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Abstract

Streptococcus pneumoniae (the pneumococcus) is a leading cause of childhood mortality globally and in Cambodia. It is com-
mensal in the human nasopharynx, occasionally resulting in invasive disease. Monitoring population genetic shifts, charac-
terized by lineage and serotype expansions, as well as antimicrobial-resistance (AMR) patterns is crucial for assessing and
predicting the impact of vaccination campaigns. We sought to elucidate the genetic background (global pneumococcal sequence
clusters; GPSCs) of pneumococci carried by Cambodian children following perturbation by pneumococcal conjugate vaccine
(PCV) 13. We sequenced pre-PCV13 (01/2013-12/2015, N=258) and post-PCV13 carriage isolates (01/2016-02/2017, N=428)
and used PopPUNK and SeroBA to determine lineage prevalence and serotype composition. Following PCV13 implementation
in Cambodia, we saw expansions of non-vaccine type (NVT) serotypes 23A (GPSC626), 34 (GPSC45) and 6D (GPSC16). We pre-
dicted antimicrobial susceptibility using the CDC-AMR pipeline and determined concordance with phenotypic data. The CDC-
AMR pipeline had >90% concordance with the phenotypic antimicrobial-susceptibility testing. We detected a high prevalence
of AMR in both expanding non-vaccine serotypes and residual vaccine serotype 6B. Persistently high levels of AMR, specifically
persisting multidrug-resistant lineages, warrant concern. The implementation of PCV13 in Cambodia has resulted in NVT sero-
type expansion reflected in the carriage population and driven by specific genetic backgrounds. Continued monitoring of these
GPSCs during the ongoing collection of additional carriage isolates in this population is necessary.

DATA SUMMARY

The sequencing reads for the genomes analysed have been deposited in the European Nucleotide Archive and the accession
numbers for each isolate are listed in Table S1 (available with the online version of this article). A phylogenetic tree and associated
metadata are available for download and visualization on the Microreact website: https://microreact.org/project/mvgn3EvNgmxA
cPjPBnyFMj/a32e0dc6.

INTRODUCTION

Streptococcus pneumoniae (the pneumococcus) is an opportunistic human pathogen; colonization is a prerequisite for disease.
Its occupation of the nasopharynx has a range of outcomes from asymptomatic carriage to life-threatening invasive pneumo-
coccal disease (IPD) [1]. Estimates of pneumococcal-related deaths in 2015 were 318000, with 3.7 million cases of severe disease
worldwide [2]. IPD is under-detected in low-income countries with high child mortality rates due to limited access to healthcare,
scarce diagnostic microbiology capacity and antibiotic use prior to testing, making this a likely underestimate [3, 4].
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Impact Statement

Streptococcus pneumoniae was a leading cause of morbidity and mortality in Cambodian children in 2015; however, in the same
year, pneumococcal conjugate vaccine (PCV) 13 was included in the routine immunization schedule. Pneumococcal disease
is necessarily preceded by carriage. In this study, we analyse pre- and post-PCV13 pneumococcal carriage populations from
Cambodian children. Our study is concordant with our previous research [16], which identified a decrease in vaccine serotypes
after vaccination. We contextualize these serotypes by their genetic backgrounds, including antimicrobial-resistance (AMR)
analysis. We identify several lineages containing non-vaccine serotypes that expanded in the year after vaccination. Further-
more, we characterize AMR, identifying persistence of a multidrug-resistant lineage despite its vaccine type serotype. We also
identify >90% concordance between the phenotypic and genotypic AMR confirming the use of in silico AMR predictions in
Cambodia.

Pneumococcal conjugate vaccines (PCVs) are given to infants globally; PCVs currently target up to 13 capsular serotypes (1,
3,4,5,6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F) that account for most invasive disease in children aged 2 years and under. PCVs
were broadly used in 145 countries by 2020 and have substantially reduced vaccine-serotype-associated pneumococcal disease
among children [5, 6]. Furthermore, there was an estimated 51 % decline in pneumococcal-related deaths globally from 2000 to
2015, which can likely be explained by global deployment of PCV [2].

