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Abstract

The objective of this study was to characterize and compare antigenic and genetic characteristics of Streptococcus
pneumoniae strains isolated from patients with invasive and non-invasive pneumococcal infections (Pls) by using
the data of high-throughput sequencing.

Materials and methods. A total of 158 S. pneumoniae strains were studied. All of them were isolated during
different stages of the PEHASus multicenter study performed in 2015-2020. The data analysis was based on
the information about whole-genome sequences of 46 strains isolated during the above study. Real-time PCR
methods and high-throughput sequencing (the lllumina platform) were used for identification of serotypes. The
SeroBA, PneumoCaT software and PubMLST.org website resources were used in the data processing.

Results and discussion. The serotypes of all the studied strains were identified. A number of discrepancies
among serotypes in serogroup 6 and one discordant result were revealed by the analysis of whole-genome
sequences using 2 programs. The PCR methods were effectively used to characterize serotypes in 87% and 69%
of the pathogens of invasive and non-invasive Pls, respectively. The serotypes contained in PCV13 accounted
for 59% and 37%, while PPV23 serotypes accounted for 78% and 53% of the strains isolated from patients
with invasive and non-invasive Pls, respectively. The data analysis was unable to identify either the dominant
sequence type (a total of 81 sequence types have been identified) or clonal complexes, except for serotype 3
strains, thus demonstrating consistency with the data from previous studies suggesting the absence of a well-
represented clonal structure of S. pneumoniae associated with pneumococcal meningitis in Russia.
Conclusion. The obtained data made it possible to identify the distribution of the circulating serotypes and
genetic characteristics of the strains isolated from Pl patients, thus being instrumental for assessment of the
effectiveness of the existing polyvalent vaccines and providing information for improvement of the PCR-based
methods of serotyping.
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AHTUreHHaA N reHeTNYeCKan XapaKTepuctTukKa wiTammos

Streptococcus pneumoniae, BbiieNIeHHbIX OT 60/IbHbIX UHBA3NBHbIMM

N HeNMHBa3NBHbIMN NHEBMOKOKKOBbIMUA I/IH(I)eKLII/IﬂMVI,
Cc ncnoJsib3oBaHnem BbiCoOKonpomssoanTenbHOro
CeKBeHNpoBaHMnA

MupoHoB K.O."™, lanoHoBa U.W.", KopuaruH B.W.", Muxainosa 10.B.", LLleneHkoB A.A.",
Kantenosa B.B.’, YarapsaH A.H.2, UBaHuuk H.B.2, Ko3nos P.C.2

'LleHTpanbHbI HayYHO-MCCIeoBaTeNbCKUA UHCTUTYT anugemunonorum PocnotpebHaasopa, Mocksa, Poccus;
HUW aHTUMUKPOOHON XummnoTepanum CMONEHCKOTO roCyAapCTBEHHOIO MeMLIMHCKOTO YHUBEPCUTET],
CmoneHck, Poccna

AHHOMauus

Llenb paboTbl 3aknoyanacb B XxapakTepUCTUKE U COMOCTaBMNEHUM AaHHbIX 00 aHTUTEHHbIX U FeHETUYECKUX CBOW-
CTBaXx MOJy4YEHHbIX C MOMOLLIbIO BbICOKONPOU3BOAMTENBHOIO CEKBEHMPOBaHUS WTaMMOB Streptococcus pneumo-
niae, BblA€NeHHbIX OT 60NbHBIX MHBA3MBHBIMW U HEMHBA3NBHBIMU (DOPMaMKn MHEBMOKOKKOBOW UHGekuun (MA).

MaTtepuansbl u metoabl. ViccneposaHo 158 wrammoB S. pneumoniae, BblAeneHHbIX NpY NpoBeAeHUU pasnuy-
HbIX 3TarnoB MHOroLeHTpoBoro nccnegosaHus «MelAC» B 2015-2020 rr. Mpu aHanu3e faHHbIX MCNofb3oBanach
MHopMaUUS O NONTHOrEHOMHbIX MOCNef0BaTENbHOCTAX 46 LWTAaMMOB, BblAEMNEHHbIX PAaHEE B TOM Xe UccreaoBa-
HUW. [INs onpeneneHns cepoTUnoB npumMeHeHbl metoankm MLP B pexxume peanbHOro BpeMeHU 1 BbICOKOMNPOU3-
BOAWTENbLHOE CekBeHnpoBaHue (nnatcgopma «llluminax). Mpu obpaboTke AaHHbLIX NCMOMNbL30BaNUCh NPOrpaMMbl

«SeroBA», «PneumoCaT» 1 nporpaMmmHbie BO3MOXHOCTM UHTEPHET-pecypca PubMLST.org.

