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MULTI-OMICS APPROACH TO THE STUDY
OF MICROORGANISMS

In this review multi-omics (transcriptomic and proteomic) research approaches that have been
widely implemented in modern microbiology are examined. The transcriptomic approach is important
for predicting the resistance of microorganisms to specific antibiotics, as well as for understanding the
mechanisms of the emergence of antibiotic resistance. In this review, the issues of studying the transcrip-
tional response in microorganisms after in vitro exposure to subinhibitory concentrations of antimicro-
bial drugs are most extensively examined. It has been shown that antibiotics induce both phenotypic
and genetic changes in bacterial cells, contributing to the emergence of resistance to them. Likewise, a
proteomics-based approach broadens understanding of the bacterial strategy for antibiotic resistance, as
well as improved understanding of the mechanisms by which antimicrobial resistance emerges, which
will facilitate controlling of the growing epidemic of antibiotic-resistant infections in the future. In this
review, the advantages of using one of the proteomics approaches widely used in clinical microbiology,
MALDI-TOF MS, are considered more extensively. It has been shown that this approach is a more pow-
erful tool for studying the protein profile in comparison with other methods.

Thus, the development of high-throughput transcriptomic and proteomic methods made analysis of
large datasets of mRNA and proteins possible, which allows identifying functionally significant networks
of intermolecular interactions, and thereby allowed to expand the modern understanding of mechanisms
underlying the emergence of resistance to antimicrobial drugs.

Key words: transcriptomics, proteomics, subinhibitory concentration, antimicrobial drugs, microor-
ganisms.
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MukpoopraHusmaepAi 3eprreyaAeri MyAbTMOMABIK, TOCIA

ByA woayaa Kasipri MMKpo6uoAorusiaa KeHiHEH KOAAQHBIAQTbIH MYAbTUOMAbIK, (TPaHCKPUMTOM-
AbIK, >KOHe MPOTEOMAbIK) 3epTTey TaCiAAepi KapacTblpblAFaH. TPaHCKPUMTOMADBIK, TOCIA MUKpOOpra-
HUBMAEPAIH OeAriai 6ip aHTMOMOTMKTEpPre TO3IMAIAIrIH GoAXKay YLIiH, COHAQ-aK, aHTMOMOTUKKE
TO3IMAIAIKTIH Naraa 6OAY MeXaHWM3MAEPIH TYCiHY YLIiH MaHbi3Abl. ByA woayaa mukpobka Kapcbl
npenaparrapAbiH CyBGUHIMOUTOPABIK KOHLEHTPALMSICBIHA in Vitro acep eTKeHHEH KeriH MMKPOOPraHU3Mm-
AEpAEri  TPaHCKPUMUMSIAbIK, peakUMsiHbl 3epTTey MaCeAeAepi erken-TerkKemAi KapacTblpblAAbI.
AHTUOMOTHKTEP GaKTEPUSABIK, XKacyluarapAd (PEHOTUNTIK XKOHE reHeTUKAAbIK, ©3repiCTepAi TyAbIpbIr,
OAapFa TE3IMAIAIKTIH nanmaa 6oAybiHa biknaa eteai. COA CUMSAKTbI, MPOTEOMMKAFa HEri3AEAreH TaCiA,
AHTMOMOTHKTEpPre Kapcbl GAKTEPUSIALIK, CTPATErns MAESCbIH KEHEMTEAl, COHbIMEH KaTap GoAallakTa
AHTUOMOTHKKE TO3IMAI MHMEKUMIAAPABIH 6CIN KeAe >KaTKaH 3MMAEMMICbIH 6acKapyra MyMKIHAIK
GepeTiH MUMKPOOKA KapChbl TYPAKTbIAbIKTbIH MaAa GOAY MEXaHW3MAEpPIH TOAbIK, TYCiHyre bIKnaa
eTeAi. byA WOAyAQ KAMHUKAABIK, MUKPOOMOAOTMSAQ KEH TapaAFaH MpPOTEOMMKA TOCIAAEPiHIH Gipi —
MALDI-TOF MS KoAAQHYAbIH, apTbIKLLbIAbIKTaPbl €rXKen-TeNKeNAlI KapacTbipbiAaabl. ByA TaciA 6acka
BAICTEPMEH CaAbICTbIpFaHAQ aKybl3 MPOMUAIH 3epTTEYAIH eH KyaTTbl KYPaAbl EKEHAIN KOPCETIAreH.

