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Abstract—Thefungus Mucor hiemalis F-1156, which iscommonly thought to be monomorphic, produced two
types of cells, yeastlike and mycelial, during growth in amedium containing 4-chloroaniline. Among the polar
lipids of yeastlike cells, diphosphatidylglycerol was dominant, while phosphatidylcholine and phosphatidyle-
thanolamine were present in minor amounts. Conversely, mycelial cells mainly contained phosphatidylcholine
and phosphatidylethanolamine, whereas the content of diphosphatidylglycerol was low. The neutral lipids of
yeastlike cellswere dominated by diacylglycerides, sterols, and fatty acids. The content of triacylglyceridesand
sterol esters was low. Yeastlike cells contained higher amounts of saturated fatty acids and lower amounts of
unsaturated fatty acids than the mycelium. The content of stearic acid in the fatty acids of the mycelium grown
in the presence of 4-chloroaniline was as high as 25.3-29.9%.
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Under aerobic conditions, the dimorphism of fungi
of the genus Mucor (i.e., their ability to grow as yeast-
like and mycelial cells) is stimulated by the high con-
centrations of glucose [1], by chloroanilines[2, 3], and
by low pH values of the cultivation medium [3]. Two
strains of the species Mucor hiemalis also exhibited
dimorphic growth [2], although earlier this species was
believed to be strictly mycelial [4].

Chloroanilines are toxic compounds, which inhibit
oxidative phosphorylation and microbial growth. As a
membranotropic substance, 4-chloroaniline also affects
the activity of membrane-bound enzymes involved in
lipid biosynthesis. According to dataavailablein thelit-
erature, the halogen derivatives of certain organic com-
pounds reduce membrane potential and degrade micro-
bial membranes [5]. Azoles affect membrane fluidity
and modify the activity of plasma membrane enzymes
involved in the metabolism of fatty acids, sterols, and
chitin [6].

As shown earlier, the yeastlike and mycelial Mucor
lusitanicus cells grown in the presence of 4-chloroa
niline differ in their fatty acid composition [3]. The
study of the lipid composition of cells in relation to
their dimorphism is of great interest, since the inhibi-
tion of the synthesis of fatty acids can influence the
morphogenesis of fungi, as shown, for instance, in
Mucor racemosus [7].

In most studies devoted to fungal dimorphism,
yeastlike and mycelial forms were grown separately
under different temperatures, redox conditions, etc.,
which presumably could affect the results of these stud-

ies. Ghannoum et al. first reported that the yeastlike and
mycelial cells of Candida albicans can be obtained in
one culture [8]. Such an approach allowsamore precise
evaluation of the differences associated with the com-
position of fatty acids and lipids.

The aim of the present work was to study the com-
position of the polar and neutral lipids of yeastlike and
mycelial M. hiemalis F-1156 cells grown in one culture
in the presence of 4-chloroaniline.

MATERIALS AND METHODS

The strain Mucor hiemalis F-1156 used in this study
was abtained from the All-Russia Collection of Micro-
organisms (VKM), Russian Academy of Sciences.

The suspension of sporangiospores for inoculation
was prepared by washing them off of the culture grown
on bran at 28°C for 7 days. The inoculum contained
107 sporangiospores. The fungus was grown in the
medium described earlier [2] in the presence of
150 pg/ml 4-chloroaniline. Cultivation was performed
in 250-ml flasks with 50 ml of the medium at 28°C on
ashaker (130 rpm). Samples for microscopic and addi-
tional studies were taken after 1, 2, 3, 4, 9, and 14 days
of cultivation. Mycelium was separated from the cul-
ture liquid by filtration through a nylon filter. Yeastlike
cells, which were retained in the culture liquid filtrate,
were collected by centrifugation. The biomass of myce-
lium was determined gravimetrically after dryingittoa
constant weight. The number of yeastlike cells in the
culture liquid was determined using a hemocytometer.
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Lipids were extracted according to the description
of Folch et al. [9]. Lipid composition was studied by
thin layer chromatography on Kieselgel 60 F-254
plates (Merck, Germany) in a hexane—diethyl ether—
acetic acid (80 : 20 : 1) system (neutral lipids), or in a
chloroform—methanol—25% ammonia (65 : 25 : 4) sys-
tem (polar lipids). Lipid spots were visualized by
spraying the developed plates with 10% phosphomo-
lybdic acid in ethanol. Lipids were identified by com-
paring their R; values with those available in the litera-
ture and those determined experimentally using the
authentic samples. In addition, lipids were identified in
gualitative reactions with ninhydrin (atest for nitrogen-
containing lipids with unsubstituted amino groups),
Dragendorff reagent (atest for choline-containing lip-
ids), a-naphthol (atest for glycolipids), andal: 1 mix-
ture of sulfuric and acetic acids (a test for sterols and
sterol esters) [10]. The densitometry of plates was car-
ried out in a Chromoscan-3 densitometer (Joyce Loebl,
United Kingdom), and the content of particular lipids
was expressed as a percentage of the total. The fatty
acid composition of lipids was determined by gas-ig-
uid chromatography after acid methanolysis[3].

