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Widespread sharing of pneumococcal strains in a rural African
setting: proximate villages are more likely to share similar
strains that are carried at multiple timepoints
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Abstract
The transmission dynamics of Streptococcus pneumoniae in sub-Saharan Africa are poorly understood due to a lack of adequate epidemiological and genomic data. Here we leverage a longitudinal cohort from 21 neighbouring villages in rural Africa to study how closely
related strains of S. pneumoniae are shared among infants. We analysed 1074 pneumococcal genomes isolated from 102 infants from
21 villages. Strains were designated for unique serotype and sequence-type combinations, and we arbitrarily defined strain sharing
where the pairwise genetic distance between strains could be accounted for by the mean within host intra-strain diversity. We used non-
parametric statistical tests to assess the role of spatial distance and prolonged carriage on strain sharing using a logistic regression
model. We recorded 458 carriage episodes including 318 (69.4%) where the carried strain was shared with at least one other infant. The
odds of strain sharing varied significantly across villages (χ2=47.5, df=21, P-value <0.001). Infants in close proximity to each other were
more likely to be involved in strain sharing, but we also show a considerable amount of strain sharing across longer distances. Close
geographic proximity (<5 km) between shared strains was associated with a significantly lower pairwise SNP distance compared to
strains shared over longer distances (P-value <0.005). Sustained carriage of a shared strain among the infants was significantly more
likely to occur if they resided in villages within a 5 km radius of each other (P-value <0.005, OR 3.7). Conversely, where both infants were
transiently colonized by the shared strain, they were more likely to reside in villages separated by over 15 km (P-value <0.05, OR 1.5).
PCV7 serotypes were rare (13.5%) and were significantly less likely to be shared (P-value <0.001, OR −1.07). Strain sharing was more
likely to occur over short geographical distances, especially where accompanied by sustained colonization. Our results show that strain
sharing is a useful proxy for studying transmission dynamics in an under-sampled population with limited genomic data. This article
contains data hosted by Microreact.
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DATA SUMMARY
The sequence reads for the project were submitted to the European Nucleotide Archives. The publicly available accession numbers are
available in Table S1, available in the online version of this article. The phylogenetic trees for prevalent serotypes can be visualized in
microreact using the following links:
23B: https://microreact.org/project/qReinitt6K1wps7XUt1AGw
15A: https://microreact.org/project/3a2MBXXNx1RaWyiSG9RdCm
6B: https://microreact.org/project/7MTTQLnFcRFmQVcNbwWhTy
15B/C: https://microreact.org/project/n1r6KQmOb
6A: https://microreact.org/project/uPYIn9Lit
19A: https://microreact.org/project/WG653y0Px

INTRODUCTION
Streptococcus pneumoniae, commonly known as the pneumococcus, is a human-adapted commensal that colonizes the mucosal surfaces
of the upper respiratory tract, and is a globally important cause of morbidity and mortality. Colonizing the upper respiratory tract is the
precursor for invasive pneumococcal disease and the natural state for transmission, making it a crucial component of the pneumococcal
life-cycle [1]. The high rates of pneumococcal carriage in The Gambia, where over 90% of infants are colonized at least once within the
first year of life, make it an ideal setting to study the dynamics and key determinants modulating the spread of pneumococcal strains
in the population [2–4]. Prior to the introduction of the 7-valent pneumococcal conjugate vaccine (PCV7) in The Gambia in 2009, the
non-random distribution of multi-locus sequence types (MLSTs) within households in Sibanor, in the Western Region of The Gambia,
was associated with ongoing transmission of pneumococcal strains [4]. However, important questions remain unanswered regarding the
frequency with which strains are shared within communities, partly because resolving transmission routes is complex and requires robust
well-sampled datasets.
Transmission across hosts allows bacterial strains to proliferate and spread in a population [5, 6]. Advances in genomics, the integration of
epidemiological techniques like contact tracing and applications of mathematical models are increasingly empowering scientists to identify
cases that are linked by direct transmission and to infer who infected whom [7–15]. However, understanding transmission dynamics in
low-resource settings like The Gambia, where infectious diseases are endemic, remains challenging due to the lack of genomic datasets
and epidemiological surveillance data that can be leveraged to delineate transmission chains [16, 17]. Existing genomic datasets from
low-resource settings are typically sequenced retrospectively from studies that were not designed to study transmission. Additionally, the
lack of genomic datasets from longitudinal studies has thus far hampered our ability to investigate the role of within-host diversity, which
can be a useful tool for setting thresholds for strain sharing or recent transmission. In order to better understand transmission, innovative
methods, which are not excessively compromised by sampling biases, need to be applied.
An alternative approach is to quantify the frequency with which a given strain is shared by two hosts and use co-variates on host demography and epidemiology to identify the key determinants of strain sharing. Croucher et al. pioneered this approach by using a Bayesian
framework to stratify the pneumococcal population structure into sequence clusters and computing pairwise SNP difference between
strains in the same sequence cluster. Over a range of SNP thresholds, they determined the proportion of pairwise comparisons involving
hosts from the same geographic location, and showed that closely related strains were increasingly more likely to be from the same
geographic location [18]. Using the same general framework, Chan et al. showed that patients were more likely to share near-identical
strains of methicillin-resistant Staphylococcus aureus if they were admitted to the same hospital. They also showed that inter-hospital
sharing of near identical strains increased with patient sharing between hospitals [19].
Here we present insights into the dynamics of pneumococcal strain sharing among regularly sampled infants residing in villages
in rural Gambia. We analysed 1074 pneumococcal genomes isolated from infants in an intensively sampled longitudinal birth
cohort [20]. We computed pairwise genetic distances between isolates belonging to the same global pneumococcal sequence
cluster (GPSC) and defined strains based on serotype and MLST combinations. The mean within-host diversity was calculated
for each strain that colonized an infant at multiple timepoints and this was averaged across the dataset to provide an arbitrary
threshold for studying strain sharing. This enabled us to define strain sharing where the same strain was carried by two infants
and the pairwise genetic distance could be accounted for by the mean within-host intra-strain genetic diversity. Despite only
sampling a few infants per village (on average four) and not sampling older contacts, we show evidence of strain sharing across
the region and that geographic proximity enriches for strain sharing, especially where accompanied by sustained colonization.
This simple approach provides a basis for understanding the determinants of the transmission dynamics and the force of infection
[21], even though the population is not widely sampled.
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Impact Statement
African children bear the brunt of serious infections caused by Streptococcus pneumoniae (the pneumococcus). Nasopharyngeal carriage of the pneumococcus is a prerequisite for disease and onward transmission across individuals via respiratory
droplets. However, transmission studies are hampered by the lack of clinical datasets that capture the breadth of diversity in
pneumococcal populations and gross under-sampling of transmission networks. Here we utilized a longitudinal birth cohort to
gain insights into the transmission dynamics and determinants of strain sharing of the pneumococcus among Gambian infants
from a rural setting. We show a higher likelihood of sharing genetically similar strains among infants whom lived within 5 km
of each other. Sustained carriage was also associated with living in close proximity. This study adds to our understanding of
the potential importance of spatial proximity for pneumococcal transmission among African infants, which may guide future
interventions to improve control of pneumococcal disease.

