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Background. The etiological agent of gonococcal infection is capable of rapid development of
antimicrobial resistance. The proportion of drug-resistant N. gonorrhoeae isolates in the world is growing
each year, which increases the likelihood of an incurable infection.

Purpose of the study. Updating data on the distribution of genetic determinants of resistance in isolates
of the modern Russian population of N. gonorrhoeae to a number of antimicrobial drugs using hydrogel
biochip technology.

Methods. The study included 360 N. gonorrhoeae isolates submitted to the State Research Center

for Dermatoveneorology and Cosmetology of the Ministry of Health of Russia from specialized
dermatoveneorological medical organizations of eight constituent entities of the Russian Federation in
2019-2023. The susceptibility of N. gonorrhoeae to penicillin, ceftriaxone, tetracycline, azithromycin,
and ciprofloxacin was determined by serial dilution in agar, with estimation of the minimum inhibitory
concentration (MIC). The genetic determinants of N. gonorrhoeae resistance to antimicrobial drugs were
identified using hydrogel biochip technology.

Results. The current data on the distribution of genetic determinants of N. gonorrhoea resistance to
antimicrobial drugs are presented. In the Russian population of N. gonorrhoea, active processes are
occurring that result in redistribution of the proportions of isolates that are resistant to different antimicrobial
drugs. Since 2020, azithromycin resistance has increased, as well as there has been an increase in the
proportion of isolates resistant to ciprofloxacin, sensitivity to penicillin has been restored, while the whole
population remains sensitive to ceftriaxone. The validated biochip-based “NG-TEST” reagent kit provides
a rapid determination of the N. gonorrhoeae resistance to ceftriaxone through the simultaneous identification
of genetic determinants in the penA, ponA, and porB genes, as well as the calculation of the MIC value.
Conclusions. Microarray technologies for the identification of genetic determinants of N. gonorrhoeae
antimicrobial resistance can be used as an auxiliary tool for the identification of resistant strains. The
results of microarray-based analysis contribute to the selection of a treatment strategy for patients and
provide an opportunity to monitor the molecular-epidemiological picture at the population level.
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KPOYHUIIOBBIE TEXHOAOTUH AAS AHAAW32
T€HETHYECKUX ACTEPMUHAHT YCTONIUBOCTH [Neisseria gonorrhoeae
K IIPOTHBOMHUKPOOHBIM IIpEIapaTam

© Wackonbckuid b.J1.", Kpasuos [.B.", Kanauxos W.1.", TpsayHos [J.A.", Lnunesas M.B.2, LLlara6uesa H0.3.2, Hocos H.10.2

TL{eHTp BbICOKOTOYHOTO PEJAKTUPOBAHIS 1 FEHETUHECKNX TEXHONOWIA AN OUOMEAULMHBI, VIHCTUTYT MONEKYNSPHOIA B1onorin
umeHn B.A. SHrenbrapara Poccuiickoli akagemum Hayk, Mocksa, Poccus
2[0CYAPCTBEHHbIIA HAY4HbIA LEHTP AepMAaTOBEHEponorin u kocmetonorum, Mocksa, Poccus

O6ocHoBaHue. Bo36yautenb rOHOKOKKOBOW MHADEKLMM CNOCO6EH H6bICTPO (hopMUPOBaTh YCTOMHNBOCTb

K NPOTUBOMMKPOBHBLIM Npenaparam. [Jona nekapcTBeHHO-yCcTon4YnBbIX n3onatos Neisseria gonorrhoeae B mvupe
pacTeT € KaXAbIM roAoM, YTO MNOBbILLAET BEPOATHOCTb BOSHUKHOBEHUS HEN3NEYMMON MHAEKLUW.

Llenb nccnepoBaHunsa. AKTyanusauns gaHHbIX O pacnpocTpaHeHUn reHeTUYeCKUX AeTepMMHaHT YCTONYMBOCTHU
N30MATOB COBpeMEeHHOW poccuickon nonynauun N. gonorrhoeae K psify NpoTMBOMUKPOGHbLIX NpenapaTos

C UCMNOJIb30BaHNEM TEXHOOMNN r’MAporenesbiX 6MOYNMNOB.

MeTopabl. B uccnegosaHume skntoyveHo 360 nsonatos N. gonorrhoeae, noctynuswnx ¢ 2019 no 2023 r. 8 DY
«MHUOK» MuHagpasa Poccun na cneumnanmanpoBaHHbIX MEAULUHCKUX OpraHm3alnmi gepmMaToBeHeponorn4eckoro
npoduna BocbMn cyobekToB Poccurickon ®epepauun. TectuposaHue vyscteutensHoctu N. gonorrhoeae

K NEHULUINNHY, LeTPprUaKkCoHy, TeTpauuKInHy, asuTpoMULMHY U LUNPOMIOKCaLUHY OCYLLLECTBASANN METOL0M
CepuiHbIX pa3BefeHunit B arape ¢ onpegeneHneM MMHUMarbHbIX NOAaBNSAIOWNX KOHUeHTpaumi (MIK).
MoeHTudukKaumio reHeTn4ecknx geTepMmnHaHT yctomndmeoctun N. gonorrhoeae K NnpoTMBOMUKPOGHLIM rnpenaparam
NPOBOAMIN C MOMOLLIbIO TEXHONOM MU rMaporeneBbiX 6UOYMMOB.