RESULTS AND DISCUSSION

The 1-day-old culture of M. hiemalis F-1156 grown
in a medium with 4-chloroaniline did not contain bud-
ding cells if the spores used for inoculation were
washed off from the 4-day culture. If sporesfrom 7-day
and older cultureswere used for inoculation, M. hiema-
lis F-1156 grew as yeastlike cells when cultivated for
one day and longer. These data suggest that the growth
strategy of fungi is determined by the age of the spores
used for inoculation.

Thedatapresented in Figs. 1 and 2 show that 150 pg/ml
of 4-chloroaniline added to the cultivation medium sus-
pension promoted the development of mycelium at the
early stages of growth but did not influence the forma-
tion of spherical cells. Asaresult, after 1 day of growth,
the culture represented a collection of spherical cellsin
suspension, some of which contained a mono- or mul-
tipolar arrangement of short germ tubes. Within one
day, the number of cellswith germ tubesincreased, and
the culture was found to contain a number of budding
cells and short chains of 24 cells, as well as normal
mycelium with intercalar and apical arthrospores. In
the 4-day culture, the biomass of mycelium reached a
maximum and the population of yeastlike cells became
very polymorphic. It included spherical cells without
buds, mono- and multipolar budding cells containing
up to six buds, and short chains composed of two to
eight cells. Since budding yeastlike cellswere absent in
the 1-day-old culture, we assumed that such cells
appear from the arthrospores detached from the hyphae
[2]. The possibility, however, cannot be excluded that
spherical cells, which are formed from sporan-
giospores, may also giverise to yeastlike cells.
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After 9 days of cultivation, the nonmycelial fraction
of the culture mainly contained chains of five to seven
budding cells. In addition, long chains of arthrospores
(up to 20 in number) were observed. Over longer peri-
ods of cultivation, the number of yeastlike cells
increased and the arthrospore chains began to break up
into individual cells undergoing budding. In the 14-day
culture, arthrospore chains were absent and the myce-
lial biomass decreased, probably due to the detachment
of arthrospores from the hyphae and/or hyphae lysis. It
should be noted that spherical cells were observed in
the fungal culture throughout the cultivation period,
abeit in different amounts.

Thus, the aerobic culture of M. hiemalis F-1156
develops in the presence of 4-chloroaniline according
to the following scheme:

yeastike cells

T

sporangiospores —» spherical cells
—» hyphae —= arthrospores
— yeastlike cells.

Anaysis of the fatty acid compositions of yesastlike
and mycedlid cdlsshowed that they are different (Table 1).
Recall that the 1-day-old M. hiemalis F-1156 culture
contained only nonbudding spherical cells, which can-
not be considered genuine yeastlike cells. In the 2-day
and older yeastlike cells, the fraction of saturated fatty
acids was greater than in the mycelium and gradually
increased in the process of cultivation. As opposed to
the mycelium, the yeastlike cells contained more palm-
itoleic acid and less oleic, linoleic, and y-linolenic
acids. As aresult, the coefficient of lipid unsaturation
for yeastlike cells was greater than that for mycelium
throughout the cultivation period. Similar data were
reported for C. albicans, yeastlike cells of which were
found to contain less linoleic and linolenic acids than
the mycelium [8]. It is known that desaturation pro-
cesses in fungi are very sensitive to respiration inhibi-
tors. Data on the relationship between cell morphology
and the intensity of respiration are contradictory. For
instance, the yeastlike mutant of Mucor wasfound to be
deficient in respiration [11]. On the other hand, the
yeastlike growth of Mucor rouxii was stimulated by
phenethyl alcohol but respiration and cytochrome lev-
elsdid not decrease in this case [12]. According to ear-
lier observations, the content of saturated stearic acid in
the 4-day-old M. hiemalis mycelium grown in the
absence of 4-chloroanilineislow (8.3%) [13]. The high
level of saturated fatty acids in the yeastlike and myce-
lial cells of this species grown in the presence of
4-chloroaniline may be indicative either of its direct
action on the membrane structure or of a partial inhibi-
tion of desaturating enzymes.

