobic growth cyclea

Cell TtlUstdCenl l | Total Unsat- Per cent distribution of fatty acids by wt"
Incuba- denslty Ergosterol fatty urated
tin Growth at (mg/g acid fatty -- - - -

time (hr) phase harvest dry wt) (mg/g acid
(mgdry dry wt) (%) 10:0 12:0 14:0 16:0 16:1 17:0 17:1 18:0 18:1 18:2 18:3wt/ml)

24 Exponential 0.10 1.15 91 70 0.1 0.2 2.1 23.1 1.7 0.5 0.0 3.7 20.0 20.0 28.7

30 Exponential 0.68 1.69 89 75 0.1 0.2 1.8 19.2 1.8 1.0 0.7 2.2 22.7 18.1 32.2

40 Stationary 2.39 2.78 58 80 0.3 0.4 3.0 14.6 8.1 0.7 1 .7 1 .4 40.3 12.7 16.8

a Mucor genevensis was incubated at 30 C in 2%GSy medium.
b In naming the fatty acids, the convention used is number of carbon atoms: number of double bonds.
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a

b

3 34 3 02 259 227 196 1.o
RELATIVE RETENTION TIME

FIG. 1. Gas-liquid chromatograms of eluates from the JXR silicone column of the nonsaponifiable lipid frac-
tion from (a) aerobic mycelium, and (b) anaerobic yeastlike cells. Retention times were measured relative to
squalene. Components with relative retention times of2.27 and 2.59 were identified as ergosterol and stigmasterol,
respectively, and components with retention times of 1.96 and 3.02 co-chromatograph with cholesterol and
f3-sitosterol.

also a preponderance of short-chain fatty acids
as well as two unidentified components which
elute ahead of 18:0 and between 18:2 and 18:3
in the gas-liquid chromatogram. The position of
these two peaks does not change after hydrogen-
ation, and they have not been characterized fur-
ther. It has also been found consistently that
mycelium grown aerobically in the presence of
yeast extract contains a lower amount of fatty
acid than mycelium grown in the absence of
yeast extract, although the composition of the
fatty acids is not altered.
The gas-liquid chromatography analyses of the

nonsaponifiable fraction from aerobically grown
mycelium and anaerobically grown yeastlike cells
are shown in Fig. 1. The components were identi-
fied by their retention times relative to squalene
and by the comparison of these times with
standard compounds. The identification of ergos-
terol and stigmasterol has been confirmed by
gas-liquid chromatography before and after for-
mation of trimethyl silane derivatives and by

two-dimensional thin-layer chromatography on
AgNO3-impregnated plates. The identification of
the other components is tentative. The peak
which runs with cholesterol is not observed when
the acid hydrolysis step is omitted.

It can be seen that ergosterol and stigmasterol
are the major components of the aerobically
grown mycelium with smaller amounts of choles-
terol and f3-sitosterol. In the anaerobically grown
cells, the proportion of ergosterol is markedly
decreased whereas the amount of squalene is in-
creased.
The possibility that yeastlike morphology is

linked with these changes in lipid components was
examined in aerobically grown cells by using
phenethyl alcohol to induce yeastlike growth.
There is little difference in fatty acid composition
when these cells are compared with mycelium
(Table 3), although their total fatty acid content
is lower. A small decrease in ergosterol content
is also found, but there is no change in the rela-
tive proportion of the sterols.
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The ergosterol and fatty acid composition ot
spores has been included in Table 3 for interest.
It can be seen that their lipid composition differs
little from that of aerobic mycelium.

Identification of y-linolenic acid component of
aerobic cells. A component which comprised
approximately 30% of the fatty acids of aerobic
cells was isolated by preparative thin-layer chro-
matography. Its retention time in gas-liquid
chromatography was greater than linoleic acid
but less than a-linolenic acid (A9,12,15). Hy-
drogenation suggested the presence of three
double bonds, and the product from this reaction
cochromatographed with stearic acid. Mass spec-
trometry and nuclear magnetic resonance meas-
urements on this compound are consistent with it
being y-linolenic acid (A6,9, 12).

