Extremophiles (2017) 21:743-754
DOI 10.1007/s00792-017-0940-4

@ CrossMark

ORIGINAL PAPER

Membrane lipids and soluble sugars dynamics of the alkaliphilic
fungus Sodiomyces tronii in response to ambient pH

Sofiya A. Bondarenko' - Elena A. Ianutsevich! - Olga A. Danilova' -
Alexey A. Grum-Grzhimaylo® - Ekaterina R. Kotlova* - Olga V. Kamzolkina® «

Elena N. Bilanenko? - Vera M. Tereshina!

Received: 1 January 2017 / Accepted: 29 April 2017 / Published online: 6 May 2017

© Springer Japan 2017

Abstract Alkaliphily, the ability of an organism to thrive
optimally at high ambient pH, has been well-documented
in several lineages: archaea, bacteria and fungi. The molec-
ular mechanics of such adaptation has been extensively
addressed in alkaliphilic bacteria and alkalitolerant fungi.
In this study, we consider an additional property that may
have enabled fungi to prosper at alkaline pH: altered con-
tents of membrane lipids and cytoprotectant molecules.
In the alkaliphilic Sodiomyces tronii, we showed that at
its optimal growth pH 9.2, the fungus accumulates abun-
dant cytosolic trehalose (4—10% dry weight) and phospha-
tidic acids in the membrane lipids, properties not normally
observed in neutrophilic species. At a very high pH 10.2,
the major carbohydrate, glucose, was rapidly substituted by
mannitol and arabitol. Conversely, lowering the pH to 5.4—
7.0 had major implications both on the content of carbo-
hydrates and membrane lipids. It was shown that trehalose
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dominated at pH 5.4. Fractions of sphingolipids and sterols
of plasma membranes rapidly elevated possibly indicating
the formation of membrane structures called rafts. Overall,
our results reveals complex dynamics of the contents of
membrane lipids and cytoplasmic sugars in alkaliphilic S.
tronii, suggesting their adaptive functionality against pH
stress.
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Abbreviations

PA  Phosphatidic acids

PC  Phosphatidylcholines

PE  Phosphatidylethanolamines

CL  Cardiolipins

PS Phosphatidylserines

PI Phosphatidylinositols

LPE Lysophosphatidylethanolamines

LPC Lysophosphatidylcholines
SL  Sphingolipids

St Sterols

Introduction

In natural habitats, pH can vary in a wide range from very
acidic (pH 0-1) to very alkaline (pH 11-12). While acidic
habitats are not often encountered in nature, alkaline hab-
itats are more widespread and typified by soda lakes and
its surroundings called soda soils with stable pH values of
10-12 (Muruga and Anyango 2013). Such environments
harbour a diversity of microorganisms that have adapted
to persist and thrive in these harsh conditions. A vibrant
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spectrum of bacteria from all major trophic groups have
been shown to populate soda lakes and soils, accounting for
the presumed complete nutrient recycle (Jones et al. 1998;
Zavarzin et al. 1999; Sorokin et al. 2014). In addition to
dense cyanobacterial presence, eukaryotic species, like dia-
toms and green algae supply the bulk of carbon, ranking
soda lakes among the most productive ecosystems in the
world (Duckworth et al. 1996).

Fungal presence in soda soils have been seldomly
addressed earlier by (Steiman et al. 2004) and (Eliades
et al. 2006), and more recently with systematic approaches
using morphology characters, growth tests and DNA infor-
mation (Grum-Grzhimaylo et al. 2013; Grum-Grzhimaylo
and Georgieva 2013; Grum-Grzhimaylo et al. 2016). These
studies reveal that fungi recovered from very alkaline soda
soils differ in their preference toward ambient pH. The
large fraction of these fungi comprise alkalitolerant spe-
cies, while the smaller proportion are truly alkaliphilic—a
rare property of fungi that have growth optimum at pH >8
while lacking the ability to grow at pH below 5. The asco-
mycetous family Plectosphaerellaceae appears to harbour
many alkalitolerant and alkaliphilic species (Grum-Grzhi-
maylo et al. 2016), with members of Sodiomyces genus
recovered from soda soils of Mongolia, Russia, Kenya and
Tanzania, showing the most extreme alkaliphilic adapta-
tion. Currently, the genus contains three species: S. alkali-
nus, S. magadii, S. tronii.