Various desaturation reactions differ in their sensi-
tivity to the halogen derivatives of compounds with a
benzene ring. For instance, trifluoperazine (TFP), a
calmodulin inhibitor, was found to affect the content of
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Fig. 1. Accumulation of mycelial biomassintheM. hiemalis
F-1156 culture grown in the presence of 4-chloroaniline.

particular fatty acidsin thelipids of mycelial fungi and
to suppress germ tube formation in the germ tube-
inducing medium without influencing the yeastlike
growth of Ophiostoma ulmi [14]. This inhibitor also
suppressed the incorporation of fatty acids (FAS) into
phosphatidylcholine (PC), phosphatidylethanolamine
(PEA), and triacylglycerides (TAGs) in Mortierella
ramanniana, which led to adecreasein the desaturation
rate of linoleic acid. In spite of the decrease in the total
content of y-linolenic acid, the content of thisfatty acid
(in particular, lipids) virtually did not change, suggest-
ing the existence of at least two pathways of A6-desat-
uration with different sensitivitiesto TFP[15]. Accord-
ing to data available in the literature, yeastlike and
mycelial cells also differ in the composition of neutral
and polar lipids.

The small fraction of neutral lipids of M. hiemalis
F-1156 (Table 2) contained diacylglycerides (DAGS),
TAGs, sterols, higher alcohals, free fatty acids (FFAS),
akyl and sterol esters, as well as two compounds
(X; and X;) preliminarily identified as naphtho- and
benzoquinone, respectively [10].

As mentioned above, the arthrospores that were
formed on 2-day-old mycelium remained bound to it.
In the 9-day culture, the arthrospore chains were pre-
dominantly detached from the mycelium and occurred
in the culture liquid along with the yeastlike céells. In
the 14-day culture, the arthrospore chains completely
fragmented into individual cells. We were unable to
separate budding cellsfrom arthrospores at this cultiva
tion stage. Thismight be the reason for the considerable
difference in the lipid composition of the nonmycelial
fractions of 9- and 14-day-old cultures.

The fraction of neutral lipids of 9-day and younger
yeastlike cells differed from that of mycelium in that
they had a higher content of DAGS, sterols, alcohals,
freefatty acids, and alower content of TAGs and sterol
esters. The elevated level of sterols and lower levels of
TAGs and sterol esters were observed earlier in the
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Fig. 2. Accumulation of yeastlike cells in the M. hiemalis
F-1156 culture grown in the presence of 4-chloroaniline.

yesastlike cells of C. albicans, in contrast to the small
amount of these substances in the mycelium [8]. The
high content of DAGs in yeastlike cells can be associ-
ated with the active synthesis of phospholipids in the
exponential growth phase. During the course of cultiva
tion (within 9 days), the content of DAGs, sterols, and
FFAs decreased, and that of TAGs and sterol esters
increased.

In the 9-day and younger mycelial cells, the content
of FFAs was reduced, while that of TAGs and sterol
esters was elevated. By the 14th day of cultivation, the
relative content of polar lipids and FFAs in both yeast-
likeand mycelia cellsrose and that of the TAGs dimin-
ished. Thiswas probably associated with the enhanced
activity of lipasesin senescent cells and the utilization
of reserve cell lipids.

Funga dimorphism can be due to several reasons.
As shown in experiments with C. albicans, azoles
impair the synthesis of ergosterol and cause the accu-
mulation of 14-methylsterol. This affects membrane
fluidity and leads to the inhibition of fatty acid desatu-
ration [6]. As a result of a series of regulatory events,
the mycelial morphotype transforms into the yeastlike
morphotype [16].

