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Abstract
Alkaliphilic fungi are fundamentally different from alkalitolerant ones in terms of mechanisms of adaptation. They accu-
mulate trehalose in cytosol and phosphatidic acids (PA) in the membrane lipids, whereas alkalitolerants contain these com-
pounds in low amounts. But it is unclear how the composition of osmolytes and lipids changes during cytodifferentiation. In 
this article the composition of lipids and soluble cytosol carbohydrates in the mycelium and fruit bodies of the alkaliphilic 
fungus Sodiomyces alkalinus was studied. In the mycelium, mannitol and trehalose dominated, while in fruit bodies only 
trehalose was predominant. Phosphatidylcholines (PC), PA and sterols were major membrane lipids of the mycelium, while 
PC and sterols were predominant in fruit bodies. The degree of fatty acids unsaturation of the main mycelium phospholipids 
(PC and PA) increased with age, while that of PC did not change regardless of the developmental stage. In young mycelium, 
storage lipids were represented mainly by free fatty acids, and in mature mycelium and fruit bodies—by triacylglycerols. 
Fruit bodies contained three times less membrane lipids and twice as many storage lipids as mycelium. Trehalose was the 
main cytosol carbohydrate in the mycelium and fruit bodies, which confirms its key value for alkaliphily.
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Abbreviations
CL	� Cardiolipins
DAG	� Diacylglycerols
DoU	� Degree of unsaturation
FFA	� Free fatty acids
HS	� Heat shock
LPE	� Lysophosphatidylethanolamines
PA	� Phosphatidic acids
PC	� Phosphatidylcholines
PE	� Phosphatidylethanolamines
PI	� Phosphatidylinositols
PS	� Phosphatidylserines

SL	� Sphingolipids
St	� Sterols
TAG​	� Triacylglycerols

Introduction

Alkalitolerance is widespread among various groups of 
fungi, while alkaliphily is a rare phenomenon. Obligate 
alkaliphilic fungi grow optimally at pH above 8, and are 
incapable of growth at pH below 5 (Grum-Grzhimaylo et al. 
2016). The natural habitats of alkaliphilic fungi with hyper-
alkaline conditions (pH ≥ 10) are relict (Zavarzin et al. 1999) 
and include soda solonchaks, soda lakes and their littoral 
soils, rich in saltwort leaf debris. Such habitats are located 
all over the world, although, as a rule, they are small in area 
(Bilanenko et al. 2005; Grum-Grzhimaylo et al. 2013, 2016). 
In addition to pH stress, organisms, inhabiting soda lakes, 
have to survive under fluctuating osmotic and temperature 
conditions, that vary drastically with a change of drought 
and rain, heat and freezing.

The investigated species S. alkalinus was isolated 
from littoral soils of small soda lakes and soda solon-
chaks located in Kenya, the Altai and Mongolia. This 
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fungus has a dormancy period in its life cycle, when it 
forms enclosed fruit bodies (cleistothecia) and dormant 
ascospores with a thick cell wall to survive without water, 
or when it becomes inaccessible. Life cycle of S. alkali-
nus and some possible mechanisms of its adaptation to 
high pH combined with salinization have been investigated 
recently at cytomorphological level (Kozlova 2006), while 
the biochemical mechanisms have not been yet studied 
sufficiently (Bondarenko et al. 2017, 2018).

Osmolytes, low-molecular compounds, represented in 
fungi by sugar alcohols, trehalose and, sometimes, amino 
acids—are known to be involved in adaptation to various 
stress factors (Yancey 2005). The importance of protective 
disaccharide trehalose for alkaliphily was demonstrated for 
the first time in alkaliphilic fungus S. tronii (Bondarenko 
et al. 2017). Trehalose level reached 5–10% of dry weight 
at all growth stages, which is comparable with its level in 
thermophiles (Ianutsevich et al. 2016b) and in mesophiles 
in response to heat shock (Tereshina et al. 2011). A com-
parative study of osmolyte composition under different 
pH in alkaliphiles (S. magadii and S. alkalinus) and alka-
litolerants (Acrostalagmus luteoalbus and Chordomyces 
antarcticus) confirms the hypothesis of the key role of 
trehalose in alkaliphily, while in alkalitolerants trehalose 
was a minor component and did not participate in adapta-
tion to ambient pH (Bondarenko et al. 2018).