Currently, over 100 capsular polysaccharide serotypes have been identified on the genetic backbones of over 900 global lineages,
called global pneumococcal sequence clusters (GPSCs) [7]. It is not uncommon for a single GPSC to undergo capsular switching
and express different serotypes. Some GPSCs have a propensity for high diversity of capsular types, while others are restricted
to just a few [8]. GPSCs represent the genetic background of pneumococci and, henceforth, will be referred to as GPSCs and
lineages interchangeably. Understanding the genetic background upon which vaccine-related serotype switching occurs can
further elucidate lineages with the potential to perpetuate troublesome phenotypes, such as antibiotic resistance and invasive-
ness. Understanding the lineages driving post-vaccine serotype expansion will be useful to guide future pneumococcal disease
prevention strategies [8].

PCVs are designed to decrease nasopharyngeal infection with serotypes associated with systemic illness to protect children from
IPD [9]. Children are the primary reservoirs and transmission vectors for pneumococci [6, 10, 11]. As such, pneumococcal popula-
tion ecology within the nasopharynges of children is an indicator of IPD prevalence and vaccine impact within a population [12].

In Cambodia in 2015, pneumococcal pneumonia was estimated to be the leading cause of lower respiratory infection associated
with death in children under 5 years, and the second leading cause of morbidity and mortality [13]. In the same year, PCV13
was added to the national routine childhood immunization schedule. Several studies elucidating serotype distribution have
been conducted in Cambodia; however, contextualizing these serotypes by their genetic background and continued evaluation
of the population ecology is necessary to both determine vaccine impact and elucidate lineages that are driving any post-PCV
upswing in disease or antimicrobial resistance (AMR) [14-18]. Disease and carriage populations do not exist in isolation from one
another. The prevalence in one reflects the eventual prevalence of the other,although highly invasive serotypes such as serotype
1 are an exception to this due to their ability to rapidly cross the respiratory mucosa remaining undetectable in carriage [19, 20].
Understanding the genetic background of carriage populations regionally can indicate which serotypes may emerge following
PCV13 and may elucidate future drivers of IPD. This study aims to characterize the impact of PCV13 on the GPSC and serotype
prevalence pre- and post-PCV13 implementation in a Cambodian paediatric carriage population.

METHODS
Bacterial isolate collection

Nasopharyngeal S. pneumoniae were isolated from healthy (without pneumonia or IPD) children under 5years old visiting the
Angkor Hospital for Children, in Siem Reap, Cambodia, between 2013 and 2017. Children were visiting the outpatient department
with minor illnesses. Children who were sick enough to see a doctor or be admitted to hospital were excluded. These isolates
were collected as part of our larger carriage studies in 2015 and 2020 [16, 18].

Microbiology and sequencing

As part of the Global Pneumococcal Sequencing (GPS) Project [7, 8], a random subset (61.8%) of pneumococcal carriage isolates
from the previous studies [16, 18] were selectively re-cultured on BD trypticase soy agar II with 5% sheep blood (Beckton
Dickinson) and incubated overnight at 37°C in 5% CO,. Genomic DNA was then extracted manually using a modified QIAamp
DNA mini kit (Qiagen) protocol. Whole-genome sequencing (WGS) was performed on the Illumina HiSeq platform to produce
paired-end reads with a mean of 125-151 bases in length. Data were deposited in the European Nucleotide Archive database.
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Table 1. Description of sample collection period, gender, age and vaccine status for 686 healthy Cambodian children stratified by pre-PCV (N=258) and
post-PCV13 (N=428) pre-PCV, isolates recovered prior and during PCV roll-out (before January 2016); VT, 13 serotypes that are included in PCV13; NVT,
serotypes not included in PCV13 (non-vaccine type); NT, non-typable serotypes

Pre-PCV (N=258) Post-PCV13 (N=428) Total (N=686)

Collection period 2013-2015 2016-2017 -
Female gender [N (%)] 117 (45.3%) 201 (47.0%) 318 (46.4%)
Age (months)

