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Abstract—Growth patterns and intracellular Ca?* concentrations in the mutant strain Aspergillus awamori
66A containing a recombinant aequorin gene were studied in the presence of a permeabilizing fungicidal
agent amphotericin B. The cell response, i.e., changes in the growth and development of the fungus (initia-
tion of spore germination, mycelial growth, and intensity of sporulation) was dose-dependent. Low concen-
trations of amphotericin B (2.5 puM) stimulated spore germination: the number of germinating spores was 2—
3 times higher than in the control (without the fungicide). At higher amphotericin concentrations (20 pM)
spore germination was inhibited. Amphotericin B had a dose-dependent effect on mycelial growth and sporu-
lation intensity on solid Vogel medium. Intracellular Ca>* concentrations in the presence of amphotericin B
were investigated using the luminescence of the photoprotein aequorin. High concentrations of amphotericin B
(10 and 20 uM) were shown to cause an instantaneous increase in Ca>* concentrations compared to the con-
trol and lower amphotericin concentration (2.5 uM). Ca?* concentrations remained elevated throughout the
experiment and correlated with the inhibition of mycelial growth and development.
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An important line of activity in plant protection
against phytopathogenic microflora, including the
phytopathogenic micromycetes, is the search for fun-
gicidal compounds. Treatment of barley seeds with
preparations of microbial origin produces good results
providing for decreased numbers of mold fungi [1]. At
the same time, occurrence of micromycetes of the
genus Aspergillus, which are potentially pathogenic for
humans, remains high [2]. Toxicity of the members of
this genus and their pronounced resistance to various
fungicides motivated the search for new biologically
active compounds; among them, amphotericin B,
active against a number of phytopathogenic fungi
(which cause many diseases, including those incurable
by other antifungal preparations), turned out to be a
promising candidate [3—5].

Amphotericin B belongs to the group of polyene
antibiotics. It can increase membrane permeability for
ions [6, 7], including calcium, which performs signal-
ing functions for the control of a number of processes
in a eukaryotic cell. The signaling functions of calcium
in animals and plants are well-studied [8, 9]. In myce-
lial fungi, signaling functions of Ca’* in development
of apoptosis are known [10, 11]. However, in modern
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physiology, many issues in calcium signaling under the
impact of stress—when impaired calcium homeosta-
sis may affect the functioning of Ca®" signaling sys-
tems, physiological processes, and maintenance of cell
viability—remain unclear. Several scenarios of events
are possible in case of impaired calcium homeostasis
in a cell: they may cause toxicity through deregulation
of calcium on one hand and, on the other, turn on the
damage reparation processes, where Ca?* plays a
defining role as a mediator in signal transduction cas-
cades [12]. Realization of one or another program
depends on the extent to which Ca?* homeostasis is
imbalanced in a cell subject to certain physiological
stimuli. To determine the possible scenarios of stress
response, including the efficiency of fungicide ther-
apy, a test system that would allow for analysis of the
micromycete growth and development depending on
the level of intracellular calcium is required.

The goal of the present work was to investigate the
relationship between the growth and development of
an Aspergillus awamori mutant strain containing a
recombinant aequorin protein and changes in Ca**
content in the fungal cytosol caused by the micro-
mycete treatment with a permeabilizing fungicide
amphotericin B.
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MATERIALS AND METHODS

The mutant strain Aspergillus awamori 66A express-
ing a light-dependent protein aequorin (kindly pro-
vided by the Laboratory of Micromycete Cell Investi-
gation, Heriot-Watt University, Edinburgh) was the
subject of the study [13].

