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Abstract

Introduction. Antimicrobial resistance is a global public health concern. Salmonella spp., which can be transmitted
to humans through contaminated food, are among the most important foodborne pathogens worldwide.
Materials and methods. The antimicrobial resistance of 358 bacterial isolates collected from food and water in the
Republic of Belarus (Belarus) in 2018—2021 was studied by analyzing phenotypic and genotypic characteristics
of antibiotic bacterial resistance. MALDI-TOF mass spectrometry was used to classify and identify bacteria.
Phenotypic antimicrobial susceptibility of bacteria was measured by the minimum inhibitory concentration method
using a Sensititre automated bacteriological analyzer and the disk diffusion test for 45 antimicrobial agents.
Antimicrobial resistance genes in multidrug-resistant Salmonella isolates were identified by whole-genome
sequencing.

Results. The in vitro testing of phenotypic bacterial susceptibility showed high susceptibility to fluoroquinolones
(97.2%), third-generation cephalosporins (93.9%), carbapenems (98.0%), ampicillin (81.8%), aminoglycosides
(97.5%), tetracyclines (87.5%), chloramphenicol (93.8%), trimethoprim/sulfamethoxazole (co-trimoxazole)
(95.3%) and colistin (85.2%). It was found that the antibiotic resistance mechanism in S. enterica was associated
with the presence of genes blaTEM-1B (82%), blaTEM-1C (7.7%), blaSHV-12 (2.6%), blaDHA-1 (2.6%),
blaCMY-2 (7.7%), qnrB2 (9.1%), qnrB4 (9.1%), qnrB5 (9.1%), qnrB19 (72.7%), aac(6’)-Ib-cr (9.1%), aac(6’)-laa
(100%), aadA1 (13.2%), aadA2 (8.8%), tetB (74.3%), tetA (25.7%), tetM (2.9%), tetD (28.6%), mcr-9 (1.5%).
Conclusion. All the bacterial isolates were phenotypically susceptible to first-line antibiotics used in treatment of
salmonellosis: fluoroquinolones and third-generation cephalosporins. The whole-genome sequencing of multidrug-
resistant Salmonella isolates (19.0%) detected resistance genes for 9 groups of antibiotics: aminoglycosides
(100%), beta-lactams (57.4%), fluoroquinolones (16.2%), tetracyclines (51.5%), macrolides (1.5%), phenicols
(30.4%), trimethoprim (13.0%), sulfonamides (47.8%) and colistin (1.4%). Thus, epidemiological surveillance
of the Salmonella spread through the food chain is of critical importance for the monitoring of antimicrobial
resistance among foodborne Salmonella.
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YcTOMumBOCTb K NPOTMBOMUKPOOHDBIM NpenapaTtam NuLLEBbIX
nsonaroB Salmonella enterica Ha Tepputopumn Pecny6nukmn benapycb
Kynukosa H.I[."™, YepHbiwkos A.B.', MuxaiinoBa l0.B.", 3eHbkoBuy A.J1.2,

DosHap O.A.%, Mapenko A.M.2, butiomunHa J1.A.", LLleneHkoB A.A.,
EropoBa A.E., CaeHko C.C.', MaH3eHtok U.H.

'LleHTpanbHbI HAYYHO-UCCIefoBaTENbCKUN MHCTUTYT Snugemuonorun PocnotpebHaasopa, Mocksa, Poccus;
2PecnybnmnKaHCKUIA LLEHTP rMrMeHbl, SNMAEMUOSIONMU 1 06LeCTBEHHOTO 310Pp0Bbs, MUHCK, Pecny6nvika benapycb

AHHOMauusi

BeegeHue. YCTONUMBOCTb K NPOTMBOMUKPOOHBLIM NpenapaTtam Asnsetcsa rnobansHon npobnemon 3gpaBooxpa-
HeHusi. Salmonella spp., KOTOpble MOTyT NepefaBaThbCs YENOBEKY Yepe3 KOHTaMUHUPOBAHHYHO MULLEBYIO NPOAYK-
LMo, NPU3HaHbl BaXXHbIMW NaToreHamu MULLIEBOTO NMPONCXOXKAEHMS BO BCEM MUpE.

MaTtepuanbi n metoabl. ViccnegoBaHnsa npoTMBOMUMKPOBHON pe3ncTeHTHOCTU 358 N30NATOB MUKPOOPraHM3moB
13 NULLEBBLIX NPOAYKTOB U BOAbI, U30MMPOBaHHbIX Ha Tepputopun Pecnybnuku bBenapycb B 2018-2021 rr., npo-
BOOWUMWCb MYTEM M3y4eHUs DEHOTUMUYECKUX N FTEHOTUMUYECKMX XapaKTEPUCTUK aHTUOMOTUKOPE3NCTEHTHOCTU
MMKPOOPraHM3mMoB. TakCoHOMMYEecKoe nonoxeHue baktepui 6bino naeHTudmrumposaHo metogom MALDI-TOF
Macc-CNeKTPOMeTpun. PeHOTUNMYECKYI0 YYBCTBUTENBHOCTL BaKkTEPUIN K aHTUMWKPOOHBIM Npenapatam onpeae-
NSV METOAO0M MVHUMAanbHOWM NOAaBMALLEN KOHLEHTPauuy ¢ NOMOLLIbIO aBTOMaTU3npoBaHHOro 6akrepuonoru-
Yyeckoro aHanusatopa «Sensititre» 1 gnMCko-AMdPPY3MOHHEIM METOAOM K 45 NPpOTMBOMMKPOGHBLIM MpenapaTam.
[eHbl YCTOMYMBOCTU K NPOTUBOMMKPOOHLIM NpenapaTtam y MynbTUPE3UCTEHTHbIX M30MATOB carlbbMOHENN onpeae-
NSANY C MOMOLLBIO MONTHOTEHOMHOIO CEKBEHUPOBAHWS.

