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Abstract

Background We previously reported alarmingly high carriage rates of Streptococcus pneumoniae (SP) serotype 19F
and serogroup 6 isolates, which were not susceptible to multiple beta-lactams among children under five years

of age in Vietnam. Multilocus sequence typing analysis revealed the predominance of two major lineages, ST320

and ST13223, among serotype 19F and serogroup 6 isolates, respectively. Investigating the association between non-
susceptible genotypes and clinical outcomes could help optimize patient care or lead to the development of new
diagnostic tests.

Methods We performed WGS on SP isolates randomly selected from the two major lineages and their related
strains. FASTQ quality control and de novo assembly were performed using CLC Genomics Workbench ver. 7.5.1.
Draft genome sequences were annotated using DFAST (DDBJ Fast Annotation and Submission Tool), which revealed
the serogroups/serotypes and the sequences of the three major penicillin-binding protein genes and the sequence
types. Draft sequences were aligned using MUMmer ver. 3.23, and putative recombination events and phyloge-
netic relationships excluding recombination regions were identified using Gubbins ver. 2.4.1. Finally, the association
between a detected nonsusceptible genotype and the duration of hospital stay was evaluated in patients with acute
respiratory infection.

Results WGS analysis (serotype 19F/ST320, n=22; serogroup 6/5T13223, n=13; and isolates closely related
to ST13223, n=4) revealed substantial differences in genomic diversity and antimicrobial susceptibility between sero-
group 6/ST13223 and serotype 19F/ST320 isolates, particularly the recombination-prone nature of serogroup 6/
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ST13223. Among the 23 recombination events observed in serogroup 6/5T13223, only those spanning the pbp2x
region (15.5 kb and 6.4 kb) were associated with high MICs for multiple beta-lactams. A subset of ST13223 isolates
and all ST320 isolates carried the identical pbp2x allele 16, which was significantly associated with a lack of susceptibil-
ity to the combination of penicillin, cefotaxime, and meropenem (p <0.0001; odds ratio 11.5; 95% confidence interval
[Cl] 3.35-39.3). No significant association was demonstrated between the presence of this pbp2x allele and prolonged
hospitalization (p=0.6123).

Conclusions We revealed that the widespread nonsusceptibility to multiple beta-lactams among SP isolates circulat-
ing in central Vietnam was primarily driven by the dynamics of the pbp2x gene. However, the nonsusceptible pbp2x

allele had little effect on clinical outcome.

Keywords Streptococcus pneumoniae, Whole-genome sequencing, Molecular epidemiology, Pneumococcal
conjugate vaccine, Antimicrobial nonsusceptibility, Penicillin-binding protein

Background

Streptococcus pneumoniae (SP) is a major pathogen that
causes multiple infectious diseases, including pneu-
monia, bacteraemia, meningitis, and otitis media, thus
resulting in significant health burdens in both high- and
low- to middle-income countries [1, 2]. Moreover, the
increasing antimicrobial nonsusceptibility of SP is a
pressing global concern; since the 1990s, the prevalence
of pneumococcal strains that are not susceptible to beta-
lactam antimicrobials has increased rapidly worldwide
[3, 4]. Several epidemiological studies have also shown
that antimicrobial nonsusceptibility was quite com-
mon among SP isolates in Vietnamese children before
the introduction of the pneumococcal conjugate vac-
cine (PCV) and that it was primarily driven by the emer-
gence of multidrug-resistant, globally circulating clones
(Spain®*f—1 and Taiwan'’f—14) [5-8]. Serotypes/sero-
groups 19, 23, 14, and 6 were predominant in Vietnam
before the introduction of the PCV [5, 7].

It was suggested that beta-lactam nonsusceptibility
among SP isolates was associated with specific serotypes/
serogroups. In our previous community-based study
conducted in Nha Trang, located in central Vietnam,
we reported alarmingly high carriage rates of SP sero-
type 19F and serogroup 6, which were not susceptible
to multiple beta-lactams, including broad-spectrum anti-
microbials. These strains were found both in children
with acute respiratory infections (ARIs) and in healthy
children [9]. Our study revealed that 18.0%, 25.8%, and
75.6% of SP isolates were not susceptible to penicillin
(PEN) (nonmeningitis breakpoint: >4 pg/ml), cefotaxime
(CTX) (=2 pg/ml), and meropenem (MEM) (>0.5 pg/
ml), respectively. This nonsusceptibility to multiple beta-
lactams was significantly associated with serotype 19F
and daycare attendance but not the presence of an ARI,
age, or prior antimicrobial use. Fortunately, the major-
ity (90.0%) of beta-lactam-nonsusceptible isolates were
PCV13 vaccine serotypes, suggesting that vaccine intro-
duction would significantly increase drug susceptibility.

Our preliminary analysis using multilocus sequence typ-
ing (MLST) revealed the predominance of two major
lineages, ST320 and ST13223, among serotype 19F and
serogroup 6 isolates, respectively. However, the detailed
mechanisms underlying beta-lactam nonsusceptibility in
these SP lineages remain unclear.

Koch et al. recently examined the relationships among
resistance genotypes, phenotypes, and clinical outcomes
in hospitalized Israeli patients with Gram-negative infec-
tions [10]. Investigating the association between nonsus-
ceptible genotypes and clinical outcomes may optimize
patient care and facilitate the development of new rapid
diagnostic tests in clinical settings. Genotype determi-
nation is faster than traditional phenotypic susceptibil-
ity tests, making it a promising scientific approach. In
the previous study, the association between the nonsus-
ceptible phenotype and clinical outcomes was analyzed
[9]. Detection of pneumococci nonsusceptible to mul-
tiple beta-lactams among patients with ARI did not sig-
nificantly prolong hospital stay or influence the choice
of antimicrobials administered during hospitalization.
However, uncertainty related to the agar dilution method
[11] may have contributed to these negative findings.

Frequent genetic recombination in SP can lead to rapid
clonal selection through the acquisition of DNA frag-
ments that confer survival advantageous characteristics,
such as antimicrobial nonsusceptibility [12]. Although
MLST is a reproducible and valid molecular typing
method, it analyzes only small genomic segments and
lacks sufficient resolution for closely related bacterial
populations, providing limited insights into genetic evo-
lution beyond its targeted loci. Whole-genome sequenc-
ing (WGS) has emerged as a cost-effective and scalable
approach for characterizing genetic relationships among
closely related isolates [13-15]. However, molecular
epidemiological data on pneumococcal strains circu-
lating in Vietnamese communities using WGS remain
scarce. Although some studies have applied molecu-
lar techniques to characterize SP in Vietnam [5, 7, 16],
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comprehensive genomic analysis, particularly of penicil-
lin-binding protein genes, which are the primary deter-
minants of beta-lactam nonsusceptibility [17], is still
required.