The strain A. awamori 66A was cultured at 30°C in
a liquid Vogel medium supplemented with sucrose (VS
medium) and on a solid (2% agar) medium of the same
composition enriched with glucose (GEM) [14].
Experiments were performed on a monospore culture
of A. awamori 66A which was obtained from a conidial
suspension of the fungus with spore concentration of
20—30 spores/mL. On the surface of the liquid Vogel
medium, the fungus grew as individual colonies,
which were then transferred onto the solid medium
after 24-h incubation. After 7 days of growth of the
surface culture, the spores were washed off with 0.8%
NaCl solution (PZ), cleared from the residual
medium and mycelium (centrifugation at 3000 g for
15 min), resuspended in PZ solution, and stored at
4°C. Spore concentration was determined by counting
in a Goryaev chamber. The density of spore suspen-
sions used in the experiments was 3 x 10° spore /mL.

The fungicide amphotericin B (Sigma), a polyene
antibiotic synthesized by actinomycetes of the genus
Streptomyces, also known under the names of Amfos-
tat, Amphotericin B, Fungilin, Fundizone, etc. [3],
was used as a stress factor. The effect of amphotericin
on the development of A. awamori was determined
upon its introduction into the micromycete culture at
various growth phases.

The effect of amphotericin on the process of spore
germination was assayed by the rate of their swelling
and the number of spores with germ tube. Amphoteri-
cin concentrations were chosen considering the fact
that high doses of the antibiotic have a fungicidal effect
on the micromycete, while intermediate doses pro-
duce a static effect, with the reproductive functions
blocked, while cell viability is preserved. To study the
fungicidal effect, amphotericin was used at concentra-
tions of 2.5, 10, and 20 puM. Spore swelling was ana-
lyzed in a drop of liquid Vogel medium (10 pL) on a
slide at 3 x 10° spore/mL and amphotericin concen-
trations from 2.5 to 20 pM per sample. To avoid dry-
ing, the slides with spores were placed in a humid
chamber (100% humidity) and stored there at 30°C
for 6 h. Spore diameter (d, um) in the experimental
and control (grown on fungicide-free medium) sam-
ples was determined every 2 h using an ocular
micrometer (Axio Imager 2 microscope, Zeiss).

Spore germination was studied upon incubation at
30°C in a liquid Vogel medium in tubes at spore con-
centration of 3 x 103 spore/mL and amphotericin con-
centrations of 2.5, 10, or 20 uM. During the 24-h in-
cubation, the number of spores with a germ tube
(beginning of the lag phase) was registered and
branching of the germ tube was determined (beginning
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of the exponential phase). The number of spores with
a germ tube and branching of the hyphae from the
main germ tube were counted in a Goryaev chamber in
20 fields of view.

The effect of the fungicide on the quality of sub-
merged A. awamori culture used as inoculum was
determined from the rate of mycelium growth on a
solid Vogel medium (colony radius, mm). For this pur-
pose, spores (3 x 10° spore/mL) were inoculated into
liquid Vogel medium and incubated for 24 h (until the
early exponential phase). Amphotericin was added to
the grown A. awamori culture at various concentra-
tions (2.5, 10 and 20 pM) and incubation continued
for another 24 h; then aliquots of the culture (0.1 pL)
were plated onto solid medium and incubated at 30°C
for 7 days. The radius of micromycete colonies was
measured every 24 h and the total and specific growth
rates were calculated according to the technique
described in [15].

The effect of amphotericin on spore formation by
A. awamori was studied under the experimental condi-
tions described above. One-day culture of A. awamori
grown in tubes with Vogel medium containing ampho-
tericin (2.5, 10, and 20 uM) was plated (0.1 pL) onto
the solid Vogel medium. During 7 days of growth,
blocks of agar culture along the colony circumference
were cut out with a laboratory drill every 24 h, placed
into a liquid medium, and shaken (15 min, 200 rpm)
to free the spores. The number of spores per 1 mL of
suspension was counted in a Goryaev chamber.