Mean (sp) 17.779 (13.941) 18.079 (13.736) 17.966 (13.804)

Range 2-48 1-60 1-60
Serotype vaccine status

NVT 107 (41.5%) 230 (53.7%) 337 (49.1%)

VT 143 (55.4%) 185 (43.2%) 328 (47.8%)

NT 8(3.1%) 13 (3.0%) 21 (3.0%)

WGS data were processed as previously described [7]. Phenotypic antimicrobial-susceptibility testing was conducted against
penicillin (PEN), erythromycin (ERY), ceftriaxone (CRO), co-trimoxazole (COT), chloramphenicol (CAT) and tetracycline
(TET), using disc diffusion and/or Etests (penicillin/ceftriaxone; bioMérieux) on 5% citrated sheep blood Mueller-Hinton agar
(Oxoid) [21, 22]. All the isolates were classified as susceptible, intermediate or resistant based on Clinical and Laboratory Standards
Institute (CLSI) guidelines (M100-ED28:2018). The meningitis cut-off was used to interpret the penicillin susceptibility on all
isolates; MIC (minimum inhibitory concentration) <0.06 mgl™' was categorized as sensitive, while >0.12 mgl™! was categorized
as resistant. Multidrug resistance was defined as isolates’ resistance to >3 classes of antibiotics.

Classification and antimicrobial-susceptibility testing

In brief, in silico serotypes and pneumococcal lineages or GPSCs were determined using SeroBA [23] and PopPUNK [24],
respectively. We performed predictive resistance profiling using the CDC-AMR pipeline for six antimicrobials, including penicillin
(encoded by the genes pbp1A, pbp2B, pbp2X) [25, 26], chloramphenicol (cat), co-trimoxazole (folA and folP), erythromycin (ermB
and mefA), fluoroquinolones (gyrA and parC), tetracycline [tet(M) and tet(O)] and vancomycin (vanA, vanB, vanC, vanD, vanE
and vanG) [27-29]. Furthermore, we interrogated the Pathogenwatch pipeline for tet(32) and tet(S/M) (https://pathogen.watch/).
Additionally, we determined concordance between the in silico and phenotypic data for AMR.

Table 2. Odds of change from the pre- to the post-PCV populations for dominant lineages (GPSCs with N>20)

Significance calculated using Fisher's exact test and confidence intervals via bootstrapping. GPSC1 decreased, while GPSC626 and GPSC45 expanded.

GPSC Pre-PCV (N=258) Post-PCV13 (N=428) OR [95% confidence intervals]
1 51 (19.8%) 51 (11.9%) 0.54 [0.35-0.85]
626 5(1.9%) 23 (5.4%) 2.84 [1.04-9.69]
45 4(1.6%) 21 (4.9%) 3.24 [1.08-13.13]
16 3(1.2%) 17 (4.0%) 3.48 [0.99-18.7]
9 11 (4.3%) 28 (6.5%) 1.56 [0.73-3.53]
624 21 (8.1%) 26 (6.1%) 0.72 [0.38-1.38]
6 10 (3.9%) 13 (3.0%) 0.77 [0.31-1.99]
23 29 (11.2%) 44 (10.3%) 0.9 [0.53-1.53]
48 19 (7.4%) 35(8.2%) 1.11 [0.6-2.1]
623 21 (8.1%) 33(7.7%) 0.93 [0.51-1.74]
625 11 (4.3%) 18 (4.2%) 0.98 [0.43-2.33]



https://pathogen.watch/

Belman et al., Microbial Genomics 2022;8:000837

Fig. 1. Phylogenetic tree of 686 carriage isolates from healthy children in Cambodia, isolated between 2013 and 2017. GPSCs with N>20 in the population
are highlighted. The tree was built from a nucleotide alignment in FastTree using a generalized time reversible model. Branches are coloured by GPSC
corresponding with the first colour strip. ermB and mefA are macrolide (e.g. erythromycin) resistance genes, cat causes resistance to chloramphenicol,
tet results in resistance to tetracycline and refers to presence of either tet(M) or tet(0), and folA 120L and folP cause resistance to trimethoprim and
sulfamethoxazole (the components of co-trimoxazole), respectively. Antimicrobials are coloured as follows: resistant, red; susceptible, blue; and in the
case of co-trimoxazole — intermediate, pink. This figure can be visualized interactively using webtool Microreact at: https://microreact.org/project/
mvgn3EvNgmxAcPjPBnyFMj/a32e0dcé.