METHODS
Study design
The genomes analysed in our study were collected as part of the Sibanor Nasopharyngeal Microbiome (SNM) study, which
collected 1595 nasopharyngeal swab (NPS) specimens from 102 infants (an average of just under 16 swabs per infant) (Table
S2) [20]. Infants were recruited from 21 villages (Table S3) covering an area of 95 km2 in the Western Region of The Gambia
between November 2008 and April 2009 (a maximum of ten infants were recruited per village) as part of a cluster randomized
trial where villages were stratified into three groups. Group 1 consisted of infants from unvaccinated communities where infants
received PCV7 after 6 months, in groups 2 and 3, study participants received three doses of PCV7 at 2, 4 and 6 months, but
were from unvaccinated and vaccinated communities, respectively. The number of infants sampled in each village ranged from
1 to 10 (mean 4.7, median 4). NPSs were collected from the infants bi-weekly from birth to 6 months and then bi-monthly up
until their first birthday. Pneumococcus was cultured and identified in 1258/1595(78.9 %) NPS specimens using conventional
microbiological techniques [20].
Microbiology, DNA extraction and whole genome sequencing
The collection of nasopharyngeal swabs and isolation of pneumococcal colonies were done using standard bacteriologic protocols
as previously described [20]. DNA was extracted from pure fresh overnight cultures of the pneumococcal strains as described
elsewhere [22]. The isolates were sequenced on the Illumina HiSeq 4000 platform to produce 100 bp paired-end reads as part of
the Global Pneumococcal Sequencing project (GPS) (www.pneumogen.net) [23]. The genome data was deposited in the European
Nucleotide Archive (Appendix 2).
Initial handling of paired-end Illumina sequence reads
A total of 1074 genomes were analysed after passing The Sanger Institute’s quality control, which included mapping sequenced
reads to the pneumococcal reference genome (accession number FM211187; ST81, serotype 23F) and robust de novo genome
assembly using an in-house pipeline developed by the Sanger institute [24, 25]. Samples were only included when the overall
sequencing depth was at least ≥20×, reads mapping to ≥60 % of the bases in the reference genome, the assembly length was between
1.9 and 2.3 Mb with no more than 500 contigs, and the number of assembled contigs was ≤500. Additionally, samples suspected
to compose a mixture of two or more pneumococcal strains were excluded if 15 % or more of the variable sites represented
heterozygous SNP sites (over the total SNP sites and >25 % maximum minor allele frequency) were suggestive of a mixture of
two or more pneumococcal strains in one DNA sample and were thus excluded. All assembled genomes were annotated using
Prokka (1.14.5) [26]. PneumoCaT (Pneumococcal Capsule Typing; https://github.com/phe-bioinformatics/PneumoCaT), a
whole-genome-based serotyping method was used to infer serotype in silico. MLST types (STs) were inferred by comparing de
novo contigs against the PubMLST database using blast [24].
Genomic pairwise distance analysis
To mitigate the effects of potential phylogenetic bias we employed a reference free method for computing phylogenetic distances
between isolates [23]. Population Partitioning Using Nucleotide K-mers (PopPUNK) was used to assign strains to Global Pneumococcal Sequence Clusters (GPSCs), based on the international genomic definition of pneumococcal lineages [25]. For all isolates
within a given GPSC, we generated an alignment of core genes using Roary (3.12.0) [27], which was parsed through SNP-sites
to generate an alignment of variable sites from the core-gene alignment [28]. Within each GPSC we computed pairwise genetic
differences for all isolates by counting the number of variable sites using snp-dist (https://github.com/tseemann/snp-dists). The
pairwise SNP distances across all GPSCs were amalgamated into one spreadsheet and annotated with metadata including village
of origin, date of collection, strain serotype and sequence type.
3

