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Background. Different clinical manifestations of invasive pneumococcal disease (IPD) have thus far mainly been explained by
patient characteristics. Here we studied the contribution of pneumococcal genetic variation to IPD phenotype.

Methods. 'The index cohort consisted of 349 patients admitted to 2 Dutch hospitals between 2000-2011 with pneumococcal
bacteremia. We performed genome-wide association studies to identify pneumococcal lineages, genes, and allelic variants associated
with 23 clinical IPD phenotypes. The identified associations were validated in a nationwide (n = 482) and a post-pneumococcal vac-
cination cohort (n = 121). The contribution of confirmed pneumococcal genotypes to the clinical IPD phenotype, relative to known
clinical predictors, was tested by regression analysis.

Results. Among IPD patients, the presence of pneumococcal gene slaA was a nationwide confirmed independent predictor of
meningitis (odds ratio [OR], 10.5; P = .001), as was sequence cluster 9 (serotype 7F: OR, 3.68; P = .057). A set of 4 pneumococcal
genes co-located on a prophage was a confirmed independent predictor of 30-day mortality (OR, 3.4; P =.003). We could detect the
pneumococcal variants of concern in these patients’ blood samples.

Conclusions. In this study, knowledge of pneumococcal genotypic variants improved the clinical risk assessment for detrimen-
tal manifestations of IPD. This provides us with novel opportunities to target, anticipate, or avert the pathogenic effects related to
particular pneumococcal variants, and indicates that information on pneumococcal genotype is important for the diagnostic and
treatment strategy in IPD. Ongoing surveillance is warranted to monitor the clinical value of information on pneumococcal variants
in dynamic microbial and susceptible host populations.

Keywords. invasive pneumococcal disease; bacterial genomics; genome-wide association study; clinical prediction; molecular
diagnostics.

Streptococcus pneumoniae is well equipped to colonize and
transmit from the human nasopharynx. Invasive pneumococ-
cal disease (IPD) is a threat to both the patient as well as the
pneumococcus [1]. It occurs nonetheless, and is a major cause
of morbidity and mortality worldwide [2]. The variety in clin-
ical presentations across IPD patients is considerable and not
fully explained by host factors alone [3]. It is therefore of inter-
est to investigate whether it matters which pneumococcal vari-
ant happens to proliferate in the body.
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Invasive disease includes ongoing presence of bacteria in blood
and other sterile body sites such as the pleural cavity and cere-
brospinal fluid (CSF), corresponding with bacteremia, empyema,
and meningitis, respectively. The main reason for these phenom-
ena to occur is an insufficient host defense [4-6]. Although “inva-
sive” pneumococcal traits have been suggested as well [7, 8], the
large variety of pneumococci retrieved from IPD and the replace-
ment of serotypes observed after the introduction of pneumococ-
cal conjugate vaccines (PCVs) temper the relative importance of
pneumococcal variation as determinant of invasion [9, 10].

Yet, patients who have acquired pneumococci in their blood-
stream do not always develop sepsis, and clinical presentations
vary from mild respiratory disease to imminent death [11].
Aside from the classical vulnerable elderly patient who slowly
recovers from pneumococcal pneumonia upon in-hospital
treatment, IPD can manifest at all ages, in a range of body sites,
with varying severity and sequelae. It is important to understand
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the origins of this diversity. Despite the introduction of uniform
clinical guidelines and vaccines, the global pneumococcal dis-
ease burden remains high [9, 12, 13], and patients may benefit
from more tailored adjunctive measures targeting the effects
of specific pneumococcal variants once these have become
involved in invasive disease [14].

The diversity in pneumococcal variants, illustrated by the many
different capsular serotypes, has long been appreciated in pneu-
mococcal vaccination and surveillance. Previous serotype-based
studies indicate that there is a relationship between the type of
pneumococcus and particular clinical manifestations of IPD [15].
However, S. pneumoniae is a naturally competent organism that
fosters genetic recombination via transformation not only at the
region that encodes the capsular serotype, but throughout its
entire genome [16]. This mechanism has enabled pneumococci to
accept and delete genetic variations over time, and has led to high
genome-wide diversity across pneumococcal populations [17].

Here we studied whether genome-wide pneumococcal vari-
ants were associated with clinical manifestations of human IPD
in naturally occurring nonselected patient populations.

