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Abstract
In contrast to mesophiles, in which levels of trehalose and phosphatidic acids (PA) increased only under heat shock (HS), in 
thermophiles trehalose and PA were predominant under optimal growth conditions. To study the role of trehalose protection 
in the adaptation of thermophiles to various stressors, the composition of osmolytes and membrane lipids in the thermo-
philic fungus Rhizomucor miehei was studied under cold (CS), osmotic (OS) and oxidative (OxS) shocks. CS resulted in 
no accumulation of glycerol in the mycelium, while the amount of trehalose decreased. The main lipid changes were the 
increase in the PA proportion with simultaneous decrease of sterols (St), the increase of the unsaturation degree of polar 
lipids and the decrease of the ergosterol proportion in total St. OS did not cause changes in the lipid composition, but led 
to the decrease of ergosterol proportion too. Despite the low ability of Mucorales to produce polyols, increase in the level 
of arabitol and glycerol was observed under OS. OxS led to the decrease of trehalose level and had no effect on the lipid 
composition. Thus, our results show the similarity (OS) and the difference (CS and OxS) between adaptation mechanisms 
of thermophiles and mesophiles.
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Abbreviations
CL  Cardiolipins
CS  Cold shock
HS  Heat shock
LPE  Lysophosphatidylethanolamines
OS  Osmotic shock
OxS  Oxidative shock
PA  Phosphatidic acids
PC  Phosphatidylcholines,
PE  Phosphatidylethanolamines
PI  Phosphatidylinositols
PS  Phosphatidylserines
SL  Sphingolipids

St  Sterols
X1  Unidentified lipid

Introduction

Extremophiles are divided into groups according to opti-
mal growth conditions, such as temperature (psychrophiles, 
thermophiles and hyperthermophiles), pH (acidophiles and 
alkaliphiles), pressure (barophiles), ionic force (halophiles) 
(Weber et al. 2007; Rampelotto 2013). Thermophilia of 
fungi, unlike bacteria, is significantly lower in temperature; 
these eukaryotes are unable to grow at temperatures above 
62 °C probably due to the inability to form functional and 
thermostable membranes of intracellular organelles (Tan-
sey and Brock 1972). However, the ability of eukaryotes 
to withstand adverse pH and salinity levels or desiccation 
conditions is not different from that of prokaryotes (Brown 
and Fritz 2019).

Life in extreme conditions is possible due to the adapta-
tion mechanisms to one or several adverse factors, formed in 
the process of evolution. The study of these mechanisms in 
thermophilic fungi, as well as the study of adaptation mech-
anisms to stress factors in mesophiles are interconnected. 
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There is a hypothesis that thermophiles are using the heat 
shock adaptation mechanisms intrinsic to mesophilic fungi 
(Feofilova and Tereshina 1999). Experimental data confirm-
ing this hypothesis were obtained: large amount of trehalose 
is accumulated in the cytosol, and the proportion of phos-
phatidic acids in the membrane lipids composition increases 
significantly both in mesophilic fungi under the action of 
HS (Tereshina et al. 2010, 2011), as well as in thermophiles 
under optimal conditions (Ianutsevich et al. 2016b). How-
ever, unlike mesophiles, thermophiles did not acquire heat 
resistance after HS treatment, which was accompanied by a 
sharp drop of trehalose level, while the proportion of PA in 
the composition of membrane lipids increased.

High level of trehalose in the mycelium of thermophilic 
fungi under optimal growth conditions suggests that they 
may use trehalose protection to adapt to various stressors, 
but no such information was found in the literature. Treha-
lose and polyols are the main fungal osmolytes, which are 
not only compatible solutes, but also perform cytoprotective 
functions (Yancey 2005; Yancey and Siebenaller 2015).

Trehalose, unlike polyols, is a unique cytoprotector that 
protects not only cell macromolecules, but also membranes 
under stress conditions and has antioxidant and regulatory 
functions (Patel and Williamson 2016; Rubio-Texeira et al. 
2016; Glatz et al. 2016). Previously expressed hypothesis 
about trehalose being a universal protector under any stress 
conditions (Crowe 2007) has not been experimentally con-
firmed. Study of the response of Aspergillus niger to heat 
osmotic, oxidative and cold shocks showed that the treha-
lose level increased significantly only after HS, whereas in 
response to cold and osmotic shock glycerol level increased, 
while oxidative shock had no effect on the composition of 
carbohydrates (Ianutsevich et al. 2016a). Osmolytes pro-
duction in response to osmotic and cold stress is regu-
lated through the HOG-pathway (Jennings 1985; Hayashi 
and Maeda 2006; Duran et al. 2010). Different polyols are 
involved in protection against osmotic shock in fungi–glyc-
erol in halophilic yeast (Kogej et al. 2007) and A. niger 
(Ianutsevich et al. 2016a), arabitol in halotolerant fungus 
Fusarium sp. (Smolyanyuk et al. 2013).

