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BIOLOGICAL ACTIVITY OF ACINETOBACTER 
CALCOACETICUS IMV B-7241 SURFACTANTS 
SYNTHESIZED IN THE PRESENCE OF COMPETITIVE 
BACTERIA BACILLUS SUBTILIS BT-2
Currently, the eff ectiveness of technologies for microbial surfactants, which are characterized by a complex of practically 
valuable physicochemical and biological properties is lower than that of synthetic analogues. To reduce the cost of these 
products of microbial synthesis, industrial waste is used as substrates for their biosynthesis. In previous studies, it has 
been established that surfactants synthesized by Acinetobacter calcoaceticus IMV B-7241 on crude glycerol have lower 
antimicrobial activity compared to that obtained on purifi ed glycerol. Th e main approaches to the regulation of the bio-
logical activity of microbial surfactants are their post-fermentation chemical modifi cation, as well as the improvement 
of producer strains by methods of metabolic and genetic engineering. In recent years, numerous studies have appeared 
on the co-cultivation of producers of antimicrobial compounds with competitive microorganisms (biological inductors), 
in response to the presence of which the antimicrobial activity of the fi nal product increases. Aim. To study the eff ect of 
live and inactivated cells of Bacillus subtilis BT-2, as well as the corresponding supernatant, on the antimicrobial and 
anti-adhesive activity and the ability to destroy biofi lms of A. calcoaceticus IМV B-7241 surfactants synthesized in a 
medium with glycerol of diff erent degrees of purifi cation. Methods. Th e A. calcoaceticus IMV B-7241 strain was grown 
in a liquid mineral medium with purifi ed and crude glycerol, into which live and inactivated B. subtilis BT-2 cells as well 
as the supernatant aft er growing the B. subtilis BT-2 strain (2.5—10%, v/v) were added. Surfactants were extracted from 
the supernatant of the culture liquid with Folch’s mixture. Anti-adhesive activity and the degree of destruction of biofi lms 
were determined by the spectrophotometric method, and antimicrobial activity — by the indicator of the minimum 
inhibitory concentration. Th e activity of enzymes of surface-active aminolipids biosynthesis (NADP+-dependent gluta-
mate dehydrogenase) and glycolipids (phosphoenolpyruvate (PEP)-carboxylase, PEP-synthetase, PEP-carboxykinase, 
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Nowadays, interest in microbial surfactants is 
due to the fact that they are not only able to 
decrease surface and interfacial tension and 
emulsify various substrates but also show high 
biological activity (antimicrobial and antiad-
hesive activity, including the ability to destroy 
biofi lms) [1—5]. However, the disadvantages of 
biosurfactants are changes in these properties 
in diff erent cultivation conditions and, accord-
ingly, the high cost of such microbial synthesis 
products [1, 3]. One of the ways to increase the 
effi  ciency of microbial surfactant technology is 
the use available and accessible in large amounts 
of industrial waste, in particular, crude glycerol 
as substrates [4].

It was previously found that Acinetobacter 
calcoaceticus IMV B-7241 synthesizes micro-
bial surfactants on glycerol of diff erent degrees 
of purifi cation. A study of the biological activity 
of biosurfactants synthesized on crude glycerol 

showed that such surfactants proved to be less 
eff ective antimicrobial agents compared to those 
formed on purifi ed glycerol [5].

In recent years, the number of publications 
concerning the co-cultivation of producers of an-
timicrobial compounds with competitive micro-
organisms (biological inductors) has increased. 
Th is is considered to be an eff ective strategy to 
induce producing by microorganisms secondary 
metabolites with increased antimicrobial activ-
ity or/and will stimulate the production of bio-
active secondary metabolites, which cannot be 
obtained in the corresponding pure culture [6].

Several studies have been carried out to es-
tablish the eff ect of inductors of diff erent physi-
ological states (live and inactivated cells, or 
supernatant) on the activity of antimicrobial 
metabolites [7, 8]. Researchers mainly use living 
cells of microorganisms as inductors, less oft en 
only thermally inactivated or autoclaved cells 

