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Whole-genome sequencing (WGS) is invaluable for studying the epidemiology of meningococcal disease. Here we provide a
perspective on the use of WGS for meningococcal molecular surveillance and outbreak investigation, where it helps to charac-
terize pathogens, predict pathogen traits, identify emerging pathogens, and investigate pathogen transmission during outbreaks.
Standardization of WGS workflows has facilitated their implementation by clinical and public health laboratories (PHLSs), but further
development is required for metagenomic shotgun sequencing and targeted sequencing to be widely available for culture-free char-
acterization of bacterial meningitis pathogens. Internet-accessible servers are being established to support bioinformatics analysis,
data management, and data sharing among PHLs. However, establishing WGS capacity requires investments in laboratory infra-
structure and technical knowledge, which is particularly challenging in resource-limited regions, including the African meningitis
belt. Strategic WGS implementation is necessary to monitor the molecular epidemiology of meningococcal disease in these regions

and construct a global view of meningococcal disease epidemiology.
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Rapid and effective public health responses to bacterial men-
ingitis require ongoing and timely detection and characteriza-
tion of the causative pathogens. While real-time polymerase
chain reaction (PCR) analysis and microbiological methods can
quickly and efficiently identify bacterial meningitis pathogens
and guide epidemic response, whole-genome sequencing
(WGS) efficiently provides more-extensive characterization
of bacterial isolates. By replacing multiple molecular typing
methods and, in some instances, substituting for phenotypic
testing methods [1], WGS permits laboratories to retire mul-
tiple pathogen-specific methods that each require their own
reagents, equipment, and training. Furthermore, as sequencing
technologies advance and become less expensive, WGS has the
potential to be a leapfrog technology for lower-income countries
that do not currently have the public health laboratory infra-
structure for these methods. In many cases, a single sequencing
protocol can be applied across a wide range of bacterial spe-
cies, simplifying laboratory processes and creating flexibility
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for response to surges in disease caused by different pathogens.
Finally, metagenomic sequencing technology, which is not lim-
ited to pathogen-specific tests, can be used in studies to detect
pathogens in clinical specimens that would otherwise go un-
detected, including previously undiscovered pathogens [2, 3].

Here, we provide a perspective on how these developments are
transforming the capabilities of public health laboratories (PHLs)
to perform surveillance and investigate outbreaks, and we con-
sider the infrastructure and technology development required to
expand WGS capabilities at PHLs, including specific challenges
for countries in the meningitis belt. The cost of WGS imple-
mentation for bacterial meningitis pathogens can be reduced by
optimizing WGS workflows and by developing computational
systems for data integration, analysis, visualization, and sharing.
Combined with investments in laboratory infrastructure and
the increasing accessibility of sequencing technologies, these
developments will create an opportunity to perform global ge-
nomic surveillance for bacterial meningitis pathogens.

GENOMIC SURVEILLANCE

Genomic surveillance allows public health scientists to track
the spread of strains within their countries and rapidly as-
sess the traits of novel strains. While conventional molecular
typing methods rely on sequencing a few individual genes
(eg, multilocus sequence typing [MLST] and fine typing [4]),
WGS of bacterial isolates provides draft genome assemblies
with full-length, high-confidence sequences for most genes
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[5, 6], including genes that affect important phenotypes, such
as serogroup, antimicrobial susceptibility, and vaccine antigen
expression.

WGS effectively identifies relationships among bacteria,
first at the species level [7] and then at higher resolution with
analyses based on ribosomal MLST, core genome MLST, whole-
genome MLST [8], or single-nucleotide polymorphisms [9].
These methods reliably assess the genetic diversity of strains and
track their spread, whereas conventional molecular surveillance
methods such as MLST often cannot distinguish among strains
collected in different countries over several years. For example,
WGS-based methods have revealed the origin, evolution, and
spread of pandemic Neisseria meningitidis serogroup A strains
in the 20th century [10] and serogroup W strains after the 2000
Hajj-related outbreak [11-13], clarifying when new strains
were introduced to the countries in the meningitis belt and also
identifying genetic changes that may have contributed to the
epidemic potential of these strains. WGS has also been used to
trace the evolution of pathogenicity within lineages of Neisseria
meningitidis. For example, the recently emerged serogroup C
strains in the meningitis belt were shown to have acquired vir-
ulence genes as they evolved from a less virulent strain already
present in the meningitis belt [14, 15]. Likewise, a urethritis-
causing clade of N. meningitidis in the United States [16] was
shown to be distinct from previously described N. meningitidis
urethritis isolates in Europe [17] and to have acquired Neisseria
gonorrhoeae gene variants that likely allow it to establish ure-
thral infections.