The effect of amphotericin on calcium content in
the cytosol of A. awamori cells was determined by the
luminescence of recombinant aequorin [16].
Aequorin luminescence was measured in the cells of
the culture grown in liquid Vogel medium in a 96-well
plate as described previously [17]. One hundred
microliter spore suspension at starting concentration
of 5 x 10° cells/mL was introduced into each well and
incubated at 30°C for 24 h till the onset of the expo-
nential growth phase. Then, coelenterazine was intro-
duced into the cultures and they were incubated for4 h
to reduce aequorin. Then, amphotericin was added to
each cell at concentration of 2.5, 10, or 20 uM (equal
volumes of water were added to the control samples)
and luminescence was measured with a luminometer
for 10 min and expressed in relative light units (RLU).
Since light emission was not high, a
special luminometer equipped with a photomultiplier
(EG & G Berthold LB 96 P Multilumat) was used to
measure it.

The results were processed by variation statistics
analysis with reliability criterion P < 0.05.

RESULTS

In the study of the effect of amphotericin on spore ger-
mination and A. awamori culture growth, optimal spore
concentration in the experiments was 3 x 10° spore/mL
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Fig. 1. Dynamics of A. awamori spore swelling (d, um)
upon incubation in Vogel medium containing amphoteri-
cin: (/), fungicide-free medium, (2), experimental sam-
ples with the fungicide at doses (a) 2.5, (b) 10, and
(c) 20 uM, respectively.
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liquid Vogel medium. Spore suspensions of higher density
could not be used due to spore agglomeration and forma-
tion of hyphae intertwining upon their germination.

The effect of amphotericin on A. awamori spore
germination was judged by the change in their volume
upon swelling due to metabolism of the endogenous
and exogenous substrates at the initial stage of fungal
development. Amphotericin at concentrations of 10
and 20 pM suppressed spore swelling during 2 h incu-
bation, although this effect was neutralized by the end
of observation (6 h) (Figs. 1b, 1c). On the contrary, at
low concentrations (2.5 pM), amphotericin activated
the processes of spore swelling: after 2 h incubation,
spore diameter increased by 28% if compared to the
control; although this effect disappeared by the end of
the experiment (Fig. 1a). It should be pointed out that
growth-stimulatory effects of antibiotics at low con-
centrations (1/5—1/10 to their bactericidal dose) have
been reported. For example, streptomycin stimulated
growth of Streptomyces griseus at concentration of
100 pg/mL and suppressed it at 500 to 1000 pug/mL
[18]. Microscopic analysis of A. awamori spore germi-
nation after 12 h of incubation in liquid Vogel medium
evidenced the appearance of germ tubes in some
spores of the control sample. In the experimental vari-
ants, the fungicide at a concentration of 20 uM sup-
pressed formation of germ tubes insignificantly, while
upon decrease in its concentration (<10 pM) it stimu-
lated spore germination in a dose-dependent manner
(Fig. 2). It should be noted that the inhibitory effect of
amphotericin was less pronounced at the stage of
A. awamori spore germination than at the stage of
spore swelling.

In the next series of experiments, the effect of
amphotericin on the micromycete development was
studied by introduction of the fungicide in the cultures
at the beginning of the exponential growth phase
(24 h) at concentrations of 20, 10, and 2.5 pM and
subsequent incubation. After 6, 12, 18, and 24 h, the
number of lateral hyphae stemmed from the main
germ tube was counted. In both control and experi-
mental samples, the number of branching spores
increased with increased incubation time. Amphoteri-
cin stimulated the formation of lateral hyphae at low
concentrations (2.5 uM), although inhibited branch-
ing at concentrations of 10 and 20 uM (Table 1).