Senghore et al., Microbial Genomics 2022;8:000732

Fig. 1. Relationship between pairwise genetic distance of colonizing strains and spatial distance between villages where infants reside. (a) The plot
shows normalized proportion of pairwise comparisons within a given spatial proximity range (three categories:0–5 km, 5–15 km and 15+km) below a
SNP threshold. (b) Distribution of pairwise SNP distances across the three spatial distance ranges. (c) Frequency density distribution of pairwise SNP
distances by spatial distance range. (****=P-value <0.0001).
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Fig. 2. Effect of spatial distance on the dynamics of strain sharing involving infants with sustained colonization, transient colonization or a mixed pair
of infants. (a) Spatial distribution of strains shared between infants with sustained carriage of shared strains, transient colonization in both or a mixed
pair of two infants with sustained and transient carriage respectively. (b–d) Distribution of mean pairwise SNP differences across all variants of the
strain among infant pairs by spatial distance in the three categories: sustained carriers, mixed pairs and transient carriers, respectively. (P-value;
*<0.05; **<0.005; ****<0.0001).
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Fig. 3. Trends in strain sharing across villages. A network of strain sharing across villages, each node represents a village and villages are plotted
based on the GPS latitude and longitude coordinates. Each undirected edge represents strain sharing between the two villages and edges are weighted
based on the number of shared strains. Edges are coloured based on the distance between the villages.

Statistical analysis
Statistical analysis was carried out in R and Graphpad Prism (8.3.0). The R package Vegan (V 2.5–6) was used to calculate the
Shannon Alpha diversity index for each village, based on the number of unique strains in each village as [−Σ log(b)pj] where pj
is the proportional abundance of strain j and b is the base of the logarithm. We used the Haversine formula in the R package
geosphere (V 1.5–10) to calculate the spatial distance between villages based on their GPS coordinates. The unequal numbers
of infants sampled across villages precluded our ability to perform a robust pairwise comparison between villages. Instead, we
aggregated spatial distance into three categories: short distance (0–5 km), medium distance (5–15 km) and long distance (15 km
or more), and studied the dynamics of strain sharing within these three spatial distance radii. We approximated that <5 km is
a walkable distance, 5–15 km is feasible on donkey cart/bicycle distance and longer than that most people would need to use a
motor vehicle. At regular SNP thresholds from 0 to 500 SNPs (0–100 SNPs interval size=5 SNPs, 100–250 interval size=10 SNPs,
250–500 interval size=50), we calculated the proportion of comparisons within each spatial distance range [Nki /Ni] where Nki
is the number of comparisons in distance range k with i or fewer SNPs and Ni is the total number of comparisons within SNP
threshold i. This value was normalized by the total number of comparisons in each distance range k (Nk) and the total number
of comparisons (N):
	

π=

NKi ∗N
Ni ∗Nk 

The change in normalized proportion (π) plotted against the number of pairwise SNPs using the geom_smooth function in ggplot2.

Strain sharing analysis
To investigate the extent to which the degree of genetic relatedness could be considered strain sharing, we computed within host
diversity: the SNP distance table was filtered to only include comparisons where the same strain was recovered from the same
infant at different timepoints. We defined strains based on the serotype and ST, and to avoid redundancy, we chose a random isolate
of each strain in each infant, which yielded a representative subset of 458 genomes. We defined strains as shared if the isolates
had a pairwise SNP distance of 50 SNPs or less in the representative subset. In total, 50 SNPs were set arbitrarily to accommodate
a mean within host pairwise distance of 23 SNPs in both hosts.
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We categorized each strain as a transient or sustained colonizer based on how many times the strain was isolated from the infant;
if the strain was isolated at three or more visits it was defined as sustained colonization and if it was only isolated once or twice
it was defined as transient colonization, regardless of whether they were isolated on successive visits. Each pairwise comparison
was categorized into one of three groups depending on the nature of the colonization in each child:
(1) Sustained–sustained: sustained colonization in both infants;
(2) Sustained–transient: sustained in one infant and transient in the other;
(3) Transient–transient: shared strain was transiently colonized both infants.
A Chi-squared test was implemented to test for a difference in the distribution of sustained, mixed and transient pairs across
spatial distances. Differences in the distribution of mean pairwise distance across the three categories were tested statistically using
a Mann–Whitney U test. To ensure that the pairwise distance was not a random artefact, for each shared strain each, we did an
all vs all pairwise comparison of all isolates of the strain vs all isolates of the same strain in the second infant and computed the
mean pairwise distance between the two infants.