To develop long-term, effective interventions against
antimicrobial nonsusceptibility, it is essential to analyze
the detailed mechanisms of beta-lactam nonsusceptibil-
ity in SP strains prevalent within the community. The
present study aimed to investigate the genetic back-
grounds of SP isolates exhibiting nonsusceptibility to
multiple beta-lactam antimicrobials in central Vietnam.
Whole-genome sequencing was employed to confirm the
genomic determinants of antimicrobial nonsusceptibil-
ity and to characterize the major lineages identified in
previous research. Additionally, the association between
the nonsusceptible genotype and clinical outcomes was
explored.

The findings indicated that a subset of serogroup 6/
ST13223 isolates and all serotype 19F/ST320 isolates car-
ried the identical pbp2x allele 16, which was significantly
associated with nonsusceptibility to the combination of
beta-lactams (PEN, CTX, and MEM). The pbp2x allele
16 in certain serogroup 6/ST13223 strains was variably
acquired from serotype 19F/ST320 strains through hori-
zontal gene transfer. Although no significant association
between the specific pbp2x allele and clinical outcome
was demonstrated in this study, continuous monitoring
of the emergence of nonsusceptibility genes in SP isolates
with nonvaccine serotypes remains essential, even after
the introduction of the pneumococcal conjugate vaccine.

Methods

Overview of SP surveillance in Nha Trang, central Vietnam
The study design for the original surveillance has been
described elsewhere [9, 18, 19]. Briefly, a community-
based study on SP colonization was conducted in Nha
Trang city between 2008 and 2009. Nasopharyngeal
swab samples were obtained from two groups of chil-
dren under 5 years of age: 331 healthy children randomly
selected from the community in July 2008 and 552 sick
children with ARIs admitted to the paediatric ward of
Khanh Hoa General Hospital between April 7, 2008, and
March 30, 2009. The samples were subjected to on-site
bacterial culture, followed by antimicrobial susceptibility
testing, conventional serotyping, and molecular analyses
in a research laboratory. SP isolates were obtained from
95 (28.7%) of the healthy children and 202 (36.6%) of the
children with ARIs [9]. An initial agar-dilution screening
test revealed alarmingly high nasal carriage rates for SP
strains that were nonsusceptible to multiple antimicro-
bial agents, particularly broad-spectrum beta-lactams,
chief among them serotype 19F and serogroup 6 [9]. Of
the 40 SP strains nonsusceptible to multiple beta-lactams,
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20 strains (50.0%) belonged to serogroup 19F, followed
by serogroup 6 (n=14: 35.0%). Further investigation of
sequence type (ST) distribution using MLST revealed
two major lineages: serotype 19F/ST320 and serogroup
6/ST13223. ST320 is a double-locus variant (DLV) of
ST236: Taiwan'*—14 (Pneumococcal Molecular Epide-
miology Network [PMEN] 14 clone). ST13223 is a newly
identified ST, a DLV of ST473 and a single-locus variant
(SLV) of ST647, that was previously reported in Ho Chi
Minh City (Additional File 1; Supplementary Table 1).

The impact of pneumococci nonsusceptible to multiple
beta-lactams on clinical indices was evaluated. The detec-
tion of pneumococci nonsusceptible to multiple beta-
lactams among ARI cases did not result in a significant
prolongation of hospital stay or affect the type of antimi-
crobials administered during hospitalization. The data set
used for analysis and the details of the analysis are pro-
vided in Additional File 2 (Supplementary Table 2).

Antimicrobial susceptibility testing

Minimum inhibitory concentrations (MICs) were re-
evaluated using the microdilution method according
to Clinical and Laboratory Standards Institute (CLSI)
guidelines [20] to validate the results obtained from the
agar dilution method in the prior study.

Whole-genome sequencing (WGS)

A preliminary analysis suggested that most SP strains
nonsusceptible to multiple beta-lactams belonged to
serotype 19F and serogroups 6, and that nonsuscep-
tible strains belonged to two major STs (serotype 19F/
ST320 and serogroup 6/ST13223). WGS was principally
performed for these SP lineages. Genomic DNA was
extracted using a PowerSoil DNA Isolation Kit (MO BIO
Laboratories, Inc., Carlsbad, CA) and fragmented using
Covaris S220 (Covaris, Inc., Woburn, MA). DNA librar-
ies were prepared following the method described by
Sasagawa et al. [21] using TruSeq adapters (Illumina, San
Diego, CA) and a KAPA library preparation kit (KAPA
Biosystems, Wilmington, MA). Denatured and diluted
DNA samples were sequenced on an Illumina MiSeq
platform as multiplexed libraries.

Bioinformatic analysis

FASTQ quality control and de novo assembly were per-
formed using CLC Genomics Workbench ver. 7.5.1 (CLC
bio, Aarhus, Denmark). Contigs with low coverage (< 10x)
and short lengths (<300 bp) were excluded from subse-
quent analyses. Draft genome sequences were annotated
using DFAST (DDBJ Fast Annotation and Submission
Tool: https://dfast.ddbj.nig.ac.jp) [22]. On the basis of the
draft sequences, the serogroups/serotypes and sequences
of the three major penicillin-binding protein (pbp) genes
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were determined. Serogroups/serotypes were determined
using the Basic Local Alignment Search Tool (BLAST)
from the National Center for Biotechnology Information
(NCBI) [23] to search for the sequences of the cps locus.
For the determination of sequence types, the reference
sequences of seven MLST loci were first obtained from
the PubMLST website (https://pubmlst.org/organisms/
streptococcus-pneumoniae). Allele sequences of a sample
were determined by mapping short reads to the reference
sequences. MLST profiles were determined by combin-
ing alleles using the PubMLST website. pbp gene alleles
were assigned a unique identifier (e.g.,x 1, a1, and bI). In
addition to determining the nucleotide sequences of the
pbp genes, the amino acid sequences of the transpepti-
dase domain (allele number) of the pbp genes, estimated
susceptibility patterns to beta-lactam antimicrobials, and
global pneumococcal sequencing cluster (GPSC) were
analyzed with the genomic surveillance platform Patho-
genwatch (https://pathogen.watch). Newly identified pbp
gene alleles were assigned a unique identifier (e.g., vn_al,
vn_bl, and vn_x1).