The maintenance of functional state of membranes is 
of crucial importance for adaptation to various stress fac-
tors. The study of the membranes composition helps to 
understand the adaptation mechanisms of extremophiles 
developed over the course of evolution. Membrane pro-
tection mechanisms include not only changes of lipid 
composition and structure (formation of rafts, caveolae, 
Lɛ—membranes, rich in non-bilayer phospholipids), but 
although their stabilization by protective carbohydrates, 
in particular trehalose (Vigh et al. 2005; Alvarez et al. 
2007; Balogh et al. 2013; Csoboz et al. 2013; Glatz et al. 
2016). In S. tronii, in addition to large amount of trehalose, 
phosphatidic acids (PA) were found to be one of the major 
membrane phospholipids in growth dynamics (Bondar-
enko et al. 2017). It was previously shown that PA level in 
membrane lipids of mycelial fungi increases significantly 
in response to various stress factors (Tereshina et al. 2011; 
Ianutsevich et al. 2016a), while thermophilic fungi have a 
high PA proportion at all growth stages (Ianutsevich et al. 
2016b).

The previous research was focused mainly on the lipid 
and carbohydrate composition of alkaliphiles in growth 
dynamics and under adverse pH conditions, but not at dif-
ferent developmental stages. The objective of this work was 
to study the composition of membrane lipids and soluble 
cytosol carbohydrates in the mycelium and fruit bodies of 
alkaliphilic fungus S. alkalinus.

Materials and methods

Strains, media, and cultivation

Strain: original isolate (F11, type) Sodiomyces alkalinus 
comb. nov. (Bilanenko and M. Ivanova, Grum-Grzhim et al. 
2013, CBS 110278) (Plectosphaerellaceae, Ascomycota), 
originated from the North-Eastern Mongolia (Choibalsans 
region, Shar-Burdyin Lake). It was isolated from cortical 
argillaceous loam (sample pH—10.65; soluble salt con-
tent—4.9 g/100 g; carbonate alkalinity—10.46 mmol/100 g; 
bicarbonate alkalinity—20.94 mmol/100 g; total alkalin-
ity—48.16 mmol/100 g. The strain F11-2 under study was 
isolated from single uninucleate conidium from the original 
F11 culture (Bilanenko et al. 2005).

For the cultivation of fungus we used alkaline agar, 
pH 10.0–10.5 (g/l): Na2CO3—24, NaHCO3—6, NaCl—
5, KNO3—1, K2HPO4—1, MgSO4x7H2O—0.5, yeast 
extract—1, starch—15, Difco agar—20, malt extract (Mal-
tax 10 standard, Finland)—17. The final medium was pre-
pared by mixing 1:1 of the liquid medium and 4% agar at 
50 °C to prevent caramelization of the agar. Soda buffer 
allowed to maintain stable alkaline pH within the range 
10.0–10.5 (Bilanenko et al. 2005). The cultures were grown 
on 90 mm Petri dishes, on the cellophane films placed on 
the agar surface. The Petri dishes were incubated for 3.5 or 
16 days at 25 °C in darkness. After the incubation, myce-
lium was removed from cellophane films with a scalpel. 
The biomass obtained was rinsed with distilled water to 
remove sparse conidia, then frozen immediately at − 20 °C. 
In 16-day cultures the marginal mycelium (0.5–1.0 cm from 
the edge of the colony) and mature fruit bodies were sepa-
rated gently by scalpel from the rest of the colony. The purity 
of every fraction was controlled microscopically.