Statistical analysis

All statistical analyses were run with R (v.3.0.6). Fisher’s exact test was used to determine prevalence changes, Simpson’s diversity
index was utilized for diversity analysis [30], and Welch’s t-test was used to determine changes in diversity. Wilcoxon’s rank
sum test was used to determine MIC differences between the dominant and non-dominant lineages. Confidence intervals were
calculated by bootstrapping. The prevalence of phenotypic resistance to individual antimicrobials was compared amongst lineages
and serotypes using Fisher’s exact test and a significance cut-off value of 0.01.

RESULTS AND DISCUSSION
Overview of Cambodian carriage dataset

A total of 686 carriage isolates of S. pneumoniae were included in the GPS project, collected from children ranging in age from
1 month to 5years (mean age 18 months, sp +13.8). The isolates from prior to the PCV introduction (pre-PCV) were collected
between January 2013 until August 2015 (N=232), and post-PCV13 introduction isolates were collected between January 2016
and February 2017 (N=428). Vaccination status relied on parental recall in many cases, due to unavailable vaccine cards and lack
of access to the national registry. Classifying the children as PCV13 eligible considered any child born on or after 1st December
2014 as PCV eligible (in concordance with our previous work in 2020 [16], and in discussion with the head of the national
immunization programme). Specifically interrogating the 26 isolates collected in 2015, the year of vaccine rollout, 24 (92.3%)
of the children were vaccine non-eligible, while only 2 (7.7%) were eligible. Thus, the isolates collected in 2015, during the early
stages of introduction (peri-PCV13), were included in the pre-PCV13 population (N=26). Excluding the peri-PCV isolates from
the study elicits the same trends at the serotype and GPSC level as including them in the pre-PCV population (Table S2). The
national PCV uptake was 68% in 2015, and increased to 87% in 2016 and 82% in 2017 [31]. The pre-PCV population comprised
141 (54.7%) isolates from male children and 117 (45.3%) from female children, while the post-PCV 13 population comprised 227
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Fig. 2. Prevalence of dominant GPSCs (N>20) in pre- and post-PCV13 periods. The bars are coloured by in silico serotype. GPSCs in descending order
by count, each with pre-PCV (left) and post-PCV13 (right), are along the x-axis. The prevalence of each GPSC in each vaccine period is along the y-axis.
Prevalence changes in GPSC (increasing, except for GPSC 1) notably occurred for 1, 626, 45 and 16. Notable changes in serotype prevalence between
pre- and post-PCV13 were observed in serotypes 19F, 23A, 34, 6D and 18C.

(53.0%) males and 201 (47.0%) females. The mean age of children in the pre-PCV and post-PCV 13 populations was 17.8 months
(sD 13.9) and 18.1 months (sp 13.7), respectively; the maximum age was 5years old (Table 1).

Ongoing serotype replacement

There is evidence that following a perturbation such as vaccination, it can take as long as 10years for the perturbed genetic
composition of the pneumococcal population to settle into a stable equilibrium frequency [32]. This results in increasing diversity
following vaccination at both lineage and serotype resolution [33, 34]. The Simpsons diversity (D) index increased for both
serotypes (P value=0.007) [D=0.901 (95% confidence interval 0.90-0.93)] to 0.93 (0.92-0.94) and lineages (P=0.024) [D=0.92
(0.9-0.93) to 0.94 (0.93-0.95)] from the pre-PCV to the post-PCV13 populations in Cambodia.

