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EFFECT OF NANOPARTICLES OF DIFFERENT NATURE
ON THE ADENOSINE TRIPHOSPHATASE ACTIVITY
OF AZOTOBACTER VINELANDII IMV B-7076

AND BACILLUS SUBTILIS IMV B-7023

Under soil conditions, bacteria interact with nanoparticles of natural nanomaterials and ions. The study of such in-
teraction and its effect on ATPase activity of bacteria is an important issue contributing to the understanding of the
mechanisms underlying the functioning of living cells in their interaction with nanomaterials. Objective. To investigate
ATPase activity of nitrogen-fixing and phosphate-mobilizing bacteria exposed to silica and bentonite nanoparticles and
some ions. Methods. ATPase activity of the culture was determined by the concentration of phosphate in the reaction
mixture. Silica and bentonite were used as effectors for ATPase activity determination. Results. The level of ATPase
activity of Azotobacter vinelandii IMV B-7076 was shown to increase by 241 % after 48 hours of culturing and by 97
% after 72 hours of culturing compared to 24-hr culture. Magnesium and calcium cations were found to significantly
increase ATPase activity of A. vinelandii and B. subtilis, whereas sodium and potassium ions had little effect on this
process. Conclusions. The ATPase activity of Azotobacter vinelandii IMV B-7076 and Bacillus subtilis IMV B-7023 was
found to be the highest in the presence of magnesium and calcium ions. The interaction of these strains with bentonite
nanoparticles significantly stimulated the ATPase activity of the bacteria, while silica nanoparticles negatively affected
the ATPase activity of A. vinelandii and positively affected that of B. subtilis.
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The intensive use of chemical fertilizers and pes- | on people’s health (Patyka et al., 2005). Biologi-
ticides in crop production is accompanied by en- | zation of agriculture through the use of micro-
vironmental pollution, a decrease in the quality | bial preparations can reduce the use of chemical
of agricultural products, and a negative impact | fertilizers and pesticides and improve the quality

Citation: Chobotarov A.Yu., Chuiko N.V,, Chobotarova V.V., Kurdish I.K. Effect of Nanoparticles of Different
Nature on the Adenosine Triphosphatase Activity of Azotobacter vinelandii IMV B-7076 and Bacillus subtilis IMV
B-7023. Microbiological journal. 2024 (6). P. 12—19. https://doi.org/10.15407/microbiolj86.06.012

© Publisher PH «Akademperiodyka» of the NAS of Ukraine, 2024. This is an open access article under the CC BY-
NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)

12 ISSN 1028-0987. Microbiological Journal. 2024. (6)



Effect of Nanoparticles of Different Nature on the Adenosine Triphosphatase Activity of Azotobacter vinelandii

of agricultural products. Rhizosphere microor-
ganisms included in preparations allow the cor-
rection of soil microbiota (Kurdish, 2010).

It is known that microorganisms play a key
role in the cycle of nutrients and are an integral
organic part of it (Dalal, 1998; Sparling, 1997;
Volkogon et al., 2006; Iutynska et al., 2019).
About 99% of soil microorganisms function
in contact with particulate matter (Costerton,
1985; Nannipieri et al., 2003). The interaction of
microorganisms with nanoparticles is accompa-
nied by changes in physiological (Zvyagintsev,
1973; Kurdish, 2019; Srivastava et al., 2013; Cho-
botarov et al., 2017) and biochemical processes
and is associated with the cellular energy metab-
olism (Pradet & Raymond, 1983).

Adenosine 5’-triphosphatase (ATPase), (EC
3.6.1.3), is one of the key enzymes of energy
metabolism of bacterial cells, due to which the
difference in electrochemical potentials at the
membrane is generated; therefore, it can be an
effective indicator of the general physiological
state of microorganisms (Gruzina, 1997). It is
known that the ATPase activity is significantly
influenced by its interaction with cations, includ-
ing Na*, K*, Mg?*, and Ca?* (Skulachev, 1989).

Based on the interaction of nitrogen-fixing
bacteria Azotobacter vinelandii IMV B-7076 and
phosphate-mobilizing bacteria Bacillus subtilis
IMV B-7023 with bentonite particles, a highly
active complex bacterial preparation Azogran
for plants was developed at the Institute of Mi-
crobiology and Virology, NAS of Ukraine.

Thus, the study of nanomaterials’ effect on
ATPase activity of nitrogen-fixing and phos-
phate-mobilizing bacteria can be useful for the
development of advanced biotechnology of
high-performance microbial preparations for
crop production and prediction of bacterial ac-
tivity in agroecosystems.