Lipid and carbohydrate analysis

Lipid and carbohydrate analyses were performed as 
described earlier (Ianutsevich et al. 2016b). Briefly, lipids 
were extracted by the Nichols method with phospholipase-
deactivating isopropanol, separated by two-dimensional 
(polar lipids) and one-dimensional (neutral lipids) thin-
layer chromatography (TLC) and quantified using stand-
ard compounds, densitometry method (DENS software). 
To determine the composition of fatty acids, their methyl 
esters were obtained and analyzed by GLC. Soluble cyto-
sol carbohydrates were extracted with boiling water, pro-
teins and charged compounds were removed, trimethylsilyl 
derivatives of sugars were obtained and analyzed by GLC.

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

Results

The life cycle of alkaliphilic fungus S. alkalinus includes 
the vegetative (mycelium), asexual (conidiation) and sexual 
(fructification) stages (Fig. 1) (Kozlova 2006). In the pre-
sent study fungal colonies at the age of 3.5 days were rep-
resented solely by young (3.5 days) vegetative mycelium, 
without neither conidia nor ascomata. At the age of 16 days, 
the colonies consisted of sterile vegetative mycelium at the 
edge, and developed abundant fructification with a small 
amount of aerial mycelium in its center, most of which trans-
formed into ascomata at this developmental stage. Conidia 
were sparse. At the age of 16 days, the colonies consisted 
of mature mycelium: sterile and vegetative at the edge, and 
developing abundant fructification with a small amount of 

aerial mycelium in the center, most of which transformed 
into ascomata at this developmental stage.

Soluble carbohydrates at the different stages of S. 
alkalinus life cycle

Soluble cytosol carbohydrates are known to participate in 
adaptation to heat, osmotic and cold impacts and dehydra-
tion by stabilizing macromolecules and cell membranes 
(Jennings 1985; Yancey 2005), but there are few studies on 
their participation in adaptation to ambient pH (Bondarenko 
et al. 2017, 2018).

Study of soluble cytosol carbohydrates composition in 
S. alkalinus showed that at all investigated developmental 
stages mannitol, trehalose and arabitol were major carbohy-
drates, while glucose, inositol, erythritol, and glycerol were 
the minor ones (Fig. 2). In both young and mature mycelium, 
the amount of carbohydrates reached 9–11% of dry weight, 
their composition being similar: mannitol and trehalose 
were predominant (35–40% of total carbohydrates). Fruit 
bodies with ascospores contained the same carbohydrates, 
but the amount of mannitol decreased sharply (threefold) 
as compared to the mycelium, while the level of trehalose 
raised twofold, making this disaccharide the sole dominant 

Fig. 1   Life cycle of S. alkalinus (Kozlova 2006). a–c Anamorph: a 
mycelium, b conidiophores, c conidium; d–i teleomorph: d ascogo-
nium, e, f ascogonium, covered with investing hyphae, g young asco-
carp developing its ascogenous system consisting of uninucleate and 

binucleate ascogenous cells (AC) and young asci (A), P peridium, h 
ascocarp with asci and single ascospores maturing in the common 
(combined) epiplasm, i mature bicellular ascospore
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carbohydrate (70–75% of the total carbohydrates). Mean-
while, the amount of carbohydrates in fruit bodies was prac-
tically the same as that in the mycelium.

Membrane and storage lipids at the different stages 
of differentiation in S. alkalinus

Under optimal growth conditions, the mycelium membrane 
lipids were generally represented by phospholipids and ster-
ols (St), while sphingolipids were minor compounds (Fig. 3). 
The major phospholipids were phosphatidylcholines (PC), 
phosphatidic acids (PA) and phosphatidylethanolamines 
(PE), the minor ones included phosphatidylserines (PS), 
phosphatidylinositols (PI), lysophosphatidylethanolamines 
(LPE) and lysophosphatidylcholines (LPC). The amount of 
membrane lipids in the mature 16 days mycelium increased 
slightly (by 20%), compared with the young one (Table 1). 
The major mycelium phospholipids, along with PC, were PA 
(their relative content reaching 33%). The membrane lipid 
profiles in the young and mature mycelia were similar, the 
only difference was the increase in the proportions of PC and 
sterols in the mature mycelium, while PA decreased. The 
proportion of PE did not change and did not exceed 10%. 