MUMmer ver. 3.23 [24] was used for draft sequence
alignment with default settings, generating a FASTA-
format alignment for sequences sharing 95.0% homology
with the reference genome sequence. Scaffolds shorter
than 1000 bps, SNPs near the ends of the scaffolds, and
indels were excluded manually because of their unreli-
ability. Putative recombination events and phylogenetic
relationships excluding recombination regions were
identified using Gubbins ver. 2.4.1 with default settings
[25]. The genomes of GPSC13 (ST473, a double-locus
variant of ST13223) (accession no: ERS1021669) [26] and
Taiwan!"f—14 (accession no: CP000921) [27] were used
as references for the serogroup 6/CC13223 and serotype
19F/ST320 strains, respectively. A maximum likelihood
(ML) tree was constructed with 1000 bootstrap replicates
using filtered polymorphic site alignments and MEGA
ver. 7.0.26 [28]. Phylogenetic trees were constructed
using Figtree version 1.4.4 (http://tree.bio.ed.ac.uk/softw
are/figtree/). The mean pairwise SNPs were also deter-
mined using filtered polymorphic site alignment.

Identification of horizontally acquired regions
encompassing the pbp2x gene in the serogroup 6/
ST13223 genomes

To identify horizontally acquired regions encompass-
ing the pbp2x gene in the genomes of serogroup 6/
ST13223 isolates, scaffolds containing the pbp2x region
were selected from each of the serotype 19F/ST320
and serogroup 6/ST13223 genome sequences, and the
sequences 20 kb upstream and 5 kb downstream from
the pbp2x gene were aligned with the appropriate ref-
erences. Afterwards, the number of sequence variants
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(SNPs, insertions, and deletions) was counted within a
sliding window of 1000 bp with a step size of 100 bp to
define the borders of the regions horizontally acquired
via recombination.

Determination of pbp2x alleles in nasopharyngeal DNA
samples and analysis of their association with a clinical
index

The 539-668 bp region of the pbp2x gene was ampli-
fied via PCR from nasopharyngeal DNA samples and
sequenced to explore the association between specific
pbp2x alleles and a clinical index (hospital stay dura-
tion) in ARI cases; carriage of SP, defined as lyt-A-pos-
itive nasopharyngeal DNA, was identified in 186 ARI
cases. The primer pairs used for PCR and sequencing
are listed in Supplementary Table 3 (Additional File 3).
DNA samples from patients with ARIs and cocoloniza-
tion of multiple serotypes—detected in approximately
18% of patients using a nanofluidic real-time PCR assay
[18]—were excluded from the analysis, because cocol-
onization of multiple pneumococcal serotypes might
affect the sequencing process of the pbp gene. The asso-
ciation between a specific pbp2x allele and hospital
stay duration was examined in the cases where a pbp2x
allele was confirmed. MICs determined for PEN, CTX,
and MEM were based on the results of the previous
study [9]. The data set used for analysis and the details
of the analysis are provided in Additional File 2 (Sup-
plementary Table 2).

Statistical analysis

The numbers of SP isolates and SP isolates nonsuscepti-
ble to beta-lactams were expressed as both real numbers
and percentages, categorized by pbp2x alleles. The dura-
tion of hospital stay was expressed as the median and
interquartile range in days. Susceptibility to beta-lactams
was classified as a categorical variable. The chi-square
test was used when all expected cell counts were > 5; oth-
erwise Fisher’s exact test was applied to compare categor-
ical variables. The Wilcoxon rank-sum test was used to
compare the length of hospital stay between pbp2x allele
groups. P-values lower than 0.05 were considered signifi-
cant. Analyses were performed using JMP ver. 9.0.2 (J]MP
Statistical Discovery, LLC, Cary, NC).

Results

Whole-genome sequencing of SP isolates randomly
selected from the two major lineages and their related
strains

To investigate genetic evolution in the SP genome out-
side MLST-targeted loci (the three major pbp genes in
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particular), we performed WGS on 39 SP isolates ran-
domly selected from the two major lineages and their
related strains: 22 isolates of serotype 19F/ST320, 13 iso-
lates of serogroup 6/ST13223, and four isolates closely
related to ST13223. This last group included A1248
(ST14128: SLV of ST13223), A998 (ST2644: DLV of
ST13223), H2146 (ST9650: SLV of ST13223), and A1298
(SLV of ST2644). Although A1298 is a triple-locus (gki,
spi, and ddl) variant of ST13223, it was included in the
lineage analysis; the ddl locus, which is near the pbp2b
gene on the SP genome, is highly variable because of a
“hitchhiking” effect involving ddl and pbp2b [29, 30].
These four isolates were included to provide insights
into the genome characteristics of the ST13223 lineage,
as detailed genomic data on ST320 and the clonal com-
plex (CC320, including ST236 and ST283) have been well
documented [31]. However, such data were lacking for
ST13223.