Logistic regression for strain sharing and village network analysis
We implemented a generalized linear logistic regression model to test for an association between an infant residing in a given
village and the odds of a strain being shared. Our binary outcome was whether or not the strain was shared and we computed
the odds ratios for strain sharing in each village while adjusting for whether strains were PCV7 serotypes and how many times
the strain was isolated in the infant. A similar analysis was done to study potential associations between global lineages and
strain sharing.
Phylogenetic analysis
For the most prevalent serotypes a reference from the same or closely related serotype was chosen. Sequencing reads were mapped
to the reference by the Burrows Wheeler Aligner (BWA) and variable sites were called based on at least five reads mapping to
the site and at least 75 % agreement among reads. A consensus sequence was generated using samtools and all the consensus
sequences were concatenated into a multifasta alignment. The multifasta alignment was inputted in Gubbins [29], which identified and excluded recombination regions to reconstruct a high-resolution phylogeny. The phylogenetic trees were visualized in
Microreact with accompanying metadata [30]. To study character states, variable sites were extracted for closely-related strains
and were visualized in Seaview version 4 [31].

RESULTS
The probability of identifying similar strains increased over shorter spatial distances
We identified 71 GPSCs and the most common were GPSC44 (79, 7.4 %), GPSC51 (71, 6.6 %), GPSC60 (66, 6.1 %), GPSC26 (65,
6.1 %), GPSC75 (51, 4.7 %), GPSC81 (50, 4.7 %) and GPSC25 (48, 4.5 %). We showed that a greater proportion of closely related
strains were among infants from proximal villages (within 5 km of each other) (Fig. 1a). Moreover, comparisons involving infants
from the same village or proximal villages had a significantly lower pairwise genetic distance compared to strains recovered over
longer distances (Mann–Whitney U-test, P-value <0.005) (Fig. 1b, c). We went further to define strain sharing as a proxy for
understanding the patterns of transmission in the community. We classified strain sharing based on an arbitrary SNP threshold
of 50 SNPs to accommodate the mean within-host variation among both infants (mean within host diversity 23 SNPs, median
6 SNPs). To avoid redundancy, we chose a random variant of each strain in each infant, which yielded a representative subset of
458 genomes. Among these, 318(69.4 %) were shared with at least one other infant. On average, shared strains were seen in three
other infants (mean 3.47, median 3), and one strain of serotype 15B/C_ST910 in GPSC 27 was shared by 12 infants.
Prolonged colonization with shared strains is more likely across proximal villages
We then tested whether strain sharing involved pneumococci that transiently colonized infants or were long-term/sustained
colonizers, and how this was affected by the spatial distance between the infants. Over half of shared strain pairs involved at least
one infant that had sustained colonization: 35 (6.4 %) pairs involved infants that both had sustained colonization with the shared
strain, 258 (46.7 %) involved one infant with sustained colonization and another infant that was transiently colonized at one or
two timepoints, while 259 (46.9 %) involved two infants that were both transiently colonized by the shared strain. The spatial
distribution of infants sharing strains in these three categories varied significantly (Fig. 2a). Infants were significantly more likely
to carry a sustained and shared strain if they resided in proximal villages (<5 km radius) (odds ratio 3.742, 95 % CI 1.874–7.596 P-
value <0.0005). Conversely, if the infants were both transiently colonized by the shared strain they were significantly more likely
to reside in villages separated by a long distance (over 15 km) (odds ratio 1.501, 95 % CI 1.061 to 2.098, P-value <0.05).
The sustained shared strains were genetically more similar between children residing within a short distance of each other (P-value
<0.005). Overall the mean pairwise distances between shared strain from all timepoints among infant pairs was 19 SNPs (95 % CI
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11.7–25.3, median 12 SNPs) over short distance compared to 49 SNPs over both medium distance (median 40 SNPs, 95 % CI
21.0–77.2) and long distance (median 42 SNPs, 95 % CI 12.4–87.0) (Fig. 2b, c). An example of a strain that was shared and carried
for a sustained duration among infants is 19A_ST10542 (GPSC5). This strain colonized numerous infants from neighbouring
villages II and SS at multiple timepoints, and transiently colonized two other infants from distant villages (EE and GG) (Fig. S1)

Villages are densely connected by strain sharing
We studied the transmission trends between villages by reconstructing a network where nodes were placed based on
the GPS coordinates of the village and each edge was weighted by the number of strains shared between two villages. The
network shows widespread strain sharing across the study area over proximal, medium and long distances (Fig. 3).
The odds of a strain being shared varied significantly based on which village the infant resided (χ2=47.5, df=21,
P-value <0.001).
To identify potential hotspots we ran a logistic regression on a representative subset of 458 genomes, and found that the neighbouring villages D, EE and M were significantly associated with strain sharing (P-value <0.1) (Tables S4 and S5). Out of 458
carriage episodes 62 (13.5 %) expressed a PCV7 serotype and 108 (23.6 %) involved other PCV13 serotypes. Strains belonging
to PCV7 were significantly less likely to be involved in strain sharing after controlling for village (log OR −1.07, P-value <0.001;
χ2=9.78 df=1, P-value=0.002). A potential confounder was that some of the infants were vaccinated early and came from villages
with PCV7 exposure. However, there was no significant difference in the odds ratio for sharing across the three arms of the trial,
despite differences in vaccine exposure for the infants.