trehalose-phosphate synthase) was analyzed in cell-free extracts obtained aft er сells sonication. Results. It was estab-
lished that the introduction of inactivated B. subtilis BT-2 cells and supernatant into the medium with both substrates 
did not aff ect the indicators of the surfactant synthesis, while in the presence of live cells of the B. subtilis BT-2 strain in 
the medium with purifi ed glycerol, a decrease in the concentration of the fi nal product by 1.5 times, and in the culture 
medium with crude glycerol — an increase by1.4 times were observed compared to the indicators with no inductor. Th e 
study of the antimicrobial activity of surfactants showed that the most eff ective of the used inductors (live, inactivated 
cells, supernatant) were live cells of B. subtilis BT-2. Th e introduction of B. subtilis BT-2 strain live cells into the culture 
medium with both substrates was accompanied by the formation of surfactants, the minimum inhibitory concentrations 
of which in relation to bacterial (Bacillus subtilis BT-2, Staphylococcus aureus BMS-1, Proteus vulgaris PA-12, Entero-
bacter cloacae С-8) and yeast (Candida albicans D-6, Candida tropicalis PE-2) test-cultures were 3—23 times lower 
than established for those synthesized on the medium with no inductor. Anti-adhesive activity of surfactants obtained 
on purifi ed and crude glycerol in the presence of all types of inductors was higher compared to those synthesized in the 
culture medium without inductors (cells adhesion of bacterial and yeast test-cultures on polyvinyl chloride was 13—70 
and 33—96%, respectively). Introduction of live and inactivated B. subtilis BT-2 cells or the supernatant into A. calco-
aceticus IMV B-7241 cultivation medium was accompanied by the synthesis of surfactants, in the presence of which the 
disruption of bacterial biofi lms was on average 10-20% higher compared to using surfactants synthesized without an 
inductor. In the presence of B. subtilis BT-2 in the medium, in the cells of the A. calcoaceticus IMV B-7241 strain, the 
activity of NADP+-dependent glutamate dehydrogenase (a key enzyme of aminolipids biosynthesis) increased by 1.5—2 
times, while the activity of biosynthesis of glycolipids enzymes remained practically at the same level as without an 
inductor. Such data indicate that the higher biological activity of surfactants obtained by A. calcoaceticus IMV B-7241 
in the presence of biological inductors might be due to an increase in the content of aminolipids in their composition. 
Conclusions. Th is research has established the possibility of regulating the antimicrobial and anti-adhesive activity as 
well as the ability to disrupt biofi lms of A. calcoaceticus IМV B-7241 surfactants by introducing competitive bacteria B. 
subtilis BT-2 into the culture medium. It is important that under such cultivation conditions, the antimicrobial activity 
of surfactants synthesized on toxic crude glycerol signifi cantly increases.
Keywords: microbial surfactants, biological activity, competitive microorganisms.
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[9], and very rarely supernatant aft er cultivation 
of inductor microorganisms.

In our previous studies, it has been established 
that the introduction of live cells of Escherichia 
coli IEM-1 and Bacillus subtilis BT-2 into the cul-
ture medium of Nocardia vaccinii IMV B-7405 
and Rhodococcus erythropolis IMV Ac-5017 was 
accompanied by an increasing the biological ac-
tivity of synthesized surfactants [10, 11].

Related to the above stated, the purpose of 
this work was to study the eff ect of live and in-
activated B. subtilis BT-2 cells, as well as the cor-
responding supernatant, on the antimicrobial, 
anti-adhesive activity, and ability to destroy bio-
fi lms of A.  calcoaceticus IMV B-7241 surfactants 
synthesized  in a medium with glycerol of diff er-
ent degrees of purifi cation.

Materials and methods. Th e main object of 
research was a strain of oil-oxidizing bacteria, 
isolated by us from an oil-contaminated soil sam-
ple, identifi ed as A. calcoaceticus K-4 [12]. Strain 
K-4 is registered in the Depository of Microor-
ganisms of the Zabolotny Institute of Microbi-
ology and Virology of the National Academy of 
Sciences of Ukraine under the number of IMV 
B-7241. By chemical nature, extracellular bio-
surfactants of A. calcoaceticus IMV B-7241 are a 
complex of amino- and glycolipids. Glycolipids 
are represented by trehalose mycolates [13].

Strains of bacteria (Bacillus subtilis BT-2, 
Staphylococcus aureus BMS-1, Proteus vulgar-
is PA-12, Enterobacter cloacae С-8) and yeast 
(Candida albicans D-6, Candida tropicalis PE-2) 
from the collection of live cultures of the De-
partment of Biotechnology and Microbiology 
of the National University of Food Technologies 
(Ukraine) were used as test cultures in determin-
ing the biological activity of surfactants.

Th e cultivation of A. calcoaceticus IMV B-7241 
was carried out in a liquid medium with the fol-
lowing composition (g/L): (NH2)2CO  — 0.35, 
NaCl — 1.0, Na2HPO4·12H2O — 0.6, KH2PO4 — 
0.14, MgSO4·7H2O — 0.1, distilled water — up to 
1 L, pH 6.8—7.0. Yeast autolysate — 0.5% (v/v) 

and microelement solution  — 0.1% (v/v) were 
added into the medium. Th e following carbon 
sources were used (%, v/v): purifi ed glycerol — 
3, crude glycerol — 5. Concentrations of glycerol 
of various qualities were equimolar by carbon.

Th e culture in the exponential phase, grown 
in a medium of the above composition with 0.5% 
of the corresponding substrate was used as an in-
oculum. Th e inoculum with the number of bac-
teria 104—105 cells/mL was added in the amount 
of 10% of the medium volume. 

Th e bacterial strain B. subtilis BT-2 was used 
as a biological inductor in the form of live and 
inactivated cells, as well as the corresponding 
supernatant aft er BT-2 strain cultivation. of Th e 
inductor was introduced at the beginning of the 
cultivation process. B. subtilis BT-2, grown on 
MPA for 24 h, was suspended in 100 mL of ster-
ile tap water, and 2.5 mL of the suspension was 
added into 100 mL of the culture medium of the 
surfactant producer. 10 mL of suspension of in-
activated cells (autoclaving at 131 °C for 1 h) or 
2.5 mL of the supernatant were introduced into 
100 mL of the culture medium. 

Cultivation of A. calcoaceticus IMV B-7241 in 
the presence of supernatant, live and inactivated 
cells of B. subtilis BT-2 and without inductors 
was carried out in 750 ml fl asks containing 100 
mL of the culture medium for 7 days at 30 ºС and 
320 rpm.