DISCUSSION
M. genevensis was selected for this study, from

a number of facultatively anaerobic Mucor spe-
cies, including M. rouxii, for two reasons. It was
found to have the shortest division time under
our experimental conditions and to be more
readily transformed into the yeastlike form by
agents such as phenethyl alcohol (21) than the
more widely studied species M. rouxii.

M. genevensis is similar in fatty acid composi-
tion to other members of the genus Mucor (17)
and contains -y-linolenic acid, which is thought to
be characteristic of Phycomycetes (17, 18). We
also found that, in this rapidly growing fungus,
the fatty acid content of mycelium in exponen-
tially growing cultures remains constant. How-
ever, as the culture ages in stationary phase, the
fatty acid content falls, presumably because lipid
reserves are consumed. A fall in fatty acid con-
tent of fungi with increasing culture age is not
unusual (18) but, in contrast to Shaw (19), we
find that the content of 18:2 and 18:3 unsatu-
rated fatty acids are decreased, whereas the con-
tent of 18:1 acid is relatively unaffected. This
suggests that in M. genevensis the polyunsatu-
rated fatty acids are storage compounds.
The fatty acid content and composition of

freshly harvested sporangiospores are similar to
those of actively growing mycelium, except for a
slightly higher proportion of -y-linolenic acid in
the spores, again suggesting that this is a storage
fatty acid. This report is at variance with the
results of Sumner and Morgan (20), who found
that freshly harvested spores of several species of
Mucor contain less lipid and less unsaturated
fatty acid than the corresponding mycelia. Their
analysis of lipid content is based on a difference
in weight before and after extracting spores and
mycelium rather than by direct analysis of the

extracted lipids. In addition, we find that a pre-
liminary acid hydrolysis is necessary to obtain
maximal recovery of lipid from mycelium and
that this treatment does not alter the relative dis-
tribution of extracted fatty acids. This conclusion
agrees with an earlier report concerning the im-
portance of a preliminary acid hydrolysis in lipid
extraction (15).
The fatty acid content of anaerobically cul-

tured cells is lower than that of aerobically
grown cells, and the composition is notably al-
tered. The anaerobically grown cells contain pre-
dominantly short-chain saturated fatty acids.
Under similar circumstances in yeast, there is
also a predominance of short-chain saturated
fatty acids ( 11, 12). Anaerobically grown M.
genevensis has a low level of ergosterol with an
increase in the proportion of squalene, and this is
also the situation in anaerobically grown yeast
(11). In this regard, Andreasen and Stier (1, 2)
have shown that anaerobic growth of S. cerevi-
siae requires ergosterol and unsaturated fatty
acids, and Bloomfield and Bloch (6) have shown
that oxygen is required for the synthesis of unsat-
urated fatty acids in this organism. Although the
requirements for anaerobic growth of M. gene-
vensis have not been determined, it may be as-
sumed that the organism is similar to yeast at
least in the requirement for oxygen in the syn-
thesis of unsaturated fatty acids.
Phenethyl alcohol has previously been shown

to promote yeastlike development of M. gene-
vensis (21), a fact which we substantiate in this
study. The fatty acid and ergosterol content of
these aerobically grown yeastlike cells is essen-
tially the same as in mycelium and is in marked
contrast to that from anaerobically grown yeast-
like cells. It therefore appears that there is no
direct relationship between lipid content and
composition and morphology. However, if anaer-
obically grown yeastlike cells had been compared
only with aerobically grown mycelium, such a
relationship might have been inferred. This situa-
tion is unfortunately the case where a number of
parameters of anaerobically grown yeastlike cells
of M. rouxii from stationary-phase culture have
been compared with those of actively growing
aerobic mycelium, with the implication that the
difference in mannan and protein composition
between the two types of cells is morphologically
significant (5).
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