Alkaliphilic fungi provide a unique potential for study-
ing adaptations towards extremely high ambient pH. Pre-
vious studies addressed the fungal response to elevated
ambient pH using neutrophilic species: Aspergillus niger
(Hesse et al. 2002), A. nidulans (Denison 2000), Fusar-
ium oxysporum (Caracuel et al. 2003), Neurospora crassa
(Sanders and Slayman 1982), and Ustilago maydis (Benito
et al. 2009). It has been demonstrated that fungi are capa-
ble of maintaining proper intracellular pH upon changes of
ambient pH. pH homeostasis seems to be regulated by the
P-type Na'- and H"-ATPases, electroneutral Nat/H" anti-
porters, as well as the vacuolar V-type Na*-ATPases and
mitochondrial F,F -ATPases. The intricate mechanism of
pH-sensing and signal transduction has been extensively
studied in neutrophilic A. nidulans, a fungus with wide pH
tolerance (Pefialva et al. 2008). The key role is attributed to
the transcription factor PacC that mediates the expression
of numerous target genes upon pH change (Espeso and Arst
2000; Arst and Pefialva 2003; Pefalva et al. 2008). Subse-
quent studies demonstrated the conservative nature of PacC
among different physiological groups of fungi, indicating
early evolution of this pathway (Davis 2003; Rollins 2003;
Zou et al. 2010; Landraud et al. 2013; Zhang et al. 2013;
Grum-Grzhimaylo 2015). Additionally, alkaline stress was
shown to invoke antioxidant defence enzymes in Chaeto-
mium globosum (Ravindran and Naveenan 2011).
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In the current study, we address the alkaliphily phenom-
enon in fungi from a different perspective. We hypothesise
that extremely high (or low) ambient pH invokes a general
stress response that alters the contents of the plasma mem-
branes and compatible solutes in cytosol. It has been shown
before that stress conditions like desiccation, osmotic and
thermal shock, trigger global changes in the chemical com-
position of the cell. Major defence strategies against these
stresses involves synthesis of heat shock proteins and anti-
oxidants, but also functional maintenance of membranes
and cytoplasmic macromolecules (Piper 1993; Richter et al.
2010; Péter et al. 2017). The recent discovery of domain
configuration of membranes, such as rafts, caveolae and
detergent-insoluble membrane fractions, shed a new light
on the adaptations to stress. Previous work on these mem-
brane structures have demonstrated their involvement in the
regulation of activity of heat-shock proteins, G-proteins,
enzymes, and other important cellular attributes related
to stress response (Vigh et al. 2005; Alvarez et al. 2007;
Balogh et al. 2013; Csoboz et al. 2013; Glatz et al. 2016).
Furthermore, an increase of non-bilayer lipids in the cel-
lular membrane, such as phosphatidylethanolamines (PE),
phosphatidic acids (PA) and monoglycosyldiglycerides can
lead to the formation of the so-called Le membranes. These
structures appears to stabilize peripheral proteins that are
nested within the membranes, through the acyl groups of
phospholipids. Substantial increase of the PA levels in the
cellular membranes content upon cold, heat, osmotic and
oxidative shocks have been demonstrated in a number of
fungi, such as A. niger, Cunninghamella japonica, Pleu-
rotus ostreatus and others (Tereshina et al. 2011; Yanutse-
vich et al. 2014; Ianutsevich et al. 2016a; Ianutsevich et al.
2016b).

Alternatively, membrane stability during stress can be
achieved by small cytoplasmic protectant molecules. For
example, trehalose, a non-reducing disaccharide, appears
to be multifunctional, but primarily is believed to act as a
membrane and macromolecules protectant upon several
stress types (Elbein et al. 2003; Crowe 2007; Iturriaga
et al. 2009). An array of other compounds, like polyols,
various sugars (including trehalose) and carboxamines,
are compatible solutes that can accumulate in large quan-
tities, and function as osmoprotectants and thermostabiliz-
ers during desiccation, osmotic and heat shocks (Jennings
1984; Hohmann 2002; DasSarma and DasSarma 2012). For
example, halophilic and halotolerant fungal species, those
that prefer or can tolerate high salt concentrations, accu-
mulate arabitol and glycerol upon exposure to high salts
(Kogej et al. 2007; Smolyanyuk et al. 2013).

The profile of the commonly known protectant mol-
ecules, as well as cellular membrane contents upon expo-
sure to various pH, has not been addressed before. Here,
we use the alkaliphilic fungus Sodiomyces tronii and show
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its response in the accumulation of commonly known pro-
tectant compounds and membrane lipids contents at its
optimal and sub-optimal growth pH. The presented insights
may help explain the pH tolerance in neutrophilic species,
as well as the adaptation to extremely high pH in alkaliphi-
lic species.

Methods
Strain, media and growth

The alkaliphilic filamentous fungus Sodiomyces tronii
(Plectosphaerellaceae, Ascomycota) strain CBS 137620,
recovered from soda soil of Magadi Lake, was used
throughout this study (Grum-Grzhimaylo et al. 2016). This
strain, as opposed to the type strain, started to sporulate
asexually (no development of fruit bodies was observed)
only after 20 days if grown on alkaline agar (AA, pH 10.2)
medium (Grum-Grzhimaylo et al. 2013). This property
allowed us to collect pure mycelium without the admixture
of spores, which is important for assessing the chemical
state of living mycelium. Routine sub-culturing of the fun-
gus was performed using AA medium.

For elucidating the growth rate at various pH, we per-
formed growth experiments using the so-called race tubes
(Perkins and Pollard 1986). Several growth media based
on citrate, phosphate and carbonate buffers were generated
that ranged in pH: 4.0, 5.4, 7.0, 9.2, 10.2 (£0.2). The con-
tents of the media and buffers composition were followed
from Grum-Grzhimaylo et al. 2016, except that the nutrient
component of the medium contained 200 ml/l wort, instead
of 17 g/l malt extract powder. We inoculated the race tubes
with a mycelium plug (1 mm) from one side, and followed
the growth front throughout the tube over a month at 32 °C
(dark).