OcblAanLia, KOFapbl 8HIMAI TPAHCKPUNTOMMKA XX8He NpoTeoMMKa aAiCcTepiHiH, Aamybl MPHK meH
aKYbI3AAPAbIH YAKEH >KUbIHTBIFbIH TAaAAQYFa MYMKIHAIK Gepai, OYA MOAEKYAaapaAblk, ©3apa apeKkeT-
TeCyAiH (DYHKUMOHAAABI MaHbI3AbBI KEAIAEPIH aHbIKTayFa MyMKIHAIK 6epAi >kaHe oCblAaniia MUKpPobKa
KapCbl TYPaAKThIABIKTbIH MEXaHU3MAEPI TypaAbl Ka3ipri MAEIAAPAbl KEHENTYre MyMKIHAIK GepAi.

Ty#iH ce3aep: TPaHCKPUNTOMMKA, NPOTEOMMKA, CYOUHIMOMPAEYLLI KOHLEHTpaUumMsaAap, MUKPOOKa
KapCbl NpenapaTTap, MMKPOOPraHM3MAEP.
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MyYAbTMOMHDINM MOAXOA B U3YYE€HUU MUKPOOPraHUM3MOB

B AaHHOM 00630pe pPacCMOTPEHbl MYAbTMOMHbIE (TPAHCKPUMTOMHbIE M MPOTEOMHbIE) MOAXOADI
MCCAEAOBAHMS, HALLIEALLIME LUMPOKOE NMPUMEHEHWE B COBPEMEHHOM MUKPOOMOAOT K. TPAHCKPUMTOMHBbII
MOAXOA BaXKEH AASI MPOrHO3MPOBAHWUS YCTONUYMBOCTM MMKPOOPTraHN3MOB K KOHKPETHbBIM MCMOAb3YEeMbIM
AHTMOMOTMKAM, @ TaKXKe AAS MOHUMAHWS MEXaHW3MOB BO3HUKHOBEHMS aHTMOMOTMKOYCTOMYMBOCTM.
B sTtom 0630pe Hamboaee MOAPOOHO PACCMOTPEHbI BOMPOCHI M3y4eHMs TPaHCKPUMLMOHHOIO
OTBETa Y MMKPOOPraHM3MOB MOCAE BO3AEMCTBMS HA HUX iN Vitro CyOUHIMOUTOPHBIX KOHLEHTPALIMi
AHTUMMKPOOGHbIX NpenapaToB. [1okasaHo, YTO aHTUMOMOTHKM BbI3bIBAIOT B GAaKTEPUMAAbHbIX KAETKAX Kak
heHOTUMMYECKME, TAK U FTEHETUUYECKME U3MEHEHUS, CMOCOOCTBYS MOSIBAEHWUIO PE3UCTEHTHOCTU K HUM.
AHaAOIMMYHO, MOAXOA, OCHOBAHHbI HA MPOTEOMMUKE, pacluMpsieT NMPeACTaBAeHMe O GaKTepraAbHOM
cTpaTernn NpOTMBOAEMCTBUS aHTMOMOTMKAM, a Tak>Ke Crnocob6CcTByeT GOAee MOAHOMY MOHMMAHMIO
MEXaHM3MOB BO3HMKHOBEHMS YCTOMUYMBOCTM K aHTUMMKPOOHbBIM Mpenaparam, YTo MO3BOAWT B OyAyLLEM
YMPaBASITb PaCTYLLER 3MUAEMMENR YCTOMUMBBLIX K aHTMOMOTMKaM MHGekumii. B HacToswem ob3ope
HanboAee MOAPOGHO PaCcCMaTPUBAIOTCS MPEVMYLLECTBA MCMIOAb30BAHMS OAHOMO M3 LWMPOKO PacrnpocT-
pPaHEHHbIX B KAMHMYECKOM MMKPOOMOAOTMM MOoAX0AO0B npoteomnkn, MALDI-TOF MS. TMokasaHo,
UTO AQHHBIN MOAXOA SIBASIETCS HaMBOAEe MOLLHBIM MHCTPYMEHTOM M3yueHust 6EAKOBOro NpoguAs no
CPaBHEHMIO C APYTMMM METOAAMM.

Takunm 06pa3oM, pas3BuTHE BbICOKOMPOMU3BOAUTEAbHbBIX METOAOB TPAHCKPUMTOMMKIM M MPOTEOMUKM
CAEAAAO BO3MOXHbIM aHaAM3 GOAbLUMX coBokynHocTern MPHK 1 6eAKOB, UTO MO3BOAMAO BbISIBUTH
(DYHKUMOHAABHO 3HAUMMble CETU MEXMOAEKYASPHbBIX B3aMMOAENCTBUA M, TEM CaMbIM, PACLUMPUTb
COBpEMEHHbIe MPEACTABAEHUSI O MEXaHM3MaxX BO3HUMKHOBEHUSI YCTOMUMBOCTU K MPOTUBOMUKPOOHBIM

npenaparam.
KAloueBble cAoBa:  TPaHCKPUMTOMMKA,
AHTUMMKPOOGHbIE Mpenapatbl, MUKPOOPraHU3MbI.

