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With the development of antibiotics application, their spread in the natural environment increases
dramatically. The presence of antibiotics in the environment changes microorganism and other living
beings ratio and composition, which causes a negative impact on biochemical processes that take place in
the environment. The spread of antibiotic resistance genes in environmental microorganisms is a growing
problem of environmental safety and human health.

Aim. The objectiveof the work was to analyze the adaptation mechanisms of microorganisms to the
influence of antibiotics and methods for antibiotics utilization.

Results. The mechanisms of microorganisms’ adaptation to antibiotics were shown. The conditions for
utilization of different antibiotics classes by microorganisms were provided.

Conclusions. Methods of antibiotics destruction depend on its structure and physicochemical
properties. Physicochemical methods were used for local waste purification and were not suitable for
antibiotics disposal in the natural environment. The decomposition products could also have a negative
effect on the microorganisms’ cells.

Depending on the class of antibiotics, their biodegradation occured by different types of
microorganisms. It has been shown that sulfonamides and amphinecoles are easily destroyed by many
heterotrophic bacteria; biodegradation of aminoglycosides occurs by a strain of Pseudomonas spp.;
tetracyclines — mushrooms; p-lactams — through the microorganisms’ association including
Burkholderiales, Pseudomonadales, Enterobacteriales, Actinomycetales, Rhizobiales, Sphingobacteriales.
A consortium of destructors must be created to dispose the specific classes of antibiotics.
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With the development of drugs against
infectious diseases, namely antibiotics, they
are getting spread in the natural environment
with solid waste and wastewater from
pharmaceuticals, household, agricultural,
etc., which leads to their accumulation in soil,
water and sediments [1-3]. Also, antibiotics
get introduced into the soil is due to the
use of animal manure, bird droppings and
sludge from treatment plants as fertilizer [4].
During feeding, antibiotics are only partially
metabolized in the liver of animals (30-60% of
the administered dose), the rest accumulates
in the animal tissues and partially excrements,
for example, with manure — up to 20-50% of
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antibiotics are released unchanged [5]. Soil
pollution causes a chain reaction: it affects soil
biodiversity, reduces soil organic matter and
filtering capacity.

The presence of antibiotics in the
environment changes the composition of
microorganism associations and other living
beings it also changes their ratio, which causes
a negative impact on biochemical processes
that take place in the environment [6—8]. As a
result, the composition of the soil changes, and
accordingly its fertility.

Different classes of antibiotics can be
also produced by microorganisms that exist
in the natural environment. The presence
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of such microorganisms in the environment
contributes to antibiotics resistance
development in the environment due to
antibiotic resistance genes (ARG) spread
to formerly unresistant microorganisms.
Acquisition of such resistance to antibiotics
is mainly caused by mobile genetic elements
(MGE), such as plasmids, integrons,
transposons, transferring resistance from one
microorganism to another.

The proliferation of antibiotic resistance
genes in environmental microorganisms,
especially pathogens, is a problem of great
importance for environmental safety and
human health [9-11].

The work aims to analyze the mechanisms
of microorganisms adaptation to antibiotics
influence and methods for their utilization.

Mechanisms of adaptation to antibiotics

Because antibiotics are present in the
environment in small quantities, over time,
some species of microorganisms adapt to
certain classes of antibiotics they were
exposed to. The microorganisms resistance to
antibiotics is formed due:

— selection of already resistant species
using antibiotics (development of new,
antibiotic-resistant populations) [12];

— adaptation to the toxic influence of
antibiotics caused by cell metabolism changes
(metabolic areas affected by the antibiotic are
changing to alternative pathways that are not
affected by the antibiotic influence, or by the
use of already present substrates instead of
their synthesis when former requires usage
of components that are affected by antibiotics
influence);

— production of enzymes that can destroy
or damage molecules of the antibiotic [13];

— presence of resistance factors which
cause antibiotic transformation into non-toxic
form [14];

— change in membrane permeability or
increase in active excretion of antibiotics[15, 16].

Also, microorganisms resistant to one type
of antibiotic are resistant to other antibiotics
with similar structure.

Biochemical mechanisms of microorganism
resistance to antibiotics are manifested in the
following [17].