METHODS

Three Clinical Cohorts

The index cohort consisted of 349 patients diagnosed with
a pneumococcal bacteremia admitted to 2 Dutch hospitals
between January 2000 and June 2011. For the geographical val-
idation cohort, 482 adults with IPD admitted to 20 other Dutch
hospitals (having blood cultures assessed in 9 sentinel labora-
tories) between June 2004 and December 2006 and June 2008
and May 2012 (periods for which clinical metadata were avail-
able) were randomly selected from the National Surveillance
Database [18, 19]. The temporal validation cohort was collected
from one index hospital, and consisted of 121 pneumococcal
bacteremia patients hospitalized between November 2012 and
February 2016. In the latter cohort, the distribution of pneu-
mococcal serotypes had markedly changed since the introduc-
tion of PCVs in the Dutch national immunization program for
infants (7-valent PCV in 2006, 10-valent PCV in 2011). This
observational study was approved by the medical ethical com-
mittees of the participating hospitals.

Clinical data were collected from medical charts. Differences
in comparison to the index cohort were tested with a 2-sided
Student ¢ test or Mann-Whitney U test depending on whether
the variable was normally distributed. Differences in nomi-
nal variables were tested by 2-sided ¥’ test (Fisher exact if <10
cases in any cell). Handling of pneumococcal blood isolates is
described in Supplementary Methods 1.

Clinical Variables

Clinical variables were collected for 2 purposes. Initially, their
univariate association with genetic pneumococcal variants was
tested. Finally, to assess the relative importance of a validated

genetic pneumococcal variant, clinical determinants were
adjusted for in a diagnostic model that predicts a particular
manifestation of IPD. For all 3 cohorts, clinical data were ret-
rospectively collected from medical charts using a standard
data collection form, and registered with patient identifiers in
a secured source file. In a separate working file, labeled clin-
ical data were stored together with the nonidentifying study
code assigned to each IPD case included. Cases were included if
S. pneumoniae was isolated from culture of CSF or blood.

Clinical data collected for all 3 cohorts included several dates
(of birth, admission, collection of first blood culture positive
for S. pneumoniae, discharge, transfer, or in-hospital death),
sex, diabetes mellitus, cancer (actual malignant neoplasm),
immunocompromising therapy (use of systemic corticosteroids
or chemotherapeutic agents), cough (as reported or observed
at admission), clinical diagnosis (pneumonia, meningitis, and
unknown focus of infection as reported by the attending phy-
sician; pleural effusion as reported by the attending radiologist;
empyema if S. pneumoniae was isolated from pleural fluid cul-
ture; pneumonia, empyema, and meningitis were not mutually
exclusive). The following clinical data were only collected for
patients admitted to the index hospitals: Charlson comorbidity
score (calculated for cases 218 years old), chronic obstructive
pulmonary disease, cardiovascular disease (history of either
hypertension, myocardial infarction, myocardial insufficiency,
claudicatio intermittens, vasculitis, vascular stents, heart cathe-
terization, atrial fibrillation, or hypercholesterolemia), antibiot-
ics prior to admission (within preceding week either in context
of separate medical issue or for current infection), systemic
inflammatory response syndrome (SIRS) variables (percentage
of immature neutrophils not accounted for), blood C-reactive
protein (CRP) level and leukocyte count, and pneumonia sever-
ity index (PSI) risk class (calculated for cases >18 years old who
suffered from pneumonia, formatted into PSI risk class, and
stratified to PSI risk class 1-2 vs 3-5 for the genome-wide asso-
ciation study [GWAS] analyses). CRP, leukocytes, and other
chemistry results included in clinical algorithms were required
to be collected at the day of admission, except for bilirubin and
albumin during the corresponding hospital stay. Derived clin-
ical variables included age, date of infection as date of blood
culture collection, influenza season as defined annually from
the first to the last week with >5 reported influenza cases in
the Netherlands as reported by the World Health Organization
FluNet (http://apps.who.int/flumart/), sepsis if at least 2 SIRS
criteria fulfilled, time to death in days from admission until
in-hospital death, 30-day mortality as in hospital death within
30 days from admission, and early death as in hospital death
within 48 hours from admission.