The results of WGS ultimately included data such as
inferred serotypes, nucleotide sequences of pbp genes
(allele numbers), amino acid sequences of the trans-
peptidase domains of pbp genes (allele numbers), esti-
mated beta-lactam susceptibility patterns to analyzed
using Pathogenwatch, and STs (Table 1). MIC values
against PEN, CTX, and MEM are also shown in Table 1.
Across the three major pbp genes, we identified 3, 5,
and 4 distinct alleles for the pbpla, pbp2b and pbp2x
transpeptidase domains, respectively. All serotype 19F/
ST320 isolates shared an identical allele combination
for the three major pbp genes (13:11:16), and the major-
ity (20 out of 22) were nonsusceptible to both CTX and
MEM. This allele combination (13:11:16) was previously
reported for serotype 19A/ST320 [32]. In contrast, sero-
group 6/ST13223 isolates exhibited three distinct alleles
for the pbp2x transpeptidase domain (16, 47, and vn_x1),
whereas the alleles of pbpla and pbp2b (vn_al and 12,
respectively) were consistent. Notably, the pbp2x allele
16, which was shared by all serotype 19F/ST320 iso-
lates, was also shared by eight serogroup 6/ST13223 iso-
lates. Allele 47, found in strain A1548, matched that of
Taiwan'®*—14 (accession no: CP000921). Importantly,
ST13223 isolates with either the 16 or 47 allele exhibited
PEN and CTX MICs of 1 pg/ml or higher, whereas iso-
lates with the vn_x1 allele did not; moreover, the MEM
MICs did not clearly differ between these groups. pbp2b
allele 12 in serogroup 6/ST13223 was identical to that of
SpainZBF—l (accession no: FM211187) [33]. Among the
four non-ST13223 serogroup 6 isolates, three (A1248,
A998 and A1298) with the pbpla allele vn_al and pbp2x
allele vn_x1 displayed PEN and CTX MIC values of
0.5 pg/ml or lower. However, their pbp2b alleles (vn_b1
or 16) differed from those of ST13223. Although the
remaining non-ST13223 (H2146) isolate yielded the same
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PEN and CTX MIC values, it had a unique transpepti-
dase domain profile (vn_a2, vn_b2, vn_x2). Moreover,
serotype 6E was inferred for H2146, whereas serotype
6 A was inferred for the other non-ST13223 isolates, con-
sistent with the serotype observed in all ST13223 isolates.
These features suggest that H2146 was distantly related
to the other serogroup 6 isolates.

Novel alleles of the pbp genes identified in this study
are provided in Additional File 4. The details of the
sequence data, including the accession numbers, are
provided in Supplementary Table 4 (Additional File 5).
Amino acid sequences (allele numbers) of the trans-
peptidase domains of the PBPs from Taiwan'®—14 and
Spain?*f—1 are provided in Supplementary Table 5 (Addi-
tional File 6).

In summary, the pbp2x allele 16, which was shared
by all serotype 19F/ST320 isolates and a subset of sero-
group 6/ST13223 isolates, and SP isolates with this allele
showed increased nonsusceptibility to multiple beta-lac-
tams, regardless of serotype.

Whole-genome phylogeny of serogroup 6/CC13223
isolates

To characterize the genomic features of serogroup 6/
CC13223 strains, an ML phylogenetic tree of 17 sero-
group 6/CC13223 isolates was constructed on the basis
of their genome sequences (Fig. 1a) (Additional File 7,
Supplementary Fig. la and b), with GPSC 13 (ST473, a
DLV of ST13223) [26] as a reference. The ST13223 iso-
lates formed a distinct clade. In this clade, eight isolates
with the pbp2x allele 16 formed a monophyletic sub-
clade. Among the remaining three non-ST13223 iso-
lates, H2146, which, as mentioned above, demonstrated
a unique profile, formed an independent branch, sup-
porting the presumption that it was distantly related to
the other isolates. Two isolates (A1298 and A998) with
the pbp2b allele 16, which is unique among the CC13223
isolates, clustered together and formed an independent
branch, suggesting their relatively distant relatedness to
the other CC13223 isolates.

Analysis using the Gubbins program revealed 87
recombination events among the serogroup 6/CC13223
isolates, with four recombination regions specifically
observed in the genome region spanning pbp2x. Owing
to the high density of base substitutions in GPSC13,
attempts to align the sequences in the pbpla region
failed. However, except H2146, all the CC13223 strains
possessed the al allele of pbpla, suggesting that no sig-
nificant recombination events associated with antimicro-
bial nonsusceptibility occurred in this region among the
ST13223 strains. In the genome region spanning pbp2b,
four recombination events were detected, but all resulted
in alterations in both pbp2b and ddi. Additional analysis
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Table 1 Inferred serotypes, MICs, pbp alleles of whole lengths, pbp alleles of the transpeptidase domain, estimated susceptibility
patterns to beta-lactams and sequence types of 39 SP isolates sequenced in this study

StrainID Inferred PEN CTX MEM pbp alleles of whole Transpeptidase Estimated susceptibility Sequence type GPSC
serotype lengths domain pattern to beta-lactams

pbpla pbp2b pbp2x pbpla pbp2b pbp2x

A1256 6A 2 2 0.5 al b1 X1 vn_al 12 16 RII ST13223 1001
A1108 6A 2 2 0.5 al b1 X1 vn_al 12 16 RII ST13223 1001
A1288 6A 2 2 0.5 al b1 X1 vn_al 12 16 RIl ST13223 1001
A1212 6A 2 2 0.5 al bl X1 vn_al 12 16 RII ST13223 1001
A1476 6A 2 2 0.5 al bl x1 vn_al 12 16 RII ST13223 1001
A1300 6A 2 2 0.5 al bl x1 vn_al 12 16 RII ST13223 1001
A1139 6A 1 1 025 al bl x1 vn_al 12 16 RII ST13223 1001
H2045 6A 2 2 0.5 al b1 X1 vn_al 12 16 RII ST13223 1001
A1361 6A 05 025 05 al bl X2 vn_al 12 vn_x1 ISS ST13223 1001
A1506 6A 05 025 05 al b1 X2 vn_al 12 vn_x1 1SS ST13223 1001
A1348 6A 05 025 05 al b1 X2 vn_al 12 vn_x1 1SS ST13223 1001
A1548 6A 2 1 0.5 al b1 X3 vn_al 12 47 RIl ST13223 1001
A1553 6A - - al b1 X2 vn_al 12 vn_x1 1SS ST13223 1001
A1248 6A 05 025 025 al b2 X2 vn_al vn_bl wvn_x1 ISS ST14128 1001
H2146 6E 05 025 025 a2 b4 x4 vn_a2 vn_b2 wvn_x2 ISS ST9650 1001
A1298 6A 025 025 025 al b3 X2 vn_al 16 vn_x1 1SS SLV of ST2644 1001
A998 6A 05 025 05 al b3 x2 vn_al 16 vn_x1 1SS ST2644 1001
A1131 19F 2 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1144 19F 2 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1129 19F 2 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1543 19F 4 2 1 a3 b5 X1 13 1 16 HRR ST320 1
H2155 19F 4 2 1 as b5 X1 13 11 16 HRR ST320 1
A1081 19F 4 2 1 a3 b5 X1 13 11 16 HRR ST320 1
H2222 19F 4 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1014 19F 4 2 1 a3 b5 x1 13 11 16 HRR ST320 1
A1069 19F 4 2 1 a3 b5 X1 13 1 16 HRR ST320 1
A1068 19F 4 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1211 19F 2 1 0.5 a3 b5 X1 13 11 16 HRR ST320 1
A1093 19F 4 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1267 19F 2 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1207 19F 4 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1422 19F 2 1 1 a3 b5 x1 13 11 16 HRR ST320 1
A1086 19F 4 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1159 19F 2 2 1 a3 b5 x1 13 11 16 HRR ST320 1
A1161 19F 4 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1191 19F 4 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1210 19F 4 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1266 19F 4 2 1 a3 b5 X1 13 11 16 HRR ST320 1
A1569 19F 2 2 1 a3 b5 X1 13 11 16 HRR ST320 1