Proper functional state of the membrane is necessary for 
stress resistance. It has been demonstrated, that changes in 
the composition of membrane lipids and their unsaturation 
degree are important for adaptation. In response to thermal, 
cold, osmotic and oxidative shocks in A. niger, the same pat-
tern was observed: the proportion of non-bilayer phospha-
tidic acids in the composition of membrane lipids increased 
significantly, in contrast to the Hazel hypothesis on increas-
ing proportion of bilayer lipids under stress impact (Hazel 
1995). The liquid-mosaic model of the membrane structure 
proposed in 1972 (Singer and Nicolson 1972) was signifi-
cantly improved (Nicolson 2014). New data on the signal 
functions of membranes were obtained (Ernst et al. 2016), 

the heterogeneous structure of the membrane has been 
experimentally proven. Non-bilayer lipids drew more atten-
tion, due to their participation in the formation of membrane 
microdomains such as rafts, caveolae, eisosomes, detergent-
resistant parts of membranes (Vigh et al. 2005; Douglas and 
Konopka 2014; Carquin et al. 2016). The role of membrane 
lipids in the perception of external signals, the regulation 
of enzyme activity and gene expression, the intracellular 
transport of proteins, endo- and exocytosis, virulence was 
demonstrated (Kooijman et al. 2003; McMahon and Gallop 
2005; Rella et al. 2016; Welte and Gould 2017).

Thermophilic fungi are well adapted to life at elevated 
temperatures, however, there is no information on the mech-
anisms of adaptation of thermophiles to other stress factors. 
Is trehalose protection in thermophiles sufficient for adapta-
tion to osmotic, cold, oxidative shocks, or is the production 
of other osmolytes required? Therefore, Mucorales ther-
mophilic fungus Rhizomucor miehei, unable to synthesize 
large amounts of polyols, is an interesting object to study 
(Jennings 1985).

The aim of this work was to study the composition of 
membrane lipids and osmolytes of thermophilic fungus R. 
miehei under cold, oxydative and osmotic shocks.

Materials and methods

Strain, media and cultivation

The study was carried out with the thermophilic fungus 
Rhizomucor miehei (Cooney & R. Emerson 1964) Schip-
per 1978 VKM F-1365 (Lichtheimiaceae, Mucoromycetes, 
Zygomycota), which was grown on wort agar slants at 
41–43 ºC for 5 days. Liquid medium was inoculated with 
the spore suspension to the final concentration of 5 × 105–106 
spores/ml. The fungus was grown in submerged culture in 
250 ml flasks with 50 ml of Goodwin medium (Garton et al. 
1951) on a KE-12-250T electromagnetic shaker (150 rpm) 
at the optimum temperature of 41–43 °C. Cold shock con-
ditions were created by transferring the submerged fungal 
culture, grown under optimal conditions for 24 h ( tropho-
phase stage), to 20 °C for 3 and 6 h, while maintaining the 
same aeration conditions. Oxidative shock conditions were 
created by adding hydrogen peroxide to the trophophase sub-
merged culture to the concentrations of 10, 30 and 50 mM 
and continuing the cultivation for 3 h. To create osmotic 
shock sodium chloride was added to the trophophase sub-
merged culture up to the concentration of 0.125, 0.25 and 
0.5 M, and continuing the cultivation for another 3 and 6 h. 
Fungal biomass was filtered through caprone, washed with 
distilled water, stored at – 21 °C. Dry biomass was deter-
mined gravimetrically.
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Lipids and osmolytes analysis

Lipids and carbohydrates analyses were performed as 
described earlier (Ianutsevich et al. 2016b). Briefly, lipids 
were extracted by the Nichols method (Nichols 1963) with 
phospholipase-deactivating isopropanol, separated by two-
dimensional (polar lipids) or one-dimensional (neutral 
lipids) thin-layer chromatography (TLC) and quantified 
using standard compounds with densitometry method 
(DENS software). To study the composition of fatty acids 
the polar lipid fraction was isolated using one-dimensional 
TLC in neutral lipid system. The polar lipid spots remain-
ing at the start were scraped out, eluted with a mixture of 
chloroform: methanol (1:1), then extract was evaporated 
and methanolysis was carried out using 2.5%  H2SO4 in 
methanol solution for 2 h at 85 °C. To determine the com-
position of fatty acids, their methyl esters were analyzed 
by GLC. Soluble cytosol carbohydrates were extracted 
with boiling water, proteins and charged compounds 
were removed, trimethylsilyl derivatives of sugars were 
obtained and analyzed by GLC, using an internal standard.