Temperature preference of S. tronii was assessed by
growing the fungus on the modified AA medium: we low-
ered the pH to 9.2 using appropriate carbonate buffer. The
growth tests were performed in triplicate in Petri dishes
incubated at 15.0, 23.5, 28.0, 32.5, 36.0, 40.0, 45.0 and
50.0 °C in the dark. Inoculation of the plates was done
with 5 mm agar plugs that contained mycelium. Diameters
of the colonies were measured every 2—4 days until they
reached the edge of the plate.

The effect of NaCl on growth was performed at 32 °C
using wort agar (200 ml/l wort, 20 g/l agar) based on vari-
ous pH (5.4, 7.0, 9.2, 10.2) and NaCl content (0, 0.05, 0.1,
0.2, 0.3 M and additional 0, 0.5, 1.0, 1.5, 2.0 M concen-
trations at optimal pH 9.2). Inoculation was done with a
mycelium plug (1 mm) placed in the centre of the plate,
and growth expansion was followed as described above.

The effect of buffer molarity on growth was determined
at optimal conditions (pH 9.2, 32 °C, 0 M NaCl). Inocu-
lation was done with a mycelium plug (1 mm) placed in
the centre of a plate, and growth expansion was followed
as described above. Growth rate was calculated as mm/day
during linear growth of the fungus.

For the biochemical analyses, we pre-grew the fungus
as follows. A mycelial suspension from a parental AA fun-
gus plate was prepared, which was then surface inoculated
onto a fresh plate with modified AA medium (pH 9.2, no
NaCl), and put at 32 °C for 4-6 days. After pre-growth, we
cut out 1 mm mycelium agar plugs and centre-inoculated
them onto Petri dishes with a cellophane membrane placed
on top of the medium. We incubated these plates for 4, 7,
10, 17 days (wrapped with Parafilm), and then used the
mycelium for the subsequent membrane and cytoplasmic
sugars analyses. The mycelium for the investigation of the
pH effect on these traits was prepared in a similar way on
the mycelium grown at pH values of 5.4, 7.0, 9.2, 10.2 for
10 days.

Lipid analysis

The fungal mycelium was separated from the solid
medium using a scalpel and detected gravimetrically. For
lipid analysis, the weighted portion of the biomass was
immediately homogenized in isopropanol by pestle and
mortar, and incubated at 70 °C for 30 min. Thereupon,
the lipids were extracted using the method described in
(Nichols 1963), which involved extraction with isopro-
panol and the isopropanol-chloroform mixture (1:1 and
1:2) at 70 °C, evaporation in a rotary evaporator, and
extraction of the residue with chloroform-methanol (1:1)
supplemented with 5% sodium chloride solution and
water to remove water-soluble substances. After separat-
ing the mixture by allowing it to stand overnight or by
centrifugation, the chloroform layer was dried by pass-
ing it through water-free sodium sulphate, evaporated,
and desiccated with a vacuum pump. The resulting pellet
was dissolved in a small amount of chloroform-metha-
nol (1:1) and stored at =21 °C. The composition of neu-
tral lipids was assessed using ascending thin layer chro-
matography on glass plates with silica gel 60 (Merck,
Germany). To separate neutral lipids, the hexane:diethyl
ether: acetic acid (85:15:1) system (Kates 1972) was
used. Phospholipids and glycolipids were separated with
the systems (Benning et al. 1995) for two-dimensional
TLC. The lipids (100-200 ng) were applied to a plate.
To develop the stains, the chromatograms were sprayed
with 5% sulfuric acid in ethanol with subsequent heating
to 180 °C. Phospholipids were identified using individ-
ual markers and qualitative tests for amino groups (with
ninhydrin), choline-containing phospholipids (with the
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Dragendorff reagent), and glycolipids (with a-naphthol).
Neutral lipids were identified with individual markers for
mono-, di-, and triglycerides, sterols (ergosterol), free
fatty acids, and hydrocarbons (Sigma, United States).
Sphingolipids were detected in the glycolipid fraction
by the saponification method (Kates 1972). Quantita-
tive analysis of the lipids was performed using the Dens
software (Lenchrom, Russia). Lipid quantities were
determined using the following standards: phosphatidyl-
choline (Sigma, United States) for phospholipids, a gly-
coceramide mixture (Larodan, Sweden) for sphingolip-
ids, and ergosterol (Sigma, United States) for sterols. To
determine the fatty acid composition of the phospholip-
ids, the main phospholipids were isolated by TLC. After
methanolysis (2.5% H,SO, in methanol, 2 h at 80 °C), the
fatty acid methyl ethers were determined using a Kristall
5000.1 gas chromatograph (Chromatek, Russia) on an
Optima-240 0.25 pm, 60 m, 0.25 mm capillary column
(Macherey—Nagel GmbH & Co., Germany). During the
chromatography, the temperature was gradually increased
from 130 to 240 °C. Fatty acids were identified using the
Supelco 37 Component FAME Mix (mixture of fatty acid
methyl esters) (Supelco, United States).