Abbreviations and symbols

DNA deoxyribonucleic acid; RNA ribonucleic
acid; MIC — Minimum inhibitory Concentration;
MALDI-TOF MS matrix-assisted laser desorption /
ionization with time-of-flight separation; SNP sin-
gle nucleotide polymorphism

Introduction

Currently, approaches to study biological ob-
jects are changing, ranging from the assessment of
individual genes to the analysis of variability at the
genome, transcriptome, and proteome levels, which
became possible due to the use of high-resolution
technologies with subsequent bioinformatic pro-
cessing of the obtained array of multi-omics data
[1]. It is the realm of -omics that has made the analy-
sis of biological molecules cost-effective and highly
productive [2].

Multi-omics approaches have found wide ap-
plication in various fields of biology. Thus, -omics
can contribute to advances in clinical microbiology.
They contribute to a better understanding of micro-
bial systems. Determination of transcriptomic and
proteomic alterations in strains show different levels
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of resistance or different phenotypic responses to
antibiotics [3].

A transcriptomic approach in the study of the
mechanisms of bacterial resistance to antibiotics.

Transcriptomic analysis is an analysis of a com-
plete set of transcripts produced by a cell under spe-
cific environmental conditions and is used to monitor
the expression of bacterial genes in response to anti-
microbial exposure. This type of analysis is widely
used by many researchers. Initially, methods such as
DNA chipping in combination with 2D polyacryam-
ide gel electrophoresis were used for these purposes.
For example, similar methods were implemented by
Gmuender et al. [4], who studied the cellular re-
sponse of Haemophilus influenzae after exposure
to novobiocin and ciprofloxacin and found that the
use of novobiocin affects the transcription of genes
that depend on the DNA topology, and treatment
with ciprofloxacin mainly increases expression of
genes involved in DNA repair. Subsequently, the
approach based on hybridization was replaced by a
more promising technique, based on full sequencing
of the RNA transcriptome (RNA-Seq). This method
not only provides a deeper quantitative analysis of
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gene expression in response to environmental sig-
nals, including exposure to antimicrobial drugs,
but also allows to study the profile of noncoding
RNAs. Also, using this approach, it was demon-
strated that bacterial small nuclear RNAs (snRNAs)
are involved in the post-transcriptional regulation of
gene expression, and are also implicated in impart-
ing antimicrobial resistance to antimicrobial drugs
at various levels (such as the efflux of antimicrobial
drugs, modification of the cell membrane, formation
of biofilms, as well as DNA mutagenesis [5].

It should be noted that at present, the study of
the cellular response of microorganisms after expo-
sure to subinhibitory concentrations of antibiotics,
which can cause not only low, but also high levels
of resistance, is of great interest for researchers [6].

Phenotypic alterations caused by subinhibi-
tory concentrations of antibiotics.

The effect of subinhibitory concentrations of an-
tibiotics on the expression level of genes involved
in major biological processes can lead to various
phenotypic changes in microorganisms (biosynthet-
ic and transport processes, metabolism of various
compounds, bacterial responses to stress, etc.) [7].

Transcriptomic analysis of Streptococcus pneu-
moniae for a penicillin concentration equivalent to
0.5 of the MIC demonstrated that among 386 genes
with altered transcription patterns, some genes are
upregulated (for example, genes involved in the
synthesis of the cell wall), and some of the genes,
on the contrary, display a decrease in expression
(for example, in genes encoding capsular polysac-
charides) [8].

Moreover, the effect of subinhibitory antibiotic
concentrations on the virulence of microorganisms
is of great interest [7].

For example, the virulence of P. aeruginosa is
enhanced by subinhibitory concentrations of tobra-
mycin, tetracycline, norfloxacin [9]. Whereas, sub-
inhibitory concentrations of azithromycin, ceftazi-
dime, ciprofloxacin reduce the synthesis of viru-
lence factors in the above microorganism [10].

de Freitas et al. studied morphological, bio-
chemical, physiological changes, and virulence of
Bacteroides fragilis after exposure to subinhibitory
concentrations of ampicillin, ampicillin-sulbactam,
clindamycin and chloramphenicol. It was found
that the most noticeable morphological changes
were caused by p-lactam drugs (ampicillin and
ampicillin-sulbactam), these drugs caused bacterial
filamentation (elongation) of bacterial cells. In this

case, the normal morphology of all strains was re-
stored after cultivation without the above-mentioned
antimicrobial drugs. The authors note that among
the biochemical characteristics, alterations affected
carbohydrate fermentation. After treatment with an-
timicrobials, alterations in MIC (for ampicillin and
ampicillin-sulbactam) were observed, which might
be caused by selection of resistant strains or by se-
lection of bacterial cells with altered physiological
pathways and mutants’ selection [11].

