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SUMMARY

Data on mechanisms of resistance to antimicrobials in bacteria are reviewed and summarized. Main causes of resistance emergence and spread in bacteria are
analyzed. Mechanisms of innate resistance of pathogenic bacteria (non-specific efflux pumps, antibiotic-inactivating enzymes and mechanisms serving as per-
meability barriers) are characterized. Mechanisms of acquired resistance are described: antibiotic modification or degradation; active removal of an antimicrobial
from a bacterial cell — efflux (draining out); sequestration; target modification (bypass). The origin of antimicrobial resistance mechanisms in pathogenic bacteria
is shown to be debatable. It is noted that producer microorganisms can directly transfer antimicrobial resistance genes to pathogenic bacteria, but a reliable link
between this process and antimicrobial resistance spread has not been identified and proven so far. Horizontal gene transfer, including free DNA transformation,
transduction by bacteriophages and plasmid-involving conjugation, is believed to play an important role in antimicrobial resistance spread. All three mechanisms
are widespread in nature, although some bacterial species use one mechanism to a great extent than the other two. Transduction is supposed to play an important
role, in particular, in the antibiotic resistance gene transfer, but the significance of transformation or transduction in the resistance gene transfer under the laboratory
or environmental conditions has not been clarified so far due to the difficulty of naturally emerging recombination detection. Data on the role of conjugation in
the antimicrobial resistance gene spread in nature, in particular carbapenem- and quinolone-resistance genes in Gram-negative and Gram-positive bacteria are
presented. New trends in the antimicrobial resistance gene spread are indicated.
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PE3IOME

[TpoBezeH aHanu3 1 0606LLeHbI CBeEHUA 0 MeXaHN3MaX Pe3UCTEHTHOCTI K aHTUMUKPOGHbIM npenapatam y 6akTepuit. PaccMoTpeHbl 0CHOBHbIE NPUYMHbI BO3-
HUKHOBEHNSA 1 pacnpoCTpaHeHua yCToiuuBocTI y 6akTepuii. OxapakTepu3oBaHo JeiicTBIE MEXaHU3MOB eCTECTBEHHOI Pe3UCTEHTHOCTM MaTOreHHbIX 6aKTepuii
(Hecnevynduyeckue 3GNIOKCHbIE HACOCHI, NHAKTUBMPYIOLLME aHTUOMOTUKM GepMEHTbI 1 MeXaHU3MbI, KOTOpble CTyXaT 6apbepamu NpoHMLAeMocTy). OnucaHbl
MeXaH3Mbl NPUoBPETEHHO YCTORUMBOCTY: MOANGUKALMA U PasNioxKeHIe aHTUONOTIKa; aKTUBHOE BbiBeZeHIe aHTUMUKPOGHOro npenapata u3 6akTepu-
anbHoii KneTku — 3pdniokc (0TTOK), cexkBecTpauya, MoaudukaLna muweny (6ainac). MokasaHa ANCKYCCUOHHOCTb BONPOCA O MPOUCXOXKAEHUN MEXaHU3MOB
YCTORYMBOCTY K aHTMOMOTMKAM Y naToreHHbIX 6akTepuil. 0TMeueHo, uTo NpAMas nepesaya reHoB YCTORYMBOCTY K aHTUMUKPOOHLIM Npenapatam MOXeT Npounc-
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XOATb OT MUKPOOPTaHU3MOB-NIPOAYLIEHTOB K NIaToreHHbIM 6aKTepUaM, Ho J0CTOBEPHAs CBA3b MEX Y STUM NPOLIECCOM U PACMPOCTPAHEHEM AHTUMUKPOOHOI!
PE3UCTEHTHOCTH B HACTOALLEe BPEMA He BbIABNEHA U He J0Ka3aHa. Poib ropu3oHTaNbHOI Nepeaui reHoB, BKIouatoLLei TpaHcpopmaLuio cBoboaHoit JHK,
TPAHCAYKUMIO GaKTEPUOGAraMit 1 KOHBIOTALLWIO € y4acTAEM NAA3MIAZ, CYMTAIOT BAXKHOI B PACIPOCTPAHEHNI AHTUMUKPOOHOI pe3ncTeHTHOCTI. Bee Tpu MexaHi3Ma
LINPOKO PacnpoCTpaHeHbl B NPUPOLE, XOTS HEKOTOPbIE BiAbI 6aKTepUii NCMONb3yoT OMH MeXaHu3M B 6oMbLueii CTeneHy, Yem Ba Apyrux. llonaraior, uto TpaHc-
AYKUWA UTPAET BaXKHYI0 POSTb, B YACTHOCTH, B MEPEHOCE FeHOB YCTORYMBOCTU K HTUBMOTIKAM, HO 0 HACTOALLIETO BPEMEHN HET SCHOCTU B BOMPOCE 0 3HaueHH
TpaHchOpMALIIM U TPAHCAYKLMN B MEPEHOCE FEHOB PE3UCTEHTHOCTU B YCIOBUAX NaB0OPATOPUM WK B OKPYXKatOLLEH CPEe U3-3a CTIOKHOCTM 00HapyKeHNA
PeKOMOMHALIMIA, BOSHUKLLIX B €CTECTBEHHDIX YC0BIAX. [TPeACTaBAEHbI AAHHbIE O POU KOHbIOTaLMN B PACMPOCTPAHEHUM FeHOB aHTUMUKPOGHOI Pe3nCTeHT-
HOCTV B NPUPO/LE, B YACTHOCTY TEHOB YCTOAYMBOCTY K KapBaneHeMam 1 XUHOSIOHAM Y PaMOTPULIATENbHBIX Y TPAMMONIOKHUTENbHbIX 6akTepuii. OTMeYeHbI HOBblE
TEH/EHLMY B PACTIPOCTPAHEH TEHOB aHTUMIKPOBHOI PE3UCTEHTHOCTI.

