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Abstract

The aim of the study is to provide key characteristics of Streptococcus pneumoniae isolates circulating in Russia
in 2015-2020 and isolated from pneumococcal meningitis patients based on high-throughput sequencing data,
including global pneumococcal sequence clusters, serotypes, virulence factors and genetic determinants of
resistance, in comparison with clinical data on antimicrobial susceptibility.

Materials and methods. We studied 68 invasive S. pneumoniae isolates from blood and cerebrospinal fluid
of patients with bacterial meningitis in different regions of Russia in 2015-2020. Species identification was
performed taking into account the morphology of colonies on blood agar, the presence of a-hemolysis, negative
catalase reaction, sensitivity to optoquine, and positive latex-agglutination results. The sensitivity of isolates to
antimicrobials was determined by microdilution in broth, and sensitivity categories were determined based on
borderline values of minimum inhibitory concentrations (MICs). Whole genome sequencing of S. pneumoniae
isolates, analysis of isolates for penicillin-binding protein signature, determination of global pneumococcal
sequence clusters, MLST alleles, serotypes, sequence types and acquired resistance genes (mefA, ermB, tetM,
folA/P, cat), identification of virulence genes were carried out.

Results. Twenty-eight GPSCs, 45 sequence types and 27 serotypes were identified. The coverage rates of
PPV-23 and PCV-13 were 78% and 59%, respectively. Serotypes 3 (18%), 19F (9%), 23F (7%) and 15B (6%)
were predominant. The GPSC12 lineage (serotype 3) was predominant (43%). Lineages expressing vaccine
serotypes GPSC1(19F), GPSC6(14), GPSC13(6A), GPSC904(14) and GPSC10(19F) exhibited multiple
antimicrobial resistance, including penicillin resistance. The resistant lineages expressing non-vaccine serotypes
were GPSC230 (13) and GPSC177 (35F). In most cases, genotypic and phenotypic resistance to penicillin
(increased MICs of B-lactams correlated with types of penicillin-binding proteins), erythromycin (ermB, mefA,
ermB/mefA), clindamycin (ermB) and tetracycline (tetM), and trimethoprim-sulfamethoxazole (folA, folP) was
found to be consistent. The virulence genes cbpG, IytA, pcelcbpE, pavA, pfbA, ply, hysA, nanA and cps4A were
detected in all isolates. Zinc metalloproteinase C was detected in 13% of isolates.

Conclusion. A high diversity of serotypes and lineages among pneumococcal isolates from meningitis patients was
revealed. Out of the 68 S. pneumoniae isolates from patients with bacterial meningitis, more than 17% belonged
to non-vaccine serotypes. The results of phenotypic and genotypic antimicrobial resistance comparison were
characterized by good concordance, which indicates the necessity for further study of the possibility of using whole-
genome sequencing as a diagnostic tool to identify resistance mechanisms in clinical isolates of pneumococci.
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sequencing-typing; antimicrobial resistance, penicillin-binding proteins, global pneumococcal sequence cluster,
serotypes

Ethics approval. The study was conducted with the informed consent of the patients. The study protocol was approved
by the Independent Interdisciplinary Committee for the Ethical Review of Clinical Trials (Protocol No. 1, January 17,
2020).

Funding source. This study was not supported by any external sources of funding.

Conflict of interest. The authors declare no apparent or potential conflicts of interest related to the publication of this
article.

For citation: Chagaryan A.N., Ivanchik N.V., Kuzmenkov A.Yu., Kozlov R.S., Gaponova l.I., Mironov K.O. Molecular
and biological characterization of Streptococcus pneumoniae isolates from patients with pneumococcal meningitis.
Journal of microbiology, epidemiology and immunobiology. 2025;102(2):150-161.

DOI: https://doi.org/10.36233/0372-9311-614

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

© Chagaryan A.N., Ivanchik N.V., Kuzmenkov A.Yu., Kozlov R.S., Gaponova |.I., Mironov K.O., 2025


https://crossmark.crossref.org/dialog/?doi=10.36233/0372-9311-614&domain=PDF&date_stamp=2025-05-12

KYPHAJ1 MUKPOBUOJIOTUN, SMTMAEMNONOTUN N UMMYHOBUOJOTUI. 2025; 102(2)
DOI: https://doi.org/10.36233/0372-9311-614

151

OPUTVHANbHbBIE NCCJTIEAOBAHNA

OpuirnHanbHoe nccnefoBaHne
https://doi.org/10.36233/0372-9311-614

MonekynapHo-6uonornyeckas xapakrepucTtuka n3onsaros
Streptococcus pneumoniae, BbigeNeHHbIX OT 60/IbHbIX

MHEBMOKOKKOBbIM ME@HVUHINMTOM

YarapsH A.H."™, UBaHuuk H.B.", KyabmeHkoB A.}0.", Kosnos P.C."2,

lanonoBa U.U.2, MupoHos K.O.?

