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Abstract

Neisseria meningitidis is one of several Neisseria species that asymptomatically
colonise the human nasopharynx. Occasionally, N. meningitidis invades the blood-
stream, resulting in invasive meningococcal disease (IMD). In most settings, ex-
pression of a serogroup A, B, C, W, X or Y polysaccharide capsule is essential for
IMD. Previously, capsules were considered unique to N. meningitidis, among the
Neisseria, possibly acquired by horizontal genetic transfer (HGT). In this thesis,
genomic analyses further investigate the distribution and evolution of capsules
in Neisseria species.

Chapter 2 identifies orthologues of conserved capsule export genes in 13 non-
pathogenic Neisseria species. Novel capsule synthesis genes are further characterised
and found to resemble those present in other encapsulated bacteria including N.
meningitidis, Actinobacillus and Haemophilus. Preliminary 'H NMR results are
consistent with some of the structural predictions arising from these comparisons.

Phylogenetic analyses in Chapter 3 indicate that the meningococcal capsule has
undergone HGT with other Neisseria species on at least two occasions. Sequence
analyses are consistent with hypotheses postulating that the meningococcal capsule
was acquired de novo through HGT, with Neisseria subflava identified as a potential
donor, but are not sufficient to definitively prove that such an event occurred.

Finally, Chapter 4 explores a more contemporary example of HGT within the
meningococcal capsule locus. Capsule switching from serogroup E to serogroup B is

shown to be responsible for cases of IMD in clonal complexes cc60 and cc1157. This



example is further explored to discuss the interaction between the capsule and the
wider genetic profile of meningococci, and their association with IMD.

These analyses expand on previous understanding of the distribution and evo-
lution of the polysaccharide capsule in the Neisseria, and the implications for
the epidemiology of IMD. Discussions of this important virulence-associated factor
address its enigmatic existence in organisms that principally colonise the nasopharynx

without causing disease.
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Introduction

1.1 The genus Neisseria

The Neisseria are a diverse genus of Gram-negative -proteobacteria that asymp-
tomatically colonise the mucosal surfaces of humans and other animals [T} 2] 3], 4 [5].
Many Neisseria species belong to the human oral microbiota, and have been isolated
from the mouth, nose, throat and urogenital tract. The two most well studied species
within the genus are those that are capable of causing human disease, Neisseria
meningitidis and Neisseria gonorrhoeae. N. meningitidis is capable of invading
the bloodstream, leading to life-threatening invasive meningococcal disease (IMD),
comprising meningitis and /or septicaemia [6]. The closest relative of N. meningitidis,
N. gonorrhoeae, is the second most prevalent cause of bacterial sexual disease
worldwide [7]. Other Neisseria species occasionally act as opportunistic pathogens,
but these are isolated incidences [8], 9} (10, I1]. Therefore, from a human perspective,
all other Neisseria can be considered to be non-pathogenic Neisseria (NPN) species.

The characterised NPN species most closely related to N. meningitidis and
N. gonorrhoeae, in order of relatedness, are: Neisseria polysaccharea; ‘Neisseria
bergeri’; Neisseria lactamica; Neisseria cinerea; Neisseria subflava; and Neisseria

