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ABSTRACT

Background: Non-typeable Streptococcus pneumoniae (NT-Sp) strains lack detectable capsules and are often missed by tra-
ditional serotyping. While associated primarily with asymptomatic carriage, NT-Sp has emerged as a key player in antimicrobial
resistance (AMR) gene dissemination and serotype replacement in the post-vaccine era. This systematic review and meta-
analysis synthesize global evidence on NT-Sp carriage, its prevalence, antimicrobial resistance patterns, and genetic diversity.
Methods: A systematic search of PubMed, Scopus, Web of Science, Google Scholar, and ScienceDirect was conducted up to
May 2025. Eligible studies reporting NT-Sp carriage, molecular typing, or AMR profiles were included. Data extraction and
quality assessment followed PRISMA guidelines. A meta-analysis was performed to estimate pooled prevalence of NT-Sp
carriage and resistance, with subgroup and meta-regression analyses exploring heterogeneity. Methodological quality was
assessed using the Newcastle-Ottawa Scale adapted for cross-sectional studies. Only open-access and free full-text articles were
included, which may have introduced selection bias.

Results: Forty studies from 23 countries were included. The pooled NT-Sp carriage prevalence was 4.64% (95% CI:
2.78%-6.92%), with substantial heterogeneity (I = 97.1%, 95% CI: 96.6%-97.5%). Subgroup analyses revealed geographic vari-
ation, with Oceania showing the highest prevalence (7.24%, 95% CI: 1.39%-17.04%) and North America the lowest (0.44%, 95%
CIL: 0.05%-1.11%). Age-stratified analysis showed that studies, including all ages had the highest estimate (29.88%, 95% CI:
0.00%-100.00%), while children had a pooled prevalence of 4.05% (95% CI: 0.00%-15.80%). Vaccination era did not significantly
influence NT-Sp carriage (p = 0.312). Resistance was highest for co-trimoxazole (67.21%, 95% CI: 49.92%-82.73%), penicillin
(44.57%, 95% CI: 24.45%-65.50%), and erythromycin (39.85%, 95% CI: 19.58%-61.77%). Meta-regression identified the “all ages”
participant category as a significant predictor of lower NT-Sp prevalence (p =0.034). Molecular tools revealed substantial
genomic diversity, with dominant clonal complexes varying by region.

Conclusion: NT-Sp is a globally distributed and genetically diverse pneumococcal subset with considerable AMR potential. Its
persistence post-PCV introduction and resistance gene carriage highlights the need for improved detection, molecular surveillance, and

Abbreviations: AMR, antimicrobial resistance; CAP, community-acquired pneumonia; CI, confidence interval; DCC, day-care center; HIV, human immunodeficiency
virus; IPD, invasive pneumococcal disease; MDR, multidrug resistance; MLST, multilocus sequence typing; NT-Sp, non-typeable Streptococcus pneumoniae;

PCR, polymerase chain reaction; PCV, pneumococcal conjugate vaccine; PFGE, pulsed-field gel electrophoresis; PRISMA, Preferred Reporting Items for Systematic
Reviews and Meta-Analyses; qPCR, quantitative polymerase chain reaction; ST, sequence type; WGS, whole-genome sequencing.
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consideration in next-generation vaccine development. Specifically, clinical laboratories in high-prevalence settings should adopt

molecular methods (e.g., PCR or WGS) to detect NT-Sp in carriage surveillance; empirical antibiotic guidelines for pediatric respiratory

infections should consider NT-Sp resistance patterns, particularly the high prevalence of co-trimoxazole resistance (67%) and next-
generation PCV trials should include NT-Sp carriage as an exploratory endpoint. Integrating NT-Sp into global pneumococcal control

strategies is essential.

1 | Introduction

Streptococcus pneumoniae is a Gram-positive pathobiont that
colonizes the nasopharynx asymptomatically [1] yet remains a
leading cause of invasive pneumococcal diseases (IPD),
including pneumonia, meningitis, and bacteremia, particularly
in children, the elderly, and immunocompromised individuals
[2]. Globally, pneumococcal infections account for over 1.6
million deaths annually, with the highest burden in low-
resource settings where vaccine access is limited [3, 4]. Key risk
factors for severe IPD include young age, older age (> 65 years),
asplenia, sickle cell disease, HIV infection, chronic heart or
lung disease, and limited access to healthcare in low-resource
settings [4, 5]. While over 100 serotypes have been identified
based on capsular polysaccharides [5], non-typeable
pneumococci (NT-Sp), strains lacking detectable capsules, rep-
resent a unique subset that challenges conventional serotyping
methods and plays a complex role in carriage dynamics and
disease [6, 7]. Although NT-Sp rarely causes invasive pneu-
mococcal disease, several studies have documented its
involvement in conjunctivitis outbreaks and occasional invasive
disease cases [6, 7].

NT-Sp are frequently overlooked in surveillance due to their
inability to elicit a Quellung reaction or agglutinate with stan-
dard antisera [6]. However, molecular techniques such as S2-
gene sequencing and multilocus sequence typing (MLST) have
confirmed their genetic identity as S. pneumoniae, revealing a
prevalence of up to 55% in infant carriage studies [8]. Unlike
encapsulated strains, NT-Sp rarely cause IPD but are increas-
ingly recognized as reservoirs for antimicrobial resistance
(AMR) genes and contributors to serotype replacement post-
vaccination [9]. Their high recombination rates and genomic
plasticity may facilitate the transfer of virulence factors or
resistance determinants to encapsulated strains, complicating
efforts to control pneumococcal disease [7, 9]. For example,
Tavares et al. (2014) demonstrated that Portuguese NT-Sp
strains (NCC2 clonal complex) carried the same pneumococcal
surface protein A (PspA) family and pilus islets as encapsulated
clones, suggesting frequent horizontal gene transfer. Similarly,
Dayie et al. (2019) identified NT-Sp isolates in Ghana harboring
mefA and ermB macrolide resistance genes also found in vac-
cine serotypes.

The rise of pneumococcal conjugate vaccines (PCVs) has dra-
matically reduced carriage of vaccine-serotype pneumococci
[10], creating an ecological niche for non-vaccine strains.
Within this niche, NT-Sp has emerged as a persistent colonizer,
with several studies documenting stable or increased NT-Sp
carriage post-PCV introduction [8, 11, 12]. This persistence may
be explained by unique genetic features that enhance NT-Sp
adaptation to the nasopharynx, including frequent absence of

the piaB gene (a marker for iron acquisition) and presence of
zmpC (associated with mucosal colonization) [7]. These fea-
tures, combined with high recombination rates, position NT-Sp
as a potential reservoir for AMR genes and a contributor to
serotype replacement.

Despite their clinical and epidemiological significance, NT-
Sp remain understudied compared to encapsulated ser-
otypes. Existing data on their sequence types (ST's), geo-
graphic distribution, and AMR profiles are fragmented,
hindering a unified understanding of their public health
impact. This systematic review synthesizes global evidence
on NT-Sp carriage. By integrating molecular and clinical
data, this review aims to inform vaccine strategies, anti-
microbial stewardship, and surveillance protocols for NT-Sp
in the PCV era.

2 | Methods

This systematic review followed the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) standards
[13]. This review was not registered in PROSPERO; however, the
protocol followed PRISMA guidelines throughout. All statistical
analyses were performed using R (version 4.3.1) with the meta
and metafor packages. The analysis plan followed the SAMPL
(Statistical Analyses and Methods in the Published Literature)
guidelines for reporting of statistical methods. Reporting of this
systematic review followed the CONSORT (Consolidated Stan-
dards of Reporting Trials) guidelines where applicable. Statistical
significance was set at p <0.05, and all tests were two-sided.
p-values were reported as follows: p <0.001 as “p <0.001”; p
values between 0.001 and 0.01 to the nearest thousandth;
p-values > 0.01 to the nearest hundredth; and p-values > 0.99 as
“p>0.99”. The meta-analysis methodology adhered to the rec-
ommendations of Assel et al. (2019) [14] for reporting of statistics
in clinical research. As this is a systematic review and meta-
analysis of published literature, ethical approval and informed
consent were not required.

2.1 | Literature Search Strategy and Selection
Process

Using keywords associated with Streptococcus pneumoniae non-
typeable, a comprehensive literature search was carried out in
Google Scholar, PubMed, Scopus, Web of Science, and Scien-
ceDirect. Only free full-text or open-access research articles
published in English were included in the search, which ran
until May 2025 (Table 1). Records that were retrieved were
exported in CSV and RIS formats.
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TABLE 1 | Detailed search keywords and filters used in each database.