'HayuHo-rccneioBaTelbCKUin UHCTUTYT aHTUMUKPOOHON XumunoTtepanumn CMONEHCKOIO rocyiapCTBEHHOMO

MeAuLMHCKOro yHnBepcuteTa, CmoneHck, Poccus;
2LleHTpasnbHbIN HayYHO-NCCNEROBATENbCKUI UHCTUTYT anvuaemuonorun PocnotpebHaasopa, Mockea, Poccusa

AHHOMauusi

Llenb paboTbl — fgaTb KIOYEBbIE XapaKTEPUCTUKM U30naToB Streptococcus pneumoniae, UMPKYNNPYOLWMX Ha
Tepputopum Poccum B 2015-2020 rT. 1 BblgeneHHbIX OT 60MbHbIX MHEBMOKOKKOBLIM MEHWUHIMTOM, Ha OCHOBa-
HWW AaHHbIX BbICOKOMPON3BOANTENBHOIO CEKBEHMPOBAHMWS, BKNOYas rnobanbHble Knactepbl MHEBMOKOKKOBbIX
nocnefoBaTenbHOCTEN, CepOTUMbI, (PaKTOPbl BUPYNEHTHOCTU U FEHETUYECKNE AETePMUHAHTbI PE3NCTEHTHOCTMH,

B CPaBHEHUM C KNMMHUYECKUMU AaHHBIMU MO YYBCTBUTENBLHOCTU K aHTUMUKPOGHBIM npenapatam (AMIT).

MaTtepuanbl n Metoabl. ViccnegoBaHo 68 MHBa3MBHLIX U30NATOB S. pneumoniae, BblOENEHHbIX U3 KPOBU U
nYKBOpa NauneHToB ¢ 6akTepuanbHbIM MEHMHIUTOM B pa3Hbix permoHax Poccun B 2015—-2020 rr. Bugosyio naes-
TUhMKaLMIO NPOBOANMM C YH4ETOM MOPAONOrMM KONIOHUA Ha KPOBSIHOM arape, Hanmuuusi a-reMonunsa, otpuia-
TENbHOWN KaTanasHou peakLun, YyBCTBUTENBHOCTU K ONTOXMHY, MOMNOXUTENbHbBIX pe3ynbTaToB faTtekc-arrnioTuHa-
unn. YyBcTBUTENBLHOCTL M30onAToB K AMI onpegensnu meTogom MukpopassefeHui B 6ynboHe, kaTeropum 4yB-
CTBUTENBHOCTU — HA OCHOBaHWW MOrpaHMYHbIX 3HAYEHUN MUHUMAanNbHLIX NodaBnsAlLWuX KoHueHTpauui (MIIK).
[MpoBOAMMN NONHOrEHOMHOE CEKBEHUPOBaHWNE M30NATOB S. pneumoniae, aHanu3 U3onsiTOB Ha CUrHaTypy NeHu-
LUUINTMHCBA3bIBAOLWMX BENKoB, onpeaeneHune rmodanbHbIX KNacTepoB MHEBMOKOKKOBBLIX MOCHE40BaTENbHOCTEN,
annenen MLST, cepoTnnoB, CUKBEHC-TUMOB 1 FEHOB NPUOBOPETEHHO pe3ncTeHTHocTu (mefA, ermB, tetM, fol A/P,

cat), UAEeHTUULMPOBANY reHbl BUPYNEHTHOCTY.

Pesynbratbl. BeiseneHsl 28 GPSC, 45 cukBeHc-TunoB un 27 cepotunoB. CteneHb oxeata [1MNB-23 n MNMKB-13
coctasuna 78 n 59% coorseTtcTBeHHO. lomnHuposanu cepoTunsl 3 (18%), 19F (9%), 23F (7%) n 15B (6%). MNMpe-
obnagana (43%) nmHua GPSC12 (cepotun 3). JluHnm, akcnpeccupyowme BakunHHble cepotunsl GPSC1(19F),
GPSC6(14), GPSC13(6A), GPSC904(14) n GPSC10(19F), obnagany MHOXEeCTBEHHOW aHTUMUKPOOHON pe3u-
CTEHTHOCTbIO, BKIOYasi PE3UCTEHTHOCTb K NEHULMNMNHY. Pe3nCTEHTHbIE NMUHUK, KCNpeccupyioLwme HeBakUmMH-
Hble cepoTunbl, — GPSC230 (13) u GPSC177 (35F). B 60MnbLUMHCTBE Cny4yaeB yCTaHOBMEHO COOTBETCTBUE FEHO-
TUNUYECKOW N PEHOTUMNYECKON PE3UCTEHTHOCTU K NEHNUMIIUHY (noBbiweHHble MIMK (3-naktamoB Koppenupo-
Banv C TUNamy NEHULMNNMHCBA3bIBaOLWMX 6enkoB), apuTpomuunHy (ermB, mefA, ermB/mefA), KnnHOaMULNMHY
(ermB) n TeTpauuknuny (tetM) n TpumeTonpumy-cynbdameTokcasony (folA, folP). Y Bcex n3onsitoB 06HapyeHbl
reHbl BUPYNeHTHOCTU chpG, IytA, pce/cbpE, pavA, pfbA, ply, hysA, nanA v cps4A. LinHkoBas meTannonpoTenHa-

3a C obHapyxeHa y 13% n3onsTos.