Sterols and triterpenoids fraction were isolated from the 
lipid extract by saponification. Approximately 10 mg of 
lipids was suspended in 10 ml of 6% (w/v) KOH in metha-
nol solution and left at 85 °C for 2 h. Complete removal 
of acylglycerols was checked by TLC. The composition of 
the sterol fraction was analyzed by GC–MS. Silyl deriva-
tives were obtained to analyze individual components of the 
mixture. Analytical samples were dissolved at 20 °C in N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) silylating rea-
gent, and fully derivatized within 30 min at 70 °C with occa-
sional stirring, the mixture was cooled and the residue was 
dissolved in hexane. Derivatives were analyzed using the 
Agilent Technologies equipment consisting of a gas chroma-
tograph 7890 (column HP-5, 50 m × 320 µm × 1.05 µm) and 
mass-selective detector 5975C with quadrupole mass ana-
lyzer. Chromatography temperature program: at 40 °C—iso-
therm 2 min, followed by programmed heating up to 250 °C 
at a speed of 5 °C/min, at 250 °C—isotherm 15 min, fol-
lowed by programmed heating up to 320 °C at a speed of 
25 °C/min, at 320 °C—isotherm for 30 min. The injector 
had the split ratio of 1:50. Injector temperature was 250 °C. 
Interface temperature was 280 °C. Carrier gas-helium; flow 
rate 1 ml/min. The chromatogram presented is the total ion 
current chromatogram. MS detection conditions: ionizing 
electron energy of 70 eV; registration of mass spectra in 
positive ions in the range from 20 to 450 (m/z), scan speed 
of 2.5 scans/s. Software—ChemStation version E02.00. 
Identification of the component composition (qualitative 
analysis) was performed using NIST database, as well as 
the corresponding values of retention times of the reference 
compounds.

Statistical analysis

For each variant experiments were performed three times 
(n = 3). The differences among the means were compared 
using one-way ANOVA (P ≤ 0.05). Post hoc Tukey HSD 
test was used for pairwise comparison between control and 
shock variants. Statistical analysis was carried out using MS 
Office Excel. In the figures and tables an asterisk (*) repre-
sents a significant difference (P ≤ 0.05), each data point is a 
mean value ± SE (n = 3).

Results

Sugars and polyols composition under different 
shocks

The micromycete R. miehei is a true thermophile, since it 
has optimum growth temperature at 41–43 °C and does not 
grow at 20 °C (Yanutsevich et al. 2014). Previously, we have 
shown that trehalose plays an important role in thermo-
philia. The amount of this disaccharide at all growth stages 
in submerged culture of R. miehei varied from 8 to 10% of 
dry weight (Ianutsevich et al. 2016b). Present research was 
dedicated to studying the mechanisms of adaptation to vari-
ous stress factors of R. miehei, having powerful trehalose 
protection.

Cytosol carbohydrates and polyols of R. miehei under 
optimal conditions (control variant) were presented mainly 
by trehalose, a small amount of glucose (2–3% of the total 
sugars) and traces of arabitol and glycerol (Fig. 1). Under the 
cold shock conditions (20 °C) for 3 h no significant changes 
were observed (Fig. 1). Increasing the duration of CS up to 
6 h resulted in a three-fold drop in the amount of trehalose, 
with no effect on other carbohydrates or polyols.

Exposure to 10 mM  H2O2 for 3 h did not lead to any 
significant changes in the composition of carbohydrates 
(Fig. 2). The increase of the  H2O2 concentration up to 30 
and 50 mM was accompanied by a sharp decrease in the 
amount of trehalose by 2 and 8 times, respectively, while 
the amount of glucose did not change.