Enzymatic inactivation of antibiotics

Inactivation through the enzyme synthesis
that specifically interact with the antibiotic
and can modify it by following mechanisms:

— destruction of molecular structure and,
accordingly, the further impossibility of its
interaction with the target molecule;

— molecule inactivation, which leads to a
lack of reaction with the target.

Most often, enzymes add an acetyl or
phosphate group to antibiotic molecule, which
reduces its ability to bind to bacteria ribosome
and, consequently, to interrupt protein
biosynthesis [18].

Decrease of antibiotic concentration
in the cell

Restriction of access to a target molecule is
carried out by:

— removal of antibiotic from the microbial
cell due to a specialized set of proteins
that form transmembrane pumps and are
able to transfer toxic substances (except
glycopeptides) from the intracellular space to
the environment (Figure) [19];

— alteration of the outer membrane
permeability due to changes in its composition,
which leads to the formation of resistance to
several antibiotics groups simultaneously. At
the same time it causes a partial loss of pore
forming proteins in the membrane [17].

An example is the system of multiple
antibiotic resistance (MAR). Thus, on
the background of acquired resistance to
tetracycline or chloramphenicol, resistance
to quinolones and B-lactams is additionally
formed. Activation of the MAR system leads to
a simultaneous decrease in the amount of one
of the pore proteins (OmpF) and increase in one
of the excretory systems activity [20].

The cortex of the outer membrane, which
consists of liposaccharides, plays a major role
in the barrier function of the outer membrane
to hydrophobic antibiotics: aminoglycosides
(gentamicin and kanamycin), macrolides
(erythromycin), rifamycin, novobioclycin,
pezoidocin, fuzi and fluoroquinolones. The
last two families of antibiotics are also able
to penetrate the pores. Bacterial strains
that express long oligo- and polysaccharide
fragments of lipopolysaccharides have innate
resistance to such antibiotics [21].

Modification of the target molecule

The change in the structure of the target
molecule may be conducted by the following
mechanisms:

— the emergence of spontaneous gene
mutations that lead to structural changes
in target molecules encoded by them. This
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disrupts the binding to antibiotic molecule
and these mutations stabilize in the presence
of antibiotic. As an example, mutations in
genes encoding ribosomal proteins RpsL,
provide cell resistance to streptomycin;
mutations in B-subunits of DNA dependent
RNA polymerase — resistance to rifamycin;
mutations in DNA gyrase — resistance to
quinoline [22];

— the presence of genes transmitted by
horizontal transfer. The synthesis products
of these genes modify the target molecule,
disrupting the antibiotic binding to the target
molecule [23];

— acquisition of genes that encode a less
sensitive target molecule. For example, the
resistance of Streptococcus pneumoniae and
Neisseria meningitidis strains to penicillin
is caused by presence of DD-transpeptidase
mosaic genes, normal DD-transpeptidase is a
target for penicillin [24].

Thus, the resistance of microorganisms to
antibiotics is caused by various mechanisms,
which are manifested depending on
environmental conditions and the class of
antibiotic. The spread of antibiotic resistance
will lead to economic damage similar to the
2008 financial crisis. It is estimated that due to
antibiotic resistance in 2050, world GDP may
decline by more than 2-3.5% ($ 100 trillion)
[25]. Therefore, it is necessary to provide
effective ways of antibiotics disposal to
prevent soil and water sources contamination.

24

Methods of antibiotic disposal

Physico-chemical methods

The sensitivity of bacteria to antibiotics
is the main reason for their use, because
antibiotics action effectively destroys or
stops the development of bacteria. Recently,
broad-spectrum antibiotics have been
constantly introduced into the animal diet in
livestock and poultry for the prevention and
treatment of diseases. It has been shown that
the administration of antibiotics to livestock
and poultry increases the degree of antibiotic
resistance in manure and droppings, causing
the prevalence of resistance genes [9, 26,
27]. The use of livestock and poultry waste as
fertilizer increases the number of resistant
microorganisms in the soil, which affects the
development of microflora and decrease in soil
fertility.

Methods of antibiotic destruction
depend on its molecular structure and
physicochemical properties.