Genotypic alterations caused by subinhibi-
tory concentrations of antibiotics.

Antibiotics, along with phenotypic changes in
bacterial cells, cause genetic changes, contributing
to the emergence and spread of resistance to them.
The main changes caused by subinhibitory con-
centrations of antibiotics at the genotype level are
the activation of horizontal gene transfer and an in-
crease in the level of mutagenesis [7].

Thus, in Bacteroides, tetracycline induces the
transfer of conjugative transposons carrying genes
for resistance to tetracycline and erythromycin into
recipient cells with their subsequent integration into
the chromosome [12]. Another major genetic change
caused by antibiotic subinhibitory concentrations is
an increase in mutation rates. Thus, it is known that
under the influence of subinhibitory concentrations
of fluoroquinolones, a sharp increase in mutagenesis
occurs in Mycobacterium fortuitum and Streptococ-
cus pneumoniae [13, 14].

de Freitas et al. studied the transcriptional re-
sponse of Bacteroides fragilis after in vitro expo-
sure to subinhibitory concentration of metronida-
zole. As a result of this study, the authors identified
2146 genes encoding proteins, of which 1618 (77%)
were attributed to Gene Ontology, i.e. they were
associated with widely known cellular functions.
Among the above 2,146 genes, 377 were common
to all strains of B. fragilis, thus, are critical for the
survival of bacteria. Activated or repressed genes
were found that encode enzymes involved in several
metabolic pathways and involved in the response
to metronidazole exposure, such as drug activa-
tion, mechanisms of protection against superoxide
ions, and high expression levels of efflux pumps and
DNA repair genes [15].

Thus, during antibiotic therapy, microbial
pathogens are often exposed to low concentrations
of antibiotics. This creates conditions for an adap-
tive response that occurs at the transcriptome level
and lead to increase of their virulence [7].

23



Multi-omics approach to the study of microorganisms

Proteomic approaches in the study of the
mechanisms of bacterial resistance to antibiotics.

Proteomics is an indispensable tool for large-
scale protein analysis and can be applied for under-
standing physiological alterations and for elucida-
tion of mechanisms responsible for cellular process-
es in various genetic and environmental conditions.
Thus, proteomics has expanded our knowledge of
the mechanisms of bacterial antibiotic resistance.
The recent development of a multidimensional ap-
proach combining proteomics with one or more
-omics, including genomics, transcriptomics, and
metabolomics, allows to better understand cellular
physiology, metabolism at the system-wide level,
including understanding the mechanisms of anti-
biotic resistance. As mentioned above, proteomic
analysis is aimed at assessing the general profile of
proteins in cells. This approach is used to qualita-
tively and quantitatively evaluate proteins expressed
under certain conditions, including antimicrobial ef-
fects, and is also used to detect post-translational
modification of proteins. Also, proteomic analysis
allows to study the exoproteome, i.e. identification
of all extracellular proteins that can either be freely
secreted by the microorganism, or enclosed in ex-
tracellular vesicles. For example, Park et al. studied
the cellular proteome and extracellular vesicles of
Pseudomonas aeruginosa; they demonstrated that
an increase in antibiotic resistance of biofilms is
associated with modulation of both cellular and ve-
sicular proteomes [16].

Most proteomic analyzes of antibiotic resistance
can be divided into two large groups: comparison
of resistant and susceptible bacteria and bacterial
responses to the presence of antibiotics. Wherein,
resistant strains can be clinical strains or strains
obtained in vitro. In studies of the first type, most
downregulated proteins are associated with secre-
tion and metabolism, and most highly expressed
are proteins involved in cell wall biogenesis, known
mechanisms of resistance, metabolism, and trans-
port of polysaccharides. In the second case, analysis
of bacterial response to antibiotic exposure showed
that the most frequently affected proteins are chap-
erone proteins and proteins involved in the stress
response, amino acid metabolism, and energy me-
tabolism. Some proteins involved in amino acid and
energy metabolism are overexpressed, while others
are underexpressed. The proteomic response is usu-
ally specific for each antibiotic, and, as described
above, often involves proteins involved in energy
and nitrogen metabolism, protein and nucleic acid
synthesis, glucan biosynthesis and stress response.
The results of proteomic studies are usually con-
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firmed by genomic and / or transcriptomic analysis
of strains [17].