If within-hospital follow-up was incomplete due to transfer to
a nonparticipating hospital, the case was excluded from analy-
ses concerning clinical course during hospital stay. Missing data
were not replaced. Data were considered to be missing if the
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corresponding section in the medical chart was not completed. PSI
risk class was only considered valid and reported if 216 included
variables were known. All other clinical algorithms were reported
only if missing variables did not influence case classification.

Genomic Analyses in the Index Cohort

Whole genome sequencing and assembly, as well as determina-
tion of orthologous genes (OGs), functional annotations, core
genome, population phylogeny, and population structure (ie,
the identification of genetically diverged subpopulations, which
are called sequence clusters [SCs]) were performed for the 349
isolates from the index cohort as previously described [10]. In
brief, isolates were sequenced on the Illumina HiSeq 2000 plat-
form. Genome assemblies were created using the Sanger Institute
genome assembly pipeline and were deposited at the European
Nucleotide Archive under study number ERP001789. Isolate-
specific sample accession number, serotype, sequence cluster,
and multilocus sequence type are provided in Supplementary
Data 1. After annotation using Prokka and identification of
clusters of orthologous groups using TribeMCL, an alignment
of ribosomal genes was established, supplemented with core
OGs that followed the distribution of these ribosomal genes in
their maximum likelihood phylogeny. From this alignment, we
derived both a phylogenetic tree using the RAXML program as
well as the SCs predicted using hierBAPS (Bayesian analysis of
population structure).

The relationship between SC and 23 clinical characteristics of
IPD patients was explored by stepwise regression analysis with
SC variable entry set at 0.05, and removal at 0.05 for logistic and
at 0.1 for linear regression.

We performed 2 different GWASs in the index cohort. First,
we investigated the relationship between the presence of each
individual OG on the accessory pneumococcal genome and
the clinical IPD phenotype. For this analysis, OGs present in
<98% and >2% of cases were selected. Associations with binary
clinical variables were assessed by Fisher exact test with cluster
permutation and by Cochran-Mantel-Haenszel analyses imple-
mented in PLINK [20]. The SC was introduced as a nominal
covariate to adjust for population structure, and P values were
false discovery rate—corrected to adjust for multiple testing by
the Benjamini-Hochberg procedure. Second, we investigated
the relationship between any allelic variant present anywhere
on the genome and the clinical IPD phenotype. K-mers (DNA
words of 10-99 base pairs) were identified from draft assem-
blies by distributed string mining, and subsequently filtered for
adjacent bases having a different frequency support vector in
the study cohort, and for being associated with each phenotype
at P < 1 x 107 in univariate x* testing. Associations between
the selected k-mers and binary clinical IPD phenotypes were
assessed by sequence element enrichment (SEER) analysis [21],
including correction for population structure by multidimen-
sional scaling using a random subset of k-mers. The origin of

k-mers was determined by alignment to the annotated draft
genomes of the index cohort with complete coverage and iden-
tity using BLAST. To adjust for testing millions of anticipated
k-mers, the significance threshold was set at 1 x 10,

Validation of Associations

We aimed to validate a selection of the identified OGs that were
significantly and lineage-independently associated with a clin-
ical IPD phenotype, in a nationwide cohort. In the temporal
validation cohort, the number of identified genes evaluated was
constrained by the number of cases in that collection period.
The sample size of the validation cohorts was calculated to
detect the index differences with a power of at least 0.8 and a of
.05 in a 1-sided fashion. Because the similarity in distribution of
phenotypes and OGs in the validation cohorts was uncertain,
the significance threshold for validation was set at 0.1.

To determine the presence of the OGs of interest in pneumo-
coccal genomes in the validation cohorts, primers were designed
and validated based on the index cohort using a real-time fluo-
rescent read-out as detailed in Supplementary Methods 2.

Confirmed Pneumococcal Genotypes

Co-occurrence of confirmed genotypes with other sequence vari-
ants was determined by Pearson correlation. Co-localization of
confirmed OGs with bacteriophages was assessed by identification
of predicted prophage sequences in the draft genomes of the index
cohort using the PHASTER (phage search tool enhanced release)
program [22]. Sequence variation within the confirmed OGs and
prophages was expressed in size, guanine—cytosine (GC) content,
and pairwise distances calculated from amino acid alignments
using MEGA (molecular evolutionary genetics analysis) 7 software.

