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Summary
Background Surveillance of the invasive disease burden caused by Streptococcus pneumoniae in England is performed
by the UK Health Security Agency (UKHSA). In 2017, UKHSA switched from phenotypic methods to whole-genome
sequencing (WGS) approaches for pneumococcal surveillance. Here, we present the first results of national WGS
surveillance, up to the start of the COVID-19 pandemic, with the aim of describing the population genomics of
this important pathogen.

Methods We examined prospective national surveillance data from England, using bacterial isolates from cases of
invasive pneumococcal disease (IPD) submitted to the national reference laboratory at UKHSA. A bioinformatic
pipeline was developed to quality control WGS data and routinely report species and serotype. We assembled isolate
data, assigned global pneumococcal sequencing clusters (GPSCs), and predicted antimicrobial resistance (AMR)
profiles for isolates that passed further quality control. We collected additional data on patient outcomes and char-
acteristics using enhanced surveillance questionnaires completed by patients’ general practitioners. We used logistic
regression analysis to assess the effects of various genomic and patient characteristics on the outcomes of IPD.

Findings In England, between July 1, 2017, and Feb 29, 2020, there were 15400 cases of IPD. From these cases,
13 749 (89⋅3%) isolates were sequenced, passed quality control, and were included in analyses. Serotype diversity was
high during the study period, with 2751 (20%) isolates serotyped as 13-valent pneumococcal conjugate vaccine (PCV13)
types, whereas serotype 8 was the most prevalent serotype (n=3074 [22⋅4%]) overall. There were 157 GPSCs within the
collection, with GSPC3 the most common, encompassing 98⋅7% (3033 of 3074) of serotype 8 isolates. Most isolates
(n=10 198 [74⋅2%]) did not contain AMR-associated genes. Resistance to co-trimoxazole was the most frequently
predicted resistance (n=2331 [17%]), followed by resistance to tetracycline (n=1199 [8⋅7%]) and β-lactams (n=1149
[8⋅4%]). Logistic regression analysis found the presence of AMR-associated genes significantly increased the odds of
patient death (odds ratio 1⋅18, 95% CI 1⋅01–1⋅38). Some GPSCs were also associated with a significant increase in
the odds of patient death, such as GPSC12 (1⋅88, 1⋅48–2⋅38). Isolates from 2018 were associated with a significant
increase in the odds of patient death (1⋅12, 1⋅00–1⋅25), whereas younger patient age was significantly associated with
a reduction in the odds of patient death compared with being aged 85 years or older.

Interpretation WGS-based surveillance has allowed us to interrogate country-wide population dynamics driving
changes in pneumococcal serotype frequency. Here, we observe a stable but diverse population before the
COVID-19 pandemic restrictions were enforced in England, with low rates of AMR. These findings will provide
the baseline for pandemic and post-pandemic data, to collectively inform implementation and development of the
vaccination programme within the country.

Funding None.

Copyright Crown Copyright © 2025 Published by Elsevier Ltd. This is an open access article under the Open Gov-
ernment License (OGL) (http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/).
Introduction
Streptococcus pneumoniae (the pneumococcus) is an oppor-
tunistic pathogen that colonises the human nasopharynx
and can be distinguished into more than 100 different
serotypes on the basis of its unique capsular polysaccharide.1

The pneumococcus is responsible for a high burden of
disease both in terms of common infections, such as
sinusitis and otitismedia, aswell asmore severe infections,
www.thelancet.com/microbe Vol 6 July 2025
including bacteraemic pneumonia and meningitis.2

The deployment of effective pneumococcal conjugate
vaccines (PCVs), which targeted the most prevalent sero-
types responsible for invasive pneumococcal disease (IPD),
has helped to lower this burden of disease.3–5

In the UK, the 7-valent PCV (PCV7) was introduced into
the routine childhood vaccine programme in 2006, and
replaced with PCV13 in 2010.6 Both vaccine programmes
1
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Research in context

Evidence before this study
We searched PubMed using the terms ((((Streptococcus
pneumoniae surveillance[Title/Abstract]) OR (Streptococcus
pneumoniae whole genome sequencing[Title/Abstract])) OR
("pneumococcal surveillance"[Title/Abstract])) OR (pneumococcal
whole genome sequencing[Title/Abstract])) OR (pneumococcal
national surveillance[Title/Abstract]) on Jan 13, 2024, with no date
restrictions. Only publicationswritten in Englishwere included.We
identified 374 relevant articles from a large number of countries
distributed globally, with some studies focused on specific regions
within countries. Reported population-based surveillance studies
were largely set up to monitor the effectiveness of pneumococcal
conjugate vaccines after implementation in national or regional
vaccination programmes. Whole-genome sequencing (WGS) has
generally only been performed on serotypes or strains of interest,
with overall surveillance performed mainly through serotyping
isolates via Quellung, latex agglutination, or PCR-based methods.
Some high-income countries, such as Australia and the USA, have
switched to WGS-based surveillance, but so far studies published
from these settings have been limited to select regions within the
country. International collaborations have also sought to sequence
pneumococci collected as part of national surveillance in different
countries, although notably these datasets are smaller and lack
longitudinal data comparedwith our national dataset for England.

Added value of this study
We present the first results from country-wide surveillance of
invasive pneumococcal disease in England using WGS, which has

produced an extensive and comprehensive dataset within a large
defined geographical region overmultiple years of surveillance.We
used the latest typing techniques to place these isolates within an
international context, allowing for global comparisons. The
dataset also provides a benchmark of the pneumococcal
population diversity before the perturbation of the COVID-19
pandemic and changes to childhood and adult pneumococcal
vaccination programmes in England.