Materials and Methods. Nitrogen-fixing bac-
teria Azotobacter vinelandii IMV B-7076 (State
Enterprise «Ukrainian Intellectual Property In-
stitute», 2006) and phosphate-mobilizing bac-

ISSN 1028-0987. Microbiological Journal. 2024. (6)

teria Bacillus subtilis IMV B-7023 (State Enter-
prise «Ukrainian Intellectual Property Institute»,
2003), isolated in the Department of microbio-
logical processes on solid surfaces of D.K. Zabo-
lotny Institute of Microbiology and Virology,
NAS of Ukraine, were the objects of research.

Nitrogen-fixing bacteria were grown in
Burke’s medium of the following composition,
(g/L): 0.8 K,HPO, x 3H,0; 0.6 KH,PO,; 0.5 Na-
,CH.O.; 0.1 CaCl,; 0.2 MgSO, x 7H,0; 0.015
FeSO, x 7H,050.015 Fe,(SO,); 0.005 Na,MoO,;
20.0 sucrose; pH 7.0—7.5. Phosphate-mobi-
lizing bacteria were grown in glucose-mineral
medium of the following composition, (g/L):
0.5 (NH,),S0,; 0.3 MgSO, x 7H,0; 0.3 NaCl;
0.3 KCL5.0 CaCO,; 0.001 MnSO, x 7H,O;
0.001 FeSO, x 7H,O; 10.0 glucose; 0.5 K,H-
PO, x 3H,0; 0.5 KH,PO,; pH 7.0—7.4. Sili-
con dioxide or bentonite (0.05; 0.1; 0.5 g/L) was
added into media for the study of nanomaterials
influence on the ATPase activity of A. vinelandii
IMV B-7076 and B. subtilis IMV B-7023. Culti-
vation temperature was 28 °C. Bacteria were cul-
tured for 24—72 hours. Suspension of a one-day
bacterial culture was used as inoculum. The ini-
tial viable bacterial content was 1 x 10 CFU/mL.

To determine ATPase activity of microorgan-
isms, cells were freed from the culture medium
by centrifugation on an OPn-8 centrifuge (JSC
TNK DASTAN, Kyrgyzstan) at 6600 g for 15
min. The cells were then washed twice with 50
mM Tris-HCI buffer, pH 7.4, and resuspended
in the same buffer. After that, they were disin-
tegrated on an ultrasonic disintegrator (UD-20,
Poland) with the operating frequency of 22+1.65
kHz for 4 min in an ice bath (Roy et al., 1982).
Cell residues were freed from the sample by
centrifugation of the resulting suspension on a
refrigeration centrifuge at 10000 g and 4 °C for
30 min. The amount of protein in cell-free su-
pernatants was determined by the Bradford as-
say (Bradford, 1976).

ATPase activity was determined in the reac-
tion medium of 2.5 mL of 16 mM ATP in 50
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mM Tris-HCI, pH 7.4, 2.5 mL of 16 mM MgCl,
in 50 mM Tris-HCI, and 5 mL of sample in 50
mM Tris-HCI (for experimental variant) or 5 mL
of 50 mM Tris-HCI (for control variant) at 28 +
1°C. The salts NaCl, KCI, CaCl,, and MgCl, were
added to the reaction medium to reveal the in-
fluence of the ions on the ATPase activity. After
40 min, the reaction was stopped with 2 mL of 10
% trichloroacetic acid. The resulting precipitate
was precipitated for 5 min at 6600 g. The amount
of inorganic phosphate was determined by the
Fiske-Subbarow method with ammonium mo-
lybdate at wavelength 590 nm, and the ATPase
activity of the culture was calculated. ATPase
activity (A) was expressed as the amount of in-
organic phosphate (Pi) detached from the sub-
strate (ATP) in 1 min per 1 mg of protein.

Statistical analysis for the data obtained were
performed using Minitab statistical software
(Minitab Inc.). All experiments were performed
in at least three independent replicates.

Results. It was found that the highest level of
ATPase activity of A. vinelandii IMV B-7076 was
determined after 48 hours of cultivation. Under
these conditions, the culture activity was 3.42
times higher than during the first day of culti-
vation. Upon further culturing (72 hours), the
ATPase activity decreased but was still higher
than after 24 hours of cultivation (Table 1).