Clinical Relevance

The relative contribution of the identified pneumococcal gen-
otypes (SCs, confirmed OGs, or k-mers) to the clinical IPD
phenotype in relation to well-known clinical predictors was
assessed by multivariate logistic regression analysis. Clinical
variables entered into the model for meningitis were age (per
year unit) and cough; for 30-day mortality: Charlson comor-
bidity score, meningitis, and pneumonia; for 30-day mortality
among pneumonia cases: Charlson comorbidity score and the
PSI risk class.

To explore clinical detection of pneumococcal variants
during IPD, stored serum samples collected from IPD patients
at day 0-3 of hospitalization were retrieved from -40°C. We
selected those serum samples on which capsular sequence typ-
ing had previously been successful [23, 24]. DNA was isolated
from 100 pL of serum using the Qiagen DNeasy Blood and tis-
sue kit. The OG validation polymerase chain reaction (PCR)
assays were performed in duplicate using 8 uL of template DNA
and 50 amplification cycles.

Unless stated otherwise, significance thresholds were set at .05.

Clinical Value of Pneumococcal Genomics « CID 2019:68 (1 January) « 63

610z Alenuer gz Uo Josn Jyoauin YooulolqIGSHENSISAIUN Aq £/69661/19/1/89AVBISGR-8]oIHE/PIo/Woo"dNo-olWspede//:Ssdpy Woly pepeojumod


http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy417#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy417#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciy417#supplementary-data

RESULTS

Three Clinical Cohorts

Although the geographical validation cohort largely overlapped
with the study period of the index cohort, its serotype distri-
bution was somewhat different (Supplementary Figure 1). The
temporal validation cohort was included to monitor identi-
fied associations in changing populations. In this cohort, the
patient characteristics of IPD cases had altered as compared to
the index cohort, and serotypes clearly changed in response to
pneumococcal vaccination. However, the distribution of IPD
syndromes and outcomes had remained stable over time.

Genomic Analyses in the Index Cohort
Of the 23 explored clinical manifestations of IPD, 87%
appeared to be associated with 1 or more pneumococcal SCs
(Supplementary Table 1), demonstrating the importance of cor-
rection for population structure in subsequent GWAS analyses.
In the first GWAS, we examined the relationship between
the presence of individual OGs in the accessory pneumococ-
cal genome and clinical IPD phenotype. Independently from
SC, 68 of the 1127 selected pneumococcal OGs were associated
with 9 different clinical IPD phenotypes (Supplementary Data
2, and most pronounced associations displayed in Figure 1).
Another method was used to identify genome-wide associ-
ations between any allelic variant, or k-mer, present anywhere
on the genome and clinical IPD phenotype. The identified
k-mers had nucleotide sequences that aligned with members of
up to 6 different OGs. None of the 1.5 x 10’ identified unique
k-mers met the genome wide significance threshold in their
SC-independent association with clinical IPD phenotypes
(Supplementary Table 2). Despite this, certain OGs were over-
represented as they contained multiple variable regions related
to a particular phenotype (Supplementary Table 3).

Validation of Associations

Only associations with OGs were taken into validation, because
validation of associations with SCs and k-mers would have
required fully sequenced clinical validation cohorts. OG_17
was considered to be a proxy for OG_761 because of their
consistency in the index cohort. PCR assays were successfully
established for 8 of 10 OGs selected for validation (reasons
detailed in Supplementary Methods 3). The sample size of the
temporal validation cohort only allowed for validation of the
OGs associated with 30-day mortality (Supplementary Table 4).
All diluted templates from isolates in both validation cohorts
(n = 603) were positive for the gyrA pneumococcal housekeep-
ing gene with a cycle threshold value of 24 + 2. Out of the 9
OG-phenotype combinations from the index cohort tested,
4 could be replicated in the geographical validation cohort
(Figure 2). The presence of OG_2721 was again positively asso-
ciated with meningitis (P = .003; 8/27 vs 40/455), while the
presence of OG_17, OG_675, and OG_58 (at P values of .086,

.055, and .090 respectively; on average 38/216 vs 33/265) were
again positively associated with 30-day mortality.