3akntoyeHue. BbisiBneHo BbiICOKOe pasHoobpasne cepoTWNOB U MIMHUIA CPpean U30MATOB MHEBMOKOKKOB, Bblae-
NeHHbIX y 60NbHBIX MEHWMHIUTOM. M3 68 nzonatos S. pneumoniae, BbliAENEHHbIX Y NaUMeHToB ¢ 6akTepranbHbIM
MeHUHTNTOM, 6onee 17% OTHOCMNUCL K HEBAaKUMHHBIM cepoTunam. PesynbraTbl conocTaBneHuns deHoTunuye-
CKON W TeHOTMMMYECKOW aHTUMUKPOGHOWM PEe3NCTEHTHOCTU XapaKTepu3oBanuChb XOpOLUeN KOHKOPAAHTHOCTLIO,
YTO yKasbiBaeT Ha HeoOXOAMMOCTb AanbHENLero M3y4eHus BO3MOXHOCTU UCMONb30BaHUSA MONHONEHOMHOTO
CEKBEHMPOBaHWSA B KayecTBe ANArHOCTUYECKOrO MHCTPYMEHTa ANs BbISIBNEHUS MEXaHW3MOB Pe3NCTEHTHOCTU

Y KIMMHNYECKNX N30NATOB NHEBMOKOKKOB.

KnioueBble cnoBa: Streptococcus pneumoniae, UH8a3UBHbIE MMHEBMOKOKKO8bIe UHGeKUUU, MoSIHO2eHOMHOe
CeK8eHUpPOBaHUE, MYIbMUIIOKYCHOE CEK8EeHUPO8aHUe-MUNuUpos8aHue, pe3ucmeHmHoOCmb K aHMUMUKDPOOHbLIM
npenapamam, neHuyuIuHces3bigarowue besnku, anobanbHbil Knacmep MHEBMOKOKKOBbIX Mociedo8ameribHO-

cmedl, cepomuribl

dmuyeckoe ymeepxdeHue. ViccnenoBaHne npoBoamioc npy 4o6poBoNbHOM MHCOPMUPOBAHHOM NUCbMEHHOM CO-
rmacuu naumeHToB. MpoTokon nccnegoBaHus ofobpeH HesaBUCMMBbIM MEXANCUMMNMHAPHBEIM KOMUTETOM MO 3TUYe-

CKOW 3KCnepTun3e KNMHnYeckux nccnegosanum (npotokon Ne 1 ot 17.01.2020).

HNcmoyHuk puHaHcupoeaHusi. ABTOpbI 3asBMAT 06 OTCYTCTBMWN BHELLUHEro (hMHAHCUPOBAHWUS NPU NPOBEAEHUN UC-

crnefoBaHuA.

KoHpnnukm uHmepecoe. ABTOpbI AeKNapupyoT OTCYTCTBUE SIBHLIX U NOTEHLMANbHBIX KOH(PIIMKTOB MHTEPECOB, CBSI-

3aHHbIX C ny6nv1|<auwel7| HacTosLLEen cTaTby.

Ana yumupoeanusi: YarapsH A.H., MBanumk H.B., KyabmeHkoB A.1O., Kosnoe P.C., lNanoHosa N.A., MupoHos K.O.
MonekynsipHo-6ronornyeckas xapakTepucTika M3onsaToB Streptococcus pneumoniae, BbIAEMEHHBIX OT GOMnbHbIX
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Introduction

Streptococcus pneumoniae is a human respiratory
pathogen and a major cause of morbidity and mortali-
ty worldwide. S. pneumoniae is the 4™ most common
cause of fatal infections, such as septicemia and men-
ingitis, and is estimated by the World Health Organi-
zation (WHO) to cause 1.6 million deaths, of which
0.7-1.0 million occur in children under 5 years of age,
mostly in developing countries [1-3]. Surface capsular
polysaccharides of S. pneumoniae are one of the most
important virulence factors and the basis of pneumo-
coccal serotyping. Currently, more than 100 serotypes
of S. pneumoniae are known [4]. Due to its ability to
acquire exogenous DNA, pneumococcus can switch
serotypes and acquire antibiotic resistance genes [5].
Uncontrolled use of antimicrobials, selective pressure
of pneumococcal vaccines, high level of genetic recom-
bination of S. pneumoniae inevitably lead to changes in
pneumococcal population: emergence of new non-vac-
cine serotypes, emergence of isolates with multiple
antimicrobial resistance, change in virulence profile.
Due to the current situation in the world, in 2024 WHO
included macrolide-resistant S. pneumoniae in the up-
dated list of priority bacterial pathogens of intermediate
level in the world'.

Currently, whole-genome sequencing technol-
ogies allow obtaining information on genetic chang-
es, serotypes, sequencing types determined both by
the classical 7-locus scheme and by the core genome
MLST, virulence profile, antimicrobial resistance status
of pneumococci, which is important for epidemiologic
surveillance [6—10].

The aim of the study: to provide key character-
istics of S. pneumoniae isolates from pneumococcal
meningitis patients circulating in Russia in 2015-2020,
based on high-throughput sequencing data, including
global pneumococcal sequence clusters, serotypes, vir-
ulence factors and genetic determinants of resistance,
in comparison with clinical data on susceptibility to an-
timicrobials.

Materials and methods

The study of virulence factors and resistance genes
in 68 invasive isolates of S. pneumoniae isolated from
blood and cerebrospinal fluid of patients diagnosed
with bacterial meningitis was performed. All isolates
were obtained during different stages of the PeGAS
multicenter study in 2015-2020 in different regions of
Russia [11]. The isolation and primary identification of
isolates were performed in local microbiological labo-
ratories of the centers participating in the study as part
of the standard procedure for bacteriological examina-

! ' WHO bacterial priority pathogens list, 2024: Bacterial pathogens
of public health importance to guide research, development and
strategies to prevent and control antimicrobial resistance.

