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Summary
Epidemic disease caused by Neisseria meningitidis, the meningococcus, has been recognised for
two centuries, but remains incompletely controlled and understood. There have been dramatic
reductions in serogroup A and C meningococcal disease following the introduction of protein-
polysaccharide conjugate vaccines but there is currently no comprehensive vaccine against
serogroup B meningococci. Genetic analyses of meningococcal populations have provided many
insights into the biology, evolution, and pathogenesis of this important pathogen. The
meningococcus, and its close relative the gonococcus, are the only pathogenic members of the
genus Neisseria, and the invasive propensity of meningococci varies widely, with around a dozen
‘hyper invasive lineages’ responsible for most disease. Despite this, attempts to identify a
‘pathogenome’, a subset of genes associated with the invasive phenotypes have failed; however,
genome-wide studies of representative meningococcal isolates using high throughput sequencing
are beginning to provide detail on the relationship of invasive phenotype and genotype in this
fascinating organism and how this relationship has evolved.
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1. A short history of the meningococcus and meningococcal disease
Historical evidence suggests that epidemic meningococcal disease emerged at the beginning
of the nineteenth century, with the first likely outbreaks reported only two years apart but in
different continents: in Geneva, Switzerland in 1805 [1] and in Medfield, MA, USA a year
later [2]. Throughout the succeeding decades, the disease became widely recognized
throughout the United States and Europe with a number of large-scale outbreaks. Epidemic
meningococcal disease was not described in Africa until 1905, but major epidemics occurred
in the meningitis belt for much of the 20th century [3]. The causative organism, now known
as Neisseria meningitidis or the meningococcus, was isolated from human cerebrospinal
fluid in 1887 [4], and by 1890 it was acknowledged that the organism could be found in an
asymptomatic carrier state, in addition to being isolated from cases of invasive disease [5].
Fulminant meningococcal septicaemia, or Waterhouse–Friderichsen syndrome, the most
clinically serious manifestation of the disease, was recognised in the early 20th century [6]
and, as the century progressed, serological analyses were increasingly used to identify
distinct types of meningococcal isolates, eventually recognised as capsular serogroups, of
which serogroups A, B, C, W, and Y are most commonly associated with disease [7]. The
incidence of meningococcal disease is influenced by the virulence potential of circulating
meningococci, which depends at least in part on host and environmental factors, and by host
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susceptibility to disease [8]. At the time of writing, the disease had an annual incidence rate
that ranged from 1 to 1,000 cases per 100,000 individuals in different parts of the world.

The advent of penicillin, and a variety of other antimicrobial agents in the mid 20th century,
made a major impact on mortality as invasive meningococci are very susceptible to
treatment with systemic antimicrobials. Indeed as long as an appropriate antimicrobial is
administered promptly, prognosis is extremely good [9]; however, the principal problem
with the treatment of meningococcal disease is that it can develop extraordinarily quickly,
with an apparently healthy individual becoming a medical emergency within a matter of
hours [8]. This problem is exacerbated by the non-specific nature of early symptoms.
Therefore prophylaxis, especially the development and implementation of vaccines, is the
best public health intervention against this disease.

The first effective vaccines against this disease, the ‘plain’ polysaccharide vaccines, were
developed in the 1960s [10] but were poorly immunogenic and ineffective in interrupting
person-to-person transmission over more than a few weeks [11, 12]. At the end of the 20th

and beginning of the 21st century, these were replaced with protein conjugate polysaccharide
vaccines [13], which were much more immunogenic and capable of interrupting
transmission [14], generating herd immunity [15]. Whilst these vaccines proved to be
extremely effective against meningococci of serogroups A, C, W and Y, the similarity of the
B polysaccharide to the human antigen NCAM (neural cell adhesion molecule) has
precluded the development of a serogroup B vaccine [16, 17]. As serogroup B meningococci
are the most prevalent causes of disease in many countries [18], the development of a ‘group
B’ substitute vaccine remains a major research priority [14]; however, the high antigenic and
genetic variability of the meningococcus have proved major obstacles in the development of
such a vaccine.