Implications of all the available evidence
We observed a diverse pneumococcal population causing invasive
pneumococcal disease (IPD) in England, with 68 different
serotypes and 157 different global pneumococcal sequencing
clusters (GPSCs). However, one clonal lineage—the serotype 8,
GPSC3, clonal complex 53 grouping—caused one in five IPD cases
during the study period. This lineage has been emerging in other
high-income countries, and its expansion should be monitored
closely. Predicted rates of antimicrobial resistance (AMR) within
England were low, in contrast to international datasets of
pneumococcal WGS data. We also found predicted AMR to be
linked to a significant increase in the odds of patient death,
underpinning the importance of AMR surveillance in the
pneumococcus. The evidence highlights the added benefits of
WGS-based surveillance, allowing for further interrogation of the
biology of this pathogen.
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were associated with large and sustained declines in IPD
due to the reduction of vaccine serotypes across all age
groups. At the same time, however, there was an increase in
IPD due to non-PCV serotypes.5,6 In the UK, adults aged
65 years and older and individuals older than 2 years at high
riskof infection are alsooffereda singledose of the23-valent
pneumococcal polysaccharide vaccine (PPV23). Surveil-
lance of pneumococci causing IPD is critical formonitoring
the effectiveness of these vaccines, informing immunisa-
tion policy, and developing next-generation PCVs.7 In
England, the UK Health Security Agency (UKHSA;
formerly Public Health England) is responsible for national
IPD surveillance. Hospitals routinely send all invasive
S pneumoniae isolates to the UKHSA national reference
laboratory for confirmation and serotyping. Previously, this
was done using phenotypic identification and serotyping by
slide agglutination. With the development of robust meth-
ods for in silico species typing8 and pneumococcal serotyp-
ing9 directly from whole-genome sequencing (WGS) data,
the UKHSA changed to routine WGS of all IPD isolates
in 2017.
Here, we present the results of the first 2⋅5 years of

WGS-based surveillance, from July 1, 2017 to Feb 29, 2020,
just before COVID-19 restrictions were implemented in
England. We aimed to describe the population structure of
the pneumococcus in England, using the latest tools to type
pneumococci into lineages, allowing us to compare
IPD-causing strains in England within a wider global
context. We also used WGS data to identify antimicrobial
resistance (AMR) genes, and to predict the AMR profile of
pneumococci causing IPD.

Methods
Study design and bacterial isolates
Pneumococcal isolates were collected as part of surveillance
of IPD by the national reference laboratory at UKHSA,
taken from cases in England between July 1, 2017, and
Feb 29, 2020. From July 1 to Sept 31, 2017, we analysed a
random subset of 376 invasive pneumococcal isolates
through aWGS pipeline to troubleshoot the implementation
of WGS-based surveillance, using previously validated bio-
informatic tools.9 From Oct 1, 2017, we performed species
confirmation and serotyping of all submitted isolates through
routine use of WGS. For all confirmed cases, we contacted
general practitioners to complete a short surveillance ques-
tionnaire seeking information on demographics, vaccination
history, clinical presentation, and outcomes of IPD.
IPD isolates were defined as isolation of S pneumoniae

fromanormally sterile site.Clinical presentationwas classified
asmeningitis (Spneumoniaedetected in thecerebrospinalfluid
www.thelancet.com/microbe Vol 6 July 2025
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or pneumococcal isolation from the blood with clinical or
radiological features of meningitis or a CNS focus) or
non-meningitis. Serotypes were grouped as present in
PCV7 (serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F),
PCV13 (PCV7 plus serotypes 1, 3, 5, 6A, and 7F), or PPV23
(PCV13 plus serotypes 2, 8, 9N, 10A, 11A, 12F, 15B, 17F,
20, 22F, and 33F). Non-vaccine serotypes are defined
as those not present in either the PCV13 or PPV23
vaccines. Higher-valent PCV serotypes were grouped as
PCV15 (PCV13 plus serotypes 22F and 33F) and
PCV20 (PCV15 plus serotypes 8, 10A, 11A, 12F, and 15B).
We grouped serotype 15B and 15C isolates within PCV20.
UKHSA has legal permission to process confidential

information for national surveillance of communicable
diseases without individual patient consent (Regulation 3 of
Health Service Regulations 2002) and, as such, ethics
committee approval was not required.

Procedures
We extracted and sequenced genomic DNA, as described
by Kapatai and colleagues.9 We ran the deplexed reads
through a bioinformatic pipeline to identify species,
serotype, andmultilocus sequence type (MLST) of an isolate
(appendix 1 pp 2, 8). For this study, we subjected isolates
that were successfully sequenced to further quality-control
steps and assembled them with shovill, version 0.9. We
performed further quality control of assemblies with
QUAST (version 5.2.0),10 CheckM (version 1.2.2),11 and
PopPUNK (version 2.6.0;12 appendix 1 pp 2–3, 9). We then
assigned global pneumococcal sequencing clusters
(GPSCs) to this collection using PopPUNK and the global
pneumococcal sequencing project’s (GPS) version 6 data-
base. GPSCs were labelled as dominant if they contained
more than 100 isolates. We predicted resistance to
β-lactams using a random forest model;13 sulfamethoxazole
and trimethoprim resistance were predicted by searching
for mutations in the folP and folA genes, respectively,14