Proteomic analyses for various bacteria after
exposure to antibiotics (antibiotics, experimental
conditions and methods of analysis are listed) are
presented in the table 1.

According to the Table 1, Lata and Sharma com-
pared the proteomic profiles of oflaxacin-suscepti-
ble and resistant clinical isolates of M. tuberculosis
using 2-DE and MALDI-TOF-MS. Overexpression
of 14 proteins was found in strains resistant to oflax-
acin [19]. In the reference E. coli strain K12, about
4391 proteins have been identified so far. Ss can be
seen from Table 1, the proteomic approach based
on mass spectrometry made it possible to identify
many proteins expressed in antibiotic-resistant E.
coli strains [18, 20, 21].

The role of proteomic analysis in understand-
ing the mechanisms of antimicrobial resistance
manifestation.

In connection with the emergence of genes for
antimicrobial resistance among pathogenic bacteria,
proteomic analyzes have become crucial for assess-
ing dynamic changes in protein expression at the
systemic level. At the same time, it is of the greatest
interest to obtain a quantitative picture of differen-
tially expressed proteins under different conditions
of therapy. The general mechanisms of antibiotic
resistance are shown in Figure 1.

Thus, there are five ways for microorganisms
to acquire antimicrobial resistance: 1) enzymatic
modification of the antibiotic; 2) active elimination
of the antibiotic from the microbial cell; 3) a change
in the permeability of the outer membrane of the mi-
crobial cell, limiting the access of the antibiotic to
the target sites; 4) acquisition of genes of the meta-
bolic pathway alternative to that which is inhibited
by the antibiotic [22]; 5) degradation of the antimi-
crobial agent; 6) modification of antibiotic targets,
7) overexpression of the target molecule [23].

One of the earliest proteomic studies in under-
standing the mechanism of resistance manifestation
was the study of the resistance of Pseudomonas aeru-
ginosa to ampicillin. At the same time, it was found
that regulatory changes in gene expression, which en-
tail a change in the composition of porins, can lead
to a significant increase in the minimum inhibitory
concentrations of antibiotics. It was also shown that
the Pseudomonas aeruginosa strain has a low amount
of porins in the outer membrane, which, together
with the highly efficient operation of transmembrane
pumps, makes this microorganism extremely resis-
tant to a wide range of antibiotics [24, 25].



S.S. Kozhakhmetova et al.

Anpwonoads ssew Iy Jo dwn-uoneziuol uordiosap Jose] paisisse-xLejA — SIN AOL-IATVIA ‘stsazoyd
011999 [958 [RUOISUAWIP-0M] — (- ‘SIS210Ydonod[q [0 SPIWURIAIORA[OJ—IIBINS [A09pOd WINIPOS -FOVI-SAS $SI[OISIA JUBIQUIDUW INO-ANO SUONBIUIIUOI ATOJIQIYUT WNTUTUTUL
-DIN ‘suraold pajen3oIrumop-umop MolIe pue paje[ngal-dn molLre uonoe Jo opoN-VOIA ‘PIoe d10[onuoqLAX0dp -yYN({ ‘U woidons-jAS SpIoe oIXIpIjeu — YN ‘HUIMunedioL — [ 1
‘HUITUWEHBY — NV ‘Hogedonodal — 1) ‘muoderodon — X 1D UI0BXOgO-X O OWIPIZeYdd - gD ‘uoruejudd-Ngo uroiduy-JNY poynuapt surdjold Jo Joquinu [e)0] -4 :9ION

R AT OUB)SISAT U0 HIBN oseika
[zl Ted-NaD Il 1 v6 S 401 SN 2T SOMMNAANS | e g0 souep | YN SISAWUAS | YN LAL 440
LALALLL TS TATVIA 'AA-T fepuanbas o | J o 1[eM [[29 SIS . NaD WS
; - qe MO[ JO10hH |
NS 19 L 9-ZvD QUIUAS UI)0IJ
Ts S 401 (OIN samynogns AOUBISISY sIsa) _
Loc] ) i SIATVYIN ‘9A- | ¢/1) Twys gz9 | [enuonbas ] | oueiquow 1IN0 -UAs urejoIq o> NV
SN 401 (O ooue)sisal siso]
ot} . " TATVIN AA-T | -qns) Tu/n ¢ 19t ouop oopyuetg | "IN g gy X0
(e1qudoosns w3
[81] (awer SANO) 0LT (0 -mohwﬁiz o ddo 1 48Tl Eswmmw mwwag stsarpuds 102 °q ddo
S8 Ty L €8 | -SIUSANO) 09T | gy aqe | /BT IXLD W sueiquow song | O A 119D . X1O dNV
(paddew ¢/7) 6€9°1 /81 0¢ :dNV
POy
sddd « (%) 98eI10A0D) arnsodxg 131e], ‘uone3NSOAU] urens
EhlicE) ) dd T :
Jod P199IOS “SHNSOY QW09j01g EHMMMWE«« UonRNUIOUO)) J0 owir], o1dA10084g VO Arewtig oLy Snuq