KnioueBble cnoBa: 0630p, aHTUMUKPOOHas Pe3NCTEHTHOCTb, aHTUMIKPOGHIT Npenapart, MexaHu3Mbl aHTUMUKPOOHOI PE3NCTEHTHOCTH, GaKTepUM, MUKPO-
OpraHu3Mbl
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INTRODUCTION

Antimicrobial resistance (AMR), the resistance of bac-
teria to antimicrobials, is currently one of the most seri-
ous global problems. The long-term use of antibiotics to
control animal and human disease agents resulted in that
some bacteria have become resistant to drugs, and disea-
ses have become non-responsive to treatment. According
to the World Health Organization (WHO), already today
many infections are caused by pathogenic microorga-
nisms that are resistant to antimicrobials [1, 2].

The emergence and widespread of antibiotic-resistant
forms of the bacteria that are non-susceptible to many anti-
microbials are accompanied by a decrease in the therapy
effectiveness, an increase in the treatment duration and in
lethality. All this dictates the need to monitor animal bac-
teriosis agents, their structure and drug resistance level,
and empirical antibiotic therapy of the disease, currently
practiced by veterinarians, should take into account the
actual data of epizootological monitoring of antibiotic
resistance of the bacteria circulating in the particular live-
stock holdings.

This challenge has gone beyond the competence of the
WHO and the World Organization for Animal Health (OIE)
due to its complexity. Currently, it is recognized that no
country or organization can alone cope with the AMR
challenge [3, 4].

At first, the strategy for AMR prevention and contain-
ment including several directions shall be developed to
address the AMR challenge. The key of which is the imple-
mentation of measures aimed at limiting and rational use
of antimicrobials owing to the knowledge about antimi-
crobials resistance mechanisms in bacteria acquired by a
wide range of veterinarians.

The Russian Federation participated in the drawing up
of the Resolution on global strategy and global action plan
for antimicrobial resistance adopted by the WHO Assem-
bly in 2015.The said Resolution brought in force, urged all

countries to carry out monitoring of drug-resistant bacte-
rial infections and to ensure control of antimicrobials use
in veterinary medicine, human medicine and agriculture
as well as to strengthen international cooperation and
funding in this field. In addition, international organiza-
tions have committed themselves to tighten legislative
regulation of antimicrobials use, to search for their rational
use (improvement of laboratory diagnostics of bacterioses,
taking into account their susceptibility to antimicrobials)
and to widely implement measures for infectious disease
prevention, including vaccination, water purification, san-
itary and hygiene measures [5].