Carbohydrate analysis

To determine the soluble carbohydrate composition of
the mycelium, sugars were extracted with boiling water
for 20 min in four steps. Proteins were removed from
the resulting extract (Somogyi 1945). The carbohydrate
extract was further purified from charged compounds
using a combined column with the Dowex-1 (acetate
form) and Dowex 50 W (H™) ion exchange resins. Car-
bohydrate composition was determined by GLC using
trimethylsilyl sugar derivatives obtained from the lyo-
philized extract (Brobst 1972). The internal standard
was a-methyl-D-mannoside (Merck). Chromatogra-
phy was carried out on a Kristall 5000.1 gas chromato-
graph (Chromatek, Russia) with a ZB-5 30 m, 0.32 mm,
0.25 wm capillary column (Phenomenex, United States).
The temperature was increased from 130 to 270 °C at a
rate of 5-6 °C/min. Glucose, mannitol, arabitol, inosi-
tol, and trehalose (Sigma, United States) were used as
standards.

Statistical analyses
The experiments were performed in biological triplicates.
The influence of incubation period and pH on soluble sug-

ars and lipids was determined by one-way ANOVA (n = 3)
using R (R Core Team 2016).
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Results
Optimal growth conditions for S. tronii

Prior to assessing the pH effect on the lipid and sugar con-
tents, we first sought to establish pH and NaCl concentra-
tion optimal for the growth of S. tronii CBS 137620. Our
results demonstrate its maximal linear growth rate at pH
9.2 (about 7 mm/day), and no growth at pH below 5, con-
firming the alkaliphilic nature of S. fronii (Fig. 1). During
propagation of S. tronii, no pH shifts in the tested media
were detected. At these conditions, the colony has the fol-
lowing morphological traits: white, fluffy, 5 mm height,
smooth colony rim, clear colony reverse, no exudate.
Although drastically affecting growth rate, pH changes do
not invoke significant morphology alterations, only making
the fungal colonies somewhat less fluffy.

At the optimal pH of 9.2, the fungus grows well in
a wide range of temperatures from 25 to 45 °C, showing
maximum growth at 32 °C (Fig. 2). Sodiomyces tronii does
not grow at temperature above 50 °C, however, residual
propagation was seen at temperature below 15 °C.

The effect of NaCl on S. tronii growth was assessed on
citrate, phosphate and carbonate buffers at four pH values
-5.4,7.0,9.2, 10.2. In all cases the addition of NaCl (0.05—
0.3 M) did not stimulate the growth of the fungus (Fig. 3a).
Elevated NaCl content in neutral medium (pH 7.0) resulted
in greater growth inhibition, than in other media tested. At
optimal pH of 9.2, S. tronii was capable of growth with
up to 2 M of NaCl concentration in the medium (Fig. 3b).
Furthermore, increasing the concentration of (bi-)carbon-
ate buffer with pH 9.2 from 0.1 to 0.7 M in the medium
negatively affected the growth of S. fronii (Fig. 4). Thus,

B D
1 1

Growth rate, mm/d
N

4 6 8 10
pH

Fig. 1 Linear growth rate of S. tronii at various pH. The fungus was
incubated in race tubes with the wort agar media based on 0.1 M
buffers (carbonate for pH 9.2, 10.2; phosphate for pH 7.0; citric for
pH 4.0, 5.4) and growth was followed over 1 month. Mean values are
displayed (n = 3, £SD)
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Fig. 2 Radial growth rate of S. tronii at different temperatures. The
fungus was incubated in Petri dishes at optimal pH of 9.2. The growth
was followed over 10 days period. Mean values are displayed (n = 3,
+SD)

we established a few parameters optimal for the growth of
the fungus: pH 9.2 at 0.1 M buffer, 32 °C, no NaCl.

At these optimal conditions the colony of S. tronii CBS
137620 developed asexual sporulation after 17 days of
incubation. During our experimentations sexual sporulation
was not detected. Lack of asexual sporulation in the first
couple of weeks and ability to grow at sub-optimal pH, ren-
ders S. tronii a convenient model species for studying lipid
and sugar contents in response to various ambient pH val-
ues. Absence of sporulation is important as spore admixing
would affect our subsequent biochemical assays, hardening
the interpretation of the results.