To obtain cell-free extracts, the culture liquid 
was centrifuged (5000 g, 20 min, 4 oC). Th e re-
sulting cell precipitate was washed twice from the 
medium residues with 0.05 mol of K+-phosphate 
buff er (pH 7.0) and centrifuged (4000 g, 15 min, 
4  oC). Th e washed cells were resuspended in 
0.05 mol of K+-phosphate buff er (pH 7.0) and de-
stroyed by ultrasound (22 kHz) 3 times for 20 s at 
4 °C on a UZDN-1 device. Th e resulting disinte-
grate was centrifuged (12000 g, 30 min, 4 oC), the 
precipitate was separated, and the supernatant 
was used for further studies as a cell-free extract.

Enzyme activity was quantifi ed by the meth-
od previously described in our work [14]. Th e 
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activity of phosphoenolpyruvate (PEP) synthase 
(EC: 2.7.9.2) was determined by the rate of pyru-
vate formation, which was analyzed through the 
oxidation of NADH at 340 nm in a coupled reac-
tion with lactate dehydrogenase and phospho-
enolpyruvate carboxykinase (EC: 4.1.1.49) — by 
the formation of PEP and pyruvate during the 
oxidation of NADH, glutamate dehydrogenase 
(EC: 1.4.1.4)  — by the formation of glutamate 
during the oxidation of NADPH at 340 nm, and 
PEP-carboxylase (EC: 4.1.1.31) — by oxidation 
of NADH at 340 nm. Th e activity of trehalose-
phosphate synthase (EC: 2.4.1.15) was analyzed 
through the formation of uridine diphosphate, 
which was determined spectrophotometrically 
by the oxidation of NADH at 340 nm in coupled 
reactions with pyruvate kinase and lactate dehy-
drogenase.

Enzyme activity is expressed as nmoles of the 
product generated per minute per mg of protein. 
Th e protein content in cell-free extracts was deter-
mined by the Bradford method. Enzyme activity 
was measured at 28—30 оС (the optimal tempera-
ture for the A. calcoaceticus IMV B-7241 growth).

Th e amount of an extracellular surfactant was 
defi ned by weighing aft er the extraction from 
the culture liquid supernatant using a mixture of 
chloroform and methanol (2:1) as described in 
[10]. To obtain the supernatant, the culture liq-
uid was centrifuged at 5000 g for 20 min.

In the research, solutions of surfactants with 
various concentrations were used as prepara-
tions. For this, the dry surfactant residue was 
dissolved in sterile phosphate buff er (0.1 M, pH 
7.0) to the original volume (25 mL) and further 
diluted with this buff er to the required concen-
tration. Surfactant solutions were sterilized in an 
autoclave at 112 °C for 30 min.

Th e antimicrobial activity of surfactants was 
analyzed by the minimum inhibitory concen-
tration (MIC) as previously described in [10]. 
MIC was determined by the method of double 
serial dilutions in meat-peptone broth for bac-
teria and liquid wort for yeast. Th e results were 

evaluated visually by the turbidity of the me-
dium: (+)  — test tubes in which the turbidity 
of the medium was observed (growth of the test 
culture), (—) — no turbidity (no growth). Th e 
MIC of surfactant solutions was determined as 
the concentration of surfactant in the last test 
tube where growth was absent.

Th e anti-adhesive activity of surfactants was 
determined by the spectrophotometric method 
as described in our previous studies [10]. Th e 
number of adhered cells was determined as the 
ratio of the optical density of the suspension ob-
tained aft er treatment of polyvinyl chloride with 
surfactant solutions to the optical density of the 
suspension obtained aft er surface treatment with 
phosphate buff er (control) and expressed as a 
percentage (%).

Determination of the eff ect of surfactants on 
biofi lm destruction was carried out as described 
in our work [10]. Th e degree of biofi lm destruc-
tion (%) was determined spectrophotometri-
cally as the diff erence between cells’ adhesion in 
untreated and surfactant-treated wells of a poly-
styrene plate.

All experiments were performed in three rep-
etitions; the number of parallel determinations 
in the experiments was 3 to 5. Statistical pro-
cessing of experimental data was carried out as 
described earlier [10, 13]. Diff erences in average 
indicators were considered reliable at the signifi -
cance level of P < 0.05.

Results. Th e indicators of surfactant synthesis 
under  A.  calcoaceticus IMV B-7241 cultivation 
on glycerol of diff erent degrees of purifi cation 
in the presence of biological inductors are pre-
sented in Table 1.

Th e data listed in Table 1 indicate that dur-
ing the cultivation of the surfactant producer 
on both substrates, the presence of inductors 
in the form of inactivated B. subtilis BT-2 cells 
and supernatant does not aff ect the concentra-
tion of the synthesized fi nal product, which was 
1.41—1.54 and 2, 32—2.52 g/L on purifi ed and 
crude glycerol, respectively.
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Th e introduction of live cells of B. subtilis 
BT-2 into the medium with purifi ed glycerol was 
accompanied by a decrease in the amount of sur-
factant by 1.5 times compared to the indicators 
without an inductor. At the same time, in the 
presence of living cells of B. subtilis BT-2 in the 
medium with crude glycerol, a 1.4-fold increase 
in the amount of surfactant was observed com-
pared to the cultivation of A. calcoaceticus IMV 
B-7241 on crude glycerol without an inductor.