The membrane lipid profile of ascomata differed signifi-
cantly from that of the mycelium, the amount of lipids hav-
ing been three times lower in the latter one. PC and sterols 
were predominant (37% of the total), while the proportion 
of PA decreased sharply from 33% in the mycelium to 6% 
in ascomata. Thus, PC and sterols dominated in membrane 
lipids of fruit bodies, which indicated a shift of predominant 
membrane lipids. 

Lipid bilayer viscosity depends on the degree of 
unsaturation (DoU) of the main membrane phospholipids. 
DoU of phospholipids usually decreased over the course 
of fungal growth, while in dormant structures it depended 
on the depth of dormancy (Tereshina et al. 2002). The 
fatty acid composition was individually analyzed for each 
of the main phospholipids. The main fatty acids of all 
phospholipids were linoleic (C18:2), oleic (C18:1), and 
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Fig. 2   The composition of  main soluble cytosol carbohydrates of 
mycelium and fruit bodies with ascospores S. alkalinus. The fungus 
was grown for 3.5 and 16 days on alkaline agar under optimal condi-
tions. In the 16-day culture, the mycelium and fruiting bodies were 
separated. Soluble cytosol carbohydrates were extracted four times 
with boiling water, proteins and charged compounds were removed, 
trimethylsilyl derivatives of sugars were obtained and analyzed by 
GLC. In the mycelium of the fungus, regardless of age, mannitol and 
trehalose dominated, whereas in the fruit bodies only trehalose was 
predominant. The amount of arabitol varied slightly
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Fig. 3   Composition of membrane lipids of mycelium and fruit bod-
ies with ascospores S. alkalinus. The fungus was grown for 3.5 and 
16 days on alkaline agar under optimal conditions. In the 16-day cul-
ture, the mycelium and fruiting bodies were separated. Polar lipids 
were extracted by the Nichols method with phospholipase deac-
tivating isopropanol and mixture of isopropanol and chloroform, 
separated by two-dimensional TLC and quantified using phosphati-
dylcholine, glycoceramide and ergosterol standards, followed by den-
sitometry method (DENS software). In the mycelium of the fungus of 
different ages, PC, PA and St prevailed, while in ascospores—PC and 
St. The proportion of PE did not significantly change

Table 1   Lipid composition of mycelium and ascomata of S. alkalinus 
(% of dry weight)

Lipids Mycelium, 
3.5 days

Mycelium, 
16 days

Fruit bodies

Membrane lipids 2.5 ± 0.3 3.0 ± 0.2 1.1 ± 0.1 (*)
Storage lipids 4.7 ± 0.4 7.7 ± 0.5 (*) 15.2 ± 0.8 (*)
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palmitic (C16:0) acids (Table 2). In mature mycelium 
DoU of all phospholipids increased, compared with the 
young one, due to the increase in linoleic acid proportion. 
In contrast to the mycelium, DoU of the main phospho-
lipid (PC) in fruit bodies containing ascospores, varied 
insignificantly.

Storage lipids of the fungus were represented by triacyl-
glycerols (TAG), diacylglycerols (DAG), free fatty acids 
(FFA), and sterol esters (Fig. 4). In young mycelium, the 
dominant lipids were FFA (55% of the total), while in mature 
mycelium—TAG (52%). In mature mycelium, in comparison 
to the young one, the amount of storage lipids increased 1.5-
fold (Table 1); the proportion of TAG increased threefold 
and the relative content of FFA decreased, while the pro-
portion of DAG did not change. Ascomata lipid profile was 
similar to that of the mature mycelium and the main patterns 
stayed the same, i.e., the proportion of TAG increased to 
65% in ascomata, while the amount of storage lipids doubled 
and reached 15% of dry weight, in comparison with mature 
mycelium.