DISCUSSION
We studied pneumococcal strain sharing in order to understand the transmission dynamics in The Gambia, a high disease
burden setting. Despite only sampling a handful of infants per village and not having any isolates from close contacts, we were
able to show that children in close proximity to each other were more likely to be involved in strain sharing, but we also show a
considerable amount of strain sharing across longer distances. We interpret this as the consequence of rapid transmission and
dissemination in this setting underpinned by a high force of infection, which begins to explain why Gambian infants are colonized
by the pneumococcus very early in life: colonization rates peak between 2 and 5 months [20, 32]. Pneumococcal transmission
is likely enhanced by viral agents, which we now know are important contributors to acute upper respiratory tract infection in
The Gambia, as well as the dry season, which is characterized by low humidity and dust [33–35]. Additionally, the communal
extended family living arrangements in Gambia increase the infants’ contact rate with other young children and toddlers, who
are the principal drivers of pneumococcal transmission [36, 37].
The longitudinal sampling in this dataset allowed us to go further and determine whether shared strains were being carried at
multiple timepoints or only transiently carried, and how this was related to village proximity. Our dataset included instances
where infants were only transiently colonized by a given strain as well as others where a strain was carried and sustained over
multiple time points (three or more). This was not surprising since both transient and persistent pneumococcal carriage have been
reported in infancy over durations that vary across serotypes [36, 38]. Where we noted strain sharing between a pair of infants,
we were more likely to observe sustained carriage in both infants if they resided within close geographic proximity, whereas a
longer distance separation favoured transient colonization by the shared strain in both infants. In order to sustain carriage in
an infant, a strain must also overcome competition with other microbes within the host and evade the host immune system
[39–41]. Given that proximity enhances sustained carriage by a shared strain and that infants are colonized by multiple strains
over the course of the year, there may be a role for repeated exposure in the sustained carriage of a shared strain. However, this
raises important questions because although we know that concomitant carriage of multiple strains is possible, it is unclear how
many pneumococcal strains can co-exist in the upper respiratory tract at a given time and for how long they can co-exist [40, 42].
Microarray serotyping data from Malawian children showed that 44 % of carriage events had between two and six pneumococcal
serotypes [43]. Furthermore, it is not clear whether infants develop immunity to colonizing strains and how this can affect their
susceptibility to recolonization with the same strain.
Given the lack of genomic datasets powered to infer routes of transmission, our approach to study strain sharing in a
longitudinal intensively sampled population has provided insights into pneumococcal transmission in The Gambia and its
potential determinants. Carriage rates remain high and pneumococcus remains a major cause of morbidity and mortality
in The Gambia, prompting the need to explore novel strategies to curb the burden of disease [2, 3, 44, 45]. Pneumococcal
conjugate vaccines are currently the most effective means of lowering the burden of pneumococcal carriage and disease. In
our study, PCV7 serotypes were significantly less likely to be involved in strain sharing, suggesting an indirect effect due
to study participants and some communities being vaccinated. However, the overall rates of strain sharing did not vary
significantly between communities that were exposed to vaccination compared to unvaccinated communities. This may be
linked to the fact that conjugate vaccines only target a limited number of serotypes (currently up to 13) and the benefits of
eliminating vaccine serotypes can be undermined by the increased prevalence of non-vaccine serotypes and non-typeable
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strains [20, 46, 47], which may lead to replacement disease. Our previous analysis showed that in carriage, PCV7 serotypes
were immediately replaced by non-PCV7 serotypes following vaccination [20]. Reductions in the incidence of invasive
disease caused by the pneumococcus and other respiratory pathogens associated with the restrictions and other measures
rolled during the CoVID-19 pandemic may provide insights into non-vaccine-based control strategies [48]. Interventions to
disrupt overall pneumococcal transmission may be necessary to complement ongoing vaccination efforts, but this requires
further understanding of the transmission dynamics in our setting.
Finally, our data suggests that transmission is likely widespread in The Gambia and occurs more frequently between proximal
villages. However, further evidence is needed to enable us to confidently model the spread of pneumococcal strains through
space and time. Future work, beyond the scope of this project could combine pathogen genomics with human mobility
data by partnering with Google, social media or mobile phone companies, to model the expected spread of pneumococcal
strains between communities [49]. These approaches may be particularly useful in the use of carriage surveys to predict the
trajectory of pneumococcal meningitis outbreaks that occur periodically in the African meningitis belt [22, 50]. Another
interesting relationship that warrants further investigation is the relationship between the transmissibility of pneumococcal
strains and virulence [5, 6]. Opportunistic pathogens like the pneumococcus challenge the dogma of standard virulence
evolution theory that increased virulence is naturally selected for and therefore virulent strains are more likely to transmit
and proliferate [51]. Studies of virulence evolution in the pneumococcus have focused on invasiveness and the role of known
virulence factors [52–54]. Going forward it will be useful to design studies that encompass contemporaneous carriage and
invasive disease datasets so we can assess the relationship between the transmissibility of strains and their propensity to
cause invasive disease.

