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THE EFFECT OF PRO-

AND EUKARYOTIC INDUCTORS

ON THE SYNTHESIS AND ANTIMICROBIAL
ACTIVITY OF ACINETOBACTER
CALCOACETICUS IMV B-7241 SURFACTANTS

By now, the mixed cultivation («co-cultivation») of antimicrobial compound producers with other microorganisms or the
introduction of biological inductors in different physiological states (live and inactivated cells, as well as the correspond-
ing supernatants) into the culture medium is a simple, cheap, and effective way to increase the synthesis of practically
important microbial metabolites and regulate their biological activity. In most studies, researchers use bacterial strains of
various species as inductors, however, in recent years, there have been an increasing number of publications reporting the
use of eukaryotic inductors, in response to which theres observed an increase in the synthesis of antimicrobial compounds
by the bacterial producers. In addition, the effectiveness of biological inductors depends on the conditions of their cultiva-
tion and physiological state. Aim. To study the effect of the methods of preparation and physiological state of biological
inductors (gram-negative bacteria Enterobacter cloacae C-8 and yeast Saccharomyces cerevisiae BTM-1) on the activity
of biosynthetic enzymes and antimicrobial activity of Acinetobacter calcoaceticus IMV B-7241 surfactants. Methods.
Purified glycerol and crude glycerol in equimolar carbon concentration were used as a substrate for cultivation of A. calco-
aceticus IMV B-7241. The microbial inductors were grown on both agar and liquid media with glucose as a carbon source.
Live or inactivated cells of S. cerevisiae BTM-1 or E. cloacae C-8, as well as the corresponding supernatant, were added
to the medium in an amount of 2.5—10% (v/v). The extracellular surfactants were obtained from the supernatant of the
culture liquid by extraction with a mixture of chloroform and methanol (2:1). The antimicrobial activity of surfactants
against bacterial (Bacillus subtilis BT-2, Escherichia coli IEM-1, Staphylococcus aureus BMS-1, Pseudomonas sp. MI-2)
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and yeast (Candida albicans D-6 and Candida tropicalis PE-2) test cultures was determined by the indicator of the mini-
mum inhibitory concentration. The activity of enzymes for the biosynthesis of surface-active glyco- (phosphoenolpyruvate
carboxylase, phosphoenolpyruvate synthetase, phosphoenolpyruvate carboxykinase, trehalose phosphate synthase) and
aminolipids (NADP*-dependent glutamate dehydrogenase) was analyzed in cell-free extracts obtained after sonication
of cells. Results. The introduction into the culture medium of A. calcoaceticus of IMV B-7241 with glycerol of various
purification degrees, both pro- and eukaryotic inductors in different physiological states was accompanied by the synthesis
of surfactants, the antimicrobial activity of which against the test cultures was higher by one to two orders of magnitude
compared to preparations obtained without inductors. It was found that E. cloacae C-8 cells grown in liquid medium were
slightly more effective as inductors than those grown in agar medium: the minimum inhibitory concentrations against
bacterial and yeast cultures of surfactants synthesised in their presence were 1—6 and 2.5—8 ug/mL, respectively. When
live S. cerevisiae BTM-1 or E. cloacae C-8 cells were used as inductors, the production of microbial surfactants with
higher antimicrobial activity than those synthesized in the presence of inactivated cells or supernatants was observed: the
minimum inhibitory concentrations against the test cultures were in the range of 0.85—16, 2—20 and 1.5—22 ug/mL,
respectively. The higher antimicrobial activity of surfactants synthesized in the presence of a pro- or eukaryotic inductor
in the medium with purified glycerol may be caused by an increase of aminolipids in their composition, as evidenced by
a 1.6—2.1-fold increase in NADP*-dependent glutamate dehydrogenase activity in A. calcoaceticus IMV B-7241 cells
compared to the values of cultivation without inductors. The same level of activity of this enzyme during the cultivation
of the IMV B-7241 strain in the medium with crude glycerol in the presence of inductors and without them may indicate
the synthesis under such conditions of other, than aminolipids, metabolites with antimicrobial activity. Conclusions. As
a result of this study, it was established that the antimicrobial activity of A. calcoaceticus IMV B-7241 surfactants can be
increased by introducing pro- and eukaryotic inductors in the form of live or inactivated cells, as well as the corresponding
supernatants into the medium with glycerol of different degrees of purification.

Keywords: yeast and bacterial inductors, surfactants, antimicrobial activity.

In our previous work (Pirog et al., 2023c), we not-
ed an increasing number of publications in recent
years regarding the co-cultivation of producers of
antimicrobial compounds with competitive mi-
croorganisms (biological inductors). This co-cul-
tivation has shown an increase in the antimicro-
bial activity and/or synthesis of the final product
and even the synthesis of new metabolites that are
not typical for the producer’s monoculture. This
method of cultivation is a simple, cost-effective,
and highly efficient way to increase the synthe-
sis of practically important microbial metabolites
and regulate their biological activity.