whereas other AMR genes were detected using
NCBI-AMRFinderPlus, version 3.1.4015 (appendix 1 pp 3–4).
We searched for virulence factors in the GPSC3 and
non-GPSC3 serotype 8 isolates, using S pneumoniae genes
from the Virulence Factor Database16 (appendix 1 p 4). We
assigned clonal complexes (CCs) by grouping together
single-locus variants of MLSTs (appendix 1 p 3).
Weperformed additional phylogenetic analysis on the two

largest lineages,GPSC3CC-53 isolates andGPSC12 isolates
using Gubbins, version 3.3.517 (appendix 1 p 4). For the
GPSC3 CC-53 analysis, isolates were combined with
GPSC3 ST53 serotype 8 isolates from the GPS collection.18

We gathered the clade definitions for GPSC12 from
previous work.19

Statistical analysis
We analysed data using R, version 4.4.1, with proportions
compared among age groups using Fisher’s exact test. We
calculated the Simpson’s diversity index 1–D (SDI), where
D=∑pi2 and pi2 is the proportional abundance of species i,
www.thelancet.com/microbe Vol 6 July 2025
for serotype and GPSC compositions among different
dataset subgroups. SDI ranges from 0 to 1, with a higher
number indicating higher diversity. We performed a two-
sample Kolmogorov-Smirnov test to compare the distribu-
tion of the within-CC core-genome distances of CC53 to
other large CCs (those with ≥100 isolates). Proportions of
virulence genes among three unequal groups, GPSC3
CC-53 isolates,GPSC3non-CC-53 isolates, andnon-GPSC3
serotype 8 isolates, were compared using Fisher’s exact test,
with a Bonferroni corrected p value of 0⋅00051 for multiple
testing.
Weconstructed a logistic regressionmodel to calculate the

effect of bacterial characteristics (GPSC and AMR status
[susceptible or non-susceptible]) and patient characteristics
(patient age, year of sampling, and clinical presentation
[meningitis or non-meningitis]) on case fatality rate. The
outcome was patient death, defined as death within 30 days
of first IPD sample date. We excluded five isolates with
incomplete AMR profiles from the analysis. We calculated
odds ratios (ORs) with 95% CIs from the logistic regression
coefficients to quantify the effect of the above predictor
variables on the likelihood of the outcome. We performed
sensitivity analyses to assess the effect of patient vaccination
status, with either PCV (either PCV7 or PCV13) or PPV23
vaccination, on case fatality rate (appendix 1pp5–6).We also
extended sensitivity analyses to incorporate 26 GPSCs over
the 24 dominant GPSCs, and replaced GPSCs with the
24 serotypeswithmore than 100 isolates (appendix 1 pp 5–6).
We performed a genome-wide association study (GWAS)

analysis with the R package treeWAS, version 1.0,20 to test
for any significant association between an isolate’s genome
and case fatality rate. To mitigate the effects of population
structure andpatient characteristics,we limited this analysis
to the GPSC12 isolates taken from cases in the group
85 years and older (appendix 1 p 6).

Role of the funding source
There was no funding source for this study.

Results
Between July 1, 2017, and Feb 29, 2020, there were
15 400 confirmed IPD cases in England. From these cases,
13 944 (90⋅5%) isolates were sequenced and 13749 isolates
(98⋅6% of those sequenced) passed the WGS quality
control steps for inclusion in this study (appendix 1 p 9;
appendix 2 p 1). The cases from this collection of
13 749 isolates followed a seasonal trend during the study
period (figure 1A), peaking in the winter months, with
most cases occurring among those aged 65 years and older
(n=7509, 54⋅6%; figure 1B). In the collection, 5⋅6% of
cases (n=776) presented with meningitis and there was a
case fatality rate of 17⋅4% (n=2392).
Most isolates possessed a serotype present in PCV7

(n=391 [2⋅8%]), PCV13 (n=2751 [20%]), or PPV23
(10 339 [75⋅2%]; figure 1A). Serotype 8, included in PPV23,
was the most prevalent (n=3074 [22⋅4%]), followed by
serotypes 3 (n=1532 [11⋅1%]), 12F (n=1070 [7⋅8%]),
3
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Figure 1: Streptococcus pneumoniae from invasive disease in England, isolate count, and isolate age grouping
(A) The counts of isolates permonthbetween July 1, 2017, and Feb 29, 2020. For plotting purposes, PCV13 represents
the six additional serotypes compared with the PCV7 formulation, PPV23 represents the 11 additional serotypes
compared with the PCV13 formulation. Non-VT refers to serotypes not included in PCV7, PCV13, or PPV23. (B) The
overall numbers of isolates in eachof thefive defined patient age groups over thewhole course of the study. Lines and
bars are coloured by grouping of isolates based on serotype inclusion in pneumococcal vaccines. PCV=pneumococcal
conjugate vaccine. PPV=pneumococcal polysaccharide vaccine. VT=vaccine-type.
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22F (n=938 [6⋅8%]), and 9N (n=891 [6⋅5%]; appendix 1 p 10).
Of the non-vaccine serotypes, serotype 15A was the most
prevalent (n=540 [3⋅9%]). For the two higher valent vaccines
licensed after our study period, PCV15 in 2021, and PCV20
in 2022, 4141 isolates (30⋅1%) were covered by PCV15,
whereas 9288 (67⋅6%) isolates were covered by PCV20. The
overall serotype composition remained stable throughout
the surveillance period, with an SDI of 0⋅914 (95% CI
0⋅872–0⋅95) in 2017–18 and 0⋅908 (95% CI 0⋅870–0⋅951) in
2019–20. SDI stability over time was also observed
across individual age groups, although the groups aged
15–44 years and 45–64 years were less diverse, with
SDI scores below 0⋅9, compared with other age groups
(appendix 1 p 11). This lack of diversity reflects the greater
dominance of serotype 8 in these adult age groups
compared with the groups aged younger than 5 years,
5–14 years, and 65 years and older (appendix 1 p 12).
In total, there were 157GPSCs detected in the population,