Existing methods of manure high-
temperature treatment that aim to
destroy pathogenic microorganisms do
no damage to antibiotics molecules. But
high temperatures can destroy antibiotic
resistance genes (in microorganisms that
can survive high temperature) by altering
cell metabolism [28].

At pharmaceutical industries with
local wastewater treatment commonly used
are: oxidation, cavitation and adsorption
methods. Ozone, chlorine oxide, chlorine,



Reviews

sodium hypochlorite, etc. are used in
oxidation [8, 26]. As a result, free radicals
are formed and the structure of antibiotic
molecule is destroyed or is transited to
another non-toxic form. It should be noted
that decomposition products can also have
a negative effect on the microorganisms’
cells.

Adsorption processes are used to remove
antibiotics using activated carbon, clay and
sediment [29]. Adsorption depends on both
the physicochemical properties of the sorbent
and the properties of antibiotic, namely the
molecular structure, functional groups, pH,
particle size [6, 30, 31]. Complications that
occur during antibiotics sorption by sorbents
are associated with the presence of other
substances in wastewater, which reduce the
disposal efficiency and increases the process
cost.

Photodegradation is considered as a
promising method of natural antibiotic
destruction in the open environment. The
destruction process is influenced by such
parameters as light source, pH, temperature,
time and medium composition [32]. The effect
of UV irradiation (100-315 nm, for a period
of 60 min) on the destruction of tetracycline
and sulfathiazole was studied separately
and in a mixture [33]. It is shown that with
a separate antibiotics in the solution their
complete removal took 14 days for tetracycline
and 35 for sulfathiozole. With the mixture of
antibiotics, the rate of their destruction was
accelerated by 2—4 times depending on the
concentration and ratio. This can be explained
by the formation of by-products, such as
sulfate, which can promote indirect photolysis,
and increased hydrolysis by changing the
solution pH.

That is, when using photodestruction, a
antibiotics mixture or other substances present
in the solution can increase the efficiency of
destruction. At the same time, the substances
formed under the influence of UV radiation
can be more toxic than antibiotics.

Biodestruction

Biodegradation of antibiotics occurs by
both biotic and abiotic processes. Biotic factor
involves the use of microorganisms, and abiotic
uses the processes of sorption, hydrolysis,
photolysis, oxidation and reduction [34].
Depending on the class of antibiotics, their
biodegradation is conducted by different types
of microorganisms. 24 genera of bacteria that
decompose antibiotics have been identified
(Achromobacter, Acidovorax, Acinetobacter,

Alcaligenes, Bacillus, Burkholderia,
Castellaniella, Comamonas, Corynebacterium,
Cupriavidus, Dechloromonas, Geobacter,
Gordonia, Klebsiella, Mycobacterium,
Novosphingobium, Pandoraea, Pseudomonas,
Rhodococcus, Sphingomonas, Thauera,
Treponema, Vibrio and Xanthobacter) [35].

Sulfonylamides are easily destroyed
due to division of sulfonamide group by
various heterotrophic bacteria isolated
from soil and activated sludge [35, 36].
It has been shown that some bacteria
(Achromobacterdenitrificans PR1, SDZ,
SMZ, SPY, Pseudomonas sp. DX 7, SMX321,
SMX330, SMX331, SMX 333, SMX 336,
SMX 342, SMX344, P. psychrophila HA-4,
Acinetobacter sp. HS51, Rhodococcus
rhodochrous ATCC 13808, Rhodococcus equi
ATCC 13557, Alcaligenes faecalis CGMCC
1.767, Shewanella oneidensis MR1, MR4)
utilize antibiotics as a source of carbon and
energy [35].

It has been established that the removal of
sulfodimethoxine (SDZ) and sulfomethaxazole
(SMX) by adsorption is almost non-existent.
For SDZ removal efficiency after 48 hours in
saltwater (SSS) and fresh wastewater (FSS)
was 37.3 and 53.4%, respectively. Similar
results were obtained for SMX — 22.6 and
39.1% were biodegraded in 48 h in salt and
freshwater wastewater, respectively. With
the use of the most optimized conditions
of wastewater retention in reactors (up to
24 hours) purification from this class of
antibiotics due to biodegradation will not be
sufficient. The rate of SDZ biodegradation
was higher than that of SMX. In addition, the
decomposition rate in FSS was higher than in
SSS [37].