The inhibitors of ergosterol synthesis can affect the
synthesis of chitin and thereby its content and distribu-
tionin yeastlike cells. Impaired chitin synthesis may be
responsible for enhanced hyphal branching and swell-
ing of hyphal apices[6].

It was not our aim to study the composition of
M. hiemalis sterols. According to data presented in
Weete's review [17], M. hiemalis sterols include cho-
lesterol, ergosterol, and their derivatives. The elevated
level of sterolsin the yeastlike cells grown in the pres-
ence of 4-chloroaniline suggeststhat they can influence
the activity of membrane chitin synthetase.

Thereisevidence that changesin the composition of
membrane phospholipids can affect the activity of fun-
gal chitin synthetase [18, 19]. Therefore, studies of the
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Table 1. Thefatty acid composition of the yeastlike and mycelial M. hiemalis F-1156 cellsgrown in the presence of 4-chloroaniline

Yeastlike cells Mycelia cells
FA, % of tota
1* day | 2days | 3days | 4 days| 9days |14 days|1** day| 2 days | 3days |4 days| 9days |14 days

C<14 451 | 123 | 505 | 227 | 194 | 143 - 084 | 171 | 109| 075| 133
Ci14:0 375 | 329 | 432 | 341 | 348 | 440 - 253 | 259 | 285 | 267 | 470
Ci15:0 036 | 072 | 106 | 087 | 047 | 0.63 - 054 | 030| 055| 059| 059
C16:0 20.77 | 24.32 | 24.95 | 2542 | 22.42 | 23.17 - 22,07 | 21.06 | 21.44 | 24.71 | 20.06
Ci16:1 063 | 151 | 133 | 230 | 170 | 184 - 036 | 104| 100| 0.88| 0.8
c18:0 28.71 | 29.64 | 30.31 | 32.13 | 31.24 | 32.92 - 25.33 | 26.84 | 26.76 | 26.86 | 29.92
Cci18:1 20.62 | 21.24 | 17.37 | 19.14 | 18.81 | 18.76 - 2363 | 23.25 | 23.26 | 20.52 | 20.15
Cc18:2 14.04 | 12.60 | 10.84 | 10.88 | 14.78 | 11.33 - 16.46 | 15.82 | 15.84 | 15.94 | 14.30
ci18:3 661 | 545 | 477 | 358 | 516 | 552 - 824 | 739 | 721| 7.08| 810
Saturated-to-un- 077 | 069 | 057 | 058 | 0.70 | 0.61 - 096| 091| 092| 081| 079
saturated FA ratio

* All yeastlike cells were spherical.
** Mycelium did not grow.

Table 2. The composition of the fraction of neutral lipids of the yeastlike and mycelial M. hiemalis F-1156 cells grown in the

presence of 4-chloroaniline

Substance, Yeastlike cells Mycelial cells

% of total R 1* day | 2 days | 3 days |4 days| 9 days |14 days 1** day | 2 days| 3 days|4 days|9 days|14 days
DAGs 0.09 | 2343|2218 | 20.03 | 12.58 | 10.38 | 8.52 - 6.43 | 787 | 937 | 658 | 7.02
Sterols 015 | 1164 | 1285|1485 |11.04 | 878 | 9.06 — 854 | 785| 884 | 6.65| 7.68
Higher alcohols | 0.20 592 | 623 | 719 | 673 | 391 | 6.04 - 328 | 313 | 319 | 320 | 244
FFAs 030 |37.94 | 26.72 | 18.07 | 13.92 | 10.65 [12.94 — |1462 | 658 | 5.60 | 4.07 |15.23
X4 0.32 |Traces| Traces| Traces| Traces| Traces|Traces| — |Traces| 1.82 | 1.49 | 1.65 | 1.25
X5 0.38 305| 6.07| 467 | 290 | 251 | 325 - 132 | 265| 215 | 219 | 125
TAGs 060 |17.13 | 20.23 | 25,52 | 36.31 | 43.89 |33.13 — |49.36 |47.83 |47.86 |47.46 |39.98
Alkyl esters 0.65 |Traces| 0.68 | 1.12 |Traces| Traces| 2.79 — | Traces| Traces| Traces| Traces| Traces
Sterol esters 0.90 089 | 504 | 855 | 16.52 | 19.88 |24.27 — |16.45 |22.27 |21.50 |17.42 |25.15

* All yeastlike cells were spherical .
** Mycelium did not grow.

composition of polar lipids, the major membrane con-
stituents, could aid in elucidating their relationship
with the dimorphism of M. hiemalis.