with 13 728 (99⋅8%) of 13 749 isolates assigned a GPSC.
There were 50 GPSCs with ten or more isolates, including
24 dominant GPSCs with 100 or more isolates, which
accounted for 90⋅3% (n=12 418) of all isolates (figure 2).
GPSC3 (n=3803 [27⋅7%]) was the most frequently

observed, accounting for 98⋅7% (n=3033) of all serotype
8 isolates (figure 2), followed by GPSC12 (n=1399 [10⋅2%]),
GPSC16 (n=911 [6⋅6%]), GPSC55 (n=877 [6⋅4%]), and
GPSC19 (n=773 [5⋅6%]). There were no notable alterations
in the dominant GPSC frequencies during the surveillance
period (appendix 1 p 13). The overall SDI for GPSCs
was high, at 0⋅894 (95% CI 0⋅834–0⋅959), remaining at this
level throughout the surveillance period (appendix 1 p 14).
The median number of serotypes expressed by each of the
dominant GPSCs was 4⋅5 (IQR 2⋅0–8⋅25), with 20 of
24 dominant GPSCs expressing more than one serotype.
GPSC44 expressed the most, with 13 different serotypes.
Of the four dominant GPSCs that expressed only one
serotype, GPSC12 was the largest, expressing only the
vaccine serotype 3. GPSC17 (n=120 [0⋅9%]) also only
expressed the vaccine serotype 19A, whereas GPSC46
(n=211 [1⋅53%]) only expressed serotype 16F and GPSC57
(n=183 [1⋅33%]) only expressed serotype 31. In total, 15 of
24 dominant GPSCs contained isolates that expressed a
PCV13 serotype; the same 15 dominant GPSCs expressed a
PCV15 serotype, whereas 20 of 24 expressed a PCV20
serotype. Within the GPSC12 lineage, as reported
previously by Bertran and colleagues,19 most isolates
belonged to the clade IV lineage (721 [51⋅5%] of 1399),
with clade I, which was initially more prevalent in 2017–18,
now the second most common clade in the lineage
(618 [44⋅2%] of 1399).
The dominant GPSC lineages were unequally distributed

among the broad age groups within the population (p<0⋅001).
In line with serotype 8 results above, GPSC3 isolates were
over-represented among the groups aged 15–44 years,
45–64 years, and 65 years and older (appendix 1 p 15).
By contrast, theGPSC5 lineagewith 309 isolates, including
280 [90⋅6%] isolates belonging to the non-vaccine
serotype 23B, was over-represented in children (<5 years
and 5–14 years; appendix 1 p 15).
Therewere682different sequence types (STs) assignedby

MLST, with 13706 isolates (99⋅7%) assigned to a knownST,
41 isolates with novel profiles, and two isolates with
incomplete locus coverage. The most prevalent ST was
ST53, with 2768 isolates (20⋅1%), all of whichwere assigned
to GPSC3 and were identified as serotype 8. There were
27 STswith 100 ormore isolates. Almost all STswere found
within a single GPSC (681 of 682), with only ST6011 having
two isolates each, four in total, in the distantly related
GPSC43 andGPSC69 lineages. By contrast, each dominant
GPSC encompassed a median of 13⋅5 STs (IQR 8–19),
with GPSC3 containing the highest number of STs with 53.
Only one dominant GPSC, GPSC17, expressed a single ST,
ST2062. This 120-isolate GPSC was the smallest of the
dominant GPSCs.
The STs were further grouped together into CCs

(figure 3). There were 29 CCs that contained 100 or more
isolates, with the GPSC3 CC-53 lineage, encompassing the
www.thelancet.com/microbe Vol 6 July 2025
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ST53and single locus variant strains, being the largest in the
collection. CC-53 formed a monophyletic clade of 3027
isolates in the core-genome distance tree (figure 3). This
CC-53 clade had a lower median within core-genome
distance of 0⋅00012 single nucleotide polymorphisms
(SNPs) per site (IQR 7⋅3×10–5) compared with the median
within-CC core-genome distance of 0⋅00031 SNPs per site
(IQR 0⋅00167) for the other 28 CCs with 100 or more
isolates; these two distance distributions were significantly
different (p<0⋅0001).
The GPSC3 CC-53 lineage had a higher proportion of

isolates containing the nanA virulence factor, involved in
endothelial invasion than did non-CC-53 GPSC3 isolates
and non-GPSC3 serotype 8 isolates (CC-53 vs non-CC-53
GPSC p<0⋅0001; CC-53 vs non-GPSC3 serotype 8 p<0⋅0001;
appendix 1 p 16). The GPSC3 CC-53 isolates from this
study also did not form a monophyletic clade when global
serotype 8 GPSC3 CC-53 isolates were compared with our
collection (appendix 1 pp 6, 17). These external GPS
isolates were collected between 1999 and 2015.
The frequency of predicted AMR was low across the