From the pre- to the post-PCV13 populations, we found a significant decrease in PCV13 serotypes (vaccine type; VT) [P<0.01,
odds ratio (OR) 0.57 (95% confidence interval 0.41-0.79)] and a significant increase in non-PCV13 serotypes (non-vaccine type;
NVT) [P<0.01, OR 1.79 (1.28-2.52)] by Fisher's exact test. Together with the increasing genetic diversity, these findings suggest
ongoing serotype replacement in Cambodia 3 years following PCV13 roll out. This observation is consistent with what is expected
in a vaccinated population [8, 18, 34, 35] (Table 1).

Emerging serotypes and their associated pneumococcal lineages

Similar to our previous studies, increases from pre- to post-PCV13 were observed in NVTs 23A [pre-PCV N=5; post-PCV N=23;
OR 2.86 (1.05-9.79)] and 34 [pre-PCV N=3; post-PCV N=21; OR 4.38 (1.29-23.15)]. In addition, this study also identified
a small number of isolates with NVT 6D (pre-PCV N=0; post-PCV N=9; OR Inf, [1.2-Inf]), which was only detected in this
population after PCV13 introduction; however, this serotype decreased in a 2020 study of invasive disease isolates [15, 16] (Table
S3). The same study also reported an increase in NVT 15B/C in 2018, which was beyond the period of collection in this study.
The major pneumococcal sequence clusters expressing emerging NVTs 23A, 34, 6D and 15B/C were GPSC626 (accounting for
96.3% serotype 23A), GPSC45 (100%), GPSC16 (87.5%) and GPSC48 (96.4%), respectively. The odds of these lineages inclusion
post-PCV as compared to pre-PCV were: GPSC626 OR=2.84 (1.04-9.69), GPSC45 OR=3.24 (1.08-13.13), GPSC16 OR=3.48
(0.99-18.7), GPSC48 OR=1.11 (0.6-2.1) (Fig. 2) (Table S4). This implies that GPSC626 and GPSC45 are the major drivers for
the increase of their respective serotypes (Table 2).

Pneumococcal lineages in Cambodia

The pneumococcal collection in this study comprised 70 distinct GPSCs (10 unique to pre-PCV, 25 unique to post-PCV13 and
35 in both) and 40 distinct serotypes. A single serotype 18F was unique to 2015, the year of PCV administration, 12 serotypes
emerged following PCV13, and 27 were present both before and after PCV (Tables S3 and S4). There were 11 GPSCs with N >
20 overall in Cambodia comprising 72.01% of the carriage population (N=494), which are, henceforth, referred to as dominant
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Fig. 3. The prevalence of AMR among the 11 dominant pneumococcal lineages or GPSCs in Cambodia. GPSCs are ordered by their overall prevalence
in the population (rows) and colours indicate the prevalence of AMR and resistance determinants (columns) for each dominant GPSC in Cambodia.
Coloured by AMR prevalence from O (light purple) to 100% (dark purple). ermB and mefA are macrolide (e.g. erythromycin) resistance genes, cat causes
resistance to chloramphenicol, tet results in resistance to tetracycline and refers to presence of either tet(M) or tet(0), and folA 120L and folP cause
resistance to trimethoprim and sulfamethoxazole (the components of co-trimoxazole), respectively.

lineages (highlighted in Figs 1 and 2, Table 2). All GPSCs are included in (Fig. S1). All dominant lineages were predicted to be
penicillin non-susceptible by the cut-off for meningitis at 0.06 mg1™' MIC. Overall in the population, the MIC50 and MIC90 were
0.25 and 2mgl™, respectively. Dominant lineages accounted for 70% of the total penicillin resistance in the Cambodian carriage
population and had higher levels of resistance (P value <2.2x107'). For the dominant lineages, the penicillin MIC50 was 1 mg]l™
and MIC90 was 4 mgl™'. Whereas, for the non-dominant lineages, the MIC50 and MIC90 were 0.06 and 1 mgl™, respectively.