Our experimental study has shown that the
presence of live and inactivated cells of Bacillus
subtilis BT-2, as a biological inductor, in the cul-
ture medium of Acinetobacter calcoaceticus IMV
B-7241 increased not only the antimicrobial but
also the anti-adhesive activity of the synthesized
microbial surfactants (Pirog et al., 2023c). Howev-
er, in that study, the biological inductor was grown
on meat-peptone agar. Nevertheless, this method
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of preparing the inductor is unsuitable for scaling
up the process of surfactant biosynthesis.

Moreover, the literature indicates that the pos-
itive outcomes of co-cultivation (or the presence
of a biological inductor in the medium) often
depend on the nature of the competitive micro-
organisms (bacteria, fungi, or yeast) and their
physiological state (Wang et al., 2013; Luti et al.,
2018; Song et al., 2020).

It should be noted that the majority of pub-
lications in this field focus on co-cultivation
of bacteria (Pirog & Ivanov, 2023b; Qiao et al.,
2022), yet in recent years, there have appeared
more and more papers devoted to the cultiva-
tion of microorganisms with eukaryotes, in par-
ticular yeast (Wang et al., 2022), and the usage
of yeast inductors as a factor in the regulation of
the synthesis of secondary metabolites by pro-
karyotes (Luti et al., 2018).

Considering the above, the aim of this study was
to investigate the effect of the preparation method
and physiological state of biological inductors
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(gram-negative bacteria Enterobacter cloacae C-8
and yeast Saccharomyces cerevisiae BTM-1) on the
activity of biosynthetic enzymes and antimicrobial
activity of A. calcoaceticus surfactants IMV B-7241.

Materials and Methods. The main object of
this research was a strain of oil-oxidising bacte-
ria, Acinetobacter calcoaceticus, isolated from an
oil-contaminated soil sample and registered in
the Depository of Microorganisms of the D.K.
Zabolotny Institute of Microbiology and Vi-
rology of the National Academy of Sciences of
Ukraine under IMV number B-7241.

The strains of bacteria (Bacillus subtilis BT-2,
Escherichia coli IEM-1, Staphylococcus aureus
BMS-1, Pseudomonas sp. MI-2) and yeast (Can-
dida albicans D-6, Candida tropicalis PE-2) from
the collection of live cultures of the Department
of Biotechnology and Microbiology of the Na-
tional University of Food Technologies were
used as test cultures for determining the antimi-
crobial activity of surfactants.

The cultivation of A. calcoaceticus IMB B-7241
was carried out as described in our previous work
(Pirog et al., 2023c). The following carbon sources
were used (%, v/v): purified glycerol — 3, crude
glycerol — 5. The concentrations of glycerol of
different quality were equimolar by carbon.

The inductors were prepared in two variants.
In the first variant, yeast S. cerevisiae BTM-1 and
bacteria E. cloacae C-8 were grown on a shaker
at 320 rpm for 24 h in a liquid mineral medium
of the same composition as for the cultivation of
surfactant producer, but glucose (0.5%) was used
as a carbon source. After 24 h of cultivation, the
culture liquid was centrifuged in a sterile Eppen-
dorf microtube (10000 g, 10 min). The resulting
supernatant was used as an inductor and added
at the amount of 2.5 mL per 100 mL of surfac-
tant producer culture medium. The biomass was
resuspended in sterile tap water to an amount
equal to that taken for centrifugation. The resus-
pended biomass (live inductor cells) was added
at the amount of 2.5 mL of suspension per 100
mL of culture medium. A part of the resuspend-
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ed biomass was autoclaved at 131 °C for 1 h to
obtain inactivated cells (10 mL of suspension per
100 mL of culture medium).

In the second variant of preparing the E. cloa-
cae C-8 inductor, it was cultivated on meat-pep-
tone agar (MPA) for 24 hours. Subsequently, the
cells were suspended in 100 mL of sterile tap wa-
ter, and 2.5 mL of this suspension was added per
100 mL of surfactant producer culture medium.
The inactivated cells (sterilized in an autoclave at
131 °C for 1 hour) were added at a rate of 10 mL
of suspension per 100 mL of culture medium.

Cultivation of A. calcoaceticus IMV B-7241 in
the presence of supernatant, live and inactivated
S. cerevisiae BTM-1 or E. cloacae C-8 cells and
without inductors was carried out in 750 mL
flasks with 100 mL of the medium on a shaker
(320 rpm) at 30 °C for 7 days.

Preparation of cell-free extracts and determi-
nation of the activity of surfactant biosynthesis
enzymes: phosphoenolpyruvate (PEP) synthetase
(EC 2.7.9.2), FEP carboxykinase (EC 4.1.1.49),
glutamate dehydrogenase (EC 1.4.1.4), FEP car-
boxylase (EC 4.1.1.31), trehalose phosphate syn-
thase (EC 2.4.1.15) were performed as described
previously (Pirog et al., 2023c).

Extracellular surfactants were isolated from
the culture supernatant by extraction with a
mixture of chloroform and methanol (2:1) as
described in (Pirog et al., 2020). To obtain the
supernatant, the culture liquid was centrifuged
at 5000 g for 20 min.

The antimicrobial activity of surfactants was
analyzed by the minimum inhibitory concentra-
tion (MIC) as described in (Pirog et al., 2020).