STUDY LIMITATIONS
The main limitation of this study was that it was not designed to study transmission, therefore important links in transmission chains are likely to have been missed. When we set an arbitrary threshold, we did not account for variable clock rates
in different lineages. A further limitation is that we only picked one colony per NPS specimen, we probably underestimate
strain sharing because we did not pick multiple colonies. We also have not accounted for time and age of the infants.
Funding information
The study was funded by the Medical Research Council Unit The Gambia at the London School of Hygiene and Tropical Medicine (MRCG@LSHTM).
Whole-genome sequencing services were provided through the GPS project funded by the Bill and Melinda Gates Foundation (grant code OPP1034556).
Acknowledgements
We would like to acknowledge the infants and their families who participated in this study. We are grateful for the financial support from the MRCG@
LSHTM and The Bill and Melinda Gates foundation. The Research Molecular Microbiology Team at MRCG@LSHTM and the Sanger Institute made
immeasurable contributions to this work. We thank Bénédicte Gnanon, Rene Niehus, Nishant Kishore and Christine Tedijanto at the Center for Communicable Disease Dynamics for making valuable suggestions and contributions that improved the analysis pipeline and the drafting of sections of the
manuscript.
Author contributions
B.K.A., M.A. and R.A. conceptualized the SNM study and conducted the field and sample collection activities. The Global Pneumococcal Sequencing
project was conceptualised and conducted by K.P.K., R.F.B., S.D.B. and L.M. The pneumococcal bacteriology and nucleic acid purification were performed
by P.E.T., E.F.N., F.C. and C.O. The whole-genome assembly and genome annotations were performed by S.W.L., and R.A.G., M.S., W.H. and B.K.A. conceptualized and carried out the data analysis with help from C.C., E.B., R.E.B. and A.W. M.S., W.H. and B.K.A. prepared the initial draft of the manuscript. All
authors reviewed the manuscript.
Conflicts of interest
The authors declare that there are no conflicts of interest.
Ethical statement
The study protocol was approved by the Joint Medical Research Council Unit the Gambia/Gambia Government Ethics Committee (approval number
SCC1108). Prior to enrolling participants into the study, written informed consent was sought from the parent or legal guardian of each child.

4. Hill PC, Townend J, Antonio M, Akisanya B, Ebruke C, et al. Transmission of Streptococcus pneumoniae in rural Gambian villages: a
longitudinal study. Clin Infect Dis 2010;50:1468–1476.

References
1. Bogaert D, De Groot R, Hermans PWM. Streptococcus pneumoniae
colonisation: the key to pneumococcal disease. Lancet Infect Dis
2004;4:144–154.
2. Usuf E, Bottomley C, Adegbola RA, Hall A, Trotter CL. Pneumococcal carriage in Sub-Saharan Africa—A systematic review. PLoS
ONE 2014;9:e85001.
3. Lloyd-Evans N, O’Dempsey TJ, Baldeh I, Secka O, Demba E, et al.
Nasopharyngeal carriage of pneumococci in Gambian children and
in their families. Pediatr Infect Dis J 1996;15:866–871.

5. Read AF. The evolution of virulence. Trends Microbiol 1994;2:73–76.
6. Bull JJ.VIRULENCE. Evolution John Wiley & Sons, Ltd 1994;48:1423–1437.
7. Ypma RJF, Bataille AMA, Stegeman A, Koch G, Wallinga J, et al.
Unravelling transmission trees of infectious diseases by combining
genetic and epidemiological data. Proc Biol Sci 2012;279:444–450.
8. De Maio N, Worby CJ, Wilson DJ, Stoesser N, Koelle K. Bayesian
reconstruction of transmission within outbreaks using genomic
variants. PLoS Comput Biol 2018;14:e1006117.