Confirmed Pneumococcal Genotypes

The confirmed OG_2721 related to meningitis was functionally
annotated as slaA coding for phospholipase A2, and showed
invariable anti-occurrence with OG_416 (a predicted mem-
brane protein) and OG_679 (ABC transporter) in the genomes
of the index cohort. The 3 confirmed OGs related to 30-day
mortality were annotated as phage proteins (OG_17 specified as
pbIB encoding a prophage tail fiber protein), and showed high
co-occurrence with each other in all 3 cohorts (Supplementary
Figure 2). In the index cohort, all pbIB homologues were located
either within borders of predicted prophage elements, or located
near contig breaks or on short contigs, thus representing circum-
stances under which prophage elements cannot be identified
from draft genomes. While all sequences of slaA were identical,
the other OGs showed large variation (Supplementary Figure 3).
Within pbIB and OG_58 the number of pairwise amino acid
positions exceeded the number of amino acids encoded by their
largest sequence member. This suggests genetic mosaicism,
which is typical for bacteriophage genes. In the distribution
of the confirmed OGs in the pneumococcal populations, pbIB
was taken as a proxy for its joint prophage vector shared with
0G_761, OG_675, and OG_58 (Supplementary Figure 4). In
addition to presence, the number of open reading frames per
OG present in an isolate also strongly correlated between these 4
OGs. The distribution of slaA and pblB across various serotypes
and SCs confirms that these are lineage-independent, which jus-
tifies the omission of correction for pneumococcal population
structure in the validation studies. While all confirmed OGs
were present in both vaccine and nonvaccine serotypes, the rel-
ative occurrence of slaA in IPD cases remained stable over time,
yet pblB waned.

Clinical Relevance

Relative to known clinical predictors of meningitis and
30-day mortality, pneumococcal SCs and OGs were still
major independent determinants of these phenotypes
(Table 1). To illustrate, for patients outside the high PSI
risk class, 30-day mortality was 11% in the pblB-positive
group compared to <1% in the pbIB-negative group (odds
ratio, 13.3).

SlaA associated with meningitis was correctly only detected
by PCR in serum from patient PBCNO0382 (Table 2). For
30-day mortality, OG_675 was most accurately and consist-
ently identified in serum from patients with low pneumococ-
cal DNA loads.

DISCUSSION

Through comparative genomics, we identified genetic pneumo-
coccal variants (SCs and OGs) to be contributory determinants
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Figure 1. Clinical invasive pneumococcal disease (IPD) phenotypes with associated orthologous pneumococcal genes in the index cohort. Rows represent 349 IPD cases
and corresponding pneumococcal blood isolates. The tree on the left represents their relative phylogenetic position based on single-nucleotide polymorphisms in the core
genome, in which the identified sequence clusters (in bold) with their predominant serotypes (within square brackets) are highlighted. The columns represent the presence
(filled) or absence (empty) of clinical IPD phenotypes and their associated pneumococcal orthologous genes (OGs) with annotation at the top. Maximally 4 associations
that passed Fisher exact with P< .01 and were independent of population structure are displayed. The OGs selected for subsequent validation in 2 additional cohorts are
indicated by an arrow. Abbreviations: COPD, chronic obstructive pulmonary disease; PSI, pneumonia severity index; SC, sequence cluster.
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Table 1. Optimized Prediction Models for Meningitis and 30-Day
Mortality

Phenotype Determinant OR (95% CI) P Value
Meningitis Cough 0.06 (.02-.22) 9x10°
0G_2721 slaA 10.5 (2.61-42.30) .001
Age 097 (.94-99) .006
SC9 (serotype 7F) 3.68  (.96-14.05) .057
30-d mortality Charlson comor 144  (122-1700 1x10°
bidity score
OG_17 pbIB 3.43  (1.54-765) .003
Meningitis 5.05 (1.68-15.15) .004
30-d mortality among Charlson comor 134  (1.06-1.68) .013
pneumonia cases bidity score
OG_17 pbIB 3.28 (1.18-9.11) .023
PSl risk class 222 (1.07-4.63) .033

Sequence clusters 9 and 10 made no relative contribution to the models for 30-day
mortality.