PesynbTatbl. [peacrasneHsl akTyasnbHble AaHHbIE MO pacnpoCTPaHeHUo reHeTUYECKUX JeTepMUHAHT
yctonumsoctn N. gonorrhoeae K npoTUBOMUKPOGHLIM npenapaTam. B poccuiickon nonynauun N. gonorrhoeae
NPONCXOQAT aKTUBHbIE MPOLECChI, CBA3AHHbIE C NepepacnpefeneHnem gonem n3onaTos, yCTONYMBLIX K pa3HbIM
NPOTUBOMMKPOG6HBIM nNpenapartam. C 2020 r. BO3pocna yCTONYMBOCTb K a3UTPOMULMHY, NOBbILLEHA [0S U30MATOB,
YCTONYMBBLIX K LMNPOrioKcauuHy, Npon3oLuio BOCCTaHOBEHNE YYBCTBUTENBHOCTU K MEHULMITINHY, NPU 3TOM

BCH NOMynsAUMSA OCTaeTca YyBCTBUTENbHOM K LedTpnakcoHy. BanuanposarHbii Ha6op peareHToB «NG-TECT»

Ha ocHoBe 6uouuna obecnedymnBaeT 6bICTpPOe onpefeneHue ycrtondneoctu N. gonorrhoeae K uehTprakcoHy
nocpefcTBOM OQHOBPEMEHHOM UOSHTUMUKALNN FEHETUYECKNX JeTepMUHAHT B reHax penA, ponA v porB v pacyeTta
3HaveHua MIK.

3aknioyeHune. MMkpo4MnoBble TEXHONOMUKN ANa MAeHTUdUKaLUUM geTepMuHaHT yctonumnsoctn N. gonorrhoeae

K NPOTUBOMMKPOBHBLIM Mpenaparam MoryT 6bITb UCMOMb30BaHbl B KAY4EeCTBE BCNOMOraTelbHOro MHCTpyMeHTa
BbISIBNIEHUSA PE3UCTEHTHbIX LUTAMMOB. Pe3ynbTaThl aHanuaa Ha 6uo4nnax crnoco6CTBYIOT BbIGOPY cTpaTernm
nevyeHns NaumeHToB 1 obecrneynBaloT BO3MOXHOCTbL HA60AEeHMA 3a MONEKYNAPHO-3NNOEMNONIOrMYECKON
KapTWUHOW Ha YPOBHE MONynsunii.

Knto4deBble cnoBa: Neisseria gonorrhoeae; ycTOMMUMBOCTb K MPOTUBOMUKPOGHBIM Npenaparam; OJIMrOHyKNeoTUaHbIe
MUKpPOYMUNbI

KOHMNUKT MHTEPECOB: aBTOpbLI AaHHOM CTaTby NOATBEPAUN OTCYTCTBUE KOH(NNKTA MHTEPECOB, O KOTOPOM HEOGXOAUMO
COOBLWMNTD.

NcTOUYHUK (brHaHCMpoOBaHWS: pa6oTa BeinosiHeHa nNpy Nogaepxke Poccminckoro Hay4yHoro cpoHaa, rpaHT Ne 24-25-20084.
[Ons uMtnpoBaHus: Wackonbckuii B.J1., Kpasuos O.B., KanguHos W.0., MpagyHos O.A., LUnunesas M.B., Lara6uesa 10.3.,
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Il Background

Despite almost a hundred-year-long history of treatment
of gonococcal infection with a variety of antimicrobial
drugs, more than 80 million cases of this disease are
recorded annually in the world [1]. The etiological agent
of gonorrhea is the gram-negative bacterium Neisseria
gonorrhoeae, which has an exceptional ability to develop
antibiotic resistance [2]. The proportion of drug-resistant
N. gonorrhoeae strains in the world increases every year;
cases of unsuccessful treatment of gonococcal infection with
recommended products due to super-resistant gonococcal
variants are published regularly [2—4]. Epidemiological data
show that the situation with gonococcal infection in Russia
over two decades of the 21st century has been and remains
better than in European countries and the USA, despite the
general recent increase in incidence: in 2021 — an increase
by 10.4 % compared to the previous year; in 2022 — by
10.0 %; during the first four months of 2023 — by 5.5 %
compared to the same period in 2022 [5].

The product of choice for the treatment of gonococcal
infection in the Russian Federation is ceftriaxone, a third
generation cephalosporin. In the Russian gonococcal
population, the proportion of ceftriaxone-resistant isolates is
minimal; studies have reported detection of sensitive isolates
only [6]. This condition is atypical against the background
of a global trend towards an increase in detected cases of
isolates resistant to third-generation cephalosporins [7—11].
Quite a difficult situation is observed in China, where the
proportion of ceftriaxone-resistant isolates increased from
2.9 % in 2017 to 8.1 % in 2022 [7].

An analysis of the Russian N. gonorrhoeae population
sensitivity to azithromycin (used as a component of
combination treatment of gonococcal infection in a large
number of countries, but not recommended for therapy in
Russia) showed an increase in resistant isolates from 0 %
in 2018-2019 to 17 % in 2020 and 9 % in 2021 [12]. This
proportion of azithromycin-resistant isolates precludes
its use in accordance with the World Health Organization
(WHO) criterion, in which the total proportion of gonococcal
strains sensitive to an antimicrobial drug should not be lower
than 95 % [13]. At the same time, the obtained data on the
N. gonorrhoeae resistance to azithromycin emphasize the
need for further epidemiological surveillance for spread of
new variants of the etiological agent of gonococcal infection
in Russia.