URL: https://who.int/publications/i/item/9789240093461
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tion of biological material obtained from patients di-
agnosed with bacterial meningitis and in accordance
with MG 4.2.1887-04 “Laboratory diagnosis of menin-
gococcal infection and purulent bacterial meningitis”.
S. pneumoniae isolates were transported to the central
laboratory of the Research Institute of Antimicrobial
Chemotherapy (RIAC) on modified Dorset medium.
The RIAC evaluated the compliance of the sent isolates
with the inclusion criteria and performed their iden-
tification based on colony morphology on blood agar
(NEM), the presence of a-hemolysis, negative catalase
reaction, sensitivity to optoquine (Oxoid) and positive
results of latex-agglutination using the DrySpot Pneu-
mo kit (Oxoid). All isolates were stored in tubes with
trypticase-soy broth (bioMerieux) supplemented with
30% sterile glycerol (Sigma) at —70°C until antimicrobi-
al sensitivity was determined. Contaminated and non-vi-
able isolates were excluded from the study. Sensitivity to
antimicrobials was determined by broth microdilution in
accordance with the requirements of ISO 20776-1:20207,
and the sensitivity categories of isolates to antimicrobials
were determined based on borderline values of minimum
inhibitory concentrations (MIC) in accordance with EU-
CAST standards® and Russian recommendations. To
control the quality of sensitivity determination, a refer-
ence strain of S. pneumoniae ATCC 49619 was tested in
parallel with the isolates under study.

Whole-genome sequencing was performed at the
Central Research Institute of Epidemiology of Rospo-
trebnadzor. Sample preparation was performed using
the Nextera (Illumina) protocol. High-throughput se-
quencing was performed on a HiSeq 1500 instrument
using HiSeq PE Rapid Cluster Kit v2 and HiSeq Rapid
SBS Kit v2 (Illumina). Whole-genome nucleotide se-
quences were assembled using the SPAdes v. 3.13 pro-
gram. A detailed description of the sample preparation
methodology for whole-genome sequencing was given
earlier [12].

The whole genomic nucleotide sequences of the
studied isolates, data on serotypes and antibiotic sensi-
tivity, as well as information on the sources of strains
were deposited in the PubMLST database*: accession
numbers: 51080-51125, 73010-73011, 73013-73015,
73017-73033.

Invasive pneumococcal isolates were analyzed
for the PBP signature, where the combination of 3

2 ISO 207761:2019 Susceptibility testing of infectious agents
and evaluation of performance of antimicrobial susceptibility
test devices. Part 1: Broth microdilution reference method for
testing the in vitro activity of antimicrobial agents against rapidly
growing aerobic bacteria involved in infectious diseases.
European Committee on Antimicrobial Susceptibility testing
(EUCAST). Breakpoint tables for interpretation of MICs and
zone diameters. Ver. 14.0, 2024. URL: www. eucast.org/clinical
breakpoints/ (data of access: 01.11.2024).

Streptococcus pneumoniae MLST Databases.

URL: https://pubmlst.org/spneumoniae/ (data of access: 17.02.2020).
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signatures (PBP1A, PBP2B, PBP2X) determines the
level of resistance to B-lactams, global pneumococcal
sequence clusters were identified, MLST alleles, se-
rotypes, sequence types and acquired resistance genes
(mefd, ermB, tetM, folA/P, cat) using a tool available
on Pathogenwatch, a global genomic surveillance plat-
form®. Virulence genes were identified using the online
AMRseq program® and the BacWGSTdb program’.

The study was non-interventional and did not
involve comparison of groups. Descriptive statistics
methods were used to present the results, with the de-
termination of the absolute and relative number of ob-
servations.

Results

Molecular and biological characterization
of invasive S. pneumoniae isolates

We identified 28 global pneumococcal sequence
clusters (GPSCs), 45 sequence types and 27 serotypes
(Table 1).

Analysis of whole genomic data showed that se-
rotypes included in pneumococcal polysaccharide
23-valent vaccine (PPV-23) and pneumococcal conju-
gate vaccine 13 (PCV-13) were predominant among
invasive isolates — 3 (18%), 19F (9%), 23F (7%) and
15B (6%). The coverage rate of PPV-23 was 79% and
PCV-13 was 59%. Frequency of isolation of pneumo-
cocci of non-vaccine serotypes in meningitis in Russia:
28A and 35F — 3% each, 13, 37, 38, 10C, 15C and
15F — more than 1% (Figure).

Of the 28 GPSCs, 20 GPSCs were of vaccine se-
rotypes and 6 GPSCs were of non-vaccine serotypes.
Two lineages, GPSC212 (12F, 15F) and GPSC229
(15B, 15C) expressed both vaccine and non-vaccine se-
rotypes. The GPSC12 lineage expressed only vaccine
serotype 3 and accounted for more than 42%. In some
cases, the same serotype was associated with different
lineages. The second most frequent serotype 19F was
expressed by lineages GPSC1, 10, 44 and a new lineage
whose GPSC is undefined, serotype 23F by GPSC7 and
GPSC49, and serotype 15B by GPSC11 and GPSC229.
Non-vaccine serotypes were expressed by the lineages
GPSC 365 (serotype 28A), GPSC177 (serotype 35F),
GPSC212 (serotype 15F), GPSC229 (serotype 15C),
GPSC123 (serotype 37), GPSC38 (serotype 38), and
GPSC230 (serotype 13).