population, with 10 198 (74⋅2%) of 13749 isolates contain-
ing no AMR-associated genes (figure 3; table). Within the
GPSC3 CC-53 serotype 8 lineage, 3006 (99⋅3%) of
3027 isolates were predicted to be wholly susceptible. Of the
www.thelancet.com/microbe Vol 6 July 2025
dominant GPSCs, seven were predicted to be majority
resistant, and all 24 had at least one isolate predicted to be
resistant (appendix 1 p 18). The most commonly predicted
resistance was to co-trimoxazole, with 2331 (17⋅0%) of
13 749 isolates containing mutations in either folA for the
constituent sulfamethoxazole resistance (n=1209 [8⋅8%]), in
folP for trimethoprim resistance (n=16 [0⋅1%]), or in both
folA and folP (n=1106 [8%]). The second most common
predicted resistance was to tetracycline, with 1199 isolates
(8⋅7%) predicted to be resistant, primarily due to isolates
containing the tet(M) resistance gene (807 [67⋅3%] of 1199)
or the tet(32) gene (388 [32⋅4%] of 1199). The third
most common predicted resistance was to β-lactams, with
1149 (8⋅4%) of 13 749 isolates predicted to be resistant.
Among these 1149 isolates predicted resistant to β-lactams,
there were 205 unique PBP types, including novel variants,
as defined previously by Li and colleagues.21 The most
common resistant profile was PBP1a-7, PBP2b-67, PBP2x-1
with 147 (12⋅8%) of 1149 β-lactam-resistant isolates
containing this profile, all of which were within GPSC5
(appendix 1 p 6). Of the dominant-GPSCs, GPSC5, GPSC9,
and GPSC17 exhibited very high proportions (≥98%) of
their isolates predicted to be β-lactam resistant, while 17 of
the 24 dominant-GPSCs contained at least one resistant
isolate.
5
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Total β-lactam Tetracycline Erythromycin Macrolide Chloramphenicol Quinolone Aminoglycoside Quaternary
ammonium

Streptothricin Trimethoprim Sulfamethoxazole

3 3803 11 (0⋅3%) 211 (5⋅5%) 14 (0⋅4%) 207 (5⋅4%) 0 4 (0⋅1%) 0 1 (0%) 0 3 (0⋅1%) 108 (2⋅8%)
12 1399 0 406 (29⋅0%) 1 (0⋅1%) 15 (1⋅1%) 12 (0⋅9%) 0 0 1 (0⋅1%) 0 1 (0⋅1%) 1 (0⋅1%)
16 911 17 (1⋅9%) 14 (1⋅5%) 11 (1⋅2%) 4 (0⋅4%) 9 (1⋅0%) 2 (0⋅2%) 0 0 0 13 (1⋅4%) 60 (6⋅6%)
55 877 107 (12⋅2%) 0 0 0 0 3 (0⋅3%) 0 1 (0⋅1%) 0 0 723 (82⋅4%)
19 773 0 2 (0⋅3%) 1 (0⋅1%) 0 0 6 (0⋅8%) 0 0 0 1 (0⋅1%) 1 (0⋅1%)
6 526 67 (12⋅7%) 31 (5⋅9%) 48 (9⋅1%) 16 (3⋅0%) 0 1 (0⋅2%) 1 (0⋅2%) 0 0 212 (40⋅3%) 226 (43⋅0%)
44 409 16 (3⋅9%) 33 (8⋅1%) 0 34 (8⋅3%) 0 1 (0⋅2%) 2 (0⋅5%) 0 1 (0⋅2%) 270 (66⋅0%) 270 (66⋅0%)
7 403 8 (2⋅0%) 2 (0⋅5%) 5 (1⋅2%) 2 (0⋅5%) 1 (0⋅2%) 1 (0⋅2%) 0 0 0 5 (1⋅2%) 5 (1⋅2%)
36 376 1 (0⋅3%) 0 2 (0⋅5%) 0 0 1 (0⋅3%) 0 0 0 0 1 (0⋅3%)
4 356 2 (0⋅6%) 7 (2⋅0%) 3 (0⋅8%) 6 (1⋅7%) 0 0 0 0 0 2 (0⋅6%) 1 (0⋅3%)
5 309 306 (99⋅0%) 11 (3⋅6%) 1 (0⋅3%) 10 (3⋅2%) 0 1 (0⋅3%) 1 (0⋅3%) 0 0 227 (73⋅5%) 292 (94⋅5%)
11 231 2 (0⋅9%) 3 (1⋅3%) 1 (0⋅4%) 3 (1⋅3%) 0 0 0 0 0 8 (3⋅5%) 117 (50⋅6%)
35 216 0 0 0 0 0 1 (0⋅5%) 0 0 0 0 1 (0⋅5%)
46 211 0 1 (0⋅5%) 0 1 (0⋅5%) 0 1 (0⋅5%) 0 0 0 3 (1⋅4%) 17 (8⋅1%)
49 203 0 0 2 (1⋅0%) 0 0 0 0 0 0 0 1 (0⋅5%)
61 200 2 (1⋅0%) 7 (3⋅5%) 3 (1⋅5%) 1 (0⋅5%) 2 (1⋅0%) 0 0 0 0 1 (0⋅5%) 5 (2⋅5%)
57 183 1 (0⋅5%) 0 0 0 0 0 0 0 0 0 0