PesynbraTtbl. AHann3 eHOTUNUYECKONn YyBCTBUTENLHOCTN BakTepuin in vitro nokasan BbICOKYI YyBCTBUTENb-
HOCTb K cpTopxuHonoHam (97,2%), uecdpanocnopuHam 3-ro nokoneHus (93,9%), kapbaneHemam (98,0%), amnu-
uunnuny (81,8%), amuHornukosmaam (97,5%), Tetpaunknunam (87,5%), xnopamdpenukony (93,8%), TpumeTo-
npum/cynsdamerokcasony (ko-Tpumokcasony) (95,3%) n konuctuHy (85,2%). MokasaHo, 4TO MexaHu3Mm pesu-
CTEHTHOCTU K aHTMbunoTnkam y S. enterica Gbin accoummpoBaH ¢ Hanm4nem reHoB blaTEM-1B (82%), blaTEM-1C
(7,7%), blaSHV-12 (2,6%), blaDHA-1 (2,6%), blaCMY-2 (7,7%), qnrB2 (9,1%), qnrB4 (9,1%), qnrB5 (9,1%),
qnrB19 (72,7%), aac(6’)-Ib-cr (9,1%), aac(6’)-laa (100%), aadA1 (13,2%), aadA2 (8,8%), tetB (74,3%), tetA
(25,7%), tetM (2,9%), tetD (28,6%), mcr-9 (1,5%).

3akntoyeHune. Bce nsonsatel MUKpoOpraHnaMoB Obinu OEHOTUMNMYECKN BbICOKOYYBCTBUTENBHBI K MpenapaTtam
1-7 NUHWK B Tepanun canbMoHennésa: pTopxuHonoHam v LedanocnopuHam 3-ro nokoneHns. PedynstaTbl non-
HOrEHOMHOIO CEKBEHUPOBaHUS MYIbTUPE3UCTEHTHBIX N30NATOB canbMoHens (19,0%) BbIABMM reHbl yCTOMYNBO-
cTn K 9 rpynnam aHTMbmnoTmkoB: amuHornukoangam (100%), 6eta-nakramam (57,4%), dtopxmHonoHam (16,2%),
TeTpaumknuHam (51,5%), makponngam (1,5%), dpeHukonam (30,4%), Tpumetonpumy (13,0%), cynbcbaHunamm-
Aam (47,8%) v konuctuHy (1,4%). Takum o6pa3om, ANst KOHTPONS YCTONYMBOCTU K NPOTMBOMMKPOOHbBIM Npenapa-
Tam cpeau canbMOHEN NULLEBOIO MPOVCXOXAEHUS peLlaloLlee 3Ha4YeHne MMEET ANMAEMUOIOTMYECKUA Haa3op
3a VX pacnpocTpaHeHneM B Lienun NULLEeBbIX MPOAYKTOB.

KnioueBble cnoBa: Salmonella enterica, aHmubuomuxKope3ucmeHMHOCMb, MOTHO2EHOMHOE CEeK8eHUposaHue,
OMOPXUHOIOHBI, CarlbMOHEINNe3

UcmouHuk cpuHaHcupoeaHusi. Pabota BbIMONHEHa B pamMkax peanusauunm pacrnopsbkeHuin [MpaBuTenbctBa PO
Ne 185-p o1 03.02.2017 1 Ne 3116-p ot 21.12.2019

KoHgbniukm uHmepecoe. ABTOPbI AeKNapupyOT OTCYTCTBUE SIBHLIX U NOTEHLMANbHBLIX KOH(PIUKTOB MHTEPECOB, CBSI-
3aHHbIX C Ny6rMkaumen HacTosILLeN cTaTby.

Ana yumupoeaHus: Kynukosa H.I., YepHbiwkos A.B., Muxarnosa F0.B., 3eHbkoBuy A.Jl., JosHap O.A., Mapeii-
ko A.M., butiomunHa J1.A., WenenkoB A.A., Eroposa A.E., CaeHko C.C., MaH3eHiok WN.H. YcTonumBoCTb K NpOTMBO-
MUKPOGHBLIM MpenapaTtam nulieBbIx M3onsiTtoB Salmonella enterica Ha TeppuTopun Pecny6nuku Benapycbk. XKypHan
Mukpobuonoauu, snudemuonoauu u ummyHobuomnoauu. 2023;100(2):153—-167.

DOI: https://doi.org/10.36233/0372-9311-343

EDN: https://www.elibrary.ru/mggmxo

© Kynukosa H.I%, YepHbiwkos A.B., Muxaiinosa tO.B., 3eHbkoBud AJ1., OoeHap O.A., Maperiko A.M., ButiomuHa J1.A., LWenexkos A.A., Eroposa A.E.,
Caenko C.C., MaH3eHtok U.H., 2023



KYPHAJ1 MUKPOBMOJTOTUW, SMTMAEMUONOTNU U UMMYHOBUOJOTMIA. 2023;100(2) 155

DOI: https://doi.org/10.36233/0372-9311-343

OPUTVHANbHbBIE NCCJTIEAOBAHNA

Introduction

Among all foodborne pathogens, the leading role
in bacterial invasion into the gastrointestinal tract be-
longs to different Salmonella enterica serovars [1]. Sal-
monella invasion in humans poses a great threat due
to the ability of Salmonella to cause persistent infec-
tion and complications [2]. Having high environmental
plasticity, S. enterica species can easily find ecological
niches, adapt to different conditions, and remain viable
in dry and frozen food products [1, 2]; they can also
adapt to mass drug administration of antibiotics in pub-
lic health and agriculture, thus contributing to increas-
ing resistance to antimicrobial agents.

Drug resistance mechanisms of bacteria depend
on different enzyme-mediated factors [3]. Considering
that Salmonella spp. can act as a vector of transfer of
resistance genes to other microorganisms, the studies
of phenotypic and genotypic resistance profiles of Sal-
monella are highly important for monitoring of spread
of antibiotic resistance.

Materials and methods

Collection of microorganisms

The study was performed using S. enterica cul-
tures (n = 358) isolated in Belarus in 2018-2021. The
isolation and primary identification of bacterial isolates
were performed at the Republican Center of Hygiene,
Epidemiology and Public Health (Minsk).

The sources of bacterial isolates were poultry
(n = 113), meat (n = 52), fish (n = 1), dairy (n = 2),
confectionery (n = 3), precooked and processed (n =
158) products, wastewater and washings collected from
work surfaces (n = 29). The final species-level identifi-
cation of bacterial isolates and assessment of their anti-
microbial susceptibility were performed at the Rospo-
trebnadzor Reference Center for Monitoring the Resi-
dual Amount of Antibiotics and Antibiotic Resistance
of Bacteria in Food Raw Materials and Food Products
at the Rospotrebnadzor Central Research Institute of
Epidemiology (Moscow).

