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Streptococcus pneumoniae serotype 1 is one of the leading causes of invasive pneumococcal disease (IPD) in West Africa, with ST618 

being the dominant cause of IPD in �e Gambia. Recently however, a rare example of clonal replacement was observed, where the 

ST3081 clone of serotype 1 replaced the predominant ST618 clone as the main cause of IPD. In the current study, we sought to �nd 

the reasons for this unusual replacement event. Using whole-genome sequence analysis and clinically relevant models of in vivo 

infection, we identi�ed distinct genetic and phenotypic characteristics of the emerging ST3081 clone. We show that ST3081 is sig-

ni�cantly more virulent than ST618 in models of invasive pneumonia, and is carried at higher densities than ST618 during nasopha-

ryngeal carriage. We also observe sequence type–speci�c accessory genes and a unique sequence type–speci�c �xed mutation in the 

pneumococcal toxin pneumolysin, which is associated with increased hemolytic activity in ST3081 and may contribute to increased 

virulence in this clone. Our study provides evidence that, within the same serotype 1 clonal complex, biological properties di�er 

signi�cantly from one clone to another in terms of virulence and host invasiveness, and that these di�erences may be the result of 

key genetic di�erences within the genome.
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To date, nearly 100 distinct serotypes of Streptococcus pneumo-

niae (pneumococcus) have been reported [1–7]. In the West 

African subregion as well as globally, pneumococcal serotype 

1 is one of the leading causes of invasive pneumococcal disease 

(IPD) [8–14]. �is serotype is known to cause disease out-

breaks, particularly in the African meningitis belt, where the 

serotype 1 ST217 hypervirulent clonal complex has been pre-

dominant [15–20]. An epidemiological review of meningitis 

cases in the African meningitis belt revealed that serotype 1 

was as important as Neisseria meningitidis in its contribution 

to the incidence and mortality caused by bacterial meningitis 

[10]. Despite its strong association with invasive disease, sero-

type 1 is rarely detected during nasopharyngeal carriage. In �e 

Gambia, serotype 1 is one of the most common causes of IPD 

responsible for up to 20% of cases, yet is identi�ed in only 0.5% 

of healthy carriers [8, 18, 21, 22]. Compared with other pneu-

mococcal serotypes, serotype 1 has a high odds ratio to cause 

IPD a�er colonization [23] and is rarely associated with antibi-

otic nonsusceptibility [8, 15, 18]. It has previously been demon-

strated that long-range transmission of serotype 1 is rare, which 

leads to stable circulating clones within geographic regions [24]. 

Newly imported clones have little impact on the epidemiology 

of serotype 1, but we recently reported clonal replacement in 

serotype 1 in �e Gambia where the ST3081 clone replaced the 

predominant ST618 as the main cause of IPD [24]. �e reasons 

for this were unknown, however.

In the current study, we investigated whether this clonal 

replacement event was a consequence of the presence of vir-

ulence associated genes in the accessory genome of ST3081, 

which were absent in the accessory genome of ST618. To this 

end, we describe the population structure of invasive S. pneu-

moniae serotype 1 isolates collected in �e Gambia over a 

20-year period between January 1995 and December 2014, and 
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compare the genomic pro�les and in vivo virulence, coloniza-

tion and invasiveness of these 2 important evolving clones.

MATERIALS AND METHODS

Epidemiological Study Design and Collection of Isolates

�e study collection included all S. pneumoniae serotype 1 iso-

lates sent to the World Health Organization Regional Reference 

Laboratory for invasive bacterial diseases in the Medical 

Research Council (MRC) Unit of �e Gambia, between January 

2004 and December 2014 as part of the routine hospital sur-

veillance for IPD in �e Gambia. Samples originated from 

the Western (urban), Central River (rural), and Upper River 

(rural) regions of �e Gambia (Supplementary Table S1). We 

also included a previous study collection (1995–2003) of 127 

invasive Gambian isolates [18] and compared these with the 

190 isolates obtained from 2004 to 2014 (Supplementary Table 

S1). Sites of isolation included blood, cerebrospinal �uid, lung 

aspirates, pleural aspirates, or a combination of sites. Twenty-

one pneumococcal carriage isolates (Supplementary Table S1) 

were obtained from a collection of serotype 1 nasopharyngeal 

isolates from healthy individuals in �e Gambia, as described 

elsewhere [22]. When >1 isolate was obtained during an illness 

episode, for example from blood and cerebrospinal �uid, only a 

single isolate was included in the study collection, except when 

the isolates di�ered in multilocus sequence type (MLST) or 

antibiotic susceptibility pro�le. Isolates were stored in 15% glyc-

erol stocks before study. Isolation of S. pneumoniae and serotyp-

ing by latex agglutination was done as described elsewhere [8]. 

Serotype 1 isolates were con�rmed by molecular serotyping, 

also as described elsewhere [25].