Reviewing the GPS database, of the 11 dominant lineages, 3 (GPSC623, 625 and 626) are mainly observed in Cambodia, with
1 (GPSC624) also found in Thailand (GPS database last accessed on 11th May 2021). These regional lineages mainly express
VTs, except for GPSC626 expressing NVT 23A, and to a lesser extent 11A. In contrast, six of eight globally spreading lineages
recognized in the previous GPS study [7] were found in the current Cambodian carriage collection with a prevalence of 16.0%
(n=146, GPSC1), 11.9% (n=109, GPSC23), 3.0% (n=30, GPSC6), 2.3% (n=21, GPSC16), 0.1% (n=1, GPSC18, England14-9
PMEN clone) and 0.1% (n=1, GPSC12).

Distinct lineages in Cambodia

Decreasing lineage — GPSC1

GPSCI1 expressing VT 19F and 19A, and to a much lesser extent 23F, decreased during the post-PCV13 period (Fig. 2). Both
serotypes 19A and 19F were on the GPSC1 backbone and are targeted by PCV13; however, only 19F decreased in prevalence
both within GPSC1 and overall during vaccination in Cambodia. The post-PCV 13 population had half the odds of being GPSC1
[OR 0.54 (0.35-0.85)] or to comprise VT 19F serotypes [OR 0.49 (0.26-0.90)] as the pre-PCV population. GPSCI is multidrug
resistant (MDR), exhibiting resistance to penicillin, tetracycline, erythromycin and co-trimoxazole. The predicted penicillin MICs
were greater than 2mgl™ for all except for one isolate, which had a predicted MIC of 0.5mgl". Tetracycline and erythromycin
resistance were due to the presence of tet(M) and mefA, respectively. Additionally, all but one of 19A and 23F genomes carried
an extra erythromycin-resistance gene ermB (https://microreact.org/project/mvgn3EvNgmxAcPjPBnyFM;j/26d22792).
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Table 3. Concordance rates between genotypic and phenotypic AMR data

False positive is referred to as ‘'major discrepancy’ by the US-FDA, while false negative is referred to as ‘very major discrepancy’ by the US-FDA.
Overall, the prevalence of predicted AMR in Cambodia is summarized in Table 4) . There was no significant difference in AMR or multidrug resistance
from the pre-PCV13 (79% MDR) to post-PCV13 (76% MDR) populations (Table 4); however, there was a higher prevalence of mutlidrug resistance in
the VT serotypes (91% MDR) compared with the NVT serotypes (62% MDR) (Table 5). Assuming the previously demonstrated vaccine effectiveness
for pneumococcal colonization of 39.2% (95% confidence interval 26.7-46.1) for VT serotypes in Cambodia maintains, the prevalence of AMR should
decrease [16]. Alternatively, despite high vaccine efficacy, the genetic backgrounds containing VT and AMR may persist via serotype switching and
expansion of previously low prevalence NVT lineages, resulting in vaccine escape (Fig. 1).

Antibiotic Concordance (%) Discordance (%)
False positive by WGS False negative by WGS

Multidrug resistance 651 (94.9) 16 (2.3) 6(0.9)
Penicillin (meningitis threshold) 685 (99.9) 0 1(0.1)
Erythromycin 682 (99.4) 3(0.4) 1(0.1)
Chloramphenicol 684 (99.7) 2(0.3) 0
Tetracycline 646 (94.2) 22(3.2) 18 (2.6)
Co-trimoxazole 661 (96.4) 25(3.6) -

Increasing lineages — GPSC45, GPSC626, GPSC16

(i) GPSC45 — 34, 35F

After the introduction of PCV13, the increase in GPSC45 (pre-PCV13, 1.9%; post-PCV13,4.9%) had 3.24 (1.08-13.13) increased
odds of being in the post-PCV13 compared with the pre-PCV population and was the major driver for the increase in NVT
34. Prior to PCV13 use, GPSC45 comprised NVTs 34 (N=3, 75%) and 15B/C (N=1, 25%), whereas following PCV13 it only
comprised NVT 34 (N=21, 100%) (Fig. 2). GPSC45 lineages exhibit resistance to penicillin (predominant pbp profile 0-238-383)
and co-trimoxazole (I100L in folA and 178 insertion in folP), except for one isolate. Chloramphenicol and tetracycline resistance
were sporadically observed across the phylogeny, indicating multiple gains and losses of cat and tet(M) gene, respectively. A
potential single acquisition of erythromycin-resistance gene ermB was detected in a cluster of four isolates, recovered in 2016
(n=1) and 2017 (n=3) (https://microreact.org/project/mvgn3EvNgmxAcPjPBnyFMj/5a20d817).