In the current situation, studies aimed at annual
monitoring of the Russian population of the etiological
agent of gonococcal infection are quite relevant, including
those aimed at identification of genetic determinants of
resistance to both ceftriaxone and azithromycin, as well as
to products previously used to treat gonorrhea — penicillin,
tetracycline and ciprofloxacin. To solve the set tasks, the
Institute of Molecular Biology of the Russian Academy of
Sciences (IMB RAS), together with the State Research
Center for Dermatovenereology and Cosmetology of the
Ministry of Health of Russia (FSBI “SRCDC” of the Ministry
of Health of Russia) have developed several generations of
oligonucleotide hydrogel microarrays (biochips), providing
accurate identification of the genetic determinants of
N. gonorrhoeae resistance to various antimicrobial drugs
[12, 14, 15]. Particular attention is paid to the analysis
of ceftriaxone resistance, where, based on the results
of identifying determinants using a biochip, a machine
learning method is used to predict the minimum inhibitory
concentration (MIC) of ceftriaxone [16]. The developed
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approach with the modifications described in this paper
(i.e., molecular probes helping to determine belonging to
the species N. gonorrhoeae) became the basis for the “NG-
TEST” reagentkit for identification of the genetic determinants
of resistance to the third-generation cephalosporins for the
etiological agent of gonococcal infection N. gonorrhoeae.

The purpose of this study is to update data on the
distribution of genetic determinants of resistance to a
number of antimicrobial drugs for the modern (2019-2023)
Russian population of N. gonorrhoeae isolates using
hydrogel biochip technology.

Methods

Study objects

The studyincluded 360 clinicalisolates of N. gonorrhoeae
submitted to the reference center of the FSBI “SRCDC” of
the Ministry of Health of Russia as part of surveillance for
antimicrobial resistance of sexually transmitted infections,
including 123 clinical isolates in 2019; 119 — in 2020;
52 — in 2021; 25 — in 2022; 42 — in 2023. The samples
were received from specialized dermatovenereological
medical institutions located in eight constituent entities of
the Russian Federation, belonging to five federal districts:
Central — Moscow (n = 17) and Kaluga region (n = 101);
Northwestern — Arkhangelsk region (n = 29); Southern —
Astrakhan region (n = 23); Volga Federal District — the
Republic of Tatarstan (n = 20) and the Chuvash Republic
(n =76); Siberian — Omsk (n = 20) and Novosibirsk (n = 74)
regions.

Primary identification of N. gonorrhoeae isolates was
carried out in the region of their isolation based on the
results of microscopic examination and oxidase test [17—
19]. The final verification was carried out at the reference
center of the FSBI «SRCDC» of the Ministry of Health of
Russia using NH cards on a VITEK 2 Compact analyzer
(bioMérieux, France). For gram-negative oxidase-positive
diplococci assessed as N. gonorrhoeae with a probability
of less than 99 % based on a combination of biochemical
properties, a supportive confirmatory test was carried out
using a MALDI Microflex time-of-flight mass spectrometer
with ionization (Bruker Daltonics GmbH, Germany).

Antimicrobial sensitivity testing

Determination of N. gonorrhoeae strains sensitivity
to antimicrobial drugs was carried out using the method
of serial dilutions in agar in accordance with the standard
procedure [20] using the control strain N. gonorrhoeae
ATCC 49 226 from the collection of type cultures of
microorganisms. The assessment of N. gonorrhoeae
sensitivity to antimicrobial drugs was performed in
accordance with the criteria of MUK (methodology regu-
lations) 4.2.1890-04 (https://fcgie.ru/download/elektron-
naya_baza_metod_dokum/muk_1890-04.pdf, accessed
on September 12, 2024) for all antimicrobial drugs, except
azithromycin, for which the EUCAST criteria were applied
(The European Committee on Antimicrobial Susceptibility
Testing, Version 14.0, http://www.eucast.org, accessed on
September 12, 2024). Antimicrobial sensitivity criteria for
N. gonorrhoeae are presented in Table 1.

Identification of genetic determinants

of N. gonorrhoeae antimicrobial resistance

Bacterial DNA was isolated using the “DNA-Express” kit
(Litech, Russia), DNA concentration was assessed using a
Qubit 3.0 spectrofluorometer (Invitrogen, USA).
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Table 1. Criteria of phenotypic sensitivity of N. gonorrhoeae to antimicrobial drugs
Tabnuua 1. Kputepuu deHotuninyeckoi YyscTeutensHocti N. gonorrhoeae
K MPOTUBOMMKPOGHBIM Mpenaparam

Antimicrobial drug (S; MR; R, mg/L)
Penicillin (< 0.06; 0.12-1.0; > 2.0)
Ceftriaxone (< 0.25; —; > 0.25)
Tetracycline (< 0.25; 0.5-1.0; > 2.0)

Azithromycin (< 1.0; —; > 1.0)
Ciprofloxacin (< 0.03; 0.06; > 0.06)

Note. S — sensitive; MR — moderately resistant; R — resistant. Azithromycin
is always used in combination with another effective agent. MUK 4.2.1890-04
does not contain any indications for azithromycin, therefore EUCAST 14.0
was used, in which the ECOFF resistance threshold is 1 mg/I.

lpumeyanne. 4 — 4yBCTBUTENbHBIA; YP — yMEpeHHO pe3ncTeHTHbIn; P —
PE3NCTEHTHbIA. AUTPOMULIMH BCeraa NCNosib3yeTcst B COMeTaHUmn ¢ Apyrum
ahheKTBHBIM CpeacTBoM (LedTprakcoHoM unu uedmkcumom). B MYK
4.2.1890-04 OTCYTCTBYIOT ykadaHus 06 a3uTpOMULUMHE, B CBA3U C 4EeM UC-
nonb3osanu EUCAST 14.0, B koTopom nopor yctonunsoctn ECOFF cocTtas-
nset 1 Mr/n.
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Analysis of genetic determinants associated with
ceftriaxone resistance was carried out using production
samples of the NG-TEST reagent kit. A specialized hydrogel
biochip (Fig. 1) provided simultaneous identification of the
following determinants:

insertion of an aspartic acid codon at position 345—
346 of the penA gene and Ala311Val; lle312Met;
Val316Thr, Pro; Thr483Ser; Ala501Val, Thr, Pro;
Asn512Tyr; Gly542Ser; Gly545Ser, and Pro551Leu,
Ser substitutions in mosaic and non-mosaic alleles of
the penA gene;

Leu421Pro substitution in the ponA gene;

Gly120Lys, Arg, Asp, Asn, Thr, and Ala121Asp, Asn,
Gly, Val, Ser substitutions in the porB gene.