Th e eff ect of surfactants synthesized by A. cal-
coaceticus IMV B-7241 in the presence of bio-
logical inductors on test cultures of bacterial 
strains and yeasts was studied during the follow-
ing stage of the research (Table 2).

Th e data in Table 2 indicate that the most ef-
fective of the used inductors (live and inactivated 
cells, or supernatant) were live cells of B. subtilis 
BT-2: their introduction into the culture medium 
with both substrates had a great infl uence on the 
antibacterial activities of surfactants, the mini-
mum inhibitory concentrations of which in rela-
tion to the tested test cultures were 3—23 times 
lower than those established for preparations 
obtained on the medium without corresponding 
inductor. Aft er adding inactivated B. subtilis BT-2 
cells into the culture medium of A. calcoaceticus 
IMV B-7241 with purifi ed and crude glycerol, 

surfactants were synthesized, the MIC indexes of 
which against bacteria and yeast were 2—8 times 
lower than the values   established for preparations 
obtained in the medium without the inductor.

Th e supernatant was the least eff ective of the 
considered inductors: the antimicrobial activity 
against most test cultures of surfactants synthe-
sized in its presence was only two times lower 
than that of surfactants obtained without an in-
ductor (see Table 2).

Table 3 shows the data on the number of cells 
of test cultures attached to polyvinyl chloride 

Table 1. Synthesis of surfactants 
under A. calcoaceticus IMV B-7241 cultivation 
on glycerol of diff erent degrees of purifi cation 
in the presence of biological inductors

Biological inductor

Concentration of biosurfactants 
(g/L) synthesized

On purifi ed 
glycerol

On crude 
glycerol

Control (no inductor) 1.42 ± 0.07 2.52 ± 0.12
Live cells 
of Bacillus subtilis BT-2 0.96 ± 0.04 3.56 ± 0.17
Inactivated cells 
of Bacillus subtilis BT-2 1.54 ± 0.07 2.32 ± 0.11
Supernatant 1.44 ± 0.07 2.36 ± 0.11

Table 2.Th e eff ect of biological inductors on the antimicrobial activity 
of A. calcoaceticus IMV B-7241 surfactants

Carbon 
source Biological inductor

Minimum inhibitory concentrations (μg/mL) against

Bacillus 
subtilis BТ-2

Staphylococcus 
aureus BSС-1

Proteus 
vulgaris PА-12

Enterobacter 
cloacae С-8

Candida 
tropicalis PE-2

Candida 
albicans D-6

Purifi ed 
glycerol

Control (no inductor) 2.8 2.8 5.6 5.6 11.2 11.2
Live cells 0.23 0.23 1.84 0.46 1.87 3.75

Inactivated cells 1.4 1.4 1.4 0.7 2.8 5.6
Supernatant 1.4 2.8 2.8 1.4 11.2 11.2

Crude 
glycerol

Control (no inductor) 9.8 4.9 9.8 19.6 19.7 19.7
Live cells 0.85 0.85 1.7 0.85 3.5 7.0

Inactivated cells 2.2 2.2 2.2 4.4 4.5 9.0
Supernatant 4.6 2.3 4.6 18.4 9.2 18.4

When determining the antimicrobial activity, the error did not exceed 5%.
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Table 3. Th e eff ect of surfactants synthesized 
by A. calcoaceticus IMV B-7241 in the presence of biological inductor 
on the adhesion of test cultures to polyvinyl chloride

Carbon 
source

Biological
inductor

Adhesion, %

Bacillus 
subtilis BТ-2

Proteus 
vulgaris PА-12

Enterobacter 
cloacae С-8

Staphylococcus 
aureus BМS-1

Candida 
tropicalis PE-2

Candida 
albicans D-6

Purifi ed 
glycerol

Control (no inductor) 90 76 62 83 33 86
Live cells 30 20 28 33 18 23

Inactivated cells 60 25 46 38 19 26
Supernatant 70 50 56 40 24 28

Crude 
glycerol

Control (no inductor) n.d. 96 75 33 64 68
Live cells n.d. 40 32 17 15 13

Inactivated cells n.d. 70 39 17 24 17
Supernatant n.d. 70 57 25 42 18

Th e concentration of surfactant when determining the adhesion of bacteria was 96 μg/mL, yeast — 12 μg/mL; n.d. — 
not defi ned; when determining adhesion, the error did not exceed 5%.

Table 4. Destruction of bacterial biofi lms 
under the action of surfactants synthesized by A. calcoaceticus IMV B-7241 
on purifi ed glycerol in the presence of B. subtilis BT-2

Test culture Biological inductor
Destruction of biofi lm (%) under the action 

of surfactants at a concentration (μg/mL)

240 120 60 30 15 7,5

Bacillus subtilis BТ-2 Control (no inductor) 55 54 43 40 38 35
Supernatant 54 52 41 40 36 36

Live cells 64 60 58 50 50 48
Inactivated cells 59 58 50 45 43 40

Staphylococcus aureus BМS-1 Control (no inductor) 38 33 31 30 30 28
Supernatant 56 52 48 40 34 33

Live cells 65 65 50 46 40 36
Inactivated cells 55 53 48 40 35 33

Enterobacter cloacae С-8 Control (no inductor) 55 55 50 40 35 30
Supernatant 60 60 55 55 45 40