Species-level identification and storage
of bacterial isolates

All the studied bacterial isolates were identi-
fied to the genus level using matrix-assisted laser de-
sorption ionization-time of flight mass spectrometry
(MALDI-TOF MS), the Microflex LT system and the
MALDI Biotyper Compass v.4.1.80 software (Bruker
Daltonics). The recommended score of > 2.0 was used
as a criterion for accurate species-level identification
with MALDI-TOF mass-spectrometry. Serotyping of
Salmonella was performed using the Salmonella sera
agglutination test (PETSAL) in accordance with the
Kauffmann—White classification scheme. Bacterial iso-
lates were stored at —70°C in Mueller—Hinton agar with
10% glycerol [4].

Assessment of susceptibility to antimicrobial agents

Antimicrobial susceptibility profiles of foodborne
bacterial isolates obtained in 2018-2019 were evaluat-
ed using the disk diffusion method and the following
antibiotics: ampicillin, cefotaxime, ceftazidime, mero-
penem, ciprofloxacin, levofloxacin, amikacin, genta-
micin, chloramphenicol and co-trimoxazole. Clinical
categories of antimicrobial susceptibility of bacterial
isolates were identified with reference to the break-
points for the minimum inhibitory concentration in ac-
cordance with the EUCAST guidelines (versions 8.0,
2018 and 9.0, 2019, respectively).

The antimicrobial susceptibility profiling of food-
borne bacterial isolates collected in 2020-2021 was
performed by microdilution in the Mueller—Hinton
agar and measuring the minimum inhibitory concentra-
tion using a Sensititre semi-automated analyzer (TREK
Diagnostics Systems). Bacterial inoculation was per-
formed using 96-well RUGNF and GN4F microplates
for gram-negative bacterial isolates. The test results for
antimicrobial susceptibility of bacterial isolates from
raw foods and food products were analyzed using the
SWIN software in accordance with the CLSI interpre-
tation guidelines (30™ edition, 2020) and/or EUCAST
(versions 10.0, 2020 and 11.0, 2021, respectively).
E. coli ATCC25922 and E. coli ATCC35218 cultures
were used for susceptibility assessment quality control.

Detection of genetic resistance determinants

The determinants of genetic resistance in multi-
drug-resistant Salmonella isolates were detected using
whole-genome sequencing. The RIBO-prep reagent kit
(Central Research Institute of Epidemiology) was used
for DNA extraction. Samples for DNA sequencing were
prepared using the [llumina Nextera DNA Library Prep
Kit and Illumina Nextera Index Kit. The sequencing was
performed with the [llumina HiSeq1500 system (Illumi-
na), including Illumina HiSeq PE Rapid Cluster Kit v2
and [llumina HiSeq Rapid SBS Kit v2 reagent kits.

Bioinformatic analysis

Genome assemblies from short reads were ob-
tained using SPAdes v. 3.12 [5] with default parame-
ters. The assembly quality assessment, completeness
evaluation and initial annotation were performed using
the software that was described earlier [6]. The Res-
finder 4.0 database [7], including default parameters,
was used for in silico identification of antibiotic-resis-
tance genes; typing of bacterial isolates was performed
using the multilocus sequence typing (MLST) scheme
and Pasteur MLST website!, as of 20/10/2021).

Statistical analysis of the results

Standard methods of descriptive statistics and Mi-
crosoft Office Excel 2010 were used for the statistical

! URL.: https://bigsdb.pasteur.fr/
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analysis of the study results. The statistical significance
of differences in percentages of resistant cultures was
assessed using Student's t-test and the threshold value
a <0.05.

Results

A total of 358 S. enterica isolates from raw foods
and food products in Belarus were studied in 2018—
2021. Most of the cultures were delivered for further
studies to the Rospotrebnadzor Reference Center in
2018 (n = 121; 33.8 = 0.29%); the smallest percent-
age of cultures were delivered in 2021 (n = 43; 12.0 =
0.14%). In 2019 and 2020, the Reference Center re-
ceived 104 (29.1 £ 0.27%) and 90 (25.1 + 0.24%) bac-
terial isolates, respectively.

Most of the cultures were isolated from meat
products (n = 52), poultry products (n = 113) and
precooked products from processed pork and poultry
(n = 158) (Table 1). The smallest number of Salmo-
nella was isolated from confectionary, dairy and fish
products. In addition to food products, Salmonella bac-
teria were isolated from drinking water, wastewater and
washings collected from work surfaces, which were
classified as other products (n = 29).

A total of 28 serotypes of S. enterica were iden-
tified during the studies. Serotype Enteritidis iso-
lates accounted for the highest percentage (n = 182;
50.80 + 0.20%): In 2018, they accounted for 57.10 +
0.27% (n = 68), in 2019 — 41.30 + 0.22% (n = 43), in
2020—58.9+0.27% (n=153),in 2021 —41.90£0.12%
(n = 18) (Fig. 1). From 3.30 £ 0.12% (r = 3) in 2020
to 14.30 = 0.56% (n = 17) of Salmonella bacteria in
2018 belonged to serotype Typhimurium (n = 61;
17.00 £ 0.15%). All the other serotypes were repre-
sented by the smallest percentage (from 0.30 = 0.01%
to 2.50 + 0.06%), and therefore were assigned to the
group of "other", which included from 13.40 + 0.16%
to 29.80 £ 0.25% of cultures. The cultures in this group
belonged to serotypes Agona, Blegdam, Branden-
burg, Bredeney, Chester, Derby, Dublin, Essen, Fyris,
Give, Goettingen, Goma, Infantis, Jerusalem, Kapem-
ba, Kottbus, London, Mbandaka, Munchen, Panama,
Saintpaul, Sandiego, Tsevie, Virchow.

Table 1. Salmonella content level in food products

Source Nlumber of _Number of

isolates isolates, %

Cookery food 158 441+ 0,28

Poultry 113 31,6 +0,24

Meat 52 14,5+0,14

Confectionery 0,8 +0,06

Dairy 2 0,6 £0,05

Seafood 1 0,3+0,04
Others 29 8,1+0,1
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Fig. 1. Prevalence of foodborne S. enterica serotypes
isolated in Belarus.