(i) GPSC626 — 23A, 23F, 11A

Despite its increase, GPSC626 underwent a loss of serotype diversity following PCV13 [N=28, P=0.03, OR 2.84 (1.04-9.69)] from
comprising VT 23F (1,20%), NVT 11A (N=1,20%) and NVT 23A (3, 60%) to only NVT 23A (N=23, 100%). This may indicate
an epistatic interaction between the cps locus and the rest of the GPSC626 genetic background favouring NVT 23A. A majority
(87%) of GPSC626 isolates were penicillin resistant, and 42% were MDR. There were two sub-clades of isolates expressing NV T

Table 4. Prevalence of antimicrobial non-susceptible isolates pre- and post-PCV13 in Cambodia for multidrug resistance (non-susceptible for three
or more antimicrobials), penicillin (using the resistance threshold for meningitis), erythromycin, chloramphenicol, tetracycline, co-trimoxazole and
specific genes including cat (chloramphenicol) and tet (tetracycline), as well as macrolide resistance genes mef and ermB

Antimicrobial/gene pre-PCV (N=258) post-PCV13 (N=428) Total (N=686)
Multidrug resistance 204 (79.1%) 325 (75.9%) 529 (77.1%)
Penicillin (meningitis threshold) 210 (81.4%) 355 (82.9%) 565 (82.4%)
Erythromycin 142 (55.0%) 211 (49.3%) 353 (51.5%)
Chloramphenicol 30 (11.6%) 61 (14.3%) 91 (13.3%)
Tetracycline 231 (89.5%) 392 (91.6%) 623 (90.8%)
Co-trimoxazole 228 (88.4%) 346 (80.8%) 574 (83.7%)
mef presence 61 (23.6%) 82 (19.2%) 143 (20.8%)
ermB presence 107 (41.5%) 155 (36.2%) 262 (38.2%)
cat presence 30 (11.6%) 61 (14.3%) 91 (13.3%)
tet presence 226 (87.6%) 383 (89.5%) 609 (88.8%)
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Table 5. Relationship between AMR and VT serotypes for five different antimicrobials and macrolide-resistance genes

Adjusting for multiple testing (threshold 0.005), all except tet are significantly associated with VT serotypes. Antimicrobials and genes: penicillin (using
the resistance threshold for meningitis), erythromycin, tetracycline, chloramphenicol, co-trimoxazole and specific genes including cat (chloramphenicol)
and tet (tetracycline), as well as the macrolide-resistance genes mef and ermB.

Antibiotic/gene Odds ratio Pvalue
[95% confidence intervals]
Multidrug resistance 6.46 [4.09-10.5] <0.01
Penicillin 6.39 [3.79-11.24] <0.01
Erythromycin 6.76 [4.76-9.68] <0.01
Tetracycline 2.65 [1.46-4.98] <0.01
Chloramphenicol 3.56 [2.12-6.17] <0.01
Co-trimoxazole 6.55 [3.8-11.86] <0.01
ermB 3.55 [2.52-5.02] <0.01
mefA 9.11 [5.44-15.96] <0.01
cat 3.56 [2.12-6.17] <0.01
tet 2.07 [1.23-3.56] 0.0050

23A (n=12) that were predicted to be non-susceptible to cefotaxime and ceftriaxone; one of them (n=3) was MDR. All but two
of the isolates belonging to these two clades were detected after PCV13 (https://microreact.org/project/mvgn3EvNgmxAcPjP
BnyFM;/f4375564).