Cytoplasmic soluble carbohydrates at various ambient
pHs

As mentioned earlier, soluble cytoplasmic sugars play a
role in adaptations upon heat, osmotic, cold shocks and
desiccation, protecting macromolecules and cellular mem-
branes (Jennings 1984; Yancey 2005; Iturriaga et al. 2009;
Ianutsevich et al. 2016a). However, whether soluble sugars
account for adaptations to the unfavourable ambient pH,
remains to be shown. Here, we tracked the composition
of membrane lipids and cytoplasmic sugars both over the
time course of 17 days and at various pH. At optimal pH
and temperature (pH 9.2 at 32 °C), on the 4th, 6th, 10th,
and 17th day of growth the cytoplasmic sugars content var-
ied from 10 to 14% (w/w) (Fig. 5). Glucose and trehalose
proved to be the major sugars, together with mannitol to
a lesser extent (Online resource 1). Glycerol, inositol and
erythritol were present in trace amounts (data not shown).
By the first week of incubation, glucose comprised half of
the soluble sugars in the mixture, however, as the growth
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Fig. 3 a The effect of NaCl on the growth of S. tronii at various pH.
The fungus was incubated in Petri dishes with the medium based on
0.1 M carbonate buffer (pH 9.2, 10.2), phosphate for pH 7.0, and cit-
ric for pH 4.0, 5.4. Temperature was set to 32 °C and the growth was
registered over 10 days. Mean values are displayed (n = 3, £SD). b
The effect of NaCl on the growth of S. tronii at optimal pH of 9.2 and
temperature of 32 °C over 10 days period. Mean values are displayed
(n =3, £SD)

progressed further, the glucose amount decreased twofold
at the end of incubation (p < 0.05). Of note, high trehalose
content (>5% w/w) was observed from the early growth
stages, further increasing to 70% of the entire sugar mix by
the end of the incubation (p < 0.05).

pH dramatically affected the cytoplasmic sugar reper-
toire in S. tronii. Elevating pH by 1 unit from optimum
resulted in increased mannitol fraction (p < 0.001), mak-
ing it the dominating sugar (50% of the total soluble
sugars in cytosol (Fig. 6). While the amount of manni-
tol increased, the glucose fraction went down dramati-
cally at pH 10.2 (p < 0.05). Trehalose fractions did not
change much, but arabitol concentration increased ten-
fold (p < 0.05). Dropping ambient pH to neutral did not
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Growth rate, mm/d
N

1 1 1
0.2 0.4 0.6
Molarity of the buffer, M
Fig. 4 The buffer molarity effect on growth of S. tronii at optimal pH

of 9.2 and temperature of 32 °C. The growth was followed over 10
days period. Mean values are displayed (n = 3, £SD)

10.0

.Glucose
. Mannitol
.Trehalose

T T T T
4 7 10 17
Days

Fig. 5 The main cytosol sugar composition during the growth of S.
tronii at optimal conditions (pH 9.2, 32 °C, no NaCl). Samples were
analysed on the 4th, 7th, 10th, and 17th day of growth. With time, tre-
halose content was increasing (p < 0.05), while glucose was decreas-
ing (p < 0.05). Mean values are displayed (n = 3, £ SD)

induce major changes in soluble sugars content, when
compared to pH 9.2. However, decreasing pH further
down to 5.4 resulted in the overall reduction of soluble
sugars and a dramatic drop (sixfold) in glucose content
(p < 0.05). Low pH did not significantly change the tre-
halose content when compared to pH 9.2, thus rendering
it as a dominating sugar with the fraction of 80% of total
sugars.

Overall our results demonstrate replacement of a domi-
nant cytoplasmic sugar across different pH tested. At very
alkaline pH of 10, mannitol and trehalose were dominant,
while at pH 9.2 and 7.0—glucose and trehalose were
dominant. Acidic pH of 5.4 only invoked trehalose. We
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Fig. 6 The main cytosol sugar composition of S. tronii at optimal
conditions (pH 9.2, 32 °C, no NaCl) after 10 days of growth. The pH
elevation to 10.2 resulted in fivefold increase of the mannitol fraction
(p < 0.001), and decrease in glucose (p < 0.05). Lowering pH led to
an overall reduction of soluble sugars and dramatic drop in glucose
content (p < 0.05). Mean values are displayed (n = 3, £SD)

hypothesize these dynamics are adaptive to various ambient
pH values in S. tronii.

Membrane and storage lipids at various ambient pH

Another way to protect cellular membranes is altering its
contents in response to unfavourable conditions (Piper
1993). We sought to assess the dynamics of the cellular
membrane lipids in response to various environmental pH.

At optimal pH, phospholipids and sterols were domi-
nating in the membranes with a minority of sphingolip-
ids (SL) (Fig. 7). Dominating phospholipids were phos-
phatidylethanolamines (PE), phosphatidylcholines (PC),
and phosphatidic acids (PA), while minority comprised
phosphatidylserines  (PS), phosphatidylinositols  (PI),
lysophosphatidylethanolamines (LPE), and lysophosphati-
dylcholines (LPC). PE and PC fractions did not change
significantly over the 17 days of incubation. Of note, PA
were dominating in the beginning of the cultivation, but
then were replaced by an increasing amount of sterols (St)
(p <0.05).

Membrane lipid contents at pH 10.2 was not much dif-
ferent from that of at pH 9.2. But a pH drop to 7.0 or 5.4
resulted in the dramatic increase in St (p < 0.05) and SL
(p <0.01), with concurrent decrease PC fraction (p < 0.05)
(Fig. 8). The total amount of membrane lipids remained
more or less constant at different pHs (data not shown).