Antimicrobial sensitivity of invasive isolates
of S. pneumoniae to antimicrobials

Analysis of sensitivity to antimicrobials showed
that 6 (9%) invasive isolates were resistant to penicillin

5 A Global Platform for Genomic Surveillance.
URL: https://pathogen.watch
¢ AMRseq. URL: https://amrseq.net/ru/
7 BacWGSTdb. URL: http://bacdb.cn/BacWGSTdb/index.php
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Table 1. Global clusters of pneumococcal sequences
associated with sequence types and serotypes

GPSC Sequence types Serotype isc':::g gegc();) )
1 236 19F 2(7)
2 15249 1 1(4)
3 1012 1A 1(4)
6 3418, 143 6E(6B),14 2(7)
7 311, 152248, 16095, 311 23F 4 (14)
10 230 19F 1(4)
1 1262 15B 2(7)
12 505, 180,2185951, 15250, 3 12 (43)
13 12493, 473 6A, 6B 2(7)
16 66, 16098 9N 2(7)
19 433 22F 2(7)
32 3244, 11901,2824, 3544 7F, 8 4 (14)
38 393 38 1(4)
43 239 9V 3(11)
44 179 19F 1(4)
49 440 23F 1(4)
68 15252, 3187 18C 2(7)
76 490 6A 1(4)
98 1480 8 1(4)
123 447 37 1(4)
162 2361 4 2(7)
177 2991 35F 2(7)
212 6202 12F, 15F 4 (14)
229 1025 15B, 15C 3 (1)
230 2754 13 1(4)
365 225 28A 2(7)
376 9247 6E(6B) 1(4)
904 782 14 1(4)
’:S";igne § 15 19F 2(7)
';‘sstigne § 15247 10C 1(4)
'a“s"stigne § 5205 8 1(4)
2‘S°stigne § 13459 10A 1(4)
,a\lsostigned 16099 4 1(4)

Note. Not assigned — global pneumococcal sequence cluster num-
ber is not assigned.
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(Table 2), 11 (16%) to tetracycline, 5 (7%) to erythro-
mycin, 2 (3%) to clindamycin, and 1 (1%) to respirato-
ry fluoroquinolones. To trimethoprim-sulfamethoxaz-
ole 12 (18%) isolates were resistant and 12 (18%) were
sensitive at increased exposure. Among the isolates of
28 GPSC lineages, isolates of 5 lineages expressing
vaccine serotypes were resistant to 3 or more classes
of antimicrobials simultaneously: GPSC1 (serotype
19F), GPSC6 (serotype 14) were resistant to penicillin,
tetracycline, trimethoprim-sulfamethoxazole, eryth-
romycin, and clindamycin; GPSC10 (serotype 19F),
GPSC904;9 (serotype 14) — to penicillin, tetracycline
and trimethoprim-sulfamethoxazole, GPSC6 (sero-
type 6E(B)) — to penicillin, tetracycline and trimetho-
prim-sulfamethoxazole, GPSC6 (serotype 6E(B)) — to
penicillin, erythromycin, and trimethoprim-sulfame-
thoxazole. One lineage with vaccine serotypes was
resistant to two classes of antibiotics simultaneously:
GPSC44 (serotype 19F) to tetracycline and erythromy-
cin. Two lineages expressing non-vaccine serotypes,
GPSC177 (serotype 35F) and GPSC230 (serotype 13),
were resistant to tetracycline and trimethoprim-sulfa-
methoxazole.

Genetic determinants of antimicrobial resistance

In clinical isolates of S. prneumoniae, resistance
to B-lactams is primarily due to variations in amino
acid sequences in the transpeptidase domains of pen-
icillin-binding proteins (PBPs): PBPla, PBP2b and
PBP2x, which reduce the affinity of f-lactam antibiot-
ics for these sites. The type of PBPs can predict the lev-
els of resistance to B-lactams [13]. Analysis of the re-
sults of whole-genome sequencing of invasive S. pneu-
moniae isolates revealed that the most common type of
PBP in sensitive isolates (PBP1a-PBP2b-PBP2x) was

2-0-2 — 29%, 11-4-0 — 4% and 12-0-6 — 3% were
less common. All penicillin-resistant isolates had sig-
natures: 13-16-47, 17-15-22, 24-53-77, 36-34-44, and
31-12-18. Several combinations of new PBP types were
also identified: new-27-new, 34-11-new. Resistance to
macrolides end lincosamides (erythromycin and clinda-
mycin) was due to the presence of the methylase (ermB)
gene in 5 (7%) isolates, while 1 (1%) isolate had both
ermB and macrolide efflux pump (mefd/E) genes de-
tected simultaneously. Resistance to trimethoprim-sul-
famethoxazole was associated with substitution in fol4
I100L and/or insertion of 1 or 2 foP codons, whereas
isolates categorized as sensitive at higher exposure of-
ten had insertion of 1 or 2 codons in fo/P. Chloram-
phenicol resistance was predicted by the presence of
the chloramphenicol acetyltransferase gene (cat), while
fluoroquinolone resistance was predicted by mutations
in gyrA and parC genes.