In September 2017 the Government of the Russian Fed-
eration approved the ‘Strategy for preventing of antimi-
crobial resistance in the Russian Federation for the period
to 2030’ [6] developed by the RF Ministry of Health. The
Strategy lays down tasks for containment of the biolog-
ical hazard associated with AMR spread and is aimed at
prevention and limiting the resistance of microorganisms
to antimicrobials.

Considering the significance of the above-said problem
the paper is aimed at reviewing of national and foreign
literature and description of mechanisms of antimicrobial
resistance emergence and spread in bacteria.

MAIN CAUSES OF AMR EMERGENCE
AND SPREAD IN BACTERIA

The phenotypic manifestation of AMR in bacteria is me-
diated by genetic properties, but not all and not always
resistance genetic determinants manifest phenotypical-
ly. Resistance of bacteria to antimicrobials emerges and
spreads due to the following:

- emergence of random mutations in genes capable of
modifying activity spectrum of bacterial enzymes degrad-
ing antimicrobials;

- exchange of genetic material between cells, that is,
the transfer of genes from resistant to less resistant or
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susceptible microorganisms through the transfer of chro-
mosomes, plasmids, phages, translocating elements;

- selection of new resistant strains brought about by selec-
tive pressure of antimicrobials associated with their uncon-
trolled use in various fields [7].

Traditionally, AMR mechanisms are considered only
in relation to pathogenic microorganisms that have to
protect themselves from the effects of medicinal prod-
ucts and disinfectants. And, accordingly, the main cause
of AMR development is believed to be an anthropogenic
impact on microorganisms. However, in the environment,
antimicrobials- producing microorganisms that have to
protect themselves from their metabolic byproducts are
the primarily source of AMR genetic determinants rather
than pathogenic microorganisms [8].

Antimicrobials-producing microorganisms, as a rule,
have not one, but many complex self-protecting mecha-
nisms that provide complete protection from the biologi-
cally active molecules that they produce. Moreover, some
researchers have shown that self-resistance determinants
are mostly linked to antimicrobials biosynthetic genes
and their expression is co-regulated [9]. Therefore, natural
reservoirs of resistance genes that may include the deter-
minants conferring self-resistance to antimicrobials-pro-
ducing microorganisms should be taken into account in
addition to the often-mentioned AMR causes for full un-
derstanding of the antimicrobial resistance development
in pathogenic microorganisms. Despite the fact that these
resistance determinants in the environment microflora do
not pose a threat to animal health, the transfer of these
determinants to plasmids and integrons in pathogenic
bacteria in the future may result in increase in the num-
ber of such determinants in pathogenic bacteria popula-
tions and the emergence of huge problems. That is, AMR
spread prevention requires studies and control of the re-
sistance determinant distribution in bacterial populations,
clarification of the resistance mechanisms and determina-
tion of the environmental factors that contribute to their
spread [8].

AMR MECHANISMS IN PATHOGENIC BACTERIA

As mentioned above, microorganisms have intrinsic
and acquired AMR. Mechanisms of intrinsic resistance
include nonspecific efflux pumps (that are supposed to
emerge as a general response to environmental toxins),
antibiotic-inactivating enzymes and mechanisms that
serve as permeability barriers [10, 11]. These mechanisms
are encoded by the main genetic structure - chromosome
of bacterial cell. Well-studied efflux AcrAB-TolC pumping
out system in Escherichia coli having broad substrate
specificity and capable of outflow of antimicrobials and
disinfectants of various classes is an example of intrinsic
AMR [12]. Vancomycin-resistance in E. coli and Gram-neg-
ative bacteria is also a well-known example of intrinsic
resistance emerging due to permeability barriers created
by outer membrane [13]. Despite the fact that the intrin-
sic AMR mechanisms provide a low level of antimicrobials
resistance, the normal commensal microflora of animals or
environmental bacteria (water bodies, pastures) having in-
trinsic resistance mechanisms, can become opportunistic
microorganisms in the animals with compromised immu-
nity [14]. On the other hand, the mechanisms of acquired
resistance in bacteria usually emerge as a result of horizon-

tal gene transfer and also include specific efflux pumps en-
coded by a plasmid, for example, such as TetK and TetL in

Staphylococcus aureus, as well as enzymes that can modify

an antibiotic or an antibiotic target [15, 16]. These mech-
anisms pose a far more serious threat to human and ani-
mal health due to translocation of AMR determinants from

chromosome to plasmid since it results in their enhanced

expression and spread. Such an example is a transfer of
the chromosomal AmpC S-lactamase gene into a plasmid,
resulted in its worldwide spread [17].