All experiments were performed in 3 repeats,
the number of parallel determinations in the ex-
periments was 3—5. Statistical processing of the
experimental data was performed as described
previously (Pirog et al., 2020). Differences in
mean values were considered reliable at the sig-
nificance level of p<0.05.

Results. Table 1 presents the values of minimal
inhibitory concentrations of the surfactants pro-
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duced by A. calcoaceticus IMV B-7241 in the pres-
ence of grown under various conditions prokary-
otic inductors in different physiological states.
Regardless of the type of culture medium of E. clo-
acae C-8 (agar or liquid medium), surfactants
synthesized in the presence of live or inactivated
cells of the biological inductor demonstrated anti-
microbial activity one to two orders of magnitude
higher compared to preparations obtained with-
out an inductor. However, the inductor grown in
a liquid medium exhibited slightly higher efficacy
than after cultivation on meat-peptone agar: the
MICs for bacterial and yeast cultures of surfac-
tants were 1—6 and 2.5—8 ug/mL, respectively.
In addition, the surfactants synthesized in the
presence of live E. cloacae C-8 cells in the medium
with both purified and crude glycerol were char-
acterized by slightly higher antimicrobial activity
compared to the preparations obtained using in-
activated cells or their supernatant. It should be
noted that the effectiveness of inactivated cells and
supernatant as inductors was practically identical.
The data showing the effect of the eukaryotic

inductor in various physiological states on the

antimicrobial activity of A. calcoaceticus surfac-
tants IMV B-7241 are shown in Table 2.

The introduction of live S. cerevisiae BTM-1
cells into the medium with purified or crude glyc-
erol was accompanied by the synthesis of surfac-
tants, the minimum inhibitory concentrations of
which against the tested cultures were 5—37 and
13—50 times lower, respectively, than those es-
tablished for surfactants synthesized without an
inductor. The less effective of the used eukaryotic
inductors were inactivated cells, in the presence
of which in the medium with glycerol of various
degrees of purification, the synthesis of surfac-
tants was found, the MICs of which were only
1.7—5.4 times lower than the minimum inhibi-
tory concentrations of the preparations obtained
without an inductor. When the supernatant of S.
cerevisiae BTM-1 was added to the medium with
both substrates, their MICs were 2.7—18.7 times
lower in comparison with the values determined
for surfactants obtained without an inductor.

In Table 3, the activity of key enzymes involved
in the biosynthesis of surface-active glyco- (PEP
synthetase, PEP carboxykinase, trehalose phos-

Table 1. The effect of preparation method and physiological state of prokaryotic inductor
(Enterobacter cloacae C-8) on the antimicrobial activity of Acinetobacter calcoaceticus IMV B-7241 surfactants

Glycerol Minimum inhibitory concentrations (ug/mL) against
as a substrate Medium for induc- . . .
f]c)).r surff}itapt Inductor tor cultivation Escherichia fzzltllllf Staphylococcus | Pseudomonas SZZCCZZZ gg;liﬁi
iosynthesis coli IEM-1 BT.p | @ureus BMS-1 sp. MI-2 D-6 PE-2
Purified Control (without inductor) 14 28 14 28 28 28
Live cells MPA 5 5 2.5 5 2.5 2.5
Liquid with glucose 2 2 2 1 1 1
Inactivated MPA 8 8 8 8 4 4
cells | Liquid with glucose 6 6 6 3 2 2
Supernatant | Liquid with glucose 3 3 3 6 3 3
Crude Control (without inductor) 20 40 20 40 40 40
Live cells | Liquid with glucose 8 16 8 16 16 16
Inactivated | Liquid with glucose 10 20 10 20 20 20
cells
Supernatant | Liquid with glucose 11 22 11 22 18 18

When determining the minimum inhibitory concentrations, the error did not exceed 5%.
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phate synthase) and aminolipids (NADP*-de-
pendent glutamate dehydrogenase) is shown
depending on the physiological state of the pro-
karyotic inductor in the culture medium of A.
calcoaceticus IMV B-7241.

Table 2. Antimicrobial activity of surfactants synthesized

In the cells of the surfactant producer culti-
vated on purified glycerol in the presence of all
types of inductors (live or inactivated cells of E.
cloacae C-8, or the corresponding supernatant),
an increase of 1.6 to 2-fold in NADP*-dependent

by Acinetobacter calcoaceticus IMV B-7241

in the presence of eukaryotic inductor (Saccharomyces cerevisiae BTM-1)

Glycerol Minimum inhibitory concentrations (ug/mL) against
as a substrate . . .
fglr surfactapt Inductor Escherichia Ijggltllll?ss Staphylococcus | Pseudomonas g;zgali? gggg;‘z
iosynthesis coli IEM-1 BT-2 aureus BMS-1 sp. MI-2 D-6 PE-2
Purified Control
(without inductor) 16 32 16 32 32 32
Live cells 3.4 1.7 0.85 3.4 34 0.85
Inactivated cells 9.6 9.6 4.8 19.2 19.2 19.2
Supernatant 5.8 5.8 2.9 11.6 11.6 11.6
Crude Control
(without inductor) 28 56 28 56 56 56
Live cells 1.1 2.2 2.2 4.4 1.1 1.1
Inactivated cells 5.2 10.4 5.2 10.4 10.4 10.4
Supernatant 1.5 6.0 3.0 6.0 6.0 3.0

When determining the minimum inhibitory concentrations, the error did not exceed 5%; S. cerevisiae BTM-1 yeast

was grown in a liquid medium with glucose.