The biochip also included molecular probes to detect
N. gonorrhoeae species-specific polymorphisms in the
ISNgo2 transposable element (see Fig. 1).

Elements of the biochip are represented in the form of
circles, highlighted in different colors based on the locus
analyzed, and the detectable marker is indicated inside
them. Elements with probe sequences corresponding to
the wild type are highlighted with a thick line. Elements with

Gly 120
Ala 121
97
Asn 120
Asp 121
98

poOnA

G

:f.z:zzr w3 porB
106

Asn 120 H
ASP

Fig. 1. Schematic diagram of the biochip included in the “NG-TEST” kit and containing 113 immobilized oligonucleotide probes
Puc. 1. Cxema 6roynna, Bxoasiuero B Habop «NG-TECT» n cogepxattero 113 nmmobunn3oBaHHbIX 0UMrOHYKNEOTUAHbIX 30H0B
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the indixes “Ng+” and “Ng—" contain probes for polymorphic
loci from the transposable element ISNgo2 and are used for
species identification of N. gonorrhoeae. Cells with index “0”
do not contain oligonucleotides and are used to normalize
the background signal. Cells with index “M” contain a
fluorescent marker and are necessary for automatic
processing of the biochip hybridization pattern.

The analysis procedure included multiplex amplification
and simultaneous fluorescent labeling of N. gonorrhoeae
genome fragments, followed by hybridization of the
resulting products on a biochip, automated registration and
interpretation of results using a universal hardware and
software complex for biochip analysis (IMB RAS, Russia).
Based on the results of the analysis, genetic determinants
associated with N. gonorrhoeae antimicrobial resistance
were determined.

Ceftriaxone MIC value of an individual isolate with
an identified set of genetic determinants was calculated
using a 20-parameter regression model as described
previously [16]. Fig. 2 presents fluorescent patterns and
interpretation of the results of analysis using biochips for the
purpose of identifying mutations and predicting ceftriaxone
MIC. The biochip elements in which the immobilized
probes have formed perfect hybridization complexes with

12 3 4 5 67 8 9 10 11 12
A® @ CNON W N R
B e
c e
D @
£ ) @ ®
F
G
H ORC ®
| ® k-
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Neisseria gonorrhoeae DNA has been detected

No mutations associated with decreased susceptibility
to ceftriaxone have been found

Mutations in the penA gene:

not found
Mutations in the ponA gene:

not found

Mutations in the porB gene:

120: not found

121: not found

Ceftriaxone MIC (mg/L): 0.002 (< 0.25)
Isolate is susceptible
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the wild-type DNA are highlighted green. The elements
of the biochip with complexes of immobilized molecular
probes and DNA with mutations are highlighted red (in
accordance with the biochip diagram in Fig. 1). Reports on
interpretation of the results confirming that the analyzed
DNA belongs to the species N. gonorrhoeae, the presence/
absence of mutations in the penA, ponA and porB genes
and the calculated ceftriaxone MIC values when analyzing
DNA: 1) an isolate without mutations carrying the non-
mosaic penA gene (ceftriaxone MIC = 0.002 mg/L); 2) an
isolate possessing a mosaic penA gene with various
substitutions and multiple mutations in the penA, porB,
ponA genes (ceftriaxone MIC = 0.031 mg/L). Both isolates
are sensitive to ceftriaxone according to the criteria of MUK
4.2.1890-04.

Determination of genetic determinants of resistance
of N. gonorrhoeae isolates to azithromycin, penicillin, tet-
racycline, and ciprofloxacin was carried out as described
previously [12, 15]. The presence of the C2611T substitu-
tion in 23S rRNA or a genetic profile in which a mosaic
allele of the mirR promoter is present with a mosaic allele
of mtrD were considered as markers of azithromycin re-
sistance. The consistency of this approach was previously
shown [21].

1 2 3 4 % &6 7 8 8 90 11 12
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Neisseria gonorrhoeae DNA has been detected

Mutations associated with decreased susceptibility
to ceftriaxone have been found

Mutations in the penA gene:
312: lle->Met (mosaic allele)
316: Val->Pro (mosaic allele)
345-346: ins Asp

483: Thr->Ser (mosaic allele)
551: Pro->Ser

Mutations in the ponA gene:
421: Leu->Pro

Mutations in the porB gene:
120: Gly->Asp

121: Ala->Gly

Ceftriaxone MIC (mg/L): 0.031 (< 0.25)
Isolate is susceptible

Fig. 2. Fluorescent hybridization patterns and interpretation of the results of biochip-based analysis of N. gonorrhoeae isolates using the “NG-TEST” reagent kit
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Statistical analysis

When analyzing the isolates sensitivity to ceftriaxone
and azithromycin, the results of resistance determination
using a reference microbiological and molecular method
were compared and the parameters of diagnostic specificity
(S,) and sensitivity (S,) were calculated using the following
formulas:

x 100 %,

S =T,/(T,+F)
F) x 100 %,

S=T (T,

p

+ +

where T and T are the true positive and true negative

p L .
results, respectively; F  and F are the false positive and
false negative results, respectively.