[€] euojoRq JULIOYIP UL 9suOdsal OjOIqIIUE JO SISA[RUR 01001 — | I[qEL

25



Multi-omics approach to the study of microorganisms

Fluaroquinolones

. [ -lactams

Antirmicroblal peptides

8 Lipopeptides \.-.\__l__.“,..? o
.~'L;ﬂks““’]'. "ot Decreased PBP affinity P L LU
Flucroquinolones I | P e '\r""a-l‘\."-- \I"”H
Aminoghcosides * ’,'[ ¥ L ' N e B
B -lactams kS T %] - RHy ""rl-.-' -
e ! T
... -.'\ % Penicilling ¥
4 "
*+%e Decreased parin & Decreased affinity to LPS
- pap [
\ { § Eupreidian
1] §088F YooboesddonnnanoendeooncatacR0RDBRR RN
80000000001 S000000L 000000000000000000000000000000 000K
R # ;
Drugﬂnl‘l.'lttwa'[mn an Penicillins Target - -
8. tam i z 3 | S
&g, prlactamase | ] ~ . modification » wRNA
LA A S e z +
¥ . ] [
H Flusfoguifolonss
N Aminoglycosides _
1 Penicilling
' i -
a
Target
modification

Figure 1 — Mechanisms of bacterial antibiotic resistance, which include target modification, drug
inactivation, decreased affinity for lipopolysaccharides (LPS)
and penicillin binding protein (PBP), and porin expression and pump efflux [3]

Currently, the most frequently studied using
proteomic methods is the study of resistance to beta-
lactam antibiotics, which account for more than half
of all used antimicrobial drugs [17]. Beta-lactam
antibiotics (penicillin, cephalosporin, carbapenens,
monobactam and beta-lactamase inhibitors) disrupt
the synthesis and / or stability of the cell membrane,
thereby disrupting the biogenesis of the cell wall
and lead to a loss of selective permeability and os-
motic permeability, which ultimately leads to death
of a bacterial cell. The main mechanism of resis-
tance to beta-lactam antibiotics is the presence of
proteins that hydrolyze antibiotics, known as beta-
lactamases [26, 27].
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Other important mechanisms include imbal-
ances in transport proteins such as efflux pumps
and porins and altered targets for penicillin bind-
ing proteins that reduce the affinity of B-lactams (by
binding to the active serine site of penicillin binding
proteins, resulting in inactive forms of enzymes that
cannot catalyze both synthesis and cross-linking of
peptidoglycan, which is important for achieving a
rigid cell structure) [3, 22, 28]. Thus, the C-terminal
domains of all penicillin-binding proteins are targets
for B-lactam antibiotics. These antibiotics contain a
B-lactam ring, a structural analogue of the D-Ala-
D-Ala dipeptide, and therefore act as competitive
inhibitors of penicillin-binding proteins (Figure 2).
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The interaction between the carbonyl group in the
B-lactam ring and the hydroxyl group of serine in
the active site of the penicillin-binding protein leads
to the formation of an inactive acylated form of the
enzyme. Irreversible inhibition disrupts the synthe-
sis of the bacterial cell wall [29].

\| \ _/J<CH3
%N CH-:

° C/ /‘:’\OH
O/

B-Lactamases

Figure 2 — Structure of B-lactams [29]

f-lactamases are a superfamily of enzymes,
which today has more than 2000 representatives. It is
interesting to note that the evolution of S-lactamases
occurs according to two main mechanisms: the ap-
pearance of new mutations in the genes of known
enzymes and the appearance of enzymes with a new
structure. The high frequency of S-lactamase muta-
tions and the localization of their genes on mobile
genetic elements contribute to the rapid spread of
resistant bacteria, which is currently a global threat.
In general, the question of the origin of bacterial en-
zymes responsible for the development of resistance
during evolution remains controversial. Enzymes,
which perform vital functions and are responsible
for the biosynthesis of cell wall polysaccharides,
proteins, nucleic acids, and metabolites, serve as
targets for antibiotics. Interestingly, modification
of the active sites of target enzymes promoted their
ability to use antibiotics as substrates [29].