PesynbraTthl 1 06cyxaeHue. OnpeneneHbl CEPOTUNBbI BCEX LUTAMMOB, BKIMHOYEHHbLIX B UccrneaoBaHue. HavgeH
psif, HECOBMaAEeHU CepoTUNOB BHYTPU Ceporpynmnbl 6 1 0AMH AMCKOPAAHTHBIN pesynstaTt npu aHanuae rnorHo-
reHOMHbIX MocnegoBaTenbHOCTe AByMs nporpammamu. MNMpeanaraemsie MNMUP-nogxoabl No3BonsloT oxapakTe-
pusoBatb cepotun y 87% Bo3byautenel UHBa3nBHbIX U 69% HeuHBasuBHbIX copm M. Jons wrammoB ¢ ce-
poTunamu, Bxogawmmm B coctaB PCV13, coctaensiet 59 n 37%, B coctaB PPV23 — 78 n 53% ans wrammos,
BblAEMNEeHHbIX OT 6OMbHbBIX MHBA3NBHBLIMU U HEMHBAa3UBHbIMU 11 COOTBETCTBEHHO. AHANM3 AaHHbIX HE NO3BOMSET
BbISIBUTb NpeobnafatoLLmin CUKBEHC-TUN (BCero HanaeH 81 CUKBEHC-TWUN) UMW ONPeaEnUTL KNOHAamNbHbIE KOMMMEK-
Cbl, 3@ UCKIMKOYEHMEM LUTAMMOB cepoTuna 3, 4YTO corracyeTcsl C Nofny4YeHHbIMU paHee JaHHbIMUM 06 OTCYTCTBUM
BbIpa)XEHHOW KITOHANbHOW CTPYKTYpbl S. pneumoniae, acCoLMNPOBAHHbIX C MHEBMOKOKKOBBIMW MEHUHIMTAMMU, Ha

Tepputopumn Poccum.

3aknroyeHue. MonyyeHbl AaHHbIE, MO3BONSIOLLME ONPEeAEnuUTbL pacnpefeneHne LMpKYIMpPYOLWMX CepOTUMNOB U
reHeTMYECKME XapaKTEPUCTMKN LUTaMMOB, BblAENEHHbIX OT 6onbHbIX MW, 4TO 0AéT BO3MOXHOCTb OLEHUTb 3¢)-
(hEKTUBHOCTb CYLLECTBYIOLLIMX NOMMBANEHTHbLIX BakUMH U NPefoCcTaBnseT UHMOpMaLUMo AN KOPPEKLUN OCHO-

BaHHbIX Ha lMLP cnocoboB cepoTnnMpoBaHusi.

Knroueebie cnoea: Streptococcus pneumoniae, UHBa3UBHble MHEBMOKOKKOBbIE UHGEKUUU, HEeUH8a3UBHbIe
MHEeBMOKOKKO8bIe UHGbeKyuU, 6blCOKOI'IpOU360(3umeﬂbH06 cekeeHuposaHue, cepomunuposaHue, NP e pexume

pearnbHo20 8peMeHU, MyIbMUIIOKYCHOE CEeK8EeHUPO8aHUe-munuposaHue

Amuyeckoe ymeepxdeHue. ViccnegoBaHue npoBoaunoch npy 4o6poBONbLHOM MHGOPMMPOBAHHOM Corfiacun na-
umeHTOoB. MNpoToKON MccreaoBaHUst ofobpeH JTUYECKUM KOMUTETOM CMONEHCKOro roCyAapCTBEHHOMO MEANLIMHCKOTO

yHuBepcuteta (npotokon Ne 213 ot 11.10.2018).

HUcmoyHuk ¢UH8HCUPOSGHUH. ABTOpbI 3aBNSAIOT 06 OTCYTCTBUU BHELLHEro uHaHCHpoBaHWUs Npy NpoBeaeHnn Uc-

crnefoBaHus.

