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Abstract

Background Streptococcus pneumoniae remains a major global health threat, causing diseases ranging from mild respiratory
infections to severe conditions like pneumonia, sepsis, and meningitis. Although pneumococcal conjugate vaccines (PCVs),
including PCV7, PCV10, and PCV13 have significantly reduced disease burden, especially in children, S. pneumoniae continues
to exhibit high serotype and genetic diversity. Whole-genome sequencing (WGS) analysis offers high-resolution insights into
clonal lineages and multidrug-resistant strains. However, genomic data on Malaysian isolates remain limited.

Methods This study characterized the whole genome features and comparative profiles of seven invasive S. pneumoniae iso-
lates from two tertiary hospitals in Malaysia. WGS analyses described serotype, sequence type (ST), antimicrobial resistance
determinant genes, pan-genome structure, and recombination events.

Results The average genome size was ~2.12 Mbp, with 1988-2205 coding sequences. WGS-based MLST identified five se-
quence types (ST236, ST320, ST386, ST671, ST695), with ST236 linked to serotypes 19A and 19F related to PMEN clones
Taiwan!%F-14 and CC271. Core genome analysis with 35 global reference strains revealed three major clades. Notably, isolates
TSP95, SSP45, and SSP46 clustered closely with strains from South Korea, suggesting a long-term persistence of ST320 over
a decade. Recombination analysis identified both shared and isolate-specific events, forming distinct phylogenetic clusters.
Extensive shared recombination was observed in several isolates, while others displayed isolate-specific events, indicating
ongoing genetic diversification.

Conclusion These findings underscore the critical role of recombination in shaping pneumococcal population structure, evo-
lution, and adaptation.

Impact statement

This study shows that recombination plays a major role in shaping the genetic diversity and evolutionary dynamics of invasive
Streptococcus pneumoniae isolates in Malaysia, highlighting their global lineage connections and providing important insights
into pneumococcal adaptation and epidemiology.
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Introduction

Streptococcus pneumoniae (pneumococcus) is a major global
pathogen responsible for a wide range of diseases, such as oti-
tis media, sinusitis, to severe invasive infections such as pneu-
monia, sepsis, and meningitis (Chavanet 2012). These infections
contribute substantially to morbidity and mortality, especially
among young children, elderly, and immunocompromised indi-
viduals (Wahl et al. 2018). More than 100 pneumococcal serotypes
have been identified, and differences in the antigenic properties
of their capsular polysaccharides influence virulence, prevalence,
and antimicrobial resistance patterns (Geno et al. 2015, Ganaie
et al. 2020). The introduction of pneumococcal conjugate vac-
cines (PCVs) has markedly reduced disease burden. PCV7, intro-
duced in 2000, targeted seven serotypes: 4, 6B, 9V, 14, 18C, 19F,
and 23F (Ansaldi et al. 2011). This was followed by PCV10 (adding
serotypes 1,5, and 7F) in 2008 and PCV13 (adding serotypes 3, 6A,
and 19A) in 2009 (Diez-Domingo et al. 2013). These vaccines have
significantly decreased pneumonia-related hospitalizations, par-
ticularly in children (Alicino et al. 2017).

According to the Department of Statistics Malaysia, pneumonia
was the two leading causes of death in 2019, accounting for 12.2%
of all deaths, following ischaemic heart disease (15.0%) (Depart-
ment of Statistics Malaysia 2020). Finding from a local study indi-
cates that S. pneumoniae is a major contributor to severe child-
hood pneumonia and invasive infections (Arushothy et al. 2019).
Malaysia continues to experience a high burden and mortality rate
of pneumonia, with evidence indicating that early cessation of
breastfeeding, exposure to second-hand smoking, and limited ac-
cess to pharmaceutical interventions are associated with poorer
outcomes among children with pneumonia (Ooi et al. 2019). To
mitigate the burden of pneumococcal infections among children,
the 10-valent pneumococcal conjugate vaccine (PCV10) was in-
corporated into the National Immunization Programme (NIP) in
Malaysia in late 2020 (Lister et al. 2023) with expected reductions
in serious paediatric pneumococcal infections, including pneumo-
nia, meningitis, and sepsis. Despite the introduction of the PCV,
post-implementation surveillance in Malaysia is inadequate, lim-
iting the ability to predict future disease burden, monitor serotype
shifts, and assess herd immunity (Gunasegaran et al. 2025).

Meanwhile, multilocus sequence typing (MLST) has long served
as a standard method for analysing pneumococcal epidemiology
and evolution through sequence type (ST) and clonal complex (CC)
assignments (Enright and Spratt 1998). Whole-genome sequenc-
ing (WGS), however, offers a higher resolution for determining ge-
netic relatedness and inferring phenotypic traits such as virulence
and antimicrobial resistance (Ben Zakour et al. 2012). Therefore,
WGS has greatly improved the ability to study the evolutionary re-
lationships among closely related strains, evaluate vaccine effects,
analyse genomic diversity, and track the emergence and spread of
multidrug-resistant clones (Jindal et al. 2018, Almeida et al. 2021,
Rodriguez-Ruiz et al. 2024).