Comparison of resistance phenotype and genotype

The concordance of resistance genotype and phe-
notype was generally high, but in some cases there
were discrepancies between genotypic and phenotypic
resistance.

Resistance to B-lactams showed good concor-
dance. Six penicillin-resistant pneumococcal isolates
had PBP signatures characteristic of resistant pneumo-
cocci. Interestingly, all 6 penicillin-resistant isolates
had PBPla(13-36)-PBP2b(12-53)-PBP2x(18-77) sig-
natures, whereas all sensitive isolates had low-num-
bered PBP signatures. Thus, PBP transpeptidase sig-
natures are reliable indicators of the MICs of various
B-lactam antibiotics in clinical isolates of pneumococci
and can serve as an alternative to phenotypic sensitivity
testing.
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Table 2. Resistance of pneumococcal lineages GPSC to antimicrobials

Genotype, resistance, n (%)

GPSC Serotype Number

PEN | TET | TS | CL | ERY | CHL | FX
1 19F 2 2(3) 2 (3) 2(3) 1(1) 2(3) 0 0
2 1 1 0 0 0 0 0 0 0
3 11A 1 0 0 1(1) 0 0 0 0
6 6E(B),14 2 1(1) 2(3) 2(3) 2(3) 2(3) 0 0
7 23F 4 0 0 4 (6) 0 0 0 0
10 19F 1 1(1) 1(1) 1(1) 0 0 0 0
1" 15B 2 0 0 2(3) 0 0 0 0
12 3 12 0 1(1) 0 0 0 0 1(1)
13 6A, 6B 2 1(1) 1(1) 2@3) 0 1(1) 0 0
16 oN 2 0 0 1(4) 0 0 0 1(1)
19 22F 2 0 0 0 0 0 0 0
32 7F,8 4 0 0 0 0 0 0
38 38 1 0 0 0 0 0 0 0
43 9V 3 0 0 3(4) 0 0 0 0
44 19F 1 0 1(1) 1(1) 1(1) 1(1) 0 0
49 23F 1 0 0 1(1) 0 0 0 0
68 18C 2 0 0 23) 0 0
76 6A 1 0 0 1(1) 0 0 0 0
98 8 1 0 0 0 0 0 0 0
123 37 1 0 0 0 0 0 0 0
162 4 2 0 0 0 0 0 0 0
177 35F 2 0 2(3) 2(3) 0 0 0 0
212 12F, 15F 4 0 0 0 0 0 0 0
229 15B, 15C 3 0 0 3(4) 0 0 0 0
230 13 1 0 1(1) 1(1) 0 1(1) 0 0
365 28A 2 0 0 0 0 0 0 0
376 6E(6B) 1 0 0 1(1) 0 0 1(4) 0
904;9 14 1 1(1) 1(1) 1(1) 0 0 0 0
Not assigned 10C, 19F, 8, 10A 4 6 0 2 (3) 23) 0 0 0 0
28 27 68 6(9) 14 (21) 33 (49) 4 (6) 7 (10) 1(1) 2(3)

Note. PEN, penicillin resistance predicted based on PBP1a, PBP2b and PBP2x sequences; TET, tetracycline resistance predicted by the
presence of the tet M gene; TS, trimethoprim-sulfamethoxazole resistance, associated with substitution in folA 1100L and/or insertion of 1 or 2
codons in folP_aa_insert_57-70, CL — clindamycin resistance predicted of gene erm B; ERY — macrolide resistance predicted by the pres-
ence of the methylase gene (ermB) and macrolide efflux pump gene (mefA/E); CHL — chloramphenicol resistance predicted by the presence
of the chloramphenicol acetyltransferase gene (cat); FX — fluoroquinolone resistance predicted by the presence of mutations in the gyrA,
parC genes.

All 11 tetracycline-resistant pneumococci carried In the case of trimethoprim-sulfamethoxazole,
tetM genes. Three isolates containing fetM were cate-  a good correlation between the presence of resistance
gorized as sensitive, which may be due to mutations in ~ markers and phenotypic resistance was found for most
tetM not considered in our study. isolates. Twelve isolates were double mutants with a
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substitution in fo/4 1100L and an insertion of 1 or 2 co-
dons in folP_aa_insert 57-70 and were resistant to tri-
methoprim-sulfamethoxazole (Table 2). Twelve pneu-
mococcal isolates containing insertions in fo/P had an
IPC of 2 mg/L and were categorized as sensitive at in-
creased exposure, and 9 isolates with single mutations
in folP were categorized as sensitive (IPC < 1 mg/L).

All 5 erythromycin-resistant isolates carried the
ermB gene, 1 resistant isolate carried both ermB and
mefA, while 2 isolates with the mef4 gene remained
phenotypically sensitive to erythromycin. The 2 clinda-
mycin-resistant isolates carried ermB genes, but ermB
was also detected in 2 phenotypically sensitive isolates.

Due to the fact that there are no criteria for de-
termining the category of sensitivity to chloramphen-
icol for S. pneumoniae, the activity of this drug was
assessed based on the epidemiological cut-off value.
The MIC of chloramphenicol for all isolates tested was
less than 8 mg/L, which corresponds to the wild-type
population, but 1 isolate carried cat gene.