9

Senghore et al., Microbial Genomics 2022;8:000732

9. Didelot X, Fraser C, Gardy J, Colijn C. Genomic infectious disease
epidemiology in partially sampled and ongoing outbreaks. Mol Biol
Evol 2017;34:997–1007.
10. Stimson J, Gardy J, Mathema B, Crudu V, Cohen T, et al. Beyond the
SNP threshold: identifying outbreak clusters using inferred transmissions. Mol Biol Evol 2019;36:587–603.
11. Worby CJ, Lipsitch M, Hanage WP. Within-host bacterial diversity
hinders accurate reconstruction of transmission networks from
genomic distance data. PLoS Comput Biol. Public Library of Science
2014;10:e1003549.
12. Leitner T. Phylogenetics in HIV transmission: taking within-host
diversity into account. Curr Opin HIV AIDS 2019;14:181–187.
13. Lee RS, Proulx J-. F, McIntosh F, Behr MA, Hanage WP. Previously undetected super-spreading of Mycobacterium tuberculosis
revealed by deep sequencing. eLife. eLife Sciences Publications
Limited 2020;9
14. Hall MD, Holden MT, Srisomang P, Mahavanakul W, Wuthiekanun V,
et al. Improved characterisation of MRSA transmission using within-
host bacterial sequence diversity. eLife. eLife Sciences Publications
Limited 2019;8:8.
15. Campbell F, Cori A, Ferguson N, Jombart T, Pitzer VE. Bayesian
inference of transmission chains using timing of symptoms, pathogen genomes and contact data. PLoS Comput Biol
2019;15:e1006930.
16. Bhutta ZA, Sommerfeld J, Lassi ZS, Salam RA, Das JK. Global
burden, distribution, and interventions for infectious diseases of
poverty. Infect Dis Poverty 2014;3:21.
17. Ombelet S, Ronat J-B, Walsh T, Yansouni CP, Cox J, et al. Clinical
bacteriology in low-resource settings: today’s solutions. Lancet
Infect Dis 2018;18:e248–e258.
18. Croucher NJ, Finkelstein JA, Pelton SI, Mitchell PK, Lee GM,
et al. Population genomics of post-
vaccine changes in pneumococcal epidemiology. Nat Genet. Nature Publishing Group
2013;45:656–663.
19. Chang H-. H, Dordel J, Donker T, Worby CJ, Feil EJ, et al. Identifying
the effect of patient sharing on between-hospital genetic differentiation of methicillin-resistant Staphylococcus aureus. Genome
Med 2016;8:10–18.
20. Kwambana-Adams B, Hanson B, Worwui A, Agbla S, Foster-Nyarko E,
et al. Rapid replacement by non-vaccine pneumococcal serotypes
may mitigate the impact of the pneumococcal conjugate vaccine on
nasopharyngeal bacterial ecology. Sci Rep Nature Publishing Group
2017;7:8127–11.
21. Lourenço J, Obolski U, Swarthout TD, Gori A, Bar-Zeev N, et al.
Determinants of high residual post-PCV13 pneumococcal vaccine-
type carriage in Blantyre, Malawi: a modelling study. BMC Med
BioMed Central 2019;17:219–11.
22. Kwambana-Adams BA, Asiedu-Bekoe F, Sarkodie B, Afreh OK,
Kuma GK, et al. An outbreak of pneumococcal meningitis among
older children (≥5 years) and adults after the implementation of
an infant vaccination programme with the 13-
valent pneumococcal conjugate vaccine in Ghana. BMC Infect Dis. BioMed Central
2016;16:575.
23. Gladstone RA, Lo SW, Lees JA, Croucher NJ, van Tonder AJ, et al.
International genomic definition of pneumococcal lineages, to
contextualise disease, antibiotic resistance and vaccine impact.
EBioMedicine 2019;43:338–346.
24. J. Page A, Taylor B, A. Keane J. Multilocus sequence typing by blast
from de novo assemblies against PubMLST. J Open Source Softw
2016;1:118.
25. Lees JA, Harris SR, Tonkin-Hill G, Gladstone RA, Lo SW, et al.
Fast and flexible bacterial genomic epidemiology with PopPUNK.
Genome Res 2019;29:304–316.
26. Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics 2014;30:2068–2069.
27. Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, et al. Roary:
rapid large-scale prokaryote pan genome analysis. Bioinformatics
2015;31:3691–3693.

28. Page AJ, Taylor B, Delaney AJ, Soares J, Seemann T, et al. SNP-
sites: rapid efficient extraction of SNPs from multi-FASTA alignments. Microb Genom 2016;2:e000056.
29. Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, et al.
Rapid phylogenetic analysis of large samples of recombinant
bacterial whole genome sequences using Gubbins. Nucleic Acids
Res 2015;43:e15-5.
30. Argimón S, Abudahab K, Goater RJE, Fedosejev A, Bhai J, et al.
Microreact: visualizing and sharing data for genomic epidemiology
and phylogeography. Microb Genom 2016;2:e000093.
31. Gouy M, Guindon S, Gascuel O. SeaView version 4: a multiplatform
graphical user interface for sequence alignment and phylogenetic
tree building. Mol Biol Evol 2010;27:221–224.
32. Kwambana BA, Barer MR, Bottomley C, Adegbola RA, Antonio M.
Early acquisition and high nasopharyngeal co-
colonisation by
Streptococcus pneumoniae and three respiratory pathogens
amongst Gambian new-
borns and infants. BMC Infect Dis
2011;11:1.
33. Jusot J-F, Neill DR, Waters EM, Bangert M, Collins M, et al. Airborne
dust and high temperatures are risk factors for invasive bacterial
disease. J Allergy Clin Immunol 2017;139:977–986.
34. Mackenzie GA, Vilane A, Salaudeen R, Hogerwerf L, van den Brink S,
et al. Respiratory syncytial, parainfluenza and influenza virus infection in young children with acute lower respiratory infection in
rural Gambia. Sci Rep 2019;9:17965–10.
35. Numminen E, Chewapreecha C, Turner C, Goldblatt D, Nosten F,
et al. Climate induces seasonality in pneumococcal transmission.
Sci Rep 2015;5:11344–15.
36. Hill PC, Cheung YB, Akisanya A, Sankareh K, Lahai G, et al. Nasopharyngeal carriage of Streptococcus pneumoniae in Gambian
infants: a longitudinal study. Clin Infect Dis 2008;46:807–814.
37. Althouse BM, Hammitt LL, Grant L, Wagner BG, Reid R, et al.
Identifying transmission routes of Streptococcus pneumoniae and
sources of acquisitions in high transmission communities. Epidemiol Infect 2017;145:2750–2758.
38. Tigoi CC, Gatakaa H, Karani A, Mugo D, Kungu S, et al. Rates of
acquisition of pneumococcal colonization and transmission probabilities, by serotype, among newborn infants in Kilifi District,
Kenya. Clin Infect Dis 2012;55:180–188.
39. Numminen E, Cheng L, Gyllenberg M, Corander J. Estimating the
transmission dynamics of Streptococcus pneumoniae from strain
prevalence data. Biom. John Wiley & Sons, Ltd2013;69:748–757.
40. Kamng’ona AW, Hinds J, Bar-Zeev N, Gould KA, Chaguza C, et al.
High multiple carriage and emergence of Streptococcus pneumoniae vaccine serotype variants in Malawian children. BMC Infect Dis
2015;15:234–11.
41. Soininen A, Pursiainen H, Kilpi T, Käyhty H. Natural development of
antibodies to pneumococcal capsular polysaccharides depends on
the serotype: association with pneumococcal carriage and acute
otitis media in young children. J Infect Dis 2001;184:569–576.
42. Brugger SD, Frey P, Aebi S, Hinds J, Mühlemann K, et al. Multiple
colonization with S. pneumoniae before and after Introduction
of the seven-
valent conjugated pneumococcal polysaccharide
vaccine. PLoS ONE 2010;5:e11638.
43. Swarthout TD, Gori A, Bar-Zeev N, Kamng’ona AW, Mwalukomo TS,
et al. Evaluation of pneumococcal serotyping of nasopharyngeal-
carriage isolates by latex agglutination, whole-genome sequencing
(PneumoCaT), and DNA microarray in a high-
pneumococcal-
carriage-
prevalence population in Malawi. J Clin Microbiol
2020;59:e02103-20.
44. Mackenzie GA, Hill PC, Jeffries DJ, Hossain I, Uchendu U, et al.
Effect of the introduction of pneumococcal conjugate vaccination
on invasive pneumococcal disease in The Gambia: a population-
based surveillance study. Lancet Infect Dis 2016;16:703–711.
45. Pneumonia Etiology Research for Child Health (PERCH) Study
Group. Causes of severe pneumonia requiring hospital admission
in children without HIV infection from Africa and Asia: the PERCH
multi-country case-control study. Lancet 2019;394:757–779.