Initial studies of meningococcal variation employed serological analyses, i.e. the comparison
of the reactivity of sera raised against a particular meningococcus with other meningococci.
This led to the identification of capsular serogroups, which are the consequence of the
expression of one of 11 immunochemically distinct capsular polysaccharides [19]. Later
studies identified additional antigenic variation in the outer membrane proteins (OMPs) and
short-chain lipopolysaccharides (often referred to as lipooligosaccharides, LOSs) of this
Gram negative organism, leading to the development of meningococcal serotypes and
serosubtypes (OMPS PorB and PorA respectively) and immunotypes (LOS) [20]. Since the
widespread availability of nucleotide sequencing, sequence-based typing has become the
method of choice for characterising the highly variable surface proteins of this organism
[21].

The meningococcus has been in the forefront of work on the population biology of bacteria
in general and pathogens in particular, being among the first organisms to be investigated by
multilocus enzyme electrophoresis (MLEE) [22] and the first to be examined by multilocus
sequence typing (MLST) [23]. Despite intensive research effort over several decades, which
has led to a detailed appreciation of many aspects of the genetics of this organism, much
remains to be learned concerning its biology and, particularly, why some meningococci are
appreciably more invasive than others. Much has been learned, however, by placing this
organism in the context of its close relatives, which in general do not cause a pathology
similar to the meningococcus and comparative studies have provided valuable insights into
meningococcal biology and continue to represent a promising approach for improving our
understanding of the pathogenicity of this bacterium in the genomic era [24].
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2. The Genus Neisseria
The genus Neisseria comprises Gram-negative, oxidase-positive, aerobic β-Proteobacteria
that inhabit human and animal mucosal and dental surfaces [25]. Apart from the
meningococcus only one other species, Neisseria gonorrhoeae the gonococcus, is regarded
as pathogenic, the other members of the genus being apparently harmless commensal
inhabitants of the microbiota that remain relatively stable colonisers over time, despite
regular minor perturbations to the oral environment [26].

Unlike its relatives, which inhabit the human oropharynx, the gonococcus colonises the
mucosal surface of the urogenital tract and is considered to be an obligate mucosal pathogen
that occasionally causes disseminated infection [27]; although it can on rare occasions also
inhabit other mucosal sites. Gonococci are most commonly found to infect young adults and
do not always cause symptoms, especially in women. The gonococcus is the least diverse of
the Neisseria and the present day gonococcal population is likely to be descended, relatively
recently, from a single clone, which adapted to the change in niche [28]. Unusually for a
‘single clone pathogen’, that is a pathogen which has arisen by the invasion of a single clone
into a pathogenic niche accompanied by genetic isolation [29], the gonococcus has
continued to recombine within its own population, whilst being reproductively isolated from
other Neisseria, and it has exhibited a remarkable ability to acquire novel genetic elements
encoding phenotypes such as antimicrobial resistance determinants [28, 30]. A
distinguishing feature of the gonococcus relative to the meningococcus is that, despite the
absence of a polysaccharide capsule, it is nonetheless virulent and causes symptomatic
disease quite unlike invasive meningococcal strains.

In addition to the two pathogens, the other member of the genus that has been more
extensively investigated is Neisseria lactamica, principally because of its lack of association
with invasive disease, despite being found at high rates of carriage in infants and young
children [31]. Acquisition of N. lactamica is very rapid in the first few years of life and this
organism establishes a long-term relationship with its host, with carriage rates declining
gradually as the age of the host population rises [32]. In European populations, carriage of
N. lactamica is low in adolescents and young adults [33], while the carriage of the
meningococcus increases to very high levels at this age [34], especially in closed or semi-
closed environments with populations in close association such as military recruits and
university dormitories [35-37]. This has led to the suggestions, on more than one occasion:
(i) that carriage of N. lactamica is responsible for the increase in immunity against
meningococci which is observed during childhood; and, (ii) that deliberate colonisation or
immunisation with N. lactamica is a potential approach to prophylaxis against the
meningococcus [31, 38].

Members of the genus Neisseria are closely related genetically and poorly resolved by
techniques for bacterial speciation such as DNA-DNA hybridisation [39] and 16S rRNA
sequencing [40], leading to the suggestion that they are not distinct species; however, this
suggestion has never found favour among medical microbiologists due to the fact that the
defined species nevertheless correspond to particular pathogenic phenotypes. An analysis of
three Neisseria genomes using the Artemis Comparison Tool [41] indicates large syntenic
regions of similarity; however, further examination of these homologous regions show
variability distinct to each species (Fig. 1). Recent genomic analyses show that the
microbiologically defined species are, by and large genealogically coherent and distinct
groups, which can be reconstructed in a variety of ways including ribosomal MLST, or
rMLST (Fig. 2) [42, 43]. The genus provides an excellent model system for studying the
genetic traits of closely related organisms that exhibit very different phenotypes, which
includes two globally significant diseases [24, 44]. For example why does the
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meningococcus, normally a generally harmless commensal, occasionally cause disease and
what are the differences between it and N. lactamica, which occurs in the same niche? What
were the genetic events that led to the gonococcus establishing itself in the urogenital tract
and why has this only occurred once [28, 45]? These questions are amenable to population
genomic studies which compare the genomes of representative collections of phenotypically
defined isolates.