oralis and Neisseria mucosa [13], 12]. These relationships are based on ribosomal
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Figure 1.1: Neisseria species phylogeny. Neighbour-joining tree reconstructed from
246 concatenated core gene sequences. PubMLST ID, isolate and assigned species included.
Species re-classifications indicated by brackets are used in this thesis. Obtained from Bennett
et al., 2013, Int J Syst Evol Micr 63(10) (https://doi.org/10.1099/ijs.0.052431-0)
[12]. Licensed under a Creative Commons Attribution License.
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multilocus sequence typing (rMLST) classification, using sequence fragments from
ribosomal protein sub-unit gene variants to reliably classify phylogenetic relationships
among bacteria [14], which has been confirmed by a 246 core genome scheme for
the Neisseria genus (Figure [13, 12]. N. polysaccharea is a paraphyly [13]. Re-
classification of some N. polysaccharea isolates, as well as several new isolates related
to ‘N. bergeri’, has been recently proposed [I5], but as they have not been confirmed,
the classification of Bennett et al. [12] will be used in this thesis. All of the species
mentioned thus far have a diplococcus morphology. They have all also been isolated
from the human mouth and/or throat, although differences in tropism have been
identified, with N. lactamica, like N. meningitidis, more typically inhabiting the
throat, compared to N. subflava on the tongue dorsum, and N. mucosa in the gingivial
plaque [I6]. The more distantly related species Neisseria elongata [17] and Neisseria
bacilliformis [11] have a bacillus morphology. N. elongata has been classified into
three subspecies, elongata, nitroreducens and glycolytica, on the basis of biochemical
profiles [18]. The subspecies all belong to a single clade, but only one representative
of each subspecies has been sequenced to date [12]. N. subflava, N. polysaccharea and
N. lactamica have been most frequently isolated and sequenced during investigations
into nasopharyngeal carriage of N. meningitidis [19)].

In addition to these human-associated species, several animal-associated species
have been identified. These include Neisseria animalis from a guinea-pig [20],
Neisseria weizii from a Chinese rodent [21], and Neisseria musculi from the wild
house mouse, which shows potential as a tractable animal model [2]. Human disease
has been associated with infection via animal bites with Neisseria weaveri, Neisseria
canis, Neisseria zoodegmatis and Neisseria animaloris [1]. Nevertheless, Neisserial
disease is not widely reported among animals that are known to be colonised, and

so presumably infection in animals is also generally asymptomatic.
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1.2 The Meningococcus

In common with its NPN relatives, N. meningitidis is generally a commensal
bacterium. It is frequently isolated from the human nasopharynx, with recorded
asymptomatic carriage rates ranging from 1-40% or more, depending on age group,
geographical location and setting [22]. Occasionally, N. meningitidis invades the
bloodstream where, dependent on the possession of certain genetic factors and
host-pathogen interactions, it is able to evade immune responses, causing IMD [6].
Disease is predominantly caused by the six serogroups A, B, C, W, X and Y, defined
by expression of structurally distinct polysaccharide capsules [23, 24]. IMD usually
presents as meningitis and/or septicaemia, which have high mortality rates, and

are a public health priority in many jurisdictions.

1.2.1 Epidemiology

Unlike gonorrhoea, which was described in Egypt possibly as early as 1500 B.C. [25],
the characteristics of IMD epidemics were not described until an outbreak in Geneva,
Europe, in 1805 [26]. Endemic disease in Europe, the Americas and Australia was
predominantly caused by serogroups B and C prior to the introduction of the MenC
vaccine [22]. Cases of disease in Western countries tend to be sporadic, occurring
at a rate of 1-3 cases per 100,000 population. Epidemics have been described, but
they tend to result in a modest increase in cases that takes place over several years
[27]. Rates of serogroup Y disease in the USA increased in the 1990s, [28], and
have been reported to be increasing in the 2010s in Europe [29]. The emergence
of a South American/UK lineage has resulted in increased rates of W disease with
high case fatalities in Europe [30].

The first African meningococcal outbreak was recorded in Algiers in 1840 [31].
During the 20" Century, countries in the Sahel spanning from The Gambia to

Ethiopia and Sudan, constituting the African meningitis belt [32], were subject to



1.2. THE MENINGOCOCCUS CHAPTER 1. INTRODUCTION

frequent epidemics of predominantly serogroup A disease [33]. These epidemics were
characterised by substantially higher rates of disease compared to endemic levels [22].
In the early 2000s, emergence of serogroup W disease in the belt was associated with
Hajj pilgrims; pilgrims are now required to be vaccinated [34]. Since the delivery of
MenAfriVac, a serogroup A vaccine, disease has declined across the belt, and cases

are now predominantly caused by serogroups C, W and X [35].