Despite these advances, pneumococcal genomic studies in
Malaysia remain scarce, with one comparative analysis of 10
pneumococcal genomes published to date (Jindal et al. 2018). We
had previously applied MLST for epidemiological investigation in-
volving pneumococcal isolates from a few major tertiary hospitals
in Malaysia but, at the genotypic level, limited to the circulating
STs. Throughout our studies, an interesting observation was the
long persistency of a few clonal groups such as ST236 and ST320

(Nathan et al. 2014, Dzaraly et al. 2020, Dzaraly et al. 2021, Dzaraly
et al. 2023, Rahman et al. 2025). Expanded analysis using WGS
would enable comprehensive genetic characterization of the local
pneumococcal isolates, including insights into strain evolution,
epidemiological patterns, and other associated genetic features.
This study therefore aims to describe the whole-genome and
comparative genomics of seven representative invasive pneumo-
coccal isolates, involving the most and less common circulating
STs in the Malaysian context.

Material and methods

Ethics approval

Acquisition of pneumococcal isolates from the hospital settings
was previously obtained through the Medical Research and Ethics
Committee of the Ministry of Health Malaysia (National Medical
Research Register approval no. NMRR 17-1025-35696).

Bacterial identification

The seven clinical isolates were available in our laboratory’s cul-
ture collection; acquired in previous studies from different pa-
tients between October 2017 and December 2019 at two major
tertiary hospitals located in highly populated cities on the west
(SSP) and east (TSP) coasts of peninsular Malaysia (Dzaraly et al.
2021, Dzaraly et al. 2023). The selection criteria for isolates in-
cluded in the current WGS analysis focused on microbiological as-
pects of global interest; invasiveness (based on the site of isola-
tion), ST, and previously determined antibiotic resistance profiles.
The chosen isolates represented both common (ST236, ST320)
and less common (ST386, ST671, ST695) pneumococcal STs previ-
ously identified in the Malaysian setting across the two hospitals.

DNA isolation and whole-genome
sequencing

Genomic DNA was extracted from overnight S. pneumoniae cul-
tures using cetyltrimethylammonium bromide (CTAB) method as
previously described by Minas et al. (2011). The extracted DNA
quality was evaluated using a Qubit 2.0 fluorometer (Life Tech-
nologies, Carlsbad, CA).

Genome assembly and annotation

WGS of the representative S. pneumoniae isolates was conducted
by a commercial laboratory services provider (Apical Scientific,
Malaysia) using a HiSeq 2500 Genome Analyzer platform. Genome
sequencing was performed with a minimum coverage depth of
150x with paired-ends reads. The quality of the generated reads
from high-throughput NGS was assessed using FastQC v0.11.8 R2.
Adapter and quality trimming were performed using Trimmomatic
v0.39 with a sliding window of 4: Q20, removal of bases < Q20,
and a minimum read-length cutoff of 50 bp. Q20 and Q30 distribu-
tions were verified through FastQC reports. After removal adopter
sequences, reads of each isolates were assembled de novo us-
ing St. Petersburg genome assembly; SPAdes v3.11.1, and Algo-
rithmic Biology Lab (Bankevich et al. 2012). The draft genome as-
semblies were annotated using the Prokka program, which uti-
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lizes the curated database from NCBI Prokaryotic Genome Annota-
tion Pipeline (PGAP), to predict genes, especially proteins and cod-
ing sequences (CDS). Assembly quality was assessed using QUAST
v5.0.2, yielding N50 values between 29 412 bp and 66 871 bp. Con-
tamination screening with CheckM v1.1.3 confirmed >98.5% com-
pleteness and <1.5% contamination for all assemblies. To inves-
tigate the relatedness among the selected genomes, Average Nu-
cleotide Identity (ANI) values were calculated as a measure of
whole-genome similarity (Jain et al. 2018).

Genome characterization

MLST was performed by mapping short reads against the seven
loci of S. pneumoniae on the MLST web server database (http:
//pubmlst.org/; Larsen et al. 2012), using the algorithm SRST2
v0.1.8 scheme. To identify the antibiotic resistance genes among
the sevenisolates, the draft genome contigs were submitted to the
ResFinder web server (https://cge.cbs.dtu.dk/services/ResFinder;
Bortolaia et al. 2020) and to the Comprehensive Antibiotic Resis-
tance Database (CARD) web server using Resistance Gene Identi-
fier (RGI) software (https://card.mcmaster.ca.analyze/rgi; Alcock
et al. 2020). The antimicrobial resistance genes were carefully
examined and chosen based on their hit value (sequence iden-
tity and coverage recommended by the database). Serotypes
were identified using the SeroBA pipeline, which incorporates a
comprehensive WGS-based serotyping database. SeroBA enables
high-throughput serotyping that is fast, scalable, and resource-
efficient, capable of detecting up to 92 S. pneumoniae serotypes
with 100% specificity (Epping et al. 2018); it is a Python3-based,
open-source tool that predicts pneumococcal serotypes from raw
WGS reads with 98% accuracy concordance using a k-mer-based
method (https://github.com/sanger-pathogens/seroba).

