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Multiplex real-time PCR for detection of gac A/B and smr genes
in Gram-positive bacteria
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Abstract

Background. Disinfectants are effective means of non-specific prevention of infections associated with the
provision of medical care. Violation of disinfectant use regimes leads to the formation of microorganism resistance
to them. To monitor the spread of clinically significant microorganisms resistant to disinfectants, the development
of methods for their detection, including molecular genetic methods, remains relevant.

The aim of the study was to develop a multiplex real-time PCR for the identification of gacA/B and smr genes, the
determinants of resistance to cationic biocides, in Gram-positive bacteria.

Materials and methods. Conserved regions of qacA, gacB and smr genes were searched, and primers and
probes were designed using BLASTN, GeneRunner, and Multiple Primer Analyzer programs. To evaluate the
analytical sensitivity of the multiplex PCR, plasmids pTZ57-qacA/B, pTZ57-smr, and pTZ57-16S containing
qgacA/B, smr and 16S rRNA gene fragments of 197 bp, 127 bp, and 287 bp, respectively, were constructed. The
method was tested on clinical isolates of Gram-positive bacteria (n = 30).

Results. A multiplex real-time PCR using TagMan probes was developed for the detection of gacA/B and smr
genes in Gram-positive bacteria. The 16S rRNA gene was used as an internal amplification control. The sensitivity
of the multiplex PCR was 10® copies for all genes. Multiplex PCR validation showed that gacA/B genes were
present in 30%, smr genes were present in 10% of the isolates tested. The reproducibility of the results was
100%.

Conclusion. The developed multiplex PCR differs from existing assays by high specificity and short turnaround
time, as well as by the presence of an internal amplification control. It can be used for the detection of Gram-
positive bacteria potentially resistant to cationic biocides.
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MynbTunnekcHas MLP B pexxnme peanbHOro BpemeHu ans
BbIAAIBJIEHUA reHOB qacA/B n smr y rpamnonoXntenbHbIX 6akTepui

KoBanbuyk C.H.”, Apxunosa A.Jl., KosbinkoBa C.10., UnbuHa E.H., ®egoposa J1.C.

WNHCTUTYT cuctemHomn 6ronornn n megnurHbl, Mockea, Poccua

AHHOMauyus

AxTyanbHocTb. [leanHduumpytowme Bewectsa (OB) asnaiotca addeKkTMBHbIMM cpeacTBaMu Hecneumndunye-
CKOMN NPOUNAKTUKN MHPEKLMI, CBA3AHHbIX C OKasaHWeM MeAMLIMHCKON MOMOLLM. HapyLueHne pexmmoB npume-
HeHus [1B npuBoguT K (hOPMUPOBAHMNIO YCTONYMBOCTU MUKPOOPraHM3MOB K HUM. [Ans uenewv MOHMTOpUHra pac-
NPOCTPaHEHUS KINMHUYECKM 3HAaYMMbIX MUKPOOPraHU3MOoB, YCTONYMBLIX K 1B, ocTaétcsa akTyansHon paspaboTtka
METOAOB WX BbISIBIEHWS, B TOM YMCIIe MOMEKYNSPHO-TEHETUYECKUX.

Llenbto nccrnenosaHnst bbina pa3paboTka MynsTUMMIEKCHOW NONMMEpPasHoOW LIENHON peakummn B pexmme pearnb-
Horo BpemeHu (MLIP-PB) ans BbISiBNEHNS Y rpaMnonoXunTenbHbiX 6akTepuii reHoB gacA/B v smr— [eTepMyHaHT
YCTONYMBOCTM K [1B 13 rpynnbl KATMOHHBLIX MOBEPXHOCTHO-aKTMBHbIX BelecTB (KMAB).

MaTepuansi 1 meToabl. [onck KOHCEPBATMBHBIX y4aCTKOB reHOB gacA, gacB n smrun pa3paboTKy npanmepos u
30HA0B nposoaunu ¢ nomotpsto nporpamm BLASTN, GeneRunner n Multiple Primer Analyzer. ins oueHkn aHa-
NIUTUYECKON YYBCTBUTEMBHOCTU MynbTUnnekcHon MLUP-PB 6binn ckoHcTpynpoBaHbl nna3muabl pTZ57-gacA/B,
pTZ57-smrwv pTZ57-16S, cogepxawue cpparmeHTbl reHoB qacA/B, smrun 16S pPHK anuHon 197, 127 n 287 n. H.
COOTBETCTBEHHO. Anpobaunio MeTofa NPOBOAMIIN C UCNOMb30BAHMEM KITUHUYECKUX U30SATOB rPaMmnonoXnTeNb-
Hbix 6akTepuii (n = 30).