MECHANISMS OF ACQUIRED ANTIMICROBIAL
RESISTANCE IN PATHOGENIC BACTERIA

Biochemical mechanisms of AMR in pathogenic bac-
teria are very similar to the mechanisms found in produc-
er microorganisms. Moreover, AMR genes in pathogenic
bacteria belong to the same functional families as that
ones of the producer microorganisms. AMR biochemical
mechanisms are divided into several groups: antimicrobi-
als modification or degradation; active antimicrobials re-
moval from bacterial cell (efflux, outflow); sequestration
of antimicrobials; target modification or bypass [18, 19].

MECHANISM OF ANTIMICROBIALS
MODIFICATION OR DEGRADATION

This mechanism is commonly used by pathogenic bac-
teria to resist to aminoglycosides. The aim of antimicrobials
modification is to render them ineffective, especially in the
case of aminoglycoside antibiotics (for example, kanamy-
cin, gentamycin and streptomycin), chloramphenicol and
B-lactams. A large number of aminoglycoside-modifying
enzymes including N-acetyl transferases, O-phosphotrans-
ferases and O-adenyltransferases that acetylate, phosphor-
ylate or adenylylate aminoglycoside antibiotic are found in
producer bacteria. These enzymes were first identified in
early 1970s in members of Streptomyces species and then
in other antibiotic-resistant pathogenic bacteria [20].

In pathogenic bacteria, genes coding for modification
and degradation of antimicrobials are usually located on
mobile genetic elements (MGE); chromosomal determi-
nants have been also found in the majority of non-patho-
genic environmental bacteria including those of Provi-
dencia and Acinetobacter genera [20]. These bacteria are
considered a source of acquired AMR determinants found
on MGEs in pathogenic strains. Of the known aminoglyco-
side-modifying enzymes, aminoglycoside-N-acetyltrans-
ferases are the most prevalent and well studied among
pathogenic bacteria. Moreover, according to reports, some
degradation enzymes were identified in both Gram-pos-
itive and Gram-negative bacteria [21]. However, S-lact-
amases are the modification/degradation enzymes most
commonly used by pathogenic bacteria. While the role
of B-lactamases in producer bacteria life is still debatable,
they are known to play a critical role in S-lactam-resis-
tance in Gram-negative bacteria. In Gram-positive bacte-
ria, both penicillin-binding enzymes and -lactamases play
the main role in antimicrobials modification/degradation
mechanism likely due to differences in their cell wall struc-
tures. More than 1,000 B-lactamases have been identified
in pathogenic isolates of many bacteria species and their
number continues to grow because of constantly emerg-
ing new mutations that allow them to adapt to new S-lac-
tams. All currently known B-lactamases are classified into
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four molecular classes based on common properties of
enzymes and certain amino acid homology [22]. The majo-
rity of clinically significant B-lactamases belongs to Class A
and Class C. In particular, Class A comprises B-lactamases

of Klebsiella spp., Citrobacter diversus, Proteus vulgaris and

the majority of Bacteroides spp. encoded by chromosome

genes as well as almost all plasmid B-lactamases.