3. Population structure, epidemiology and evolution
The widespread acceptance of seven-locus MLST [46] for the characterisation of Neisseria
isolates provided a reproducible and unambiguous means of typing the meningococcus [23],
gonococcus [28] and N. lactamica [32], and indeed other species [42]. MLST data
confirmed many of the observations made with its predecessor technique MLEE [22, 47],
and have enabled studies of the molecular epidemiology [48], evolution [49], and population
genetics of these organisms [34]. Other sequence-based identification and typing schemes
have been developed, including antigen gene sequence typing (AGST), or ‘fine-typing’, for
classification by indexing variation at OMP genes [21] and genes responsible for reduced
susceptibility to antimicrobials [50]. These highly reproducible and portable schemes have
enabled the assembly of a growing public repository, pubMLST.org/neisseria [51, 52],
comprising data from over 17,000 meningococcal isolates from both disease and carriage.
At the time of writing this database also contained more than 300 gonococcal, 500 N.
lactamica, and over 80 isolates of other Neisseria species.

MLST and AGST data have demonstrated that meningococcal populations, whilst highly
diverse and dominated by frequent recombination, are nevertheless highly structured into
groups of related organisms referred to as clonal complexes [53]. These clonal complexes
correspond to clades reconstructed with phylogenetic and genealogical analyses, although
with seven and even 20-locus data relationships among these complexes are not apparent
[54]. An important insight gained from the comparative study of isolates from invasive
disease and asymptomatic carriage [48] is that some of these clonal complexes are more
invasive than others: these are referred to as the ‘hyper invasive lineages’, and only a
handful of these have caused the majority of reported disease globally in the last half of the
20th century [53]. These lineages exhibit stability in their antigenic and disease phenotype,
including their epidemiology, although these properties are different among different
hyperinvasive lineages (Table 1). This has established a robust framework for the
comparison of Neisseria genomes, both among and within recognised species groups, with
the aim of elucidating the relationship between genotype and phenotype, with the ultimate
aim of designing improved interventions to reduce or prevent disease.

Horizontal genetic exchange, was once thought to be uncommon in most prokaryotic
species, but is now known to be a major factor in the evolution of most bacterial species
[55]; indeed, the lack of genetic exchange is now regarded as a special case, i.e. the
genetically monomorphic single clone pathogens such as Mycobacterium tuberculosis,
Bacillus anthracis, Yersinia pestis, and Salmonella enterica var. Typhi [29]. Work on the
Neisseria, and specifically the meningococcus, was influential in establishing this paradigm
[56, 57], as they are naturally competent for DNA uptake and horizontal genetic exchange is
most frequently mediated by means of transformation followed by integration into the
genome, usually by homologous recombination. Although mostly this exchange occurs
among meningococci, occasionally this genetic transfer can occur over large phylogenetic
distances, an example being the superoxide dismutase gene, sodC, which appears to have
been acquired by N. meningitidis via horizontal transfer from Haemophilus influenzae [58].
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This type of ‘localised sex’ in bacteria is most often thought of as a means of generating
genetic diversity but, more recent evidence suggests that this process is normally
conservative, rather than diversifying [59]. The Neisseria have a number of mechanisms that
make the transformation process very specific. The first of these is provided by the DNA
uptake sequences (DUS) distributed in the Neisseria chromosome, which play a major role
in both the DNA uptake and its integration into the chromosome [59]. In addition, Neisseria
have a large number of restriction modification systems, which in the meningococci are
characteristic of particular clonal complexes [60], suggesting that a given meningococcus is
most likely to incorporate DNA from its very closest relatives [61]. This view is supported
by the distribution of the DUSs, which are concentrated in conserved rather than variable
regions of the chromosome, suggesting that under normal circumstances horizontal genetic
exchange is used as a repair mechanism, rather than as a mechanism for diversification in
the meningococci [59].