The osmotic impact of 0.125 M NaCl for 3 h did not lead 
to any changes in the carbohydrates composition (Fig. 3). 
Higher NaCl concentration (0.25 M) resulted in an increase 
of arabitol level, the proportion of polyols rising up to 30%. 
Further increase of the salt concentration to 0.5 M led to a 
fivefold drop of the trehalose level, which resulted in the 
increase of polyols proportion up to 45%. To ensure that 
the polyols level reached its maximum, the duration of OS 
was prolonged to 6 h. No significant changes were observed. 
The only noticeable effect was the increase of the polyols 
proportion up to 40%, due to the increase of the arabitol and 
glycerol levels in 0.25 M NaCl variant.
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Membrane lipids under different shocks

To study how changes in the membrane lipids composition 
contribute to the adaptation to various stressors, quantitative 
analysis of lipids was performed. Predominant membrane 
lipids of the thermophilic fungus during growth under opti-
mum conditions were PA, PE and St (Fig. 4). With time, the 
proportion of PA remained consistently high, and propor-
tions of sterols and X1 lipid increased, while levels of PE, 
PC and CL decreased. Unidentified polar lipid X1 had prop-
erties of glycerophospholipids (was saponified), but it also 
contained a glycoside group, demonstrating positive reaction 
with alpha-naphthol. The proportion of sphingolipids also 
increased with time but did not exceed 5%.

After 3 and 6 h of CS, similar changes were observed in 
the membrane lipids of R. miehei—a significant increase 
in the proportion of phosphatidic acids with simultaneous 
decrease of sterols level (Fig. 5).

The osmotic effect of 0.125 and 0.25 M NaCl for 3 h did 
not result in any noticeable changes in the membrane lipids 
composition, while higher NaCl concentration (0.5 M) led 
to the slight increase in the proportion of sterols (Fig. 6).

Oxidative shock (10 mM  H2O2) caused no changes in the 
composition of membrane lipids, whereas higher concentra-
tions of hydrogen peroxide (30 and 50 mM) led to the slight 
increase in the proportions of PA and sterols, while PE and 
PC decreased (Fig. 7).

Sterols and triterpenoids fraction of the R. miehei myce-
lium was represented by 7 compounds, ergosterol being pre-
dominant (up to 70% of the total sterols) (Fig. 8 Table 1). 
Characteristic feature was the presence of two acetylated 
sterols—ergosta-5,7,22-trien-3β-yl acetate and ergosta-
7,22-dien-3β-yl acetate. The qualitative composition did 
not change under the influence of the studied stressors, 
while significant changes in the ratio of were observed. 
Cold shock had the most pronounced effect, leading to the 
1.5-fold decrease of the ergosterol proportion, while propor-
tions of ergosta-7,22-dien-3β-ol and ergosta-3,5,7,9-tetraene 
increased three and two times, respectively (Table 1). Oxi-
dative shock had no significant impact on the sterols and 
triterpenoids composition, whereas osmotic shock led to the 
increase in the proportion of ergosta-7,22-dien-3β-ol with 
simultaneous decrease of ergosterol.

Fatty acids of the phospholipids under different 
stressors

To evaluate how changes of the unsaturation degree of 
membrane lipids contribute to the adaptation, the frac-
tion of polar lipids was isolated and their fatty acids 
composition was analyzed. Main fatty acids of the R. 
miehei membrane phospholipids were palmitic (C16:0), 
stearic (C18:0), oleic (C18:1n9c), linoleic (C18:2n6c) and 
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Fig. 1  Composition of the main soluble cytosol carbohydrates of R. 
miehei mycelium under cold shock. C—Control, CS—Cold shock, 
3 and 6  h, respectively. The fungus was grown in submerged cul-
ture at optimal conditions (41–43 °C) for 24 h (trophophase), then it 
was transferred to 20 °C and cultivation was continued for 3 and 6 h. 
Soluble cytosol carbohydrates were extracted four times with boiling 
water, proteins and charged compounds were removed, trimethylsilyl 
derivatives were obtained and analyzed by GLC. After 6  h of cold 
shock amount of trehalose decreased threefold
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Fig. 2  Composition of the main soluble cytosol carbohydrates of R. 
miehei mycelium under oxidative shock. C-3—Control variant after 
3  h. The fungus was grown in submerged culture at optimal condi-
tions (41–43 °C) for 24 h (trophophase), then  H2O2 was added to the 
concentration of 10, 30 and 50  mM and cultivation was continued 
for 3 h. Soluble cytosol carbohydrates were extracted four times with 
boiling water, proteins and charged compounds were removed, tri-
methylsilyl derivatives were obtained and analyzed by GLC. After 3 h 
of oxidative shock amount of trehalose decreased significantly
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α-linolenic (C18:3n3). Amounts of C12:0, C14:0, C14:1, 
15:0, C16:1, C17:0, C17:1 fatty acids were minor. It was 
demonstrated that only exposure to cold shock for 6 h 
led to the increase in the unsaturation degree of the polar 