9 175 173 (98⋅9%) 175 (100%) 4 (2⋅3%) 172 (98⋅3%) 1 (0⋅6%) 5 (2⋅9%) 3 (1⋅7%) 0 3 (1⋅7%) 32 (18⋅3%) 40 (22⋅9%)
32 170 1 (0⋅6%) 1 (0⋅6%) 0 0 0 0 0 0 0 0 1 (0⋅6%)
124 153 0 0 0 0 0 1 (0⋅7%) 0 0 0 0 3 (2⋅0%)
72 148 0 1 (0⋅7%) 0 0 0 0 0 0 0 1 (0⋅7%) 0

38 141 6 (4⋅3%) 7 (5⋅0%) 6 (4⋅3%) 0 0 1 (0⋅7%) 0 0 0 6 (4⋅3%) 6 (4⋅3%)
27 125 80 (64⋅0%) 0 1 (0⋅8%) 0 0 0 0 0 0 0 1 (0⋅8%)
17 120 120 (100%) 0 0 0 0 0 0 0 0 120 (100%) 120 (100%)

Other 1331 229 (17⋅2%) 287 (21⋅6%) 76 (5⋅7%) 133 (10⋅0%) 68 (5⋅1%) 10 (0⋅8%) 7 (0⋅5%) 0 5 (0⋅4%) 217 (16⋅3%) 315 (23⋅7%)
Total 13 749 1149 (8⋅4%) 1199 (8⋅7%) 179 (1⋅3%) 604 (4⋅4%) 93 (0⋅7%) 39 (0⋅3%) 14 (0⋅1%) 3 (<0⋅1%) 9 (0⋅1%) 1122 (8⋅2%) 2315 (16⋅8%)

Data are N or n (%). The number of isolates predicted to be resistant to 11 different antimicrobial classes among the 24 dominant GPSCs, arranged in order of size, followed by an other category containing isolates not present in the 24 dominant GPSCs.
GPSCs=global pneumococcal sequencing clusters.

Table: Distribution of resistance classes among GPSCs
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Aside from tetracycline and β-lactam resistance, macro-
lide resistance was the next most frequently predicted
(604 [4⋅4%] of 13 749 isolates). Resistance to both tetracyc-
line and macrolides was frequently found in the same
isolate (n=598 [99%] of 604 macrolide-resistant isolates). In
GPSC9, all 175 isolates contained the tet(M) gene encoding
tetracycline resistance and 172 also contained a macrolide
resistance gene, either erm(B) ormef(A). These genes were
often present within a Tn916-like element (appendix 1 p 7).
Logistic regression analysis found that, when controlling

for the GPSC of an isolate, age group, clinical presentation,
and year of diagnosis, the presence of genes associated with
resistance to one ormore classes of antibioticwas associated
with a 1⋅18-fold (95%CI 1⋅01–1⋅38; p=0⋅035) higher odds of
death (figure 4). There were four dominant GPSCs that
also had a significantly increased case fatality rate compared
with the referenceGPSC19 lineage,which tracked closest to
the dominant GPSC overall case fatality rate of 17⋅2%
(appendix 1 p 19). Most notably, GPSC12 isolates were
associated with a 1⋅88-fold (95% CI 1⋅48–2⋅38; p<0⋅0001)
higher odds of death. Isolates taken during 2018 were also
associated with a 1⋅12-fold (95% CI 1⋅0–1⋅25; p=0⋅047)
higher odds of death. Younger age was significantly asso-
ciatedwith lower case fatality rate,with all age groupshaving
loweroddsofdeath comparedwith the referencegroupaged
85 years and older (figure 4).
In the sensitivity analyses, factoring in a patient’s PCV

vaccine status confounded the effect of age on case fatality
rate for the youngest age groups (0–4 years, 5–9 years, and
10–14 years; appendix 2 pp 2, 4), with these age groups no
longer associated with a significant decrease in the odds of
death because of the very high vaccine uptake among cases
(544 [98⋅2%] of 554, 95 [100%] of 95, and 35 [85⋅4%] of 41,
respectively). PPV23 vaccine status, however, did not
confound the association between age and a decreased odds
of death (appendix 2 pp 3–4).
Increasing the number of dominant GPSCs to include

the 96-isolate GPSC83, all of which expressed a serotype
3 capsule, revealed that, in contrast to the serotype
3GPSC12 lineage,GPSC83hadnosignificant change in the
odds of death comparedwith the referenceGPSC19 lineage
(appendix 2 p 5). Finally, whenmodelling themost frequent
serotypes instead of GPSCs, certain serotypes were asso-
ciated with significant changes in the odds of death, with
serotype 3 increasing the odds (OR 1⋅85, 95%CI 1⋅33–2⋅62;
p=0⋅0026; appendix 2 p 6), whereas the presence of AMR
genes was no longer found to be associated with a signifi-
cantly higher odds of death (OR 1⋅09, 95% CI 0⋅95–1⋅26;
p=0⋅21; appendix 2 p 6).
AGWASanalysis on the 302 IPDcases causedbyGPSC12

isolates in the group 85 years and older found no significant
associations between core-genome SNPs and death, or
accessorygenepresenceor absence anddeath (appendix1p20).