Hemolytic Activity Assay

�e hemolytic activity of the invasive ST3081 (6308 7#2) and 

ST618 (6309 7#1) isolates was determined using a modi�ed 

version of a previously published method [26]. An extra 6 iso-

lates per sequence type (ST) were tested for con�rmation of the 

results. A single colony of each isolate was grown in brain heart 

infusion to a late exponential phase and lysed with 0.1% sodium 

deoxycholate. Approximately 85 µg of total protein was serially 

diluted and incubated with a 4% suspension of sheep red blood 

cells (Oxoid). �e suspension was centrifuged a�er a 30-minute 

incubation at 37°C. �e supernatants’ optical density at 540 nm 

was measured to determine the hemolytic activity of each isolate.

In Vivo Models of Nasopharyngeal Carriage and Invasive Pneumonia

All in vivo experiments were done at the University of Liverpool 

under the UK Animals (Scienti�c Procedures) Act 1986 guide-

lines. �e protocols were approved by the UK Home O�ce 

and by the University of Liverpool Animal Welfare and Ethics 

Committee. All animals were regularly monitored during the 

duration of the experiments and humanely culled at predeter-

mined time points or when they became lethargic. Outbred 

MF1 female mice, 6–8 weeks old (Charles River) were used in 

the study. �e animals were le� to acclimatize for a minimum of 

7 days before experimentation.

�e invasive pneumonia experiments were performed using 

the ST618 (6309 7#1) and ST3081 (6308 7#2) invasive isolates 

while the nasopharyngeal carriage experiments were performed 

using the ST618 (6308 8#18) and ST3081 (6308 8#10) carriage 

isolates. �e strains used were representative isolates of each 

ST. Liquid bacterial stocks were used for short term usage by 

growing a sweep of colonies into 20% serum brain heart infu-

sion for approximately 12 hours at 37°C. Stocks were then 

stored at –80°C and viable counts determined using the method 

described by Miles et al [27]. When needed, the bacterial stocks 

were thawed, washed with sterile phosphate-bu�ered saline 

(PBS), and adjusted to the appropriate density.

Mice were anesthetized with a mixture of oxygen and iso�urane 

(Abbott) and intranasally infected with 106 colony-forming units 

(CFUs) in a 50-µL volume of sterile PBS for the invasive pneumo-

nia model or with 105 CFUs in a 10-µL volume of sterile PBS for 

the nasopharyngeal carriage model, as described elsewhere [28, 

29]. For the nasopharyngeal cocarriage model, mice were intrana-

sally infected with 10 µL of PBS containing 5 × 104 CFUs of ST618 

and 5 × 104 CFUs of ST3081 pneumococci. Blood, lung, brain, and 

nasopharyngeal tissues were collected to determine CFU counts. 

Blood agar plates containing 1  µg/mL of gentamicin were used 

to determine the total number of viable pneumococci; however, 

plates containing 200 µg/mL of streptomycin were used to deter-

mine the number of ST3081 viable counts in the cocarriage exper-

iment. In that case the CFU counts for ST618 were determined 

by subtracting the number of colonies in the streptomycin plates 

from the number of colonies in the gentamicin plates.

Comparative Genomic Analysis

Seventy-four isolates comprising 53 invasive and 21 carriage iso-

lates, ST3081 (n = 38) and ST618 (n = 36), were sequenced at 

the Wellcome Trust Sanger Institute using the Illumina Genome 

Analyzer II (Illumina) (Supplementary Table S2). We used SMALT 

so�ware (version 0.7.4; http://www.sanger.ac.uk/resources/so�-

ware/smalt/) to map the Illumina short read sequences against 

the serotype 1 reference whole-genome sequence SPN1041 

(Genbank No. CACE00000000) to generate the consensus pseu-

dochromosomes for all of the study isolates, which were com-

bined and aligned to generate a whole-genome alignment. All 

nucleotide substitutions were detected using Gubbins so�ware 

(version 1.1.1) [30] and removed to avoid con�icting evolu-

tionary signals when constructing phylogenetic tree of the STs. 

A phylogenetic tree was constructed using RAxML so�ware (ver-

sion 7.0.4) [31]. �e following parameters were used for RAxML: 

generalized time-reversible model with gamma heterogeneity 

among nucleotide sites and 100 bootstrap replicates. �e phy-

logenetic trees were visualized using FigTree so�ware (http://

tree.bio.ed.ac.uk/so�ware/�gtree/) and BioPython scripts [32].  
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Genome assembly was performed using Velvet (version 1.2.09) 

[33] and SSPACE Basic (version 2.0) [34] so�ware.

We calculated the pairwise nucleotide di�erences using 

BioPython scripts [32]. Additional evolution parameters; num-

ber of single-nucleotide polymorphism (SNP) sites, number of 

SNPs per nucleotide, observed (π) and expected (Θ) nucleotide 

sequence diversity and Tajima’s D, which is the scaled di�erence 

between π and Θ, were calculated using MEGA so�ware (ver-

sion 6.0) [35]. To investigate the temporal evolution patterns 

within each ST and to estimate the times to the most recent 

common ancestors or potential emergence of the STs, we used 

Path-O-gen so�ware v1.4 (http://tree.bio.ed.ac.uk/so�ware/

pathogen/).