During the studies in 2018-2021, the analyzed da-
ta on phenotypic susceptibility of Salmonella isolates
to 45 antibacterial agents showed high susceptibility of
bacteria to these agents (76.90 £ 0.06%). Multidrug re-
sistance (MDR) was found in 19.00 £ 0.05% (n = 68)
of cultures.

The main medications for treatment of severe sal-
monellosis are fluoroquinolone antibiotics that have no
cross-resistance with other classes of antibiotics due
to their antimicrobial activity induced by inhibition
of DNA gyrase or topoisomerase IV [8]. The analysis
of phenotypic susceptibility of Salmonella bacteria
isolated from food products and raw foods in Bela-
rus demonstrated high susceptibility of bacteria to this
group of antibiotics (from 88.40 + 0.31% to 100%).
However, the period of 2020-2021 demonstrated a ten-
dency towards a gradual annual increase in the percent-
age of resistant S. enterica isolates: from 0% in 2018
and 2019 t0 5.6 + 0.1% and 11.60 £ 0.31% in 2020 and
2021, respectively (Fig. 2).

The analysis of phenotypic susceptibility of Sal-
monella showed the tendency towards decreasing ac-
tivity of third-generation cephalosporins, though the
percentage of phenotypically susceptible cultures re-
mained high: from 100% in 2018 to 83.70 = 0.14% in
2021 (Fig. 3). At the same time, the annual increase in
phenotypically resistant Salmonella cultures was ob-
served throughout the period of studies.

During the period of studies, S. enterica isolates
were phenotypically highly susceptible to such reserve
antibiotics for salmonellosis treatment as ampicillin
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Fig. 2. Profile of phenotypic susceptibility S. enterica isolates
to fluoroquinolones.

and carbapenems — imipenem and meropenem. Re-
garding ampicillin, there was a general trend towards a
gradual increase in the percentage of resistant cultures
from 14.9 + 0.1% in 2018 to 23.30 + 0.55% in 2021;
as for carbapenems, the percentage of resistant cultures
increased to 5.60 £ 0.11% in 2020 compared to 2018
and 2019; then, it slightly decreased to 4.70 £ 0.14%
in 2021.

Antibiotics from the group of aminoglycosides are
of primary clinical significance in treatment of noso-
comial infections caused by aerobic gram-negative
bacteria. The studies of phenotypic aminoglycoside
susceptibility of S. enterica cultures isolated from food
products in Belarus demonstrated high phenotypic sus-
ceptibility to aminoglycosides during the entire period
of monitoring: from 95.30 = 0.06% to 100.0%. How-
ever, in 2020-2021, the percentage of resistant cultures
increased gradually to 3.30 + 0.07% and 4.70 + 0.15%,
respectively (Fig. 4).

In 2020 and 2021, the isolated Salmonella cultures
were assessed for their susceptibility to colistin and
tetracyclines as reserve antibiotics against multidrug
resistant microorganisms. Colistin remains a drug of

%
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Fig. 3. Profile of phenotypic susceptibility of S. enterica
isolates to third-generation cephalosporins.

last resort, being used for treatment of life-threatening
infections caused by carbapenem-resistant enterobacte-
ria. Some countries and regions have already reported
the existence of colistin-resistant bacteria causing infec-
tions, against which there are no effective antibiotics [9].
Our study revealed an upward trend in phenotypical-
ly colistin-resistant bacterial isolates, the percentage of
which increased 2.3 times (from 10.10 + 0.18% in 2020
to 23.30 £ 0.58% in 2021), and in tetracycline-resistant
isolates, the percentage of which increased 7.2 times
(from 3.9 + 0.1% in 2020 to 27.90+ 0.65% in 2021;
Fig. 5). Broad-spectrum reserve antibiotics are repre-
sented by co-trimoxazole and chloramphenicol, which
were characterized by a low percentage of resistant
cultures throughout the monitoring period: from 4.8 +
0.1 t0 6.70 = 0.13% and 3.80 + 0.07% to 7.4 + 0.12%,
respectively.

The severity of Salmonella infection depends on
multiple factors, including the presence of antimicro-
bial resistance determinants in bacteria [10]. In 2018—
2021, in Belarus, a total of 68 (19.0 + 0.2%) multi-
drug-resistant Sa/monella isolates were identified and
were further studied for genetic markers of resistance.
The main mechanism of resistance to beta-lactam an-
tibiotics in Sal/monella spp. involves acquisition of bla
genes, which encode enzymes capable of inactivating
antibiotics [11]. Although the percentage of cultures
phenotypically resistant to beta-lactam antibiotics was
small, the genotypic profile of resistance of bacterial
isolates showed a high percentage of producers of Class
A and C beta-lactamases (n = 39; 57.4 £ 0.2%). Most
of the bacterial isolates contained extended spectrum
beta-lactamases (ESBLs) blaTEM-1B (n = 32; 82.10 £
0.16%), blaTEM-1C (n=3;7.70 £ 0.26%), blaSHV-12
(n=1;2.60+0.11%), blaDHA-1 (n=1;2.60 + 0.11%);
in addition, isolates of serotype Enteriditis were detect-
ed, which contained cephalosporinases blaCMY-2 (n =
3;7.70 £ 0.26%; Table 2).

The analysis of the genotypic susceptibility pro-
file of MDR Salmonella revealed the presence of flu-
oroquinolone resistance determinants in 11 isolates

%
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Fig. 4. Profile of phenotypic susceptibility of S. enterica
isolates to aminoglycoside antibiotics.
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Fig. 5. Changes in the percentage of S. enterica cultures
phenotypically resistant to colistin and tetracycline
in 2020-2021

(16.20 = 0.33%), which were encoded by gnrB2 (n =
1; 9.10 + 0.69%), gnrB4 (n = 1; 9.10 £ 0.69%), gnrBS5
(n=1;9.10 £ 0.69%), gnrB19 (n = 8; 72.70 + 0.12%)
genes and aminoglycoside acetyltransferase enzyme
aac(6’)-1b-cr (n = 1; 9.10 + 0.69%), causing simulta-
neous inactivation of fluoroquinolones and aminogly-
cosides (Table 3).