Live cells 80 75 73 70 70 65
Inactivated cells 76 68 65 60 55 51

Proteus vulgaris PА-12 Control (no inductor) 38 38 38 36 32 29
Supernatant 47 45 45 40 40 36

Live cells 58 55 55 50 43 42
Inactivated cells 58 52 50 48 40 40

When determining the destruction of the biofi lm, the error did not exceed 5%.
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treated with solutions of surfactants synthesized 
by A.  calcoaceticus IMV B-7241 on glycerol of 
various degrees of purifi cation in the presence 
of biological inductors. Th ese data indicate that 
the antiadhesive activity of surfactants obtained 
on purifi ed and crude glycerol in the presence 
of all types of inductors was higher than those 
synthesized in the culture medium without an 
inductor. Meanwhile, the eff ect of using the su-
pernatant as an inductor was lower compared to 
live and inactivated B. subtilis BT-2 cells.

Listed in Table 4 data show that during the pro-
ducer cultivation on purifi ed glycerol in the pres-
ence of both live and inactivated cells, as well as 
the supernatant, the synthesis of surfactants was 
observed, under the infl uence of which bacterial 
biofi lm disruption increased on average by 10—
20% compared to the indicators for the eff ects of 
surfactants synthesized without an inductor.

Th e most eff ective inductor under A. calcoace-
ticus IMV B-7241 cultivation on purifi ed glyc-
erol was live B. subtilis BT-2 cells: surfactants 
synthesized in their presence were characterized 
by a higher ability to destroy more bacterial bio-
fi lms than those obtained using inactivated in-
ductor cells or supernatant.

Th e following studies showed that the given 
in Table 4 regularities were also observed for 

surfactants synthesized by A. calcoaceticus IMV 
B-7241 on crude glycerol in the presence of bio-
logical inductors.

At the fi nal stage of experiments, the infl uence 
of live and inactivated B.  subtilis BT-2 cells, as 
well as the supernatant in a medium with glyc-
erol of various degrees of purifi cation on the ac-
tivity of biosynthesis enzymes of surface-active 
amino- and glycolipids in A. calcoaceticus IMV 
B-7241 was analyzed (Table 5). 

It was established that in the presence of live 
and inactivated cells of the inductor in the cul-
ture medium of IMV B-7241 strain in its cells, 
the activity of NADP+-dependent glutamate de-
hyd ro ge nase increased up to by 1.5—2 times 
compared to that during the cultivation without 
B. subtilis BT-2, while as in the case of using the 
supernatant, the activity of this enzyme did not 
change. Regardless of the used inductor, the ac-
tivity of PEP-carboxykinase, PEP-synthetase, and 
trehalose phosphate synthase remained almost at 
the same level as that without B. subtilis BT-2.

Discussion. Taking B. subtilis BT-2 as a com-
petitive microorganism (inductor) was due to 
the following reasons. In works [15, 16], it is 
noted that during co-cultivation, imitation of 
natural conditions took place, and in the fi ght 
for the substrate, «silent» genes are activated, re-

Table 5. Th e activity of key enzymes in surfactants biosynthesis in the presence 
of biological inductors in the Acinetobacter calcoaceticus IMV B-7241 culture medium

Growth 
substrate Inductor

Activity (nmol min—1 mg—1 of protein)

NADP+-dependent 
glutamate 

dehydrogenase
PEP-synthase PEP-carboxylase Trehalose 

phosphate synthase

Purifi ed 
glycerol

Control (no inductor) 670 ± 33 21459 ± 1073 980 ± 49 25 ± 2
Live cells 1178 ± 59 20373 ± 1018 1178 ± 59 27 ± 1

Inactivated cells 986 ± 49 20111 ± 1006 1107 ± 55 26 ± 1
Supernatant 655 ± 32 19682 ± 984 955 ± 48 25 ± 2

Crude 
glycerol

Control (no inductor) 370 ± 18 22555 ± 1127 386 ± 19 110 ± 5
Live cells 730 ± 36 23333 ± 1166 370 ± 18 100 ± 5

Inactivated cells 570 ± 28 20945 ± 1047 370 ± 18 105 ± 5
Supernatant 370 ± 18 21204 ± 1060 370 ± 18 116 ± 6
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sponsible for the synthesis of compounds with 
antimicrobial activity against competitive mi-
croorganisms. Th is was true primarily for mi-
croorganisms isolated from common habitats. 
Th erefore, as competitive microorganisms or 
inductors to increase the antimicrobial activity 
of antibiotics synthesized by soil streptomycetes, 
the researchers chose B. subtilis strains, which are 
typical inhabitants of such biotopes [9]. It should 
be noted that A. calcoaceticus IMV B-7241 (the 
surfactant producer) was also isolated by us from 
the soil [12] as a representative of Bacillus genus.