Pan- and core-genome reconstruction

Pan- and core-genome analyses were performed using Roary
v3.13.0 with default parameters, specifying 95% BLASTp iden-
tity for gene clustering. Core genes were defined as presence
in > 99% of genomes. The 95% identity threshold is consistent
with pneumococcal pan-genome studies and helps ensure accu-
rate ortholog clustering. The total conserved, unique, and new
genes were also calculated. The core genomic alignments ob-
tained from the pneumococcalisolates were utilized to deduce the
maximume-likelihood tree. FastTree was employed with 100 boot-
straps and the GTR time-reversible model (Price et al. 2010). The
resulting phylogenetic tree was then redrawn using the iTOL v4
(interactive tree of life) online application (Letunic and Bork 2019)
with additional 35 pneumococcal genomes available in the Gen-
Bank, all included in the analysis (Supplementary S1).

Recombination detection

To detect recombination events in the seven isolates with an ac-
curate phylogenetic analysis, the Gubbins software version 1.4.6
(Page et al. 2015) was used. Recombination refers to the ex-
change of genetic material between different DNA molecules,
which can obscure the true evolutionary relationships among bac-
terial strains if it is not properly accounted for. Gubbins is specif-
ically designed to address this by identifying loci with unusually
high densities of base substitutions hallmark of recombination.
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These recombined regions are then excluded from the analysis to
avoid distortions in the phylogenetic inference. Gubbins was per-
formed to iteratively refine the core genome alignment by identify-
ing and removing the regions affected by recombination. Gubbins
v2.4.1 was run for five iterations using the GTR + Gamma model
and default SNP-density filters. The recombination-filtered align-
ment was used for phylogenetic inference in RAXML v8.2.12 us-
ing the GTRGAMMA model with 1000 bootstrap replicates to en-
sure robust branch support. The resulting phylogenetic tree was
therefore constructed solely on point mutations unaffected by
recombination. This approach provides a more accurate evolu-
tionary relationship among the isolates. After identifying and re-
moving the recombination regions, the filtered data was used for
Maximum Likelihood (ML) phylogenetic analysis with RAXML (ver-
sion 8.2.12; Stamatakis 2014), which is a widely used software
for phylogenetic tree construction. The core genome was aligned
using the progressive Mauve algorithm, which creates multiple
genome alignments by identifying regions of sequence conser-
vation across the bacterial isolates. Mauve was used exclusively
for whole-genome alignment and synteny inspection, while all re-
combination detection, mapping of recombinant regions, and vi-
sualization of red/blue blocks were generated solely from Gub-
bins v2.4.1 outputs. This separation ensures methodological clar-
ity and avoids confusion between alignment and recombination
inference tools. By excluding recombination regions with Gubbins
and focusing on conserved, non-recombined sequences, a robust
phylogenetic tree was constructed to better reflect the evolution-
ary relationships among the selected invasive pneumococcal iso-
lates. For clarity, in the Gubbins recombination plot, red blocks
represent shared recombination events occurring across multi-
ple isolates, whereas blue blocks denote recombination events
unique to a single genome.

GenBank and genome repository

Bio Project accession number was registered, followed by the
Biosample registration of each isolate. This was followed by the
submission and deposition of the sequences via the Genome Sub-
mission website (http://submit.ncbi.nlm.nih.gov/subs/genome/)
(Table 1).

Results

Genomes assembly, general features, and
annotation

The genome sequences of the respective isolates had been de-
posited in GenBank with accession numbers as listed in Table 1.
Sequencing produced a mean coverage ranging from 158x to
221x across the isolates (TSP28: 165x, TSP95: 172x, TSP102:
221x, TSP106: 158, SSP32: 189x, SSP45: 174x, SSP46: 181 x).
Genomes sequences for all the seven isolates produced 74 to
177 contig sequences. The seven invasive isolates had assembled
genomes with an average length of approximately 2.11 Mbp, with
an average G + C content of 39.5%. The range of CDS content
spanned from 1988 to 2205, with 47 tRNA and 5 rRNA. Speciesiden-
tity of all seven isolates was confirmed by whole genome average
nucleotide identity (ANI) analysis, which demonstrated 98%-99%
ANI values with S. pneumoniae reference genomes.
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Table 1 Characteristics and genomic features of the seven pneumococcal isolates.

GenBank accession

Genome size

Locus tag Biosample No

no

(Mbp)

No of contigs GC content (%) No of CDS

rRNA

Site of isolation Years Serotype  MLST

Isolate ID

SAMN18117809
SAMN18117810

JOS79

JOS80
KSW98 SAMN19791188

JAFLMT000000000
JAFLMS000000000
JAHPI1S000000000
JAFEML000000000
JAFEMMO000000000

2.06
2.07
2.22
2.14
2.22

2009

39.8%
39.4%
39.3%
39.6%
39.8%
40.3%
38.7%

102
168
166

5
5
5
5
8

ST236
ST320
ST386
ST671
ST695
ST320
ST320

1998
2186

19A
6E

Issue 2

SAMN17393262
SAMN17393263

KSW95 SAMN19791189

JL103
JTE97

2106
2205
2002

114
177

JAHPIT000000000
JAIOTU000000000

2.05
2.

74

5
5

SAMN20968556

K7C87

04

1988

99

TSP28
TSP95

TSP102

TSP106
SSP32
SSP45
SSP46

TSP; isolates from east coast peninsular Malaysia, SSP; isolates from west coast peninsular Malaysia.