By examining the presence of and variation in capsule bio-
synthesis genes, WGS data can accurately predict serogroup in
N. meningitidis [18] and serotype in both Haemophilus influenzae
(C. Potts et al, unpublished data) and Streptococcus pneumoniae
[19]. Similarly, antimicrobial susceptibility in several species can
be predicted from genomic data [20-22]. While N. meningitidis
isolates in the meningitis belt and globally are typically suscep-
tible to the antimicrobial drugs used for treatment and chemo-
prophylaxis [23, 24], strains have been identified with reduced
susceptibility to penicillins, cephalosporins, and quinolones
[25, 26]. In addition, many N. gonorrhoeae strains have been
identified with reduced antimicrobial susceptibility [22],
raising concern that resistance could be transferred to closely
related species such as the recombinogenic N. meningitidis
[16]. Genomic surveillance provides a cost-effective means of
detecting known antimicrobial resistance variants across many
loci in the N. meningitidis population, thereby providing an
early warning for the emergence of antimicrobial resistance.

Furthermore, WGS data have been used to predict the poten-
tial strain coverage by a vaccine. For example, WGS provides
the sequences of genes encoding vaccine antigens, such as the
serogroup B meningococcal vaccine antigens factor H binding
protein (FHbp), Neisseria adhesin A (NadA), and Neisseria
heparin binding antigen (NhbA) [27]. While the protein-based

serogroup B meningococcal vaccines were designed with the
control of serogroup B disease in mind, they may provide addi-
tional protection against other serogroups, including serogroup
X [28], which causes disease in the meningitis belt and for which
a polysaccharide-protein conjugate vaccine is in development
[29]. The sequences of these genes and their promoter regions
have been used to predict vaccine protection against a given
strain and overall strain coverage [30-32]. Coverage predictions
should improve as understanding of the genetic bases for expres-
sion of the targeted proteins increases. Currently, expression of
vaccine antigens is used to predict serum bactericidal antibody
values [33], which in turn correlate with vaccine protection. As
additional proteins are explored as candidate vaccine targets,
WGS data from public health surveillance programs provide a
critical resource for estimating the frequency and diversity of
the candidate proteins among disease-causing strains in each
country [34].

OUTBREAK AND EPIDEMIC INVESTIGATIONS

The detailed information provided by WGS is proving inval-
uable for investigating meningococcal outbreaks. Genomic
comparisons enable tracing the spread of distinct meningococcal
strains among geographic regions and establishing whether a
single strain is responsible for multiple cases among members
of a community and their close contacts [9, 35]. Additionally,
confirmation that a hyperinvasive lineage is spreading in a com-
munity can guide the decision to initiate a mass-vaccination
campaign to prevent additional cases of disease [36, 37] and in-
form countries’ outbreak-preparedness plans.

Countries of the African meningitis belt experience sea-
sonal epidemics, which prompt reactive vaccination campaigns
when the number of suspected meningitis cases reaches the
alert threshold, suggesting that disease risk in a community
has increased [38, 39]. While real-time PCR analysis is best
suited for confirming bacterial meningitis cases during an epi-
demic, genomic surveillance can identify and track the spread
of hyperinvasive N. meningitidis lineages, potentially helping to
identify communities with an elevated risk for epidemics, based
on surveillance data from the previous year. Multiyear studies
of N. meningitidis genomic diversity within countries are be-
ginning to reveal the dynamics of strain replacement within
communities (eg, serogroup A strains in northern Ghana [40])
and spread within countries (eg, serogroup X strains in Burkina
Faso [41]). Understanding the genomic differences associated
with strain replacement provides a foundation for determining
how genetic variation among N. meningitidis strains, such as the
evolution of noncapsular antigens [40, 42], influences disease
risk when combined with human and environmental factors.