Despite the high percentage of cultures phenotyp-
ically susceptible to aminoglycosides, the whole-ge-
nome sequencing showed that resistance determinants
for this group of agents were present in all the studied
MDR-cultures, including Salmonella, which demon-
strated phenotypic susceptibility to aminoglycosides
(n=161;89.70 + 0.08%). The dominant resistance gene
detected in all the bacterial isolates was aac(6’)-laa
(n=68; 100%). The main genetic markers of resistance
to aminoglycosides, which were identified in our stu-
dies, were aadAl genes (n = 9; 13.20 £ 0.28%) and
aadA?2 genes (n=6; 8.8 £ 0.2%)).

Mobilized colistin resistance (mcr) genes were
found only in one MDR-culture — Crie F1151, which
was phenotypically susceptible to colistin. No mcr
genes were detected in cultures phenotypically resis-
tant to colistin. Genetic determinants of tetracycline
resistance were detected in 51.5 = 0.2% (n = 35) of Sal-
monella bacteria (Table 4). The resistance mechanisms
involved genes encoding efflux pumps of the cyto-
plasmic membrane: tetB (n = 26; 74.30 = 0.65%), tetA
(n=29;25.70 £ 0.67%), tetD (n = 10; 28.60 + 0.71%);
the studied cultures also had the tetracycline resistance
gene tetM (n = 1; 2.90 + 0.15%) protecting the target
from tetracycline action.

The analysis of the results of our genotypic studies
of MDR Salmonella cultures showed that 29.4 + 0.51%
(n = 20) of them had plasmid-mediated efflux pumps
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genes cmlAl (n = 4; 20.00 + 0.83%) and floR (n = 11;
55.00 £ 1.13%) responsible for resistance to phenicols
as well as genes encoding chloramphenicol acetyl-
transferase enzyme — catA1 (n =5;25.00 + 0.92%) and
catA2 (n=1; 5.00 = 0.25%; Table 5).

Co-trimoxazole resistance determinants were de-
tected in 50.0 = 0.2% (n» = 34) of MDR cultures with
the genotypic profile of resistance being represented
by dihydrofolate reductase genes dfirAl (n = 2.00 £
0.18; 5.9%), dfrA8 (n=2.00 + 0.18; 5.9%), dfrA12 (n =
3.00 = 0.27; 8.8%) and dfrdA14 (n = 2.00 + 0.18; 5.9%)
and by genes (rn = 33; 48.50 £ 0.59%) expressing dihy-
dropteroate synthases resistant to sulfonamides — su//
(n=6; 18.2 £ 0.59%), sul2 (n =23; 69.7 + 0.74%) and
sul3 (n=4;12.1 £ 0.36%; Table 6).

Note that despite the presence of antibiotic resis-
tance determinants, 10 cultures were susceptible to all
the studied antibiotics — Crie F146, Crie F149, Crie
F158, Crie F159, Crie F162, Crie F163, Crie F164,
Crie F165, Crie F167 and Crie F168. In addition, in
our study, we did not detect carbapenemases of class A
(KPC) and class B (GIM, VIM, IMP, NDM, SPM and
FOX).

Almost all Salmonella cultures producing ESBLs
or AmpC (n = 20; 51.30 + 0.27%) were characterized
by complete phenotypic susceptibility to other, non-be-
ta-lactam antibiotics, including fluoroquinolones;
46.20 £ 0.27% (n = 18) of bacterial isolates were resis-
tant to 1-2 non-lactam antibiotics.

The in silico multilocus sequence typing analysis
revealed 10 different sequence types of MDR S. ente-
rica isolates: serovar Enteritidis ST11 (n = 31; 47.0 £
0.57%), serovar Typhimurium ST34 and ST19 (n = 21;
33.30 £0.51% and n = 3; 4.50 + 0.10%, respectively),
serovar Infantis ST32 (n = 4; 6.10 £ 0.13%), serovar
Mendoza ST490 (n = 3; 4.50 = 0.10%), serovar Bre-
deney ST897 (n = 1; 1.50 £ 0.03%), serovar Virchow
ST8662 (n=1;1.50 £ 0.03%), serovar London ST1992
(n = 1; 1.00 £ 0.03%), serovar Stanleyville ST1986
(n=1;1.00 £ 0.03%). The new sequence type, ST9644,
was identified in Crie F46 and Crie F158 Salmonella
cultures. Dominant sequence types ST11, ST34, ST32,
ST490 and ST19 were associated with multidrug re-
sistance of the cultures that contained resistance deter-
minants to 7 classes of antibiotics (Tables 2—6), while
sequence types ST897, ST1992 and ST1986 contained
genes responsible for resistance only to aminoglyco-
sides.

The Crie F1151 culture was isolated from pro-
cessed and precooked food products; it taxonomically
belonged to Salmonella enterica serotype Typhimuri-
um. The culture was characterized by phenotypic mul-
tidrug resistance to penicillins, cephalosporins, aztre-
onam, fluoroquinolones, aminoglycosides, trimetho-
prim/sulfamethoxazole and tetracyclines encoded by
the respective resistance determinants: aac(6')-llc,
aac(6')-laa, aadAl, aph(3')-la, blaDHA-1, blaSHV-12,
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Table 2. Genotypic profile of beta-lactam antibiotic resistance of S. enterica isolates

Resistance genes
Year Isolate Serotype MLST
blaTEM-1B | blaTEM-1C | blaCMY-2 | blaDHA-1 | blaSHV-12

