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Heat treatment may have a varied effect on the
organisms. While the optimal conditions promote
maximal growth, suboptimal conditions (within the
tolerance zone) result in decreased growth rate, heat
shock (HS) inhibits growth processes, and the lethal
shock causes death. Unlike the heat influences within
the tolerance zone, HS switches on a protective sys�
tem, resulting in heat resistance under conditions of
the lethal heat shock. The main biochemical changes
in fungi after HS are associated with protein synthesis:
synthesis of the “household proteins” stops, heat
shock proteins are produced extensively, antioxidant
protective enzymes are produced, and trehalose is
accumulated—a heat protector that preserves the
membranes and macromolecules of the cell [1]. The
preservation of the structure and functions of the
membranes plays the most important role in the pres�
ervation of cell viability. Two hypotheses exist con�
cerning membrane protection under heat influence.
The hypothesis of homeoviscous adaptation [2] postu�
lates preservation of the viscosity of the membranes by
variations in the unsaturation degree of the acyl chains
of the phospholipids. According to the hypothesis of
homeophaseus adaptation [3], the balance between
“bilayer” and “nonbilayer” lipids is of utmost impor�
tance.

These hypotheses, however, do not differentiate
between HS and the heat influences within the toler�
ant zone. In contrast to the existing hypotheses [2, 3],
we have demonstrated that, in mycelial fungus

Aspergillus niger, HS conditions in the tropho� and
idiophase did not result in an increased ratio of satu�
rated fatty acids in the acyl changes of the major phos�
pholipids or in an increased content of bilayer lipids
[4]. On the contrary, heat shock resulted in an
increased relative content of the “nonbilayer” phos�
phatidic acids and sphingolipids among the mem�
brane lipids, as well as in accumulation of trehalose.
We therefore proposed a hypothesis concerning
another system of membrane protection under heat
shock, viz., “membrane stabilization” by the heat�
protecting compounds (carbohydrates, sphingolipids,
and probably sterols). The universality of this mecha�
nism for fungi and its differences from the adaptation
mechanisms to heat influences within the tolerance
zone remained unclear.

The goal of the present work was to compare the
changes in the membrane lipids and cytosol carbohy�
drates for three mycelial fungi of different taxonomic
positions under heat shock and heat influences within
the tolerance zone.

MATERIALS AND METHODS

Three mycelial fungi of different phyla [5] were
used in this work, namely Aspergillus niger VKM F�34
(Ascomycota), Pleurotus ostreatus strain INMI RAN
(Basidiomycota), and Cunninghamella japonica VKM
F�1204 (Zygomycota).

The fungi were grown on malt agar for 5–6 days at
the optimal temperature. For inoculation of liquid
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media, spore suspensions were added to the final con�
centration of 5 × 105–106 spores/ml. A. niger and
C. japonica were grown in the Blumental–Roseman
medium [6] and the Goodwin medium [7], respec�
tively. In the case of P. ostreatus, washout of the myce�
lium were used, and the culture grown in 3.5B wort for
2 days was used as an inoculum for the experiments.
Submerged cultures were grown in 250�ml flasks with
50 ml of the medium on a KE�12�250T electromag�
netic shaker (Russia) at 150 rpm at the optimal tem�
perature. For A. niger and P. ostreatus, the cultivation
was carried out at 29–30°C (the control variant) for
24 h (the trophophase stage). For investigation of the
effects of heat influences, the cultures were transferred
to 34–35°C (tolerance zone) or 39–40°C (heat shock
under the same aeration conditions) and cultivated for
3 h. The control variant was grown for the same time
under optimal conditions. C. japonica was grown at
27–28, 33–34, and 37–38°C, respectively.