WGS is applicable even when bacterial culture is not avail-
able, which may be needed at times to detect and charac-
terize outbreaks [2, 3]. For example, metagenomic shotgun
sequencing of clinical specimens demonstrated that a single
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lineage of N. meningitidis was responsible for an initially unrec-
ognized meningococcal disease outbreak in Liberia [43]. The
N. meningitidis DNA sequences identified in specimens from
6 cases were compared to a diverse N. meningitidis genome li-
brary, demonstrating that these individuals were infected with
the same lineage of N. meningitidis that caused large serogroup
C outbreaks and epidemics in Nigeria and Niger during the
same period [14, 42, 43]. Further development of culture-
independent WGS methods is showing that high-quality ge-
nome data can be produced from cerebrospinal fluid specimens
by enriching N. meningitidis DNA sequences, which is described
in detail below.

BUILDING WGS INTO PUBLIC HEALTH
MICROBIOLOGY

Establishing WGS capacity for surveillance and outbreak in-
vestigation in a laboratory involves multiple steps, starting
with specimen collection, DNA extraction and sequencing,
and sequence data analysis and reporting (Table 1). An effec-
tive specimen referral network is needed for providing high-
quality specimens to the sequencing laboratory. The quantity
and type of specimens to be sequenced has a major influence
on the overall cost of WGS. Sequencing DNA from bacte-
rial isolates rather than clinical specimens decreases the cost
of sequencing by providing abundant, pure, and undamaged
pathogen DNA, which produces reliable sequence data using
high-throughput sample preparation and sequencing methods.
In contrast, sequencing DNA directly from clinical specimens
typically produces less complete and reliable results, even when
laboratories dedicate additional effort to sample preparation
and sequencing.

The quantity and type of specimens also determine the
most efficient sequencing platform needed by the labo-
ratory. Many sequencing technologies are provided on a

range of sequencing platforms; higher-throughput platforms
(eg, the Illumina HiSeq platform) provide a lower cost per
sample in exchange for higher fixed costs, relative to lower-
throughput platforms (eg, the Illumina MiSeq platform).
For consideration, the widely used MiSeq platform can
readily sequence the genomes of 50 N. meningitidis isolates
per week, possibly enabling 1 reference laboratory to pro-
duce WGS data for representative surveillance isolates pro-
vided from several locations across the meningitis belt. This
same equipment could be used to sequence isolates and clin-
ical specimens from outbreaks. Depending on the resource
availability and quantity of sequencing performed annually,
laboratories can choose to build sequencing capacity at dif-
ferent levels. Resource-limited laboratories will likely rely
on the sequencing capacity in regional or global reference
laboratories in the near future. For laboratories that do not
have bioinformatics capacity, they may establish the ability
to generate sequence data, while collaborating with reference
laboratories on data analysis.

Comparison of WGS data globally requires standardized
sequencing methods, analysis tools, and quality-control
practices. Many laboratory methods needed to perform
WGS on bacterial cultures are already well established and
standardized, which facilitates training of laboratory scientists
and standardization across different laboratories. Training is
further simplified when a workflow can be applied to multiple
pathogens. While bacterial growth conditions and DNA ex-
traction methods can vary by pathogen, basic WGS methods
such as library preparation and sequencer operation typically
apply to a wide range of organisms. This allows laboratorians to
be trained in a single method even if they work with multiple
organisms (eg, as with PulseNet, for enteric bacterial pathogens
[44]) and specialize in WGS methods including library prepa-
ration and sequencer operation.

Table 1. Considerations When Establishing Whole-Genome Sequencing (WGS) Capabilities and Challenges Faced in Low-Resource Settings

Capability Sequencing Considerations

Challenges

Specimen collection
than culture-free sequencing

Sample preparation
ment, reagents, and training

DNA enrichment is required for culture-free sequencing of

pathogens

Sequencing platform

Sequencing platforms vary in throughput, fixed costs,

and cost per sample
Data management and analysis

Local genomic analysis requires high-performance computers,

Multistep preparation of sequencing libraries requires equip-

Technologies vary in accuracy and completeness

Online genomic analysis platforms can provide standardized,
easy-to-interpret results and facilitate data sharing

Culture-based sequencing is less expensive and more reliable  Preserving specimens during transport, establishing culture

capacity near the point of care, compiling clinical and epide-
miological data

Importing specialized reagents that require cold supply chain

Recruiting microbiologists with WGS experience,
maintaining specialized reagents and expertise for DNA
enrichment

Building laboratory space with climate control and steady
electricity

Enlisting technicians to maintain and repair sequencing
instruments

Establishing affordable high-speed Internet service in
laboratories

Enlisting information technology support.