Table 3. Effect of prokaryotic inductors in the culture medium of Acinetobacter calcoaceticus IMV B-7241

on the activity of key enzymes of surfactant biosynthesis

Activity (nmol min"! mg! of protein)
Carbon Inductor
source (Enterobacter cloacae C-8) NADP*-dependent PEP-synthase | PEP-carboxylase Trehalose phosphate
glutamate dehydrogenase synthase

Purified Control
glycerol (without inductor) 322+16 21061+1053 643+32 22+1
Live cells 643+32 4508+225 693+34 19+1
Inactivated cells 516+25 3981+199 612430 18+1
Supernatant 523426 51524257 603+30 19+1

Crude Control
glycerol (without inductor) 357+17 19897+994 714£35 45+2
Live cells 357+17 92861464 791+39 44+2
Inactivated cells 357+17 8787+439 714+35 35+2
Supernatant 357x17 7965%398 757+37 34+2

The bacterial strain Enterobacter cloacae C-8 was grown in a liquid medium with glucose.

ISSN 1028-0987. Microbiological Journal. 2024. (4)
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glutamate dehydrogenase activity and a decrease
of 4 to 5-fold in PEP synthetase activity com-
pared to those in the medium without inductors
were observed. The activity of the other two en-
zymes involved in the biosynthesis of glycolipids
surfactant under these cultivation conditions in
A. calcoaceticus IMV B-7241 cells practically did
not differ from the activity in the cells of the sur-
factant producer cultivated without inductors.
We observed slightly different patterns during
the cultivation of A. calcoaceticus IMV B-7241
on crude glycerol (Table 3). The activity of
NADP+-glutamate dehydrogenase in the cells
of the surfactant producer remained at the same
level regardless of the presence and type of pro-
karyotic inductor in the culture medium. Simi-
larly, the presence of an inductor in the medium
with crude glycerol had practically no effect on
the activity of PEP-carboxykinase and treha-
lose phosphate synthase in A. calcoaceticus IMB
B-7241 cells. At the same time, the introduction
of both live and inactivated E. cloacae C-8 cells
and the corresponding supernatant into the me-
dium with crude glycerol was accompanied by
a 2.5-fold decrease in PEP-synthetase activity in
the cells of the surfactant producer (Table 3).

Table 4 shows data on the effect of eukaryotic
inductors in the culture medium of A. calcoace-
ticus IMV B-7241 on the activity of key enzymes
involved in the biosynthesis of surfactants. In the
presence of all types of yeast inductors in the me-
dium with purified glycerol, the activity of gly-
colipid biosynthesis enzymes (PEP-synthetase,
PEP-carboxykinase, trehalose phosphate syn-
thase) in the surfactant-producing cells remained
practically unchanged, while the NADP*-depen-
dent glutamate dehydrogenase activity increased
by 1.6—2.1 times compared to the cultivation
of the IMV B-7241 strain without inductors.
Meanwhile, after introducing all types of eukary-
otic inductors into the medium containing crude
glycerol, the change in the activity profile of all
investigated enzymes in A. calcoaceticus IMV
B-7241 cells (except for trehalose phosphate syn-
thase) was similar to that observed in the pres-
ence of prokaryotic inductors (Table 3).

Specifically, the activity of NADP*-dependent
glutamate dehydrogenase and PEP-carboxyki-
nase remained unchanged upon the addition of
inductors, while the activity of PEP-synthetase
and trehalose phosphate synthase decreased by
1.7—3.3 and 2—3.7 times, respectively.

Table 4. The activity of key enzymes in surfactant biosynthesis of Acinetobacter calcoaceticus IMV B-7241
depending on the presence of eukaryotic inductors in the culture medium in different physiological states

- T .
Carbon Inductor Activity (nmol min"! mg™! of protein)
(Saccharomyces
source cerevisiae BTM-1) NADP*-dependent gluta- PEP-synthase | PEP-carboxylase Trehalose phosphate
mate dehydrogenase synthase
Purified Control
glycerol (without inductor) 345+17 17103+855 345+17 17+1
Live cells 71435 16034+801 414+20 14+1
Inactivated cells 557+27 15906£795 35717 171
Supernatant 570+28 16520+826 44122 13+1
Crude Control
glycerol (without inductor) 625+31 12345+617 625+31 108+5
Live cells 667+33 3678+183 667+33 38+2
Inactivated cells 667133 7324+366 667+33 29+1
Supernatant 667+33 3750+187 667+33 54+3
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Discussion. The first report on the co-cultiva-
tion of microorganisms dated back to 1989, when
Sonnenbichler et al. observed an increase in the
variety of synthesized secondary metabolites
through the co-cultivation of Heterobasidion an-
nosum and Gloeophyllum abietinum fungi. Refer-
encing publications from 1978, the review by (Li
etal., 2023) highlighted the increased synthesis of
levorin and amphotericin B upon the co-cultiva-
tion of the producers of these polyene antibiotics
with Candida yeast. Therefore, initially, the lit-
erature reported the possibility of increasing the
synthesis of secondary metabolites as a result of
the co-cultivation of microorganisms, and later
- the synthesis of new biologically active com-
pounds that are not typical for monocultures.
From the late 1990s to the present, the number of
published articles devoted to the co-cultivation of
microorganisms as a factor in regulating the syn-
thesis and activity of secondary metabolites has
increased by more than two orders of magnitude
(Selegato & Castro-Gamboa, 2023).