Discussion

It was demonstrated earlier, that a unique feature of S. alkali-
nus is early lysis of cell walls of asci and release of immature 
ascospores inside the centrum of cleistothecium (enclosed 
fruit body), where they complete their maturation within the 
united cytoplasm of centrum pseudoparenchyma cells and 
epiplasms of asci (Kozlova et al. 2018). Conidia are cells 
with thin hyaline membranes, intended for distribution, but 
not for survival. The intensity of conidiogenesis was found 
to vary significantly in different strains of S. alkalinus. The 

investigated strain S. alkalinus F11-2 is characterized by 
very low production of conidia and abundant fructification, 
which makes it possible to isolate a sufficiently pure fraction 

Table 2   Fatty acids composition of main phospholipids of S. alkalinus at different developmental stages (% of total)

To determine the fatty acid composition of the phospholipids, the main phospholipids were isolated by TLC. After methanolysis, the composi-
tion of fatty acid methyl ethers was determined using GLC

Fatty acids Mycelium, 3.5 days Mycelium, 16 days Fruit bodies

PE PC PA PE PC PA PC

C 14:0 1.54 ± 0.04 1.31 ± 0.06 0.62 ± 0.02 0.93 ± 0.02 0.86 ± 0.02 0.98 ± 0.02 0.93 ± 0.02
C 14:1 0 ± 0 0.39 ± 0.01 0 ± 0 0 ± 0 0.1 ± 0 0.2 ± 0 0.22 ± 0.01
C 15:0 0 ± 0 0 ± 0 18.61 ± 0.82 0 ± 0 0 ± 0 0 ± 0 0 ± 0
C 16:0 32.8 ± 1.51 15.03 ± 0.5 24.39 ± 0.67 28.52 ± 0.42 12.44 ± 0.24 20.07 ± 0.94 11.01 ± 0.26
C 16:1 1.42 ± 0.06 0.99 ± 0.02 0.91 ± 0.01 0.81 ± 0.02 1.43 ± 0.03 1.62 ± 0.01 0.28 ± 0.01
C 17:0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 1.82 ± 0.03
C 17:1 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 1.2 ± 0.03
C 18:0 6.39 ± 0.16 4.98 ± 0.2 8.05 ± 0.19 10.57 ± 0.18 3.62 ± 0.08 2.69 ± 0.06 2.86 ± 0.07
C 18:1n9c 34.85 ± 0.73 28.23 ± 0.59 17.38 ± 0.6 28.38 ± 0.43 21.69 ± 0.51 25.03 ± 0.44 27.48 ± 0.8
C 18:2n6c 21.19 ± 0.12 40.51 ± 1.45 27.94 ± 1.07 29.3 ± 1.52 61.09 ± 1.11 46.95 ± 1.45 52.03 ± 1.13
C 18:3n3 0.97 ± 0.02 3.99 ± 0.04 3.1 ± 0.05 1.45 ± 0.04 0.6 ± 0.01 0.78 ± 0.01 0.49 ± 0.01
DoU 0.82 ± 0.01 1.23 ± 0.03 0.83 ± 0.02 0.92 ± 0.03 1.47 ± 0.03 (*) 1.23 ± 0.03 (*) 1.35 ± 0.02
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Fig. 4   Composition of storage lipids of mycelium and fruit bod-
ies with ascospores S. alkalinus. The fungus was grown for 3.5 and 
16 days on alkaline agar under optimal conditions. In the 16-day cul-
ture, the mycelium and fruit bodies were separated. Neutral lipids 
were extracted by the Nichols method, separated by one-dimensional 
TLC and quantified using ergosterol and triacylglycerols standards, 
followed by densitometry method (DENS software). In the 3.5-day 
mycelium, FFA dominated in the composition of the storage lipids, 
and in the mature mycelium and ascospores—TAG, while the propor-
tion of DAG did not change
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of mature cleistothecia with ascospores for biochemical 
analysis.