information technology, and bioinformatics expertise
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One method that is still being standardized is culture-free
sequencing, which is particularly important for countries
that are at high risk for bacterial diseases but have a low bac-
terial culture rate. Culture-free sequencing is challenging be-
cause the data obtained for pathogen DNA can be limited by
wasteful sequencing of human DNA in clinical specimens. The
efficiency of culture-free sequencing can be further improved
by enriching pathogen DNA in the clinical specimen, by ei-
ther removing human DNA or enriching targeted pathogen
DNA. The feasibility of this method for N. meningitidis has
recently been demonstrated with 2 different methods: capture
of N. meningitidis fragments from a sequencing library using
120mer, biotinylated RNA bait [45] and selective whole-genome
amplification (SWGA) of N. meningitidis genomic DNA by
using heptamer DNA primers (M. Itsko, unpublished data).
Both methods produced standard molecular typing results
from several cerebrospinal fluid specimens, while SWGA was
also demonstrated to work on urine specimens. Further de-
velopment of meningococcal DNA-enrichment methods will
likely improve reliability and affordability, thereby providing a
method that can be implemented by bacterial meningitis refer-
ence laboratories.

Standardization of user-friendly bioinformatics pipelines is
critical to allow laboratory scientists to quickly obtain results
from WGS and metagenomic data without the need for
bioinformatics specialists. An efficient way to deploy and up-
date standardized bioinformatics analysis tools is through an
Internet-accessible genomic analysis platform. Several organ-
izations provide websites that facilitate WGS data analysis,
reducing the need for on-site computers and bioinformatics ex-
pertise in all laboratories, and include PubMLST [46], EDGE

[47], and PATRIC [48]. While these websites provide flexible
tools for sequence analysis, currently none is configured with
full analytic pipelines for bacterial meningitis pathogens that
start from raw sequence reads generated by a sequencer and
ultimately produce results that are relevant to public health
microbiologists and epidemiologists. To fill this gap, the
Bacterial Meningitis Genomic Analysis Platform (BMGAP)
is being developed by the Centers for Disease Control and
Prevention to provide public health laboratories with access
to multiple species-specific genomic analysis pipelines that are
configured for standardized WGS workflows and supported by
a secure data repository to facilitate integration of WGS labora-
tory and epidemiological data (Figure 1).

BMGAP allows laboratory scientists to obtain results from
WGS data by producing a quality-controlled genome assembly
for each isolate and identifying the species [7], which automat-
ically triggers species-specific analysis tools. For N. meningitidis,
the pipeline uses Neisseria gene nomenclature provided by
PubMLST.org to report MLST results; FetA, PorA, and PorB
types; peptide sequence identifiers for the vaccine antigens FHbp,
NadA, and NhbA; and serogroup prediction based on capsule
locus genes [17]. Ongoing development will allow BMGAP to re-
port the presence of antimicrobial resistance determinants and
also provide an analytic pipeline customized for culture-free
WGS (Itsko, unpublished data). In addition to describing the
genomes of individual isolates, BMGAP incorporates tools to
compare the genome of pathogens from multiple cases of disease,
which is important for detecting outbreaks and tracking the geo-
graphic spread of strains. Users can search the BMGAP database
to identify genomes that are similar to any given genome and
then perform a detailed phylogenetic analysis of these genomes.
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Figure 1.  Process for data analysis and sharing using the Bacterial Meningitis Genomic Analysis Platform. DDBJ, DNA Data Bank of Japan; EBI, European Bioinformatics
Institute; ID, identifier; iToL, Interactive Tree of Life; NCBI, National Center for Biotechnology Information; WGS, whole-genome sequencing.
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Comparative genomic analysis is particularly informative
when visualized alongside epidemiological data, such as the lo-
cation and date of specimen collection. BMGAP integrates ep-
idemiological data with genomic data so that users can rapidly
identify cases that involve the same strain, an essential insight
during outbreak investigations that allows for informed public
health decision making. Long-term changes in risk factors or
virulence that result from pathogen evolution can be made vis-
ible by incorporating data on patient characteristics or disease
outcomes into the platform, as well. The collection and compi-
lation of clinical and epidemiological data are important factors
to consider when planning for genomic surveillance.