Identification of sequence types and
serotypes

AWGS-based MLST search using the Center for Genomic Epidemi-
ology web tool identified five different STs: three isolates were
ST320, and one each was ST236, ST386, ST695, and ST671. WGS-
serotyping identified three serotypes 19A, two serotypes 19F, and
one serotype 6E and 14 each (Table 1). All these were vaccine
serotypes, except for one isolate of non-vaccine serotype 6E.

Identification of antimicrobial resistance
genes

As shown in Table 2, all seven isolates carried genes associated
with fluoroquinolone resistance; patA, patB, and pmrA. The iso-
lates also harboured various MLS family-associated resistance
genes, carrying erm(B) (4/7; 57.1%), mef(A) (5/7; 71.4%), msr(D)
(5/7;71.4%),and rimA(ll) (7/7; 100%). The tet(M) (71.4%) was found
in five isolates, while alterations in pbpla (1/7; 14.2%) and pbp2x
(3/7; 42.9%) were detected in a few isolates.

Genome analysis

The genomes of each isolate were analysed using Roary tool to es-
timate the number of shared genes among the included genomes
to explore the genetic diversity and, the core and accessory genes
composition of all the strains (n = 42; 7 invasive isolates of this
study and 35 pneumococcal isolates/genomes available in Gen-
Bank). Table 3 shows the distribution of genes, whereby 1157
(24.7%) were classified as core genes and 3524 (75.3%) as acces-
sory genes.

The phylogenetic tree was used to infer and compare the re-
lationship between the seven genomes of this study against a di-
verse set of 35 pneumococcal genomes derived from the GenBank
(Fig. 1). Clade I grouped strains from South Korea and Taiwan;
TSP95, SSP45, and SSP46 clustered closely within this clade, asso-
ciated with subclades ST320-19A strains. TSP28 of ST236-19A was
also grouped in clade | suggesting its potentially related lineage
with strains from South Korea and Taiwan. Meanwhile, TSP102
in this analysis was distinct with its own lineage that branched
away in a separate direction of clade Il. SSP32 was also grouped in
this diverse clade and potentially linked to lineage associated with
strains from Denmark. TSP106 was clustered in clade Ill, which
was quite distantly clustered with strains WSP8 and WSP7 from
Malaysia.

Recombination analysis

The recombination events were analysed in the core genome
alignment to understand their role in the genetic diversity of
the seven invasive pneumococcal isolates. The findings revealed
one dominant lineage with several distinct lineages among the
isolates, each marked by specific recombination events (Fig. 2).
Based on the count of distinct recombinant DNA segments
(‘blocks’) that Gubbins assigns to each tip in the tree, the num-
ber of recombination events per isolate was quantified, whereby
TSP28 (54 events), TSP95 (61 events), SSP45 (67 events), and
SSP46 (42 events) exhibited the highest levels of recombination,
whereas TSP102 (12 events), SSP32 (18 events), and TSP106 (9
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Table 2 Distribution of antimicrobial resistance determinant genes among genomes of the seven pneumococcal isolates.

Antibiotic class Gene TSP28 TSP95 TSP102 TSP106 SSP32 SSP45 SSP46
Antibiotic efflux

Fluoroquinolone pmrA / / / / / / /

patA / / / / / / /

patB / / / / / / /
Antibiotic target protection

Tetracycline tet(M) / / / X X / /
Antibiotic target detection

Macrolide erm(B) X / / X X / /

mef(A) / / X / X / /

Lincosamide msr(D) / / X / X / /

Streptogramin rimA(ll) / / / / / / /
Antibiotic target detection

Cephalosporin pbla X X X X / X X

Cephamycin pbp2x X X / / / X X

‘/” indicates presence of gene and ‘X’ indicate absence of gene.
MLS family (Macrolide, Lincosamide, and Streptogramin).

Table 3 Core genome analysis showing the number of core and accessory
genes of the 42 pneumococcal genomes.

Gene types Average covering Number of genes
Core genes (99% < strains < 100%) 1157
Soft core genes (95% < strains < 99%) 306
Shell genes (15% < strains < 95%) 1089
Cloud genes (0% < strains < 15%) 2129
Total genes (0% < strains < 100%) 4681

Soft core, shell, and cloud genes are categorized as accessory genes (n = 3524).

events) showed considerably fewer events. These numerical dif-
ferences support lineage-specific variation in recombination in-
tensity. The recombined gene functions listed in Table 4 indicate
that recombination may influence virulence, capsule variation,
and resistance-related traits in these isolates. The recombina-
tion events were more frequently observed across the remaining
four isolates: TSP28, TSP95, SSP45, and SSP46. Isolates with the
highest recombination counts (primarily ST320 serotype 19A/19F)
also carried a higher number of antimicrobials-resistance de-
terminants, as reflected by the multiple resistance-associated
genes within their recombinant regions (Table 4). Several recom-
binant blocks mapped close to the cps region in the Gubbins
plot (Fig. 2), the CDS listed in Table 4 themselves are not canon-
ical cps genes but neighbouring metabolic or surface-associated
genes. The genes located within these recombinant tracts in-
clude loci involved in capsule biosynthesis, surface-exposed and
metabolic proteins, and several resistance-associated genes, sug-
gesting that recombination can modulate serotype, virulence-
associated functions, and antimicrobial resistance potential in
these isolates.