Discussion
This study reports results from the initial period of using
WGS for enhanced national surveillance of IPD in England.
Wehave sequencedmore than 5000 invasive pneumococcal
isolates annually during the 2⋅5-year pre-pandemic period.
With the added detail of WGS, we found that although
the pneumococcal population causing IPD is diverse in
England, the most common lineage (GPSC3 CC-53)
represents a successful international clonal expansion.
Additionally, the strain composition in the population
remained stable during the surveillance period, providing a
baseline before the COVID-19 pandemic and the change in
the childhood PCV13 immunisation programme from a
2+1 to a 1+ 1 schedule.19 Finally, we used the WGS data to
predict AMR, finding low rates overall, with resistance
genes identifiedmainly in select lineages, such asGPSCs 5,
9, and 17. However, the presence of AMR genes was linked
to a significant increase in the case fatality rate.
The paraphyletic nature of the GPSC3 CC-53 serotype

8 lineage in England, with respect to country of origin, is
evidence of a remarkably successful international clonal
expansion. Countries across Europe and Africa have been
reporting an increase in serotype 8 IPD following the
introduction of PCV13⋅22–26 In Spain andDenmark, an over-
representation of serotype 8 isolates among adults aged
15–65 years was also observed, similar to the trend in
England reported herein, which might indicate greater
transmission of this serotype within adult age groups.24,27

Furthermore, of these serotype 8 isolates, the GPSC3
CC-53 lineage is commonly reported to be driving
the spread of IPD cases.22,25 Our investigation into the
virulence factors present in the lineage revealed an over-
representation of the nanA gene, a neuraminidase import-
ant for endothelial invasion, compared with both other
serotype 8 isolates andnon-serotype 8GPSC3 isolates.28 The
over-representationofnanA couldbea reason for thegreater
invasiveness of this lineage, with recent modelling work by
Løchen and colleagues also showing the serotype 8 GPSC3
combination to be highly invasive.29 This higher invasive-
ness might help to explain why the GPSC3 CC-53 lineage
appears to be a very successful international clonal expan-
sion, despite moderate rates of nasopharyngeal carriage in
adults and very low carriage rates in children.30

In our dataset, the prevalence of predicted resistance to at
least one antibiotic class from WGS analysis was
25⋅8%. This prevalence contrasts with that of the diverse
GPS collection, where 61% of isolates were predicted to be
resistant to at least one antibiotic class.18 Our logistic
regression modelling of AMR gene presence, along with
other patient and isolate data, showed a significant associ-
ation between AMR-associated gene presence and higher
case fatality rate. This finding is broadly in line with other
recent large-scale European and global modelling studies,
which predict resistance to increase the relative risk of
death.31,32 However, in our sensitivity analyses, we found
that when controlling for serotype instead of GPSC,
AMR-associated gene presence no longer had a significant
effect on a patient’s odds of death. Here, although serotype
is thought tobe themost important pneumococcal virulence
factor, an isolate’s GPSCmight more accurately control for
www.thelancet.com/microbe Vol 6 July 2025
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Total

GPSC

GPSC19

GPSC11

GPSC12

GPSC124

GPSC16

GPSC17

GPSC27

GPSC3

GPSC32

GPSC35

GPSC36

GPSC38

GPSC4

GPSC44

GPSC46

GPSC49

GPSC5

GPSC55

GPSC57

GPSC6

GPSC61

GPSC7

GPSC72

GPSC9

Age (years)

≥85 years

0–4 years

5–9 years

10–14 years

15–19 years

20–29 years

30–39 years

40–49 years

50–59 years

60–64 years

65–69 years

70–74 years

75–79 years

80–84 years

Predicted AMR

Susceptible

Resistant

Meningitis

No

Yes

Year

2019

2017

2018

2020

Variable Samples (n [%])

12 413 (100%)

772 (6·2%)

231 (1·9%)

1399 (11·3%)

153 (1·2%)

911 (7·3%)

120 (1·0%)

125 (1·0%)

3801 (30·6%)

170 (1·4%)

216 (1·7%)

376 ( 3·0%)

141 (1·1%)

356 (2·9%)

409 (3·3%)

211 (1·7%)

203 (1·6%)

308 (2·5%)

877 (7·1%)

183 (1·5%)

526 (4·2%)

200 (1·6%)

403 (3·2%)

148 (1·2%)

174 (1·4%)

1997 (16·1%)

554 (4·5%)

95 (0·8%)

41 (0·3%)

70 (0·6%)

310 (2·5%)

692 (5·6%)

1089 (8·8%)

1714 (13·8%)

1061 (8·5%)

1193 (9·6%)

1263 (10·2%)

1185 (9·5%)

1149 (9·3%)

9308 (75·0%)

3105 (25·0%)

11 705 (94·3%)

708 (5·7%)

4817 (38·8%)

1862 (15·0%)

4752 (38·3%)

982 (7·9%)

Died (n [%])

2129 (17·2%)

129 (16·7%)

43 (18·6%)

385 (27·5%)

24 (15·7%)

171 (18·8%)

15 (12·5%)

18 (14·4%)

454 (11·9%)

14 (8·2%)

33 (15·3%)

73 (19·4%)

31 (22·0%)

64 (18·0%)

87 (21·3%)

51 (24·2%)

39 (19·2%)

49 (15·9%)

110 (12·5%)

57 (31·1%)

98 (18·6%)

28 (14·0%)

76 (18·9%)

33 (22·3%)

47 (27·0%)

758 (38·0%)

26 (4·7%)

5 (5·3%)

2 (4·9%)