Pe3ynbratbl. PagpabortaHa mynstunnekcHas MLUP-PB ¢ ncnonb3oBaHnem 3oHgoB TagMan ans BeisiBneHust re-
HOB qacA/B v smry rpaMnonoxuTenbHbix 6akTepuii. B kauecTBe BHYTPEHHEro KOHTpons amnnudukauuy obin
ncnonb3oBaH reH 16S pPHK. YyscTBUTENbHOCTL MynbTUnnekcHon MLIP-PB coctasuna 10% konwin ans Bcex re-
HoB. Anpobauust mynstunnekcHow MLP-PB nokasana, 4to reHbl gacA/B npucytctBoBanu y 30% nccnenoBaHHbIX
nsonsTtos, smr —y 10%. BocnponssognmocTs pesynsratoB TecTupoaHusa coctasuna 100%. CneuundunyHocTb
pa3spaboTtaHHon mynsTunnekcHow MUP-PB coctasuna 100%.

3akntoyeHue. PaspabotaHHaa mynstunnekcHas [MLP-PB xapaktepu3yeTcst BbICOKON CneundUuYHOCTbIO 1 Obl-
CTPOTOM aHanun3a, a Takke Hanninem BHYTPEHHEro KOHTPONsA amnnmMdurKaumm n MoXeT BbITb UCNoNb3oBaHa Ans
BbISIBNIEHWNSI TPAMMOSIOKMTENBHbIX BakTepuii, noTeHUManbHo yctonumebix K OB 13 rpynnel KMAB, npu npoege-
HUW MOMEKYNSPHO-TEHETUYECKNX NCCNea0BaHWU.

KnioueBble cnoBa: de3uHghekmaHmbi, ycmoudueocms, qacA/B, smr, [P 8 peansHom epemeHu

HUcmoyHuk uHaHcupoeaHus. Pabota dpuHaHcmpoBanacs ®enepanbHoi cnyxboim no Hag3opy B cdepe 3aluThbl
npas notpebuTtenen n Gnaronony4ymsa Yenoseka (focynapcteeHHoe 3agaHve Ne 122030900064-9).

KoHgbriukm uHmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBME SIBHBIX Y MOTEHUMAmNbHbIX KOH(IIMKTOB MHTEPECOB, CBSI-
3aHHbIX C NyGnuKaumen HacTosIWEN cTaTby.
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Introduction

The spread of pathogenic bacterial strains resistant
to antimicrobials and disinfectants in recent decades is
one of the most acute problems of modern public health
care. Disinfectants are one of the most effective means
of non-specific prevention of infectious diseases and
play a leading role in the system of measures to pre-
vent infections associated with the provision of medi-
cal care, as well as widely used in catering enterprises,
food industry, municipal facilities, educational insti-
tutions and households. However, the phenomenon of

microbial resistance to disinfectants observed since the
1950s leads to a sharp decrease in the effectiveness of
disinfection measures [1], which is associated with the
use of ineffective modes of their application, leading to
the formation of microbial resistance to disinfectants,
as well as cross-resistance to antibiotics due to the pres-
ence of common mechanisms of action [2, 3].

Cationic surfactants, which include quaternary
ammonium compounds (QACs), guanidine derivatives,
and tertiary amines, are the most commonly used sur-
factants [4, 5]. In 2023, QACs accounted for the largest

© Kosaneuiyk C.H., Apxunosa A.J1., Kosbinkosa C.10., MnbnHa E.H., ®epoposa J1.C., 2024
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share of disinfectants in the global market', and this
trend is projected to continue for the next 10 years’.
According to available data, their share in the Russian
market is around 50-70% [6, 7].

The main mechanism of microbial resistance to
QAC:s is their intracellular concentration decrease due
to their elimination from the cell by efflux pumps [5, 8],
which are united into 6 superfamilies based on structur-
al similarity and peculiarities of functioning:

1) RND (Resistance-Nodulation Division);

2) SMR (Small Multidrug Resistance);

3) MATE (Multidrug And Toxic compound Extru-
sion);

4) MFS (Major Facilitator Superfamily);

5) ABC (ATP Binding Cassette);

6) PACE (Proteobacterial Antimicrobial Com-
pound Efflux) [9, 10].