Discussion

This study performed genomic comparison of seven invasive clin-
ical isolates of S. pneumoniae in Malaysia, giving the average

genome length of about 2.11 Mbp. The isolates had an average
gene content of 2070, within the range of 1988 to 2205 CDS. The
genomes were comparable in size to the reference strain S. pneu-
moniae TIGR4 (accession: GCA_000006885.1), whichwas 2.16 Mbp.
The reference strain had 2153 CDS and shared similar gene con-
tent with the isolates in this study. The SPAdes de novo assemblies
yielded an average of 128 contigs, with a range of 74-177. Among
the predicted genes, 1157 (24.7%) were identified as part of the
core genome across all the seven isolates of this study. These core
genes accounted for 79.7% of the total translated genome, while
the remaining 3524 (75.3%) were classified as accessory genes.
The size of the bacterial core genome can differ across various iso-
late collections, primarily depending on how the core genome is
defined and the parameters applied during pan-genome analysis.
In most cases, the core genome consists of genes responsible for
essential functions, including protein synthesis, DNA metabolism,
and key cellular processes (Donkor et al. 2012).

ST320, a globally disseminating multidrug-resistant clone, ac-
counted for three strains among the seven invasive pneumococ-
cal isolates exhibiting serotypes 19A and 19F. The global preva-
lence of ST320-19A, not covered by the earlier PCV7 and PCV10
vaccines, has risen significantly due to serotype replacement.
The emergence of the lineage is attributed to capsular gene
exchange between ST236 strains of the CC271 clonal complex
(Mott et al. 2019, Zeng et al. 2023). ST320 also demonstrated
a colonization advantage over its ancestral PMEN Taiwan!®f-14
strain (Hsieh et al. 2013). This highlights both the ongoing chal-
lenge of serotype replacement and the persistency of specific
clonal lineages carrying their infection capability and antibiotic
resistance.

The antibiotic resistance genes were detected by the WGS
database using the pipelines ResFinder and CARD for a compre-
hensive antibiotic resistance profile. The analysis showed that
isolates TSP32, TSP102, and TSP106 appeared to carry altered
pbpla and pbp2x genes, while the earlier study by Dzaraly et
al. (2021) using E-test method phenotypically showed no peni-
cillin resistance in these isolates. Alteration of the transpepti-
dase domains of penicillin-binding proteins (PBPs) in B-lactam-
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Serotype ST Source Location
Tree scale: 0.001 ————
SPN 13-103 19A 320 Blood South Korea
|SPN 04-177 19A 320 Blood South Korea
SPN 12-039 19A 320 Blood South Korea
SPN 13-075 19A 320 Blood South Korea
SPN 10-287 19A 320 Blood South Korea
TSP95 19A 320 Blood Malaysia
SSP46 - 19F 320 Blood Malaysia
SSP45 o 19F 320 Blood Malaysia
— WSP6 '?, 14 1464  Nasopharyngeal Malaysia
[“wsp3 6 19F 271  Nasopharyngeal Malaysia
~WSP4 14 5278  Nasopharyngeal Malaysia
[L_Tsp2s 194 236 Blood Malaysia
WSP5 23F 5278 Eye Malaysia
T Taiwantor-14 IF 236 E Taiwan
SPN 08-087 19A 320 Ear South Korea
~SPN 15-019 19A 320 Blood South Korea
‘ TSP102 6E 386 Blood Malaysia
| 0OXC141 3 180 - UK
‘ WSP9 18 4901 Blood Malaysia
‘ WSP10 8 6022 Blood Malaysia
WSP1 = NT - Nasopharyngeal Malaysia
l TIGR4 % 4 205 Blood Norway
SP174 2014 = 8 404 Blood Denmark
kJ SSP32 o 19A 695 Blood Malaysia
b“ AP200 11A 62 CSF Ttaly
I 1 SP476 2013 8 53 Blood Denmark
= —1SP149 2012 8 53 Blood Denmark
SP20 2018 8 53 Blood Denmark
!SPOB 2018 8 53 Blood Denmark
WsP8 18 12838 Nasopharyngeal Malaysia
WSP7 1 51 Blood Malaysia
TSP106 14 671 Blood Malaysia
WSP2 31 81 Nasopharyngeal Malaysia
‘— ATCC700669 23F 81 - Spain
I SP563 E 24F 15253 Blood Lebanon
[ SP521 % 24F 15253 Blood Lebanon
' SP525 = 24F 15253 Pleural fluid Lebanon
——SP475 O 24F 15253 CSF Lebanon
SP573 24F 14184 Blood Lebanon
FSPSGG 24F 11618 Blood Lebanon
SP574 24F 11618 Blood Lebanon
SP310 24F 11618 Blood Lebanon

Figure 1 Core genome phylogenetic tree as visualized by iTOL Version 4 (interactive tree of life) based on seven isolates from this study (labelled with
TSP; east coast peninsular Malaysia and SSP; west coast peninsular Malaysia) and 35 reference genomes. The distribution of serotype, sequence type
(ST), sources, and location are shown in the right columns. Three major clusters (clade I—clade IIl) were observed with clade | representing genomes of
isolates from Malaysia, Taiwan, and South Korea. The reference genomes were retrieved from GenBank comprising various origins; SPN (South Korea),
WSP (Malaysia), TIGR4 (Norway), Taiwan19F-14 (Taiwan), OXC141 (United Kingdom), AP200 (ltaly), ATCC700669 (Spain), SP (Denmark), and SP (Lebanon).

resistant pneumococcal isolates may lead to reduced susceptibil-
ity to cephalosporins, including penicillins but remain multifacto-
rial to be demonstrated in vitro. (Zhou et al. 2022).