As can be seen from the data presented in Table 3,
the total amount of polar lipids in yeastlike cells was
greater than inthe mycelium. The polar lipidswere rep-
resented by diphosphatidylglycerol (diPG), PC, PEA,
phosphatidylserine (PS), glycolipids (GLs) with R; val-
ues of 0.00, 0.05, 0.45, and 0.74, and an unidentified
phospholipid with R; = 0.20.

Diphosphatidylglycerol was the dominant phospho-
lipid of the yeastlike, and especially of the spherical
cells, of M. hiemalis. According to some data, the high
content of diPG may be indicative of developed mem-
brane organelles, particularly mitochondria, in yeast
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cells, and of their high respiratory activity [20]. In the
process of cultivation, the content of diPG and of the
GL with unsubstituted amino acid (R; = 0.05) dimin-
ished, whilethe content of PC and PEA increased. One-
day-old yeastlike cells contained GL with R, = 0.74, the
level of which decreased to trace amountsin older cells.
The GL with R; = 0.45, also observed in trace amounts,
gave a weak positive reaction with the Dragendorff
reagent, which is an indication of a high unsaturated
fatty acid content in this glycolipid [10].

The dominant phospholipids of mycelial cells were
PC and PEA, while the GL with R = 0.05, diPG, PS,
and the phospholipid with R, = 0.20 were present in
minor amounts. Within 9 days of cultivationinthe pres-
ence of 4-chloroaniline, the contents of the GLs, PS,
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Table 3. The composition of polar lipids of the yeastlike and mycelial M. hiemalis F-1156 cells grown in the presence of 4-
chloroaniline

Substance, % Yeastlike cells Mycelial cells

of total polar lipids| 1* day | 2 days| 3 days|4 days| 9 days|14 days 1** day |2 days| 3 days|4 days|9 days|14 days
GL 0.00 | 3.08|Traces| Traces| Traces| Traces| Traces| —  |Traces Traces| Traces| Traces| Traces
GL 0.05 | 18.39| 17.23| 13.77| 9.60| 13.19| 13.20 — 12042 | 19.36 | 18.74 | 13.47 | 26.99
PS 0.13 - 3.67 | Traces| Traces| Traces| Traces - 531| 3.26| 1.50|Traces| 2.68
Unidentified lipid 0.20 - 9.18| 8.23|Traces|Traces| 5.72 - 650 823| 4.09| 147| 4.29
PC 0.27 | 6.64| 1298 | 16.34| 22.14 | 25.77 | 23.47 — |25.18| 30.56 | 29.09 | 36.54 | 15.80
PEA 0.34 | 12.03| 19.03 | 20.61 | 25.09 | 28.87 | 22.74 — 130.04| 28.21 | 29.32 | 35.03 | 25.93
diPG 0.41 | 56.18| 37.91| 41.05| 43.17 | 32.17 | 34.87 — 1255 10.38 | 17.26| 13.49| 24.31
GL 0.45 - — |Traces|Traces| Traces| Traces| —  |Traces| Traces| Traces| Traces| Traces
GL 0.74 | 3.68 |Traces| Traces| Traces| Traces| Traces| —  |Traces Traces| Traces| Traces| Traces
Fo!grlipids,%ofall 29.20| 26.69 | 30.04 | 21.56 | 22.23 | 29.92 — |17.60| 14.15| 13.57| 1096 | 11.61
ipids

* All yeastlike cells were spherical .
** Mycelium did not grow.

and the phospholipid with R, = 0.20 gradually dimin-  that the yeastlike growth of fungi may be induced by
ished, and that of the PC rose. Inthe 14-day culture, the  factors other than 4-chloroaniline.

content of mycelial GL and diPG was elevated and that

of PC and PEA was lowered, probably due to culture
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