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Serogroup B is the only major disease-associated capsular group of Neisseria meningitidis for which no
protein-polysaccharide conjugate vaccine is available. This has led to the development of multi-
component protein-based vaccines that target serogroup B invasive meningococcal disease (IMD), includ-
ing Bexsero®, which was implemented for UK infants in 2015, and Trumenba®. Given the diversity of
meningococcal protein antigens, post-implementation surveillance of IMD isolates, including character-
isation of vaccine antigens, is essential for assessing the effectiveness of such vaccines. Whole genome
sequencing (WGS), as realised in the Meningitis Research Foundation Meningococcus Genome Library
(MRF-MGL), provides a rapid, comprehensive, and cost-effective approach to this. To facilitate the surveil-
lance of the antigen targets included in Bexsero® (fHbp, PorA, NHBA and NadA) for protective immunity, a
Bexsero® Antigen Sequence Type (BAST) scheme, based on deduced peptide sequence variants, was
implemented in the PubMLST.org/neisseria database, which includes the MRF-MGL and other isolate col-
lections. This scheme enabled the characterisation of vaccine antigen variants and here the invasive
meningococci isolated in Great Britain and Ireland in the epidemiological years 2010/11 to 2013/14
are analysed. Many unique BASTs (647) were present, but nine of these accounted for 39% (775/1966)
of isolates, with some temporal and geographic differences in BAST distribution. BASTs were strongly
associated with other characteristics, such as serogroup and clonal complex (cc), and a significant
increase in BAST-2 was associated with increased prevalence of serogroup W clonal complex 11
meningococci. Potential coverage was assessed by the examination of the antigen peptide sequences pre-
sent in the vaccine and epidemiological dataset. There were 22.8-30.8% exact peptide matches to
Bexsero® components and predicted coverage of 66.1%, based on genotype-phenotype modelling for
63.7% of serogroup B isolates from 2010/14 in UK and Ireland. While there are many caveats to this esti-
mate, it lies within the range of other published estimates.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Invasive meningococcal disease (IMD), caused by Gram nega-
tive organism Neisseria meningitidis, remains an important cause
of morbidity and mortality worldwide [1]. In high income regions
IMD is normally endemic at low incidence and is associated with
serogroups B, C, W and Y, although higher incidence outbreaks
occur periodically [2]. Protein-polysaccharide conjugate vaccines
have been successfully implemented against the major disease-
associated serogroups in high and low income settings, with the
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exception of serogroup B [3,4]. The immuno-chemical similarity of
the serogroup B capsule and human cell surface polysaccharides,
results in poor immune responses and safety concerns [5]. Conse-
quently, development of ‘group B’ vaccines has concentrated on
sub-capsular antigens, using either outer membrane vesicles, puri-
fied proteins, or both [6]. Bexsero® was licensed in Europe in 2014
and by the end of 2015, two vaccines, Bexsero® [7] and Trumenba®
[8], were licensed in the USA. Bexsero®, included in the UK infant
immunisation schedule in September 2015 [9], combines the pro-
tein antigens factor-H binding protein (fHbp), neisserial adhesion A
(NadA), neisserial heparin-binding antigen (NHBA) and PorA with
an outer membrane vesicle from the MeNZB™ vaccine [7,10].

Molecular typing approaches are important for IMD diagnosis in
the absence of a confirmed culture [11,12]; as over half of IMD
cases are diagnosed solely by PCR in the UK [13]. Nucleotide
sequence-based typing of meningococci has many applications
[14], including post-vaccination surveillance, where multilocus
sequence typing (MLST) established that meningococcal C conju-
gate vaccine significantly reduced carriage of the outbreak strain
in the UK population [15]. The application of rapid, cost-effective
bacterial whole-genome sequencing (WGS), achieved with the
Meningitis Research Foundation Meningococcus Genome Library
(MRF-MGL), enables high resolution characterisation of clinical
isolates at >95% of loci simultaneously [16]. Analysis of MRF-MGL
data from 2010/11 onwards, publicly accessible on the PubMLST
database [17], made a major contribution to UK vaccination policy,
by determining that increases in serogroup W IMD in the UK were
due to clonal expansion of an aggressive strain first reported in
South America [18,19].

WGS for disease-causing meningococci in Great Britain and Ire-
land provides detailed information on vaccine antigen sequence
variants and enables inference of vaccine coverage. However,
WGS does not identify the extent of immunological cross-
reactivity of antigens, especially those with similar but distinct
peptide sequences. Therefore, enhanced post-implementation
surveillance of Bexsero® currently employs the Meningococcal
Antigen Typing System (MATS) assay, developed to predict strain
coverage of Bexsero® [20]. Based on serogroup B IMD isolates,
strain coverage of 73% in England and Wales was predicted [21].
Here, we characterised the diversity and structure among
disease-causing N. meningitidis isolates from the UK and Ireland
over four years (2010/14), defining a reproducible method for typ-
ing Bexsero® vaccine antigens. As a demonstration of the utility of
WGS, we developed a model for predicting the likely MATS result
from genotype.