The genotypic features of erythromycin-resistant S. pneumo-
niae show geographical variation. In Asia, the erm(B) is the most
prevalent macrolide resistance determinant gene in mainland
China, Taiwan, Korea, and Sri Lanka, whereas the mef(A) is more
dominant in Hong Kong, Singapore, Malaysia, and Thailand (Song
et al. 2004). In this study, the mef(A) was detected in five out of the
seven isolates (71.4%) followed by erm(B) in four isolates (57.1%),
which were consistent phenotypically as previously reported by
Dzaraly et al. (2021) and Dzaraly et al. (2023). The pneumococcal
resistance to tetracycline is mostly due to ribosome protection,
which is facilitated by the tet(M) and tet(0) mechanisms (Doherty
et al. 2000, Dallas et al. 2013) as well as ribosomal mutation. In
this study, the tet(M) was present in five out of the seven isolates.
The association of macrolide and tetracycline resistance has been
reported with the acquisition of tet(M), possibly through the con-
jugative transposon Tn6002 that was frequently reported in Eu-
rope (Akdogan Kittana et al. 2019, Kireeva and Dmitriev 2023). Ad-
ditionally, both erm(B) and tet(M) were found on ICESp12ST230;

integrative and conjugative element, which is a type of mobile ge-
netic element found in S. pneumoniae (Lo et al. 2020).

Meanwhile, phylogenetic analysis was conducted to assess evo-
lutionary relationships and genetic relatedness among the iso-
lates together with the reference genome isolates derived from
GenBank. The core genome analysis grouped the pneumococcal
isolates into three major clades with distinct lineages, indicating
that selected pneumococcal isolates in this study evolved sepa-
rately along with their lineages. Notably, isolates TSP95, SSP45,
and SSP46 clustered in subclade |, showed close relatedness to
strains from South Korea, mainly ST320-19A isolated back in year
2004, suggesting this particular genetic group to have persisted for
over a decade.

Additionally, SSP45 and SSP46, being closely positioned in the
phylogenetic tree, were likely clone of a serotype 19F strain that
had infected two individuals. TSP28 (ST236-19A) was classified in
subclade | alongside five known strains from Taiwan and Malaysia
isolated between 2011 and 2012, indicating over a decade of their
global and local evolution. Other than ST236 and ST320, clade |
also showed diverse sequence types (ST271, ST1464, and ST5278)
with various vaccine serotypes. Isolate TSP102 (ST386-6E) evolved
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Figure 2 The recombination landscape of the seven invasive pneumococcal isolates, visualized using Gubbins and displayed in Phandango. On the left,
the phylogenetic tree illustrates the genetic diversification of isolates with one dominant lineage. The heatmap next to the tree summarizes genomic
features (serotype, MLST, GC content, genome size, etc.) for each isolate. The central panel shows recombination blocks across the genome, where red
blocks represent shared recombination events found in multiple isolates, and blue blocks indicate isolate-specific recombination events. The ST236 and
ST320 isolates (TSP28, TSP95, SSP45, and SSP46) display dense red regions, indicating high levels of shared recombination, whereas isolates TSP102,
SSP32, and TSP106 show mostly blue blocks, indicating limited and unique recombination, while NZ_CP020549.1 indicated as a reference genome in
this recombinant analysis. The bottom plot shows SNP density along the genome, highlighting hotspots where recombination is more frequent. Overall,
the figure demonstrates lineage-specific recombination patterns and the higher recombination load in ST320 strains.

independently within clade II, while SSP32 (ST695-19A) showed
a possibly close relationship with Danish strains having serotype
8, as seen in the respective clades. Whereas TSP106 (ST671-14) of
Clade IIl, showed close genetic and geographic ties to Malaysian
strains WSP7 and WSP8 (isolated in 2011). The geographical clus-
tering of the TSP106 lineage in this study, as well as TSP28, TSP95,
SSP45 and SSP46 with reference genomes from Malaysia (Fig. 1),
suggested the phylogeography of S. pneumoniae that is likely
structured by country despite the small number of the local iso-
lates (Nzoyikorera et al. 2021).

Recombination analysis revealed both shared and isolate-
specific recombination events across the seven pneumococcal
isolates. Extensive red blocks in invasive isolates TSP28, TSP95,
SSP45, and SSP46 represent recombinant regions; genomic seg-
ments where horizontal gene transfer or recombination occurred
across multiple isolates. The intensity and density of red re-
gions, especially in SSP45 and SSP46 suggest high recombina-
tion activity, which may affect virulence or antibiotic resistance.
In contrast, blue blocks in invasive isolates like TSP102, TSP106,
and SSP32indicate isolate-specific recombination, meaning those
events are unique to respective strains. These invasive isolates
also exhibited fewer recombination events, suggesting more con-
served genomic structures. The presence of blue blocks high-
lights isolate-specific recombination, supporting the idea of ge-
netic diversification. The presence of isolate-specific recombina-
tion (blue blocks) alongside shared red regions suggests genetic
diversification. These findings underscore the role of recombina-
tion in shaping pneumococcal population structure and adap-
tation, including potential impacts on serotype switching, viru-

lence, and adaptation to selective pressures like vaccination or
antibiotic resistance. It can be seen that the strains analysed in
this study have undergone multiple recombination events. This
is expected, as S. pneumoniae is naturally transformable and re-
combination events play a major role in its molecular evolution
(Chaguza et al. 2015).