Data Analysis

To determine the geographic relationship of Gambian serotype 

1 clones to those found in other regions of the world, we per-

formed cluster analysis of allelic pro�les of serotype 1 isolates 

fro m this study and from the MLST database, using geoBURST 

so�ware v1.2.1 (http://goeBURST.phyloviz.net). �e statistical 

analysis related to the in vivo mouse experiments was carried 

out using the GraphPad Prism statistical package (version 5; 

GraphPad So�ware). Statistical signi�cance was categorized as  

*P < .05, **P < .01,***P < .005, or ****P < .001.

RESULTS

Multilocus Sequence Typing and Molecular Epidemiology

�e majority of pneumococcal serotype 1 isolates were obtained 

between December and June (hot dry season) with peaks at 

the beginning and at the end of the season (Figure 1A). ST618 

was the predominant ST until 2007, when it was replaced by 

ST3081 (Figure 1B). Within 1 year, ST618 was totally replaced 

by ST3081.

Using geoBURST analysis, we showed the existence of a geo-

graphic clustering in the Gambian STs compared with STs iso-

lated from other parts of Africa, from Asia, and from around 

the world (Supplementary Figure S1). Whereas both ST3081 and 

ST618 clustered with clones from Africa and Asia, ST618 was 

positioned between Africa/Asia and the other parts of the world.

In Vivo Characterization of ST618 and ST3081 in Models of Invasive 

Pneumonia

A mouse model of invasive pneumonia was used to compare the 

virulence of ST618 (6309 7#1) and ST3081 (6308 7#2) in vivo. 

Of the mice infected with the ST3081 isolate, 100% developed 

signs of lethargy approximately 24 hours a�er infection, and all 

succumbed to the infection within 33 hours . In contrast, only 

10% of the mice infected with ST618 died within 33 hours; the 

remaining 90% died within 53 hours (Figure 2), a statistically 

signi�cant di�erence (P = .03; log-rank [Mantel-Cox] test). 

In time-pointed experiments over 48 hours, mice infected 

with ST3081 pneumococci had significantly higher bacte-

rial loads in the nasopharynx at 12, 24, and 48 hours after 

infection (Figure 3A). Similarly, in the lungs, mice infected 

with ST3081 had significantly higher bacterial loads than 

the ST618-infected mice at 12 and 24 hours after infection, 

with increasing CFU counts at 48 hours (Figure 3B). In 

the brain, no significant differences in CFU counts were 

observed in the first 12 hours after infection, but by 24 

and 48 hours after infection, mice infected with ST3081 
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Figure  1. A, Seasonality in the monthly distribution of invasive serotype 1 

sequence types (STs; ST618, ST3081, and other S1 STs) in Gambia between January 

1995 and December 2014. B, Yearly multilocus ST data of Gambian serotype 1 iso-

lates from 1995 to 2014.
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Figure 2. Survival of mice intranasally infected with 106 colony-forming units of 

ST618 (isolate 6309 7#1) and ST3081 (isolate 6308 7#2; Ten mice infected with 

each isolate). P = .03 (log-rank [Mantel-Cox] test).
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had significantly higher bacterial loads in the brain. 

Interestingly, there were no detectable CFUs for ST618 at 24 

hours, demonstrating a clear difference in systemic tissue 

invasiveness between the 2 isolates (Figure 3C). The same 

pattern was observed in the blood, where ST3081-infected 

mice had significantly higher bacterial CFU counts in blood 

by 12 hours after infection, reaching approximately 107 

CFUs/mL by 24 hours. Once again, ST618 was not detect-

able at either 12 or 24 hours after infection, indicating that 

this ST is less invasive during the first 24 hours of infection 

(Figure 3D). In all experiments, the starting infection inoc-

ulum at time 0 was the same.

In Vivo Characterization of ST3081 and ST618 in Models of 

Nasopharyngeal Carriage

To determine whether ST3081 and ST618 di�er in their 

long-term carriage properties, we infected mice with a single 

inoculum of each isolate, separately, and monitored density 

and duration of carriage during the 14  days a�er infection 

(Figure  4A). ST618 carried in the nasopharynx stably over 

7 days, with a gradual but nonsigni�cant decline in CFU counts 

by day 14. On the other hand, CFU counts for ST3081 increased 

signi�cantly during the �rst 7 days a�er infection. �is sharp 

increase in bacterial density peaked at day 7, however, with CFU 

counts dropping signi�cantly by day 14 compared with the pre-

vious 3 time-points. Overall, ST3081 was carried at higher CFU 

counts during the �rst 7 days, compared with ST618, although 

by day 14 carriage density was the same.