Soluble cytosol carbohydrates of both mycelium and 
cleistothecia with ascospores were mainly represented by 
mannitol, trehalose, and arabitol. Predominant carbohy-
drates of the mycelium were mannitol and trehalose (up to 
45% of the total), while in cleistothecia it was trehalose, 
its relative content increasing to 75% at the expense of a 
sharp decrease in mannitol, while the relative content of 
arabitol did not change. It is worth noting that the amount 
of trehalose increased during development from 4% of dry 
weight in the mycelium to 8–10% in ascomata. The fact 
that trehalose is one of the dominant carbohydrates at all 
developmental stages has confirmed the idea of the key 
role of trehalose in alkaliphily, which we suggested earlier 
(Bondarenko et al. 2017). It should also be noted that ara-
bitol level in the mycelium is close to that in fruit bodies, 
which suggests its importance for S. alklinus in hyper-alka-
line ambient conditions. Meanwhile, mannitol, being the 
dominant carbohydrate in the mycelium, became a minor 
component in ascomata. These data are consistent with the 
results obtained for two other obligate alkaliphilic species 
of the Sodiomyces genus—S. tronii and S. magadii, which 
showed increase in mannitol and arabitol levels in fungal 
mycelium as the result of the raise of pH up to 10.2 (Bond-
arenko et al. 2017, 2018). It is known that most of fungal 
spores contain high amounts of trehalose (Tereshina et al. 
2002; Rubio-Texeira et al. 2016), whereas in the mycelium 
of non-extremophilic fungi this carbohydrate is present in 
trace amounts. Recently, in ascospores of the Neosartorya 
fisheri (Aspergillus fisheri), which have the highest thermal 
stability among eukaryotic cells, in addition to trehalose and 
mannitol, trehalose-based tri-, tetra- and pentasaccharides 
have been found, associated with a process of vitrification 
in spores (Wyatt et al. 2015). The main function of trehalose 
is considered to be protection under various stress condi-
tions (Elbein et al. 2003; Crowe 2007; Iturriaga et al. 2009; 
Patel and Williamson 2016; Rubio-Texeira et al. 2016; Glatz 
et al. 2016). The main mechanism of trehalose action is sug-
gested to be water replacement and (or) vitrification under 
dehydration, which can occur under desiccation and other 
stresses. This disaccharide is unique, because it protects not 
only macromolecules of the cell, but also the membranes.

Cytologic study of dormant spores showed that there is 
a great variety in composition and number of intracellular 
membrane structures. For example, in the arthrospores of 
Geotrichum candidum, mitochondria and endoplasmic retic-
ulum (ER) were found, in addition to the nucleus, whereas 
in arthrospores of Mucor, Golgi apparatus and ER were 
absent (Barrera 1986). As shown earlier, there are following 
membrane structures in ascospores of the studied fungus: 
mitochondria, microbodies, small vacuoles, individual ER 
cisternae, although small in number (Kozlova 2006). During 

ascospores maturaion, the number of their membrane struc-
tures decreases, while the number of lipid droplets increases.

Ascospores of the investigated fungus germinate eas-
ily, without additional external stimuli, which indicates the 
exogenous type of dormancy (Kozlova 2006). According to 
our data, TAG and DAG dominate in ascospores, account-
ing for about 15% of dry weight. Lipids are valuable storage 
compounds since they are sources of both energy and meta-
bolic water. It is interesting to note that membrane lipids 
in ascospores contain almost all the components typical 
for vegetative cells—the entire spectrum of phospholipids, 
sphingolipids, and sterols, but in smaller amounts. It is worth 
noting that in S. alkalinus the dominance of phosphatidic 
acids is observed only in vegetative mycelium, whereas in 
ascomata they are present in trace amount. These data sup-
port our hypothesis about a special role of this phospholipid 
in the cells of alkaliphilic fungi during active growth stage 
(Bondarenko et al. 2017). Taking into account the previously 
obtained data on the dominance of PA in the cells of thermo-
philic fungi (Ianutsevich et al. 2016b) and the increase in the 
PA level in response to various stress effects in mesophilic 
fungi (Tereshina et al. 2011; Ianutsevich et al. 2016a) a pro-
tective effect of PA in fungi cells may be hypothesized. High 
proportion of PA in extremophile cells can reflect different 
processes: PA-mediated signaling, structural rearrangement 
of membranes, formation of membrane regions rich in non-
bilayer lipids, intensive vesicle formation, active endo- and 
exocytosis (Kooijman et al. 2003; Vigh et al. 2005; McMa-
hon and Gallop 2005; Alvarez et al. 2007; Balogh et al. 
2013; Csoboz et al. 2013; Glatz et al. 2016).