Filters
Document

Database Keywords Language type Open access

PubMed (“Streptococcus pneumoniae” OR pneumococcus) English — Free full-text

Scopus AND (“non-typeable” OR “non-typeable strains” OR English Article All open access
ScienceDirect untypable” OR “non-serotypeable” OR “NT”) English Research article Open access &
Web of Science open archives

Google Scholar English — —

The Rayyan application [15], a web-based tool for systematic
reviews, was utilized to screen the citations of the acquired
records. The remaining unique records were filtered by title and
abstract after duplicates were found and removed, and any
records that were deemed unnecessary were removed as well.
The remaining articles were assessed for full-text eligibility
using the aforementioned inclusion criteria after the titles and
abstracts were screened. The included studies were imported
into Zotero 7.0.8 in order to extract the data.

2.2 | Eligibility Criteria

Eligible studies were observational (cross-sectional, cohort, or
surveillance) or clinical trials that reported carriage or anti-
microbial resistance (AMR) of non-typeable Streptococcus
pneumoniae (NT-Sp). Participants included healthy or infected
individuals of any age. Included studies had to identify S.
preumoniae using phenotypic methods (e.g., Quellung reaction
and optochin sensitivity) or molecular approaches such as PCR,
MLST, or whole-genome sequencing (WGS), and provide ex-
plicit NT-Sp data, including resistance rates and multidrug
resistance profiles.

For this review, NT-Sp was operationally defined as pneumo-
coccal isolates lacking detectable capsular serotype by pheno-
typic serotyping methods (e.g., Quellung reaction or latex
agglutination) and/or isolates confirmed as non-encapsulated
through molecular approaches such as cpsA-negative PCR,
lytA-positive PCR, MLST, or WGS. Variability in diagnostic
criteria across studies was considered a potential source of
heterogeneity.

Excluded studies were case reports, reviews, editorials, com-
ments, non-peer-reviewed sources (e.g., theses, dissertations,
and preprints), and studies that focused on other serotypes or
did not provide specific NT-Sp carriage data.

2.3 | Risk of Bias Assessment

Two researchers (R.K.R. and E.S.D.) independently assessed the
methodological quality of included studies wusing the
Newcastle-Ottawa Scale [16] (NOS) adapted for cross-sectional
studies. The NOS evaluates studies across three domains:
selection (representativeness, sample size, non-respondents,
and exposure ascertainment), comparability (control for con-
founding), and outcome (outcome assessment and statistical

analysis). A maximum of 8 stars could be awarded, with studies
scoring 7-8 stars classified as high quality, 5-6 stars as moderate
quality, and <4 stars as low quality. Disagreements between
reviewers were resolved through consensus. Of the 40 included
studies, 34 (85%) were rated as high quality (7-8 stars), and six
(15%) were rated as moderate quality (5-6 stars). No studies
were rated as low quality. The most common methodological
limitations were lack of non-respondent description and limited
control for confounding factors. The full risk of bias assessment
is presented in Table 2.

2.4 | Data Extraction and Analysis

The relevant data were extracted from each included study as
described in Table 3 by R.K.R. and E.S.D. S. pneumoniae non-
typeable carriage data were extracted and stratified by country.
Microsoft Excel 2016 was used to extract and manage the ex-
tracted data.

2.5 | Statistical Analysis

Meta-analysis was conducted using a random-effects model to
estimate pooled prevalence and resistance proportions because
substantial clinical and methodological heterogeneity was an-
ticipated across studies, including differences in study popula-
tions, geographic settings, vaccination eras, and laboratory
identification methods. Heterogeneity was assessed using the I?
statistic. Publication bias was evaluated using funnel plots and
Egger's regression test. Subgroup analyses (by age, region, and
vaccination era) and meta-regression were performed to explore
potential sources of heterogeneity. All analyses were conducted
in R using the meta and metafor packages.

3 | Results
3.1 | Search Results and Selection Process

A total of 985 records were identified from all four electronic
databases. Two hundred ninety duplicate records were re-
moved, leaving 695 unique records to be screened. Of the 695
unique records, 566 were excluded based on their title, abstract,
and language, and the remaining 129 records were sought for
full-text retrieval. After full-text retrieval (n =129), 67 articles
were excluded following the full-text eligibility assessment.
Finally, 40 studies were included in the systematic review
(Figure 1).
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FIGURE1 | PRISMA flow diagram of the study selection process.

3.2 | Description of Included Studies

This systematic review included 40 studies from 23 countries
across six continents (Table 3). The geographic distribution
revealed a dominance of African (n=13) and European
(n=12) studies, followed by South America (n=5), Asia
(n==6), Oceania (n=3), and North America (n=1). Ghana
contributed the most studies (n = 4), followed by Brazil (n = 3)
and Portugal (n=2). Most investigations were single-center
studies focusing on community or hospital-based sampling.

The study populations were diverse: 10 studies sampled only chil-
dren, six included both children and adults, one focused exclusively
on adults (>16 years), and two used mother-infant pairs. The
remaining studies included mixed populations or did not explicitly
stratify by age. Over 70% of the included studies were conducted
post-PCV introduction, spanning PCV7, PCV10, and PCV13 eras.
Sample sizes ranged from under 100 to over 8000 individuals.

Non-typeable Streptococcus pneumoniae (NT-Sp) carriage prev-
alence ranged from 0.19% to 73.55%, with higher rates generally
observed among infants and in pre-vaccine populations.

Duplicate records removed (n

Records excluded

(n =566)

(n =22)

E—
Reports excluded n= 67
e Not reporting on non-
typeable carriage
3.2.1 | Prevalence of Non-Typeable Pneumococcal Carriage in

the Isolates

The pooled prevalence of non-typeable Streptococcus pneu-
moniae (NT-Sp) carriage was estimated using a random-effects
meta-analysis. Figure 2 presents the overall pooled prevalence
together with the individual study estimates and measures of
between-study heterogeneity.

322 | Subgroup Analysis by Geographic Region

To investigate whether geographic location contributed to the
observed heterogeneity, subgroup analyses were performed ac-
cording to continent. The pooled prevalence estimates for each
geographic region are presented in Figure 3.

3.2.3 | Age Group of Study Participants

Subgroup analysis was also conducted according to the age
category of study participants to assess potential differences in
NT-Sp carriage across populations. The pooled prevalence es-
timates for each age group are shown in Figure 4.
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Study Events Total Prevalence (%) 95% ClI  weight
Usuf et al., 2021 89 121 : —8— 7355 [64.76;81.16 24%
McElligott et al., 2014 13 339 . 383 [206; 647 25%
Wyllie et al., 2017 17 221 - 769 [4.54;1203 2.5%
Tumner et al., 2012 660 8386 m 787 [7.30; 847 2.6%
Sa-Leao et al., 2009 27 1288 = 210 [1.39; 3.04 2.6%
Rybak et al., 2022 3 29 i 1034 [219;27.35 1.9%
Pinto et al., 2019 13 783 = 166 [0.89; 2.82 2.6%
Ousmane et al., 2017 62 654 H 948 [7.35 11.99 2.5%
Mills et al., 2020 1 513 H: 0.19 [0.00; 1.08 25%
Lindstrand et al., 2016 9 927 [ H 0.97 [0.44; 183 2.6%
Lansbury et al., 2024 1 258 | 3 426 [215; 750 2.5%
Kamng'ona et al., 2015 2 189 | J 1.06 [0.13; 3.77 25%
Dayie et al., 2019 10 410 B 244 [118; 44 25%
Dayie et al., 2018 5 402 H; 124 [041; 2388 25%
Andrade et al., 2010 22 133 L 16.54 [10.67; 23.97] 24%
Adetifa et al, 2018 47 1800 | 261 [1.92; 346] 26%
Jourdain et al., 2011 28 830 ] 337 [225 484] 26%
Ziane et al., 2016 20 218 - 9.17 [5.69; 13.81] 25%
Wrdbel-Pawelczyk et al., 2022 6 394 H: 152 [0.56; 3.28 25%
Vestrheim et al., 2008 24 573 ] 419 [270; 6.17 2.5%
Sharma et al., 2013 3 682 H: 044 [009; 128 25%
Satzke et al., 2018 112 2010 @ 557 [461; 667 26%
Safari et al., 2014 1 90 i~ — 1222 [6.26; 20.82 2.3%
Orami et al., 2023 144 1063 ¢ W 1355 [11.55;15.75 26%
Njuma Libwea et al., 2020 60 887 =] 6.76 5.20; 8.62 2.6%
Neves et al., 2013 4 242 = 1.65 045; 418 2.5%
Narwortey et al., 2021 9 193 ‘- 4.66 2.15; 8.67 2.5%
Meats et al., 2003 4 1353 o 030 [0.08; 0.76 26%
Ercibengoa et al., 2012 13 208 & 6.25 [3.37,1045 2.5%
Dunne et al., 2016 23 1551 H: 1.48 0.94; 222 2.6%
Dhoubhadel et al., 2014 33 945 L] 349 242; 487 26%
da Silva et al., 2023 1 385 L 2.86 143; 5.05 25%
Chamorro et al., 2023 14 1444 H: 097 [053; 1.62 2.6%
Britton et al., 2021 33 333 i 991 [6.92; 13.64] 2.5%
Ben Ayed et al., 2024 9 1256 | H 0.72 [0.33; 1.36] 2.6%
Azzari et al., 2016 18 629 | 286 [1.70; 449] 25%
Auranen et al., 2010 14 571 = 245 [1.35; 4.08] 25%
Anthony et al., 2012 13 142 A 9.15 [4.97;15.15] 24%
Adetifa et al_, 2012 17 1005 = 169 [099; 269] 26%
Hotomi et al., 2015 20 275 I 727 [4.50;11.01] 25%
Random effects model 33732 - 464 [2.78; 6.92] 100.0%
Prediction interval [ 0.00; 25.90]
Heterogeneity: /* = 97.1% [96.6%; 97.5%), t* = 0.0235, p <0.0001 ' ' ' : : '
0 20 40 60 80 100

FIGURE 2 | Forest plot showing the pooled prevalence of NT-Sp carriage from 40 included studies using a random-effects model. Pooled
prevalence: 4.64% (95% CI: 2.78%-6.92%). Heterogeneity: ?=97.1% (95% CI: 96.6%-97.5%), T°=0.0035, p < 0.0001. Prediction interval:
0.00%-25.90%. Each horizontal line represents the confidence interval (CI) for an individual study, while the diamond indicates the overall

summary estimate.