Trimethoprim is only partially degraded
by heterotrophic bacteria from NAS group
(Bacillus subtilis, Pseudomonas aeruginosa,
Pseudomonas putida, Rhodococcus equi,
Rhodococcus erythropolis, Rhodococcus
rhodocrous, and Rhodococcus zopfii) [7].

Aminoglycosides undergo biotransforma-
tion [38], but to date only one bacterial strain
from the soil was identified (Pseudomonas
spp.) and some gram-negative bacilli that
use streptomycin as a source of carbon and
energy. The enzymes involved in this process
have not been identified.

Amphenicol antibiotics are destroyed or
transformed by various microorganisms [39].
Destruction of the aromatic fragment has been
described for only one species (Pseudomonas spp.
and some gram-negative bacilli), suggesting no
further destruction of this part of the molecule.
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Tetracyclines. Molecules of this
antibiotics class are destroyed mainly by
fungi with partial division of four ring stable
structure [40].

In a study [29] it was found that
concentrations of tetracycline above 2 mg/1
leads to inhibition of bacterial growth.
It is shown that depending on the initial
concentration (50 mg/1-5 mg/1) 44-87% of
tetracycline is removed by biodegradation, and
3-6% — by biosorption. It was determined that
the spent solid residue contains from 23 mg/kg
to 4.5 g/kg of tetracycline, depending on the
initial concentration. In addition, one of the
biodegradation products of tetracycline was
found to be phthalic anhydride, which is more
toxic than tetracycline to aquatic organisms.
That is, when using the biodegradation of
antibiotics, it is necessary to pay attention
to the reactions products that may have
an inhibitory effect on microorganisms
development. It is also necessary to emphasize
on the possibility of environmental risks
associated with sludge disposal and wastewater
emissions.

As shown in [41, 42], tetracyclines are
rapidly adsorbed on activated sludge without
biodegradation from seawater. The adsorption
rate was up to 90% during the first 15 min in
FSS and SSS. At the adsorption equilibrium,
the removal efficiency in both systems was
98.0 and 92.3%, respectively, in contrast
to the adsorption of fluoroquinolones,
which differs significantly for these two
systems [43].

It has been shown [44] that
biodegradation can remove f-lactams
by association of microorganisms
Burkholderiales, Pseudomonadales,
Enterobacteriales, Actinomycetales,
Rhizobiales, Sphingobacteriales, in contrast to
fluoroquinolones and macrolides, for which
removal by physicochemical methods is more
effective.

It is shown [45-47] that antibiotics
undergo biodegradation under changes in
conditions (temperature, UV radiation,
ozonation, etc.) that are used in wastewater
treatment systems. Such changes in
conditions allow effective removal of
antibiotics, but this approach is not possible
in large open systems.

Based on the above, it can be argued that
associations of microorganisms used for
wastewater treatment, over time, become
resistant to certain antibiotics classes
used in agriculture, medicine and their
production, but are unable to effectively
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remove them. The presence of antibiotics
in the environment reduces the degree
of wastewater treatment, biogas yield in
case of anaerobic purification, reduces the
diversity of microorganisms in associations,
resulting in antibiotics entering surface and
groundwater, which affects the environment
overall [48]. Therefore, to dispose of
multiple classes of antibiotics biologically, it
is necessary to create strains of bacteria for
which antibiotics will serve as a carbon and
energy source.

Conclusions

1. The release of antibiotics into the
environment affects the diversity of living
organisms and all the processes in the
environment. In the presence of antibiotics
in the medium, some microorganisms species
adapt to their influence, which is associated
with changes in cell metabolism and the
presence of resistance factors, which has a
negative impact on environmental safety
and human health. This is an incentive to
develop effective disposal ways to prevent
contamination of soil and water sources.

2. Methods of antibiotics destruction
depend on its structure and physicochemical
properties. Physico-chemical methods are
used for local waste purification and are
not suitable for antibiotics disposal in the
natural environment. The decomposition
products can also have a negative effect on the
microorganisms cells.