MICs minimum inhibitory concentrations, SLV single-locus variant, SP Streptococcus pneumoniae, PEN penicillin, CTX cefotaxime, MEM meropenem, and PBP: penicillin-
binding protein

The transpeptidase domain amino acid sequences of pbp genes and estimated susceptibility patterns to beta-lactam antimicrobials were analyzed using the genomic
surveillance platform Pathogenwatch (https://pathogen.watch)

Newly identified alleles of pbp genes were assigned arbitrary identifiers

The order of the beta-lactam resistance phenotypes is as follows: (1) PEN, (2) CTX, and (3) MEM

Susceptibility (S), intermediate resistance (), resistance (R), and high-level resistance (H) were defined according to the criteria established by Metcalf et al. [32]
The three-number combination (13:11:16) was observed in serotype 19A ST320
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Table 1 (continued)
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(See figure on next page.)

Fig. 1 Substantial Differences in Genomic Diversity and Antimicrobial Susceptibility between Serogroup 6/CC13223 a and Serotype 19F/ST320
Isolates b: The analysis of Putative Recombination Regions and Maximum-Likelihood Phylogenetic Trees. Strain IDs are followed by the allele
combinations of three major pbp genes (pbpla, pbp2b, pbp2x), listed in parentheses in that order. An ML phylogenetic tree generated using
vertically inherited mutations outside regions of horizontal sequence transfer is displayed on the left. For CC13223 isolates (Fig. 1a), the assembled
sequence of serotype 6A global pneumococcal sequence cluster (GPSC) 13 (accession number: GCA 900693075.1) was used as the reference.

For the ST320 isolates (Fig. 1b), the genome of the Taiwan'*"

—14 strain (accession number: CP000921) served as the reference. The middle section

illustrates putative recombination events. Isolates of ST13223 and ST320 from Vietnamese children are outlined in light green frames in Figs. 1a

and 1b, respectively. The nucleotide positions of significant pbp genes are marked on the reference genome at the top. Coloured blocks indicate
recombination events; red blocks represent recombination events shared among multiple isolates through common descent, and blue blocks
indicate unique recombination events found in individual isolates. The MICs for PEN, CTX, and MEM are displayed on the right. Publicly available
whole-genome data for serotype 19F/ST320 strains, including strain SN28306 isolated in Germany in 2006 (accession number: ERR052048)

and strain 416185 isolated in the USA in 2001 (accession number: ERR069843), were also included in the analysis, as shown in Fig. 1b. In Fig. 1a,

the branch length to the outgroup (GPSC13) is substantially long and has been intentionally shortened for clarity. Phylogenetic trees with bootstrap
estimates of reliability are presented in Supplementary Fig. 1a, b (Additional File 7). The analysis showed substantial differences in genomic diversity
and antimicrobial susceptibility between serogroup 6/5ST13223 and serotype 19F/ST320 isolates, particularly the recombination-prone nature

of serogroup 6/ST13223. Furthermore, despite frequent recombination events throughout the genome, only the ST13223 subclade with pbp2x
allele 16, in which two different recombination events in the pbp2x region were detected, displayed high PEN and CTX MIC phenotypes (Fig. 1a)

revealed that the 13.5-kb sequence containing ddl and
pbp2b, shared by all the serogroup 6/ST13223 isolates,
was also shared by the PMEN clone Spain®*f—1 (Addi-
tional File 8, Supplementary Fig. 2).

Despite frequent recombination events throughout the
genome, only the ST13223 subclade with the pbp2x allele
16, which showed two distinct recombination events in
the pbp2x region, displayed high PEN and CTX MIC
phenotypes (Fig. 1a).

Whole-genome phylogeny of serotype 19F/ST320

All serotype 19F/ST320 isolates shared an identical allele
combination for the three major pbp genes (13:11:16), in
contrast to serogroup 6/ST13223 isolates, which exhib-
ited three distinct alleles for the pbp2x transpeptidase
domain (16, 47, and vn_x1). To characterise the genomic
features of serotypel9F/ST320 strains, an ML phyloge-
netic tree was also constructed for serotype 19F/ST320
isolates using the same methodology alongside publicly
available genome data for two additional serotype 19F/
ST320 isolates: strain SN28306, reported in Germany
in 2006, and strain 416185, reported in the USA in 2001
(Accession Numbers: ERR052048 and ERR069843) [31,
34] (Fig. 1b). The genome of Taiwan'*f—14 [27] was used
as a reference in this analysis.

The 22 serotype 19F/ST320 isolates sequenced in this
study formed a monophyletic clade from those of strains
SN28306 and 416185. Analysis with Gubbins revealed a
recombination profile distinct from that of the serogroup
6/ST13223 strains. This analysis revealed 38 recombina-
tion regions; however, most (33 out of 38) were specific

to Taiwan'*~14. In addition, no recombination region
associated with alterations in pbp genes was observed.
However, the sequence diversity of the ST320 strains
isolated in Nha Trang was comparable to that of the
serogroup 6/ST13223 isolates: the mean pairwise SNP
distances were 32.6 and 20.7 for the ST320 and serogroup
6/ST13223 isolates, respectively.

In summary, WGS analysis revealed substantial differ-
ences in genomic diversity and antimicrobial suscepti-
bility between serogroup 6/ST13223 and serotype 19F/
ST320 isolates: the recombination-prone nature was spe-
cific to serogroup 6/ST13223.