2018 Crie F21 Enteritidis ST + - - - -
2018 Crie F28 Tythimurium ST34 + - - - -
2018 Crie F47 Enteritidis ST11 - + - - -
2018 Crie F34 Mendoza ST490 + - - - -
2018 Crie F50 Tythimurium ST34 + - - - -
2018 Crie F40 Tythimurium ST34 + - - - -
2018 Crie F51 Enteritidis ST11 - + - - -
2018 Crie F297 Enteritidis ST11 + - - - -
2018 Crie F46 Tythimurium ST9644 + - - - -
2018 Crie F36 Tythimurium ST34 + - - - -
2018 Crie F37 Tythimurium ST34 + - - - -
2018 Crie F303 Enteritidis ST11 + - - - -
2019 Crie F146 Enteritidis ST + - - - -
2019 Crie F296 Tythimurium ST19 + - - - -
2019 Crie F149 Tythimurium ST34 + - - - -
2019 Crie F158 Brandenburg ST9644 + - - - -
2019 Crie F298 Mendoza ST490 + - - - -
2019 Crie F159 Enteritidis ST - + - - -
2019 Crie F162 Enteritidis ST11 + - - - -
2019 Crie F163 Enteritidis ST11 + - - - -
2019 Crie F164 Tythimurium ST34 + - - - -
2019 Crie F165 Tythimurium ST34 + - - - -
2019 Crie F167 Tythimurium ST34 + - - - -
2019 Crie F168 Tythimurium ST34 + - - - -
2019 Crie F302 Enteritidis ST - - + - -
2019 Crie F353 Tythimurium ST34 + - - - -
2020 Crie F919 Tythimurium ST34 + - - - -
2020 Crie F920 Tythimurium ST34 + - - - -
2020 Crie F923 Enteritidis ST - - + - -
2020 Crie F926 Enteritidis ST - - + - -
2021 Crie F1149 Tythimurium ST34 + - - - -
2021 Crie F1151 Tythimurium ST34 - - - + +
2021 Crie F1153 Tythimurium ST34 + - - - -
2021 Crie F1154 Tythimurium ST34 + - - - -
2021 Crie F1155 Tythimurium ST34 + - - - -
2021 Crie F1156 Tythimurium ST34 + - - - -
2021 Crie F1157 Tythimurium ST34 + - - - -
2021 Crie F1159 Tythimurium ST34 + - - - -
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Table 3. Genotypic profile of resistance of S. enterica to fluoroquinolones
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Resistance genes

Year Isolate Serotype MLST
qnrB2 qnrB4 qnrB5 qnrB19 aac(6')-b-cr

2018 Crie F46 Tythimurium ST9644 - - - + —
2019 Crie F298 Mendoza ST490 + - - - -
2019 Crie F353 Tythimurium ST34 - - - + -
2020 Crie F920 Tythimurium ST34 - - - + -
2020 Crie F921 Infantis ST32 - - - + -
2020 Crie F922 Enteritidis ST - - - + -
2020 Crie F925 Enteritidis ST - - - + -
2020 Crie F926 Enteritidis ST - - - + -
2021 Crie F1149 Tythimurium ST34 - - + - —
2021 Crie F1151 Tythimurium ST34 - + - - +
2021 Crie F1159 Tythimurium ST34 - - - + -

Table 4. Genotypic profile of S. enterica resistance

to chloramphenicol

Resistance genes

Year Isolate Serotype MLST
cmlA1 floR catA1 catA2

2018 Crie F21 Enteritidis ST + - - -
2018 Crie F28 Tythimurium ST34 - + - -
2018 Crie F29 Enteritidis ST - - + -
2018 Crie F40 Tythimurium ST34 - + -
2018 Crie F299 Enteritidis ST - - + -
2018 Crie F36 Tythimurium ST34 - + - -
2018 Crie F37 Tythimurium ST34 - + - -
2018 Crie F303 Enteritidis ST + - - -
2019 Crie F146 Enteritidis ST + - - -
2019 Crie F149 Tythimurium ST34 - + - -
2019 Crie F298 Mendoza ST490 - + - -
2019 Crie F352 Enteritidis ST - - + -
2019 Crie F164 Tythimurium ST34 - + - -
2019 Crie F165 Tythimurium ST34 - + - -
2019 Crie F168 Tythimurium ST34 - + - -
2019 Crie F170 Enteritidis ST - - + -
2019 Crie F171 Tythimurium ST34 - - + -
2020 Crie F919 Tythimurium ST34 + + - -
2020 Crie F920 Tythimurium ST34 - + - -
2021 Crie F1151 Tythimurium ST34 - - - +
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Table 5. Genotypic profile of S. enterica resistance to tetracyclines

Resistance genes

Year Isolate Serotype MLST
tetB tetA tetM tetD

2018 Crie F28 Tythimurium ST34 + - - -
2018 Crie F29 Enteritidis ST11 - + - -
2018 Crie F34 Mendoza ST490 + - - -
2018 Crie F50 Tythimurium ST34 + - - -
2018 Crie F40 Tythimurium ST34 + - - -
2019 Crie F296 Tythimurium ST19 - + - -
2019 Crie F147 Infantis ST32 - + - -
2019 Crie F149 Tythimurium ST34 + - - -
2019 Crie F158 Brandenburg ST9644 + - - -
2019 Crie F298 Mendoza ST490 + - - -
2019 Crie F352 Enteritidis ST - + - -
2019 Crie F164 Tythimurium ST34 + - - -
2019 Crie F165 Tythimurium ST34 + - - -
2019 Crie F167 Tythimurium ST34 + - - -
2019 Crie F168 Tythimurium ST34 + - - -
2019 Crie F170 Enteritidis ST - + - -
2019 Crie F171 Enteritidis ST - + - -
2019 Crie F353 Tythimurium ST34 + - - -
2018 Crie F46 Tythimurium ST9644 + - - -
2018 Crie F299 Enteritidis ST11 - + - -
2018 Crie F36 Tythimurium ST34 + - - -
2018 Crie F37 Tythimurium ST34 + - - -
2020 Crie F919 Tythimurium ST34 + - + -
2020 Crie F920 Tythimurium ST34 + - - -
2020 Crie F921 Infantis ST32 - + - -
2021 Crie F1148 Virchow ST8662 - + - -
2021 Crie F1149 Tythimurium ST34 + - - -
2021 Crie F1150 Tythimurium ST34 + - - -
2021 Crie F1151 Tythimurium ST34 + - - +
2021 Crie F1153 Tythimurium ST34 + - - -
2021 Crie F1154 Tythimurium ST34 + - - -
2021 Crie F1155 Tythimurium ST34 + - - -
2021 Crie F1156 Tythimurium ST34 + - - -
2021 Crie F1157 Tythimurium ST34 + - - -
2021 Crie F1159 Tythimurium ST34 + - - -
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Table 6. Genotypic profile of S. enterica resistance to co-trimoxazole