Class B enzymes are metallo-enzymes, since they
contain a zinc atom as a coenzyme; they are prevalent in
plasmids of Enterobacteriaceae family members. These en-
zymes are effective against penicillins, cephalosporins and
carbapenems. Beta-lactamases of the following groups
are significant in clinical practice: extended-spectrum
B-lactamases of Gram-negative bacteria, cephalospori-
nases of Gram-negative bacteria, metallo-3-lactamases of
Gram-negative bacteria [23]. TEM-3 S-lactamase can be
taken as an example that is classified to extended-spec-
trum B-lactamases and is able to degrade the 3 genera-
tion cephalosporins [24] that is indicative of rapid evolu-
tion of B-lactamases genes in pathogenic bacteria. Most
B-lactamases are translocated to MGE facilitating their ra-
pid spread in populations; however, some of B-lactamase
genes can be present in chromosomes, for example, in
members of Enterobacteriaceae family where they are
poorly expressed and being silent genes. It can be sup-
posed that, as in the case of aminoglycoside-modifying
enzymes, B-lactamases may also perform dual functions
including housekeeping and antibiotic resistance in bac-
teria [25]. Besides, biological function of B-lactamases in
bacterial cell is supposed to be a remodeling peptoglycan
cell wall but their gene translocation to plasmid results in
high resistance to antimicrobials [17].

ACTIVE REMOVAL OF ANTIMICROBIALS
FROM MICROBIAL CELL (EFFLUX, OUTFLOW)

Efflux is a commonly used mechanism of Gram-positive
and Gram-negative bacteria to various antimicrobials such
as B-lactams, fluoroquinolones, macrolides, lincosamides
and tetracyclines. This mechanism uses different systems.
The first one is disorder of microbial cell membrane perme-
ability; this mechanism is common for Gram-negative bac-
teria having outer membrane and is less specific for antimi-
crobials of different groups. The second system is decrease
in permeability and/or antibiotic efflux from a bacterial cell.
Decreased permeability is important for Gram-negative
bacteria because of the presence of the outer membrane
that forms a permeability barrier and provides an intrinsic
mechanism for protection from hydrophilic antibiotics,
such as vancomycin [12]. Mutations in porin genes and/or
changes in their expression were shown to have a further
effect on Gram-negative bacteria susceptibility to hydro-
philic antibiotics [26].

In addition, many types of active efflux pumps
mediated by transport proteins were described in both
Gram-positive and Gram-negative bacteria. Normally
transport proteins carry out import or export of only one
specific substrate. However, multi-drug or polyspecific
exporters were found in natural microbial communities,
suggesting that polyspecificity is widespread in natural
microbial communities and is of ancient origin [27].

Genes encoding efflux pumps can be either intrinsic or
acquired. Examples of intrinsic genes include AcrAB-TolC
in E. coli, NorA in St. aureus and LmrA in Lactococcus lactis.

Of these tripatite RND pump AcrAB-TolC is the most studi-
ed system. Although this system carries out efflux of very
broad spectrum of compounds, its biological function is be-
lieved to be export of bile salts in Enterobacteriaceae family
members [28]. The acquired antimicrobials efflux determi-
nants often found on MGEs in pathogenic bacteria are
represented by many different types of Tet genes (at least
22 genes have been identified) located on plasmids in both
Gram-negative and Gram-positive bacteria [29].

SEQUESTRATION OF ANTIMICROBIALS

Sequestration involves proteins that bind to antimicro-
bials and prevent them from reaching their targets. This
mechanism is more typical for producer microorganisms,
for example, bleomycin producers - members of Streptoal-
loteichus hindustanus, Streptomyces verticillus and Strepto-
myces flavoviridis species which primary mechanism of
resistance involves sequestration of the metal-bound or
metal-free antibiotic [30].

TARGET MODIFICATION/BYPASS

This mechanism involves generation of additional tar-
gets or subunits in antimicrobials that that prevent them
from binding, for example, methylation [18, 19]. Target
modification acts as a self-resistance mechanism against
several classes of antibiotics including B-lactams, glyco-
peptides, macrolides, lincosamides, streptogramins and
aminoglycosides. A large number of such mechanisms
were found in pathogenic bacteria. Methicillin-resistant
St. aureus strains where B-lactam resistance is mediated
by exogenous penicillin-binding protein which trans-
peptidase domain is not susceptible to several different
B-lactams is a classical example of target modification. For
example, B-lactam antibiotic has a similar structure to the
substrates-peptidoglycan precursors that allow the antibi-
otic to associate and cause acetylation of active site serin
resulting in its inhibition [31]. Resistance to vancomycin
resulting from acquisition of Van gene cluster and being a
typical cause of AMR in enterococci is another example of
target modification [32]. In particular, VanA v VanB genes
out of many known genes in this cluster determine AMR
in pathogenic bacteria since they are found on MGEs [33].