However, despite the large number of publica-
tions on this topic, many questions remain un-
answered. The first of these relates to the choice
of a co-culture agent or biological inductor. Li et
al. in their review (Li et al., 2023) attempted to
summarize the available literature information
on this matter. So, most often, both the producer
and competitive microorganisms (or inductors)
are inhabitants of the same habitats. In various
studies, researchers have used pathogenic mi-
croorganisms for co-cultivation with secondary
metabolite producers. Authors of the work (Li
et al., 2023) referenced individual studies where
partners to marine microorganism producers of
biologically active compounds include bacteria
containing mycolic acids, phototrophic organ-
isms, or microorganisms containing gene clus-
ters for synthesizing halogen peroxidases.

However, there are numerous other publi-
cations where microorganisms used as com-
petitive, were not included in the classification
provided in the review (Li et al., 2023). For in-
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stance, some researchers (Luti et al., 2018; Song
et al., 2020; Luti & Yonis, 2013; Mahmoud et al,,
2015; Fouad & Khalid, 2016; Sharma et al., 2017;
Wang et al., 2013; Ramchandran et al., 2020) ob-
served an increased synthesis when the culture
medium of the producers of antimicrobial me-
tabolites included yeast S. cerevisiae. Notably, in
articles (Luti et al., 2018; Song et al., 2020; Luti
& Yonis, 2013; Mahmoud et al., 2015; Fouad &
Khalid, 2016; Sharma et al., 2017; Wang et al,,
2013; Ramchandran et al., 2020), authors in-
vestigated the effect on secondary metabolite
synthesis not only of saccharomycetes yeast as
inductors but also of bacteria and fungi. How-
ever, they did not justify or explain the choice of
biological inductors but simply stated the fact of
their use. Moreover, some studies used only live
cells of prokaryotes and eukaryotes (Luti et al.,
2018; Sharma et al., 2017), or only inactivated
ones (Ramchandran et al., 2020), or exclusively
supernatants (Fouad & Khalid, 2016; Shi et al.,
2017) as inductors.

For example, the researchers in (Sharma et
al., 2017) found that in the presence of live cells
of Bacillus cereus or S. cerevisiae, the synthe-
sis of valinomycin by Streptomyces lavendulae
ACR-DALI increased by 62 and 34%, respec-
tively. Additionally, in (Luti et al., 2018), it was
demonstrated that the addition of live cells of
S. cerevisiae to the culture medium of Serratia
marcescens increased prodigiosin synthesis up to
170 mg/mL, which was 70% higher than when
the producer was cultivated without an induc-
tor. The use of prokaryotic inductors (E. coli, B.
subtilis) allowed an increase in the the concen-
tration of the final product to 220—250 mg/mL.

Furthermore, in (Ramchandran et al., 2020),
it was shown that in the presence of heat-inac-
tivated yeast cells of C. albicans SC 5314 in the
culture medium of the surfactants producer B.
subtilis RLID 12.1, the concentration of synthe-
sized lipopeptides AF3 and AF5 increased by 1.4
and 2 times, respectively, compared to the levels
obtained without an inductor.
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Fouad and Khalid (2016) discovered that the ad-
dition of supernatant after cultivation of S. aureus
ATCC 43090, Bacillus sp. ATCC 6633, Aspergillus
niger, or S. cerevisiae at concentrations of 2—3%
(v/v) in the culture medium of B. subtilis NK16
(the bacteriocin producer) was accompanied by a
2-4-fold increase in the synthesis of the final prod-
uct compared to the values without inductors.

In the studies (Song et al., 2020; Luti & Yonis,
2013; Mahmoud et al., 2015; Wang et al., 2013),
the effect of prokaryotic and eukaryotic induc-
tors in various physiological states on the syn-
thesis of secondary metabolites was investigated.

For example, Mahmoud et al. (2015) demon-
strated that the production of prodigiosin by S.
marcescens S23 increased by 1.4—7 times when
live cells of E. coli, B. subtilis, or S. cerevisiae were
introduced into the culture medium. The use of
yeast as an inductor resulted in the highest con-
centration of this metabolite (3.1 g/L). In the
presence of inactivated bacterial and yeast cells,
a 7-9-fold increase in pigment synthesis was ob-
served compared to that without inductors.

In another study by Song et al. (2020), it was
found that the synthesis of the antibiotic rimoci-
din by Streptomyces rimosus M527 depended on
the physiological state of the inductor. When the
inductor in the form of supernatant or live yeast
cells was introduced into the culture medium of
the antibiotic producer, the concentration of ri-
mocidin increased by 64 and 36%, respectively,
compared to conditions without the inductor.
However, inactivated yeast cells as an inductor
did not affect the synthesis of rimocidin.