Resistance genes

Year Isolate Serotype ST
sul3 | sul2 | sult | dfrA12 | dfrA8 | dfrA14 | dfrA1

2018 Crie F21 Enteritidis ST + - - - - - -
2018 Crie F28 Tythimurium ST34 - + - - — - —
2018 Crie F34 Mendoza ST490 - - + + - - -
2018 Crie F50 Tythimurium ST34 - + - - — - _
2018 Crie F40 Tythimurium ST34 - + - - - - _
2018 Crie F46 Tythimurium ST9644 - + - - - - -
2018 Crie F36 Tythimurium ST34 - + - - — - —
2018 Crie F37 Tythimurium ST34 - + - - - - _
2018 Crie F303 Enteritidis ST11 + - - - + - -
2019 Crie F146 Enteritidis ST1 + - - - — - —
2019 Crie F296 Tythimurium ST19 + - - - - - -
2019 Crie F147 Infantis ST32 - - + - - - _
2019 Crie F149 Tythimurium ST34 - + - - - - -
2019 Crie F158 Brandenburg ST9644 - + - - - - -
2019 Crie F298 Mendoza ST490 - - + + - _ -
2019 Crie F164 Tythimurium ST34 - + - - — - —
2019 Crie F165 Tythimurium ST34 - + - - - - —
2019 Crie F166 Enteritidis ST1 - - - - + - -
2019 Crie F167 Tythimurium ST34 - + - - - - -
2019 Crie F168 Tythimurium ST34 - + - - — - _
2019 Crie F353 Tythimurium ST34 - + - - - - _
2020 Crie F919 Tythimurium ST34 - + - + - - -
2020 Crie F920 Tythimurium ST34 — + - — — + —
2020 Crie F921 Infantis ST32 - - + - - + -
2021 Crie F1148 Virchow 8662 - - + - - - +
2021 Crie F1149 Tythimurium ST34 - + - - - - -
2021 Crie F1150 Tythimurium ST34 - + - - - - -
2021 Crie F1151 Tythimurium ST34 - - + - - — +
2021 Crie F1153 Tythimurium ST34 - + - - - - -
2021 Crie F1154 Tythimurium ST34 - + - - - - -
2021 Crie F1155 Tythimurium ST34 - + - - — - —
2021 Crie F1156 Tythimurium ST34 - + - - - - -
2021 Crie F1157 Tythimurium ST34 - + - - — - —
2021 Crie F1159 Tythimurium ST34 - + - - - - -

blaTEM-1B, aac(6')-1b-cr, catA2, gnrB4, sull, dfrAl
and tetB, tetD, respectively. The genotypic resistance
profile of S. typhimurium Crie F1151 culture also in-
cluded determinants responsible for resistance to ered
macrolides. This Salmonella isolate was the only one
that had the mcr-9 determinant, despite the phenotypic
susceptibility to colistin, as well as the aac(6')-1b-cr de-

terminant responsible for concurrent resistance to fluo-
roquinolones and aminoglycosides.

Discussion

Salmonellosis is a frequent gastrointestinal infec-
tion in humans and a major cause of foodborne disease
outbreaks worldwide. In 2019, 87,923 confirmed cases
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of salmonellosis were reported in the European Union
(EU); 57,702 cases were reported in 2020, being the
lowest number reported since 2007 due to the exit of
the United Kingdom from EU and the COVID-19 pan-
demic [9].

We studied Salmonella enterica cultures isolated
from different food products in Belarus in 2018-2021
for the further assessment of their susceptibility to an-
tibiotics. Our findings showed that pork and poultry
products, including processed products, were the most
frequent sources of Salmonella. Speaking about poul-
try products, we should note that the prevalence of re-
sistant Salmonella increased significantly during the
period of studies — from 19.8% in 2018 to 65.1% in
2021. The prevalence of Salmonella primarily in pork,
chicken and turkey products was comparable with the
rates reported by the United States, Egypt and Colum-
bia [12—14]. Throughout the period of studies, the pre-
vailing serotypes were Enteritidis (50.8%) and Typhi-
murium (9.0%). The dominance of these serotypes in
meat products was also reported by researchers from
India and Saudi Arabia, where serotypes Enteritidis and
Typhimurium accounted for more than 95% of isolates
[3, 11]. According to the European Union One Health
Zoonoses Report (2020), serotype FEnteritidis also
dominated in the European Region [15].

The analysis of phenotypic resistance of cultures
isolated in Belarus revealed high susceptibility to an-
tibiotics of the fluoroquinolone group, ranging from
88.4% to 100%. During the monitoring period, the in-
crease in resistant cultures reached 11.6%. In the Uni-
ted States, during 20182021, the Centers for Disease
Control and Prevention? reported an 8.5% increase in
Salmonella resistance to ciprofloxacin. High activity of
fluoroquinolones was also found for Salmonella isola-
ted from pork in Thailand: 76% of the studied cultures
were susceptible. S. enteritidis, the most common type
of Salmonella in humans, demonstrated the tendency to
increased resistance to antibiotics of the fluoroquino-
lone group. According to the data from the European
Centre for Disease Prevention and Control, in animals
the resistance of S. enteritidis to these antibiotics ranged
from moderate to high [16].

The phenotypic resistance of Salmonella isolated
in Belarus to third-generation cephalosporins was not
high, reaching 16.3%. During 2018-2021, the percent-
age of cultures resistant third-generation cephalospo-
rins increased 5.6 times: from 2.9% in 2019 to 16.3%
in 2021. According to the data from the Centers for Dis-
ease Control and Prevention, in the United States? the
percentage of cultures resistant to cephalosporins in the
specified period was not large: 2.3% in 2018, 1.7% in
2019 and it remained stable at the level of 2% in 2020

2 NARMS Now: Human Data.
URL: https://wwwn.cdc.gov/narmsnow/
3 Ibid.

and 2021. The report published by the European Centre
for Disease Prevention and Control and the European
Food Safety Authority states that in 2019, the percent-
age of cefotaxime-resistant and ceftazidime-resistant
cultures in the European Region remained at low le-
vels — 1.8% and 1.2%, respectively [17].