1.2.2 Carriage

Meningococci isolated from IMD represent only a small proportion of the genetic
diversity of meningococci, the majority of which corresponds to carriage [36]. Carriage
is the more usual state in the meningococcal life-cycle, during which N. meningitidis
asymptomatically colonises the mucosa of the nasopharynx. Carriage can persist
within a host over several weeks [37, 38]. No known reservoirs besides humans exist,
so carried meningococci are the major source of transmission between hosts (Figure
1.2)) [39]. The highest burden of disease is in infants and children under the age of
five, but carriage in this age group is relatively low [40]. By contrast, in Europe
and other Western countries, carriage increases in adolescence to a peak at 19 years
old [41]. Increased rates of carriage likely explain a small peak in IMD in this age
group, but it is also likely that adolescent carriers are the main source of transmitted
meningococci to infants, the group at the highest risk of IMD [42].

The exact process of transmission is yet to be determined, but several risk
factors have been associated with carriage. Owing to the ethical concerns of infecting
individuals with potentially pathogenic bacteria, and the relative intractability of
animal models, most research is focused on natural carriage studies to investigate
epidemiology, though these may not provide information about the duration of car-
riage, co-carriage of multiple strains, or rates of transmission. It has been consistently
observed that overcrowding, including within communal living areas such as university

halls of residence and military barracks, increases the risk of meningococcal carriage
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Figure 1.2: Transmission of meningococci in a typical human population. The
meningococcal life-cycle predominantly consists of colonisation and transmission, as depicted
by the green arrows. Obtained from Trotter and Maiden, 2009, Expert Rev Vaccines 8(7)
(https://doi.org/10.1586/erv.09.48) [43]. Reused from Taylor & Francis.

[44, 45, 38]. Based on this observation, transmission is assumed to require close-
contact [46]. Social interaction, including intimate behaviours, are also associated
with carriage, and increased participation in these activities during adolescence
may explain increased carriage rates in this age group [47]. Smoking and indoor
cooking also increase the risk of carriage of meningococci [47, [48], [19]. Carriage
is a crucial component of meningococcal epidemiology, and can inform decisions

about vaccination strategies [42) [49].

1.2.3 Phylogenetics and typing

The study of meningococcal epidemiology has benefited from meningococcal typing,
predominantly using the seven locus multilocus sequence typing (MLST) scheme [50,
51]. This scheme consists of sequence fragments of seven “house-keeping” genes, chosen
from across the genome to minimise linkage (Figure . Each fragment is assigned
an arbitrary allele number, with meningococci containing identical allele sequences
being assigned the same allele number. The set of allele numbers representing the
seven gene fragments is the MLST allele profile. Each unique MLST allele profile
is assigned a sequence type, and based on heuristic measures, sequence types are

clustered into clonal complexes. Different clonal complexes are often characterised by
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N. meningitidis genome

2,240,883 bp

Figure 1.3: Chromosomal location of N. meningitidis MLST gene fragments.
Fragments are mapped to the chromosome of strain H44/76.

other genotypic and phenotypic characteristics. For instance, clonal complexes cc198,
cch3, cc1117 and ccl1136 are found to be consistently unencapsulated and associated
with carriage [52], whilst clonal complexes cc41/44, ccll, cc32, cc8 and ¢c269 are most
frequently isolated from IMD in Europe [53]. Although Next Generation Sequencing
(NGS) technologies have enabled higher resolution core genome multilocus sequence
typing (cgMLST), which uses 1605 genomic loci [54], clonal complex is still a primary
typing measure reported by reference laboratories.

It is difficult to determine the phylogenetic relationships among clonal complexes.
Phylogenetic analyses at high and low resolution have been shown to produce star-like
trees, with poorly resolved, deep internal branches [55], [56]. This is likely to be due
to extensive recombination among meningococci [51], which occurs as a result of
horizontal exchange of genetic material between bacteria [57].