The addition of epidemiological data to a WGS anal-
ysis platform requires heightened data security and access
control. BMGAP authenticates users and only allows them
to view data that have been explicitly shared with them,
allowing the data provider to control access to the submitted
data. BMGAP removes known human DNA sequences
during genome assembly to ensure that these sequences are
not exported or analyzed.

Understanding of the diversity and population structure of
pathogenic meningococci is currently hampered by limited
representative genomic data from around the world. Efforts to
create publicly accessible meningococcal genome libraries have
already been undertaken in multiple countries [49, 50], and a
global meningococcal genome library is considered an impor-
tant component of plans to eliminate meningitis epidemics by
2030 [51]. BMGAP aims to support the creation of a global me-
ningococcal genome library by providing high-value genomic
analysis tools directly to microbiologists and epidemiologists
and facilitating submission of genome assemblies to public
repositories such as PubMLST.org. Ultimately, a global me-
ningococcal genome library depends on effective disease sur-
veillance systems and sequencing capacity, especially in the
countries of the meningitis belt, which may face different
challenges than those countries where surveillance systems and
WGS are already implemented.

CHALLENGES FOR COUNTRIES INTHE
MENINGITIS BELT

Genomic surveillance of meningococcal disease in the men-
ingitis belt is essential for identifying new strains as they are
introduced to the region and for achieving a detailed under-
standing of epidemics. The challenges of conducting genomic
surveillance starts with acquiring clinical specimens and
isolates that represent the diversity of disease-causing strains
in the meningitis belt, while also documenting relevant clin-
ical data. Even when cerebrospinal fluid specimens have been
collected, slow transport of specimens from clinic to labora-
tory results in reduced viability of the bacteria in the specimen
and degradation of their DNA [52]. Effective genomic sur-
veillance of meningococcal strains will depend on identifying

geographically dispersed sentinel clinics that can quickly and
reliably transfer clinical specimens to laboratories for culturing
and/or preservation.

Laboratories within countries in the meningitis belt may
face several challenges when establishing WGS capacity for
evaluating bacterial meningitis cases (Table 1), initially limiting
WGS capabilities to a small number of laboratories. For in-
stance, the absence of a large WGS user community in countries
in the meningitis belt may reduce access to sequencing reagents
and technical expertise, resulting in higher costs than in coun-
tries with established WGS user communities. Sequencing
reagents may need to be imported and require a cold supply
chain, similar to the challenges seen with procurement of
real-time PCR reagents [52]. Without the ability to recruit
experienced WGS users from the domestic workforce, these
laboratories may depend on training from international part-
ners to establish in-country expertise in sample preparation and
sequencer operation or rely on regional and global reference
laboratories for sequencing. Equipment maintenance provides
another challenge; while some technical support may be avail-
able from equipment manufacturers remotely through Internet
connections, on-site repairs may be delayed if technicians are
not based within the user’s country.

Furthermore, establishing WGS capacity may require lab-
oratory facility modification and expansion, including the in-
stallation of benches that support the weight of sequencing
instruments in a climate-controlled and low-vibration environ-
ment. Backup electrical generators can limit power fluctuations
during sequencing runs, which often require more than a day.
Finally, several pieces of small equipment are typically needed
for preparation of the sequencing library, which also require
laboratory space.

In addition, information technology to support WGS, in-
cluding computer networking and data management to prop-
erly organize and transfer WGS data, are needed by laboratories
looking to establish WGS capacity. High-bandwidth Internet
connections allow laboratories to access analysis software and
share data with collaborators. Data storage and analysis can be
supported by an Internet-accessible genomic analysis platform,
such as BMGAP, which greatly reduces the need for on-site in-
vestment in computers and informatics staffing.

The full utilization of WGS to understand the global mo-
lecular epidemiology of bacterial meningitis can be achieved
through establishing a centralized database that links both
clinical and sequencing data. Sequencing isolates or specimens
from all regions of the world is becoming more achievable
as new sequencing technologies and platforms are devel-
oped to simplify sample preparation, reduce the size and
cost of sequencing equipment, and increase the robustness of
sequencing reactions [3]. An easily accessible global genome
library will allow public health professionals to characterize the
variability of bacterial meningitis pathogens and understand
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their spread during outbreaks and epidemics. The detailed in-
formation about pathogen populations provided by global ge-
nomic epidemiology will enable more-effective public health
intervention and continued progress in reducing the incidence
of bacterial meningitis.
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