Subsequent proteomic studies addressing the
manifestation of metronidazole resistance in resis-
tant B. fragilis ATCC 25285 showed that proteomic
changes affected a wide range of metabolic proteins,
including lactate dehydrogenase (upregulation) and
flavodoxin (downregulation), which may be in-
volved in electron transfer reactions: disruption of
enzymatic activity of the pyruvate-ferredoxin oxi-
doreductase (PorA) complex [30].

Thus, it should be noted that resistance to a sin-
gle antibiotic can be determined by several different
enzymes and mechanisms. Moreover, quite often
even one cell has different mechanisms of resistance
to the same antibiotic.

Proteomic methods for the detection of anti-
microbial resistance.

Antibiotic resistance mechanisms do provide
microbes with the ability to bypass the effects of an-
tibiotics and survive after exposure. Proteomics has
emerged as an important tool in this area of research
[22].

Proteomic methods are constantly evolving, and
a wide variety of such methods and applications are
currently available. One of the earliest methods suc-
cessfully implemented in microbiology was the gel
method (2D-PAGE). This method allowed the cre-
ation of maps of proteomes, thus giving a detailed
view of the general expression of bacterial genes un-
der certain conditions. For this, bacteria are grown
in vitro under strictly controlled conditions, and the
obtained comparative studies were used to identify a
protein that correlates with its resistance [22]. Then
the gel-free method became more popular, and the
gel method was replaced by methods of quantitative
analysis — metabolic and chemical labeling. Subse-
quent advances in the development of high-through-
put and automated mass spectrometry instruments
(from liquid chromatography-LC-MS to MALDI-
TOF MS) have facilitated the application of quanti-
tative proteomics using label-free strategies. The in-
creased sensitivity of mass spectrometers, together
with improved technologies for sample preparation
and protein fractionation, have allowed for a more
complete study of proteomes. In this respect, quanti-
tative proteomics based on mass spectrometry is the
most powerful tool for studying the protein profile
compared with other methods [5].

Thus, MALDI-TOF MS applications for the de-
tection of antimicrobial resistance can be divided,
depending on the type of target and methodology,
into the following approaches [27].

1. Identification of the entire cell profile. It in-
cludes the identification of differences in the spec-
tra of all proteins from susceptible and resistant
strains. Similar results were obtained for the impor-
tant gram-negative anaerobic pathogen, B. fragilis.
Thus, the use of MALDI-TOF MS identified two
groups of bacteroides (I and II). Group II, carrying
the cfid gene, encodes a powerful metallo-beta-lac-
tamase, and group I, which does not have it, differ in
specific peaks in the spectra of their profile [31, 32].

In our work, the use of MALDI-TOF / MS also
identify the bacteroid strain BFR_KZ01, isolated
from a patient with peritonitis, belonging to group II
(cfA-positive), but still susceptible to meropenem,
due to the presence of a gene in a “silent state” [33 ].
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2. Identification of antibiotic and hydrolysis
product. This approach has been reported for impor-
tant clinical carbapenemases and extended-release
beta-lactamases. Antibiotics and degradation prod-
ucts are usually analyzed in the mass range from
100 to 1000 Da. During the ionization process,
matrix usually protonates the antibiotic, increasing
the mass of the antibiotic. During the hydrolysis
of lactams, some groups of molecules are lost. As
newly hydrolyzed molecules become unstable due
to the breaking of lactam rings, and tend to break
into different fragments, compounds with different
molecular weights are formed. The masses of such
peaks are unique for each antibiotic and can be used
for the detection of a specific antibiotic [34]. Strains
negative for beta-lactamase do not change the mo-
lecular weight of beta-lactam [35]. In addition, the
procedure allows for quantitative analysis, which is
useful for direct comparison with MIC values, and
provides excellent resolution. In addition, this meth-
od can be improved by using beta-lactamase inhibi-
tors for identification of specific types of beta-lacta-
mases. This method has been used for resistance to
carbapenemase, chemicals with metallo-beta-lacta-
mase encoded by cif4, in blood samples [36].

3. Detection of proteins that confer resistance to
the microorganism. In this case, MALDI-TOF MS
can establish some microbial biomarkers (mainly
proteins or their fragments obtained after cleavage
by trypsin), which confer resistance to the pathogen.
For example, methicillin-resistant S. aureus, posi-
tive for agr (additional gene regulator) and carrying
the mec class A complex, was identified by detect-
ing a small peptide called PSM-mec in whole cells
[37].