We next sought to assess whether ST3081 had a compet-

itive advantage over ST618 to colonize the nasopharynx, by 

simultaneously coadministering mice with the 2 isolates and 

monitoring density and duration of carriage of each respec-

tive strain over 14 days. Interestingly, when both isolates were 

coadministered together, ST618 exhibited an increase in CFU 

counts within the �rst 24 hours, in contrast to its single-inoc-

ulum carriage state. However, this increase in bacterial den-

sity was reduced by day 3 and reached a steady state by day 7 

with persistence of carriage maintained therea�er. In contrast, 

ST3081 showed a similar carriage pro�le to its single carriage 

state over the �rst 3 days a�er infection, although the peak CFU 

count was at day 3 (compared with day 7 in single-inoculum 

experiments). Density of carriage showed a steady decline in the 

cocarriage model over time; however, the bacterial density of 

ST3081 remained higher than that of ST618 between days 3 and 

7 a�er infection (Figure 4B). �ese observations show that both 

STs follow similar carriage patterns during single colonization 
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and cocolonization, with ST3081 able to be carried at a higher 

density than ST618.

Comparative Genomic Analysis

Phylogenetic analysis determined that the ST3081 and ST618 

clones belonged to distinct monophyletic clades separated by 

long branches (Figure 5A). �is suggests that ST3081, was not 

a descendant of ST618 but rather emerged as an independent 

clone from a recent introduction of a novel ST217 sublineage in 

�e Gambia or as a local clonal expansion of a previously unre-

ported clone. We performed a linear regression analysis of the 

ST-speci�c phylogenies to determine the correlation between 

the phylogenetic root-to-tip distances and the dates of isolation. 

�e time to the most recent common ancestor for ST3081 was 

approximately 2002, which suggests recent introduction into 

�e Gambia (Figure  5B), whereas ST618 emerged circa 1917 

(Figure 5C). Both STs show nearly identical nucleotide substi-

tution (mutation) rates, with about 1 SNP introduced annually 

per isolate through spontaneous mutations only rather than 

through genetic recombination.

Signi�cantly higher sequence diversity was observed in ST618 

than in ST3081 (P < .001) (Figure 6A). In ST3081, 13 nucleotides 

distinguished the isolates, whereas this number increased to 93 

nucleotides in ST618. On average, the ST618 isolates showed 

a smaller genome (P < .001) than ST3081, which may suggest 

genome degradation (Figure 6B); however, owing to the short 

sampling period it was not possible to accurately determine 

whether the genome degradation evident in ST618 occurred 

before the strain became endemic. We observed lower average 

pairwise sequence di�erences (π) than the expected number of 

sites with SNPs (Θ) in ST3081 than in ST618 (Figure 6C).

We performed a core genome analysis of the study strains to 

determine the number of core genes shared by both STs and 

accessory genes that were uniquely associated with a single ST. 

In this study we used an assembly based analysis, in contrast 

to the previously published analysis, which was done using a 

pangenomic mapping of reads approach [24]. Overall, both STs 

shared 1756 core genes, but a total of 120 genes (60 from each 

ST) were associated with a single ST (Figure 5A). In the previ-

ously published study it was found that ST3081 has accessory 

regions containing genes and operons implicated in pneumo-

coccal virulence, such as xerD and the �sK/spoIIIE operon, that 

are absent in ST618. 

In the current study, the assembly-based approach allowed 

us to identify an additional ST3081 unique gene, murF, which is 

involved in the biosynthesis of peptidoglycan. It has been shown 

in the past that murF impairment can lead to growth arrest and 

autolysis at high temperatures and at low environmental car-

bon dioxide levels [36]. Other uncharacterized ST3081 unique 

accessory genes could also provide a colonization advantage to 

ST3081 over ST618; however, the exact function of these remain 

unknown. In addition, 1 amino acid change in the pneumolysin 

protein which was unique to each ST was observed. At position 

380, all ST3081 isolates contained an asparagine (N) whereas 

all ST618 consisted of an aspartic acid (D) (Figure 5A). �e 

presence of asparagine at position 380 in pneumolysin protein 

has previously been associated with increased hemolytic activ-

ity in serotypes that cause outbreaks, suggesting that ST3081 

pneumolysin may have higher hemolytic capacity than ST618 

[26]. �is was con�rmed by our own hemolytic assays on the 

representative strains used in this study (Figure 7) as well as 

on another 12 strains (6 strains per ST) tested (Supplementary 

Table S3).

DISCUSSION

Identi�cation of the bacterial and host factors that control and 

regulate pneumococcal colonization of the nasopharyngeal niche 

is critical to our understanding of transmission events and inva-

sive disease. Neill et al [37] have previously highlighted the key 

role of the pneumococcal toxin pneumolysin and the T-regulatory 

cell–transforming growth factor β axis in controlling establish-

ment and duration of nasopharyngeal carriage [37]. Here, we re-

port on the bacterial genetic and phenotypic factors which drive 
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pneumococcal serotype 1 replacement in �e Gambia, focusing 

on the capacity of 2 clonal STs to establish colonization in the na-

sopharynx and cause invasive disease.