The biomass was obtained by filtration through a
Nylon mesh and washed with distilled water of the rel�
evant temperature. For inactivation of lipases, the bio�
mass samples were immediately ground with isopro�
panol and incubated for 30 min at 70°C. The precipi�
tate was then extracted twice with the isopropanol–
chloroform mixture (1 : 1) at 70°C and dried on a rotor
evaporator. The lipids were dissolved with a chloro�
form–methanol mixture (1 : 1), and the water�soluble
compounds were removed by sequential addition of
water and 5% NaCl solution. The mixture was vor�
texed, and the chloroform layer was separated, dehy�
drated by passing through anhydrous sodium sulfate,
evaporated, and vacuum�dried to a constant mass.
The precipitate was dissolved in a small amount of the
chloroform–methanol mixture (1 : 1) and stored at
⎯21°C.

The composition of neutral lipids (NLs) was ana�
lyzed by ascending thin�layer chromatography (TLC)
on glass plates with silica gel 60 (Merck, Germany).
The separation of NL was carried out in a hexane–
dimethyl ether–acetic acid (85 : 15 : 1) solvent system
[9]. For separation of phospholipids (PLs) and gly�
colipids (GLs), the Benning system for two�dimen�
sional TLC was used [10]. The amount of lipids
applied to a plate was 150–200 μg. The chromato�
grams were developed by spraying with 5% sulfuric
acid in ethanol with subsequent heating to 180°C. The
PLs were identified using individual markers and qual�
itative reactions with ninhydrin (for the presence of
amino groups), Dragendorff reagent (for choline�
containing PLs), and α�naphthol (for GLs) [9]. Neu�
tral lipids were identified using individual markers of
mono�, di�, and triacylglycerols; free fatty acids; ste�
rols (ergosterol); and hydrocarbons (Sigma, United
States). Saponifiaction was used to determine the sph�
ingolipid nature of phospholipids [9]. Quantitative
analysis of the lipids was carried out using the Dens
software package (Lenkhrom, Russia). Phosphatidyl�
choline (Sigma, United States), glycoceramide mix�

ture (Larodan, Sweden), and stigmasterol (Sigma,
United States) were used as standards for phospholip�
ids, sphingolipids, and sterols, respectively.

The composition of lipid fatty acids was deter�
mined on a Kristall 5000.1 gas–liquid chromatograph
(Khromatek, Russia) equipped with an Optima�240
0.25�μm × 60�m × 0.25�mm capillary column (Mach�
erey�Nagel GmbH&Co, Germany). Fatty acid
methyl ethers were obtained by incubating the lipids in
2.5% H2SO4 in methanol for 1 h at 80°C. The temper�
ature program used for chromatography ranged from
130 to 240°C. Identification was carried out with the
Supelco 37 Component FAME Mix marker mixture
of individual fatty acid methyl ethers (United States)
and by GLC–mass spectrometry.

For determination of the carbohydrate composi�
tion of the mycelium, the sugars were extracted with
boiling water four times for 20 min. Proteins were
removed from the extract [11]. The carbohydrate
extract was further purified from charged compounds
on a combined column with the Dowex�1 (acetate
form) and Dowex 50W (H+) ion�exchange resins. The
carbohydrate composition was determined by GLC of
the trimethylsilyl sugar derivatives obtained from the
dry lyophilic extract [12]. The internal standard used
was α�methyl�D�mannoside (Merck). Chromato�
graphic analysis was carried out on a Kristall 5000.1
gas–liquid chromatograph (Khromatek, Russia)
equipped with a ZB�5 30�m × 0.32�mm × 0.25�μm
capillary column (Phenomenex, United States) at
130–270°C (5–6°C/min). Glucose, mannitol, arabi�
tol, inositol, and trehalose (Sigma, United States)
were used as markers.

The experiments were carried out in triplicate. The
results of a typical experiment are presented. The scat�
ter of readings did not exceed 10%, and all the patterns
were the same.

RESULTS AND DISCUSSION

Two variants of heat influence (within the tolerance
zone and heat shock) caused fundamentally different
results. For example, after 1 h of HS, acquired heat
resistance (resistance to lethal HS of 20 min at 55°C)
was already observed, while heat influences within the
tolerance zone did not cause this effect even after 6 h.