The increasing prevalence of MDR Salmonella
poses a significant threat to public health, as it leads
to longer hospital stays, longer duration of disease and
higher fatality rates compared to susceptible Salmonel-
la isolates [17, 18]. In 2021, in its report, the European
Centre for Disease Prevention and Control pointed out
that the percentage of MDR S. enterica isolates from
pork and its products increased dramatically to 56.5%
[17]. The World Health Organization estimates that of
the 100,000 cases of salmonellosis each year, a large
number are caused by MDR S. enterica [19], with the
majority acquired through the consumption of contami-
nated food of animal origin, particularly beef, pork, and
poultry products [20, 21]. Among the studied Salmonel-
la isolates from Belarus, 19% of isolates demonstrated
the MDR profile with resistance to 3 and more classes
of antimicrobial agents, thus showing the consistency
with studies by Egyptian researchers [22]. In 2008—
2017, in the United States, resistance to 3 and more
agents was detected in 28.0% of the bacteria isolated
from poultry products [23]. Chinese researchers found
that MDR was demonstrated by 95.33% of Salmonella
isolated from pork [24]; Thai researchers also reported
multidrug resistance of 23.2% of Salmonella isolated
from duck meat [25].

The in silico multilocus sequence typing analysis
of MDR Sal/monella isolated in Belarus identified 5 se-
quence types of S. enterica, which were associated with
multidrug resistance of Salmonella cultures. The dom-
inant sequence types were represented by ST11 of se-
rovar Enteritidis (47.0 £ 0.57%), ST34 (33.3 + 0.51%)
and ST19 (4.5 = 0.10%) of serovar Typhimurium. These
sequence types were also common in China and Iraq,
where ST19 prevailed among serovar Typhimurium
Salmonella [26-28]. In the European Region, ST11 was
a prevailing sequence type of serovar Enteritidis, while
in Russia, serotype Infantis ST32 was dominant [29].

The genotypic studies of cultures isolated in Be-
larus identified 5 genes responsible for resistance to
beta-lactam antibiotics: blaTEM-1B, blaTEM-1C,
blaDHA-1, blaSHV-12, as well as cephalosporinase
blaCMY-2 genes. The annual increase in the percentage
of phenotypically resistant cultures is most likely asso-
ciated with the activation of resistance genes encoding
ESBLs, as the studies showed that 56.5% of all the tes-
ted MDR isolates produced ESBLs. The blaSHV gene
was identified mainly in representatives of the family
Enterobacteriaceae, which were isolated from different
ecosystems: humans, animals, and environment [30,
31]. Likely originated from a chromosomal penicilli-
nase of Klebsiella pneumoniae, SHV beta-lactamases
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currently encompass a large number of allelic variants
including ESBLs, non-ESBLs and several non-classi-
fied variants; therefore, their significance was empha-
sized in our studies [32].

The phenotypic characteristics of most MDR cul-
tures (n = 59; 85.5%) correlated with the molecular
mechanism of resistance and resulted from the spectrum
of enzyme activity of beta-lactamases. The obtained da-
ta demonstrating the complete correlation between the
phenotypic and genotypic characteristics of cultures
from Belarus regarding their resistance to third-gen-
eration cephalosporins confirmed the diagnostic sig-
nificance of such indicator substances as ceftazidime,
ceftriaxone, cefoperazone and cefotaxime. During their
three-year monitoring of Sa/monella isolated from dif-
ferent categories of food products, the European labo-
ratories also proved the diagnostic value of ceftriaxone,
ceftazidime and cefotaxime substances for detection of
cephalosporinases [9]. A sharp increase in the percent-
age of cultures phenotypically resistant to tetracycline —
from 3.9% to 23.3%, along with a high percentage of
cultures (52.2%) containing resistance determinants, can
be indicative of excessive use of tetracycline antibiotics
in agriculture, resulting in accumulation and transfer of
antibiotic-resistance genes among pathogenic bacteria.
The presence of antibiotic-resistance determinants in
susceptible cultures as well as the presence of ered and
mcr-9 genes in S. typhimurium Crie F-1151 can serve as
proof of Salmonella’s ability to act as a vector for trans-
fer of antibiotic-resistance genes to other microorgan-
isms. According to the published data, mcr-9 determi-
nants, together with mcr-1 determinants, are considered
the most common in the world [33]. Based on the data
from the National Database of Antibiotic Resistant Or-
ganisms, the United States takes the lead by the number
of mcr-9-positive isolates. In Europe, Russia and Chi-
na, mcr-9 and mcr-1 determinants prevail [33].

The findings are certainly alarming, as all the
studied bacterial isolates were received from sam-
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ples of food products intended for human consump-
tion. Although the risk of foodborne diseases can be
reduced by heat treatment of food products, antibiot-
ic-resistance genes may persist and, when entering the
host, can be transferred to intestinal microbiocenosis,
passing the resistance to other microorganisms [34].
Thus, our findings fall in line with the latest recom-
mendations of the European Food Safety Authority
that emphasized the significance of studying phe-
notypic and genotypic characteristics of foodborne
bacterial isolates for monitoring and surveillance of
antibiotic resistance, especially, for implementing the
One Health approach that recognizes that the health of
people is closely connected with the health of animals
and the environment.

Conclusion

The irrational use of antibiotics in human and vet-
erinary medicine has greatly contributed to the emer-
gence and spread of resistant isolates of non-typhoid
Salmonella.

The findings of our studies regarding the slowly
growing phenotypic resistance to first-line antibiotics
(cephalosporins and fluoroquinolones) and the presence
of plasmid-mediated resistance determinants imply the
possibility of a seriously limited choice of effective an-
timicrobial agents in future. Therefore, monitoring of
antimicrobial resistance phenotypes and genotypes as
well as transmission routes of Salmonella enterica cul-
tures through the food chain is critically important.

The existing large diversity of resistance determi-
nants and high phenotypic susceptibility of isolates lead
to assumption that sources of bacterial isolates could be
affected by antibiotics and/or could acquire resistance
determinants from other microorganisms.

The conducted studies demonstrate the need for
the further monitoring of prevalence of antibiotic resis-
tant bacteria of food origin in Belarus, especially in the
context of the One Health approach.
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