ATPase activity of B. subtilis IMV B-7023
decreased with increasing time of culture in
glucose-mineral medium (Table 1). Thus, after
two and three days of cultivation, the ATPase
activity of the culture decreased sharply to

Table 1. The influence of cultivation time
on the ATPase activity of A. vinelandii IMV B-7076
and B. subtilis IMV B-7023

Time, ATPase activity, pmol x 1072/min x mg protein
h A. vinelandii IMV B-7076 | B. subtilis IMV B-7023
24 2.58 +0.25 6.63 +0.30
48 8.81 +£0.31 1.60 £ 0.35
72 5.10+0.39 1.40 +0.47
14

1.60 pmol x 10%/min X mg protein and 1.40
umol x 102/min x mg protein (by 75.87 % and
78.88 % respectively) compared to the culture
which was grown for 24 hours (Table 1).

The level of ATPase activity of A. vinelandii
IMV B-7076 was found to increase with increas-
ing ATP concentration in incubation medium
up to 4 mM. With further increase in substrate
content, ATPase activity decreased (Fig. 1). In
view of this, in further studies to determine the
level of ATPase activity of bacteria, the ATP
concentration of 4 mM (optimum activity) was
used, and the culture was grown for 48 hours.

The dynamics of ATPase activity of B. subti-
lis depending on ATP concentration is shown
in Fig. 1. Thus, the level of ATPase activity of
B. subtilis increased with increasing ATP con-
centration in incubation medium (up to 4 mM)
and was 6.63 umol x 107%/min x mg protein.
With further increase in substrate — ATPase
activity decreased slightly but was higher than
in the other variants.

Considering the results for the dependence of
ATPase activity level of culture on time of culti-
vation and substrate concentration in incubation
medium, in further experiments on determining
the ATPase activity level of B. subtilis, we used an
ATP concentration of 4 mM (optimum activity)
and culture of 24 hours.

When studying the level of ATPase activ-
ity of A. vinelandii depending on the content of
the ions added to the reaction medium, it was
found that the highest activity was observed in
the medium with Mg?* ions (Fig. 2). Under these
conditions, the activity of the ATPase of the cul-
ture was at 8.81 umol x 1072/min x mg protein.
When Ca** ions were added to the incubation
medium, the ATPase activity of A. vinelandii was
decreased by 2.72 % as compared to the variant
with Mg?* ions. However, the lowest ATPase ac-
tivity of bacteria was observed when Na* and K*
ions were added to the reaction medium. Thus,
the level of ATPase activity in the presence of
Na* ions was at 7.94 x 1072/min X mg protein,
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and in the presence of K* jons it was 8.1 pmol x
X 1072/min x mg protein.

Based on the obtained results, further experi-
ments were conducted using a 48-hour culture
of A. vinelandii, a substrate concentration of 4
mM, and the addition of Mg?* ions in the reac-
tion medium.

When studying the level of ATPase activity
of phosphate-mobilizing bacteria depending on
the ions introduced into the reaction mixture, it
was found that the highest activity was recorded
in the medium with divalent ions Mg?* and Ca?*
(Fig. 3). Thus, it was shown that the introduction
of both Mg?** and Ca?* ions into the incubation
medium resulted in an abrupt activation of the
ATPase. Under these conditions, the ATPase ac-
tivity of B. subtilis was 6.63 pumol x 10~2/min x mg
protein for Mg?* ions and 6.55 pmol x 10~2/min x
x mg protein for Ca?* ions. When single-valent
ions (Na* and K*) were added to the incubation
mixture, a low level of ATPase activity of the cul-
ture was recorded. Similar results of ion impact
on ATPase activity were observed for nitrogen-
fixing bacteria (Fig. 3).

It was found that when A. vinelandii was in
Burke’s medium, to which bentonite nanopar-
ticles were added, the ATPase activity of azoto-
bacter increased (Fig. 4).

Thus, when 0.05 g/L bentonite was added, the
level of ATPase activity increased significantly
(by 19.18%) compared to the control (without
bentonite).

The ATPase activity of the culture increased
with increasing concentration of the mineral
nanoparticles (Fig. 4). Maximum ATPase activ-
ity of bacteria was fixed at 0.5 g/L of bentonite
in Burke’s medium. Under these conditions, the
level of ATPase activity was 28.26 % higher than
in the control.