Horizontally acquired pbp2x-encompassing regions

in the serogroup6/5T13223 genomes and identification

of sequences possibly derived from serotype19F/ST320
strains

To analyze the sequences surrounding the pbp2x gene
among the ST13223 isolates, where notable recombi-
nation-related variation was observed, we compared
these sequences using A1553 as a reference. This iso-
late was selected because it was the first to separate
from other ST13223 isolates, and its pbp2x surrounding
sequences had no sequence gaps. For this comparison,
the sequences of A1256, A1212, A1361, and A1548 were
selected from each of the four groups where different
recombination events were suggested to have occurred
in this region (Fig. 1a), and the numbers of sequence
variants (SVs), including SNPs, insertions, and deletions,
were counted in a 1000 bp sliding window (with a 100 bp
step size) across the 25 kb region from 20 kb upstream
to 5 kb downstream of the pbp2x gene. Notably, the
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Fig. 1 (Seelegend on previous page.)
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sequences in each group were identical except for a few
SNPs in the A1212 group [Supplementary Table 6 (Addi-
tional File 9)].

As shown in Fig. 2a, no SNPs were noted between the
sequences of A1361 and the reference, which shared the
same pbp2x allele (vn_x1). In the sequences of A1256,
A1212, and A1548, which harboured different pbp2x
alleles (16, 16, 47), sequences that were apparently intro-
duced by recombination were detected. Consistent with
the results shown in Fig. 1a, the recombinogenic regions
differed among the three isolates. Notably, the upstream
regions of A1256 and A1212, both of which harboured
the pbp2x allele 16, were apparently of different origins.
Although their pbp2x genes and downstream regions
were nearly identical (while containing multiple SVs),
these findings suggest that additional recombination
events occurred in the A1256/A1108 lineage or that dif-
ferent recombination events occurred in the two line-
ages. As the eight ST13223 isolates belonging to the
A1256 and A1212 groups shared the pbp2x allele 16 with
the ST320 isolates, we performed a similar comparison
of their pbp2x-surrounding sequences. In this analysis,
in addition to the A1256 and A1212 sequences, those of
A1548 and A1553 were also compared with the sequence
of A1131 as a representative of strain ST320 (note that
the sequences of 22 ST320 isolates were identical with
the exception of a few SNPs (Supplementary Table 7
(Additional File 10)). As shown in Fig. 2b, although the
sequence of A1553 (pbp2x allele vn_x1) clearly dif-
fered from that of ST320, A1256 and A1212 shared
almost identical pbp2x-spanning sequences with ST320.
Interestingly, however, the shared regions of A1256
and A1212 differed; specifically, the A1256 region was
much longer (approximately 15.5 kb) than that of A1212
(6.4 kb), supporting the idea that distinct recombina-
tion events occurred in the two lineages. Unexpectedly,
A1548 (pbp2x allele 47) also shared a region with ST320.

(See figure on next page.)
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However, the shared sequence was limited to a 2.4 kb
region that included only the 3’-terminal region of pbp2x.
Moreover, the 5.5 kb sequence of A1548, including the
remaining region of pbp2x and its upstream region, dif-
fered from that of A1553 (pbp2x allele vn_x1), which
appeared to be the ancestral sequence of the ST13223
lineage. Considering this feature and that A1548 emerged
from the ST13223 lineage with the pbp2x allele vn_x1
(Fig. 1a), A1548 likely acquired this sequence via a
recombination event that differed from those experi-
enced by A1256 and A1212.

As schematically shown in Fig. 3, the results of this
group of analyses indicated that pbp2x-surrounding
sequences were frequently and variably acquired by
ST13223 strains from ST320 or their close relatives via
recombination. Consequently, it was hypothesized that
the pbp2x allelel6, identified in a subset of serogroup 6/
ST13223 strains, was variably obtained by serotype 19F/
ST320 strains.

Analysis of the associations of specific pbp2x alleles

with drug susceptibility and a clinical index

Is there a significant association of specific pbp2x alleles
with drug susceptibility and clinical outcome? To inves-
tigate the association, we identified the pbp2x alleles in
nasopharyngeal DNA samples from 134 (88.2%) of the
152 ARI patients tested via PCR and sequencing. The
pbp2x allele 16 was amplified only from samples associ-
ated with serotype 19F/ST320 (n=23), single locus vari-
ant of ST320 (n=1), and serogroup 6/ST13223 (n=10).
The analysis revealed one additional major allele (allele
18), which was found in 27 patients, predominantly those
with serotype 23F (n=19), followed by serotype 11A
(n=7) and nontypeable SP (n=1). We performed WGS
on two of these isolates (serotypes 11 A and 23F; acces-
sion numbers DRR725989 and DRR725990, respectively)
and confirmed that their pbp2x alleles were compatible

Fig. 2 Analysis of sequence variants (SVs) in the sequences surrounding the pbp2x gene. Scaffolds containing the pbp2x region were selected

from each of the serotype 19F/ST320 and serogroup 6/5T13223 genome sequences, and the sequences 20 kb upstream and 5 kb downstream
from the pbp2x gene were aligned with the references (a: strain A1553 (ST13223), b: strain A1131 (ST320)). The number of SVs was counted

in a sliding window of 1000 bp with a step size of 100 bp to define the borders of the regions horizontally acquired via recombination. The

number of SVs was considered 100 when the number was more than 100 or if the alignment failed. As shown in Fig. 2a, no SNPs were noted
between the sequences of A1361 and the reference, which shared the same pbp2x allele (vn_x1). In the sequences of A1256, A1212, and A1548,
which harboured different pbp2x alleles (16, 16, 47), sequences that were apparently introduced by recombination were detected. Consistent

with the results shown in Fig. 1a, the recombinogenic regions differed among the three isolates. Notably, the upstream regions of A1256 and A1212,
both of which harboured the pbp2x allele 16, were apparently of different origins. Although their pbp2x genes and downstream regions were

nearly identical (while containing multiple SVs), these findings suggest that additional recombination events occurred in the A1256/A1108 lineage
or that different recombination events occurred in the two lineages. As shown in Fig. 2b, although the sequence of A1553 (pbp2x allele vn_x1)
clearly differed from that of ST320, A1256 and A1212 shared almost identical pbp2x-spanning sequences with ST320. Interestingly, however,

the shared regions of A1256 and A1212 were different; specifically, the region of A1256 was much longer (approximately 15.5 kb) than that of A1212
(6.4 kb), supporting the idea that different recombination events occurred in the two lineages. Unexpectedly, A1548 (pbp2x allele 47) also shared

a region with ST320
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Fig. 3 Schematic of a putative recombination between the ST13223 and ST320 strains. A1256 and A1212 shared almost identical pbp2x-spanning
sequences with ST320. However, the regions shared by A1256 and A1212 differed. Specifically, the region of A1256 was much longer (approximately
15.5 kb) than that of A1212 (6.4 kb), supporting the idea that different recombination events occurred in the two lineages. A1548 (pbp2x allele