Using newly acquired genome sequence data, we determined 

the population dynamics of the 2 dominant STs of pneumococ-

cal serotype 1 in �e Gambia over a period of 2 decades (Figure 

1B), covering the introduction of 7-valent and 13-valent pneu-

mococcal conjugate vaccine in 2009 and 2011, respectively. 

We show that the emergence of ST3081 was observed before 

the introduction of 7-valent pneumococcal conjugate vaccine 

in 2009, suggesting the absence of any vaccine-driven selec-

tive pressure [38, 39]; and that ST3081 continues to persist as 

the dominant clone since its �rst detection in 2007, suggesting 

that factors other than vaccine introduction may have caused 

this clonal replacement. We document that the newly dominant 

ST3081 clone occurred in both invasive disease and carriage iso-

lates, and across both rural and urban settings in �e Gambia, 

(Supplementary Table S1 and [22]). �e same ST3081 clone was 

reported in neighboring Senegal [24], suggesting a possible local 

migration of the strain within the population. We determined 

that ST3081 shared similar characteristics with ST618, includ-

ing being seasonal, occurring mostly during the dry season and 

declining in the rainy season in a fashion similar to meningo-

coccus, a pathogen known to have a high propensity to cause 

epidemic outbreaks.

�e current literature describes nasopharyngeal colonization 

as a dynamic process with turnover of new strains or species 

[37, 40]. Using mouse infection models, we sought to compare 

the carriage properties of ST618 and ST3081 and their relative 

propensity to cause invasive disease. We showed that during 

individual colonization events, ST3081 is carried at a higher 

density than ST618 during the �rst 7 days of carriage, but during 

cocolonization, the carriage density of ST618 is signi�cantly 

increased in the �rst 24 hours to match ST3081 level; this is a 

transitory event, however, because during the next 6 days CFU 

counts are once again higher for ST3081 than for ST618. In line 

with this �nding, results from our mouse invasive pneumonia 

model clearly demonstrate that the newly emerging ST3081 is 

signi�cantly more virulent (and invasive) than the preexisting 

ST618 clone (Figures 2 and 3).

Serotype 1 isolates can be classi�ed into 4 lineages depending 

on their geographic place of isolation [24, 41]. �is geographic 

clustering may be due to the short carriage duration of sero-

type 1 strains, resulting in reduced geographic spread of the 

organism [42]. All STs identi�ed in our study belong to the 

ST217 hypervirulent clonal complex responsible for epidemic 

outbreaks across the African meningitis belt [18, 20]. ST3081 

is a single-locus variant of ST217 and quadruple-locus variant 

of ST618. To assess whether genetic recombination or point 

mutations explain the emergence of ST3081 [43, 44], we used 

whole-genome sequencing to determine the genomic di�er-

ences between these 2 STs. Our results showed that ST3081 

isolates exhibited lower sequence diversity than ST618 isolates, 

most likely a consequence of its recent emergence (in about 

2002).�e lower diversity in the ST3081 may be a consequence 

of a transmission bottleneck, which subsequently resulted in a 

lower population size, rather than the e�ect of negative selec-

tion. Further analysis of the distribution of SNPs in the 2 STs 

suggests that the population size of ST3081 is smaller than that 

of ST618 but is slowly expanding over time.

We also found that the murF gene, which is involved in the 

biosynthesis of peptidoglycan, is present in ST3081 isolates 

but absent in ST618 isolates. �is is a signi�cant �nding, be-

cause impairment of this gene has previously been associated 

with inhibited growth and autolysis at certain environmental 

conditions, such as high temperatures and low environmental 

carbon dioxide levels, suggesting that ST3081 might be bet-

ter adapted at surviving at high temperature conditions than 

ST618 and may therefore have a �tness advantage over ST618 

[36]. �is ST-speci�c gene, together with other uncharacter-

ized genes, may contribute to di�erences in virulence between 

the STs. 

In addition, we found a single amino acid change in the 

pneumolysin toxin in ST3081 compared with ST618; this 

particular amino acid change has previously been associated 

with increased hemolysis in serotypes causing outbreaks [26]. 

Indeed, we showed that ST3081 has higher hemolytic activity 

than ST618 in vitro. Multiple studies have shown the impor-

tance of pneumolysin and its hemolytic activity in the virulence 

of the pneumococcus. Pneumolysin-de�cient pneumococci 

have signi�cantly lower ability to colonize the nasopharynx of 

mice, leading to reduced colonization density and shorter du-

ration of colonization; they are also less able to cause invasive 

disease in mice, leading to prolonged survival compared with 

that in mice infected with pneumolysin-producing pneumo-

cocci [45–49]. �e pneumolysin hemolytic activity–increasing 

amino acid change observed in ST3081 would hence increase 
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virulence and tissue invasiveness, potentially allowing this ST 

to become the dominant ST in Gambia.