Maintenance of the physiological state of the
membranes plays a key role in the acquisition of heat
resistance. According to the present�day concepts, it
may be associated with the composition of the mem�
brane lipids and their fatty acids, as well as with the
protective effect of the soluble carbohydrates of the
cytosol [3, 13].

Prior to investigation of the effects of heat influ�
ences, the temperature characteristics of fungal
growth were determined for all three species. The zone
of optimal conditions, the zone of retarded growth
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(tolerance zone), and the zone of inhibition of the
growth processes (heat shock) were determined.

Both A. niger and C. japonica grew in submerged
culture as small pellets (1–3 mm in diameter), while
P. ostreatus formed a loose mycelium. No observable
changes in morphology were detected in the experi�
ments with 3�h heat influences.

The fungal membrane lipids were PLs, sphingolip�
ids (SLs), and sterols (Sts) (Table 1). In A. niger,
among the nine classes of PLs, phosphatidylethanola�
mine (PEs), phosphatidylcholines (PCs), cardiolipins
(CLs), and phosphatidic acids (PAs) were major com�
ponents, while phosphatidylserines (PSs), phosphati�
dylinositols (PIs), lysophosphatidylethanolamines
(LPEs), lysophosphatidylcholines (LPCs), and phos�
phatidylglycerols (PGs) were minor components. This
fungus also contained two classes of sphingolipids
(SL�1 and SL�2). Compared to A. niger, C. japonica
and P. ostreatus have lower levels of CLs and the minor
phospholipids. No SL�2 was present in C. japonica. All
the species had a high content of sterols (18–41% of
the total membrane lipids).

Individual differences also existed, for instance, in
C. japonica: the ratio of sterols increased under both
types of heat influence. The PE/PC ratio decreased
under heat influences within the tolerance zone and
increased significantly (compared to the control)
under heat shock. In the basidiomycete P. ostreatus,

the PE/PC ratio increased under both types of heat
influence. Moreover, no changes in the relative con�
tent of sterols were found in A. niger and P. ostreatus.

The effect of heat influences on the fatty acid com�
position of phospholipids, which are the major struc�
tural components of the lipid bilayer, is of utmost
importance. In order to investigate this issue, the
major phospholipids of the three fungal species were
isolated chromatographically and the structure of their
acyl chains was determined. The results (Tables 2–4)
demonstrate that in none of the major PL of these spe�
cies the ratio of saturated fatty acid increased (the
unsaturation degree UD did not decrease). Moreover,
in such cases as PCs in P. ostreatus or PEs in A. niger
and C. japonica, UD even increased. On the contrary,
heat influences within the tolerance zone resulted in
UD decrease in some phospholipids, such as PAs in
A. niger or PEs in P. ostreatus. In the case of C. japon�
ica, no type of heat influence resulted in decreased
UD of the phospholipid acyl chains.

The general pattern in the composition of soluble
carbohydrates in the cytosol of the three fungal species
was an increase of trehalose levels under HS and the
absence of such increases within the tolerance zone.
For example, in the case of A. niger trehalose content
under heat influences within the tolerance zone did
not differ from the control values (0.2–0.4%), while
under the HS conditions it increased to 5–6% (fig�

    
Table 1. Membrane lipids (% of the total) of mycelial fungi under different heat influences