Resistance to QACs in Gram-positive bacte-
ria is mainly associated with the efflux pumps QacA,
QacB (MFS superfamily), as well as Smr (QacC),
QacG, QacH, and QacJ belonging to the SMR super-
family [11, 12]. The prevalence of these efflux pumps
among Gram-positive bacteria has been monitored in
many countries using molecular genetic methods and
has shown that gacA, gacB and smr genes are the most
frequent [13—16]. At the same time, information on the
distribution of these genes among Russian isolates of
Gram-positive bacteria is practically absent. Only one
publication presented data on the presence of gacA
and gacB genes in Staphylococcus aureus isolates ob-
tained from surface washes in public places in Novosi-
birsk [17]. Given that gacA, gacB and smr genes have
predominantly plasmid localization, they can be widely
disseminated by horizontal transfer, leading to the for-
mation of acquired resistance to cationic surfactants in
Gram-positive bacteria [12].

The aim of the study was to develop multiplex
real-time PCR with fluorescently labeled probes to de-
tect gacA/B and smr genes in Gram-positive bacteria.

Materials and methods

Bacterial isolates

The study used isolates of Gram-positive bacteria
species Staphylococcus aureus (n = 12), S. haemolyti-
cus (n = 6), Enterococcus faecium (n = 6) and E. fae-

! Global antiseptics and disinfectants market size, share, trends

& growth forecast report — segmented by type (alcohol and
aldehyde, phenols and derivatives, biguanides and amides,
quaternary ammonium compounds, iodine compounds and
others), end user (domestic user and institutional user) and
region — industry forecast from 2024 to 2029. URL: https://
www.marketdataforecast.com/market-reports/antiseptics-and-
disinfectants-market (date of access 23.10.2024).

Global antiseptics and disinfectants market size to exceed USD
79.25 Billion by 2033 | CAGR of 10.67%. URL: https://finance.
yahoo.com/news/global-antiseptics-disinfectants-market-
size-160000859.html (date of access 23.10.2024).
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calis (n = 4), Streptococcus parasanguinis (n = 1) and
S. epidermidis (n = 1) obtained from medical institu-
tions in Moscow. Isolates were obtained from washes
taken from objects in the hospital environment, such as
surfaces of ventilators and ultrasound machines, bed-
side tables, bed rails. Bacteria were cultured for 16 h at
37°C in GRM-broth (State Research Center for Applied
Biotechnology and Microbiology). The species affilia-
tion of isolates was determined using a SMART MS
5020 mass spectrometer (Zhuhai DL Biotech Co., Ltd.).

DNA extraction

DNA was isolated from bacterial culture using Ex-
tractDNA Blood & Cells DNA extraction kit (Evrogen)
according to the manufacturer’s recommendations and
stored at —20°C. The concentration of DNA samples
was determined using a NanoDrop 2000C spectropho-
tometer (ThermoFS).

Development of primers and probes

The nucleotide sequences of the efflux pump genes
qacA, qacB, smr and 16S rRNA of Gram-positive bac-
teria were taken from the GenBank database® and were
analyzed using the BLASTN program®. Primers and
probes were designed based on conserved gene regions
using the GeneRunner v. 62.2.55 Beta® and Multiple
Primer Analyzer® programs.

Multiplex real-time PCR testing

Multiplex real-time PCR was performed in a vol-
ume of 25 ul in 96-well PCR plates using the CFX96
Real-Time System thermocycler (Bio-Rad Labora-
tories, Inc.). The reaction mixture included 5x buffer
and 2.5 U of Taq polymerase (Lytech LLC), primers
(0.5 uM each), TagMan probes (0.25 uM each; Table),
and DNA sample (5 ng). TagMan probes were synthe-
sized by “DNA Synthesis LLC”, primers were synthe-
sized by Eurogen. Reaction profile: 95°C — 2 min,
95°C — 155, 56°C — 20 s (36 cycles), 72°C — 30 s.