4. Genetic differences among Neisseria isolates with different phenotypes
The existence of genealogically related organisms with distinct properties presents the
possibility of conducting ‘association studies’, where the relationships of particular
characteristics of organisms with their phenotypes are investigated. As the amount of genetic
information increases, so does the opportunity of investigating the relationships of particular
genetic variants with specific phenotypes. In the case of the meningococcus, the phenotype
of most interest is the propensity to cause disease and the genetic and phenotypic diversity
within the genus presents many opportunities to investigate this. Once an association is
established, it is then necessary to establish the causality of this association. It is worth
reflecting that this general approach is not new, and historically was the way in which the
predominant virulence factor of the meningococcus, the polysaccharide capsule, was
characterised [19]: virtually all invasive meningococci are capsulate, a property which
confers serum resistance. This serum resistance provides a mechanism for the observed
association [62]. Whist a necessary property for invasion however, the expression of one of
the disease-associated capsules is not sufficient in itself as many capsulate meningococci are
nevertheless unlikely to cause disease [48].

Despite the increases in the data and technology available to undertake association studies,
there has been rather limited success in identifying additional determinants that are
consistently associated with invasion. Various studies have employed hybridization
approaches with microarrays or filters to compare the genes present among panels of isolates
against various reference sequences [63-69]. This approach has the advantage that many
isolates can be compared, but has the limitation that the method can only efficiently identify
the presence or absence of genes present in the reference isolate or isolates – additional
genes present in the tested isolates remain unknown as does the influence of sequence
variants within genes that are universally present. Thus in such studies inference is limited to
identifying the presence and absence of those members of the accessory genome present in
the reference genome(s) in the tested strains and sequence variation in the core genome and
shared members of the accessory genome is not detected.

Most CGH studies have concluded that, with the exception of the cps region, which encodes
the capsule, the invasive phenotype is polygenic in meningococci, with extensive lateral
gene transfer reassorting putative virulence determinates [67]. The meningococcal disease
associated (MDA) island which was identified by comparisons of a coherent
epidemiological isolate collection [70], contributes to the virulence of certain clonal
complexes in teenagers, but interestingly not in infants [71], and appears to be an integrated
bacteriophage. Other studies have associated particular iron metabolism genes to be
positively or negatively associated with the likelihood of causing invasion and these are
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associated with particular clonal complexes, but the associations are not absolute [72, 73].
Both human and bacterial factors are likely to be important in determining the outcome of
infection and although human genetic association studies are difficult to perform for
meningococcal disease, because of the low number of well-characterised patients, variants in
human factor H have been implicated in the severity of meningococcal disease [74].

5. Meningococcal genomics and vaccine design
The meningococcus was among the first bacteria to have its complete sequence determined
[75], an endeavour which was, to a large extent, motivated by the attempts to develop a
‘serogroup B’ meningococcal vaccine [76]. The first isolate to be genome sequenced was a
serogroup B meningococcal variant of the ST-32 complex, the laboratory strain MC58
which was derived from an isolate from a protracted hyperendemic outbreak in Stroud
Gloucestershire, United Kingdom [77]. The Stroud outbreak was one of many
hyperendemics caused by members of this clonal complex (originally termed the ET-5
complex) which occurred globally from the late 1960s onwards and continuing until the time
of writing (2012) [78-84]. The MC58 sequence was followed by a serogroup A (Z2491) [85]
and then a serogroup C isolate (FAM18) [86].

The MC58 genome was used as the basis of the ‘reverse vaccinology’ approach which was
developed to identify novel vaccine candidates from genome sequences [87]. This approach
started with the genome sequence, exploiting the sequences to express the genes identified
in the annotation process. These were then used in a mouse antibody screen to identify novel
antigens that would be potentially protective and hopefully conserved. Whilst this approach
has led to the identification of four proteins which are included in a vaccine undergoing
trials, it was necessary to include them with an existing outer membrane vesicle vaccine and
most of them are not conserved among meningococci but are highly diverse [88]. One of
these components, the factor H binding protein, was also discovered by more conventional
biochemical methods [89] and displays appreciable antigenic diversity [90] such that
multiple variants are required for vaccine coverage.