10

Senghore et al., Microbial Genomics 2022;8:000732

50. Leimkugel J, Adams Forgor A, Gagneux S, Pflüger V, Flierl C, et al.
An outbreak of serotype 1 Streptococcus pneumoniae meningitis in
Northern Ghana with features that are characteristic of Neisseria
meningitidis meningitis epidemics. J Infect Dis 2005;192:192–199.
51. Brown SP, Cornforth DM, Mideo N. Evolution of virulence in opportunistic pathogens: generalism, plasticity, and control. Trends
Microbiol 2012;20:336–342.
52. Hanage WP, Kaijalainen TH, Syrjänen RK, Auranen K, Leinonen M,
et al. Invasiveness of serotypes and clones of Streptococcus pneumoniae among children in Finland. Infect Immun 2005;73:431–435.
53. Yamaguchi M, Goto K, Hirose Y, Yamaguchi Y, Sumitomo T, et al.
Identification of evolutionarily conserved virulence factor by selective pressure analysis of Streptococcus pneumoniae. Commun Biol
2019;2:96.
54. Browall S, Norman M, Tångrot J, Galanis I, Sjöström K, et al. Intraclonal variations among Streptococcus pneumoniae isolates influence the likelihood of invasive disease in children. J Infect Dis
2014;209:377–388.

46. Lipsitch M. Bacterial vaccines and serotype replacement: lessons
from haemophilus influenzae and prospects for Streptococcus
pneumoniae. Emerg Infect Dis 1999;5:336–345.
47. Usuf E, Bottomley C, Bojang E, Cox I, Bojang A, et al. Persistence of
nasopharyngeal pneumococcal vaccine serotypes and increase of
nonvaccine serotypes among vaccinated infants and their mothers
5 years after introduction of pneumococcal conjugate vaccine 13 in
The Gambia. Clin Infect Dis 2019;68:1512–1521.
48. Brueggemann AB, Jansen van Rensburg MJ, Shaw D, McCarthy ND,
Jolley KA, et al. Changes in the incidence of invasive disease due to
Streptococcus pneumoniae, Haemophilus influenzae, and Neisseria
meningitidis during the COVID-19 pandemic in 26 countries and
territories in the Invasive Respiratory Infection Surveillance Initiative: a prospective analysis of surveillance data. Lancet Digit Health
2021:e360–e370.
49. Wesolowski A, Buckee CO, Engø-Monsen K, Metcalf CJE. Connecting
mobility to infectious diseases: the promise and limits of mobile
phone data. J Infect Dis 2016;214:S414–S420.

Five reasons to publish your next article with a Microbiology Society journal
1.
2.
3.
4.
5.

The Microbiology Society is a not-for-profit organization.
We offer fast and rigorous peer review – average time to first decision is 4–6 weeks.
Our journals have a global readership with subscriptions held in research institutions around
the world.
80% of our authors rate our submission process as ‘excellent’ or ‘very good’.
Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.

11