324 | Vaccination Period

To evaluate the influence of pneumococcal conjugate vaccine
(PCV) implementation on NT-Sp carriage, studies were strati-
fied according to vaccination period (pre-vaccination, post-
vaccination, and mixed periods). The corresponding pooled
prevalence estimates are presented in Figure 5.

3.2.5 | Publication Bias

Potential publication bias among the included studies was
assessed using a funnel plot and Egger's regression test. The
results of this assessment are presented in Figure 6.

3.2.6 | Detection Method Subgroup Analysis

Because laboratory identification methods varied across studies,
subgroup analyses were performed according to the primary
detection method used for NT-Sp identification. The pooled preva-
lence estimates for each detection method are shown in Figure 7.

3.2.7 | Sensitivity Analysis

A leave-one-out sensitivity analysis was conducted to assess the
robustness of the pooled prevalence estimate and determine
whether any individual study had a disproportionate influence
on the overall results. The findings are summarized in Figure 8.
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Continent Total Prevalence (%) 95% CI
Africa
Random effects model 8717 - 551 [1.16;12.64]
Prediction interval ; [0.00; 48.63]
Heterogeneity: /° = 97.7% [97.0%; 98.2%]. = 0.0565, p < 0.0001
Europe
Random effects model 6693 H 342 [1.92 4.58)
Prediction interval —— [0.05; 9.67]
Heterogeneity: /° = 88.7% [82.2%; 92.8%). T = 0.0034, p < 0.0001 :
Asia
Random effects model 11706 . 6.46 [4.30; 9.01]

Prediction interval
Heterogeneity: /~ = 90.6% [81.0%; 95.4%)], t = 0.0023, p < 0.0001

South America

[1.05;15.77])

B 3.37

Random effects model 2987 2 [0.48; 8.51]
Prediction interval -'— [0.00; 28.23]
Heterogeneity: /° = 92.5% [85.5%; 96.1%), © = 0.0148, p < 0.0001 :

North America ;

Random effects model 682 .§ 0.44 [0.05; 1.11]
Prediction interval g

Heterogeneity: not applicable

Oceania

Random effects model 2947 B 7.24  [1.39;17.04)
Prediction interval - [0.00; 65.07]
Heterogeneity: /° = 98.8% [98.1%; 99.3%], © = 0.0178, p < 0.0001

Random effects model 33732 ’ 4.64 [2.78; 6.92])
Prediction interval [0.00; 25.90]

Heterogeneity: /° = 97.1% [96.6%; 97.5%). v = 0.0235, p < 0.0001
Test for subgroup differences: y; = 43.88, df =5 (p < 0.0001)

I | | | | |

0 20 40 60 80 100

FIGURE 3 | Forest plot showing NT-Sp carriage prevalence stratified by geographic region. Asia: 6.46% (95% CI: 4.30%-9.01%, I* = 90.6%);
Oceania: 7.24% (95% CI: 1.39%-17.04%, P= 98.8%); Africa: 5.51% (95% CI: 1.16%-12.64%, P= 97.7%); South America: 3.37% (95% CI: 0.48%-8.51%,
I? = 92.5%); Europe: 3.12% (95% CI: 1.92%-4.58%, I* = 88.7%); North America: 0.44% (95% CI: 0.05%-1.11%). Test for subgroup differences: y* = 43.88,
df =5, p <0.001. Overall pooled prevalence: 4.64% (95% CI: 2.78%-6.92%).

328 | Meta-Regression

Meta-regression analyses were performed using univariable
random-effects models to explore potential sources of hetero-
geneity in NT-Sp carriage prevalence. Covariates included age
category, vaccination period, geographic region, detection
method, and sample size. Categorical variables were dummy-
coded prior to analysis. Due to the limited number of studies
within some subgroups, multivariable modeling was not per-
formed to avoid model overfitting and unstable estimates.

3.2.9 | Antibiotic Resistance in the Isolates

The pooled prevalence of antimicrobial resistance among NT-Sp
isolates was estimated for the most commonly reported antibiotics
using random-effects meta-analysis. The resistance estimates for
each antimicrobial agent are presented in Figure 9.

3.2.10 | Molecular Tools and Genetic Diversity

Molecular characterization of NT-Sp isolates revealed substantial
diversity across geographic regions. Whole-genome sequencing
(WGS), multilocus sequence typing (MLST), and PCR-based as-
says were the predominant molecular tools used. These methods
enabled confirmation of pneumococcal identity in cpsA-negative
strains and differentiation from other commensal streptococci.

Clonal complexes such as ST66 were identified in Brazil, and
ST320 in Ghana [26], illustrating regional specificity. In South-
east Asia and parts of Africa, studies noted the presence of non-
encapsulated clones lacking traditional capsule biosynthesis
genes but retaining key virulence and resistance determinants.

Genomic analyses demonstrated that NT-Sp strains shared up
to 90.6% core genome similarity with encapsulated strains,
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Participant Total
All ages
Random effects model 1126

Prediction interval
Heterogeneity: I° = 99.7% [99.5%; 99.8%], = 0.4004, p <0.0001

Children
Random effects model 18298
Prediction interval

Heterogeneity: /° = 95.6% [94.5%; 96.4%], t' = 0.0095, p <0.0001

Children and adults
Random effects model 13665
Prediction interval

Heterogeneity: I° = 97.9% [97.0%; 98.6%], t_ = 0.0053, p <0.0001

Adults

Random effects model 643
Prediction interval

Heterogeneity: /= 0%, ‘= 0,p =0.3341

Random effects model 33732
Prediction interval

Heterogeneity: /° = 97.1% [96.6%; 97.5%], = 0.0235, p <0.0001
Test for subgroup differences: '/i =1.60, df=3 (p = 0.6590)

Prevalence (%) 95% CI
8 2088  [0.00; 98.94)
[0.00; 100.00]

405  [2.68; 5.67]
[0.00; 15.80]

306 [141; 530)
[0.00; 12.99)

] 338 [209; 495)
o [0.00; 17.99]
3 464 [278; 692)

[0.00; 25.90]

T T T T |
20 40 60 80 100

FIGURE 4 | Forest plot displaying NT-Sp carriage prevalence stratified by age group of participants. All ages: 29.88% (95% CI: 0.00%-100.00%, I =
99.7%); Children: 4.05% (95% CI: 0.00%-15.80%, I = 95.6%); Children and adults: 3.06% (95% CI: 0.00%-12.99%, I* = 97.9%); Adults: 3.38% (95% CI: 0.00%-
17.99%, I = 0%). Test for subgroup differences: y*=1.60, df =3, p =0.659 (not significant). Overall pooled prevalence: 4.64% (95% CI: 0.00%~25.90%).

though lacking capsule synthesis loci. The absence of the cps
locus (capsule biosynthesis genes) is the defining molecular
feature of NT-Sp, consistent with observations that capsule loss
can occur through recombination-mediated deletion events
[7, 12]. This genetic adaptation may represent an evolutionary
strategy to evade vaccine-induced immunity while retaining
colonization fitness. Accessory gene content, including pro-
phages, surface proteins, and AMR genes, varied significantly,
reflecting adaptation to specific ecological niches. Some NT-Sp
strains carried resistance determinants such as mefA, ermB, and
tetM, further underscoring their role in antimicrobial resistance
gene dissemination.

Standardization remains a challenge, as older serotyping
methods frequently misclassified NT-Sp. The review highlights
the need for consistent application of WGS and MLST, espe-
cially in low-resource settings, to ensure accurate surveillance.