Among bacteria, there are three major mechanisms of horizontal genetic transfer
(HGT): conjugation is mediated by direct contact between two bacterial cells;
transduction involves the transfer of genetic material carried by a viral phages
that incorporate into the bacterial genome; and transformation involves the uptake of
free DNA from the environment [58,59]. The Neisseria, including N. meningitidis, are

naturally competent for transformation. Transformation between Neisseria species
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root

Figure 1.4: Example of a phylogenetic network. A split network representing
incompatible phylogenetic signals that may arise due to recombination. Edges represent
a split, separating the taxa into two groups. The length of an edge corresponds to
the weight of the split. Increasing numbers of parallel edges indicates that there are
conflicting splits. Obtained from Huson and Bryant, 2006, Mol Biol Evol 23(2) (https:
//doi.org/10.1093/molbev/msj030) [61]. Reused with permission from Oxford University
Press.

is promoted due to the 10 bp DNA uptake sequence (DUS) 5 -GCCGTCTGAA-
3’, which is associated with recombinant genome sequences [46]. Uptake is mediated
through binding of the DUS to the type IV pilus, followed by retraction of the
type IV pilus [2]. Following uptake, DNA must be processed and integrated into
the host genome to complete the HGT event.

HGT among meningococci gives rise to the concept of a global gene pool, in which
any allele present in the population can be potentially transferred among unrelated
isolates [60]. The gene pool includes core genes, which are essential for basic bacterial
survival, as well as accessory genes, which confer additional but non-essential traits
[56]. As a result of HGT, bifurcating trees are not especially reliable for within species
evolutionary analyses of meningococci, except in the context of short-term evolution
[51]. Evolutionary relationships of recombining sequences may more accurately be
represented by phylogenetic networks (Figure [61]. Inter-species recombination,
which has been demonstrated among the Neisseria, including N. meningitidis, can
blur the lines between distinct species, but it occurs insufficiently frequently to affect

the established speciation of the Neisseria [60, [56].
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Genetic analysis of meningococci has been accelerated by the NGS revolution,
which enables rapid whole genome sequencing of isolates. Neisseria whole genome
sequence (WGS) data from a variety of sources have been deposited in the PubMLST
database at pubMLST.org/neisseria, which is hosted on the Bacterial Isolate Genome
Sequence Database (BIGSdb) genomics platform [62]. As of August 2019, the public
database contained WGS data from >20,006 Neisseria isolates, 499 of which were
from defined NPN species, with a further 61 isolates classified as ‘ Neisseria sp’. Most of
the WGS data in PubMLST is high quality draft genome data, with sequencing reads
assembled into approximately 100-300 individual contigs. The PubMLST sequence
database contains defined Neisseria loci and allele sequences, with each locus assigned
a unique NEIS number. Isolates can be annotated with NEIS loci automatically or
manually through a BLAST-based process, and new alleles are assigned an arbitrary
allele number. This enables genomic analyses of meningococci using both sequence
based approaches, and gene-by-gene approaches based on allelic profiles, to investigate

epidemiology and factors involved in immunity, colonisation and virulence.

1.2.4 Virulence

A number of processes must take place in order for N. meningitidis to cause IMD.
Colonisation of the nasopharynx alone is not sufficient. The major processes are:
invasion across the mucosal layer and into the bloodstream; survival and proliferation
in the bloodstream, entailing acquisition of nutrients and evasion of the immune
system; and, in the case of meningitis, crossing of the blood-brain barrier [6]. Any
factor required for one of these processes could be considered a virulence factor
[63], and dozens of genes have been implicated in the virulence of meningococci [64].
These genes are involved in a range of processes including mucosal attachment, iron
acquisition, and immune invasion, but many of them have also been identified in
NPN species [64], 65]. Whilst virulence may be attenuated in the absence of these

factors, they do not necessarily represent the most important factors for defining
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the pathogenic potential of meningococci compared to NPN species. Marri et al.
described such factors as “host adaptation factors” [64], whilst Snyder et al. suggested
that the combination of factors may define a virulence profile [65].