At the same time, when silicon dioxide na-
noparticles were added to the medium, ATPase
activity of azotobacter decreased compared to
the control (Fig. 5). Thus, when 0.05 g/L sili-
con dioxide was added to the medium, the ac-
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Fig. 1. The influence of ATP concentration in the reac-
tion medium on ATPase activity (A) of A. vinelandii
IMV B-7076 (1) and B. subtilis IMV B-7023 (2)
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Fig. 2. The influence of various ions on ATPase activity

(A) of A. vinelandii IMV B-7076 in the reaction medium
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Fig. 3. The influence of various ions on ATPase activity
(A) of B. subtilis IMB B-7023 in the reaction medium
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Fig. 4. The influence of bentonite nanoparticles on
ATPase activity (A) of A. vinelandii IMV B-7076
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Fig. 6. The influence of bentonite nanoparticles on
ATPase activity (A) of B. subtilis IMV B-7023

tivity decreased by 38.25 % (down to 5.44 umol
1072/min x mg protein).

When the content of silicon dioxide nanopar-
ticles was increased (up to 0.5 g/L) in Burke’s
medium, the ATPase activity of the culture de-
creased. Under such conditions, the ATPase ac-
tivity level of A. vinelandii IMV B-7076 was 3.32
pmol x 1072/min x mg protein (Fig. 5).

When investigating the effect of dispersed ma-
terials on ATPase activity of bacilli, slightly dif-
ferent results were observed than those obtained
for the A. vinelandii culture. When bentonite was
added to the glucose-mineral medium, ATPase
activity of bacilli increased sharply (Fig. 6).
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Fig. 5. The influence of silicon dioxide nanoparticles on
ATPase activity (A) of A. vinelandii IMV B-7076
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Fig. 7. The influence of silicon dioxide nanoparticles
on ATPase activity (A) of B. subtilis IMV B-7023

Thus, when 0.05 g/L bentonite nanoparticles
were added, ATPase activity was 62.90% higher
compared to the control. An increase in ATPase
activity of B. subtilis was observed with the in-
crease in the content of nanoparticles of natural
material in the bacterial culture medium (Fig. 6).
The highest ATPase activity of the culture was
recorded when 0.5 g/L bentonite was added to
the glucose-mineral medium. Under these con-
ditions, the ATPase activity of B. subtilis was
11.9 pmol x 107?/min x mg protein.

When bacilli were cultured in the medium
with silicon dioxide nanoparticles, ATPase ac-
tivity increased, which is not typical for A. vine-
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landii, compared to the control variant (without
dispersed material) (Fig. 7). Thus, at the con-
tent of silicon dioxide particles in the medium
of 0.05 g/L, a sharp increase in ATPase activity
of the culture was observed. Under such condi-
tions, the level of ATPase activity was 14.0 umol x
X 107?/min x mg protein. When 0.1 g/L of dis-
persed material was applied, the highest level
of ATPase activity of the culture was recorded
(15.5 pumol 107%/min x mg protein) (Fig. 7).
When 0.5 g/L of silicon dioxide nanoparticles
was added, a slight decrease in ATPase activity
of the culture was recorded.

Discussion. The functioning of plants, liv-
ing organisms, and microorganisms in the en-
vironment is closely related to the generation
of energy in the form of ATP and its consump-
tion during the hydrolysis of this compound by
ATPase (Skulachev, 1989). The ATPase activity
of microorganisms is significantly influenced
by external environmental factors (tempera-
ture, pH, the composition of their functioning
medium, and the content of cations in the reac-
tion medium) (Varbanets, 1974; Kushkevich et
al., 2007). Cells use the energy of ATP hydroly-
sis to support biochemical processes (synthesis
of biomolecules, active transport, etc.) (Subra-
manian, 2022).

We have shown that ATPase activity of bac-
teria A. vinelandii IMV B-7076 and B. subtilis
IMV B-7023, components of high-active com-
plex bacterial preparation for crop production
Azogran, reaches the highest values when cul-
tured in a medium for 48 hours. When intro-
ducing bacterial preparations into agroecosys-
tems, the cells will interact with nanoparticles
of natural minerals, which also has a significant
effect on the physiological and biochemical ac-
tivity of microorganisms (Chobotarov, 2020).
Upon interaction with nanoparticles of natural
minerals, these strains are capable of enhancing

ISSN 1028-0987. Microbiological Journal. 2024. (6)

the synthesis of phytohormones (Chobotarov
et al., 2017). The application of the Azogran
preparation, developed on the basis of these
bacteria, protected barley plants from oxidative
stress (Skorochod et al., 2020) and potato plants
from damage by the Colorado beetle (Kurdish
et al., 2021). We have shown that the ATPase
activity of both A. vinelandii and B. subtilis sig-
nificantly increases when bentonite nanopar-
ticles are introduced into the medium. At the
same time, when these bacteria were cultured
in a medium with silica nanoparticles, the in-
dices of this activity decreased for azotobacter
and increased for bacilli. The reasons for this
effect need further investigation.