Kompnu:(m UHmMepecos. ABTOpr AEeKNapupyrT OTCYTCTBME ABHbLIX U NOTEHUMalnbHbIX KOHqJJ'II/IKTOB NHTEepecoB, CBA-

3aHHbIX ¢ NyGnnKaumet HacTosLel cTaTbu.
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Introduction

Streptococcus pneumoniae is one of the most com-
mon human pathogens that can cause variously locali-
zed infections. The clinical spectrum of pneumococcal
infections (PIs) ranges from invasive to non-invasive
infections [1]. In invasive infections, the pathogen is
isolated from normally sterile sites, such as blood or ce-
rebrospinal fluid. In non-invasive infections, including
non-bacteremic pneumonia, the pathogen can be isola-
ted from the lower respiratory tract. Therefore, microbi-
al cultures from patients with invasive and non-invasive
PIs will be hereinafter referred to as “invasive strains”
(ISs) and “non-invasive strains” (NISs), respectively.

The microbiological monitoring is a critical com-
ponent of PI epidemiological surveillance, giving spe-
cial attention to antigenic and genetic characteristics of
PI pathogens, and to the data on antibiotic sensitivity.
The analysis of a pathogen’s antigenic properties is
used to identify serotypes and, consequently, to assess
the effectiveness of the existing polyvalent vaccines. In
Russia, the commonly used vaccines are the 13-valent
pneumococcal conjugate vaccine (PCV13, Prevenar
13) and the 23-valent pneumococcal polysaccharide
vaccine (PPV23, Pneumovax 23). The identification
of the PI pathogens’ serotypes is essential for planning
preventive immunization measures and for assessment
of'their effectiveness for people involved in the epidem-
ic process.

While the antibiotic sensitivity is generally as-
sessed by using standard microbiological methods,
following the EUCAST recommendations [2, 3], as in
most cases the variety of resistance mechanisms [1]
prevents using molecular methods, the efficiency of the
latter methods used for identification of serogroups and
serotypes (the key elements in the antigenic characteri-
zation of S. pneumoniae) has been demonstrated in mul-
tiple Russian and foreign studies [4—7]. The identifica-
tion of genetic characteristics of S. pneumoniae strains
by using multilocus sequence typing (MLST) or other
approaches based on the analysis of whole-genome
data provides efficient tools for describing the clonal
structure of microorganisms involved in the epidemic
process, for evaluating the recombination potential of a
bacterial population and for analyzing the evolutionary
processes leading to emergence of new, potentially vir-
ulent or antibiotic-resistant strains [1, 8—10].

Antigenic and genetic characteristics can be
identified by using molecular and biological meth-
ods such as real-time PCR (RT-PCR) and sequencing.
High-throughput sequencing gives a comprehensive in-
sight into microorganisms, underlying the analysis of
their whole-genome sequences: sequences of cps-locus
genes for identification of serotypes and data on prima-
ry sequences of core genome loci, the analysis of which
has the highest discriminative power for identification
of genetic relationships among strains and for identifi-
cation of the clonal structure of a bacterial population.

ORIGINAL RESEARCHES

Despite its multiple advantages for serotype identifica-
tion, RT-PCR has certain limitations, as pathogens go
through continuous adaptation, trying to survive under
pressure of herd immunity, including the immunity ac-
quired through preventive vaccination using polyvalent
vaccines. At least 100 serotypes of S. pneumoniae have
been identified to date, most of them being associated
with invasive PIs [1, 11], thus proving the importance
of studying strains, which are not typeable with stan-
dard serological or PCR-based methods, and the urgen-
cy of improving the existing laboratory techniques, for
example, by using additional serotype-specific targets.
The resulting information about epidemiological fea-
tures of circulating pathogens is required for develop-
ment of vaccination programs and for monitoring of
their effectiveness.

Thus, the objective of this study was to character-
ize S. pneumoniae strains isolated from patients with
invasive and non-invasive Pls by using high-through-
put sequencing, to analyze and compare their antigenic
and genetic properties in the microbiological monitor-
ing context.

Materials and methods

The study was performed on 22 invasive (isolated
from blood or cerebrospinal fluid) and 90 non-invasive
(isolated from sputum samples of patients with com-
munity-acquired pneumococcal pneumonia) strains
of S. pneumoniae. All the strains were isolated during
different stages of the PEHASus multicenter study per-
formed in 2015-2020 [2]. Most of the strains character-
ized in this study as well as ISs also isolated during the
PEHASus studies and described earlier [5] were isola-
ted in 2019 (n = 58) and 2020 (n = 47).

The transportation and storage, microbiological
methods, species-level identification methods, DNA
isolation techniques, whole-genome sequencing and
genome-assembly procedures were described in previ-
ous works [2, 5]. All the strains were studied addition-
ally by using RT-PCR methods for identification of 16
serotypes [4] and by using the specially designed tech-
niques for identification of serotypes 12F, 15BC, 22FA,
and 8. The RT-PCR reaction mixtures contained a set of
4 serotype-specific oligonucleotides corresponding to
the groups shown in Table 1. The serotype identification
based on the whole-genome sequencing data was per-
formed with SeroBA [6] and PneumoCaT programs [7].