The unequal distribution of clonal complexes in meningococci isolated from
disease, compared to meningococci isolated from carriage, indicates that certain
factors or genetic variants may more directly facilitate IMD. Leading candidates
include: HmbR, involved in haemoglobin acquisition, which is over-represented
among disease-associated meningococci [66]; factor H binding protein (fHbp), which
negatively regulates the alternative complement pathway, variant 1 of which is more
likely to be associated with disease [67]; the type four pilus, involved in attachment,
of which class II is associated with invasive meningococcal lineages [68, [69]; and the
meningococcal disease-associated (MDA) bacteriophage, an 8 kb genetic island whose
presence is associated with IMD [70] [71]. The factor most convincingly associated

with IMD is the polysaccharide capsule [72].

1.3 The polysaccharide capsule

Polysaccharide capsules consist of a layer of polysaccharides that form into a structure
attached covalently to phospholipids or lipid A on the cell surface [73]. In most cases,
including all meningococcal capsules, the capsule is negatively charged and contains a
high water content [74], constituting a protective layer around the bacterial cell surface.
Capsules can function in environmental survival, including desiccation resistance [75],
as well as evasion of the host immune system [76]. Capsules that confer the ability
to evade the immune system are considered important virulence factors. In addition
to N. meningitidis, capsules have been identified in many Gram-negative pathogens
including Fscherichia coli, Actinobacillus pleuropneumoniae, Haemophilus influenzae,
Pasteurella multocida, Mannheimia haemolytica and Morazella nonliquifaciens [T6].

Gram-negative capsules are produced via either Wzy-dependent or ATP-binding
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cassette (ABC) transporter-dependent pathways. Capsular biosynthesis has been
most well characterised in E. coli [77], but capsules have also been well characterised

in other pathogens such as N. meningitidis.

1.3.1 Synthesis and structure

In N. meningitidis, the capsule is produced via ABC transporter-dependent polymeri-
sation, whereby synthesis and polymerisation of the polysaccharide take place at the
bacterial inner membrane, prior to transport across the membrane and translocation
to the cell surface using energy released from ATP hydrolysis [79]. These processes
are encoded by genes located in the capsule locus (¢ps) [78], part of the accessory
genome (Figure [L.5). The cps is functionally divided into several contiguous regions.

Region A contains genes involved in capsule synthesis, in particular glycosyl-
transferases and capsule polymerases, but also other proteins involved in additional
capsule modifications such as acetyltransferases, and sometimes insertion sequences
are present (Figure [1.5) [78, [76]. This region is highly variable, with 12 known
variants corresponding to the 12 meningococcal serogroups A, B, C, W, X, Y, E,
L, H, I, K and Z. Of these, only six (A, B, C, W, X and Y) are associated with
disease [23, 24]. The structures of the capsule serogroups have been determined
through extraction and purification of the capsule polysaccharides, followed by
nuclear magnetic resonance imaging (NMR) analysis. A full summary of capsule
serogroup structures can be found in Table [I.1}

Serogroups B, C; W and Y produce capsules containing sialic acid derivatives
[T, 82]. Region A of the cps in all four contains the cytidine-5-monophosphate-
N-acetylneuraminic acid synthesis genes cssABC, and differ by the the capsule
polymerase, containing either c¢sb, csc, csw or csy respectively [78]. ¢sb and csc nu-
cleotide sequences are 64% identical, and determine whether a2—8-linked (serogroup
B) or a2—9-linked (serogroup C) polysaccharides are synthesised [83]. csw and

csy nucleotide sequences are 98% identical, and a single amino acid substitution
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Table 1.1: Meningococcal capsular polysaccharide structures. Disease associated
serogroups are underlined in bold. Obtained from Tzeng et al., 2016, Crit Rev Microbiol
42(5) (https://doi.org/10.3109/1040841X.2015.1022507) [80]. Reused from Taylor &

Francis.