Abbreviations: Cl, confidence interval; OG, orthologous gene; OR, odds ratio; PSI, pneumo-
nia severity index; SC, sequence cluster.

of clinical manifestations of IPD, supported by validation in a
separate cohort. These pneumococcal sequence variants could
be detected in serum samples from IPD patients by PCR.
Prediction of clinical phenotypes as performed in this study
comes with two particular challenges. First, for the identification
of certain clinical syndromes, one relies on the assessment and
examinations performed by the attending physician. Missed diag-
nosis of, for example, meningitis cannot be ruled out, given that
the absence of cough was one of its main predictors. While uncer-
tainty in sensitivity is inherent to studying clinical phenotypes, the
specificity of affected cases is robust as only laboratory-confirmed
cases of meningitis were classified as such [25]. In fact, instant
knowledge of pneumococcal genotype could be used to improve
future recognition of particular disease manifestations. Second,

although mortality from IPD is easier to establish, its determinants
can vary widely across different clinical settings [26]. We observed
in our temporal postvaccination validation cohort that the relative
contribution of pneumococcal variants to mortality may also be
influenced by an altered composition of the pneumococcal pop-
ulation itself. Therefore, validity of our findings in other settings
should not be assumed, but tested. At the same time, it is difficult to
estimate a sample size threshold at which to reject validity because
other settings commonly differ in standards of care, population at
risk [27], antibiotic resistance level, and serotype distribution [28].
Therefore, although targeted validation as performed in our rela-
tively similar clinical cohorts seems appropriate, in very dissimilar
populations de novo identification of relevant pneumococcal gen-
otypes may be a more adequate approach.

Our nonselective method including genome-wide pneumo-
coccal variants in naturally occurring IPD populations ensured
the likelihood that an association being identified directly cor-
related with its clinical relevance. In a previous Malawian GWAS
where no pneumococcal meningitis-related OGs were identified,
not only did the human and pneumococcal populations differ
from ours [29], but the selection for meningitis also likely altered
the relative contribution of certain pneumococcal variants [30].
Vice versa, a determinant identified from an artificial distribu-
tion of cases (with unnatural pre-test odds), although it could be
informative of disease mechanism, may no longer be valid among
patient populations presenting to the hospital.

Pneumococcal genetic population structures are character-
ized by linkage disequilibrium, which means that particular
sets of sequence variants (including the capsular locus) tend to
co-occur across the pneumococcal genome. To prevent iden-
tification of sequences that actually represent a magnitude of
co-occurring variants, we corrected for this population struc-
ture in our GWAS analyses. Also, we assessed whether these

Table 2. Detection of Orthologous Gene Sequences in Serum From Patients With Invasive Pneumococcal Disease

Study Identifier

PBCNO0382 PBCN0389 PBCNO0420 PBCN0480 PBCNO0442
Meningitis Yes No No Yes No
30-d mortality No Yes Yes Yes No
Serum pneumococcal DNA load, copies/mL 8 x 107 7 x 10° 3x10° 3x10° 1 x 10*
0G_2721 slaA Isolate WGS? 1 0 0 0 0
Serum OG-PCR® 2 0 0 0 0
OG_17 pblB Isolate WGS 2 1 1 1 0
Serum OG-PCR 2 2 1 1 0
0G_675 Isolate WGS 2 1 1 1 0
Serum OG-PCR 2 1 2 2 0
0G_58 Isolate WGS 2 1 1 1 0
Serum OG-PCR 2 2 2 2 2
Prophage sequence Isolate WGS Partial Partial Complete Partial Absent

Abbreviations: OG, orthologous gene; PBCN, pneumococcal bacteremia collection Nijmegen; PCR, polymerase chain reaction; WGS, whole genome sequencing.

“Number of open reading frames assigned.
®Times target detected in duplicate OG-PCR assays.
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so-called “sequence clusters” as a whole were related to clinical
IPD phenotypes, and we found a remarkable concordance to
previous serotype-based studies [31-33].