In the fruit bodies of S. alkalinus there were three times 
less membrane lipids than in the mycelium, and their ratio 
was different. Sterols, along with PC, were dominant in the 
membrane lipids of the fruit bodies, and together with PC 
and PA—in the mycelium, i.e., were one of the main com-
ponents of membranes at all studied stages of development. 
It is believed that in the course of evolution there is a trend 
from cholesterol (in earliest diverging fungi) to ergosterol 
(in later diverging fungal species), which leads to the domi-
nance of ergosterol in asco- and basidiomycetes (Weete et al. 
2010). In fungal cells sterols perform not only structural, 
but also regulatory functions. They affect membrane viscos-
ity, along with sphingolipids participate in the formation of 
membrane microdomains and rafts (Alvarez et al. 2007). 
The importance of sterols in such processes as growth and 
reproduction, formation of biofilms, virulence (Rella et al. 
2016; Rodrigues 2018) has been shown. Using the mutant 
GL7, it was shown that the yeast cell cycle terminates at the 
G1 stage in the absence of ergosterol (Dahl and Dahl 1988). 
It has been shown for the first time that plasma membrane 
sterols are immunoactive compounds (Rodrigues 2018) and 
are involved in the formation of biofilm matrix (Rella et al. 
2016). Considering the multifunctionality of sterols and 



493Extremophiles (2019) 23:487–494	

1 3

their dominance among membrane lipids of ascospores, it 
can be assumed that these compounds are necessary for the 
early stages of ascospores germination.

The variety of lipid composition in fungal spores can 
be illustrated by the example of Neurospora crassa: in 
ascospores, the predominant lipids are triacylglycerols, 
while in macroconidia phospholipids dominate, and in 
microconidia—sterols (Goodrich-Tanrikulu et al. 1998). 
Aspergillus niger conidia are notable for containing signifi-
cant amounts of choline sulfate, which is a source of choline 
for the synthesis of phospholipids, and sulfur—for the syn-
thesis of sulfur-containing proteins (Sussman and Halvorson 
1966; Turian 1976). In fungi qualitative fatty acids compo-
sition of mycelium often differs to that of spores. In some 
fungi, spores contain fatty acids not typical for mycelium: 
10-epoxydecanoic acid is found in uredospores, behenic 
acid—in conidia of Sphaerotheca humuli, branched and 
cyclic fatty acids—in Erysiphe graminis. On the contrary, 
in the fungi of genus Mucor qualitative fatty acids’ composi-
tion of spores does not differ from that of vegetative myce-
lium. In the S. alkalinus strain under study no differences 
in qualitative fatty acid composition of ascospores and the 
mycelium were detected. Moreover, fatty acid composition 
of PC, predominant membrane phospholipids of ascospores, 
was similar to that of mycelium; the DoU did not differ sig-
nificantly as well.

Thus, at the developmental stages studied, in soluble 
carbohydrates high trehalose content was detected, which 
supports the assumption about a specific role of this carbo-
hydrate in alkaliphily. The dominance of PA in membrane 
lipids of mycelium indicates the great importance of these 
non-bilayer phospholipids for subsistence under hyper-
alkaline conditions. In fruit bodies with ascospores, large 
amounts of trehalose, TAG (in storage lipids), and high 
proportion of PC and sterols (in membrane lipids) were 
detected.
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