Since inoculum quality affects the development of
a microbial culture, in the next series of the experi-
ments we used A. awamori cultures grown in the pres-
ence of various doses of the fungicide as the starting
ones. In the experiments, the antibiotic (2.5, 10, or
20 uM) was added to the culture grown for 24 h in liq-
uid medium and the aliquots were inoculated onto
agarized Vogel medium and incubated for 7 days. The
effect of the fungicide on the quality of the inoculum
was judged by the change in the size of colonies of the
growing micromycete (d, pum), which was used to cal-
culate the growth rate of 4. awamori mycelium. It
turned out that the size of the colonies in the samples
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Fig. 2. Dynamics of spore germination in liquid Vogel
medium containing amphotericin: 100%, the amount of
germinated spores in the control (fungicide-free medium);
(1), (2), and (3), number of spores with the germ tube after
24-h incubation in the medium containing amphotericin
at concentrations of 2.5, 10, and 20 uM, respectively.

treated with 2.5 uM fungicide exceeded that in the
control samples. Under the effect of 10 and 20 uM, the
colonies were smaller than in the control samples
(Fig. 3). Effect of a stimulating dose of the fungicide
(2.5 uM; exceeding the control level by 60—40%) was
more pronounced during the first day of cultivation;
although it decreased after 48 h, it still exceeded the
control level throughout the whole period of observa-
tion. This correlates with an increase in the specific
growth rate of A. awamori culture (Fig. 4b) to maxi-
mum values 24 h after plating of the aliquots of micro-
mycete culture grown in the presence of amphotericin
(2.5 uM) onto agarized medium, which is typical of an
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Fig. 3. Dynamics of A. awamori colony growth on solid
medium upon the effect of various concentrations of
amphotericin on the inoculate: C, control colony diameter
(amphotericin-free medium) considered as 100%; (1), (2),
and (3), concentrations of amphotericin of 2.5, 10, and
20 uM, respectively.

exponentially growing culture. In the variants with
fungicide concentration of 10 uM (Fig. 4c), specific
growth rate of the culture was as high as in the variant
with 2.5 uM after 24 h. Upon further increase in the
antibiotic concentration (20 pM) in the cultures used
as inocula, suppression of colony growth and inhibi-
tion of specific growth rate were observed (Fig. 4d).

Study of the dose-dependent effect of amphoteri-
cin on spore formation by A. awamori (Table 2) showed
that the number of spores in the control and experi-
mental samples of surface cultures increased after
7 days. Under the effect of high doses of amphotericin
(20 and 10 pM), spore formation was suppressed start-
ing from the second day of cultivation. At the same

Table 1. Dynamics of hyphae branching in the microcolonies of A. awamori after treatment of a 24-h culture with ampho-

tericin
Number of hyphae in a microcolony
Duration experiment, fungicide-containing medium
*
of fungicide control 2.5 uM 10 uM 20 uM
treatment, h )
number % to the number % to the number % tothe | number | % tothe
of hyphae control of hyphae control of hyphae control | of hyphae | control
0 1.13 £0.05 100 1.15 £ 0.06 101.76 | 1.16 £0.07 102.65 |1.16 £0.07| 102.65
6 3.50 £ 0.50 100 5.10 £ 0.50 145.71 |3.60 £0.50 102.85 |[3.10+0.50| 88.57
12 4.60 + 0.80 100 6.40 £ 0.70 139.13 [4.70 £0.30 102.17 |3.40 £0.70| 73.91
18 5.90 £ 1.00 100 7.60 £ 1.20 128.81 |4.90 £0.40 83.05 |3.90+0.80| 66.10
24 6.60 = 1.20 100 8.90 = 1.40 134.84 |4.70 £0.20 71.21 |2.90%0.40[ 43.93

* Cells of the culture not treated with amphotericin were used as the controls. The results are mean values * standard deviation (number

of repeats n = 7).
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Fig. 4. Changes in specific growth rate (p, h_l) of the A. awamori culture depending on the amphotericin concentration (LM):
control, fungicide-free medium (a); 2.5 (b); 10 (¢); and 20 (d); (/), log d, colony diameter; and (2), specific growth rate of the

colony (U, h’l).

time, the process was stimulated by a lower (2.5 pM)
dose of the antibiotic.

Thus, investigation of the cell response to the effect
of amphotericin indicated dose-dependency of the
fungicide effects at all stages of A. awamori culture
development (initiation of spore germination, myce-
lium growth, and intensity of sporulation).