Lipids
A. niger C. japonica P. ostreatus

C TZ HS C TZ HS C TZ HS

PE 11.4 12.6 11.5 24.7 19.0 16.5 22.7 25.4 20.3

PC 13.3 15.0 10.0 21.5 21.2 9.5 31.8 27.4 20.9

CL 12.5 10.3 12.6 1.6 1.8 1.8 4.2 3.5 4.1

PA 11.2 11.0 23.4 14.4 11.6 27.8 7.9 10.0 22.5

PS 6.1 5.6 4.7 2.6 1.5 Tr 1.7 2.1 1.6

PI 6.0 5.2 5.7 – – – – – –

LPE 6.3 5.7 4.4 1.0 0.1 – 0.2 0.5 0.6

LPC 6.0 5.5 3.4 – – – 0.9 0.2 0.7

PG 4.7 4.6 3.4 – – – – – –

St – – – 0.9 1.3 2.3 – – –

ΣPL 77.5 75.5 79.1 66.7 56.5 57.8 69.4 69.2 70.8

SL�1 3.7 3.2 3.4 3.0 2.3 2.5 3.2 1.8 2.7

SL�2 0.3 0.4 1.7 – – – 1.2 0.2 0.4

SL�3 0.2 0.5 0.4 – – – 2.4 4.9 7.6

ΣSL 4.2 4.1 5.5 3.0 2.3 2.5 6.9 6.9 10.8

St 18.3 20.2 15.6 30.2 41.3 39.7 23.7 23.9 18.4

Σ membrane lipids, 
µg/g dry mass

9002.1 8635.2 10229.5 24907.3 42282.3 53416.3 8419.5 12560.9 26019.7

Note: PC, phosphatidylcholines; PE, phosphatidylethanolamines; CL, cardiolipins; PA, phosphatidic acids; PS, phosphatidylserines;
PI, phosphatidylinositols; LPE, lysophosphatidylethanolamines; LPC, lysophosphatidylcholines; SL, sphingolipids; St, sterols;
C, control; TZ, heat influence within the tolerance zone; HS, heat shock; and Tr, traces.
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ure). In C. japonica, soluble carbohydrates (glucose,
trehalose, and minor amounts of erythritol) consti�
tuted 6–7% of the dry mass. The carbohydrate content
decreased to 3–4% under heat influences within the
tolerance zone and increased to 9–10% under HS
conditions. The relative content of trehalose increased
significantly (up to 45% of the total carbohydrates)
only under heat shock. In P. ostreatus, the carbohy�
drates in the control variant were mannitol (19% of the
total), trehalose (41%), sucrose (33%), and glucose
(6%), constituting 18% of the dry biomass. The carbo�
hydrate levels changed insignificantly under heat
influences. In the HS variant, mannitol content
decreased significantly (to 9%) and sucrose content
increased (47%), while the levels of trehalose and glu�
cose remained practically unchanged.

Thus, increased levels of PA, trehalose, and the
PE/PC ratio were common responses of the three fun�
gal species to HS. Apart from that, some species exhib�
ited elevated levels of sterols (C. japonica) and sphin�
golipids (A. niger). On the contrary, heat influences
within the tolerance zone had practically no effect on
PA and trehalose levels. In some cases, the following
changes were observed for various species: decreased

   
Table 2. Fatty acid composition of the major phospholipids of C. japonica (% of the total) under different heat influences

Fatty acids
PE PC PA

C TZ HS C TZ HS C TZ HS

C14 : 0 2.5 2.1 – 3.0 2.9 2.6 – 3.0 2.7

C16 : 0 28.2 23.0 23.4 24.5 25.7 23.2 25.3 30.0 26.7

C16 : 1 0.3 0.5 0.4 0.7 0.7 0.4 0.5 0.5 –

C17 : 0 1.7 1.1 1.8 1.9 1.9 1.3 4.7 2.1 1.7

C16 : 1 1.2 0.7 0.8 0.8 0.9 0.3 2.1 1.0 1.6

C18 : 0 16.9 10.8 14.6 14.7 11.8 14.1 16.9 16.3 16.8

C18 : 1 n9c 35.8 44.1 40.1 34.0 35.6 32.9 36.1 32.8 29.8

C18 : 2 n6c 9.5 9.6 10.3 15.2 13.0 22.1 12.1 10.3 16.6

C18 : 3 n6 4.0 8.1 7.4 5.2 7.5 3.1 2.3 4.1 4.0

C24 : 0 – – 1.1 – – – – – –

Degree of unsat�
uration

0.68 0.89 0.84 0.82 0.86 0.87 0.70 0.67 0.77

Table 3. Fatty acid composition of the major phospholipids of A. niger (% of the total) under different heat influences