In the current study, we provided in vivo and genomic evi-

dence that, within a given serotype, clonal properties may vary 

signi�cantly and are an important determinant in the ability 

of pneumococcal clones to compete with each other, colonize 

the nasopharynx, and cause invasive disease. Our study high-

lights the importance of continuing surveillance to monitor the 

emergence of potentially more virulent and invasive pneumo-

coccal clones and provides evidence addressing the intriguing 

question of whether clonal replacement is the result of naturally 

occurring competitive interactions within the host or the con-

sequence of environmental and host in�uences.
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Diseases online. Consisting of data provided by the authors to 

bene�t the reader, the posted materials are not copyedited and 

are the sole responsibility of the authors, so questions or com-

ments should be addressed to the corresponding author.

Notes

Acknowledgments. We thank all the individuals who par-

ticipated in the study. We also acknowledge the use of the core 

sequencing facility at MRC Unit of �e Gambia and the S. pneumo-

niae MLST database, which is housed at Imperial College, London.

Author contributions. L.  B. M.  performed and analyzed 

the in vivo experiments and the hemolytic assays. C.  E.  pro-

vided and analyzed the epidemiological data. C. C., J. C., and 

D. E. performed and analyzed the genomic data. L. B. M., C. E., 

C. C., M. A., and A. K. wrote the manuscript. All authors dis-

cussed the results and commented on the manuscript. L.  B. 

M. and C. E. are joint �rst authors, and M. A. and A. K. joint 

senior authors. M.  A.  and A.  K.  conceived and designed the 

experiments and supervised the study.

Financial support. �is work was supported by core 

funding from the University of Liverpool and the MRC and a 

research grant from the MRC.

Potential con�icts of interest. All authors: No reported 

con�icts. All authors have submitted the ICMJE Form for 

Disclosure of Potential Con�icts of Interest. Con�icts that the 

editors consider relevant to the content of the manuscript have 

been disclosed.

References

 1. Bentley SD, Aanensen DM, Mavroidi A, et al. Genetic anal-

ysis of the capsular biosynthetic locus from all 90 pneumo-

coccal serotypes. PLoS Genet 2006; 2:e31.

 2. Calix JJ, Nahm MH. A new pneumococcal serotype, 11E, has 

a variably inactivated wcjE gene. J Infect Dis 2012; 202:29–38.

 3. Jin P, Kong F, Xiao M, et  al. First report of puta-

tive Streptococcus pneumoniae serotype 6D among 

nasopharyngeal isolates from Fijian children. J Infect Dis 

2009; 200:1375–80.

 4. Park IH, Pritchard DG, Cartee R, Brandao A, Brandileone 

MC, Nahm MH. Discovery of a new capsular serotype (6C) 

within serogroup 6 of Streptococcus pneumoniae. J Clin 

Microbiol 2007; 45:1225–33.

 5. Oliver MB, van der Linden MP, Küntzel SA, Saad JS, Nahm 

MH. Discovery of Streptococcus pneumoniae serotype 6 

variants with glycosyltransferases synthesizing two di�er-

ing repeating units. J Biol Chem 2013; 288:25976–85.

 6. Calix JJ, Porambo RJ, Brady AM, et al. Biochemical, genetic, 

and serological characterization of two capsule subtypes 

among Streptococcus pneumoniae Serotype 20 strains: dis-

covery of a new pneumococcal serotype. J Biol Chem 2012; 

287:27885–94.

 7. Park IH, Geno KA, Yu J, Oliver MB, Kim KH, Nahm MH. 

Genetic, biochemical, and serological characterization of a 

new pneumococcal serotype, 6H, and generation of a pneu-

mococcal strain producing three di�erent capsular repeat 

units. Clin Vaccine Immunol 2015; 22:313–8.

 8. Adegbola RA, Hill PC, Secka O, et  al. Serotype and anti-

microbial susceptibility patterns of isolates of Streptococcus 

pneumoniae causing invasive disease in �e Gambia 1996–

2003. Trop Med Int Health 2006; 11:1128–35.

 9. Chiou AC, Andrade SS, Almeida SC, Zanella RC, 

Andrade AL, Brandileone MC. Molecular assessment of 

invasive Streptococcus pneumoniae serotype 1 in Brazil: 

evidence of clonal replacement. J Med Microbiol 2008; 

57:839–44.

 10. Gessner BD, Mueller JE, Yaro S. African meningitis belt 

pneumococcal disease epidemiology indicates a need for an 

e�ective serotype 1 containing vaccine, including for older 

children and adults. BMC Infect Dis 2010; 10:22.

 11. Hausdor� WP, Bryant J, Paradiso PR, Siber GR. Which 

pneumococcal serogroups cause the most invasive disease: 

implications for conjugate vaccine formulation and use, 

part I. Clin Infect Dis 2000; 30:100–21.

 12. Holliman RE, Liddy H, Johnson JD, Adjei O. Epidemiology 

of invasive pneumococcal disease in Kumasi, Ghana. Trans 

R Soc Trop Med Hyg 2007; 101:405–13.