One isolate was found to be resistant to respirato-
ry fluoroquinolones (levofloxacin and moxifloxacin); it
had mutations in the gyr4 and parC genes. At the same
time, a mutation in the parC gene was detected in 1
isolate among fluoroquinolone-sensitive pneumococci.

Genetic determinants of pneumococcal virulence

To gain insight into the genetic features contrib-
uting to virulence, we examined the presence of the
major protein virulence factors of pneumococcus. Cho-
line-binding proteins (CbpG, LytA and Pce/CbpE),
PavA and PfbA, known as fibronectin- and plasmino-
gen-binding proteins, as well as hyaluronidase, pneu-
molysin, neuraminidase, and capsule-associated Cps4A
were detected in all invasive pneumococcal isolates
(Table 3). Zinc metalloproteinase C was detected in 9
(13%) isolates.

Table 3. Characteristics of virulence genes

ORIGINAL RESEARCHES

Discussion

In our study, pneumococci of serotype 3 prevailed
among clinical isolates causing meningitis in Russia.
A similar situation is observed in many other countries
during the postvaccination period. In Austria, England,
Canada, Sweden and Germany, a significant increase in
invasive pneumococcal diseases of serotype 3 in adults
has been observed over the last 3 years [14]. In Brazil,
serotype 3 became the predominant cause of invasive
disease in the post-PCV era among adults [15, 16]. The
low efficacy of conjugate vaccines against serotype 3
pneumococci is related to the structure of the polysac-
charide capsule, which is non-covalently bound to cell
wall peptidoglycan [17-21]. It should be noted that iso-
lates of the GPSC12 lineage (serotype 3), remaining
the main cause of invasive forms of pneumococcal
infection worldwide after the introduction of PCV13,
usually retain sensitivity to antimicrobials [22-25].
The low incidence of antimicrobial resistance in sero-
type 3 isolates may be associated with the high inva-
siveness of this serotype and the relatively short dura-
tion of carriage, which, in turn, reduces the impact of
antimicrobials in the treatment of infections of other
etiologies [26]. At the same time, a serotype 3 study
conducted in England [27] revealed that since 2018,
GPSC12 lineage isolates resistant to penicillin, mac-
rolides, chloramphenicol and tetracycline have been
emerging [28, 29]. The increasing resistance of sero-
type 3 isolates indicates the circulation of more antibi-
otic-resistant clones [30]. In our study, all S. preumo-
niae serotype 3 isolates were sensitive to penicillin;
of 12 isolates isolated from cerebrospinal fluid, only
2 contained resistance genes to fluoroquinolones —
parC and to tetracycline — tetM, while retaining phe-
notypic sensitivity to these drugs.

Pneumococci of serotype 19F were the second
most frequently isolated in meningitis, which may be

Number of isolates

Virulence gene Name of the encoded protein % identity o

n o
cbpG Choline-binding protein G 99,30 68 100
IytA Autolysine 98,75 68 100
pce/cbpE Choline-binding protein E 99,18 68 100
ply Pneumolysine 99,86 68 100
pavA Fibronectin-binding protein 99,52 68 100
pfbA Plasmin and fibronectin-binding protein A 99,72 68 100
hysA Hyaluronidase 99,16 68 100
nanA Neuraminidase A 98,77 68 100
cps4A Capsule synthesis 96,54 68 100
zmpC Zinc metalloproteinase C 99,96 9 13
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due to the peculiarities of the capsular polysaccha-
ride, which is more resistant to the deposition of the
C3b component of complement and antibodies on the
bacterial walls, which reduces the sensitivity to op-
sonophagocytosis [31, 32]. Our results indicate that
the circulation of serotype 19F is associated with the
spread of 3 lineages: GPSC10, GPSC1 and GPSC44.
All lineages were characterized by resistance to vari-
ous antimicrobials, with the GPSC10 and GPSCI1 lin-
eages showing multiple antimicrobial resistance. In
Canada, 19F serotype dominance was associated with
the spread of GPSC1, GPSC4, GPSC9, GPSC10, GP-
SC18, GPSC44 and GPSC119 lineages [33], in Swe-
den with the GPSCI1 lineage [34], and in Asia, Europe,
North America, and South America, 19F serotype was
one of the dominant serotypes in the GPSC1 lineage
[35]. In South Africa, the dominance of the 19F se-
rotype was associated with the spread of the GPSCI
and GPSC21 lineages, and a high, about 50%, hospi-
tal-acquired mortality rate from pneumococcal menin-
gitis was found to be associated with the 19F serotype
[35, 36]. The increased incidence of 19F serotype after
the introduction of PCV13 in India has been associat-
ed with the multidrug-resistant GPSC1 and GPSCI10
lineages, with GPSC10 being of particular note as it
expressed both vaccine serotypes, including 19F, and
non-vaccine serotypes, and thus contributed most to the
spread of non-vaccine serotypes among clinical isolates
[37]. The GPSC10 lineage is capable of simultaneously
expressing a wide range of serotypes, which facilitates
its adaptation to selective vaccine pressure. An interna-
tional dataset of the GPSC10 lineage showed that this
lineage expresses 16 serotypes, of which only 6 are in-
cluded in PCV13. Moreover, the GPSC10 lineage has
a relatively high potential to develop invasive forms of
infection and a propensity to cause meningitis, regard-
less of serotype [38]. It was found that it took about
3-5 years for pneumococci of the GPSC10 lineage to
spread in France, and in Spain, Argentina, and Israel
a rapid change in the serotype composition of this lin-
eage occurred in the post-vaccination period. Thus,
together with its transmissibility, GPSC10 should be
considered as a high-risk lineage that may eventually
reduce the efficacy of vaccines worldwide [39, 40]. In a
study conducted by E. Egorova et al. found that in Rus-
sia in 2011-2018, serotype 19F isolates belonged to 8
different lineages (GPSC1, GPSC44, GPSC10 GPSCe6,
GPSC11, GPSC18, GPSC43 and GPSC591), of which
the lineages GPSC1, GPSC6 and GPSC10 were charac-
terized by resistance to antimicrobials [41].