Other examples of the target modification in patho-
genic bacteria include point mutations or enzymatic alter-
ations of the target [34]. Enzymatic alteration of the target
is best understood in the case of macrolide resistance con-
ferred by a large group of erythromycin ribosomal meth-
ylation (Erm) genes. These enzymes methylate a specific
adenine in the 23S rRNA [35]. In pathogenic bacteria, Erm
genes are present on MGEs and are widespread in both
Gram-positive and Gram-negative bacteria [35, 36]. The
most known examples of target protection in pathogenic
bacteria include Tet(M) and Tet(O) proteins encoded by
genes located on MGEs in St. aureus. These proteins were
shown to be homologous to elongation factors, EF-G
and EF-Tu, and their binding to ribosome facilitates re-
moval of tetracycline from a bacterial cell in GTP-ase ac-
tivity-dependent manner [37]. Thus, it can be concluded
that that the most AMR mechanisms in bacteria appear to
emerge from intercellular mechanisms of resistance to en-
vironmental conditions and it is the incorporation of AMR
genetic determinants in MGEs in pathogenic bacteria that
poses a serious threat to animal and human health.

VETERINARY SCIENCE TODAY. 2022; 11 (1): 7-13 | BETEPUHAPUA CETOAHA. 2022; 11 (1): 713



REVIEWS | VETERINARY MICROBIOLOGY 0630PbI | BETEPUHAPHAA MIUKPOBUONOT A

THE ORIGIN OF ANTIMICROBIAL RESISTANCE
IN PATHOGENIC BACTERIA

The question of how genes of resistance to antimicrobi-
als emerge in pathogenic bacteria remains debatable. The
idea that pathogen resistance genes could be obtained
from antimicrobials —producer microorganisms by hori-
zontal transfer was first proposed in the 1970s [38]. Despite
sound evidence that their transfer from producer organisms
to pathogenic strain might occur, a direct link between
producers and pathogens has not been established and
demonstrated so far. This is primarily due to the fact that
resistance genes in producers demonstrate high sequence
divergence and very different G + C content as compared
to determinants in pathogens even when they use similar
mechanisms. However, evolutionary link between deter-
minants and pathogens is not denied [39]. Analysis of the
data available in literature suggests that transfer of these
determinants from producers to pathogenic bacteria could
occur through a series of closely related non-producing ac-
tinomycetes in soil and then, finally, to proteobacteria and
distant (non-related) pathogenic species [18].

ROLE OF HORIZONTAL GENE TRANSFER (HGT)
IN BACTERIA AMR

Transfer of AMR genetic determinants between bac-
terial populations occurs by the mechanism including
transformation with free DNA, transduction by bacte-
riophages or conjunction involving plasmids [14], col-
lectively referred to as HGT mechanisms. All three HGT
mechanisms are widely used in nature, although certain
species of bacteria employ one mechanism more heavily
than the other two [40]. Streptococci, for example, employ
transformation whereas enterococci employ conjugative
plasmids for exchange of genetic information. Transforma-
tion is best characterized in Gram-positive Streptococcus
pneumoniae and Bacillus subtilis, although it also occurs
in many Gram-negative bacteria. Although the role of
transformation in bacteria physiology is still debated, its
main purpose is believed to be DNA repair or genetic di-
versification for bacteria adaptation enhancement [41].
Indeed, transformation seems to have played important
role in evolution of antibiotic-resistant members of Strep-
tococcus and Neisseria genera. It is commonly thought that
transduction also play a major role in AMR evolution in
St. aureus, although it has been shown to occur in many
bacteria at a low frequency ranging between 10°and 10°
transductants/plaque-forming unit [42]. St. aureus species
members are highly variable bacteria and have a large
accessory genome consisting of phages, plasmids, trans-
posons, genomic islands, etc. Traditionally, it is believed
that HGT in general and transduction in particular play a
major role in antimicrobials-resistance gene transfer [43],
but due to the difficulty of recombinant event detection
in natural conditions (outside the laboratory) the contribu-
tion of transformation or transduction to the AMR genes
transfer in the clinic or in the environment remains unclear.
Plasmid-mediated conjugation is still considered more im-
portant mechanism for AMR gene dissemination in nature
than transformation or transduction because plasmids are
capable of autonomous transfer both in the environment
and in the laboratory [44]. This is confirmed by the most
well known plasmids that have resulted in dissemina-
tion of carbapenem- and quinolone-resistance genes in