lipids, whereas osmotic and oxidative shocks did not 
cause any significant changes in fatty acid composition 
(Table 2).
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Fig. 3  Composition of the main soluble cytosol carbohydrates of R. 
miehei mycelium under osmotic shock. C—Control, OS—Osmotic 
shock, 3 and 6 h, respectively. The fungus was grown in submerged 
culture at optimal conditions (41–43 °C) for 24 h (trophophase), then 
NaCl was added to the concentration of 0.125, 0.250 and 0.500  M 
and cultivation was continued for 3 and 6 h. Soluble cytosol carbo-

hydrates were extracted four times with boiling water, proteins and 
charged compounds were removed, trimethylsilyl derivatives were 
obtained and analyzed by GLC. After 3–6 h of osmotic shock polyols 
levels increased (glycerol and arabitol). Higher concentration of NaCl 
(0.500 M) resulted in the significant decrease of trehalose amount
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Fig. 4  Membrane lipids composition of R. miehei grown in sub-
merged culture at optimal conditions for 12, 18, 36 and 42 h. Polar 
lipids were extracted using the Nichols method (first with phospho-
lipase deactivating isopropanol, then with the mixture of isopropanol 
and chloroform), separated by two-dimensional TLC and quantified 

using standard compounds (phosphatidylcholine, glycoceramide and 
ergosterol) followed by densitometry method (DENS software). With 
time, an increase in the proportion of St and X1 was detected, while 
PE, PC and CL decreased. The relative amount of PA remained con-
sistently high
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Discussion

The obtained results provide the opportunity to compare 
adaptation mechanisms of thermophilic and mesophilic 

fungi. In mesophilic fungi under optimal conditions treha-
lose was the minor component, but its level increased rap-
idly in response to HS (Thevelein 1996; Vigh et al. 2005; 
Tereshina et al. 2011). Previously it was shown that ther-
mophilic fungus R. miehei has high level of trehalose at all 
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Fig. 5  Membrane lipids composition of R. miehei under cold shock. 
C—Control, CS—Cold shock, 3 and 6  h, respectively. The fungus, 
grown in submerged culture at optimal conditions (41–43 °C) for 24 h 
(trophophase), was transferred to 20 °C and cultivation continued for 
3 and 6 h. Polar lipids were extracted using the Nichols method (first 
with phospholipase deactivating isopropanol, then with the mixture 

of isopropanol and chloroform), separated by two-dimensional TLC 
and quantified using standard compounds (phosphatidylcholine, gly-
coceramide and ergosterol) followed by densitometry method (DENS 
software). Cold shock led to the increase in the PA and decrease in St 
proportions
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and 0.500 M and cultivation was continued for 3 h. Polar lipids were 
extracted using the Nichols method (first with phospholipase deacti-

vating isopropanol, then with the mixture of isopropanol and chloro-
form), separated by two-dimensional TLC and quantified using stand-
ard compounds (phosphatidylcholine, glycoceramide and ergosterol) 
followed by densitometry method (DENS software). Osmotic shock 
did not cause significant changes in the composition of membrane 
lipids
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stages of growth under optimal conditions, but HS resulted 
in sharp drop of this disaccharide level (Yanutsevich et al. 
2014). In mesophilic fungi, in contrast to thermophiles, 
the significant increase in the proportion of non-bilayer 
phosphatidic acids in the composition of membrane lipids 
was observed under HS conditions (Tereshina et al. 2011). 
In R. miehei, as well as in previously studied thermophilic 
fungi Rhizomucor tauricus and Myceliophthora thermoph-
ila (Ianutsevich et al. 2016b) a high proportion of PA was 
registered at all growth stages, and under the influence 
of HS its proportion further increased, as in mesophiles.