47) also shared a region with ST320, but the shared sequence was limited to a 2.4 kb region that included only the 3'-terminal region of pbp2x.
Moreover, the 5.5 kb sequence of A1548, including the remaining region of pbp2x and its upstream region, differed from that of A1553. Considering
this feature and that A1548 emerged from the ST13223 lineage with the pbp2x allele vn_x1, A1548 acquired this sequence via a recombination

event different from those in A1256 and A1212

Table 2 MIC*® and hospital stay duration of S. pneumoniae isolates categorized by pbp2x alleles

pbp2x allele n (%) PEN CTX MEM Nonsusceptibleto  Nonsusceptible to Nonsusceptible to Duration of .
PEN&CTX, n (%) CTX&MEM, n (%) PEN&CTX&MEM, n (%) hospital stay

16 34 (254) 2 2 1 11 (32.4) 18 (52.9) 11(324) 5(3-6)

18 27(201) 2 1 1 0(0) 0(0) 0(0) 4 (4-6)

47 19(14.2) 2 0.5 0.5 1(5.3) 4(21.1) 1(5.3) 4 (3-6)

vn_x1 14 (104) 0.5 0.25 0.5 1(7.1) 4(28.6) 1(7.1) 4 (3-6.25)

vn_x2 5(3.7) 1 0.25 0.25 0(0) 0(0) 0(0) 5(2.5-10)

Others* 35(26.1) 0.5 0.5 0.25 2(5.7) 4(11.4) 2(5.7) 5(3-6)

MIC minimum inhibitory concentration, PBP penicillin-binding protein, PEN penicillin, CTX cefotaxime, and MEM meropenem

" Median (IQR) in days

* “Others” includes 24 different alleles, each occurring at a low frequency ranging from 1 to 5. These alleles were included in this analysis

with those of Spain**—1 (PMEN 1). Although the origin
of this allele was unclear, SP isolates with serotypes 11 A
and 23F in Vietnam shared the identical pbp2x allele
with the PMEN clone.

The MIC® values for the SP isolates classified by pbp2x
alleles are summarized in Table 2. Allele 16 accounted
for 25.4% of the cases, followed by alleles 18 (20.1%), 47
(14.2%), and vn_x1 (10.4%). The analysis using Fisher’s

exact test revealed that allele 16 was significantly asso-
ciated with phenotypic nonsusceptibility to multiple
beta-lactams (PEN, CTX and MEM) (p<0.0001; odds
ratio [95% CI] 11.5 [3.35-39.3]). Notably, allele 16 was
detected only in the vaccine-type strains (that is, sero-
type 19F and serogroup 6). The analysis using the Wil-
coxon rank-sum test revealed no significant association
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between the presence of this allele and prolonged hospi-
talization (p=0.6123).

In summary, allele 16 was significantly associated with
phenotypic nonsusceptibility to multiple beta-lactams
and was detected only in the vaccine-type strains. How-
ever, no significant association between specific pbp2x
alleles and clinical outcome was demonstrated.

Discussion

The correlation between antimicrobial-nonsusceptible
genotypes and clinical outcomes was investigated using
data from a previously established clinical epidemiologi-
cal field study, in which cases were consecutively reg-
istered at a single hospital, and nasopharyngeal DNA
samples were collected without bias [9]. WGS was uti-
lized to confirm the genomic determinants of antimi-
crobial nonsusceptibility and to characterize the major
lineages highlighted in the prior study: serotype 19F/
ST320 and a new ST, ST13223, belonging to serogroup
6. These lineages accounted for the high prevalence of
SP isolates that were nonsusceptible to multiple beta-
lactams in the community. WGS analysis revealed sub-
stantial genomic diversity among serogroup 6/ST13223
isolates and elucidated the genetic background underly-
ing their antimicrobial susceptibility. In contrast to sero-
type 19F/ST320 isolates, serogroup 6/ST13223 isolates
were characterized by frequent recombination events;
in particular, those spanning pbp2x were associated with
high MICs for multiple beta-lactams.

The introduction of the PCV was shown to reduce vac-
cine serotype nonsusceptible SP carriage and disease
[35, 36], whereas subsequent increases in less suscepti-
ble nonvaccine types had been observed [37]. Particu-
larly, serotype 19A/ST320 has been identified as a rapidly
emerging multidrug-resistant clone responsible for inva-
sive pneumococcal disease cases following the introduc-
tion of the 7-valent pneumococcal conjugate vaccine
(PCV-7) in the USA [37], Canada [38], Spain [39], South
Korea, and numerous other Asian countries [40]. In
this study, ST320 was the major lineage among SP iso-
lates with serotype 19F, and this strain possessed the
pbp allele combination (13:16:16), which was previously
reported for serotype 19A/ST320 [32]. Further genomic
analyses would clarify how SP isolates with serotype 19F
in Vietnam acquired this genotype.

Obviously, the clonal spread of serotype 19F/ST320
strains was one of the causes of high carriage rates of SP
nonsusceptibility to multiple beta-lactams in Vietnamese
children. The increased beta-lactam nonsusceptibility
was validated using the microdilution method. In addi-
tion to serotype 19A/ST320, the multidrug-resistant
serotype 19F/ST320 has recently become prevalent in
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several Asian countries [41-43]. However, ST320 had not
been reported in Vietnam prior to this study; however,
its ancestral strain, ST236, was known to circulate in the
region [5, 7]. In the preliminary analysis, we identified
five ST236 isolates and eight SLV isolates of ST236 (Addi-
tional File-1; Supplementary Table-1), none of which
exhibited nonsusceptibility to both CTX and MEM in
our initial screening using the agar-dilution method. This
finding suggests that ST320 is advantageous under the
selective pressure of beta-lactams. Analysis of the whole-
genome phylogeny of the serotype 19F/ST320 lineage
revealed notable genetic diversity within this lineage,
suggesting that ST320 may have been introduced into the
central Vietnamese community on multiple occasions or
emerged locally from existing lineages. The 22 serotype
19F/ST320 isolates from central Vietnam formed a dis-
tinct clade from SN28306 and 416185. To determine the
timing and origin of this lineage in the region, further
analyses using larger genomic datasets from various peri-
ods and locations are necessary.