2 (2·9%)

11 (3·5%)

45 (6·5%)

86 (7·9%)

170 (9·9%)

134 (12·6%)

155 (13·0%)

216 (17·1%)

222 (18·7%)

297 (25·8%)

1546 (16·6%)

583 (18·8%)

2038 (17·4%)

91 (12·9%)

796 (16·5%)

312 (16·8%)

846 (17·8%)

175 (17·8%)

aOR (95% CI)

Ref (1)

1·25 (0·82–1·86)

1·88 (1·48–2·38)

1·11 (0·67–1·79)

1·28 (0·98–1·66)

0·85 (0·45–1·52)

0·90 (0·50–1·56)

0·90 (0·72–1·12)

0·63 (0·33–1·10)

1·20 (0·77–1·84)

1·46 (1·04–2·03)

1·30 (0·81–2·04)

1·20 (0·85–1·69)

1·26 (0·90–1·77)

1·51 (1·02–2·20)

1·14 (0·75–1·71)

1·01 (0·67–1·50)

0·89 (0·65–1·23)

1·89 (1·28–2·76)

1·03 (0·76–1·41)

0·78 (0·49–1·22)

1·12 (0·81–1·55)

1·38 (0·87–2·14)

1·43 (0·93–2·19)

Ref (1)

0·08 (0·05–0·12)

0·09 (0·03–0·21)

0·09 (0·01–0·28)

0·05 (0·01–0·17)

0·07 (0·03–0·12)

0·13 (0·09–0·17)

0·16 (0·12–0·20)

0·20 (0·16–0·23)

0·25 (0·20–0·30)

0·25 (0·21–0·30)

0·35 (0·29–0·41)

0·38 (0·32–0·45)

0·58 (0·49–0·68)

Ref (1)

1·18 (1·01–1·38)

Ref (1)

1·22 (0·96–1·54)

Ref (1)

1·02 (0·88–1·19)

1·12 (1·00–1·25)

1·04 (0·86–1·26)

p value

0·29

<0·0001

0·67

0·065

0·60

0·73

0·35

0·13

0·41

0·026

0·26

0·29

0·17

0·036

0·54

0·97

0·49

0·0011

0·83

0·30

0·49

0·16

0·10

<0·0001

<0·0001

0·0007

<0·0001

<0·0001

<0·0001

<0·0001

<0·0001

<0·0001

<0·0001

<0·0001

<0·0001

<0·0001

0·035

0·11

0·77

0·047

0·65

0·01 10·1 10010

OR (95% CI; log scale)

Figure 4: Analysis of factors associated with patient death
Forest plot showing the association among categorical variables (GPSC, patient age, AMR status, meningitis status, and year of case isolation) and patient death within
30 days of laboratory case confirmation. Only p values less than 0⋅05were considered significant. AdjustedORs with 95% CIs are displayed. AMR=antimicrobial resistance,
here predicted genotypically. GPSC=global pneumococcal sequencing cluster. aOR=adjusted odds ratio.
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both serotype and thediversity of other virulence factors that
can influence theoutcomeof an infection.33 For instance,we
observed that serotype 3 was associated with a significantly
higher odds of death; however, of the two large GPSCs that
solely expressed serotype 3—GPSC12 and GPSC83—only
GPSC12 was associated with a significantly higher odds of
death. This association suggests the serotype lineage com-
bination is key in determining an isolate’s potential effects
on mortality.
Our regression resultswere in contrastwith theGWASon

GPSC12 isolates we performed, which showed no signifi-
cant association between genetic variation and case fatality
rate. Our GWAS results align with a previous GWAS
focusing on pneumococcal isolates, which found no links
between pathogen genetics and disease severity.34 This
previousGWASalso includeddata from thepatient genome
and identified a relationship between disease severity and
certain markers of human genomic variation.34 This high-
lights a limitation of our study, in that we use a limited
number of variables to capture patient variation. Consider-
ing other factors, such as patient comorbidities,might allow
future studies to gauge the effect of bacterial characteristics
more accurately on mortality.
An additional limitation of this studywas the sole use of in

silico-predictedAMRprofiles.For instance,AMRrates from
phenotypic testing of a subset of UK isolates, as reported
by the European Antimicrobial Resistance Surveillance
Network (EARS-Net), were lower for the same period.
EARS-Net reportedonly 5⋅3–5⋅6%of isolateswere identified
as penicillin non-susceptible during 2017–19,35 compared
with the predicted 8⋅4% rate in our collection. Our findings
highlight the difficulties of in-silico resistance prediction,
particularly with regard to the complex gene interactions
that underpin penicillin resistance in pneumococci.36

However, although the presence of resistance-associated
alleles might not wholly predict the expression of β-lactam
resistance, in-silico AMR predictions will allow us to
monitor trends in the respective genes and their movement
across lineages over time.
The work presented herein shows the benefit gained by

usingWGS in national surveillance. Switching toWGS has
allowed the UKHSA to use the most recent strain-typing
methods for pneumococci using genomic data, GPSCs,
and allowed us to explore other genetic factors, such as
AMR, which can be key in the expansion of strains causing
invasivedisease.Wehave shownhow these data can beused
to answer key clinical questions around IPD, for instance
what genomic features of the pneumococcus are linked to
increasedmortality.Moving forward, these data can beused
to inform decisions around the roll-out and development of
vaccines, giving us a greater understanding of the lineages
and serotypes associated with increased mortality or AMR.
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