In an era of whole genome sequences alternative approaches to developing vaccines can
exploit genome data from populations, rather than single genomes, as the starting point of
the analysis. Such approaches can take advantage of models of strain structure imposed by
immune selection to identify proteins that are under immune selection and to rationally
design vaccine cocktails that take advantage of the biology and antigenic variation, rather
than trying to circumvent it [91]. The long life spans of most hyperinvasive meningococcal
strain types, which are measured in several decades at least, combined with their antigenic
stability, suggest that this is a feasible approach.

6. The opportunities and challenges presented by advances in genome
sequencing

The scale and efficiency of high throughput ‘next generation’ parallel sequencing methods,
combined with their reduced costs, provides the unprecedented prospect of large numbers of
whole genome sequences becoming available for the meningococcus in the near future. At
least in the short term these will not be fully annotated, closed genome sequences, but rather
a number of contiguous sequence assemblies generated from short-read sequencing
technologies, such as the Illumina HiSeq 2000 instrument. With sequence data availability
increasing more rapidly than conventional analyses can be performed, novel strategies for
data analysis, storage, and output are required if full advantage is to be taken of them.
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The initial studies using this type of data concentrated on bacteria with relatively limited
genetic variation, either the study of relatively ‘young’ single clone pathogens, or closely
related members of more diverse species, often initially chosen on the basis of MLST data
[92, 93]. For such analyses, it was possible to borrow analysis techniques from studies of
human populations, which are not very diverse, for the identification of single nucleotide
polymorphisms (SNPs) by mapping against a complete closed reference genome. This
approach, however, is not appropriate with more diverse bacteria like the meningococcus
where there is high diversity, i.e. extensive sequence polymorphism rather than SNPs, and
especially when this diversity is reassorted by recombination. Another limitation of these
studies was the requirement of a reference genome, a high-quality, finished genome, closely
related to the genomes being analysed and against which SNPs can be called. These
approaches are not scalable to a situation where many hundreds or thousands of partial
genome sequences are being generated for diverse members of a bacterial species.

We have recently developed an alternative paradigm for the analysis of whole genome
sequence data, which places allelic diversity among bacterial isolates at the centre of
multiple genome analysis (Fig. 3). This approach is effectively an expansion of the analysis
concept that has been central to the success of MLST [23] and has the advantage that
multiple genomes that are highly diverse can be simultaneously analysed. While most
MLST schemes index variation at 1-10 ‘housekeeping loci’, usually fragments of genes
under stabilising selection [46], there is in principle no limit to the number or type of loci
that can be analysed in this way, up to all the loci present in a genome. For the purposes of
characterising and cataloguing genetic variation, a locus can be defined as any sequence
string, nucleotide or peptide, which can be identified by its sequence, genomic context or a
combination of the two. As in MLST, each novel variant of each locus is assigned an allele
number and the sequence and the number are stored in a curated data table, providing a
comprehensive catalogue of the variation observed to date for that locus. These tables are
easily expanded as new variants are detected. The advantage of this approach is that the
sequence variation at a given locus can be summarised as a single number, and a genome
can be rapidly identified as having a known variant at a particular locus, or a novel variant
which can then be added to the curated data set for that locus.

For organisms in which recombination is common [49], this analysis approach has the
advantage that analyses based on the alleles present, rather than their sequences or
individual nucleotides, inherently corrects for bias introduced by nucleotide-based
phylogenetic or genealogical analyses by horizontal genetic exchange; indeed, this was why
the approach was used for MLST of such organisms [46]. In organisms where
recombination is absent or rare, the sequences can be used directly, as the sequence variation
conforms to tree-like evolutionary models [94]. A further level of efficiency in cataloguing
variation is achieved by grouping alleles, as is done in MLST, to generate STs which
effectively summarise variation data at seven loci with a single number. There is no limit to
the number of such schemes that can be defined, each of which will group genetic variation
in different ways, for example membership of the same macromolecular structure, such as
the ribosome [43], or contribution to a particular phenotype, such as antibiotic resistance.
Once the genetic variation of a given isolate is catalogued in this way it can readily be
associated with provenance and phenotype data for the isolate, often referred to as metadata.