Viscosity of the membrane lipid bilayer is determined by
the degree of unsaturation of acyl residues in phospholip-
ids. To address the hypothesis that membrane viscosity pro-
tection (Sinensky 1974) may play a role in the adaptation
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Fig. 7 Membrane lipids composition during the growth of S. tro-
nii in Petri dishes at optimal conditions (pH 9.2, 32 °C, no NaCl).
Samples were analysed on the 4th, 7th, 10th, and 17th day of growth.
Early development was associated with the dominance of PA, PC,
PE, and St. As the growth progressed, PA fraction decreased with
the concurrent increase in St (p < 0.05). Mean values are displayed
(n = 3, £SD). PE phosphatidylethanolamines, PC phosphatidylcho-
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Fig. 8 Membrane lipids composition in S. tronii at various pH after 10
days of growth (no NaCl, 32 °C). The fungus was incubated in Petri
dishes with the medium based on 0.1 M carbonate buffer (pH 9.2,
10.2), phosphate for pH 7.0, and citric for pH 4.0, 5.4. The pH increase
to 10.2 did not significantly change the membrane lipid content. Low-
ering pH to 7 and 5.4 caused an increase in SL and St (p < 0.05) with
the concurrent reduction of PC (p < 0.05). Mean values are displayed
(n = 3, £SD). PE phosphatidylethanolamines, PC phosphatidylcho-
lines, CL cardiolipins, PA phosphatidic acids, PS phosphatidylserines,
PI + LPE phosphatidylinositols + lysophosphatidylethanolamines,
LPC lysophosphatidylcholines, SL sphingolipids, St sterols

to ambient pH, we chromatographically isolated three main
phospholipids and analysed its fatty acids composition. Our
analysis showed that throughout cultivation the degree of
unsaturation of fatty acids was increasing in PE (p < 0.05)
and PC (p < 0.01), but decreasing in PA (p < 0.001). The
overall degree of fatty acids unsaturation remained con-
stant (Table 1). Dominating fatty acids among all phos-
pholipids were linoleic (C18:2), oleic (C18:1), and palmic
(C16:0). The pH effect on the unsaturation degree of PC
and PE were not pronounced (Table 2) as of total lipids
(Online resource 2). In general, the degree of unsaturation
of lipids reduced at the extreme values on the pH spectrum
(p <0.05).

Storage lipids in fungi comprise triacylglycerols (TAG),
diacylglycerols (DAG), and free fatty acids (FFA). The pH
increase to 10.2 did not affect the composition of storage
lipids, when compared to pH 9.2 (Fig. 9). However, lower-
ing pH resulted in the 1.5-2 times increase of acylyc lipids,
mostly by TAG contribution (p < 0.05).

In conclusion, we demonstrated dominance of phos-
phatidic acids in an actively growing S. tronii colony. The
unsaturation analyses of fatty acids in PE and PC sug-
gests their minor response to ambient pH, indicating that
membrane viscosity remains constant upon the pH change.
Rapid membrane and storage lipids dynamics at low pH
(elevated ST, St, TAG) compared to high pH indicate that
acid stress manifests more a pronounced response in S. tro-
nii than alkaline stress.

Discussion

The alkaliphilic fungus Sodiomyces tronii was isolated
from the edge of one of the most alkaline (pH 12) soda
lakes—Magadi Lake of south Kenya. The climate condi-
tions of that area alternate between the rainy period and the
extreme drought season with temperatures exceeding 40 °C
(Muruga and Anyango 2013). Microorganisms that popu-
late such an environment presumably have evolved under
several abiotic stresses: elevated pH and temperature, peri-
odic drought and flooding, hence fluctuating osmotic pres-
sures. As all these factors affect the performance of a given
organism, our first goal was to establish optimal growth
conditions for S. tronii.

We confirmed that S. fronii is an obligate alkaliphi-
lic species, having a growth optimum at pH around 9.2
(Fig. 1). Elevating pH further up caused hindered growth,
a feature that enabled us study the fungal response to
extremely alkaline sub-optimal pH. Our experiments dis-
play S. tronii as thermotolerant species growing optimally
at 32.5 °C, and tolerating temperatures exceeding 45 °C
(Fig. 2). Although having rather high temperature opti-
mum, S. tronii cannot be tagged as thermophilic species,
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Table 1 Fatty acids composition of the main phospholipids during the optimal growth of S. tronii (% of total)

Fatty acids 4 days 7 days 10 days 17 days Total lipids
PE PC PA PE PC PA PE PC PA PE PC PA 4days 7days 10days 17 days

C 14:0 10 14 11 13 25 09 19 14 13 04 10 19 06 0.5 0.6 0.6

C 14:1 03 06 03 07 03 03 06 06 05 03 03 07 00 0.0 0.0 0.0

C15:0 00 05 00 00 00 02 04 02 06 05 00 00 00 0.0 0.0 0.0

C 16:0 404 222 251 378 164 234 318 17.6 251 267 142 323 269 268  26.1 25.0

C16:1 .1 12 08 10 10 11 09 14 09 04 11 08 06 0.7 0.7 0.6

C17:0 00 01 00 00 00 01 03 00 03 03 00 00 00 0.0 0.0 0.0

C 18:0 77 91 41 64 59 40 57 57 44 43 48 68 119 10.1 11.3 11.1

C 18:1n9¢ 31.0 29.6 273 29.6 421 323 324 349 368 365 351 365 27.0 279 30.5 32.9

C 18:2n6c 185 350 407 232 319 374 262 381 303 30.7 435 209 325 324 310 29.0

C 18:3n3 00 03 05 00 00 03 00 00 00 00 00 00 1.1 1.0 0.5 0.5

Degree of unsaturation 0.7 10 1.1 08 11 11 09 11 10 10 12 08 09 09 095 0.93

Mean values are presented (n = 3, SD <10%)