Determination of analytical sensitivity
of multiplex real-time PCR

To evaluate the analytical sensitivity of the meth-
od, plasmids pTZ57-qacA/B, pTZ57-smr and pTZ57-
16S containing fragments of qacA/B, smr and 16S
rRNA genes with lengths of 197, 127 and 287 bp, re-
spectively, were constructed. Cloning was performed
using the InsTAclone PCR Cloning Kit (ThermoFS) ac-
cording to the manufacturer’s recommendations. Plas-
mid concentrations were assessed using the Spectra Q
BR kit (Sesana LLC) and the Qubit fluorimeter (Ther-
moFS). Sequencing of the obtained plasmids was per-

3

URL: https://www.ncbi.nlm.nih.gov/genbank
4 URL: https://blast.ncbi.nlm.nih.gov/Blast.cgi
5 URL: http://www.generunner.net

¢ URL: https://www.thermofisher.com
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Nucleotide sequences of the primers and probes

Genes Nucleotide sequence (5'-3’) Size, bp
gacA/B-D: 5'-CTGGCTTATACCTATTACCTA-3'
qacA/B gacA/B-R: 5-TCCAACTAAAATTAATGCTAAAG -3' 197

qacA/B-Pb: 5'-HEX- CGATTTGGACCGAAAATAGTGTTAC-BHQ1

smr-F: AGTAAAACAATGCAACACCTAC-3'
smr smr-R: ATACTATAGTTATTAGATTTATTTG-3' 127
smr-Pb: 5-FAM-TTAGTCTTAACAACCGTAGTCTCAAT-BHQ1

16S-D: 5'-CAGCAGCCGCGGTAATAC-3'

16S rRNA

Bakt_805R: 5'-GACTACHVGGGTATCTAATCC-3' 287

16S-Pb: Cy5-5'-TGTAGCGGTGAAATGCG- BHQ2'

formed by the Sanger method. The samples of plasmids
pTZ57-qacA/B, pTZ57-smr and pTZ57-16S with the
concentration of 10!-10° copies in 1 pul were obtained
by tenfold dilutions and used as a template for real-time
PCR. The results were analyzed using the CFX96 Re-
al-Time System software (Bio-Rad Laboratories, Inc.).

Approbation and validation of the method

Multiplex real-time PCR validation was per-
formed using DNA isolated from Gram-positive bac-
terial isolates (n = 30). To assess the variability of PCR
threshold cycle (Cq) values, each sample was tested
in 3-fold repetition and the mean Cq values, standard
deviations (SD) and coefficient of variability (Cv, %)
were calculated. The obtained amplicons of gacA/B and
smr genes were analyzed by electrophoretic separation
in 1.5% agarose gel and sequenced by the Sanger meth-
od. To validate multiplex real-time PCR, the previously
described PCR methods with electrophoretic detection
of gacA/B [18] and smr gene fragments [19] were used.

Results

For multiplex real-time PCR, primers and TagMan
probes complementary to highly conserved regions
of qacA, gacB and smr genes were designed (Table),
which were identified on the basis of multiple align-
ment of all full-length nucleotide sequences of these
genes available in GenBank, EMBL’ and DDBJ* da-
tabases. We analyzed 302 nucleotide sequences of the
qacA/B genes and 220 sequences of the smr gene. Ana-
lysis of gacA and qacA/B genes showed that they dif-
fered by 8 nucleotides, so common primers and probe
were designed for them.

In PCR testing, the use of an internal amplifica-
tion control is important to exclude false negatives due
to missing or an insufficient amount of DNA in the re-
action mixture for detection. The 16S rRNA gene was
used as an endogenous internal amplification control
in the developed multiplex real-time PCR. The 16S-D
primer and probe were designed based on the analysis
of 5000 16S rRNA sequences (Table). The universal

7 URL: https://www.embl.org
8 URL: https://www.ddbj.nig.ac.jp

primer Bakt 805R, developed earlier, was used as a re-
verse primer [20].

Using the primers developed by us, we searched
for isolates of Gram-positive bacteria (n = 30) contain-
ing gacA/B and smr genes. The amplicons obtained
were analyzed by electrophoretic separation in 1.5%
agarose gel. The amplicon lengths of the gacA/B and
smr genes were as expected (Table; Fig. 1). The spec-
ificity of the primers was confirmed by sequencing the
amplicons using the Sanger method.