Serogroup Structural Repeating Unit? Acetylation
ManNAc-(1-P — 6)-
A |3 @ +)
OAc
a
B NeuNAc-(2 — 8)- )
NeuNAc-(2 — 9)-
[o | | ( a ) (+)
7-OAc 8-OAc
6-Glc-(1 — 4)- NeuNAc-(2— 6)-
Y a | a +)
OAc
6-Gal-(1 — 4)- NeuNAc-(2— 6)-
w a | a (+)
OAc
o
X GIcNAC-(1-P — 4)- )
GalNAc-(1 — 7) — B-KDO - (2— 3)-
E a (+)
4, 50Ac
H a-Gal-(1 — 2)- Gro-(3-P— 4)- ()
| 0-L-GIUNACA-(1 — 3)- B-D-ManNAcA-(1— 4)- )
4-OAc
p B—D—Man|NAcA—(1—> 4)-3-D-ManNAcA-(1 — 3)- )
4-OAc
L B-GlcNAc-(1 — 3)-f GlcNAc-(1— 3)- GIcNAc-(1-P-3)- ()
7 o a )
a-GalNAc-(1 — 1’)- Gro-(3’-P — 4)-

ManNAc, N-acetyl-D-mannosamine; NeuNAc, N-acetyl-neuraminic acid (sialic acid);
GalNAc, N-acetyl-galactosamine; GlcNAc, N-acetyl-glucosamine; GluNAcA, N-acetyl-
guluronic acid; ManNAcA, N-acetyl-mannosaminuronic acid; Glc, glucosamine; Gal,

galactosamine; Gro, glycerol; KDO, 2-keto-3-deoxyoctulosonic acid.
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determines whether alternating sialic acid and D-galactose (serogroup W), or sialic
acid and D-glucose (serogroup Y) polysaccharides are synthesised [83], [84].

Serogroups A, X and L all contain a roughly 50% similar capsular polymerase,
CsaB, CsxA or CslA respectively [85]. CsaB is responsible for the polymerisation of
UDP-N-acetyl-D-mannosamine, linked by phosphodiester linkages, with subsequent
modifications by other enzymes to give a final structure of al—6-linked N-acetyl-
D-mannosamine-1-phosphate [86, 87]. CsxA functions similarly in the generation of
al—4 phosphodiester linkages in the synthesis of the serogroup X capsule consisting
of al—4-linked N-acetyl-D-glucosamine 1-phosphate [85] 88]. In contrast, CslA was
found to make no contribution to the synthesis of the serogroup L structure, consisting
of trimeric repeats of —3-5-D-N-Acetylglucosamine-1—3-3-D-N-Acetylglucosamine-
1—3-a-D-N-Acetylglucosamine-1-phosphate [89]. Instead, the two-domain polymerase
CslB is responsible.

Serogroups H and Z produce teichoic-acid like capsules containing glycerol-3-
phosphate residues [90} 91]. Few serogroup H isolates have been isolated from carriage
studies. Both serogroups share four homologous genes within region A, the first two
of which share 91% amino sequence identity [92]. Serogroups E and Z have been
shown to have a degree of cross-reactivity, which initially resulted in serogroup E
being referred to as serogroup Z’ [93], but they do not share any homologous genes in
region A [78]. The serogroup E capsule consists of 2-acetamido-2-deoxy-D-galactose
and 3-deoxy-D-manno-octulosonic acid residues.

Serogroups I and K both produce capsules containing N-acetylmannosaminuronic
acid, but whereas K consists of repeat O-acetylated homodisaccharides [94], I consists
of O-acetylated alternating N-acetylmannosaminuronic acid and N-acetyl-guluronic
acid [95]. Region A of these serogroups is highly similar, with two non-synonymous
substitutions in the glycosyltransferases CsiC/CskC and CsiD/CskD, which, similarly
to serogroups W and Y, may be responsible for the differences in capsule structure

[78]. Nevertheless, it has been suggested that both structures should be re-examined
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to confirm this difference [78]. Both serogroups are relatively poorly characterised,
and rarely isolated from carriage studies.