4. Analysis of the cell wall. The cell wall is a tar-
get for antibiotics and a barrier to other antibiotics,
which act in the cytosol. For distinguishing various
resistant and susceptible strains of gram-negative
bacteria, specific components of the outer mem-
brane such as porins, efflux pumps and lipopolysac-
charides were quantitatively identified using MAL-
DI-TOF MS methods [38]. For example, changes in
the lipopolysaccharide lipid A structure that occur
during the appearance of colistin resistance in A.
baumanni can also be detected using MALDI-TOF
MS [39].

5. Discovery of mutations in resistance genes by
sequencing. MALDI-TOF MS methods were used
for DNA sequencing analysis. Thereby, Pusch et al
applied SNP genotyping based on MALDI-TOF MS
in their study [40]. However, this approach is time
consuming and does not offer any advantages over
standard sequencing protocols.
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6. Marking of stable isotopes and monitoring
cell growth. The technology of labeling stable iso-
topes with amino acids in cell culture with the same
isotope was used to distinguish between resistant
and susceptible P. aeruginosa strains to merope-
nem, tobramycin, and ciprofloxacin [41].

Sensitive and resistant bacteria of the same spe-
cies differ in growth in the presence of a particu-
lar antibiotic. For example, Lange et al. developed
an antibiotic-sensitive-rapid test based on measur-
ing the number of peptides and proteins within the
range of spectra. These quantities correlate with the
number of microorganisms and therefore with the
growth of the microorganism. [33, 42].

It should be noted that most of the expressed
proteins represent a stable phenotype and most of
the different changes observed in resistant strains
are not metabolic disorders in bacteria. Therefore,
proteomics, together with other high-throughput ap-
proaches, can help understand metabolic pathways
and their impact on antibiotic resistance [22].

Thus, proteomics complements comparative
genomics and transcriptomic profiles by providing
data on the nature of proteins. It provides informa-
tion, which is unavailable for other methods, for
example, in the event of post-translational modifi-
cations, subcellular protein localization, and others
[22].

Conclusion

Today, despite the enormous contribution of
antibiotics to human health, one of the most alarm-
ing consequences of antibiotics overuse is the emer-
gence and spread of resistant microorganisms [43].
Addressing the challenges of antibiotic resistance
requires in-depth understanding of the mechanisms
by which resistance emerges. The coordinated use
of various approaches, including genomics, tran-
scriptomics, together with good standard proteomic
methods, is intended to improve the ability to detect
bacterial resistance, understand the mechanisms of
resistance and the response of virulence in microor-
ganisms [27].

During antibiotic therapy, pathogens are of-
ten exposed to low concentrations of antimicrobial
drugs, which creates conditions for an adaptive re-
sponse that occurs at the level transcriptome and is
manifested by an increase in their virulence. Subin-
hibitory concentrations of antibiotics affect expres-
sion levels of genes involved in major biological
processes and can lead to various genotypic and
phenotypic changes in microorganisms. The study
of the mechanisms of bacterial response to subin-
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hibitory concentrations of antibiotics allows to pro-
pose fundamentally new ways to combat pathogenic
microorganisms, as well as to search for substanc-
es that specifically act on systems for controlling
pathogenic properties [7].

MALDI-TOF mass spectrometry is one of the
highly efficient, accurate and at the same time low-
cost proteomic methods, which has become wide-
spread in clinical microbiology in recent years. The
emergence of new applications of MALDI-TOF
mass spectrometry allows to improve the diagnosis
of'infections and determine the resistance of patho-
gens to antibiotics, what makes this technique es-
pecially attractive for multidisciplinary hospitals
[44].

Thus, -omic technologies are designed to im-
prove the current understanding of microbial bi-
ology. Highly productive multi-omics methods
open new possibilities for a larger-scale analysis
of mRNA and protein expression. The results of
proteomic and transcriptomic analysis, processed
by bioinformatics methods, provide a powerful
basis for understanding the functional significance
of transcripts and proteins of microorganisms un-
der normal conditions and under stress conditions.
Comparative multiomics data are also intended to
facilitate understanding of phenotypic differences

in bacteria (level of drug susceptibility as well as
virulence).

It should be noted that in Kazakhstan, to date,
studies of microorganisms based on a multi-omics
approach including transcriptomic and proteomic
analysis has not been undertaken. In this connection,
the use of the above approaches aimed at obtaining
new data on the mechanisms of resistance of micro-
organisms will be generally relevant for the funda-
mental science.
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