Streptococcus pneumoniae is a highly recombinogenic bac-
terium generating genetic variation at a rate far exceeding that of
random mutation, enabling pneumococci to evade both host im-
mune responses and clinical interventions, such as vaccines and
antibiotics (Chaguza et al. 2015). Our findings indicate that TSP28,
TPS95, SSP45, and SSP46 share a unique recombination event
involving specific related genes, including sucrose glucosyltrans-
ferase or glucosyltransferase-A, hypothetical protein (HP), triose
phosphate isomerase, and others. Additionally, triose phosphate
isomerase (TpiA) is involved in a unique recombination event
observed among most invasive pneumococcal isolates; TSP28,
TSP95, TSP106, SSP45, and SSP46. In S. pneumoniae, TpiA is se-
creted extracellularly through LytA-dependent autolysis, though
it also functions as an internal enzyme within the glycolytic path-
way. A study mentioned that TpiA binds to host plasminogen, pro-
moting its activation and facilitating the conversion of plasmino-
gen to plasmin, which may enhance pathogen entry into host tis-
sues (Hirayama et al. 2022). Proteomic analysis identified TpiA as
a novel virulence factor, offering insights into its role in vivo (Hi-
rayama et al. 2022). The recruitment of plasminogen is a critical
mechanism used by S. pneumoniae for host tissue invasion dur-
ing infection. TpiA is released from S. pneumoniae through autoly-
sis, attaches to plasminogen, and promotes its activation, thereby

9202 UoJBIN 8| UO Jasn eiskeley eaind iSIoAIuN Aq L059978/0706EXI/Z/.E L /Io1HE/OIqWE]/WO09"dNO"o1WapED.//:SA)Y WOy PapEOjuMOd



Journal of Applied Microbiology, 2026, Volume 137, Issue 2

Downloaded from https://academic.oup.com/jambio/article/137/2/Ixag040/8466407 by Universiti Putra Malaysia user on 18 March 2026

@geuq uiay04d uonedndal yNG
asesswos| ayeydsoyd-ason|
uia30.d jednayrodAH

9tdSS ‘StdSS ‘S6dSL ‘8TdSL ‘90TdS.L ul A2uanbauy ysiy yyum uonjeuIquodas paieys

(osed1v-(+7)ed
13109) T 9sed 1y Suiodsuesy-wnidjed

uia104d podsue|
| utewop eydje/elaq/eydie
aseynwouuewoydsoyd/aseynwodnjdoydsoyd

jusuodwod J|| di4129ds-95010e] ‘WIsAS S1d
1ungns e3aq ‘esesswijod YNY pa1daJip-yNd
1ungns e13q ‘osesswA|od YNy pa3dalip-¥NQd
uiao.4d podsues|

| utewop eydje/elaq/eydje
aseynwouuewoydsoyd/aseynwodnjdoydsoyd
aseA] ajeuoinieAy

3uragaid-jouedoud ‘aseusdoipAysp joyodly
wia1sAs asesaysuenyoydsoyd oiydads-asouue|y
d9sy aseajoidojiersw d1y

vidy

uswajdwo)

T°CLTSEQYY
T'TLISEQYY
T'0LTSEQYY
T'SLTSEQYY

T'0STSEQYY

€T9T0 LTNHNJS
TI9T0 LINHNJS
TT9T0 LTNHNJS
91910 LTNHNJS

T6GT0 LTNHNJS

90TdSL1 u1 Aouanbauy ySiy yum uoneuiquodal anbiun

Juswa|dwo)

T'T0TSEQYY

1°5605€QdY

8€GTO0 LINHNJS

TESTO LTINHNJS

§6dSL1 ul £ouanbauy ySiy yum uoneuiquiodal anbiun

Juswa|dwo)
godu
Hodl
Juswadwo)