Results

Resistance of N. gonorrhoeae isolates to ceftriaxone

All isolates analyzed were sensitive to ceftriaxone;
4.7 % of isolates had a ceftriaxone MIC value of 0.06 mg/L,
which is only two dilutions below the resistance threshold.
The distribution of genetic determinants of resistance in the
population taking into account ceftriaxone MIC is presented
in Fig. 3. A significant proportion of isolates with reduced
sensitivity (MIC_, > 0.03 mg/L) had substitutions in the
penA (312Met, 316Thr, 501Val, 545Ser, 551Ser) and porB
(120Lys) genes. In most cases, it was combinations of
mutations in the penA, ponA and porB genes, and not single
substitutions, that led to a significant decrease in sensitivity
to ceftriaxone. Isolates with reduced sensitivity also exhibited
genetic profiles typical for penA mosaic alleles, with the
following substitutions: lle312Met, Val316Thr, Asn512Tyr,
and Gly545Ser. In total, mosaic alleles of the penA gene
were found in 4.3 % of the studied sample isolates (see
Fig. 3).

The results of comparing ceftriaxone MIC values
obtained by a serial dilution method with the MIC value

Susceptibility

to ceftriaxone
@ Decreased (MIC > 0.03 mg/L)
[ Not decreased (MIC < 0.03 mg/L)

e —
[EZEEm

ORIGINAL STUDIES / HAYYHbIE NCCIEAOBAHNA

predicted by the “NG-TEST” kit are presented in Table 2.
According to the table data, the predicted MIC values
coincide well with the experimentally measured ones. For
78 % of the strains, the predicted values differed by not
more than one twofold dilution. When analyzing the sample,
no false positive results were obtained; all isolates were
correctly identified as sensitive ones. Thus, the modern
Russian gonococcal population continues to be sensitive to
ceftriaxone.

Resistance of N. gonorrhoeae isolates to azithromycin

The proportion of azithromycin-resistant isolates
(MIC >1 mg/L) made up a total of 11 % of the entire
sample. The distribution of genetic profiles associated
with azithromycin resistance when dividing isolates
into sensitive and resistant ones is presented in Fig. 4.
In azithromycin-resistant isolates, an increase in the
proportion of genotypes with a mosaic mirR gene promoter
in combination with a mosaic mtrD gene was observed.
7.5 % of resistant isolates had C2611T substitutions in the
23S rBRNA gene, and in all cases they were present in all
four copies of the rrn operon. No isolates with 2058G or
2059G substitutions in the 23S rRNA gene were identified.
2.5 % of azithromycin-resistant isolates did not contain
mutations in the analyzed mtrR, mtrD and 23S rRNA loci.
The genetic profile most typical for azithromycin-resistant
isolates included the mosaic mtrD gene, the mosaic mtrR
promoter, and a substitution in the coding region of the
mirR gene Ala86Thr.

Based on the results of comparing data on
phenotypic sensitivity to ceftriaxone and azithromycin
and identifying genetic determinants of resistance to
these products using microarray technologies, the
diagnostic characteristics of molecular methods were
determined (Table 3).
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Fig. 3. Distribution of substitutions in the penA, ponA and porB genes when dividing the study sample isolates into groups with reduced (MIC,,; > 0.03 mg/L) and non-reduced

(MIC, < 0.03 mg/L) sensitivity to ceftriaxone

Puc. 3. Pacnpezienenne 3ameH B rexax penA, ponA v porB npi pasaenesnin n3oNsToB UCCEAYEMON BbIOOPKIA HA FPYMMbI CO CHUMKEHHOI (MﬂKm > 0,03 Mr/n) 1 HeCHWKEHHON

(MITK ¢, < 0,03 Mr/n1) YyBCTBUTENBHOCTHHO K LIECRTPUAKCOHY
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Table 2. A comparative analysis of the results obtained for the determination of ceftriaxone MIC in N. gonorrhoeae strains, using either a serial dilution method or the NG-TEST kit
Tabnuua 2. CpaBHeHe pe3ynbratos onpeaeneHus 3qaqeHns MIIK uedTpruakcona y wrammos N. gonorrhoeae, nony4eHHbIX METOAOM CEPUIAHBIX PA3BEAEHWIA 1 C UCNONb30BaHIEM

Habopa «NG-TECT»

Phenotypic data

Predicted MIC_, mg/L

cef’

MiC,,, mg/L Number of samples Geometric mean
0.0015 1 0.005
0.002 14 0.0039
0.004 7 0.0077
0.008 76 0.0091
0.015 39 0.0135

0.03 36 0.009
0.06 17 0.0081

Resistance of N. gonorrhoeae isolates to ciprofloxacin,

tetracycline and penicillin

Resistancetociprofloxacin.Onaverage, the proportion
of isolates resistant to ciprofloxacin (MIC > 1 mg/L) was
49 %; 1 % were moderately resistant (MIC 0.12—0.50 mg/L)
and 50 % were sensitive (MIC < 0.06 mg/L). The distribution
of genetic profiles characterizing N. gonorrhoeae resistance
to ciprofloxacin, when dividing the sample of isolates into
sensitive, moderately resistant and resistant ones, is
presented in Fig. 5.