4 | Discussion

This systematic synthesis highlights the global distribution and
characteristics of non-typeable Streptococcus pneumoniae (NT-
Sp), an often-overlooked component of pneumococcal ecology.
Drawing from 40 studies across six continents, this review offers

the most comprehensive overview of NT-Sp carriage to date.
While traditionally marginalized in surveillance due to their
lack of polysaccharide capsules, NT-Sp strains emerge here as
resilient colonizers with significant implications for anti-
microbial resistance (AMR), vaccine strategy, and diagnostics
[6, 7, 30, 33, 34]. The pooled global NT-Sp carriage prevalence of
4.64% (95% CI: 2.78%-6.92%) confirms that NT-Sp is a wide-
spread colonizer, though the substantial heterogeneity
(P=97.1%, 95% CI: 96.6%-97.5%) underscores the influence of
geographic, demographic, and methodological factors on
observed prevalence estimates (Figure 2).

Carriage prevalence varied significantly by geographic region
(p <0.001). Oceania showed the highest pooled prevalence at
7.24% (95% CIL: 1.39%-17.04%) (Figure 3), though with wide
confidence intervals reflecting heterogeneity across studies
from Papua New Guinea and Australia. Asia followed closely at
6.46% (95% CI: 4.30%-9.01%), with particularly high rates in
Southeast Asia especially along the Thailand-Myanmar border
where Turner et al. [8] reported NT-Sp carriage exceeding 50%
among infants. This exceptionally high prevalence likely reflects
multiple interacting factors: high transmission intensity due to
crowding and large household sizes, limited PCV access during
the study period (2007-2008), and the young infant cohort
(0-24 months) that is most susceptible to pneumococcal
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Vaccination Total
Post-Vaccination
Random effects model 13876
Prediction interval

Heterogeneity: /° = 97.3% [96.6%: 97.9%], v = 0.0387, p <0.0001

Pre- and post-Vaccination
Random effects model 3247
Prediction interval

Heterogeneity: 1*=712% [27.1%; 88.6%), i= 0.0014, p =0.0076

Pre-Vaccination

Random effects model 16609
Prediction interval

Heterogeneity: 1*=97.6% [97.0%; 98.2%], Pz 0.0125, p < 0.0001

Random effects model 33732
Prediction interval

Heterogeneity: /° = 97.1% [96.6%; 97.5%), ' = 0.0235, p < 0.0001
Test for subgroup differences: 7§ =233,df=2(p =0.3123)

Prevalence (%) 95% CI

B 572 [2.29;1050]
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FIGURE 5 | Forest plot showing NT-Sp carriage prevalence stratified by vaccination era. Post-vaccination: 5.72% (95% CI: 2.29%-10.50%, I* =
97.3%, n =13,876); Pre- and post-vaccination (Mixed): 2.91% (95% CI: 1.74%-4.37%, I> =71.2%, n = 3,247); Pre-vaccination: 3.87% (95% CI: 1.89%-
6.48%, I> = 97.6%, n = 16,609). Test for subgroup differences: y* = 2.33, df = 2, p = 0.312 (not significant). Overall pooled prevalence: 4.64% (95% CI:

2.78%-6.92%).
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FIGURE 6 | Funnel plot assessing publication bias among included studies. The symmetrical distribution of points suggests an absence of

significant publication bias. Egger's regression: Test result: t = —0.23, df = 38, p-value = 0.8212. Bias estimate: —0.4330 (SE = 1.9028).

acquisition. In contrast, European and North American studies
reported the lowest NT-Sp carriage at 3.12% (95% CIL:
1.92%-4.58%) and 0.44% (95% CI: 0.05%-1.11%), respectively,
attributable to high PCV coverage (>85% in most countries),
better hygiene infrastructure, smaller household sizes, and
potentially different circulating clones with lower colonization
fitness. West African countries (The Gambia, Ghana, and
Nigeria) showed intermediate prevalence ranging from 5% to
15% in individual studies, reflecting moderate PCV coverage but
persistent high transmission intensity in urban and peri-urban

settings. Brazil showed varied prevalence (2%-10%) depending
on pre- vs. post-PCV10 sampling periods [20, 28, 39, 45], sug-
gesting that PCV introduction may have influenced NT-Sp
ecology in complex ways.

The age-stratified analysis revealed that the “All ages” category
had the highest pooled estimate at 29.88% (95% CI:
0.00%-100.00%) (Figure 4), though this finding must be inter-
preted with extreme caution due to the very wide confidence
interval reflecting substantial heterogeneity (I*=99.7%) and
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Detection method Total

Multiple detection tools

Random effects model 32631
Prediction interval

Heterogeneity: /° = 97.3% [96.8%; 97.7%), T = 0.0251, p < 0.0001

Multiplex PCR

Random effects model 654
Prediction interval

Heterogeneity: not applicable

PCR

Random effects model 258
Prediction interval

Heterogeneity. not applicable

WGS

Random effects model 189
Prediction interval
Heterogeneity: not applicable
Random effects model 33732
Prediction interval

Heterogeneity: /” = 97.1% [96.6%; 97.5%], © = 0.0235, p < 0.0001
Test for subgroup differences: 7f =27.27,0f=3 (p <0.0001)

Prevalence (%) 95% CI

= 467 [2.69; 7.14]
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FIGURE 7 | Forest plot showing NT-Sp carriage prevalence stratified by detection method. Multiplex PCR: 9.48% (95% CIL: 7.35%-11.85%);
Multiple detection tools: 4.67% (95% CI: 2.69%-7.14%, I* = 97.3%); PCR: 4.26% (95% CI: 2.09%-7.12%); WGS: 1.06% (95% CI: 0.02%-3.16%). Test for
subgroup differences: y* = 27.27, df = 3, p < 0.001. Overall pooled prevalence: 4.64% (95% CI: 2.78%-6.92%).

limited sample size (n=1126). This category was primarily
driven by a single study from The Gambia [11] which reported
89 NT-Sp isolates among 121 samples (73.55%), substantially
inflating the pooled estimate. Studies focusing exclusively on
children showed a pooled prevalence of 4.05% (95% CI:
0.00%-15.80%), while adults showed 3.38% (95% CI:
0.00%-17.99%), and studies, including both children and adults
showed 3.06% (95% CI: 0.00%-12.99%). The test for subgroup
differences was not statistically significant (p = 0.659), indicat-
ing that age group categorization alone does not explain the
observed heterogeneity. However, the adult subgroup showed
no heterogeneity (I = 0%, p = 0.334), suggesting consistent NT-
Sp carriage estimates across adult study populations. Across
included studies, NT-Sp carriage was consistently highest
among infants under 24 months of age [8, 11], consistent with
the broader epidemiology of pneumococcal carriage where
children serve as the primary reservoir for transmission due to
immature immune systems and frequent close contact in day-
care and household settings.

Vaccination era did not significantly influence NT-Sp carriage
(p =0.312), with post-vaccination studies showing 5.72% (95%
CL: 2.29%-10.50%) (Figure 5) compared to pre-vaccination
studies at 3.87% (95% CI: 1.89%—6.48%) and mixed-era studies
at 2.91% (95% CI: 1.74%-4.37%). The non-significant difference
between pre- and post-vaccination periods suggests that PCV
introduction has not consistently reduced NT-Sp colonization,
unlike its dramatic impact on vaccine serotypes. This

persistence may be explained by several mechanisms. First,
ecological replacement—the removal of vaccine serotypes cre-
ates a niche that NT-Sp (and other non-vaccine serotypes) can fill,
as documented in The Gambia where Usuf et al. [11] reported that
NT-Sp carriage remained stable despite 10 years of PCV pressure
while vaccine serotypes nearly disappeared. Second, capsule loss—
some NT-Sp strains represent encapsulated serotypes that have
lost capsule expression through genetic mutations in the
capsule locus; Sa-Ledo et al. [12] identified NT-Sp isolates in
Portugal with disrupted capsule loci but otherwise identical
genetic backgrounds to serotype 14 strains, suggesting capsule
loss as a mechanism of vaccine escape. Third, intrinsic colo-
nization fitness—NT-Sp strains may possess genetic features
that enhance mucosal colonization independent of capsule,
including frequent absence of the piaB gene and presence of
zmpC [7, 32]. However, studies from Norway [33] and the UK
[41] observed declining or stable low NT-Sp carriage post-PCV,
indicating that ecological replacement is not universal and
may depend on baseline carriage prevalence, population
structure, and transmission dynamics. While NT-Sp is rarely
implicated in invasive disease, its presence in vaccinated
communities underscores its adaptability and the potential for
immune evasion.