Juswa|dwo)
W dwo)
dasi

T'SI8YEQYY
T°LE€9SEQYY
T°9€495EadY
T'TOTSEQYY

1°5605€QdY
T'666£€QYY
T'€L6cEqdY
T'¢L6EEqYY
T'¢seEEqdY

TETTO LINHNS
G66 TO LTNHNJS
766 T0 LTNHNJS
8€GTO LTNHNJS

TESTO LTINHNJS
G8€00 LTNHNJS
LGE00 LTNHNJS
GGE00 LTNHNJS
9€€00 LTNHNJS

66dS.1 ul £ousanbaij mo) yym uoneuIquiodas anbiun

19256V 17065161 T
v ey TveEL eV T
€99¢C6V TT6T C6V T
199 .6V T-88TC6V T

OTT VLV T OCV TLV T

0Ty 8T T

6TSTCV T

80G8ST T-9YECST T

1698S8 17980658 T

€G0GG8T"9LETS8 T
0TV 8TV T

SYCTCYT.8TTCv T
VT LEET6E0 VEE
8TV ETE66ECIE
99T CTE"LLTTTIE
8T0G8C"659.L €8C

[4s

TT

0T

O ™~

AN <N

onpoid

aweu auan

p1 uiaoud

Sey snooq

Sad

OoN

'$9)e]0S| |EI20d0WN3Ud USASS 3} Buowe S)UBAS JUBUIGUWI0dRI dnbiun + 3)qel



Journal of Applied Microbiology, 2026, Volume 137, Issue 2

Downloaded from https://academic.oup.com/jambio/article/137/2/Ixag040/8466407 by Universiti Putra Malaysia user on 18 March 2026

uizyosdodi) Suipuiq sapndadodio - T'vZTISEQYY G9S 10 LTNHNJS LELTSPT"6LLOSY T 44
asedl) ajejpwidouiwelp-9
‘z—orewein|3-q-jAuejejfoweinwifzoe-N-dan - T°97TSEQYY 195 TO”LTNHNAS YT 9SY 17699 vSir T 1C
(9seAl-(jo1yz)aurasowoyjAuiddns-Q)
(S90) aseyiuhs-ewwes suluolyieisk) - T°0CISEQYY T9S TO” LTNHNCS GLL8YY T 189 ¥ T 0¢
sajejosl |je ul uoijeuiquodai paieys
(V-419)
(v-9setdysuety)Asoon|o) (asesdysuely)Asoon|3
as0.ong) asejfioydsoyd asouons - T'LLySEQYY €€6T0 LTNHNJS 9€896. T-68T S6L T 6T
9tdSS ‘StdSS ‘G6dSL ut AHouanbaiy ySiy yum uoneuiquodas anbiun
Ne8y asepisojoe|ed-eyd)y - T I8¥SEQYY LE6TO LTNHNCS ¥LT1208T°CT0008 T 8T
(v-419)
(v-9sesaysuely)Asoon)o) (asessysuely)Asoon|3
as04ons) asejfioydsoyd asosons - T'LLVSEQYY €€6T0 LTNHNAS €7996L T TI8TS6LT LT
TEdSS ul Louanbaiy ySiy yyum uoneuiquodas anbiun
uizroad jeonsyrodAiy - T'€20vEQYY 607 00" LTNHNJS ¥91 6G€"08¢C 8S€ 9T
ase|oipAy JAuoinon|g pajesniesun - 1°9007€QYY 76€00  LTNHNJS Oty EVE"0SC THE qT
asejpy3uAs axejojoiphyig - T'186£€QYY 99€£ 00 LTNHNJS 18% 6TE"GIT 8T¢E v1
ui04d Ajjwey aseawuad j1dean/aulyiuex - T'LL6EEAYY T9€00  LTNHNAS 8LT9TE"90L VTE €1
aseJajsuetyjAuiddns-0 sULSSOWOoH visw T'€ELTSEQYY #1910 LTNHNJS 07967 T"9LTS6V T
1onpoud aweu aud9 pI_uioid 8ey"snooq sdd ON

panupuo)  d)qeL



Journal of Applied Microbiology, 2026, Volume 137, Issue 2

aiding tissue invasion by degrading the extracellular matrix (Hi-
rayama et al. 2022).

In addition, the phylogenetic and recombination analyses col-
lectively revealed consistent clustering patterns among the inva-
sive S. pneumoniae isolates. Notably, the invasive isolates TSP28,
TSP95, SSP45, and SSP46 consistently clustered together in both
analyses (Figs 1 and 2). These isolates predominantly belonged
to ST320 and expressed serotype 19A, which is widely associ-
ated with increased virulence, antimicrobial resistance, and post-
vaccine serotype replacement globally. They also exhibited sim-
ilar genomic recombination profiles, suggesting a shared evolu-
tionary origin with strong clonal expansion. The strong concor-
dance between phylogenetic clustering and recombination pat-
terns highlights the importance of ongoing genomic surveillance
to monitor the emergence and spread of virulent pneumococcal
lineages in Malaysia and the wider Southeast Asian region through
this model of analysis.

Conclusion

This study presents a whole genome analysis of invasive pneumo-
coccal isolates at selected major tertiary hospitals in Malaysia. We
found that the invasive pneumococcal isolates were associated
with clonal spread involving different serotypes such as 19F and
19A, which are mostly covered by PCVs. The predominant ST236
and ST320 of the invasive isolates were linked to clones Taiwan!F-
14 and also associated with a high frequency of multidrug resis-
tance (MDR). This study highlights the genomic diversity and evo-
lutionary dynamics of invasive S. pneumoniae isolates in Malaysia.
The integration of serotype, ST, antibiotic resistance determinant
genes, and recombination analyses reveals both clonal persis-
tency and diversification, with evidence of close relatedness to
global strains. Since our study was limited to only seven isolates,
future research should include larger sample sizes and longitudi-
nal surveillance to detect vaccine escape and emerging variants.
Expanding investigations across diverse regions and time points
will provide a more comprehensive understanding of pathogen
evolution and vaccine effectiveness.
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