At the next stage of the work, we studied the effect
of amphotericin on the formation of Ca** response in
the spores of the micromycete grown in liquid Vogel
medium in plate wells. Measurement of the intracellu-
lar calcium concentration was possible due to the use
of a mutant strain A. awamori 66A carrying a recombi-
nant gene of Aequorea victoria responsible for synthe-

sis of a Ca’>*-dependent light-sensitive protein
aequorin (21400 Da). Aequorin is known to comprise
a single polypeptide chain, apoaequorin, a hydropho-
bic luminophor, coelenterazine, and bound oxygen
[16]. As a result of a Ca®* ion binding to two out of
three calcium-binding sites in aequorin, the protein
exhibits oxygenase properties, catalyzing the oxida-
tion of coelenterazine with the bound oxygen. This
results in luminescence of aequorin (emission of blue
light, .« 470 nm), whose intensity depends on con-
centration of free calcium ions.

In the experiments, the fungicide was introduced
into 24-h cultures of A. awamori at concentration of
2.0 to 20 uM. It turned out that the concentration of
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Table 2. Intensity of sporulation by surface cultures of A. awamori pre-incubated in the media containing various doses of

amphotericin for 24 h

Number of spores per 1 mL suspension, x10%
Agsu(ig?ee iiuaryfsce Fungicide concentration, pM
control 2.50 10.00 20.00
0 3.00 £ 0.50 3.30 £ 0.06 3.20 £ 0.07 3.10 £ 0.07
1 3.20£0.10 5.10 £ 0.50 3.60 = 0.50 3.40 £ 0.50
2 4.00 £0.20 5.40 +0.70 4.10 £0.30 3.60 £0.70
3 5.10 £0.80 6.60 = 1.00 4.90 £ 0.40 3.90 + 0.80
4 5.70 £ 0.20 6.90 £ 0.40 4.70 £ 0.20 4.40 £ 0.40
5 6.10 £0.80 7.20 £ 0.20 5.10 £ 0.07 4.90 £ 0.40
6 6.30 +£0.50 7.80 £0.30 5.50 £0.10 5.30 £0.20
7 6.56 £ 0.70 8.39 £0.10 5.60 £ 0.08 5.60 £0.10

Time of spore suspension inoculation onto dense medium is indicated as 0. Control was the culture not treated with the fungicide. The
results are mean values * standard deviation (number of repeats n = 6).

2 uM was the minimum for reliable induction of
increased calcium content in the cytoplasm of
Aspergillus cells (Fig. 5). Increase in the dose of the
permeabilizing fungicide led to an increase in the
intracellular calcium concentration.

In the study of the effect of amphotericin on kinet-
ics of Ca?* response generation, its concentration in
the cells of the control and experimental samples was
monitored for 6 min. Measurements of the dynamics
of Ca?* demonstrated a drastic increase in its content
already 1 min after the introduction of amphotericin
into the experimental cultures (Fig. 6). Both the
intensity and rate of Ca?* increase in the cytoplasm
were dose-dependent. Upon the addition of low con-
centrations (2.5 uM) of amphotericin, Ca>* response
was formed more slowly and was less pronounced than
upon the effect of high doses of the fungicide (10—
20 uM). Dose-dependency of the effect of amphoteri-
cin was registered through the differences in (1) time
required for an increase in Ca%* concentration in the
cytosol; (2) amplitude of the rise; and (3) duration of
the elevated level of calcium in the cytoplasm.

DISCUSSION

In fungi, Ca?* transport is carried out by the system
of pumps and channels located in the plasma mem-
brane or in the membranes of the cell organelles stor-
ing Ca?*, which may consume or release Ca** ions.