According to the results of the present study, pneu-
mococci of serotype 23F were the third most common
serotype responsible for the development of bacterial
meningitis in Russia. Four out of 5 isolates of serotype
23F belonged to the GPSC7 lineage, 1 — to the GP-
SC49 lineage. All isolates of serotype 23F were charac-

terized by resistance to trimethoprim-sulfamethoxazole.
In studies conducted in China and Iran, serotype 23F
was one of the dominant serotypes isolated from the
cerebrospinal fluid of patients [42, 43]. The results of
studies performed in the UK showed that serotype 23F
isolates were part of the GPSC7 lineage. While in 2002
this lineage was dominated by serotype 23F and had
only a small number of serotype 23A, in 2009 isolates
of serotype 23B appeared [29]. The GPSC7 lineage was
one of the dominant lineages responsible for invasive
disease during the PCV13 era in Hong Kong, Israel,
Malawi, South Africa, Gambia and the USA [22].

The results of international studies indicate that
the post-vaccination period is characterized by a de-
crease in the proportion of vaccine serotypes and an in-
crease in non-vaccine pneumococcal serotypes among
different age groups of the population [44, 45]. Lineag-
es represented by vaccine serotypes in which non-vac-
cine serotypes were already present persist in the popu-
lation [15]. It has been observed that these non-vaccine
serotypes have a high potential to develop invasive
forms of infection [46, 47]. The results of our study
indicate that in Russia more than 17% of pneumococ-
cal meningitis cases were caused by pneumococci of
non-vaccine serotypes. The relatively high proportion
of isolates with serotype 15B (6%) and the presence of
isolates with non-vaccine serotypes 28A, 37 and 38,
which were not previously associated with pneumococ-
cal meningitis in Russia, are noteworthy. The level of
antibiotic resistance was found to be lower in non-vac-
cine serotypes than in vaccine serotypes and differed
depending on the GPSC lineage. In our study, lineages
expressing non-vaccine serotypes were sensitive to all
tested antimicrobials, except for 2 lineages (Table 2).

Different virulence factors are involved in the pro-
cess of invasive infection at different stages. According
to the results of our study, classical genes encoding vir-
ulence factors such as capsule synthesis, pneumococcal
surface adhesin, autolysin, fibronectin binding protein
and pneumolysin were found in all invasive isolates. An
interesting observation was made regarding the zmpC
gene. It was detected only in 9 invasive pneumococcal
isolates of the pneumococcal lines GSPC229 (serotype
15C,15B), GSPC3 (serotype 11A), GSPC162 (serotype
4), GSCP904 (serotype 14) and the new line GSPC (se-
rotype 8). Previously, in a study in the Netherlands, the
zmpC gene was identified in invasive serotypes 8, 11A
and 4 belonging to the GPSC3 lineage. It was found
that cases of invasive pneumococcal infections caused
by zmpC-positive pneumococci were more often ac-
companied by sepsis [48]. Japanese scientists suggest-
ed that the zinc metalloprotease zmpC suppresses the
virulence of pneumococci by inhibiting bacterial inva-
sion into the central nervous system [49]. Thus, zinc
metalloprotease zmpC is of particular interest and re-
quires additional research.
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Conclusion

1. 28 global pneumococcal sequence clusters
(GPSC) and 45 S. pneumoniae sequence-types associ-
ated with invasive strains were identified in Russia. Of
68 S. pneumoniae isolates from patients with bacterial
meningitis, more than 17% belonged to non-vaccine
serotypes.

2. Antibiotic resistance of pneumococci of vac-
cine serotypes was higher than that of non-vaccine se-
rotypes.

3. The emergence of non-vaccine serotype lin-
eages of pneumococcus with determinants of high vir-
ulence, including resistance to antibiotics, necessitates

ORIGINAL RESEARCHES

further research into the molecular genetic characteri-
zation of isolates causing meningitis.

4. The results comparing phenotypic and genoty-
pic antimicrobials were characterized by good concor-
dance, indicating the need to further explore the pos-
sibility of using whole-genome sequencing as a diag-
nostic tool to identify resistance mechanisms in clinical
isolates of S. pneumoniae.

In conclusion, the characterization of pneumococ-
cal lineages and their genetic variations that influence
resistance and invasiveness are highly informative for
establishing a global strategy for continuous epidemio-
logical surveillance of the pneumococcal population.
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