 13. Isaacman DJ, McIntosh ED, Reinert RR. Burden of invasive 

pneumococcal disease and serotype distribution among 

Streptococcus pneumoniae isolates in young children in 

Europe: impact of the 7-valent pneumococcal conjugate 

vaccine and considerations for future conjugate vaccines. 

Inter J Inf Dis 2010; 14:e197–209.

 14. Duarte C, Sanabria O, Moreno J. Molecular characterization 

of Streptococcus pneumoniae serotype 1 invasive isolates in 

Colombia. Rev Panam Salud Publica 2013; 33:422–6.

 15. Leimkugel J, Adams Forgor A, Gagneux S, et  al. An out-

break of serotype 1 Streptococcus pneumoniae meningitis 

in northern Ghana with features that are characteristic of 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jid
/a

rtic
le

/2
1
6
/1

0
/1

3
1
8
/4

1
5
8
2
3
3
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



1326 • JID 2017:216 (15 November) • Bricio-Moreno et al

Neisseria meningitidis meningitis epidemics. J Infect Dis 

2005; 192:192–9.

 16. Yaro S, Lourd M, Traoré Y, et  al. Epidemiological and 

molecular characteristics of a highly lethal pneumococcal 

meningitis epidemic in Burkina Faso. Clin Infect Dis 2006; 

43:693–700.

 17. Kwambana-Adams BA, Asiedu-Bekoe F, Sarkodie B, et al. 

An outbreak of pneumococcal meningitis among older 

children (≥5 years) and adults a�er the implementation of 

an infant vaccination programme with the 13-valent pneu-

mococcal conjugate vaccine in Ghana. BMC Infect Dis 

2016; 16:575.

 18. Antonio M, Hakeem I, Awine T, et al. Seasonality and out-

break of a predominant Streptococcus pneumoniae serotype 

1 clone from �e Gambia: expansion of ST217 hypervirulent 

clonal complex in West Africa. BMC Microbiol 2008; 8:198.

 19. Staples M, Graham RM, Jennison AV, et al. Molecular char-

acterization of an Australian serotype 1 Streptococcus pneu-

moniae outbreak. Epidemiol Infect 2015; 143:325–33.

 20. Antonio M, Dada-Adegbola H, Biney E, et  al. Molecular 

epidemiology of pneumococci obtained from Gambian 

children aged 2-29  months with invasive pneumococcal 

disease during a trial of a 9-valent pneumococcal conjugate 

vaccine. BMC Infect Dis 2008; 8:81.

 21. Hill PC, Akisanya A, Sankareh K, et  al. Nasopharyngeal 

carriage of Streptococcus pneumoniae in Gambian villagers. 

Clin Infect Dis 2006; 43:673–9.

 22. Ebruke C, Roca A, Egere U, Darboe O, et  al. Temporal 

changes in nasopharyngeal carriage of Streptococcus pneu-

moniae serotype 1 genotypes in healthy Gambians before 

and a�er the 7-valent pneumococcal conjugate vaccine. 

PeerJ PrePrints 2014; 2:e611v1.

 23. Brueggemann AB, Peto TE, Crook DW, Butler JC, 

Kristinsson KG, Spratt BG. Temporal and geographic sta-

bility of the serogroup-speci�c invasive disease potential 

of Streptococcus pneumoniae in children. J Infect Dis 2004; 

190:1203–11.

 24. Cornick JE, Chaguza C, Harris SR, et al.; PAGe Consortium. 

Region-speci�c diversi�cation of the highly virulent sero-

type 1 Streptococcus pneumoniae. Microb Genom 2015; 

1:e000027.

 25. Jourdain S, Drèze PA, Vandeven J, Verhaegen J, Van 

Melderen L, Smeesters PR. Sequential multiplex PCR assay 

for determining capsular serotypes of colonizing S.  pneu-

moniae. BMC Infect Dis 2011; 11:100.

 26. Kirkham LA, Je�eries JM, Kerr AR, et  al. Identi�cation 

of invasive serotype 1 pneumococcal isolates that express 

nonhemolytic pneumolysin. J Clin Microbiol 2006; 

44:151–9.

 27. Miles AA, Misra SS, Irwin JO. �e estimation of the bacte-

ricidal power of the blood. J Hyg (Lond) 1938; 38:732–49.

 28. Kadioglu A, Gingles NA, Grattan K, Kerr A, Mitchell TJ, 

Andrew PW. Host cellular immune response to pneumococ-

cal lung infection in mice. Infect Immun 2000; 68:492–501.

 29. Richards L, Ferreira DM, Miyaji EN, Andrew PW, Kadioglu 

A. �e immunising e�ect of pneumococcal nasopharyngeal 

colonisation; protection against future colonisation and 

fatal invasive disease. Immunobiology 2010; 215:251–63.

 30. Croucher NJ, Page AJ, Connor TR, et al. Rapid phylogenetic 

analysis of large samples of recombinant bacterial whole 

genome sequences using Gubbins. Nucleic Acids Res 2015; 

43:e15.