In the papers (Luti & Yonis, 2013), it was dem-
onstrated that the introduction of live and heat-
inactivated yeast cells of S. cerevisiae (0.5 and 1%)
into the culture medium of Pseudomonas aeru-
ginosa (producer of phenazine) resulted in an
increase in the antibiotic concentration by 1.6—
1.89 and 2.6—3.19 times, respectively, compared
to the synthesized without an inductor.

It should be noted that in the studies (Luti et
al., 2018; Song et al., 2020; Luti & Yonis, 2013;
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Mahmoud et al.,, 2015; Fouad & Khalid, 2016;
Sharma et al., 2017; Wang et al., 2013; Ramchan-
dran et al., 2020), the dependence of the second-
ary metabolites synthesis on both the nature of
the inductor (prokaryotic or eukaryotic) and
their physiological state was established. In ad-
dition, the authors most often used the bacteria
E. coli and B. subtilis, as well as yeast S. cerevi-
siae, as inductors. While in our previous study
(Pirog et al., 2023c), the effect of B. subtilis BT-2
in the form of live or inactivated cells, or the cor-
responding supernatant on the synthesis and
biological activity of microbial surfactant A. cal-
coaceticus IMV B-7241 was examined, the pres-
ent study used enterobacteria E. cloacae C-8 and
saccharomyces yeast as inductors.

Moreover, in the articles (Luti et al., 2018; Song
et al,, 2020; Luti & Yonis, 2013; Mahmoud et al.,
2015; Fouad & Khalid, 2016; Sharma et al., 2017;
Wang et al., 2013; Ramchandran et al., 2020), the
researchers analyzed the effect of inductors only
on the synthesis of secondary metabolites.

In some of the mentioned studies (Luti & Yon-
is, 2013; Fouad & Khalid, 2016; Ramchandran et
al., 2020), the antimicrobial activity of final prod-
ucts was determined, but only those synthesized
in the presence of inductors. Thus, it remains
unclear how the inductor affected the biologi-
cal activity of the metabolites. This issue is quite
important, since it is not enough to increase the
concentration of synthesized antimicrobial com-
pounds: their biological activity is to remain high.
However, the activity of secondary metabolites
depends on the conditions of cultivation of the
producers (Pirog et al., 2019), and the presence
of an inductor in the medium can negatively af-
fect the properties of the final product. It should
be noted that there are few publications that in-
vestigated the activity of secondary metabolites
synthesized with and without inductors (Akone
etal., 2016; Ledes et al., 2016; Sung et al., 2017; Yu
et al.,, 2017; Kimelman & Shemesh, 2019).

Therefore, in this work, similar to our previ-
ous experimental studies (Pirog et al., 2023c;
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Pirog et al., 2020; Pirog & Ivanov, 2022), we fo-
cused on the study of the effect of inductors on
the biological activity of surfactants.

The data presented in Tables 1 and 2 indicate
that regardless of the method of inductor prepa-
ration (cultivation on agar or in liquid media),
its type (E. cloacae C-8 or S. cerevisiae BTM-
1), physiological state (live, inactivated cells,
supernatant), and the substrate used (purified
or crude glycerol), the synthesized microbial
surfactants were characterized by significantly
higher antimicrobial activity than the prepara-
tions obtained without inductors. These results
differ from those described in studies (Akone et
al,, 2016; Sung et al., 2017; Yu et al., 2017), where
an increase in the antimicrobial activity of sec-
ondary metabolites was observed upon the in-
troduction of live inductor cells into the culture
medium. Only in the study (Leaes et al., 2016),
the authors established a positive effect of in-
activated cells of S. aureus subsp. aureus ATCC
25923 or Aspergillus parasiticus (strain number
not given) on the antimicrobial activity of Bacil-
lus amyloliquefaciens P11 lipopeptides against
Listeria monocytogenes ATCC 7644 (3-3.5-fold
increase compared to that obtained without in-
ductors). Technologically, the use of inactivated
cells of the inductor is simpler and more practi-
cal compared to live cells.

In our recently published review (Pirog & Iva-
nov, 2023a), we mentioned that currently, the
mechanisms underlying the increase in antimi-
crobial compound synthesis in the presence of
inductors remain under-researched. Research-
ers have identified some of these mechanisms:
increased synthesis of antimicrobial compounds
as a protection strategy against potential com-
petitors; the recognition of certain proteins or
receptors of inactivated inductor cells by the
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producer; the presence of heat-inactivated cells
of the inductor affecting the expression of genes
related to antimicrobial peptide synthesis; the
interaction mechanism possibly involving di-
rect contact between cells; inactivated cells of
the inductor containing lysed compounds that
may act as precursors for metabolite synthesis;
the production of specific metabolites by fungi
stimulating the transcriptional activation of si-
lent biosynthetic gene clusters for antimicrobial
compound biosynthesis.