3. Depending on the class of antibiotics,
their biodegradation occurs by different
types of microorganisms. It has been shown
that sulfonamides and amphinecoles are
easily destroyed by many heterotrophic
bacteria; biodegradation of aminoglycosides
occurs by a strain of Pseudomonas spp.;
tetracyclines — mushrooms; fB-lactams —
through the microorganisms association
including: Burkholderiales, Pseudomonadales,
Enterobacteriales, Actinomycetales,
Rhizobiales, Sphingobacteriales. A consortium
of destructors must be created to dispose of a
specific classes of antibiotics.
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of Sciences, Advanced Material Institute.

The authors declare that they have no
conflicts of interest.
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3 PO3BUTKOM BUKODPUCTAHHA aHTUOiOTUKIB
BiZI0yBa€eThCA 1X POBIOBCIOMKEHHS Y TPUPOTHOMY
cepenosuIli. HasaBHicTs aHTUOIOTUKIB Y cepefo-
BUIIli 3MiHIOE CKJIaJ MiKpoopraHiamiB Ta iHIIIuX
JKMBUX iCTOT Ta iX CIIiBBiAHOIIIEHHS, 1110 CIPUYM-
HHIOE HeTaTUBHUY BOJIUB Ha 6ioximiumi mporecu
y ToBKijti. PosmoBcrom:KeHHA reHiB CTiHKOCTI 10
aHTUOIOTUKIB y MiKpoOpraHidaMiB HABKOJJIUIITHBOTO
cepemoBHIIA € IPOO6JIEeMOI0 eKOJIOTiuHOol Oe3meKku
Ta 30POB’ A JIOLUHHA.

Mema. Meroio po6oTu 6yJsi0o mpoaHai3yBaTu
MexaHisMu agarnTalii Mikpooprauismis mo mii an-
T6iOTUKIB Ta MeToaM IX yTuaisarrii.

Pesyavmamu. HaBeneHo MexaHi3Mu ajganra-
mii mikpooprauismis go autubiotTukis. ITokasamo
YMOBH, 3a IKUX Big0OyBa€ThCA YTUIi3aIlig aHTHOI-
OTUKIB PiBHMX KJIaciB MiKpoopraHizMaMmu.

BucHosku. MeToau necTpyKIiii aHTuOioTUKIB
3ajeskaTh Bifl IXHBOI CTPYKTypu Ta (PismKo-Xi-
MiuHMX ByacTuBocTeil. PiduKo-ximMiuHi MmeTogu
BUKOPUCTOBYIOTDH IJIsI JIOKAJIBHOTO OUUIIEHHS i
He 3aCTOCOBYIOTH JJIS YTUJIi3aIii aHTUOIOTUKIB ¥
MPUPOAHOMY cepemoBuIlli. IIpu boMy IPOAYKTHU
PO3KJIaZy TAKOXK MOKYTh CIIPABJIATI HETaTUBHUN
BILJIVB Ha KJIITUHU MiKpOOpPraHisMiB.

3asie’KHO Bif Kjacy aHTUOioTHMKIB ixHA 6io-
IeCTPyKIlisgs BimOyBaeThCA pPidHMMHN BHUIAMU
mikpoopraunismiB. IlokasaHo, mio cyJab@ami-
Jamigu i am@iHeKoau Jerko pynHymTbhcsa 0a-
raTbMa rereporpod@HuUMHU OGaKTepiamwu; Gioxme-
rpajaiiiro aMiHOTJIIKO3UiB CIPUUYMHIOE IIITAM
Pseudomonas spp.; TeTpanukJiHiB — rpubamu;
B-maxTamiB — 3a momomorow acomianii Mikpo-
oprauismiB Burkholderiales, Pseudomonadales,
Enterobacteriales, Actinomycetales, Rhizobiales,
Sphingobacteriales. [Iyia yrmirisaiii KOHKPETHOTO
KJIacy aHTUOIOTUKIB HeoOXiHO CTBOPIOBATH KOH-
COPIIiyM JIeCTPYKTOPIiB.