Fatty acids
PE PC CL PA

C TZ HS C TZ HS C TZ HS C TZ HS

С16 : 0 41.1 34.1 35.1 27.6 23.3 28.9 27.4 24.4 26.6 31.6 38.7 33.3

С18 : 0 9.5 6.2 5.3 8.1 8.3 12.0 10.1 11.3 7.0 9.7 12.6 10.0

С18 : 1 n9c 32.3 26.2 24.3 35.0 26.2 21.2 31.7 27.0 26.4 26.7 19.0 20.2

С18 : 2 n6c 17.1 33.5 35.3 29.3 42.2 37.8 30.8 37.3 40.0 32.0 29.7 36.5

Degree of un�
saturation

0.67 0.93 0.95 0.94 1.11 0.97 0.93 1.02 1.06 0.91 0.78 0.93

Table 4. Fatty acid composition of the major phospholipids
of P. ostreatus (% of the total) under different heat influenc�
es

Fatty acids
PE PC

C TZ HS C TZ HS

C12 : 0 – – – 2.2 – –

C14 : 0 0.9 1.6 0.3 1.0 1.4 1.1

C14 : 1 – 14.1 – 0.2 0.5 –

C15 : 0 – – – – 3.7 0.8

C15 : 1 – – – 0.2 – –

C16 : 0 19.3 19.5 8.1 17.2 15.0 12.1

C16 : 1 – – 0.1 0.4 1.1 –

C18 : 0 Tr 4.5 3.1 4.7 6.2 5.1

C18 : 1 n9c 11.9 14.3 24.7 35.6 28.8 14.0

C18 : 2 n6c 67.4 45.2 63.5 37.9 41.9 66.9

C18 : 3 n6 0.5 0.9 0.1 0.5 1.4 Tr

Degree of un�
saturation

1.48 1.22 1.52 1.14 1.18 1.48
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UD of the fatty acids of some phospholipids,
decreased PE/PC ratio, and increased ratio of sterols.

Comparison of the responses of the fungal cells to
two variants of heat influence revealed a fundamental
difference between them in the variations in the level
of trehalose and phosphatidic acids, of the PE/PC
ratio, and of the unsaturation degree of the phospho�
lipid fatty acids.

How to explain these results using the existing con�
cepts? First of all, it should be noted that the modern
concepts of heat adaptation at the membrane level do
not differentiate between the types of heat influences,
although the latter differ in the biological effect [1],
since, unlike the influences within the tolerance zone,
HS results in acquired resistance to the lethal shock.

Two hypotheses are known for the explanation of
the variations in the structure of the membrane lipids
under heat modulations of the environment. The first
one, the homeoviscosity hypothesis [2], postulates the
preservation of the membrane viscosity under temper�
ature modulations by changing the degree of unsatur�
ation for the cayl chains of the membrane lipids, not
affecting their “heads.” Since the author considers the
ratio between the saturated and unsaturated fatty acids
to be the main viscosity modulator, UD of the mem�
brane lipids should decrease at hyperthermia and
increase at hypothermia. The second hypothesis, of
“dynamic phase behavior of the membranes” or the
homeophase one [3], explains adaptation to tempera�
ture fluctuations within the tolerance zone mainly by
the maintenance of the balance between the so�called
bilayer lipids stabilizing the membrane (PC, PS, sph�
ingomyelin, PI, digalactosyldiglyceride), which have
cylinder�shaped molecules and are able to form a lipid
bilayer, and the conical�shaped, so�called nonbilayer
lipids destabilizing the membrane (PE with unsatur�
ated fatty acids, PS at pH below 4, PA, CL, monoga�
lactosyldiglyceride), which form an inverted phase
instead of a bilayer.