The nucleotide sequences were deposited, the se-
quencing results, including assignment of alleles and
sequence types, were processed and the MLST data
were analyzed with BURST and Genome Comparator
tools on PubMLST.org! [9]. At the end of the study,
the database contained information about more than
37 thousand genomes of S. pneumoniae, including

! PubMLST. Streptococcus pneumoniaec MLST Databases.
URL: https://pubmlst.org/organisms/streptococcus-pneumoniae
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Table 1. Serotype groups identified in invasive and non-invasive strains

Serotype groups

Invasive strains

Non-invasive strains
[e] asive stra 1 (p-value)*

(n = 68) (n = 90)
Methods RT-PCR 3, 6AB, 9VA, 19F 26 (38%) 28 (31%) 0,59 (0,44)
1,4, 14, 23F 11 (16%) 9 (10%) 0,84 (0,36)
ONL, 11AD, 15AF, 18 6 (9%) 11 (12%) 0,18 (0,67)
2,5, 7AF, 19A 3 (4%) 0 0,08"
8, 12F, 15BC, 22FA 13 (19%) 14 (16%) 0,14 (0,71)
Total 59 (87%) 62 (69%) 5,94 (0,015)
Included in vaccines PCV13 0 (59%) 33 (37%) 6,78 (0,009)
PPSV23 53 (78%) 48 (53%) 9,13 (0,0025)

Note. *y? of Pearson with Yates correction; **Fisher's exact test, p-value.

288 whole-genome sequences of Russian isolates, most
of which were characterized in the earlier works [5, 10].
As we previously studied the sample containing 46 ISs
isolated during the PEHASus study, we used the pooled
sample of ISs (n = 68), which included previously de-
scribed strains, to compare the results of antigenic and
genetic characterization of ISs and NISs [5].

Results

The whole-genome nucleotide sequences of the
studied strains, the data on serotypes and antibiotic
sensitivity (for most of the strains) as well as the in-
formation about sources of strains were deposited in
the PubMLST database under the following accession
numbers: ISs — 73010, 73011, 73013-73015, 73017-
73033, NISs — 142542, 142543, 142546-142569,
142572-142574, 142578, 142579, 142581, 142583—
142604, 142606-142610, 142612-142625, 142627-
142643. Allelic profiles and the respective sequence
types were identified for all of the strains, some of them
being described for the first time.

The analysis of whole-genome data by using two
programs [6, 7] helped assign the studied strains to se-
rotypes and serogroups. NISs demonstrated discrepan-
cies during the identification of serotypes belonging to
serogroups 6 (only serotypes B or C, A or B and D or
C) in 5 strains, 15 (B or C) in 3 strains, and 35 (A or C)
in 1 strain; one discordant result was obtained in iso-
late with id142633, where the serotype was identified
controversially (35A or 42). No discordance between
the serotype identification in silico and with RT-PCR
methods was found.

Discussion

Antigenic characterization

ISs and NISs had 28 and 33 variants of serotypes,
respectively (42 were non-repeating). The most fre-

quent serotypes found in ISs (more than in 5%) were
serotypes 3 (18%), 19F (9%) and 23F (7%), while in

NISs, these were serotypes 3 (11%), 19F (10%), 15C
(8%) and 11A (8%), 23F (7%) and 23A (6%). Table 1
shows the data on frequencies of group-assigned sero-
types for both groups of strains. The serotype groups
have the respective serotype-specific targets detect-
able by RT-PCR methods and capsular antigens used
for polyvalent vaccines PCV13 and PPSV23. As seen
from Table 1, the strains with the serotype detectable
with the RT-PCR method applicable to 16 serotypes [4]
and including all serotypes of vaccine PCV13 account
for 67% for ISs and 53% for NISs. These percentages
are almost identical to the percentage of the serotypes
(65%) obtained during the studies of pathogens causing
pneumococcal meningitis and circulating in Moscow
during the reference period (2016-2019) [12] and are
lower (79%) than those circulating before (2007-2010)
[4]. The decrease in the proportion of serotypes present
in vaccine PCV13 can be explained both by the chang-
ing range of the antigenic diversity of S. pneumoniae due
to vaccination and by the territorial diversity of the patho-
gens included in this study and the PEHASus study [2].
The additionally detected serotype-specific targets 12F,
15BC, 22FA, and 8 increased the proportion of identified
serotypes to 87 and 69%, demonstrating significant dif-
ference between the samples. The RT-PCR method de-
signed in 2014 and its algorithm [4] were not well suited
for ISs and NISs in the studied sample collected in several
Russian regions and circulating primarily in 2019-2020.
The best option used for RT-PCR-based identification
of serotypes should include additional serotype-specific
targets 12F, 15BC, 22FA, and 8, while the detection of
serotypes 2, 5, 7AF, and 19A can be omitted.