The high antimicrobial resistance rates observed in NT-Sp iso-
lates are concerning: co-trimoxazole (67.21%, 95% CI:
49.92%-82.73%), penicillin (44.57%, 95% CI: 24.45%-65.50%),
and erythromycin (39.85%, 95% CI: 19.58%-61.77%) resistance
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FIGURE 8 | Sensitivity analysis plot showing the effect of removing each study one at a time on the overall pooled estimate. Leave-one-out
estimates ranged from 3.73% to 4.83%, all within the 95% CI of the original estimate (4.64%, 95% CI: 2.78%-6.92%). The consistency across iterations
confirms that the meta-analysis result is robust and not disproportionately influenced by any single study.

far exceeds typical rates in encapsulated pneumococci in many
settings (Figure 9). The overall pooled resistance across all an-
timicrobials was 46.05% (95% CI: 35.97%-56.26%, I* = 80.0%).
Several mechanisms may explain why NT-Sp strains harbor
resistance at rates comparable to or higher than encapsulated
strains. First, the lack of a capsule may reduce the fitness cost
associated with carrying resistance genes, allowing NT-Sp to
maintain resistance determinants even without antibiotic
selection pressure; in encapsulated strains, resistance-
conferring mutations or plasmids often impose metabolic costs,
and the absence of capsule biosynthesis may spare metabolic
resources, enabling NT-Sp to carry multiple resistance genes
more stably. Second, co-selection plays a role: NT-Sp strains
frequently carry resistance genes (e.g., ermB and tetM) on the

same mobile genetic elements (such as Tn916-like transposons),
as documented by Dayie et al. [26] in Ghana, meaning that
exposure to one antibiotic (e.g., tetracycline) could maintain
resistance to another (e.g., erythromycin). Third, the high
recombination rate of NT-Sp may facilitate acquisition of
resistance cassettes from other streptococci (e.g., Streptococcus
mitis and S. oralis) that share the nasopharyngeal niche, with
concerning implications for horizontal gene transfer to en-
capsulated strains that cause invasive disease. Fourth, persistent
NT-Sp carriage—potentially longer duration than encapsulated
strains in some settings—provides a greater window for anti-
biotic exposure and resistance selection. Similar phenomena
have been observed in non-typeable Haemophilus influenzae,
suggesting a broader pattern among non-encapsulated
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FIGURE 9 | Pooled prevalence of antimicrobial resistance in non-typeable Streptococcus pneumoniae. Forest plot showing resistance to six

commonly tested antimicrobials. Co-trimoxazole: 67.21% (95% CI: 49.92%-82.73%, 12257.5%); Penicillin: 44.57% (95% CI. 24.45%-65.50%, P=
88.2%); Tetracycline: 42.06% (95% CIL: 22.99%-62.22%, P= 66.0%); Erythromycin: 39.85% (95% CI: 19.58%-61.77%, P= 64.5%); Clindamycin: 29.89%
(95% CI: 2.53%-66.78%, I* = 77.3%); and Chloramphenicol: 23.81% (95% CI: 0.00%-66.58%, I> = 46.9%). Overall pooled resistance: 46.05% (95% CI:
35.97%-56.26%, I* = 80.0%). Test for subgroup differences: y* = 7.87, df = 5, p = 0.163 (not significant).

respiratory pathobionts where capsule loss allows persistence in
the face of vaccine pressure but may also facilitate resistance
acquisition. The high co-trimoxazole resistance (67%) is par-
ticularly concerning because co-trimoxazole remains widely
used for pediatric respiratory infections in many low-resource
settings, suggesting that empirical co-trimoxazole may be
ineffective for pneumococcal infections in these regions,
necessitating alternative antibiotics or diagnostic confirmation.

Detection method significantly influenced reported NT-Sp car-
riage (p <0.001), with multiplex PCR detecting the highest
pooled prevalence at 9.48% (95% CI: 7.35%-11.85%), followed by
multiple detection tools at 4.67% (95% CIL 2.69%-7.14%,

I»=97.3%), PCR at 4.26% (95% CI: 2.09%-7.12%), and WGS at
1.06% (95% CI: 0.02%-3.16%) (Figure 7). The substantially lower
prevalence detected by WGS likely reflects more stringent
confirmation of pneumococcal identity and exclusion of non-
pneumococcal isolates, particularly among viridans group
streptococci such as Streptococcus mitis that can be mis-
identified as pneumococci by phenotypic methods. This finding
underscores the importance of standardized molecular confir-
mation for accurate NT-Sp surveillance and highlights that
many older studies relying on Quellung reaction alone may
have significantly underestimated NT-Sp prevalence. Studies
using enrichment culture plus PCR consistently detected higher
NT-Sp carriage than those relying on Quellung reaction alone,
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reinforcing that detection methods are a critical determinant of
reported prevalence and that molecular approaches should be
prioritized, especially in low-resource settings.

Meta-regression analysis identified participant category “All ages”
as the only statistically significant predictor of NT-Sp carriage
prevalence (coefficient: 0.4776, 95% CI: 0.0360-0.9193, p =0.034)
(Table 4). Studies that included participants of all ages reported
significantly lower NT-Sp prevalence compared to studies focusing
exclusively on children (the reference category). This finding is
consistent with the age-stratified subgroup analysis, which showed
that children have the highest NT-Sp carriage rates, and including
adults in study populations dilutes the overall prevalence estimate.
No other covariates reached statistical significance, though several
trends were observed: Asian studies showed a trend toward higher
prevalence (coefficient: 0.0957, p = 0.260), North American studies
showed a trend toward lower prevalence (coefficient: —0.0766,
p = 0.648), multiplex PCR detection showed a trend toward higher
prevalence (coefficient: 0.1660, p =0.322), and WGS detection
showed a trend toward lower prevalence (coefficient: —0.0336,
p = 0.844). Vaccination period showed no association with NT-Sp
prevalence (coefficient: —0.0523, p = 0.426 for pre-vaccination vs.
post-vaccination). The lack of statistically significant findings for
most covariates underscores the complexity of NT-Sp epidemiol-
ogy, where unmeasured factors (e.g., host immunity, local anti-
biotic use, socioeconomic status, and transmission dynamics)
likely play critical roles in explaining the substantial heterogeneity
observed across studies.

Molecular tools provided key insights into the genetic diversity and
evolution of NT-Sp. MLST and WGS confirmed region-specific
clones and demonstrated that NT-Sp strains share most of their core
genome with encapsulated lineages [26, 28]. Clonal complexes such
as ST66 were identified in Brazil [28], and ST320 in Ghana [26],
illustrating regional specificity and geographic structure, likely
reflecting local transmission dynamics, antibiotic selection pres-
sures, and vaccine introduction histories. In Southeast Asia and
parts of Africa, studies noted the presence of non-encapsulated

clones lacking traditional capsule biosynthesis genes but retaining
key virulence and resistance determinants. Genomic analyses
demonstrated that NT-Sp strains shared up to 90.6% core genome
similarity with encapsulated strains, though lacking capsule syn-
thesis loci. The absence of the cps locus (capsule biosynthesis genes)
is the defining molecular feature of NT-Sp, but other genetic
markers distinguish NT-Sp from encapsulated strains; the frequent
presence of zmpC (zinc metalloprotease C, associated with mucosal
adhesion) and absence of piaB (pneumococcal iron acquisition B) in
NT-Sp isolates [32] suggest that NT-Sp has adapted to the mucosal
environment through loss of capsule but retention of colonization
factors. Accessory gene content, including prophages, surface pro-
teins, and AMR genes varied significantly, reflecting adaptation to
specific ecological niches. Some NT-Sp strains carried resistance
determinants such as mefA, ermB, and tetM, further underscoring
their role in antimicrobial resistance gene dissemination. The
emergence of NT-Sp may reflect ongoing pneumococcal evolu-
tionary adaptation through capsule switching, capsule loss, and
recombination-mediated genome plasticity under vaccine and an-
tibiotic selective pressure. Standardization remains a challenge, as
older serotyping methods frequently misclassified NT-Sp, and the
review highlights the need for consistent application of WGS and
MLST, especially in low-resource settings, to ensure accurate sur-
veillance. The high genomic similarity between NT-Sp and en-
capsulated strains suggests that NT-Sp may serve as a “genetic
reservoir” that can exchange genes with encapsulated strains,
potentially transferring resistance determinants, virulence factors, or
even capsule loci, with implications for vaccine escape and resist-
ance dissemination.

Despite these findings, many studies relied on older phenotypic
assays, underestimating NT-Sp prevalence. Detection tools sig-
nificantly influenced reported outcomes: studies using modern
PCR and WGS methods consistently detected NT-Sp even when
earlier surveys had not. Standardizing detection protocols and
increasing the use of molecular tools especially in Africa and
Southeast Asia, will be essential for future studies. Importantly,
detection methods influenced reported prevalence: studies

TABLE 4 | Meta-regression examining the effect of covariates on NT-Sp carriage prevalence.