(iii) GPSC16 — 18C, 6D, 24, 23F

Although the odds of GPSC16 inclusion in the post-PCV population have confidence intervals intersecting OR=1, its composition
of four different serotypes including two which expanded post-PCV is notable. GPSC16 increased in prevalence from 1.2% in the
pre-PCV13 population to 4.0% in the post-PCV population [N=20, P=0.04, OR 3.48 (0.99-18.7)], likely due to the expansions of
serotype 6D [OR 1.3 (0.97-1.75)] and serotype 18C [OR 1.08 (0.76-1.56)] (Fig. 2). The GPSC16 expansion of NVT 6D indicates
that the 6A and 6B inclusion in PCV13 may not be cross-protective amongst these carriage isolates. All GPSC16 isolates, except
for one expressing NVT 24, were resistant to penicillin (a uniform pbp profile of 15-12-18), chloramphenicol (cat), co-trimoxazole
(I100L in folA and 178 insertion in folP), erythromycin (ermB in VT 23F isolates, while mefA in 6D and 18C isolates) and
tetracycline [tet(M)] (https://microreact.org/project/mvgn3EvNgmxAcPjPBnyFMj/bb468401). Dominant lineages that persist
at a stable prevalence from the pre- to post-PCV populations are described in the Supplementary Appendix 1.

AMR

Concordance between whole-genome sequence and phenotypic AMR for all assessed antibiotics was greater than 90% (Table 3).
The AMR prevalence and particularly high occurrence of multidrug resistance (77.1%) in Cambodia are higher than described
overall globally (20.1%) [7]; however, they are similar to previously described in South-East Asia [36, 37].

A total of 93.9% of the dominant lineages (comprising 72% total population) are MDR; however, among these only 18% carry
resistance to chloramphenicol. GPSC23 and GPSC16 were the predominant chloramphenicol resistant-MDR isolates. GPSC16
expanded post-PCV, concurrently carrying chloramphenicol resistance in all isolates, while GPSC23 maintained a stable preva-
lence from the pre-PCV (10.3%) to post-PCV (11.2%) population, respectively. GPSC23 comprises VT 6B (97.2%), with one VT
19A and one VT 6A isolate. All GPSC23 isolates had high prevalence resistance to all described antimicrobials (Figs 1 and 3).

The variability in GPSC stability can be attributed to the invasive potential of the serotypes they carry and their AMR profile
[7, 38, 39]. For example, serotype 14 persists post-PCV13 on a GPSC9 genetic backbone despite its inclusion in the vaccine.
This serotype on this backbone has been previously reported to have lower invasiveness than on other backbones [7]. Lower
invasiveness may contribute to its success on the basis that lower invasiveness can translate to longer carriage duration, which in
turn may counteract the impact of the vaccine [40]. The rise and fall of GPSCs following perturbation by vaccination may also be
explained by negative frequency dependent selection. Pneumococcal populations have genes that persist at a stable, intermediate
frequency. After mass-vaccination, the prevalence of these genes is often perturbed. Over time selection acts on the lineages that
carry these genes to return them to their initial, intermediate frequency [32, 41].

Additionally, the gene tet(32) was identified in GPSC158 (100% NVT 16F) - a low prevalence lineage (N=4). This gene was first
described in S. pneumoniae in 2020 in genomes isolated in Liverpool on a GPSC12 backbone with serotype 3 [42].
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Conclusions

This study demonstrates that the Cambodian pneumococcal carriage population was perturbed within 2years following the
PCV13 vaccination campaign. This presents with a decrease in some vaccine serotypes, and emergence and expansion of NV Ts.
The expanding NV Ts are among both regional and international lineages. There is a high prevalence of AMR and MDR isolates in
both the newly expanding lineages and those with persistent high prevalence. The relationship between the carriage and disease
populations is unclear; however, as IPD is an outcome of pneumococcal carriage, we would expect that mitigating disease-causing
lineages in carriage will have an impact on pneumococcal disease. Pneumococcal surveillance is ongoing in Cambodia and may
further elucidate this question. Additionally, further genomic surveillance will likely reveal which NVTs emerge, and whether
such emergence is driven by a specific genetic background [43].
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