The level of ATPase activity of the enzyme
complex of microorganisms is largely deter-
mined by the content of univalent and divalent
cations introduced into the incubation medium
(Varbanets, 1974; Kushkevich et al., 2007). Mag-
nesium is believed to be one of the most im-
portant regulators of cellular energy exchange,
which affects the energy supply of membrane
ion channels (Swaminathan, 2003), including
the Na*/K* pump (Grycova et al., 2009).

The highest values of this activity for A. vine-
landii and B. subtilis were determined in the me-
dium containing 4 mM ATP and Mg?* ions. The
addition of Ca?* ions to the reaction medium less
markedly stimulated ATPase activity compared
to Mg?* ions, while the addition of potassium
and sodium ions to this medium insignificant-
ly stimulated ATPase activity of these bacteria.
Similar results of the influence of these cations
were obtained earlier in the study of ATPase ac-
tivity of A. chroococcum (Varbanets, 1974). Thus,
our results testify to a significant influence of a
number of factors on ATPase activity of bacte-
ria A. vinelandii IMV B-7076 and B. subtilis IMV
B-7023, which are components of complex bac-
terial preparation Azogran.
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BITIVIB HAHOYACTOK PI3HOT ITPMPOJIV HA AITEHO3VIHTPU®OCDATA3HY AKTUBHICTD
AZOTOBACTER VINELANDII IMB B-7076 TA BACILLUS SUBTILIS IMB B-7023

Y rpyHTOBUX yMOBax OaKTepii B3a€MOAIIOTh 3 HAHOYACTKaMI IPUPOJHYIX HaHOMaTepiasiB Ta ionamu. JJocmifKxeHHA
MeXaHi3MiB, [0 JIeXKaTh B OCHOBI QYHKIIIOHYBaHH: KMBYX KIITVH 3a iX B3aeMopil 3 HaHoMaTtepiamamu. Meta. [lo-
cnignty AT®-asny akTuBHICTb a30T¢iKcyounx Ta pocdarMobinidyrounx 6akTepilt 3a BIVIMBY HAHOYACTOK TiOKCHU-
Iy KpeMHiio i 6eHTOHITY Ta fesikux ioHiB. MeTogu. AT®-a3Hy akTMBHICTb KY/IbTYpY BU3HAYA/IN 32 KOHIIEHTPAIIi€0
docdary B peaxuiiHit cymimi. Sk edextop ans BusHadeHHs 3MiHM AT®-a3HOI aKTMBHOCTI BUKOPUCTOBYBAIN
IiOKCKT KpeMHilo Ta 6eHTOHIT. PesynpraTu. [Tokasano, o pienb AT®-asHoi aktuBHocTi Azotobacter vinelandii
IMB B-7076 3poctas Ha 241 % micna 48 rogun Ta Ha 97 % micna 72 rofyH KynbTUBYBAaHH:A y IOPIBHAHHI 3 24-X
TOAVHHOI KY/IbTypolo. BcTaHOBIIEHO, 1[0 KaTiOHM MarHiioo Ta Kaibliilo CyTTeBO HigBuiyooTh AT®-a3Hy akTuUB-
HICTh a30T06aKTepa Ta GamuIn, TONi K iOHI HATpilo Ta KajIil0 He3HAYHO BIUIMBAIOTh HA Lieil pouec. BucHoBKm.
BcraHoBeHO, o AT®-asHa akTUBHICTD K Azotobacter vinelandii IMB B-7076, Tax i Bacillus subtilis IMB B-7023
[OCATa€ HaIBUIIVX 3HAYE€Hb 32 HAABHOCTI B CepelOBUILi i0HIB MarHilo Ta Kaiblilo. B3aemMopisa jaHux mramis 3 Ha-
HOYacTKaMy OEHTOHITY 3Ha4HO cTUMYynioe AT®-a3Hy aKTUBHICTb OaKTepiil, TOAI K HAHOYACTKYU JIOKCULY KpeM-
Hifo HeraTyBHO BIMBaoTh Ha AT®-asHy akTuBHIcTD A. vinelandii Ta mosutvBHO Ha B. subtilis.
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