Gram-negative bacteria over the very long geographical
distances [45]. Other DNA elements in Gram-positive
bacteria known as conjugative transposons or integra-
tive conjugative elements can also mediate conjugation.
These elements can both integrate into and excise from
the chromosome and transfer themselves to other bacte-
ria through conjugation [46]. Resistance gene transfer by
conjugation requires high-density bacteria settings such
as the human and animal gut, biofilms in the environment,
animal keeping facilities [45, 46]. According to the gener-
ally accepted concept, some resistance determinants have
been plasmid-associated for a long time, while other are
mobilized to plasmids from chromosomes and rate of such
gene mobilization has increased for the last 70 years, that
is accounted for the widespread use of antibiotics [47].
New trends for AMR gene dissemination are as follows:

—increase in rate of resistance determinant mobilization
from chromosomes to plasmids;

- clustering of antimicrobials-resistance genes in plas-
mids probably in response to selective pressure in the en-
vironment. A well-characterized mechanism of clustering
is demonstrated by St. aureus pSK41 conjugative plasmid
containing an insertion sequence IS 257 that promotes
capture of small resistance plasmids [43].

CONCLUSION

Use of antimicrobials as medicines, disinfectants and
feed additives in various industries is considered to be
one of the major causes of challenges associated with
AMR emergence and spread in bacteria. Natural sources
of AMR are usually not taken into account.

Analysis of domestic and foreign literature allows us to
conclude that:

1. Natural antimicrobials-producing microorganisms
have been and continue to be the primary sources of AMR
genetic determinants. Despite of barriers to the exchange
of genetic information between different genera of bacte-
ria, widespread transfer of AMR genes from chromosomes
of environmental bacteria to mobilized elements of patho-
genic bacteria has occurred.

2. Antimicrobials - producing microorganisms, as a rule,
have not one, but many complex self-defense mechanisms
conferring complete protection from biologically active
molecules produced by them, and the genetic determi-
nants of self-resistance are almost always clustered with
the antimicrobials biosynthesis genes and their expres-
sion is co-regulated. Therefore, to better understand AMR
evolution, natural reservoirs of resistance genes should be
considered in addition to frequently mentioned AMR causes
that may comprise self-resistance determinants of antimi-
crobials-producing microorganisms since such resistance
determinants in environmental microflora could result in
further increase in number of such determinants in patho-
genic bacteria populations and tremendous challenges.
Thatis, studies and control of AMR determinant distribution
in bacterial populations, clarification of resistance mecha-
nisms identification of environmental factors that contrib-
ute to their spread are required to prevent AMR spread [8].

3. The majority of AMR mechanisms in bacteria ap-
peared to emerge from intercellular mechanisms of re-
sistance to the environment and the inclusion of AMR
genetic determinants in the MGE of pathogenic bacteria
poses a serious threat to animal and human health. Based
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on the analysis of data in the available literature, it can
be assumed that the transfer of these determinants from
producers to pathogenic bacteria could occur through a
number of indelibly linked closely related non-producing
actinomycetes in the soil and only then to proteobacteria
and distant (non-related) pathogenic bacteria species.

4. New trends for AMR gene dissemination are as fol-
lows: increase in rate of resistance determinant mobiliza-
tion from chromosomes to plasmids observed during the
last 70 years and clustering of antibiotic-resistance genes
in plasmids probably in response to selective pressure
in the environment. A well-characterized mechanism of
clustering is demonstrated by St. aureus pSK41 conjuga-
tive plasmid containing an insertion sequence IS 257 that
promotes capture of small resistance plasmids.

Prompt detection of changes in antimicrobials resis-
tance dissemination in bacteria is of great practical and
theoretical importance, as it allows update of the recom-
mendations for antibacterial therapy in animal farming
industry, development of express molecular methods for
antimicrobial resistance detection and provides important
information for the creation of new medicinal products
that can overcome the resistance.
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