In the case of heat influences within the tolerance
zone, the adaptation is carried out by the biochemical
mechanisms already present in the cell, while under
HS, significant metabolic changes occur. The theory
of HS response postulate the inhibition of expression
of the so�called housekeeping genes and induction of
a protective system, which includes synthesis of treha�
lose and heat shock proteins, elevated activity of cata�
lase and superoxide dismutase, structuring and redis�
tribution of water in the cytosol compartments,
changes in the composition of the membranes, and
preservation of the intracellular pH [1]. From the bio�
physical point of view, HS promotes transition of an
organism from homeostasis to stress, another discrete
stationary state [14]. We demonstrated the stability of
this state in three fungi, which acquired resistance to
both nonlethal and lethal heat shock already after 1 h
of HS. Since eukaryotic organisms do not possess sat�
urases, de novo synthesis of fatty acids is required in
order to decrease the unsaturation degree, i.e., to

increase the ratio of saturated fatty acids. Under
experimental conditions, the capacity of an organism
for such alterations of the membrane lipids is probably
limited.

These considerations made it possible to suggest
the hypothesis of membrane protection under HS
conditions by the stabilizing compounds (trehalose,
sphingolipids, sterols, etc.) [4]. The present work con�
firmed our suggestion, revealing no decrease in the
UD of the acyl chains of the phospholipids and no
increase in the content of bilayer lipids in three species
of mycelial fungi, while the trehalose level was found
to increase in all the cases. Moreover, a significant
increase in the ratio of the nonbilayer lipids in the
membranes was observed, resulting from an increase
in PA content and a decreased PC level. We presently
have no adequate explanation for this finding. The ori�
gin of PA is unclear, since this compound may be syn�
thesized via three pathways—from PC (phospholipase
D), from diacylglycerol (DAG kinase), and from lyso�
phosphatidic acid (acyl transferase) [16]. Analysis of
fatty acids in PA and PC revealed a certain similarity in
their fatty acid composition (Tables 2 and 3), suggest�
ing activation of phospholipase D under heat shock
conditions. This conclusion is indirectly supported by
decreased PC levels in the membrane lipids. Signifi�
cant amounts of PA in the membrane lipids under HS
conditions are probably associated with the structural,
rather than signal, role of this phospholipid. Accord�
ing to the literature data [17, 18], PA is a unique phos�
pholipid with a small negatively charged head, high
affinity to bivalent ions, and capacity for formation of
intramolecular hydrogen bonds. Under physiological
conditions at neutral pH and in the absence of bivalent
ions, PA acts as a bilayer lipid. However, under slightly
acidic conditions and in the presence of ions (for
example, in the Golgi apparatus) it forms type II
micelles. Capacity for aggregation results in formation
of PA microdomains that participate in development
of the negative curving of the membrane. PA is
believed to physically participate in formation of vesi�
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cles, thus regulating transport from the Golgi appara�
tus, endo� and exocytosis. Phospholipase D, which is
responsible for PA formation in the membranes, was
shown to control such vitally important processes as
cytoskeleton reconstruction, proliferation, and sur�
vival. The significant accumulation of PA under HS
conditions reported in the present paper and the liter�
ature data on high PA content in the thermophilic fun�
gus Humicola grisea var. thermoidea [19] suggest an
important role of this phospholipid in modification of
the structure of the membranes. Under HS condi�
tions, PA probably promotes formation of the endo�
somes involved in the isolation and degradation of
proteins.

The mechanism of stabilization of the lipid bilayer
by trehalose is not known in detail. It has been sug�
gested that formation of hydrogen bonds between this
disaccharide and several phospholipid molecules
results in stabilization of the structure of the mem�
branes [20]. We have previously shown the presence of
sucrose in xylotrophic fungi P. ostreatus and an
increase of its level under HS [21]. Although this dis�
accharide also has membrane�stabilizing properties, it
should be noted that, under optimal conditions,
P. ostreatus contains high levels of trehalose (up to
7.8% of the dry mass), equal to its content in A. niger
under HS conditions. This may explain the absence of
trehalose increase in P. ostreatus under HS conditions.
Unlike trehalose, the role of other compounds stabi�
lizing the lipid bilayer (sterols and sphingolipids) is not
universal, although it has been reported for some
fungi, as, for example, increased sphingolipid content
in A. niger and an increased ratio of sterols in C. japon�
ica. Thus, the results of the present work support our
hypothesis of membrane stabilization by heat�protec�
tive compounds.
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