At the fi rst stage of research, the eff ect of live, 
inactivated B. subtilis BT-2 cells and supernatant 
on the synthesis of surfactants by A. calcoaceticus 
IMV B-7241 was analyzed. A 1.5-fold decrease in 
the number of surfactants in the presence of live 
cells of the inductor in the medium with puri-
fi ed glycerol compared to the indicators without 
B. subtilis BT-2 might be due to the competition 
between the inductor and the surfactant producer 
for the substrate and the higher growth rate of B. 
subtilis BT-2 under these cultivation conditions. 
Th e increase in the synthesis of surfactants aft er 
the introduction of live B. subtilis BT-2 cells into 
the culture medium with crude glycerol compared 
to the cultivation of A. calcoaceticus IMV B-7241 
on this substrate without an inductor can be ex-
plained as follows. In our opinion, toxic impuri-
ties in the composition of crude glycerol inhibited 
the growth of the inductor, while methanol, etha-
nol, triglycerides, and fatty acids served as addi-
tional carbon sources for the surfactant producer.

Th e study of the antimicrobial activity of sur-
factants synthesized in the presence of biologi-
cal inductors showed that the minimum inhibi-
tory concentrations for bacterial and yeast test 
cultures diff er depending on the physiological 
state of the inductor (live, inactivated cells, su-
pernatant) (Table 2). Similarly, the anti-adhesive 
activity (Table 3), as well as the ability to destroy 
biofi lms (Table 4) of surfactants synthesized with 
the addition of inductors, depended on the form 
in which the inductor was introduced into the 

culture medium. Live cells of B. subtilis BT-2 
were the most eff ective inductor whereas the su-
pernatant was the least eff ective.

However, the results of our previous studies 
[10] have shown that the antimicrobial activity 
of R. erythropolis IMV Ac-5017 surfactants do 
not depend on the physiological state of the in-
ductors (live or inactivated cells). Similar results 
have been obtained by us during research on the 
eff ect of live and inactivated cells of E. coli IEM-
1 and B. subtilis BT-2 on the biological activity 
of surfactants synthesized by N.  vaccinii IMV 
B-7405 [11].

It should be mentioned that literature data on 
the eff ectiveness of using live, inactivated cells, 
or the corresponding supernatants as inductors 
are very diff erent. In [7], it is noted that the spec-
trum of metabolites synthesized by actinobacte-
ria in the presence of live inductor cells is wider 
than in the case of using cells inactivated by heat 
treatment. At the same time, the synthesis of 
phenazine by Pseudomonas aeruginosa increases 
almost equally regardless of the physiological 
state (live or inactivated cells) of inductors Esch-
erichia coli, B. subtilis, and Saccharomyces cere-
visiae [17]. Th e use of the supernatant of Strep-
tomyces bullii C2 as an inductor did not have a 
positive eff ect on the synthesis of antimicrobial 
compounds by the fungus Aspergillus fumigatus 
MBC-F1-10, while in the presence of live cells 
of the inductor, the synthesis of nine new anti-
microbial metabolites that were not produced by 
the monoculture of the producer was observed 
[8]. Wang et al. [18] found that the supernatant 
of Penicillium chrysogenum AS 3.5163 proved to 
be a more eff ective inductor of the synthesis of 
the antibiotic natamycin by the strain Streptomy-
ces natalensis HW-2 than the cells of the fungus 
inactivated by autoclaving (an increase in the 
concentration of the antibiotic was by 3.4 and 
1.4 times, respectively). Such data indicate vari-
ous mechanisms for increasing the synthesis or 
activity of antimicrobial compounds synthesized 
under the action of inductors.
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In the vast majority of studies on the infl uence 
of competitive microorganisms on the antimi-
crobial activity of metabolites, living cells were 
used as biological inductors [19—21]. In some 
works [7, 17], the role of both living and inacti-
vated cells of inductors in the regulation of anti-
microbial activity of products of microbial syn-
thesis was investigated. Of course, in technology, 
it is easier to use inactivated cells of inductors. 
Th erefore, it is not surprising that some scien-
tists investigated the eff ect of only inactivated 
cells of competitive microorganisms on the syn-
thesis and antimicrobial activity of metabolites 
[9, 22—25].

So, Leães et al. [24] established that aft er intro-
duction into the culture medium of lipopeptide 
producer Bacillus amyloliquefaciens P11 inacti-
vated by heat treatment of S. aureus subsp. aure-
us ATCC 25923 or Aspergillus parasiticus (strain 
number not given) cells synthesized surfactants, 
the antimicrobial activity of which against Lis-
teria monocytogenes ATCC 7644 increased by 
3—3.5 times. Under such cultivation conditions, 
the level of expression of genes responsible for 
the synthesis of iturin and fengycin increased. 
It is interesting that using inactivated cells of E. 
coli ATCC 25922, Bacillus cereus ATCC11788, 
L. monocytogenes ATCC 7644, and fungi Fu-
sarium oxysporum f. lycopersici and Fusarium 
graminearum (numbers not given) was not ac-
companied with an increase in the antimicrobial 
activity of synthesized surfactants. In work [24], 
the authors did not explain such a «selective» 
eff ect of the type of inductors on the biological 
activity of surfactants. Note, that the authors of 
the research [24] studied the eff ect of inactivated 
cells of inductors only on the antimicrobial ac-
tivity of synthesized surfactants, although these 
products of microbial synthesis have an anti-ad-
hesive activity as well.

Our results showed that synthesized in the 
presence of inductors by A. calcoaceticus IMV 
B-7241 surfactants were characterized by high 
both antimicrobial (see Table 2) and antiadhe-

sive (see Table 3) activity, as well as the ability to 
destruction of biofi lms (see Table 4).