 31. Stamatakis A. RAxML-VI-HPC: maximum likeli-

hood-based phylogenetic analyses with thousands of taxa 

and mixed models. Bioinformatics 2006; 22:2688–90.

 32. Cock PJ, Antao T, Chang JT, et al. Biopython: freely avail-

able Python tools for computational molecular biology and 

bioinformatics. Bioinformatics 2009; 25:1422–3.

 33. Zerbino DR, Birney E. Velvet: algorithms for de novo short 

read assembly using de Bruijn graphs. Genome Res 2008; 

18:821–9.

 34. Boetzer M, Henkel CV, Jansen HJ, Butler D, Pirovano 

W. Sca�olding pre-assembled contigs using SSPACE. 

Bioinformatics 2011; 27:578–9.

 35. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. 

MEGA6: Molecular Evolutionary Genetics Analysis version 

6.0. Mol Biol Evol 2013; 30:2725–9.

 36. Burghout P, Quintero B, Bos L, et al. A single amino acid 

substitution in the MurF UDP-MurNAc-pentapeptide syn-

thetase renders Streptococcus pneumoniae dependent on 

CO
2
 and temperature. Mol Microbiol 2013; 89:494–506.

 37. Neill DR, Coward WR, Gritzfeld JF, et al. Density and dura-

tion of pneumococcal carriage is maintained by transform-

ing growth factor β1 and T regulatory cells. Am J Respir 

Crit Care Med 2014; 189:1250–9.

 38. Spratt BG, Greenwood BM. Prevention of pneumococcal 

disease by vaccination: does serotype replacement matter? 

Lancet 2000; 356:1210–1.

 39. Nunes S, Sá-Leão R, Pereira LC, de Lencastre H. Emergence 

of a serotype 1 Streptococcus pneumoniae lineage colonising 

healthy children in Portugal in the seven-valent conjugate 

vaccination era. Clin Microbiol Infect 2008; 14:82–4.

 40. de Steenhuijsen Piters WA, Sanders EA, Bogaert D. �e role 

of the local microbial ecosystem in respiratory health and 

disease. Philos Trans R Soc Lond B Biol Sci 2015; 370(1675). 

doi:10.1098/rstb.2014.0294.

 41. Brueggemann AB, Spratt BG. Geographic distribution and 

clonal diversity of Streptococcus pneumoniae serotype 1 iso-

lates. J Clin Microbiol 2003; 41:4966–70.

 42. Abdullahi O, Karani A, Tigoi CC, et al. Rates of acquisition and 

clearance of pneumococcal serotypes in the nasopharynges of 

children in Kili� District, Kenya. J Infect Dis 2012; 206:1020–9.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jid
/a

rtic
le

/2
1
6
/1

0
/1

3
1
8
/4

1
5
8
2
3
3
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



Comparative Genomic Analysis and In Vivo Modeling of S. pneumoniae ST3081 and ST618 Isolates • JID 2017:216 (15 November) • 1327

 43. Henriques-Normark B, Blomberg C, Dagerhamn J, Bättig P, 

Normark S. �e rise and fall of bacterial clones: Streptococcus 

pneumoniae. Nat Rev Microbiol 2008; 6:827–37.

 44. Spratt BG, Hanage WP, Feil EJ. �e relative contributions of 

recombination and point mutation to the diversi�cation of 

bacterial clones. Curr Opin Microbiol 2001; 4:602–6.

 45. Berry AM, Alexander JE, Mitchell TJ, Andrew PW, 

Hansman D, Paton JC. E�ect of de�ned point mutations 

in the pneumolysin gene on the virulence of Streptococcus 

pneumoniae. Infect Immun 1995; 63:1969–74.

 46. Rubins JB, Paddock AH, Charboneau D, Berry AM, Paton 

JC, Jano� EN. Pneumolysin in pneumococcal adherence 

and colonization. Microb Pathog 1998; 25:337–42.

 47. Alexander JE, Berry AM, Paton JC, Rubins JB, Andrew PW, 

Mitchell TJ. Amino acid changes a�ecting the activity of 

pneumolysin alter the behavior of pneumococci in pneu-

monia. Microb Pathog 1998; 24:167–74.

 48. Kadioglu A, Taylor S, Iannelli F, Pozzi G, Mitchell TJ, 

Andrew PW. Upper and lower respiratory tract infection by 

Streptococcus pneumoniae is a�ected by pneumolysin de�-

ciency and di�erences in capsule type. Infect Immun 2002; 

70:2886–90.

 49. McNeela EA, Burke A, Neill DR, et al. Pneumolysin acti-

vates the NLRP3 in�ammasome and promotes proin�am-

matory cytokines independently of TLR4. PLoS Pathog 

2010; 6:e1001191.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jid
/a

rtic
le

/2
1
6
/1

0
/1

3
1
8
/4

1
5
8
2
3
3
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2