The results of enzymatic studies (see Tables
3 and 4) showed that in the presence of all in-
ductors in a medium with purified glycerol,
the activity of NADP*-dependent glutamate
dehydrogenase (key enzyme of biosynthesis of
aminolipids, which are characterized by higher
antimicrobial activity compared to glycolipids)
(Pirog et al.,, 2019) increased. Thus, the higher
biological activity of surfactants produced by A.
calcoaceticus IMV B-7241 on this substrate in the
presence of biological inductors may be due to a
higher content of aminolipids in their composi-
tion. However, introducing inductors into the
medium with crude glycerol did not result in in-
creased activity of NADP*-dependent glutamate
dehydrogenase. It can be assumed that under
such cultivation conditions, other metabolites
with antimicrobial activity, other than aminolip-
ids, are synthesized. Our further studies will be
devoted to clarifying this matter.

As a result of this study, the possibility of in-
creasing the antimicrobial activity of surfactants
produced by A. calcoaceticus IMV B-7241 was
established by introducing pro- and eukaryotic
inductors in the form of live or inactivated cells,
or the corresponding supernatant into the cul-
ture medium with glycerol of different degrees
of purification.
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BIUIVIB ITPO- TA EYKAPIOTUYHUX IHOYKTOPIB HA CMHTE3 TA AHTYMIKPOBHY AKTVIBHICTD
ITOBEPXHEBO-AKTVBHIMX PEHOBMH ACINETOBACTER CALCOACETICUS IMB B-7241