Table2 Faity acids Fatty acids 5.4 7.0 9.2 10.2 Total lipids

composition of the main

phospholipids after 10 days PE PC PE PC PE PC PE PC 54 70 92 102

growth of S. tronii at different

pH (% of total) C 14:0 09 08 10 08 07 08 07 07 06 05 05 06
C 14:1 04 04 04 04 02 03 03 02 O 0 0 0
C15:0 05 03 05 03 03 03 04 03 11 06 02 01
C 16:0 254 101 27.0 12.6 282 134 244 137 232 23 247 252
C 16:1 09 19 07 11 08 11 08 12 09 07 06 6
C17:0 02 01 03 02 02 01 02 02 O 0 0 0
C18:0 37 36 39 43 32 44 46 53 105 85 99 12
C 18:1n9¢ 373 375 318 326 278 332 334 356 323 32,6 289 323
C 18:2n6c 306 450 34.0 46.7 379 450 35.0 423 273 31 329 253
C 18:3n3 01 03 04 09 07 13 01 05 04 11 19 05
Degree of unsaturation ~ 1.00 1.31 1.02 130 1.07 129 1.05 123 0.89 099 1.01 0.90

Mean values are presented (n = 3, SD <10%)

as it is still capable of growth at temperature as low as
15 °C (Cooney and Emerson 1966). NaCl supplementa-
tion in the media did not stimulate the growth regardless
of buffer composition (Fig. 3a). At optimal pH, growth was
arrested at 2 M NaCl concentration in the media. Taken
together, these results classify S. tronii as weak halotoler-
ant (Fig. 3b). Also, increased molarity of a buffer resulted
in reduced growth (Fig. 4). Wide salt and buffer molarity
tolerance capabilities suggest S. tronii has adapted to fluc-
tuating osmotic conditions due to environmental dynamics,
like periodical drought or flooding of soda soils.

In the past years, there has been a growing realization
that organic osmolites can partake in stress adaptations
that involve water deficits, such as anhydrobiosis, freezing,
osmotic, cold, and heat stresses (Yancey 2005; Glatz et al.
2016). Most of these compounds exhibit cytoprotectant
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properties, promoting antioxidant defence and macro-
molecule stabilization, which suggests a wider metabolic
role of osmolites than previously considered. For exam-
ple, trehalose is believed to take part in various protective
mechanisms: carbon storage, osmolite, membrane protec-
tor at stress conditions, protein folding, antioxidant (Elbein
et al. 2003; Crowe 2007; Iturriaga et al. 2009). Polyols are
another type of compounds that exhibit protective prop-
erties. It is widely accepted that their function is main-
taining proper osmotic pressure (Hohmann 2002), how-
ever, there is growing evidence that polyols participate in
many other cellular processes. Glycerol, for example, was
detected in high quantities in halophilic yeasts (Kogej et al.
2007; Gunde-Cimerman et al. 2009; Zajc et al. 2014) and
shown to reduce the formation of reactive oxygen species
(ROS), as well as maintaining proper redox potential in the
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Fig. 9 Storage lipids composition in S. tronii at different pH after
10 days of growth (no NaCl, 32 °C). The fungus was incubated in
Petri dishes with the medium based on 0.1 M carbonate buffer (pH
9.2, 10.2), phosphate for pH 7.0, and citric for pH 4.0, 5.4. The
dominance of TAG was observed at every pH tested, with significant
increase upon acidification (p < 0.05). Mean values are displayed
(n =3, £SD). FFA free fatty acid, TAG triacylglycerols, DAG diacyl-
glycerols

cell (Ansell et al. 1997). One of our aims here was to test
whether pH stress induces changes in osmolite contents
in S. tronii. At optimal pH growth conditions (pH 9.2) and
throughout all growth stages, S. tronii contained large pro-
portion of soluble sugars (10-16% dry weight), predomi-
nantly glucose and trehalose, not mannitol, as in other stud-
ied ascomycetes. Trehalose content in the mycelium was
very high (5—8% dry weight), rising up to 70% of total sug-
ars as mycelium aged (Fig. 5). Such a pattern is comparable
to that of thermophilic fungus Myceliophthora thermophila
(Ianutsevich et al. 2016b), which had similar trehalose con-
tent. Furthermore, both species have glucose as major cyto-
sol sugar. High levels of trehalose throughout the life cycle
of S. tronii indicates its possible involvement in the adapta-
tion to multiple stress factors. We then studied the cytoplas-
mic sugar dynamics of S. tronii at extremely high ambient
pH, as well as lower sub-optimal pH. Interestingly, varying
ambient pH not only affected the overall sugar content, but
also dramatically changed its composition, which indirectly
suggests involvement of different sugars in the adaptation
to pH-fluctuating conditions. The dominance of trehalose
signify its involvement in response to acidic stress. It is
worth noting that at pH levels we tested, trehalose remained
the dominant sugar and accumulation of other sugars were
achieved by substituting glucose, and not trehalose (Fig. 6).