During osmotic shock, sensors, localized in the plasma 
membrane, induce the high osmolarity glycerol (HOG) 
pathway, mediated by mitogen-activated protein kinase 
(MAPK cascade) (Duran et al. 2010). Thus, halophilic yeasts 
accumulate glycerol in the cytosol (Kogej et al. 2007), and 
halotolerant filamentous fungus Fusarium sp.—arabitol 
(Smolyanyuk et al. 2013). Moreover, it was suggested that 
trehalose might be a universal protector under different types 
of stress (Elbein et al. 2003; Crowe 2007; Iturriaga et al. 
2009). Indeed, in the pathogenic yeasts Candida albicans 
and Cryptococcus neoformans the level of trehalose was 
increased 50-fold in response to OxS, OS and HS (Nwaka 
and Holzer Nwaka and Holzer 1998). But in A. niger tre-
halose participated only in the adaptation to HS, but not 
OS, OxS and CS (Ianutsevich et al. 2016a). In the present 
study it was demonstrated, that despite the high level of 
trehalose in the mycelium of R. miehei, OS led to further 
polyols accumulation, such as arabitol and glycerol (Fig. 3). 

Moreover, increasing concentrations of NaCl up to 0.5 M led 
to the significant reduction of the trehalose level. It should 
be emphasized that thermophilic fungus R. miehei belongs 
to Mucorales, which usually do not have polyols in the com-
position of soluble cytosol carbohydrates, in contrast to the 
asco- and basidiomycetes (Jennings 1985). In the membrane 
lipids composition of mesophilic fungus A. niger proportion 
of PA increased significantly under OS conditions, while 
proportions of the PE and PC decreased, and unsaturation 
degree of the main phospholipids increased (Ianutsevich 
et al. 2016a), while in thermophilic R. miehei we did not 
observe significant changes in the composition of membrane 
lipids (Fig. 6) and their unsaturation degree (Table 2). There-
fore, in this study we demonstrated that polyols are neces-
sary for adaptation to OS in thermophilic fungus, similar 
to the OS response of mesophilic fungi (Ianutsevich et al. 
2016a). However, unlike mesophilic fungi, there were no 
significant changes in the membrane lipid composition of 
thermophilic R. miehei under OS conditions.

Response of the studied thermophile to cold shock is 
different from mesophilic fungi. For mesophiles (Jennings 
1985; Hayashi and Maeda 2006; Ianutsevich et al. 2016a) 
the activation of the HOG pathway and the accumulation 
of glycerol, similar to OS response, was shown in response 
to CS. A significant decrease in the level of trehalose was 
observed for the thermophilic fungus, while there was no 
noticeable increase in the amount of glycerol or other pol-
yols (Fig. 1), which indicates either the sufficiency of the 
trehalose level for protection against CS or the inhibition 
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Fig. 7  Membrane lipids composition of R. miehei under oxida-
tive shock. C-3—Control variant after 3  h. The fungus was grown 
in submerged culture at optimal conditions (41–43  °C) during 24  h 
(trophophase), then  H2O2 was added to the concentrations of 10, 30 
and 50 mM and cultivation was continued for 3 h. Polar lipids were 
extracted using the Nichols method (first with phospholipase deacti-

vating isopropanol, then with the mixture of isopropanol and chloro-
form), separated by two-dimensional TLC and quantified using stand-
ard compounds (phosphatidylcholine, glycoceramide and ergosterol) 
followed by densitometry method (DENS software). Oxidative shock 
led to the increase in PA and St and decrease in PE and PC propor-
tions
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of glycerol synthesis in thermophilic fungus under cold 
shock conditions. Similar changes in the composition of 
membrane lipids under CS were observed in thermophilic 
R. miehei and previously studied mesophilic A. niger 
(Ianutsevich et al. 2016a)–increase in the proportion of PA 
(Fig. 5) and the unsaturation degree of membrane phos-
pholipids (Table 2). The difference between the cold shock 
responses of mesophilic and thermophilic fungi is in the 
osmolyte composition changes–glycerol was not involved 
in adaptation to CS in thermophilic R. miehei.

In mycelial fungi response to oxidative shock created by 
hydrogen peroxide includes a two- to threefold increase in 
catalase activity (Angelova et al. 2005). As shown previ-
ously, the oxidative shock created by hydrogen peroxide 
did not affect the composition of osmolytes in A. niger, but 
reduced their amounts (Ianutsevich et al. 2016a), and in ther-
mophilic R. miehei oxidative shock reduced the level of tre-
halose significantly (Fig. 7). Oxidative shock led to similar 
changes in the composition of membrane lipids in both ther-
mopile as mesophile, the proportion of PA increased and PC 