Coefficient Estimate SE  z-value p-value 95% CI lower 95% CI upper Significance
Intercept 0.1132  0.1862 0.6077  0.5434 —0.2518 0.4782

Continent — Asia 0.0957 0.0849 1.1264  0.2600 —0.0708 0.2622

Continent — Europe 0.0263  0.0762 0.3450 0.7301 —0.1230 0.1755

Continent — North America —0.0766 0.1677 —0.4565 0.6480 —0.4052 0.2521

Continent - Oceania 0.0736  0.1043 0.7053  0.4806 —0.1309* 0.2780

Continent — South America 0.0603  0.1042 0.5785  0.5630 —0.1439 0.2645

Participant — All ages 0.4776  0.2253 21196 0.0340 0.0360 0.9193 *
Participant — Children 0.0871 0.1875 0.4646  0.6422 —0.2804 0.4546

Participant - Children and adults 0.0532  0.1863 0.2856  0.7752 —0.3119 0.4183

Detection — Multiplex PCR 0.1660 0.1677 0.9898  0.3223 —0.1627 0.4948

Detection - PCR 0.0728  0.2403 0.3031 0.7618 —0.3981 0.5437

Detection — WGS —0.0336 0.1705 —-0.1973 0.8436 —0.3678 0.3005

Vaccination - pre- and post-vaccination —0.0388 0.0940 —0.4129 0.6797 —0.2230 0.1454

Vaccination - pre-vaccination —0.0523 0.0656 —0.7967 0.4256 —0.1808 0.0763

*Statistically significant at p < 0.05. Bold values indicate statistically significant covariates
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using enrichment culture plus PCR consistently detected higher
NT-Sp carriage than those relying on Quellung reaction alone.
No consistent differences were observed by HIV status: Safari
et al. [36] detected NT-Sp in HIV-infected Indonesian children,
while Anthony et al. [51] found no significant association in
Tanzanian HIV-positive children. Among children with sickle
cell disease in Ghana, Dayie et al. [27] reported low NT-Sp
carriage but noted high antimicrobial resistance. Rural settings
in The Gambia [11] showed higher carriage than urban areas,
suggesting transmission intensity as a key driver. Clinically, NT-
Sp was most frequently associated with conjunctivitis and otitis
media [17], with rare invasive disease.

4.1 | Limitation

Substantial heterogeneity was observed across all meta-analyses
(I consistently >90%), reflecting variation in study designs,
sampling strategies, laboratory methods, and population char-
acteristics that could not be fully explained by subgroup
analyses or meta-regression.

NT-Sp identification methods varied considerably across stud-
ies, ranging from Quellung reaction to whole-genome
sequencing. Detection method subgroup analysis confirmed
that multiplex PCR detected significantly higher prevalence
(9.48%) compared to WGS (1.06%), suggesting possible mis-
classification and underestimation in studies relying solely on
phenotypic methods.

Antimicrobial resistance data were inconsistently reported,
with most studies using phenotypic assays rather than molec-
ular confirmation of resistance genes. Heterogeneity in resist-
ance estimates was substantial (I* range: 46.9%-88.2%).

Selection bias may have been introduced as only open-access
and free full-text articles published in English were included.

NT-Sp remains underrepresented in invasive disease surveil-
lance, limiting understanding of its role in horizontal gene
transfer and AMR gene dissemination.

Risk of bias assessment using the Newcastle-Ottawa Scale
revealed that six studies (15%) were rated as moderate quality.
However, sensitivity analysis (Figure 8) confirmed the robust-
ness of the overall findings (leave-one-out estimates:
3.73%-4.83%).

The “All ages” subgroup estimate (29.88%) should be inter-
preted with caution as it was primarily driven by a single study
with exceptionally high NT-Sp carriage.

Publication bias was not evident (Egger's test: p=0.8212)
(Figure 6), and sensitivity analyses (Figure 8) supported the
robustness of our conclusions.

5 | Conclusion

This review reaffirms that non-typeable Streptococcus pneumo-
niae (NT-Sp) is a globally distributed and genetically diverse

subset of pneumococci that deserves greater attention in the
post-vaccine era. Despite their historically overlooked status,
NT-Sp strains demonstrate significant carriage prevalence, high
levels of antimicrobial resistance, and considerable genetic
adaptability across diverse settings and populations.

The persistence of NT-Sp in both vaccinated and unvaccinated
populations, alongside its resistance to multiple antibiotics, posi-
tions it as a potentially important reservoir of antimicrobial
resistance determinants within pneumococcal populations. Fur-
thermore, the detection of region-specific clones and the high
genomic similarity to encapsulated strains suggest that NT-Sp may
play an important evolutionary role in pneumococcal ecology.

To address these concerns, global pneumococcal surveillance
efforts must routinely include NT-Sp, applying modern molec-
ular tools such as WGS and MLST. These tools not only improve
detection but also provide essential data on strain diversity,
resistance mechanisms, and potential for vaccine escape. In
addition, future vaccine research could explore whether broadly
protective protein antigens (e.g., PspA and pneumolysin) cur-
rently under development would also cover NT-Sp, given their
high genomic similarity to encapsulated strains. However, the
present review did not directly evaluate vaccine candidates, and
this remains a hypothetical direction requiring further pre-
clinical investigation.

Based on these findings, the following actions are recommended.
For clinical practice: (1) in settings where NT-Sp carriage prev-
alence exceeds 10%, laboratories should add molecular confir-
mation (cpsA-PCR) for optochin-sensitive, non-Quellung-
reactive isolates; (2) empirical antibiotic therapy for recurrent
otitis media or suspected pneumococcal carriage-related infec-
tions in high-NT-Sp areas should account for local resistance
patterns, particularly the high prevalence of co-trimoxazole
resistance (67%). For research: (3) future carriage surveillance
studies should routinely report NT-Sp separately and use stan-
dardized definitions (cpsA-negative and lytA-positive); (4) WGS
should be prioritized in low-resource settings to track NT-Sp
clones and resistance gene dissemination; (5) longitudinal studies
are needed to determine whether NT-Sp carriage precedes or
predicts acquisition of resistant encapsulated strains.

In summary, NT-Sp is not merely a passive bystander in
pneumococcal biology. It is a dynamic and clinically relevant
population that requires targeted research, routine monitoring,
and strategic inclusion in both antimicrobial and vaccine policy.

Author Contributions

Robert K. Reeks: conceptualization, investigation, funding acquisi-
tion, writing — original draft, writing — review and editing, visualization,
methodology, software, formal analysis, project administration,
data curation. Onyansaniba K. Ntim: writing - review and editing,
writing - original draft. Eric S. Donkor: funding acquisition, writing -
review and editing, supervision, resources.

Acknowledgments

This review paper was supported by the National Institute of Allergy
and Infectious Diseases of the National Institutes of Health through the
PneumoSIC Study (Invasive Pneumococcal Disease and Carriage

20 of 22

Health Science Reports, 2026

85U80|7 SUOWILIOD BAEa.D 3|qedjdde aup Aq peuenob afe sejonie VO ‘8sN Jo Se|ni Joj Aeiq)T8ulUO A8]IM UO (SUOTPUD-PUE-SWLBI W0 A8 1M ARIq U1 UO//SANY) SUORIPUOD PUe SWLB | 841 885 *[9202/60/T0] Uo ARIqIT8uluO AB|IMW BI00Y -eueys Jo AISBAIUN AQ 06822 'Z/5U/200T OT/I0P/W0d"A8| 1M AIq Ul |UO//SAny WOy pepeojumod ‘8 ‘9202 ‘SE8BB6EZ



among Children with Sickle Cell Disease in Ghana: A Post-Vaccination
Study) hosted at the Department of Medical Microbiology, University of
Ghana Medical School (Award Number: R0O1AI169674). The content is
solely the responsibility of the authors and does not necessarily repre-
sent the official views of the National Institutes of Health.

Disclosure

All authors have read and approved the final version of the manuscript.
Eric S. Donkor (corresponding author) had full access to all of the data
in this study and takes complete responsibility for the integrity of the
data and the accuracy of the data analysis.

Ethics Statement

The authors have nothing to report.

Consent

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. H. Im, K. L. Kruckow, A. D'Mello, et al., “Anatomical Site-Specific
Carbohydrate Availability Impacts Streptococcus pneumoniae Virulence
and Fitness During Colonization and Disease,” Infection and Immunity
90, no. 1 (2022): e0045121.

2.S. Obaro and R. Adegbola, “The Pneumococcus: Carriage, Disease
and Conjugate Vaccines,” Journal of Medical Microbiology 51, no. 2
(2002): 98-104.

3.N. Maimaiti, Z. Ahmed, Z. Md Isa, H. F. Ghazi, and S. Aljunid,
“Clinical Burden of Invasive Pneumococcal Disease in Selected Devel-
oping Countries,” Value in Health Regional Issues 2, no. 2 (2013):
259-263.

4. L. Ozisik, “The New Era of Pneumococcal Vaccination in Adults:
What Is Next?,” Vaccines 13, no. 5 (2025): 498.

5.N. T. Waz, S. Oliveira, R. Girardello, et al., “Influence of the Poly-
saccharide Capsule on the Bactericidal Activity of Indolicidin on
Streptococcus pneumoniae,” Frontiers in Microbiology 13 (2022): 898815.