It should be noted, that there were little litera-
ture data on increasing the ability of microbial 
synthesis products synthesized in the presence 
of biological inductors (living or inactivated cells 
or supernatant) to disrupt biofi lms.

In work [26], it was noted that in the presence 
of supernatant aft er the co-cultivation of B. sub-
tilis together with Lactobacillus plantarum, the 
degree of S. aureus biofi lm destruction reached 
up to 61%, while the supernatant aft er the cul-
tivation of the Lactobacillus plantarum mono-
culture inhibited the formation of the S. aureus 
biofi lm only by 40% aft er 24 h. Th e authors es-
tablished that the increase in the biofi lm disrup-
tion due to the action of the supernatant aft er the 
co-cultivation of the two strains was caused by 
the synthesis of antimicrobial lipopeptides of B. 
subtilis under such conditions.

Mohamed et al. [27] established that dur-
ing the co-cultivation of two bacterial strains 
Micromonospora sp. UR56 and Actinokineos-
pora sp. EG49, there were a few new metabo-
lites, which were not typical for monocultures. 
Th e induced metabolites were characterized 
as phenazine derivatives and showed the abil-
ity to destroy biofi lms of B. subtilis, S. aureus, 
Escherichia coli, and Pseudomonas aeruginosa. 
Phenazine derivatives at a concentration of 
10  μl destroyed 24-h biofi lms of E.  coli by an 
average of 54, S. aureus — 50, B. subtilis — 18, 
and P. aeruginosa — 42%.

Th e data we obtained regarding the higher ef-
fi ciency of using live cells as an inductor com-
pared to inactivated cells or the supernatant 
(Tables 2—4) may indicate that the inducing 
factor is connected to the cells, and induction 
requires both chemical and biological interac-
tion between the surfactant producer and the in-
ductor. Th e process of autoclaving inductor cells 
leads to the denaturation of proteins and other 
macromolecules, partially inhibiting potential 
biochemical interactions.
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Similar data were presented in other scientif-
ic papers. Onaka et al. [28] established that the 
inductors of synthesis of secondary metabolites 
(including antibiotics) by representatives of the 
genus Streptomyces were bacteria that contained 
mycolic acids in the composition of the cell wall 
(R. erythropolis, Corynebacterium glutamicum, 
Tsukamurella pulmonis). However, later [23], it 
was found that inactivated cells of bacteria T. pul-
monis, R. erythropolis and Rhodococcus opacus do 
not induce pigment synthesis by the Streptomyces 
lividans strain. Apparently, mycolic acids local-
ized in the outer layer of bacterial cells aff ected 
the secondary metabolism of streptomycetes as a 
result of direct interaction between inductor bac-
teria and bacteria of the genus Streptomyces.

Th e last stage of our research was devoted to 
determining the activity of key enzymes in the 
biosynthesis of surface-active amino- (NADP+-
dependent glutamate dehydrogenase) and gly-
colipids (PEP-carboxykinase, PEP-synthetase, 
and trehalose-phosphate synthase) in A. cal-
coaceticus IMV B-7241. Th e need to conduct 
such research was due to the following reasons. 
Firstly, aminolipids are characterized by higher 
antimicrobial activity compared to glycolipids 

[3]. Secondly, one of the mechanisms underlying 
the anti-adhesive activity and ability to disrupt 
biofi lms of microbial surfactants is their antimi-
crobial activity [29]. Th erefore, we assumed that 
the introduction of biological inductors into the 
culture medium of A. calcoaceticus IMV B-7241 
will be accompanied by an increase in the activ-
ity of the key enzyme of aminolipid biosynthe-
sis. Th e performed enzymatic studies (Table 5) 
confi rmed our assumptions. Consequently, the 
higher biological activity of surfactants obtained 
by the cultivation A. calcoaceticus IMV B-7241 
in the presence of biological inductors, com-
pared to that of preparations synthesized with-
out them, may be due to the higher content of 
aminolipids in their composition.

Th erefore, as a result of the work carried out, 
it was established the possibility of regulating the 
antimicrobial and anti-adhesive activity as well 
as the ability to disrupt biofi lms of A. calcoaceti-
cus IМV B-7241 surfactants by introducing the 
producer of competitive bacteria B. subtilis BT-2 
into the culture medium. It is important that un-
der such cultivation conditions, the antimicro-
bial activity of surfactants synthesized on toxic 
crude glycerol signifi cantly increased.
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БІОЛОГІЧНА АКТИВНІСТЬ ПОВЕРХНЕВО-АКТИВНИХ РЕЧОВИН 
АCINETOBACTER CALCOACETICUS ІМВ В-7241, СИНТЕЗОВАНИХ ЗА НАЯВНОСТІ 
КОНКУРЕНТНИХ БАКТЕРІЙ BACILLUS SUBTILIS БТ-2