Fig. 8  Chromatograms of fungal sterols and triterpenoids under 
osmotic, oxidative and cold shocks. a Control variant. To create 
osmotic shock (b), NaCl was added to the submerged culture at the 
trophophase stage (24 h) to a concentration of 0.500 M and cultiva-
tion continued for 3 h; to create oxidative shock (c)  H2O2 was added 
to a concentration of 50  mM and incubated for 3  h; to create cold 
shock (d), the submerged culture was transferred to 20 °C and culti-
vation continued for 6 h. Lipids were extracted using Nichols method 
(first with phospholipase deactivating isopropanol, then with the 
mixture of isopropanol and chloroform). Sterols and triterpenoids 
fraction were isolated from the lipid extract by saponification, using 
6% (w/v) KOH in methanol solution at 85 °C for 2 h. The composi-

tion of the sterol and triterpenoids fraction was analyzed by GC–MS. 
Silyl derivatives were obtained to analyze individual components of 
the mixture. Identification of the component composition (qualitative 
analysis) was performed using NIST database, as well as the corre-
sponding values of retention times of the reference compounds. The 
fungal sterols and triterpenoids were represented by 7 components, 
ergosterol being predominant. 1: ergosta-5,7,9(11),22-tetraene, 2: 
ergosta-3,5,7,9-tetraene, 3: ergosta-5,7,9(11),22-tetraen-3β-ol, 4: 
ergosta-5,7,22-trien-3β-ol, 5: ergosta-7,22-dien-3β-ol, 6: ergosta-
5,7,22-trien-3β-ylacetate, 7: ergosta-7,22-dien-3β-ylacetate (refer to 
Table 1)



399Extremophiles (2020) 24:391–401 

1 3

decreased, while the unsaturation degree of phospholipids 
did not change significantly (Fig. 7 Table 2). Thus thermo-
philic and mesophilic fungi have similar responses to OxS.

It is worth noting, that all of the studied stressors caused 
a significant drop in trehalose level in thermophilic fun-
gus, and only osmotic shock led to the production of poly-
ols–glycerol and arabitol. These data show that a high initial 
level of trehalose might be sufficient for adaptation to oxida-
tive and cold, but not osmotic shocks.

PA can fulfil both the regulatory and structural functions 
(Balogh et al. 2013; Csoboz et al. 2013; Glatz et al. 2016). 
Non-bilayer lipids are a crucial part of membranes and are 
of key importance for vesicular transport and membrane 
remodeling, for membranes fusion and fission (Putta et al. 
2016). Characteristic feature of the membrane lipids com-
position of the thermophilic fungus under optimal growth 
conditions was a high proportion of non-bilayer phospho-
lipids—PA and PE, accounting for about 50% of the total 

(Fig. 4). Considering that the proportion of sterols is about 
20%, the proportion of the bilayer lipids accounts for no 
more than 30%, indicating the unusual structure of the mem-
branes of this thermophilic micromycete. An interesting take 
at the role of non-bilayer lipids, necessary for the integral 
membrane proteins functioning, was given after describing a 
new cubic phase—an ordered three-dimensional water–lipid 
system in which lipids are organized into a strongly curved, 
interlaced bilayer network (Landau and Rosenbusch 1996). 
Moreover, in R. miehei proportion of unidentified phospho-
lipid X1, containing glycoside group, reached 10–18% of the 
total, but the proportion of sphingolipids did not exceed 5%. 
In response to different shocks, the proportion of PA was not 
reduced significantly, while under CS and OxS conditions 
it even increased. These data indicate the importance of PA 
not just for thermophilia, but also for the adaptation to other 
various stressors.

Sterols are polyfunctional compounds involved in the 
processes of growth and reproduction, biofilm formation, 
virulence (Rella et al. 2016; Rodrigues 2018). Sterols affect 
the viscosity of the membranes and are involved in the for-
mation of rafts together with sphingolipids (Alvarez et al. 
2007). The sterols and triterpenoids fraction in R. miehei is 
presented mainly by ergosterol (up to 70% of the total) and 
four minor sterols. However, the composition of the fraction 
differs from that of other Zygomycetes. Six pathogenic Muc-
orales have up to 14 components in the composition of ster-
ols (Müller et al. 2018), while only 2 of them can be found 
in R. miehei—ergosterol and ergosta-7,22-dien-3β-ol. The 
studied stressors did not affect the qualitative composition 
of sterols, however, under CS and OS conditions a signifi-
cant decrease in the proportion of ergosterol was observed, 
while more saturated ergosta-7,22-dien-3β-ol increased. Pre-
viously, an increase in the proportions of dihydroergosterols 
with a decrease in ergosterol was observed during adapta-
tion to elevated cultivation temperatures in basidiomycete 
Favolaschia manipularis (Senik et al. 2019), which, together 