6.J. R. Scott, J. Hinds, K. A. Gould, et al., “Nontypeable Pneumococcal
Isolates Among Navajo and White Mountain Apache Communities: Are
These Really a Cause of Invasive Disease?,” Journal of Infectious
Diseases 206, no. 1 (2012): 73-80.

7.D. A. Tavares, A. S. Simodes, H. J. Bootsma, P. W. Hermans,
H. de Lencastre, and R. S&-Ledo, “Non-Typeable Pneumococci Circu-
lating in Portugal Are of cps Type NCC2 and Have Genomic Features
Typical of Encapsulated Isolates,” BMC Genomics 15, no. 1 (2014): 863.

8. P. Turner, C. Turner, A. Jankhot, et al., “A Longitudinal Study of
Streptococcus pneumoniae Carriage in a Cohort of Infants and Their
Mothers on the Thailand-Myanmar Border,” PLoS One 7, no. 5 (2012):
€38271.

9.S. Yokota, N. Tsukamoto, T. Sato, Y. Ohkoshi, S. Yamamoto, and
N. Ogasawara, “Serotype Replacement and an Increase in Non-
Encapsulated Isolates Among Community-Acquired Infections of
Streptococcus pneumoniae During Post-Vaccine Era in Japan,” IJID
Regions 8 (2023): 105-110.

10. G. A. Mackenzie, 1. Hossain, R. Salaudeen, et al., “Impact of
Pneumococcal Conjugate Vaccination on Pneumococcal Naso-
pharyngeal Carriage in the Gambia: Population-Based Cross-Sectional
Surveys,” Vaccine 42, no. 10 (2024): 2680-2686.

11. E. Usuf, C. Bottomley, R. Gladstone, et al., “Persistent and Emerging
Pneumococcal Carriage Serotypes in a Rural Gambian Community
After 10 Years of Pneumococcal Conjugate Vaccine Pressure,” Clinical
Infectious Diseases 73, no. 11 (2021): e3825-e3835.

12. R. Sé-Ledo, S. Nunes, A. Brito-Avo, et al., “Changes in Pneumo-
coccal Serotypes and Antibiotypes Carried by Vaccinated and
Unvaccinated Day-Care Centre Attendees in Portugal, a Country With
Widespread Use of the Seven-Valent Pneumococcal Conjugate Vac-
cine,” Clinical Microbiology and Infection 15, no. 11 (2009): 1002-1007.

13. M. J. Page, D. Moher, P. M. Bossuyt, et al., “PRISMA 2020 Ex-
planation and Elaboration: Updated Guidance and Exemplars for Re-
porting Systematic Reviews,” BMJ 372 (2021): n160.

14. M. Assel, D. Sjoberg, A. Elders, et al., “Guidelines for Reporting of
Statistics for Clinical Research in Urology,” BJU International 123, no. 3
(2019): 401-410.

15. M. Ouzzani, H. Hammady, Z. Fedorowicz, and A. Elmagarmid,
“Rayyan-A Web and Mobile App for Systematic Reviews,” Systematic
Reviews 5 (2016): 210.

16. M. C. Carra, P. Romandini, and M. Romandini, “Risk of Bias Eva-
luation of Cross-Sectional Studies: Adaptation of the Newcastle-Ottawa
Scale,” Journal of Periodontal Research, ahead of print, April 28, 2025,
https://doi.org/10.1111/jre.13405.

17.M. McElligott, I. Vickers, M. Cafferkey, R. Cunney, and
H. Humphreys, “Non-Invasive Pneumococcal Serotypes and Anti-
microbial Susceptibilities in a Paediatric Hospital in the Era of Conju-
gate Vaccines,” Vaccine 32, no. 28 (2014): 3495-3500.

18. A. L. Wyllie, Y. Pannekoek, S. Bovenkerk, et al., “Sequencing of the
Variable Region of rpsB to Discriminate Between Streptococcus pneumoniae
and Other Streptococcal Species,” Open Biology 7, no. 9 (2017): 170074.

19. A. Rybak, E. Varon, E. Masson, et al., “Investigation of Concurrent
Pneumococcal Meningitis in Two Children Attending the Same Day-
Care Center,” Frontiers in Pediatrics 10 (2022): 945767.

20. T. C. A. Pinto, F. P. G. Neves, A. R. V. Souza, et al., “Evolution of
Penicillin Non-Susceptibility Among Streptococcus pneumoniae Isolates
Recovered From Asymptomatic Carriage and Invasive Disease Over
25 Years in Brazil, 1990-2014,” Frontiers in Microbiology 10 (2019): 486.

21.S. Ousmane, B. A. Diallo, R. Ouedraogo, A.-K. A. Sanda,
A. M. Soussou, and J. M. Collard, “Serotype Distribution and Anti-
microbial Sensitivity Profile of Streptococcus pneumoniae Carried in
Healthy Toddlers Before PCV13 Introduction in Niamey, Niger,” PLoS
One 12, no. 1 (2017): e0169547.

22. R. O. Mills, M. R. Abdullah, S. A. Akwetey, et al., “Post-Vaccination
Streptococcus pneumoniae Carriage and Virulence Gene Distribution
Among Children Less Than Five Years of Age, Cape Coast, Ghana,”
Microorganisms 8, no. 12 (2020): 1987.

23. A. Lindstrand, J. Kalyango, T. Alfvén, et al., “Pneumococcal Car-
riage in Children Under Five Years in Uganda-Will Present Pneumo-
coccal Conjugate Vaccines Be Appropriate?,” PLoS One 11, no. 11
(2016): €0166018.

24. L. Lansbury, T. M. McKeever, H. Lawrence, et al., “Carriage of
Streptococcus pneumoniae in Adults Hospitalised With Community-
Acquired Pneumonia,” Journal of Infection 89 (2024): 106277.

25.A. W. Kamng'ona, J. Hinds, N. Bar-Zeev, et al., “High Multiple
Carriage and Emergence of Streptococcus pneumoniae Vaccine Serotype
Variants in Malawian Children,” BMC Infectious Diseases 15, no. 1
(2015): 234.

26. N. T. K. D. Dayie, E. Y. Tettey, M. J. Newman, et al., “Pneumococcal
Carriage Among Children Under Five in Accra, Ghana, Five Years After

Health Science Reports, 2026

21 of 22

85U80|7 SUOWILIOD BAEa.D 3|qedjdde aup Aq peuenob afe sejonie VO ‘8sN Jo Se|ni Joj Aeiq)T8ulUO A8]IM UO (SUOTPUD-PUE-SWLBI W0 A8 1M ARIq U1 UO//SANY) SUORIPUOD PUe SWLB | 841 885 *[9202/60/T0] Uo ARIqIT8uluO AB|IMW BI00Y -eueys Jo AISBAIUN AQ 06822 'Z/5U/200T OT/I0P/W0d"A8| 1M AIq Ul |UO//SAny WOy pepeojumod ‘8 ‘9202 ‘SE8BB6EZ


https://doi.org/10.1111/jre.13405

the Introduction of Pneumococcal Conjugate Vaccine,” BMC Pediatrics
19, no. 1 (2019): 316.

27.N. T. K. D. Dayie, G. Tetteh-Ocloo, A. K. Labi, et al., “Pneumococcal
Carriage Among Sickle Cell Disease Patients in Accra, Ghana: Risk
Factors, Serotypes and Antibiotic Resistance,” PLoS One 13, no. 11
(2018): €0206728.

28. A. L. S. Andrade, C. M. Franco, J. Lamaro-Cardoso, et al., “Non-
Typeable Streptococcus pneumoniae Carriage Isolates Genetically Simi-
lar to Invasive and Carriage Isolates Expressing Capsular Type 14 in
Brazilian Infants,” Journal of Infection 61, no. 4 (2010): 314-322.

29.1. M. O. Adetifa, A. L. Adamu, A. Karani, et al., “Nasopharyngeal
Pneumococcal Carriage in Nigeria: A Two-Site, Population-Based Sur-
vey,” Scientific Reports 8 (2018): 3509.

30. S. Jourdain, P. R. Smeesters, O. Denis, et al., “Differences in Naso-
pharyngeal Bacterial Carriage in Preschool Children From Different
Socio-Economic Origins,” Clinical Microbiology and Infection 17, no. 6
(2011): 907-914.

31. H. Ziane, V. Manageiro, E. Ferreira, et al., “Serotypes and Antibiotic
Susceptibility of Streptococcus pneumoniae Isolates From Invasive
Pneumococcal Disease and Asymptomatic Carriage in a Pre-
Vaccination Period, in Algeria,” Frontiers in Microbiology 7 (2016): 803.

32. 1. Wrébel-Pawelczyk, P. Ronkiewicz, M. Wanke-Rytt, et al., “Pneu-
mococcal Carriage in Unvaccinated Children at the Time of Vaccine
Implementation Into the National Immunization Program in Poland,”
Scientific Reports 12, no. 1 (2022): 5858.