Our correction for lineage-specific effects may explain why we
have not identified variants of single genes that have previously
been described to enhance transition from blood to CSF in lab-
oratory models such as nanA, cbpA, pCho, lytA, ply, and glpO
[34]. At the same time, this aspect of our approach may have
favored the detection of bacterial genotypes located on prophage
(ie, genomes of viruses that infect bacteria) to be associated with
clinical phenotypes as found by us and by others previously [35].
Unlike many other genes in clonal populations, the distribution
of bacteriophages is not as strictly determined by lineage [36]. On
the other hand, an important example of a prophage sequence that
was associated with the severity of invasive meningococcal disease
was discovered by gene array despite no correction for population
structure [37]. What we have learned from the k-mer-based GWAS
is that the number of lineage-independent allelic variants present
in a pneumococcal IPD population is too high for identification
of robust associations with particular phenotypes at the current
sample size. Although one may have expected pblB-fragments
to be identified in relation to 30-day mortality, the sequences in
this orthologous gene were too dispersed to meet the k-mer selec-
tion and association thresholds. On the other hand, despite all
sequences of slaA being identical, k-mers originating from slaA
were still included in the SEER analysis (and positively associated
with meningitis), because these k-mers were also represented by a
second OG that was more dissimilar and as such made the k-mer
meet the inclusion criteria. These examples demonstrate the com-
plementarity of the 2 different GWAS methods employed.

While we identified pneumococcal genes to be associated
with detrimental IPD phenotypes independently of pneumo-
coccal lineage (serotype) and clinical predictors, this does not
prove causality. We have not included potential confounders
such as host genotype, a host factor that mediates susceptibility
to meningitis [38] and may simultaneously induce a mucosal
environment that fosters colonization by specific pneumococcal
variants. Yet, evidence for a direct effect of pneumococcal vari-
ants in the human bloodstream was demonstrated by measure-
ment of increased activation of human platelets upon interaction
with an S. pneumoniae wild-type strain compared to an isogenic
pblB knockout mutant [39]. The predicted function of the pro-
tein encoded by the pbIB gene (ie, functional annotation based
on homology) is a phage tail fiber, and its Streptococcus mitis
orthologue was shown to bind to human platelets as well [40].
In addition, given that multiple pneumococcal genes co-located
with pbiIB on a particular prophage were positively associated and
validated with 30-day mortality, merely the presence of phages
capable of lysing bacterial cells may have contributed to increased
pathogenicity in human disease. The identified prophage also
seems able to affect the pneumococcus’ ability to take up foreign
DNA via insertion into the comYC competence gene [41]. While

we observed such disruption of the comYC gene among isolates
carrying the prophage, this phenomenon itself was not related to
mortality in IPD. Although we have studied pneumococcal blood
isolates, it has been shown on the basis of genomic data that no
adaptation is needed to cross the blood-brain barrier, so DNA
sequences from blood isolates seem representative for pneumo-
cocci that reach the CSF and cause meningitis [42]. Human phos-
pholipase A2, encoded by slaA, has been shown to reduce the
integrity of the blood-brain barrier in vitro, thereby mediating
penetration of endothelial cells by group B Streptococcus [43]. In
group A Streptococcus the presence of slaA enhanced the bacteri-
um’s potential for epithelial adherence, colonization, and invasive
disease [44]. Also for slaA further studies would be required to
elucidate its effects in vivo and possibilities to avert these during
disease. From an evolutionary point of view, there is no reason
to believe that the pneumococcal genes identified in this study
circulate for their pathogenic role in IPD, as invasion is rare, and
their occurrence in our 3 IPD cohorts does not deviate from that
in several pneumococcal populations isolated from nasopharyn-
geal carriage cohorts (Supplementary Figure 5). Recent advance-
ments in methods to study epistatic interactions between genes
separately located on pneumococcal genomes [45-47] may help
to improve our understanding of why particular SCs are overrep-
resented in certain phenotypes.

Aside from possible disease mechanisms, this study suggests
that, in an acute setting, pneumococcal genotypic informa-
tion could identify patients who deserve additional attention
but would have been missed based on the usual clinical cues.
Further modeling and feasibility studies will be required to
determine the exact positioning of bacterial genotypic testing
in clinical management decisions.

This study provides evidence that it does matter which pneu-
mococcal variant proliferates in the bloodstream, as it improves
our risk assessment in patients affected by IPD. This suggests
that the established value of microbial genomics in public
health [48], outbreak management, and combating antimicro-
bial resistance [49] may now be extended to individual patient
care. Increased appreciation of genotypic microbial variants
could guide the development of tailored adjunctive measures
that are heavily searched for in clinical sepsis care [50].

Because population dynamics are likely to affect their rela-
tive importance, the mapping of microbial variants of concern
needs to be supported by strong interdisciplinary surveillance
networks. Prompt molecular diagnostics at the emergency
department could readily improve risk stratification and alert-
ness for complicated infection in individual patient care [51].

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding
author.
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