In the majority of ciprofloxacin-resistant isolates,
mutations in the “quinolone pocket” were detected,
among which the Ser91Phe substitution in the gyrA gene
should be noted. As a rule, in the study sample it was
not isolated, but was found in combination with the gyrA
95Ala/Gly/Asn and/or parC 87Arg/91Gly substitutions,
which led to a sharp increase in MIC above the resistance

Resistance to azithromycin

threshold (from 4 to 16 mg/L for the first and second
profiles, respectively).

Resistance to penicillin. The proportion of isolates
resistant to penicillin (MIC > 2 mg/L) was 8 %; 41 % were
moderately resistant (MIC — 0.12—-1.00 mg/L), 50 % were
sensitive (MIC < 0.06 mg/L). The distribution of genetic
profiles characterizing N. gonorrhoeae resistance to
penicillin, when dividing the sample of isolates into sensitive,
moderately resistant and resistant ones, is presented in
Fig. 6.

31 % of resistant isolates carried the blaTEM plasmid,
the presence of which increased penicillin MIC to 4-32 mg/L.
Leud421Pro substitution in the ponA gene in combination with
mutations in the penA and porB genes was found in 55 %
of resistant isolates. A significant proportion of sensitive
isolates had an isolated aspartate insertion at codon 345 of
the penA gene. The most typical genetic profile for penicillin-
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Fig. 4. Distribution of genetic profiles of the mtrR, mirD, and 23S rRNA loci in azithromycin-resistant and azithromycin-sensitive isolates in the study sample
Puc. 4. PacnpeneneHue reHeTnyeckux npodmneir nokycos mirR, mirD n 23S pPHK B ycTOI4MBbIX 1 YyBCTBUTENbHBIX K a3UTPOMULIMHY 30SITaX B UCCNELYEMON

BbIGOPKE
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Table 3. A comparative analysis of the results of N. gonorrhoeae strains sensitivity to ceftriaxone and azithromycin using the method of serial dilutions and microarray technology
Tabnuua 3. CpaBHeHue peaynsratos ONpeaeneHns YyBCTBIATENLHOCTY WTaMMoB N. gonorrhoeae K LiedTpIakcoHy v a3uTpOMULIAHY METOOM CepuitHbIX Pa3BEAEHN 1 C UCMONb30-

BaHWEM MUKPO4MMOBBIX TEXHOMOTIA

Resistance

Number of isolates with the

Presence

Product L . of resistance Sensitivity, % Specificity, %
characteristics corresponding phenotype TG

Sensitive 360 0

Ceftriaxone — 100
Resistant 0 0
Sensitive 339 24

Azithromycin 88 93
21 18

resistant isolates included the Leu421Pro substitution in the
ponA gene, an aspartate insertion at codon 345 of the penA
gene with a Gly542Ser substitution in the same gene, and
the Gly120Lys mutation in the porB gene.

Resistance to tetracycline. On average, the proportion
of isolates resistant to tetracycline (MIC > 2 mg/L) was 21 %;
30 % were moderately resistant (MIC — 0.5-1.0 mg/L),
43 % were sensitive (MIC < 0.25 mg/L). The distribution of
genetic profiles characterizing N. gonorrhoeae resistance
to tetracycline, when dividing the sample of isolates into
sensitive, moderately resistant and resistant ones, is
presented in Fig. 7.

62 % of tetracycline-resistant isolates carried the tetM
conjugative plasmid, the presence of which increased
tetracycline MIC to 4-16 mg/L. The isolated Ala86Thr
mutation in the coding region of the mirR gene was
significantly more common in sensitive isolates. The most
typical genetic profile for tetracycline-resistant isolates
without a conjugative plasmid included the Val57Met
substitution in the rpsJ gene, an adenine deletion at
position 35 of the mirR gene promoter and the Ala86Thr

substitution in the same gene, as well as the Gly120Lys
mutation in the porB gene.

Dynamics of antimicrobial resistance

of N. gonorrhoeae isolates in 2019-2023

Analysis ofthe distribution of genetic profiles characterizing
N. gonorrhoeae antimicrobial resistance shows different
trends in the distribution of typical determinants that make
the greatest contribution to the MIC increase. The proportions
of isolates with typical genetic determinants of resistance
to ciprofloxacin, penicillin, tetracycline and azithromycin in
2019-2023 are presented in Fig. 8.

The disappearance of isolates resistant to penicillin
occurs against the background of disappearance of strains
with the blaTEM plasmid gene in the population (at least in
the analyzed sample) and a decrease in the proportion of
isolates with chromosomal determinants of resistance — the
Leud421Pro substitution in the ponA gene and an aspartate
insertion in codon 345 of the penA gene.

The opposite trend is observed when analyzing
tetracycline resistance: an increase in the proportion of

without mutations in gyrA and parC

|:||| parC 87Arg
Susceptibility to ciprofloxacin
&= Susceptibility (MIC < 0.06 mg/L) [ gyrA 95Gly
= Intermediate resistance (MIC 0.12-0.5 mg/L) I] gyrA 91Phe + parC 87Asn
[ Resistance (MIC > 1.0 mg/L) |:| gyrA 91Phe + parC 87Arg
I gyrA 91Phe 95Gly
] gyrA 91Phe 95Gly + parC 87Arg
[ gyrA 91Phe 95Asn
| gyrA 91Phe 95Asn + parC 91Gly
[ ] gyrA 91Phe 95Ala
| |  gyrA 91Phe 95Ala + parC 87Arg
100 80 60 40 20 0 20 40 60 80
Proportion of isolates, %
Fig. 5. Distribution of genetic profiles of the gyrA and parC loci in ciprofloxacin-resistant and ciprofloxacin-sensitive isolates in the study sample
Puc. 5. PacnpefieneHine reHeTuseckinx npodonneit NoKycoB gyrA n parC B YCTOR4MBBIX U HYBCTBUTENbHbIX K LIMNPOMOKCALMHY M30MSiTax B UCCNeayeMoit Bbl6OpKe