This approach has been implemented with the BIGSdb [52] software on the PubMLST.org/
neisseria website. There are three fundamental levels of interrelated information within the
website: (i) a table of isolate provenance and phenotype data; (ii) a ‘sequence bin’ associated
with each isolate; and (iii) tables of reference sequences. The isolate information table
contains data on the provenance and phenotype of the isolate, together with the any
alternative names which have been used and links to relevant records in external databases,
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such as PubMed. The sequence bin, can contain any type of compiled sequence data,
including: (i) single locus sequence data, such as MLST data, 16S rRNA gene or and
antimicrobial resistance determinant; (ii) assembled draft genomes, such as those generated
from ‘next generation’ short read sequences; or (iii) complete closed genomes sequences.
Each of these types of data can reside in a single sequence bin, associated with an
experiment type, which indicates the likely quality of the data and can be used to analyses
the data preferentially, such that complete closed genome data, where available, will be used
in preference to draft genome data.

The tables of reference sequences store any number of references sequences from any
number of loci, grouped into any number of schemes, enabling rapid and flexible annotation
of the sequences within the sequence bin using well established search algorithms such as
BLAST. Once identified the loci are tagged within the sequence bin, for easy future
identification and the allelic designations reported back to the isolate information table. This
scanning process is automated so that as new genomes are added, they are automatically
annotated against the loci defined in the reference tables the reference tables themselves not
only define variants and associate them with allele numbers, but can also contain links to
other data, including publications, which indicate the function of the loci. These tables also
give alternative locus names. To facilitate unambiguous labelling each locus is assigned a
unique identifier of the form NEIS0001. Loci are curated, but multiple curators are possible
such that individuals expert in a particular locus can have responsibility for that locus. All
features of the database are accessible through a web interface, so that the system provides a
flexible and backwards compatible means of cataloguing and analysing genome wide
information. The PubMLST database employing the BIGSdb software provides a platform
upon which population genomic analyses of the Neisseria can be efficiently performed. It
contains sequence data generated by single locus, multilocus and whole genome approaches
that can be analysed together. A number of data analysis, summary and export tools are built
into the system and it is possible to conduct phylogenetic and genealogical analysis on the
same data set that is being used for functional studies, enabling the effective fusion of these
two powerful but not always well integrated functions. This is especially important in
bacteria such as the meningococcus, where population structure has to be taken into account
when performing association studies to determine which genes or genetic variants are
associated with particular phenotype. The pathogenic phenotype in the meningococcus is
polygenic and complex, but the data accumulated to date, which has demonstrated the
existence of defined genotypes and their association with particular phenotypes suggests that
unravelling the genetic elements associated with these traits will be achievable in the
foreseeable future.

Conclusion
Large-scale studies of sequence variation in meningococcal populations have established the
central role of horizontal genetic exchange in bacterial evolution. The analyses of these data
have demonstrated that, notwithstanding high rates of recombination, meningococcal
populations are highly structured [95]. This structure, evident from only a handful of
housekeeping genes located at various positions on the chromosome, is associated with
particular phenotypic properties, including the expression of particular antigens and the
likelihood of causing invasive disease [53]. The current models of bacterial population
structures and how they evolve were developed in the 1990s from sequence data [96] and
the recent increase in sequencing capacity provides access to the whole genome, enabling
these models to be refined, developed, and exploited. It is perhaps worth noting, however,
that the genomic revolution has not, at least as yet, led to a fundamental change in these
models [97]. A particularly intriguing prospect made possible with whole genome data, is to
establish definitively the components of the accessory genome associated with particular
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clonal complexes and the relationship of this repertoire with sequence variation in the core
genome, which has been used to identify clonal complexes. As the data and methods to
analyse them expand, we are poised to make exciting novel insights into the biology of this
intriguing and dangerous, if accidental [98], pathogen. These insights will lead to the
development of improved public health interventions.

Future Perspective
There is little doubt that the number of meningococcal genomes available is going to
increase dramatically in the next 5-10 years. At the time of writing it was already more cost
effective to obtain whole genome sequences on the Illumina platform than to perform MLST
using seven PCR reactions, at least at major genome centres. It is very likely that within ten
years whole genome sequencing will become the method of choice for the characterisation
of clinical isolates of the meningococcus, and perhaps even the sequencing of clinical
specimens such as blood and CSF, from which meningococci cannot be cultured due to prior
antibiotic treatment [99]. In addition to resolving clinical questions this will generate an
invaluable resource for understanding the genetics of the meningococcus, perhaps in
conjunction with the genetics of the host. However, exploitation of this resource will depend
on the data being available in a structured form and comparison with equivalent data from
meningococcal isolates obtained from asymptomatic carriage and other Neisseria species, as
exemplified by the gene-by-gene analysis and annotation approach implemented on
PubMLST.org.