На теперішній час ефективність технологій мікробних поверхнево-активних речовин, які характеризуються 
комплексом цінних фізико-хімічних та біологічних властивостей, є нижчою, ніж синтетичних аналогів. 
Для зниження собівартості цих продуктів мікробного синтезу використовують промислові відходи як 
субстрати для їх біосинтезу. У попередніх дослідженнях встановлено, що поверхнево-активним речовинам, 
синтезованим Acinetobacter calcoaceticus ІMВ B-7241 на відходах виробництва біодизелю, притаманна ниж-
ча антимікробна активність порівняно з утвореними на очищеному гліцерині. Основними підходами до 
регуляції біологічної активності мікробних поверхнево-активних речовин є їхня постферментаційна 
хімічна модифікація, а також вдосконалення штамів-продуцентів методами метаболічної та генетичної 
інженерії. Останніми роками з’являється все більше публікацій про спільне культивування продуцентів 
антимікробних сполук з конкурентними мікроорганізмами (біологічними індукторами), у відповідь 
на наявність яких відбувається підвищення антимікробної активності цільового продукту. Мета. 
Дослідити вплив живих та інактивованих клітин Bacillus subtilis БТ-2, а також відповідного супернатанту 
на антимікробну, антиадгезивну активності та здатність до руйнування біоплівок поверхнево-активних 
речовин A. calcoaceticus ІMВ B-7241, синтезованих на гліцерині різного ступеня очищення. Методи. Штам 
A. calcoaceticus ІМВ В-7241 вирощували у середовищах з очищеним гліцерином та відходами виробництва 
біодизелю, в які вносили живі та інактивовані клітини B. subtilis БТ-2, а також супернатант після вирощування 
штаму B. subtilis БТ-2 (2,5—10%, об’ємна частка). Поверхнево-активні речовини екстрагували з супернатанту 
культуральної рідини сумішшю Фолча. Антиадгезивну активність та ступінь деструкції біоплівок 
визначали спектрофотометричним методом, антимікробну активність  — за показником мінімальної 
інгібуючої концентрації. Активність ферментів біосинтезу поверхнево-активних аміноліпідів (НАДФ+-
залежна глутаматдегідрогеназа) та гліколіпідів (фосфоенолпіруват(ФЕП)-карбоксилаза, ФЕП-синтетаза, 
ФЕП-карбоксикіназа, трегалозофосфатсинтаза) аналізували у безклітинних екстрактах, одержаних після 
руйнування клітин ультразвуком. Результати. Встановлено, що внесення у середовище з обома субстратами 
інактивованих клітин B. subtilis БТ-2 і супернатанту не впливало на показники синтезу поверхнево-активних 
речовин, у той час як за наявності живих клітин штаму B. subtilis БТ-2 у середовищі з очищеним гліцерином 
спостерігали зниження концентрації цільового продукту в 1,5 рази, а у середовищі з відходами виробництва 
біодизелю — підвищення в 1,4 рази порівняно з показниками без індуктора. Дослідження антимікробної 
активності поверхнево-активних речовин показало, що найефективнішими з використовуваних індукторів 
(живі, інактивовані клітини, супернатант) виявилися живі клітини B. subtilis БТ-2. Внесення живих клітин 
штаму B. subtilis БТ-2 у середовище з обома субстратами супроводжувалося утворенням поверхнево-
активних речовин, мінімальні інгібуючі концентрації яких щодо бактеріальних ((Bacillus subtilis БТ-2, 
Staphylococcus aureus БМС-1, Proteus vulgaris ПА-12, Enterobacter cloacae С-8) і дріжджових (Candida albicans 
Д-6, Candida tropicalis PE-2) тест-культур були в 3—23 рази нижчими, ніж встановлені для синтезованих 
на середовищі без цього індуктора. Антиадгезивна активність поверхнево-активних речовин, одержаних 
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на очищеному гліцерині і відходах виробництва біодизелю за наявності усіх типів індукторів була вищою, 
ніж синтезованих у середовищі без індукторів (адгезія клітин бактеріальних і дріжджових тест-культур 
на полівінілхлориді становила відповідно 13—70 і 33—96 %). Внесення в середовище культивування A. 
calcoaceticus ІMВ B-7241 як живих, так і інактивованих клітин B. subtilis БТ-2, а також і супернатанту су-
проводжувалося синтезом поверхнево-активних речовин, під впливом яких деструкція бактеріальних 
біоплівок була в середньому на 10—20 % вищою порівняно з показниками за дії препаратів, синтезованих 
без індуктора. За наявності B.  subtilis БТ-2 у середовищі в клітинах штаму A. calcoaceticus ІМВ В-7241 в 
1,5—2 рази підвищувалася активність НАДФ+-залежної глутаматдегідрогенази (ключовий фермент біо-
синтезу аміноліпідів), у той час як активність ферментів біосинтезу гліколіпідів залишалася практично 
на тому ж рівні, як і без індуктора. Такі дані свідчать про те, що вища біологічна активність поверхнево-
активних речовин, утворених A. calcoaceticus ІMВ B-7241 за наявності біологічних індукторів може бути 
зумовлена підвищенням вмісту аміноліпідів в їхньому складі. Висновки. Встановлено можливість регуляції 
антимікробної та антиадгезивної активності, а також здатності до руйнування біоплівок поверхнево-
активних речовин A. calcoaceticus ІMВ B-7241 внесенням у середовище культивування продуцента клітин 
конкурентних бактерій B. subtilis БТ-2. Важливо, що за таких умов культивування суттєво підвищуються 
антимікробна активність поверхнево-активних речовин, синтезованих на токсичних промислових відходах 
виробництва біодизелю.
Ключові слова: мікробні поверхнево-активні речовини, біологічна активність, конкурентні мікроорганізми.