Unlike serotype 19F/ST320 isolates, several serogroup
6/ST13223 isolates did not satisfy nonsusceptible MIC
breakpoints for either CTX or MEM. Further WGS anal-
ysis and genomic comparison between susceptible and
nonsusceptible isolates revealed the existence of sero-
group 6/ST13223 sublineages that shared identical pbp
alleles (pbp2b and pbp2x) with different PMEN-related
strains. We hypothesized that multiple recombination
events occurred near the local community, conferring a
selective advantage to these SP strains. This hypothesis
aligns with our observations of frequent nasopharyn-
geal cocolonization of multiple SP serotypes, including
serotype 19F and serogroup 6, in this community [18].
Additional contributing factors include the high preva-
lence of PMEN strains, extensive antimicrobial consump-
tion [9], and longer colonization durations of serotype
6 A [44]. The recombination-prone nature of serogroup
6/ST13223 and reduced eradication rates of non-pen-
icillin—susceptible SP following the administration of
inadequate doses of beta-lactams [45] may have further
promoted frequent recombination events in the pbp
spanning region. Further investigation would be needed
to determine whether rational use of beta-lactams can
restore drug susceptibility.

More than half (59.7%) of the analysed SP isolates
(n=134) carried pbp2x alleles associated with beta-
lactam-nonsusceptible PMEN strains: allele 16 (25.4%,
ST320), allele 18 (20.1%, ST81 (Spain***—1 clone) or
ST166 (SLV of ST156 (Spain’Y—3 clone)), and allele
47 (14.1%, ST236 (Taiwan'®"~14 clone). Most iso-
lates that did not exhibit susceptibility to multiple
beta-lactams belonged to PCV serotypes, suggesting
that introducing a PCV could reduce the incidence of
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antibiotic-nonsusceptible disease caused by vaccine-type
serotypes [35] and restore drug susceptibility. However,
subsequent increases in less susceptible nonvaccine types
had also been observed [37]. Furthermore, nonencap-
sulated SP lineages, which were not covered by the cur-
rent vaccines, were shown to have a major role in genetic
exchange, including the pbp genes [10]. Continuous
monitoring of the prevalence of nonsusceptibility genes
and the emergence of nonsusceptibility in nonvaccine
serotypes through genomic recombination is therefore
essential, and rigorous antimicrobial regulation should be
prioritized.

This study examined the association between the non-
susceptible genotype and clinical outcome, as this inves-
tigation could contribute to the development of new
diagnostic tests in clinical settings. The pbp2x allele asso-
ciated with the nonsusceptible genotype demonstrated
minimal impact on clinical outcome. While treatment
failure due to penicillin nonsusceptibility phenotype has
been reported in patients with pneumococcal meningi-
tis [46], most studies have not established a relationship
between elevated beta-lactam MICs and adverse clinical
outcomes, such as mortality or hospital stay duration,
in pneumococcal pneumonia [47-49]. An increase in
pneumococcal mastoiditis cases caused by multidrug-
resistant serotype 19A SP, including some ST320 iso-
lates, was reported in one institution [50]. However, the
primary driver of this complication—whether antimi-
crobial nonsusceptibility, serotype, or other genotypic
factors—remains unclear. Although serotype 19F/ST320
is prevalent in other Asian countries [41-43], its impact
on clinical outcomes has not been investigated. Delayed
bacterial eradication because of less potent antimicrobial
agents with high MICs could facilitate the dissemination
of serotype 19F/ST320. To identify genotypes that sig-
nificantly influence clinical outcomes, studies with larger
sample sizes and more comprehensive clinical data,
such as fever duration, may be required. Alternatively,
focusing on more severe disease presentations, such
as invasive pneumococcal disease, may be necessary.
This strategy could involve the utilization of nationwide
cohorts and the collection of whole-genome data for all
identified strains. Ongoing reductions in whole-genome
sequencing costs and the development of analytical pipe-
lines are expected to support these efforts.

This study has several limitations. First, the study used
relatively old stored samples collected in 2008 and 2009,
which are unlikely to reflect the current state of SP strain
nonsusceptibility and may have limited implications
for ongoing public health measures. However, we have
continued to conduct pneumococcal surveillance at the
study site. In a hospital-based surveillance programme
from 2015 to 2016, during which ST320 and ST13223
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remained the predominant STs [51]. Therefore, the find-
ings in this study are worth publishing, as they provide
valuable baseline data prior to the introduction of PCVs,
offering a foundation for further molecular epidemio-
logical studies. Second, selection bias may be present, as
our MLST results were primarily obtained from patients
with ARIs. Nevertheless, we believe that two major lin-
eages (serotype 19F/ST320 and serogroup 6/ST13223)
predominated among both children with ARIs and
healthy children. Our previous studies revealed high lev-
els of non-beta-lactam-susceptibility among SP isolates,
regardless of the health status of the child [9]. Third, anti-
microbial susceptibility testing of a limited number of
SP isolates suggested that the initial screening using the
agar-dilution method may have overestimated non-beta-
lactam-susceptibility, particularly in serogroup 6 isolates.
Finally, the analyzed strains represent only a subset of
strains of interest, and the majority of circulating diver-
sity was excluded, which may obscure the origins of
recombination. However, analysis of nasopharyngeal
DNA samples showed that the pbp2x allele 16 was ampli-
fied only from samples associated with serotype 19F/
ST320, a single locus variant of ST320, and serogroup 6/
ST13223. It is therefore plausible that some serogroup 6/
ST13223 strains acquired a pbp2x allele from serotype
19F/ST320, although introduction from another lineage
outside Nha Trang cannot be excluded.

In conclusion, the findings indicate that the dynam-
ics of the pbp2x allele (allele 16) are the primary drivers
of nonsusceptibility to multiple beta-lactams among SP
isolates circulating in central Vietnam. However, no sig-
nificant association between the pbp2x allele and clinical
outcome was observed. Continuous monitoring of the
emergence of nonsusceptibility genes in SP isolates with
nonvaccine serotypes remains essential, even following
the introduction of the pneumococcal conjugate vaccine.
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