Executive Summary
Epidemic meningococcal disease, which takes to the form of meningitis and septicaemia,
was first recognised in the early 19th century and continues to have a global impact on
human health.

With the exception of the meningococcus, Neisseria meningitidis, and the gonococcus,
Neisseria gonorrhoeae the causative agent of gonorrhoea, the members of the genus
Neisseria are usually harmless commensal members of the microbiota of humans and other
animals.

Towards the end of the 20th century, the application of genetic methods established that
meningococcal populations are very diverse but highly structured, with some meningococcal
genotypes much more likely to cause disease than others.

Comparisons of a number of meningococcal and other genomes have failed to reveal a
‘pathogenome’, that is a set of genes that are limited to the more invasive meningococci.
Rather, these studies suggest that there are many ways in which a meningococcus can
become more invasive.

Population genomics, the application of ‘next generation’ sequencing methods to large
numbers of meningococcal isolates, is generating novel insights into the biology of the
meningococcus with implications for improved understanding of the biology of this disease
and the development of novel methods for its control.
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Figure 1.
A comparison of the genome organisation of N. meningitis FAM18 (GenBank accession no.
AM421808), N. gonorrhoeae FA1090 (GenBank accession no. NC_002946) and N.
lactamica 020-06 (GenBank accession no. FN995097). The red and blue bars indicate
regions of similarity with blue bars indicating corresponding regions that are oriented
similarly and red bars indicating regions oriented in opposite directions. The coordinates
represent the relative nucleotide positions on the genomes.

Bratcher et al. Page 15

Future Microbiol. Author manuscript; available in PMC 2012 November 08.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2.
Evolutionary relationships among Neisseria isolates based on concatenated sequences of 53
ribosomal protein genes (rMLST). The evolutionary history was inferred using the neighbor-
net method. The analysis involved 49 nucleotide sequences consisting of 20927 nucleotides.
* This group contained the species Neisseria sicca and Neisseria macacae which are closely
related to N. mucosa and are likely to be variants of this species. ** This group also
contained the species Neisseria flavescens which is closely related to N. subflava and is
likely to be a variant of this species. *** This is a polyphyletic group which suggests that
more than one species is present among strains microbiologically defined as N.
polysaccharea.
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Figure 3.
The BIGSdb integrated online database (http://pubmlst.org/neisseria/), which links
provenance, phenotype, bibliographic and sequence data for use in applications for
epidemiological, evolutionary, and functional studies. Figure is adapted from SK Sheppard,
KA Jolley, MCJ Maiden. A Gene-by-Gene Approach to Bacterial Population Genomics:
Whole Genome MLST of Campylobacter, Genes 2012, 3(2), 261-277.
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Table 1

A summary generated in March 2012 from the pubMLST.org database, showing the top 20 of 51 N.
meningitidis clonal complexes, 6 defined N. lactamica clonal complexes, and unspeciated Neisseria strains
considered to be either N. meningitidis or N. lactamica on the basis of their MLST profiles. This table
represents about 90% of the profiles in the database. Definitive speciation for 60 Neisseria isolates (marked *)
is inconclusive. Clonal complexes considered to represent hyperinvasive lineages are highlighted in grey.

Clonal complex Neisseria lactamica Neisseria meningitidis Neisseria species*

disease carriage undefined disease carriage undefined disease carriage undefined

hyperinvasive lineages

ST-41/44 complex 1,474 783 288

ST-11 complex 1,208 158 126

ST-5 complex 623 36 20

ST-8 complex 370 12 26

ST-1 complex 177 46 11

ST-4 complex 18 27

ST-32 complex 969 254 182

ST-269 complex 421 137 82

ST-23 complex 192 247 63 1

ST-22 complex 155 272 42

ST-35 complex 155 243 55

ST-18 complex 239 52 36

ST-213 complex 114 141 58

ST-53 complex 6 290 15

ST-60 complex 113 155 29 1

ST-167 complex 78 141 20

ST-198 complex 8 196 34 1

ST-254 complex 49 120 24

ST-162 complex 74 78 32

ST-103 complex 89 58 31

ST-624 complex 50 23 4

ST-640 complex 42 5

ST-613 complex 44 2

ST-1494 complex 38 1 8

ST-595 complex 32 1

ST-1540complex 21 1

Unassigned STs 244 35 1,298 1,452 355 1 34

Future Microbiol. Author manuscript; available in PMC 2012 November 08.