Table 1  Composition of R. miehei sterols and triterpenoids (% of the sum) under conditions of osmotic, oxidative and cold shocks

Retention times are given for TMS-derivatives of compounds no. 3–5, while gross formulas concern free sterols

No Retention 
time, min

IUPAC name, gross formula Common name Control Osmotic shock Oxidative shock Cold shock

1 69.12 Ergosta-5,7,9(11),22-tetraene,  C28H42 3.2 ± 0.2 2.1 ± 0.7 2.9 ± 0.8 3.6 ± 0.7
2 71.42 Ergosta-3,5,7,9-tetraene,  C28H42 5.8 ± 0.3 3.8 ± 0.3* 4.9 ± 0.8 10.9 ± 0.4*
3 77.93 Ergosta-5,7,9(11),22-tetraen-3β-ol, 

 C28H42O
5.6 ± 0.4 4.7 ± 0.9 4.8 ± 1.0 7.5 ± 1.6

4 78.28 Ergosta-5,7,22-trien-3β-ol,  C28H44O Ergosterol 72.4 ± 3.4 56.5 ± 3.2* 75.0 ± 4.6 41.5 ± 2.4*
5 78.91 Ergosta-7,22-dien-3β-ol,  C28H46O 5-Dihydroergosterol 6.9 ± 0.9 22.8 ± 2.4* 5.1 ± 0.7 25.7 ± 4.8*
6 80.30 Ergosta-5,7,22-trien-3β-ylacetate, 

 C30H46O2

Ergosterylacetate 5.7 ± 1.2 5.6 ± 1.3 7.8 ± 0.9 3.5 ± 1.1

7 81.03 Ergosta-7,22-dien-3β-ylacetate, 
 C30H48O2

5-Dihydroergosterylacetate 3.8 ± 0.2 5.7 ± 1.8 2.7 ± 0.8 4.9 ± 2.2

Table 2  The unsaturation degree of membrane phospholipids of R. 
miehei under various shock effects

Variant 3 h 6 h

Cold shock
 Control – 0.76 ± 0.04
 Cold shock – 1.00 ± 0.01*

Osmotic shock
 Control 0.86 ± 0.09 0.89 ± 0.05
 NaCl, 0.125 M 0.89 ± 0.10 0.87 ± 0.11
 NaCl, 0.250 M 0.97 ± 0.12 0.94 ± 0.08
 NaCl, 0.500 M 0.91 ± 0.08 0.94 ± 0.11

Oxidative shock
 Control 0.78 ± 0.05 –
 H2O2, 10 mM 0.84 ± 0.09 –
 H2O2, 30 mM 0.88 ± 0.12 –
 H2O2, 50 mM 0.80 ± 0.09 –
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with our data, confirms the participation of sterols in adap-
tive stress response. The fungi are able to produce (Huang 
et al. 2012; Li et al. 2013) and transform (Parra et al. 2009) 
diverse triterpenoids. In addition, some fungi, such as phy-
topathogenic Phytophthora cactorum, unable to epoxidize 
squalene, can accumulate polycyclic isopentenoids produced 
by the plant, which, as the authors suggest, stimulate growth 
of the fungus (Nes et al. 1982). We have found no informa-
tion about the presence of the ergosta-5,7,9(11),22-tetraene 
and ergosta-3,5,7,9-tetraene in fungi and their possible func-
tions, but in basidiomycete Suillus luteus other triterpenoids 
without hydroxyl group (ergosta- 3,5,7,9(11),22-pentaene, 
ergosta- 2,5,7,9(11),14,22-hexaene) were found (Nieto and 
Ávila 2008).

Thus, obtained data showed the importance of polyols for 
the adaptation of thermophiles to OS, despite the high con-
tent of trehalose in the mycelium. All studied stress impacts, 
as well as previously described HS (Yanutsevich et al. 2014), 
resulted in a decrease in the trehalose amount in the fun-
gal mycelium, indicating greater sensitivity of the trehalose 
synthesis to stressors. High proportion of PA was observed 
under optimal growth conditions and did not decrease under 
the influence of various stress factors, even increasing as a 
result of CS and OS, which shows the importance of these 
non-bilayer phospholipids not only for thermophilia but 
also for stress adaptation. In addition, a major change in 
the composition of sterols under CS and OS conditions was 
observed: a significant decrease in the proportion of ergos-
terol and increase in the proportion of ergosta-7,22-dien-
3β-ol. Taken together, these data show the active participa-
tion of osmolytes and membrane lipids in the adaptation to 
stress in thermophiles.
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