33.D. F. Vestrheim, E. A. Hoiby, I. S. Aaberge, and D. A. Caugant,
“Phenotypic and Genotypic Characterization of Streptococcus pneumo-
niae Strains Colonizing Children Attending Day-Care Centers in
Norway,” Journal of Clinical Microbiology 46, no. 8 (2008): 2508-2518.

34. D. Sharma, W. Baughman, A. Holst, et al., “Pneumococcal Carriage and
Invasive Disease in Children Before Introduction of the 13-Valent Conjugate
Vaccine,” Pediatric Infectious Disease Journal 32, no. 2 (2013): e45-e53.

35. C. Satzke, E. M. Dunne, M. Choummanivong, et al., “Pneumococcal
Carriage in Vaccine-Eligible Children and Unvaccinated Infants in Lao
PDR Two Years Following the Introduction of the 13-Valent Pneumo-
coccal Conjugate Vaccine,” Vaccine 37, no. 2 (2019): 296-305.

36. D. Safari, N. Kurniati, L. Waslia, et al., “Serotype Distribution and
Antibiotic Susceptibility of Streptococcus pneumoniae Strains Carried by
Children Infected With Human Immunodeficiency Virus,” PLoS One 9,
no. 10 (2014): e110526.

37.T. Orami, C. Aho, R. L. Ford, et al., “Pneumococcal Carriage,
Serotype Distribution, and Antimicrobial Susceptibility in Papua New
Guinean Children Vaccinated With PCV10 or PCV13 in a Head-to-Head
Trial,” Vaccine 41, no. 37 (2023): 5392-5399.

38.J. Njuma Libwea, K. Grondahl-Yli-Hannuksela, M. Kobela, et al.,
“Prevalence of Pneumococcal Nasopharyngeal Colonization and Ser-
otypes Circulating in Cameroonian Children After the 13-Valent
Pneumococcal Conjugate Vaccine Introduction,” International Journal
of Infectious Diseases 98 (2020): 113-120.

39. F. P. G. Neves, T. C. A. Pinto, M. A. Corréa, et al., “Nasopharyngeal
Carriage, Serotype Distribution and Antimicrobial Resistance of Strep-
tococcus pneumoniae Among Children From Brazil Before the Intro-
duction of the 10-Valent Conjugate Vaccine,” BMC Infectious Diseases
13, no. 1 (2013): 318.

40.D. K. Narwortey, A. Owusu-Ofori, H.-C. Slotved, et al., “Naso-
pharyngeal Carriage of Streptococcus pneumoniae Among Healthy
Children in Kassena-Nankana Districts of Northern Ghana,” BMC
Infectious Diseases 21, no. 1 (2021): 661.

41. E. Meats, A. B. Brueggemann, M. C. Enright, et al., “Stability of
Serotypes During Nasopharyngeal Carriage of Streptococcus pneumo-
niae,” Journal of Clinical Microbiology 41, no. 1 (2003): 386-392.

42. M. Ercibengoa, N. Arostegi, J. M. Marimén, M. Alonso, and
E. Pérez-Trallero, “Dynamics of Pneumococcal Nasopharyngeal Car-
riage in Healthy Children Attending a Day Care Center in Northern
Spain. Influence of Detection Techniques on the Results,” BMC
Infectious Diseases 12 (2012): 69.

43. E. M. Dunne, K. Carville, T. V. Riley, et al., “Aboriginal and Non-
Aboriginal Children in Western Australia Carry Different Serotypes of
Pneumococci With Different Antimicrobial Susceptibility Profiles,”
Pneumonia 8, no. 1 (2016): 15.

44. B. G. Dhoubhadel, M. Yasunami, H. A. T. Nguyen, et al., “Bacterial
Load of Pneumococcal Serotypes Correlates With Their Prevalence and
Multiple Serotypes Is Associated With Acute Respiratory Infections
Among Children Less Than 5 Years of Age,” PLoS One 9, no. 10 (2014):
el110777.

45, A. B. da Silva, N. T. Cardoso-Marques, {. M. Dolores, L. M. Teixeira,
and F. P. G. Neves, “Carriage Prevalence, Serotype Distribution, Anti-
microbial Resistance, pspA Typing and Pilus Islets of Streptococcus
pneumoniae Isolated From Adults Living in a Brazilian Urban Slum,”
Vaccine 41, no. 8 (2023): 1431-1437.

46. G. Chamorro, A. Kawabata, M. G. Carvalho, et al., “Nasopharyngeal
Colonization by Streptococcus pneumoniae in Children and Adults
Before the Introduction of the 10-Valent Conjugate Vaccine, Paraguay,”
PLoS One 18, no. 2 (2023): e0280722.

47.K. J. Britton, J. L. Pickering, W. S. Pomat, et al., “Lack of Effec-
tiveness of 13-Valent Pneumococcal Conjugate Vaccination Against
Pneumococcal Carriage Density in Papua New Guinean Infants,”
Vaccine 39, no. 38 (2021): 5401-5409.

48. N. Ben Ayed, S. Ktari, J. Jdidi, et al., “Nasopharyngeal Carriage of
Streptococcus pneumoniae in Tunisian Healthy Under-Five Children
During a Three-Year Survey Period (2020 to 2022),” Vaccines 12, no. 4
(2024): 393.

49. C. Azzari, M. Cortimiglia, F. Nieddu, et al., “Pneumococcal Serotype
Distribution in Adults With Invasive Disease and in Carrier Children in
Italy: Should We Expect Herd Protection of Adults Through Infants'
Vaccination?,” Human Vaccines & Immunotherapeutics 12, no. 2 (2016):
344-350.

50. K. Auranen, J. Mehtil4, A. Tanskanen, and M. S Kaltoft, “Between-
Strain Competition in Acquisition and Clearance of Pneumococcal
Carriage-Epidemiologic Evidence From a Longitudinal Study of Day-
Care Children,” American Journal of Epidemiology 171, no. 2 (2010):
169-176.

51. L. Anthony, A. Meehan, B. Amos, et al., “Nasopharyngeal Carriage
of Streptococcus pneumoniae: Prevalence and Risk Factors in HIV-
Positive Children in Tanzania,” International Journal of Infectious
Diseases 16, no. 10 (2012): e753-e757.

52.1. M. O. Adetifa, M. Antonio, C. A. N. Okoromah, et al., “Pre-
Vaccination Nasopharyngeal Pneumococcal Carriage in a Nigerian
Population: Epidemiology and Population Biology,” PLoS One 7, no. 1
(2012): €30548.

53.M. Hotomi, K. Nakajima, M. Hiraoka, M. H. Nahm, and
N. Yamanaka, “Molecular Epidemiology of Nonencapsulated Strepto-
coccus pneumoniae Among Japanese Children With Acute Otitis
Media,” Journal of Infection and Chemotherapy 22, no. 2 (2016): 72-77.

22 of 22

Health Science Reports, 2026

85U80|7 SUOWILIOD BAEa.D 3|qedjdde aup Aq peuenob afe sejonie VO ‘8sN Jo Se|ni Joj Aeiq)T8ulUO A8]IM UO (SUOTPUD-PUE-SWLBI W0 A8 1M ARIq U1 UO//SANY) SUORIPUOD PUe SWLB | 841 885 *[9202/60/T0] Uo ARIqIT8uluO AB|IMW BI00Y -eueys Jo AISBAIUN AQ 06822 'Z/5U/200T OT/I0P/W0d"A8| 1M AIq Ul |UO//SAny WOy pepeojumod ‘8 ‘9202 ‘SE8BB6EZ



	Prevalence, Antimicrobial Resistance, and Genetic Diversity of Non-Typeable Streptococcus pneumoniae Carriage: A Systematic Review and Meta-Analysis
	1 Introduction
	2 Methods
	2.1 Literature Search Strategy and Selection Process
	2.2 Eligibility Criteria
	2.3 Risk of Bias Assessment
	2.4 Data Extraction and Analysis
	2.5 Statistical Analysis

	3 Results
	3.1 Search Results and Selection Process
	3.2 Description of Included Studies
	3.2.1 Prevalence of Non-Typeable Pneumococcal Carriage in the Isolates
	3.2.2 Subgroup Analysis by Geographic Region
	3.2.3 Age Group of Study Participants
	3.2.4 Vaccination Period
	3.2.5 Publication Bias
	3.2.6 Detection Method Subgroup Analysis
	3.2.7 Sensitivity Analysis
	3.2.8 Meta-Regression
	3.2.9 Antibiotic Resistance in the Isolates
	3.2.10 Molecular Tools and Genetic Diversity


	4 Discussion
	4.1 Limitation

	5 Conclusion
	Author Contributions
	Acknowledgments
	Disclosure
	Ethics Statement
	Consent
	Conflicts of Interest
	Data Availability Statement
	References