To evaluate the analytical sensitivity of multiplex
real-time PCR, plasmids pTZ57-qacA/B, pTZ57-smr
and pTZ57-16S containing the obtained amplicons of
qacA/B, smr and 16S rRNA genes were constructed.
Using tenfold dilutions, their samples with concentra-
tions ranging from 10' to 10° copies in 1 puL were ob-
tained and used as a template for the developed multi-
plex real-time PCR. The sensitivity of multiplex real-
time PCR amounted to 10° copies for all genes. The
amplification efficiency of gacA/B, smr, and 16S rRNA
genes was 95.1, 91.3 and 101.8%, respectively (Fig. 2).

The developed multiplex real-time PCR was tested
using 30 clinical isolates of Gram-positive bacteria ob-
tained from medical institutions of Moscow. Testing
was performed in 3 repetitions. It was found that 30%
of isolates (6 isolates of S. haemolyticus and 1 isolate
each of E. faecium, E. faecalis and S. parasanguinis)
had gacA/B genes, and 10% of isolates (2 isolates of
S. haemolyticus and an isolate of S. epidermidis) con-
tained the smr gene. Both gacA/B and smr were found
in 2 S. haemolyticus isolates. Reproducibility of test re-
sults for all samples was 100%, and the coefficient of
variability of Cq values ranged from 3.4 to 6.2%. The
results of multiplex real-time PCR completely matched
both the data of monoplex PCR assays with electropho-
resis detection and the results of Sanger sequencing of
amplicons. PCR methods with electrophoretic detection
of gacA/B and smr genes, previously proposed by K.H.
Lin et al. [18] and N. Noguchi et al. [19], respectively,
were used for comparison with the developed multiplex
real-time PCR. The results obtained using these meth-
ods were also in complete agreement. Thus, the speci-
ficity of our developed multiplex real-time PCR with
probes labeled with fluorescent dyes was 100%.
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1723456789 C 10 11 12 C- M A multiplex real-time PCR method has been developed,
S ISISIOESISICISI IO =, = = bp which lacks the disadvantages of the above-mentioned
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Fig. 1. Results of the amplification of gacA/B and smr genes.

1-9 — qacA/B-positive isolates; 10—12 — smr-positive isolates.
C— — negative control. M — DNA length marker.

Discussion

Detection of resistance genes by PCR methods is
a widespread and available procedure for their moni-
toring. Analysis of literature sources has shown that
several methods for detection of gacA/B and smr genes
based on PCR with electrophoretic detection of results
[9, 14, 21-23] and real-time PCR using intercalating
DNA dyes [18, 24] have been proposed to date, but
these methods have a number of disadvantages related
to the duration of testing and reliability of results. The
PCR method with electrophoretic detection requires gel
electrophoresis, which increases the duration of the as-
say compared to real-time PCR and makes it laborious
and inconvenient for testing a large number of clinical
isolates. PCR using intercalating dyes allows real-time
detection of amplicons, which reduces the duration
of testing compared to the previous method, but may
give false-positive results because intercalating dyes
bind to all double-stranded DNA, including primer
dimers and possible nonspecific PCR products, which
requires careful selection of primers and observance
of PCR conditions, including the reagents used [25].

Standard curve

Foovi o i
+

4:0 4:5 5,0

Copy number
R>=0,990 Slope=-3,551 y-int=39,857
R?=0,998 Slope=-3445 y-int=35473
R*=0,985 Slope=-3,280 y-int=39,452

smr E=91,3%
qacA/B  E=95,1%
16S rRNA E=101,8%

Fig. 2. Results of multiplex PCR sensitivity evaluation
for detection of gacA/B and smr genes in gram-positive
bacteria.

methods due to the use of TagMan probes labeled with
fluorescent dyes, as well as the presence of internal am-
plification control.

Conclusion

A multiplex real-time PCR with probes labeled
with fluorescent dyes for detection of gacA/B and
smr genes of Gram-positive bacteria. It differs from
the existing methods in its simplicity and rapidity of
analysis, as well as by the presence of internal amplifi-
cation control, which eliminates false-negative test re-
sults. The developed multiplex real-time PCR can be
used to monitor the prevalence of gacA/B and smr
genes to detect Gram-positive bacteria potentially re-
sistant to cationic biocides. However, it should be tak-
en into account that all molecular genetic assays are
diagnostic tools and do not exclude the necessity to
confirm the resistance phenotype by microbiological
methods.
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