Previous studies showed that intracellular pH seems to
be neutral upon exposures to lower-than-optimum pH in a
related alkaliphilic fungus, S. alkalinus (Grum-Grzhimaylo
2015). This implies effective machinery for maintaining

proper cellular pH. Apart from proton pumps, carbohydrate
metabolism has been suggested to promote cell pH home-
ostasis. Polyols may possibly act as proton sinks that can
also partake in maintaining cellular redox potential (Jen-
nings 1984). This hypothesis is based largely on a fact that
polyols are synthesized using NADPH and NADH. Even
though it is unknown whether intracellular pH is stably
maintained in S. tronii, we note a substantial increase of
mannitol concentration upon elevated ambient pH exposure
(Fig. 6). It should be pointed out that in our experiments
elevated pH was achieved by a different carbonate/bicarbo-
nate ratio, therefore, keeping osmotic pressure constant. We
hence conclude that the increase in mannitol is a response
to elevated pH, indirectly suggesting its involvement in pH
homeostasis. Mannitol can act as a physiological buffering
agent that helps maintaining proper cellular redox potential
and enzymes activity.

One of the key attributes towards tolerating various
stress factors is keeping the active physiological state of
cellular membranes. Membrane protection can be achieved,
among other ways, by altering its contents. In S. fronii,
lipid membrane composition was similar if compared to
other fungi (A. niger, Cunninghamella japonica, Pleuro-
tus ostreatus) (Tereshina et al. 2011) However, an unusual
feature was dominance of phosphatidic acids (PA) in the
membranes at early growth stage (Fig. 7). With age, their
relative content subsided and substituted by sterols. Coni-
cal shape of the PA molecules and the ability to aggregate
promote membrane curvature, which is indicative to the
formation of vesicles (Kooijman et al. 2003; McMahon
and Gallop 2005). This in turn suggests active exocytosis,
endocytosis, and hence membrane renewal. We previously
showed that PA increase was observed only upon heat
shocks in three mesophilic fungi, however, a thermophilic
one maintained constant high PA contents throughout the
entire life cycle (Yanutsevich et al. 2014; Ianutsevich et al.
2016b). Even though in S. tronii high PA levels were only
observed during the trophophase, we suspect PA to be
involved in general stress response in this fungus.

Neutral and acidic pH caused substantial changes in
the membrane lipid composition in S. fronii: decrease of
major PC with the concurrent increase of sphingolipids
and sterols (Fig. 8). Such pH-response in the membrane
lipid dynamics were dissimilar compared to responses in
other fungi upon heat, cold, osmotic and oxidation shocks
(Tereshina et al. 2011; Ianutsevich et al. 2016b). It has
been hypothesized that glycolipids, such as sphingolipids,
can form hydrogen bonds with the heads of phospholipid
molecules enhancing their stability (Yu et al. 1986). Sphin-
golipids are in fact multifunctional molecules that partake
in various cellular processes (Cheng et al. 2001; Levery
et al. 2002; Siskind 2005), including their signalling role
upon heat shock (Jenkins 2003). Sterols also accumulated
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upon acid pH in S. tronii. They appear to be essential and
serve a structural function stabilizing membranes (Beck
et al. 2007). Concurrent increase of sphingolipids and ster-
ols upon pH stress leads us to suspect the formation of the
so-called rafts, which are the membrane complexes com-
posed of sphingolipids, sterols and integral proteins. The
functional state of proteins within those membrane com-
plexes are maintained by lipid—lipid, protein—lipid and pro-
tein—protein interactions (Alvarez et al. 2007; Simons and
Sampaio 2011). The discovery of these mosaic membrane
structures shed a new light on the regulation of membrane
functionality and gene expression (Vigh et al. 2005; Alva-
rez et al. 2007). In S. tronii, we suspect rafts also play a
role in response to acid pH stress.

To conclude, we found complex dynamics of the com-
position of the cytosolic and membrane lipids upon expo-
sure to various ambient pH. At the optimal pH of 9.2, S.
tronii accumulated abundant trehalose (5-8%) in cytosol
and phosphatidic lipids in the membranes, a property not
normally seen in neutrophilic fungi (Tereshina et al. 2011).
We showed the dominance of trehalose upon the acidic pH
shock. Conversely, mannitol and arabitol accumulation was
coincidental with the pH increase. Acidic pH induces signif-
icant accumulation of sphingolipids and sterols in the mem-
branes, which is indicative of the membrane rafts formation.
The demonstrated dynamics of lipid and carbohydrates upon
pH stress reflects intricate regulation and adaptation mecha-
nisms to various ambient pHs in the alkaliphilic fungi.
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