Knawuwosi cnoea: yrumnizamis aHTHOIOTHKIB;
Pe3UCTEeHTHICTh MiKpPOOPraHi3aMiB; TeTparuKJIiH;
HOp(OKCcaHIMH; (aKTOPU PE3UCTEHTHOCTI.

PESUCTEHTHOCTb K AHTUBUOTURAM
1 X YTUJIN3ALIUA
MHUKPOOPITAHUSMAMH
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C pasBuUTHEM HCIOJb30BaHUSA aHTUOMOTUKOB
MIPOUCXOAUT MX PACIPOCTPaHEHUE B IPUPOIHOI
cpene. Hannune aHTUOMOTUKOB B Cpejle M3MEeHs-
eT COCTaB MHUKPOOPTAHU3MOB U APYTHUX KUBBIX
CYIIeCTB U WX COOTHOIIIEHNE, UTO OKa3bIBaeT He-
TaTUBHOE BJIUSHUE Ha OMOXUMHUUECKMe IIPOIeCChI,
IpoTeKaIlue B OKpysKaInei cpenge. Pacmpo-
CTpaHeHNe TeHOB YCTOMYNBOCTUA K AaHTUOMOTUKAM
Y MEUKPOOPTaHU3MOB SIBJISETCS IIPO0JIEMO 53K0JIO-
rUYecKoi 6e30IIaCHOCTH U 3[[0POBbS UeJIOBEKA.

I[env. Ilenbio paboThl ABIAETCA aHATIU3 Me-
XaHMU3MOB aJalTallu MUKPOOPTAHU3MOB K Jeii-
CTBUIO aHTUOMOTUKOB I METONOB UX YTUJIUSAI[UU.

Pesyavmamuot. IlpuBeeHb MeXaHU3MBI a1all-
Tay MUKPOOPTraHU3MOB K aHTHOHMOTHKAaM. Ilo-
Kas3aHbl YCJOBUA, IPU KOTOPHIX IIPOUCXOTUT
YTUIN3AIUA AaHTUOMOTUKOB Pas3INUYHBIX KJIACCOB
MUKPOOPTaHU3MAaMU.

Bb1600vi. MeToabI AeCTPYKIINN aHTUOMOTUKOB
3aBHUCAT OT UX CTPYKTYPBI U PUSUKO-XUMUUECKUX
cBOMCTB. PUBUKO-XUMUUYECKHE METOAbI MCIIOJb-
3YIOT JJIA JIOKAJbHOU OUYMCTKU M HE IPUMEHAIOT
I YTUIN3AIUY aHTUOMOTUKOB B €CTECTBEHHOM
cpene. IIpu 5ToM TPOAYKTHI PA3J0KEHUA TaKKe
MOTYT OKasaTh HETaTHUBHOE BJIUSHNE HA KJIETKU
MUKPOOPTaHU3MOB.

B 3aBucuMocTH OT Kjacca aHTUOMOTHUKOB UX
OMOJEeCTPYKIIUS MPOUCXOAUT PABIUUYHBIMU BU-
IaMu MHUKpoopranuamoB. IIoKasaHo, UTO CYJib-
danuraMuabl 1 aMUHEKOJBI JIeTKO paspylia-
IOTCA MHOTUMHU Te€TePOTPOMHBIMU OAKTEPUIMU;
ouomerpaganusa aMUHOTJINUKO3SUAOB MMPOUCXOIUT
mrammMomM Pseudomonas spp.; TeTpamuKJIU-
HOB — rpubamu; -JIaKTaMOB — C IIOMOIIBIO ac-
conuanuu MUKpoopranu3dmoB Burkholderiales,
Pseudomonadales, Enterobacteriales,
Actinomycetales, Rhizobiales, Sphingobacteriales.
g yTunausanuu KOHKPETHOTO KJjiacca aHTHuOMO-
TUKOB HEOOXOIMMO CO3JaBaTh KOHCOPIIUYM Je-
CTPYKTOPOB.

Knrwouesvie cnosa: yrtunmsanus aHTUOUOTHU-
KOB; PE3UCTEHTHOCTh MUKPOOPTaHU3MOB; TeTpa-
IUKJINH; HOP(OKCaHIIWH; (HaKTOPHl PE3UCTEHT-
HOCTH.
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