In the studies of Ca2* signal regulation in the cells,
much attention is paid to the role of mitochondria
[19], in particular, of the mitochondrial carriers, such
as calcium uniporter providing for Ca>* consumption,
and antiporters, necessary for the cation release from
the organelle. For the cells of the yeast Endomyces
magnusii, a mechanism of slow calcium release was
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demonstrated in the mitochondria [10]. Calcium
release occurs in the absence of damage to the inner
mitochondrial membrane (formation of a Ca** pore)
and is performed by an electroneutral Ca?*/2H*
exchanger. According to the authors' data, the calcium
transporting system, comprising independent ways of
its accumulation and release, is involved in the regula-
tion of the level of intramitochondrial calcium and
modulation of oxidative metabolism in yeast cells via
Ca?*-dependent activation of NAD-dependent isoci-
trate dehydrogenase.
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Fig. 5. Effect of amphotericin on the level of cytosolic
Ca?t expressed as levels of aequorin luminescence. The
results present the mean + standard error; RLU, relative
light units.
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Fig. 6. Effect of amphotericin on the dynamics of Ca?t
response in A. awamori cells. Time of a single cycle is
11.6 s. Concentrations of amphotericin (uM): (1), 0 (con-
trol); (2), 2.5; (3), 10; and (4), 20. The results are mean *+
standard error. The experiments were performed using the
repeated measurements protocol.

Earlier, using various blockers of Ca2* channels and
agonists specifically increasing their activity, we found
that Ca?* bursts in the cells of A. awamori induced by
physicochemical stimuli are regulated by an influx of
Ca’* from both the environment and intracellular res-
ervoirs [17]. Also, factors of intercellular communica-
tion, particularly, alkylhydroxybenzenes (AHB), syn-
thesized by a number of bacteria and yeasts, were
shown to participate in the regulation of Ca?* trans-
port in the micromycete [20]. Alkyloxybenzenes, as
well as amphotericin, exhibit membranotropic prop-
erties [21]. A hydrophobic long-chain homologue
(C6-AHB) induced an increase in Ca?* content in the
cytosol of A. awamori with prolonged maintenance of
the elevated Ca?* level [22]. In other experiments, the
AHB homologue was shown to function as a factor of
intercellular communication acting as an alarmone, or
an alarm signal imitating the stress impact [23]. Its
effect on the physiological activity of microorganismes,
as well as the effect of amphotericin, was dose-depen-
dent; it stimulated the activity of test microorganisms
at low concentrations and inhibited it at high concen-
trations [24]. The revealed relationship between an
increase in the Ca?* pool in A. awamori cells treated
with amphotericin with the dose-dependent inhibi-
tion of growth and development of the micromycete is
similar to the effects of long-chain alkylhydroxyben-
zenes. These data raise an issue of further studies on
the effect of amphotericin as a microbial metabolite
involved in microbial cell communication at the level
of a microbial community.

The revealed changes in calcium pool in
A. awamori cells under stress effects of amphotericin
are caused by properties typical of polyene antibiotics,

ABD EL-RAHMAN et al.

which interact with the membrane lipids with forma-
tion of pores for ions and non-electrolytes. Thus,
interaction of an antibiotic filipin, which shares many
features with amphotericin, with supported phospho-
lipid bilayer membranes promoted a 10*—10°-fold
increase in membrane permeability. At low concentra-
tions of filipin (10~7 M), individual ion pores were
observed in the membranes, while upon combined
treatment with filipin and amphotericin B open ion
pores were detected [25]. Therefore, our results dem-
onstrating the effect of growth-inhibitory doses of a
fungicide on the increase in the Ca?* level in the cyto-
sol of A. awamori agree with the literature data on the
ability of amphotericin, as well as of other membrano-
tropic compounds, to induce changes in the perme-
ability of cell membranes for ions.

One of the paradoxes of calcium signaling systems
is the fact that, on one hand, increase in the cellular
calcium pool is required upon stress impact for signal
generation and, on the other, prolonged maintenance
of high calcium concentration in the cytoplasm may
be lethal for a cell due to impairment of its energetics
by binding of calcium with phosphate ions [26]. The
demonstrated inhibition of growth and development
of the fungus A. awamori by high doses of amphotericin
correlates with the increase and prolonged mainte-
nance of high Ca?* levels in the cytosol of this micro-
mycete. The revealed correlation of the growth-inhib-
itory effect of amphotericin and Ca?* response of the
micromycete cells makes the development of a test
system to screen for compounds with fungicide activ-
ity based on the A. awamori mutant strain with recom-
binant aequorin promising.