The proportion of serotypes present in vaccines
PCV13 and PPSV23 varies in the studied strain sam-
ples, while the proportion of serotypes is significantly
higher in the IS sample for both vaccines.

Genetic characterization

During this and earlier studies [5], a total of 81
sequence types were identified, the most frequent be-
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Table 2. Sequence types of invasive and non-invasive strains identified in 2 or more cases

Number of strains with matching

Invasive strains, 45 sequence types

Non-invasive strains, 54 sequence types

sequence-type (n=168) (n=90)
6 180 -
5 - 81, 505
4 6202 1262
3 239, 505, 1025 62, 150, 143, 393, 423, 1025, 1012, 9659, 11900
2 15, 225, 236, 311, 433, 1262, 2361, 2991, 3544 42,239, 433, 2754, 6202, 9248, 12493

Once

31 sequence types

35 sequence types

Note. *Sequence types found in both samples are in bold.

ing ST-180 (6%), ST-505 (5%), ST-1025, ST-1262, and
ST-6202 (each accounting for 4%), ST-81 and ST-239
(both accounting for 3%). In both samples of strains, the
maximum number of sequence types was detected only
once. Out of 81 sequence types, 18 types (22%) were
found in both samples of strains, 27 (33%) sequence
types were found only in ISs, and 36 (44%) sequence
types were found only in NISs. Some differences in the
distribution and occurrence frequencies of the detected
sequence types are shown in Table 2.

Although the detected sequence types differ in
their composition and number, they did not show any
difference in their Simpson’s diversity index, which was
properly calculated [13] and reached 98.3% and 98.5%
for ISs and NISs, respectively. On the one hand, the high
values of the diversity index demonstrate the absence
of a well-represented clonal structure of the studied
pathogens; on the other hand, the BURST-based MLST
analysis identifies two groups of genetically related
strains with core sequence types ST-311 and ST-505
(if strains with minimum 2 discrepancies in the allelic
profile are grouped together). Group ccST-311 includes
9 strains with sequence types ST-36, ST-42, ST-15248,
ST-16095, and ST-16358, all of them belonging to sero-
group 23 (serotypes A or F). Group ccST-505 includes
20 strains of serotype 3 with sequence types ST-180,
ST-2049, ST-15250, and ST-15251; ISs have sequence
type ST-180, while NISs have sequence type ST-505
(Table 2). Group ccST-505 corresponds to clonal group
CC180 identified in the study [3] and representing one
of Russia’s most common clonal complexes of S. preu-
moniae, which were isolated in 1980-2017.

The comparison of the detected sequence types
with the sequence types of 81 Russian strains of S. pneu-
moniae (39 sequence types), which were isolated from
meningitis patients in 2011-2015 and characterized in
the subsequent study [10] revealed 12 matches, while
no differences in the number of matches were found
in IS and NIS samples. The core genome (cgML-
ST)-based analysis, which includes the calculation of
a genetic distance for 1367 loci, makes it possible to
specify individual groups of strains of certain sero-

types (for the most common serotypes: 3, 19F, 11A,
15BC, and 9V), while some groups contain strains be-
longing to several serogroups (for example, 10A and
6C). The comparison of the findings of two studies
and the genetic characterization confirm the previous
assumptions regarding the absence of a well-represen-
ted clonal structure of S. pneumoniae associated with
invasive PIs in Russia [5].

The whole-genome sequencing combined with the
molecular monitoring of PI pathogens provides timely
acquisition of reliable data on changes in the structure
of circulating S. pneumoniae serotypes, improving the
efficiency of planning and the assessment of the effec-
tiveness of preventive immunization measures. The
genetic characterization based on whole-genome data
is a powerful tool for the intraspecific classification of
pathogens, which is required for the extended microbi-
ological monitoring being a constituent part of the PI
epidemiological control. The accumulation and analy-
sis of whole-genome data will enhance the insight into
basic genetic variations associated with the ability of
certain representatives of S. pneumoniae to cause inva-
sive Pls.
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