T.101, Ne 1, 2025

Vestnik Dermatologii i Venerologii. 2025;101(1):85-97
BecTHuk gepmaTonoruun n seHeponorun. 2025;101(1):85-97



ORIGINAL STUDIES / HAYYHbIE NCCNTEAOBAHUA

=1

Susceptibility to penicillin
3 Susceptibility (MIC < 0.06 mg/L)
3 Intermediate resistance (MIC 0.12-1.0 mg/L)
3 Resistance (MIC > 2 mg/L)

H

penA 512Tyr
porB 120Lys
porB 120Arg
porB 120Asp

493

without b/aTEM and mutations in penA, ponA and porB

penA 345insAsp + porB 120Asp + blaTEM

- penA 345insAsp + blaTEM

ponA 421Pro + penA 345insAsp + blaTEM

penA 345insAsp

D- penA 345insAsp + porB 120Lys

[—]
/|

penA 345insAsp + porB 120Asp
ponA 421Pro + penA 345insAsp
penA 345insAsp 542Ser

ponA 421Pro + penA 345insAsp + porB 120Asp

ponA 421Pro + penA 345insAsp 542Ser

ponA 421Pro + penA 345insAsp + porB 120Lys

ponA 421Pro + penA 512Tyr + porB 120Lys
ponA 421Pro + penA 512Tyr + porB 120Asp

60 40 20 60 40 20 0

o

Proportion of isolates, %

20 40 60

Fig. 6. Distribution of genetic profiles of the penA, ponA, porB, and blaTEM loci in penicillin-resistant and penicillin-sensitive isolates in the study sample
Puc. 6. PacnpezieneHne reHeTuseckix npodnneil OKycoB penA, ponA, porB n blaTEM B yCTOR4MBbIX 1 YyBCTBUTESbHbIX K MEHULIANIIAHY 30N1STaX B UCCNEAYEMOIA BbIOOPKE

Susceptibility to tetracycline
= Susceptibility (MIC < 0.25 mg/L)
= Intermediate resistance (MIC 0.5-1.0 mg/L)
= Resistance (MIC > 2 mg/L)

L I-|
__Dg:l

1l

without tetM and mutations in rpsJ and mtrR
psd 57Met

mtrR 86Thr

mirR -35delA + porB 120Lys

rpsd 57Met + porB 120Lys

mtrR 86Thr + porB 120Asp

mtrR 39Thr 86Thr

mtrR -35delA 86Thr

rpsd 57Met + tetM

mtrR 39Thr 86Thr + tetM

rpsd 57Met + mirR 86Thr + tetM

rpsd 57Met + mirR 39Thr 86Thr + tetM

rpsd 57Met + mirR 39Thr 86Thr + porB 120Lys + tetM
rpsJ 57Met + mirR 86Thr

rpsd 57Met + mirR 86Thr + porB 120Lys

rpsd 57Met + mirR 86Thr + porB 120Asp

rpsJ 57Met + mirR 39Thr 86Thr

rpsJ 57Met + mtrR 39Thr 86Thr + porB 120Lys
rpsd 57Met + mirR 39Thr 86Thr + porB 120Asp
rpsd 57Met + mirR -35delA 86Thr

rpsd 57Met + mirR -35delA 86Thr + porB 120Lys
rpsd 57Met + mirR -35delA 86Thr + porB 120Asp
rpsd 57Met + mirR -35delA 39Thr 86Thr

40 20 0 20 0 20

Proportion of isolates, %

40

Fig. 7. Distribution of genetic profiles of the rpsJ, mirR, porB, and tetM loci in tetracycline-resistant and tetracycline-sensitive isolates in the study sample
Puc. 7. PacnpeqeneHue reHeTyeckix npodpuneit Nokycos rpsJ, mirR, porB 1 tetM B yCTOR4MBbIX 11 YYBCTBUTENbHBIX K TETPALMKINHY U30STaX B UCCNEAYEMOil BbIOOPKE
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isolates with chromosomal determinants localized in the
rpsJ, mtrR and porB genes is recorded. Of particular note
is the preservation of strains with the tetM plasmid gene,
the most “powerful” determinant of tetracycline resistance.
In general, the proportion of tetracycline-resistant isolates
remains at a consistently high level (~30 %).

The annual increase in the proportion of ciprofloxacin-
resistant isolates is confirmed by the corresponding
determinants in the gyrA and parC genes, including the
Ser91Phe substitution in gyrA. There is currently no trend
towards a decrease in N. gonorrhoeae resistance to
fluoroquinolones in Russia.

In 2019, no azithromycin-resistant isolates were
identified. Their appearance dates back to 2020, with the
consolidation of strains possessing a mosaic promoter of
the mtrR gene with the mosaic mtrD gene in the Russian
gonococcal population. At the same time, isolates with
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mutations in the 23S rRNA gene remain rare: during the
analysed period, only three isolates with the C2611T
polymorphism were identified.

Discussion

The results of this study show that gonococcal
ceftriaxone resistance in Russia meets the WHO criteria for
the use of an antibiotic (the proportion of sensitive isolates
in the population is more than 95 %). At the same time,
almost 5 % of identified isolates with reduced ceftriaxone
sensitivity (MIC > 0.03 mg/L) and the spread of resistant
strains around the world, along with the use of ceftriaxone as
the antimicrobial drug of choice, determine the importance
of using molecular methods to analyze N. gonorrhoeae
resistance to this product.