REFERENCES

1. Markovich, N.A. and Kononova, G.L., Lytic enzymes
of Trichoderma and their role in plant defense from fun-
gal diseases: a review, Appl. Biochem. Microbiol., 2003,
vol. 39, no. 4, p. 341-351.

2. Monastyrskii, O.A., Toxins of phytopathogenic fungi,
Zashch. Rast., 1996, no. 8, pp. 12—14.

3. Chryssanthou, E., Loebig, A., and Sjolin, J., Post-anti-
fungal effect of amphotericin B and voriconazole
against germinated Aspergillus fumigatus conidia,
J. Antimicrob. Chemotherapy, 2008, vol. 61, pp. 1309—
1311.

4. Johnson, E.M., Oakley, K.L., Radford, S.A.,
Moore, C.B., Warn, P, Warnock, D.W., and
Genning, D.W., Lack of correlation of in vitro ampho-
tericin B susceptibility testing with outcome in a
murine model of Aspergillus infection, J. Antimicrob.
Chemother., 2000, vol. 45, pp. 85—93.

5. Meletiadis, J., Al-Saigh, R., Velegraki, A., Walsh, T.S.,
Roilides, E., and Zerva, L., Pharmacodynamic effects
of stimulated standard doses of antifugal drug against
Aspergillus species in a new in vitro pharmacoki-
netic/pharmacodynamic  model, J. Antimicrob.
Chemother., 2012, vol. 56, pp. 403—410.

MICROBIOLOGY Wol. 83 No.4 2014



10.

11.

12.

13.

14.

15.

16.

CHANGES IN GROWTH PATTERNS

Kasumov, Kh.M., Modern concepts on the mechanism
of action of polyene antibiotics—interrelation between
structure and function, Antibiotiki, 1981, vol. 26, no. 2,
pp. 143—155.

Samedova, A.A. and Kasumov, Kh.M., The relation-
ship between the structure and function of polyene
antibiotics as physiologically active substances, Eastern
Med. J., 1998, vol. 3, nos. 1-2.

Cerella, C., Diederich, M., and Ghibelli, L., The dual
role of calcium as messenger and stressor in cell dam-
age, death, and survival, Int. J. Cell Biol., 2010, article
ID546163. DOI: 10.1155/2010/546163

Medvedev, S.S., Calcium signaling system in plants,
Russ. J. Plant Physiol., 2005, vol. 52, no. 2, pp. 249—
270.

Deryabina, Yu.l., Bazhenova, E.N., and Zvy-
agil’skaya, R.A., The Ca?* transport system of yeast
(Endomyces ma%nusii) mitochondria: independent
pathways for Ca** uptake and release, Biochemistry
(Moscow), 2000, vol. 65, no. 12, pp. 1352—1356.
Kajitani, N., Kobuchi, H., Fujita, H., Yano, H., Fuji-
wara, T., Yasuda, T., and Utsumi, K., Mechanism of
A23187-induced apoptosis in HL-60 cells: dependency
on mitochondrial permeability trannsition but not on
NADPH oxidase, Boisci. Biotechnol. Biochem., 2007,
vol. 71, no. 11, pp. 2701-2711.

Bras, M., Queenan, B., and Susin, S.A., Programmed
cell death via mitochondria: different modes of dying,
Biochemistry (Moscow), 2005, vol. 70, no. 2, pp. 231—
239.

Nelson, G., Kozlova-Zwinderman, O., Kollis, A.G.,
Knight, M.R., Fincham, J.R.S., Stanger, C.R., Ren-
wick, A., Hessing, J.G.M., Punt, PJ., van den
Hondel, C. A.M.]J.J., and Read N.D., Calcium mea-
surement in living filamentous fungi expressing codon-
optimized aequorin, Mol. Microbiol., 2004, vol. 52,
pp. 1437—1450.