Ha remnepiuniit vac kombiHOBaHe (CIiibHe) KY/IbTUBYBaHHS MPOAYLEHTIB aHTUMIKPOOHNUX CIIONYK 3 HIIMMU Mi-
KpoopraHismMamy a60 BHECEHHsI Y CepefoBHILe Ky/IbTUBYBAaHH 6i0/10TiYHUX IHAYKTOPIB Y pisHOMY disionoriuHomy
craHi (kmBi, iHaKTMBOBaHI KIITMHY a00 BiANIOBifHWIT CYIepPHATAHT) € MPOCTUM, IELIeBUM Ta HOCTaTHBO edek-
JIOTi9HOI aKTUBHOCTL. Y O1IBIIOCT] POBIT HOC/IIFHNKY BUKOPUCTOBYIOTD 5K IHAYKTOPY IITaMu G6aKTepiit pisHux ¢i-
310/I0TiYHMX IPYIL, IPOTe OCTAHHIMI POKaMU 3 SIB/LIETHCS BCe Oiiblire my6miKariit mpo eykapioTnysi ingykropu, y
BI/ITIOBiIb HAa HAsBHICTD SIKMX CIOCTEPIraeThCsl Mif[BUIIEHHS CUHTE3y aHTUMIKPOOHMX CIOIYK OaKTepisiMu-mpo-
nyueHTamu. [Ipu 1ipoMy eeKTUBHICTD 6i07OTIYHNUX IHAYKTOPIB 3a/1eXXNUTh Bifi yMOB IX BUpOILyBaHH: Ta isiono-
rivHoro craHy. Mera. [locmignty BIIMB cIOco0y MiArOTOBKM Ta ¢i3iooriyHoro crtany 6ionoriyHux iHEYKTOpIB
(rpamueratuBHuUX 6axrepiit Enterobacter cloacae C-8 Ta apixmxiB Saccharomyces cerevisiae BTM-1) Ha akTUBHICTD
(depMeHTIB 6i0CHHTe3Y Ta aHTUMIKPOOHY aKTVMBHICTb IIOBEPXHEBO-aKTUBHUX pedoBuH Acinetobacter calcoaceticus
IMB B-7241. Metopu. fIx cy6cTpar mia KynmbruByBaHHA A. calcoaceticus IMB B-7241 BUKOPMCTOBYBaIN O4YnIIe-
HUIT ITIepUH Ta Bifxoiy BUPOOHMIITBA 6i0nM3erTio B eKBIMOIAPHIit 3a BYTJIEIleM KOHIIeHTpallii. Bupourysanns in-
LYKTOPIB 3[ilICHIOBA/IN HA arapM30BAHOMY Ta PiIKOMY CEPeOBMIIAX 3 [IIIOKO30I0 SIK [KeperioM Byrewnto. JKnsi abo
inaktuBoBaHi KniTunn S. cerevisiae BTM-1 un E. cloacae C-8, a0 BiAmOBifHNII CyIIepHATAHT BHOCUIIU ¥ CEPELOBHU-
mje B KinbKocTi 2,5—10 06.%. ITo3akmiTvHHI HOBepPXHEBO-aKTUBHI PEYOBUHM BUJI/IA/IN i3 CylIepHATAHTY KY/IbTY-
PaIbHOIL piMHM eKCTpaKijieo cymimi xaopodopmy i MetaHonmy (2:1). AHTUMIKPOOHY aKTUBHICTb IIOBEPXHEBO-aK-
TUBHMX PEYOBMH 100 6akTepianbuux (Bacillus subtilis BT-2, Escherichia coli IEM-1, Staphylococcus aureus BMC-1,
Pseudomonas sp. MI-2) i ppixxmxosux (Candida albicans [1-6, Candida tropicalis PE-2) TecT-KynbTyp aHamisyBamu
3a ITOKAa3HMKOM MiHiMa/lbHOI iHri6yro4oi KoHIeHTpanii. AKTUBHICTb (epMeHTiB 610CHHTe3y OBEPXHEBO-aKTUB-
HUX I7KO- (pocdoenon-nmipyBarkap6okcmaasa, GpocdoenonmipysarcuareTasa, GpocdoeHomipyBar-KapOOKCHKi-
Hasa, Tperanosodocdarcunrasa) ta aminoninigis (HAID*-3anexxHa rmyTamMaTaerifporenasa) BusHadamm y 6es-
KJTITMHHIX €KCTPAKTAX, SIKi OTpUMyBan 06poOKoIo KIiTHH yabTpasBykoM. PesynbraTi. BHeceHH: y cepenoBuiie
KynbTuByBaHH: A. calcoaceticus IMB B-7241 3 ritiepuHOM pisHOTO CTYIIEHIO OUNIIIEHHS K IIPO-, TAK i eyKapioTud-
HOTO IH/[yKTOpa y pisHOMY (hi3i070rivHOMY CTaHi CyIPOBOIXYBAIOCS CHHTE30M ITOBEPXHEBO-aKTVBHUX PEUOBHH,
aHTMMIKPOOHA aKTMBHICTD AKMX LIOKO JOCTIIKYBaHUX TeCT-KYIbTYp Oy/Ia Ha OAMH—IBa HOPANKM BUILOKO MOPiB-
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HSHO 3 IIpeIapaTaMi, OfiepXKaHnMu 6es iHgyKTopis. BcranoBieno, mo knitnau E. cloacae C-8, Bupouieni y pigko-
MY CepefoBUILL, BUSABWINCS [elio epeKTUBHIMMMM iHAYKTOpaM, HDK MiC/Ist Ky/IbTUBYBAaHHs Ha arapu3oBaHOMY:
MiHiMasIbHi iHTri6y04i KOHI[eHTpaLil {00 6aKTepianbHNUX i APLKIKOBUX KYIBTYP, CMHTE30BAaHNX 32 IX HasBHOCTI
IIOBEPXHEBO-aKTUBHIUX PEYOBYMH CTAHOBWIN 1—6 i 2,5—8 MKI/MJI BifnoBifHO. ¥ pasi BUKOPMCTaHHA fAK iHLYKTO-
piB xuByX KmitiHu S. cerevisiae BTM-1 un E. cloacae C-8 crioctepirany yTBOpeHHs IOBEPXHEBO-aKTUBHUX peyo-
BIH, AKi XapaKTepy3yBaIiCsA BUIIOK aHTYMIKPOOHOIO aKTUBHICTIO, HDK CHHTe30BaHi 3a HAABHOCTI iHAKTMBOBAHUX
KITHH a00 CyIlepHAaTaHTY: MiHiMa/IbHi iHri6y10qi KOHIeHTpaLil I[OJ0 ZOCTIIKYBaHUX TeCT-KY/IbTYp HepeOyBanu
B Mexxax 0,85—16; 2—20 i 1,5—22 mxr/mn BignosifHo. Buia aHTMMIKpoOHa aKTMBHICTH IOBEPXHEBO-aKTUBHIX
Pp€YOBMH, CMHTE€30BaHMX 3a HaABHOCTI IIPO- UM €yKapiOTMYHOIO iHZYKTOPA y CepefOBMIL 3 OYMILEHNM ITTiLlepn-
HOM MO>Ke 0T 3yMOBJIeHa Mi/{BUIIEHHAM BMICTy B IXHbOMY CK/Iajli aMiHOIIMI/B, PO 110 CBifYMIIO 361/IbIIEHHS B
1,6—2,1 pasu HAJI®* — 3ajnesxHol IyTamat/eriiporeHasHoi akTMBHOCTI B KmituHax A. calcoaceticus IMB B-7241
HOPIBHAHO 3 IIOKa3HMKaMI KY/IbTUBYBaHHA 6e3 iHgyKTOpiB. OZHAKOBMII piBeHb aKTUBHOCTI 1IbOTO (PepMEHTY IIif
Yac KynbTuByBaHH: wtamy IMB B-7241 y cepenoBuiii 3 Bifxogamu BMpoOHULITBA 610AM3€II0 AK 3a HAsABHOCTI iH-
IYKTOpIB, TaK i 6e3 HuX MO>Ke CBIIYNUTH IIPO CYHTe3 3a TAKUX YMOB iHIIVX, BITMIHHMX Bix aMiHO/iNi#iB, MeTabori-
TiB 3 aHTUMIKPOOHOI0 aKTHBHICTIO. BucHoBKM. OTXe, B pe3ynbraTi mpoBefeHol po60Ty BCTAHOBIEHO MOX/IMBICTD
iBUIIEHHS aHTUMIKPOOHOI aKTMBHOCTI II0BEPXHEBO-aKTUBHUX pedoBuH A. calcoaceticus IMB B-7241 BHeceHHAM
Y cepefoBUILE 3 IIILIEPMHOM Pi3HOTO OYMILEHHSA IIPO- Ta €yKapiOTUYHOTO iHAYKTOPIB y BUIIANL )KMBUX, iHAKTUBO-
BAHMX KJIITMH YU CylIepHATAHTY.

Kntouoei cnosa: opiscosncosi ma 6axmepianvHi iHOyKmopu, nosepxHe60-aKmueHi peuosuHu, aHmumikpobHa axmue-
Hicmb.
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