2. Materials and methods
2.1. Genome collections

A total of 2016 genomes were analysed, representing all
culture-confirmed cases of IMD for epidemiological years
2010/11 to 2013/14 from Great Britain and Ireland: England
(n=1602); Wales (n=120); Scotland (n=114); Northern Ireland
(n=47); and Republic of Ireland (n = 133) the latter two grouped
as ‘Ireland’ for analysis. There were 19 non-groupable isolates,
the remainder were serogroups A (n=1), B (n=1393), C (n = 88),
E (n=5), W|Y (n=4), W (n=202), X (n=2), Y (n=301), and Z
(n=1). The genomes were hosted on PubMLST Neisseria public
database (http://pubmlst.org/neisseria/). Embedded tools within
PubMLST were used to analyse the presence of Bexsero® vaccine
antigens (fHbp, NadA, NHBA and PorA), diversity, association with
clonal complex (cc), geographical and temporal spread.

2.2. Implementation and curation of Bexsero® Antigen Sequence Type
(BAST) scheme

A curated sequence type scheme for Bexsero® antigens was
established within PubMLST.org/neisseria database to provide a
robust, objective method of comparing the vaccine antigens. This
enables easy comparison among datasets collected in different
temporal or geographical regions [22]. Previously established
nomenclatures for each component were used, with every unique
peptide sequence for each Bexsero® antigen (fHbp, NHBA, NadA,
PorA-VR1 and PorA-VR2) [23-25] assigned a unique identification
number. Although not included in the MATS assay, PorA-VR1 was
included in the BAST scheme, for additional discrimination among
vaccine antigens. Each unique combination of these peptide
sequences identifiers in an isolate was assigned an arbitrary num-
ber (Bexsero® Antigen Sequence Type or BAST) in order of discov-
ery, as sequence types (STs) are assigned in MLST [26]. Assigning
peptide sequence variant numbers was complicated where the
gene sequence encoding an antigen was absent or did not encode
an expressed protein. In the absence of protein expression or func-
tional studies for these loci in all isolates, the most biologically
plausible interpretation of sequence data guided the nomencla-
ture. The allele designation O (null) was used where absence of
the locus encoding a protein in an isolate was confirmed. In those
cases where an indel mutation in the nadA gene resulted in the
gene being phase variable ‘off’, the potential NadA peptide identi-
fier for phase variable ‘on’ was used. For genomes with frameshift
mutations in fHbp, NadA, or NHBA that rendered the resultant pro-
tein truncated, peptide designation O (null) was assigned.

2.3. Analysis of antigen diversity and recombination

Simpson’s index of diversity (D) assessed the diversity of each
protein, ranging from zero to one, with values nearer one indicat-
ing greater diversity [27,28]. Cramer’s V coefficient measured the
association of vaccine antigens and BASTs with cc and was calcu-
lated using the ‘cramersV’ function in the ‘Isr’ package in R 3.1.1.
[29]. Rarefaction curves of BAST and peptide types were produced
using the ‘rarefaction’ function in the ‘vegan’ package in R. A rar-
efaction curve is created by repeatedly re-sampling at random
from a collection of N individuals and subsequently plotting the
average number of species/types represented by N individuals.
Analysis of recombination in the Bexsero® vaccine antigen genes
was carried out using the ClonalFrameML program [30]. ClonalFra-
meML uses a maximum likelihood approach for phylogenetic
reconstruction while taking into account recombination.

2.4. Analysis of population structure

The index of association (I4) determined the level of linkage
equilibrium, the random association of alleles at various loci, in
sequence data [31]. The ‘standardised index of association’, I,
detected linkage disequilibrium among the BAST loci using the
START2 program 0.9.0 beta [32,33]. The f* metric measured the
amount of non-overlapping structure in the combinations of anti-
gens [34]. A script written and executed in R calculated the f*
metric.

Wrights fixation index, Fsr, investigated geographic and tempo-
ral structuring. The Fsy value ranged from zero (no differentiation
among groups, indicative of gene flow), to one (complete differen-
tiation and presence of structure in the population). Significant
genetic differentiation among groups of isolates (years/regions)
and the contribution of geotemporal factors were assessed by
AMOVA [35]. Fst and AMOVA were calculated with Arlequin ver-
sion 3.1 [36]. The chi squared test and chi squared test for trend
detected changes in BAST over time and calculated with ‘prop.test’
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