Vogel, H.J., A convenient growth medium for Neuro-
spora (medium N), Microb. Gen. Bull., 1956, vol. 51,
pp. 107—124.

Bilai, V.I., Determination of fungal growth and biosyn-
thetic activity, in Metody eksperimental’noi mikologii
(Methods for Experimental Mycology), Kiev: Naukova
dumka, 1982, pp. 138—152.

Knight, M.R., Campbell, A.K., Smith, S.M., and Tre-
wavas, A.J., Recombinant aequorin as a probe for cyto-
solic free Ca2* in Escherichia coli, FEBS Lett., 1991,
vol. 282, pp. 408—412.

MICROBIOLOGY Vol. 83 No.4 2014

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

351

Kozlova, O.V.,, Egorov, S.Yu., Kupriyanova-
Ashina, EG., Nik, R., and El-Registan, G.I., Analysis
ofthe Ca?* response of mycelial fungi to external effects
by the recombinant aequorin method, Microbiology
(Moscow), 2004, vol. 73, no. 6, pp. 629—634.

Barabas, G. and Szabo, G., Effect of penicillin on
streptomycin production by Streptomyces griseus,
J. Antimicrob. Chemother., 1977, vol. 11, pp. 392—395.

Saris, N.E.L. and Carafoli, E.A., Historical review of
cellular calcium handling, with emphasis on mitochon-
dria, Biochemistry (Moscow), 2005, vol. 70, no. 2,
pp. 187—194.

El-Registan, G.I., Mulyukin, A.L., Nikolaev, Yu.A.,
Suzina, N.E., Gal’chenko, V.E, and Duda, V.I., Adap-
togenic functions of extracellular autoregulators of
microorganisms, Microbiology (Moscow), 2006,
vol. 75, no. 4, pp. 380—389.

I’inskaya, O.N., Kolpakov, A.I., Shmidt, M.A., Dor-
oshenko, E.V., Mulyukin, A.L., and EI’-Registan, G.I.,
The role of bacterial growth autoregulators (alkyl
hydroxybenzenes) in the response of staphylococci to
stresses, Microbiology (Moscow), 2002, vol. 71, no. 1,
pp. 18—23.

Kozlova, 0.V, Kupriyanova-Ashina, EG.,
Egorov, S.Yu., and El-Registan, G.1., Effect of a chem-
ical analogue of autoinducers of microbial anabiosis on
the Ca?* response of mycelial fungi, Microbiology
(Moscow), 2004, vol. 73, no. 6, pp. 635—642.

Golod, N.A., Loiko, N.G., Lobanov, K.V,
Mironov, A.S., Voieikova, TA., Galchenko, V.E,
Nikolaev, Yu.A., and El-Registan, G.I., Involvement of
alkylhydroxybenzenes, microbial autoregulators, in
controlling the expression of stress regulons, Microbiol-
ogy (Moscow), 2009, vol. 78, no. 6, pp. 678—688.

Nikolaev, Yu.A., Mulyukin, A.L., Stepanenko, I.Yu.,
and El-Registan, G.I., Autoregulation of stress
response in microorganisms, Microbiology (Moscow),
2006, vol. 7, no. 4, pp. 420—426.

Samedova, AA., Kasumoy, Kh.M., and
Sultanova, G.G., Mechanism of action of filipin, a
polyene membrane-active antibiotic, and biochemical
aspects of its investigation on cell membranes, Usp.
Sovr. Estestvoznan., 2008, no. 9, pp. 99—100.

Gadd, G.M., Signal transduction in fungi, in 7he
Growing Fungus, Gow, N.A.R. and Gad, G.M., Eds.,
London: Chapman & Hall, 1995, pp. 183—210.

Translated by N. Kuznetsova