Since 2020, the emergence and consolidation of
azithromycin-resistant isolates in the Russian gonococcal
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Fig. 8. Dynamics of the incidence in 2019-2023 of N. gonorrhoeae isolates resistant to penicillin, tetracycline, ciprofloxacin, azithromycin, possessing the genetic
determinants that make the greatest contribution to the MIC increase. The lines indicate the change in the proportions of characteristic genetic determinants. The histogram
columns reflect the annual proportion of isolates with phenotypic resistance to the corresponding antimicrobial drug

Puc. 8. innamuka sctpeyaemoctin B 2019—-2023 rr. usonstos N. gonorrhoeae, ycTORYMBbIX K NEHNLUANUHY, TETPALUKANHY, LANPOMIOKCALMHY, a3UTPOMULIAHY, 06~
NanaoLLnX reHeTUYeCKMMIA IeTEPMUHAHTAMU, BHOCALMMY HanbonbLumnii BkNaA B noBbileHre MIK. JlnHusimmu 0603Ha4eH0 M3MEHEHNe 10Nei XapaKTePHbIX FreHeT-
YeCKNX AeTePMUHAHT. CTON6LbI FUCTOrPaMMbl OTPAXAKT EXEr0AHYHO O U30M1STOB C (DEHOTUNMYECKOI YCTONYMBOCTbIO K COOTBETCTBYHOLLEMY NPOTUBOMUKDOOHOMY
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population, previously found only sporadically, have been
registered [22]. Due to the significant proportion of such
isolates exceeding the WHO criterion, the advisability of
using this product for the gonococcal infection treatment in
the general case has been questioned.

In a study of isolates obtained in Russia in 2005—
2016, a trend towards a decrease in resistance to
penicillin, tetracycline and ciprofloxacin was observed,
and it was associated with the exclusion of these products
from therapy regimens [22]. The results of this work show
that this trend remains only for penicillin. There is still a
proportion of moderately resistant strains (or strains thatare
resistant at increased exposure) while isolates with a true
penicillin-resistant phenotype are reduced and eliminated.
An interesting feature of the 2022—2023 population was a
very small proportion of isolates with the blaTEM plasmid
gene, while isolates with the tetM plasmids were retained.
It has previously been shown that the tetM conjugative
plasmid in N. gonorrhoeae can facilitate the transfer of
other plasmids, which are often found with the tetM [24]
plasmids, into the cell, including blaTEM [23]. Despite the
discontinuation of using ciprofloxacin for the treatment of
gonorrhea, an increase in isolates with multiple resistance
determinants in the “fluoroquinolone pocket” (in the gyrA
and parC genes) and the persistence of a high proportion
of ciprofloxacin-resistant isolates have been observed. In
the absence of selective product pressure, these mutations
should negatively impact bacterial fitness, but this process
is paradoxically not accompanied by rapid elimination
of the corresponding variants from the N. gonorrhoeae
population.

The developed microarray technologies have been
validated using 360 clinical isolates. The diagnostic
specificity of the “NG-TEST” reagent kit was 100 %, and
no false negative results were obtained. A distinctive
feature of the created method is not just the separation
of isolates into sensitive and resistant ones, but also the
determination of ceftriaxone MIC value for the analyzed
sample. In the present study, the method showed good
repeatability with the phenotypic determination of MIC
for 78 % of the isolates. In addition to predicting MIC,
the developed method provides data on the presence of
genetic determinants of drug resistance to cephalosporins,
and therefore it is suitable for solving problems of both
clinical laboratory diagnostics and molecular epidemiology
of gonococcus.

495

When determining azithromycin resistance using a
biochip, diagnostic sensitivity and specificity values of 88
and 93 %, respectively, were obtained. These characteristics
are comparable to the results obtained from analysis of data
on the whole genome sequencing of azithromycin-resistant
N. gonorrhoeae isolates. According to the Pathogenwatch
database, the sensitivity and specificity of this method are
72 and 100 %, respectively. [25]

The previously described biochips, [12, 14, 15] which
allow to obtain data on the determinants of N. gonorrhoeae
resistance to previously used ciprofloxacin, penicillin and
tetracycline, are also of interest for molecular epidemiology.
When analyzing the gonococcal population, it was
shown that for predicting the sensitivity of an isolate to
antimicrobial drugs, it is necessary to take into account
the genetic profile of mutations in various loci, while the
contribution of each mutation to phenotypic sensitivity is
generally different. The use of microarray technologies will
allow in the future to carry out the dynamic monitoring of
N. gonorrhoeae transmission routes in the regions, improve
the epidemiological surveillance system and increase the
efficacy of gonorrhea treatment.

Conclusion

In the Russian N. gonorrhoeae population, active
processes are occurring that are associated with the
redistribution of the proportions of isolates resistant to
various antimicrobial drugs. Since 2020, azithromycin
resistance has increased sharply, the proportion of
ciprofloxacin-resistant isolates is growing, penicillin
sensitivity has been restored, but the entire population
remains sensitive to ceftriaxone.

The“NG-TEST”reagentkit, developed and validated with
360 samples, ensures rapid determination of N. gonorrhoeae
resistance to ceftriaxone through simultaneous identification
of genetic determinants of resistance in the penA, ponA
and porB genes and calculation of the MIC value. This
method and other microarray technologies for identification
of the determinants of N. gonorrhoeae antimicrobial
resistance can be used as an auxiliary tool for identifying
resistant N. gonorrhoeae strains. The use of microarray
technologies will facilitate both the selection of the correct
treatment strategy for a particular patient and the collection
of epidemiological information, providing the possibility
to monitor the molecular epidemiological picture at the
population level. |Ji
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