There is some association of certain clonal complexes with particular capsular
groups, for example cc23 and ccl67 isolates are typically serogroup Y [96], but
meningococci are also able to horizontally exchange their region A genes. This
results in capsule serogroup switching among clonal complexes, which has been
reported several times among N. meningitidis populations [97, [98] 99, [100, 10T
102), T03]. These capsule switching events have great impacts on the epidemiology
for IMD. For instance, the hyperinvasive cc11-W “Hajj” strain emerged as an
endemic disease-causing strain in the African meningitis belt as a result of C to
W capsule switching [104]. Whilst the breakpoints of an HGT event must contain
region A for capsule switching to occur, adjacent sequences in the cps are also
frequently exchanged [103] [97].

Regions B and C of the cps are composed of the genes ctrEF and ctrABCD respec-
tively, and are required for capsule translocation and transport. These regions are well
conserved throughout N. meningitidis, unlike region A [78], and homologues are also
found in other species that express an ABC transporter-dependent capsule [73]. The
specific roles of the genes has been deduced based on homology to, and substitution
with, ABC transporter-dependent capsule export genes in E. coli (Figure . CtrD
is an ATP-binding protein, and together with the transmembrane protein CtrC is
believed to be involved in transport across the inner membrane [105]. The auxiliary
proteins CtrB and CtrA, located in the inner and outer membranes respectively, and
both having a periplasmic domain, are believed to couple transport from the inner
membrane through the outer membrane [105]. CtrE and CtrF are -Kdo-transferases,
which attach a lipid moiety to the capsule [106]. Knockouts of these genes have been
shown to inhibit surface expression of capsule by N. meningitidis [107].

In contrast to many other species that express a capsule, regions A, B and C

of the meningococcal cps are interrupted by genes without a direct role in capsule

15



1.3. THE POLYSACCHARIDE CAPSULE = CHAPTER 1. INTRODUCTION

7

—

{
|

|:| OFX protein (KpsD)

_\\' |:| PCP pratein (KpsE)
\

\ I:I ABC ransporter TMD (Kpahd)

|:| ABC transporter NBD (KpsT)

I

ADF

Figure 1.6: ABC transporter-dependent export of polysaccharides. A cartoon
depicting a model of the capsule export complex in E. coli. KpsT, KpsM, KpsE and
KpsD correspond to CtrD, CtrC, CtrB and CtrA respectively. PCP = polysaccharide
co-polymerase; OPX = outer membrane protein. Obtained from Willis and Whitfield, 2013,
Carbohyd Res 378 (https://doi.org/10.1016/j.carres.2013.05.007) [76]. Reused
with permission from Elsevier.

synthesis [105]. Region D of the ¢ps contains the genes rfbABC and galF, the latter
of which is thought to play a role in lipooligosaccharide (LOS) synthesis [I0§]. galF is
also required in the synthesis of serogroup E and Z capsules [109, O1]. A duplication
of region D is designated region D’ [110], and the ¢ps contains two forms of galE, one
of which is truncated. The truncated and full forms of galFE in cpst meningococci
are designated galE2 and galE'1 respectively. The capsule locus has been shown
to re-orientate itself within the genome between these two genes (Figure [111].
It has been noted that, since the cps is located 54 kb downstream of the origin of
replication, it is possible that these inversions resolve collisions between transcription
and genome replication machinery [I11], as described in E. coli [112], which may be
important in regions where genes are highly expressed. Region E contains the gene
tex and two pseudo cytosine methyltransferases of unknown function.

Although regions D, D’ and E are not directly involved in capsule synthesis or
transport, they are generally considered part of the ¢ps due to their location within

the locus [78]. There are several meningococcal clonal complexes, including cc198,
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Figure 1.7: Meningococcal cps orientations. Organisation of genes within the two
orientations of the meningococcal cps.

cch3, ccl1117 and cc1136, that are consistently found to lack genes required for capsule
synthesis, but do contain region D and at least tex from region E [52]. Isolates that
do not contain regions A, B and C are described as capsule null, and instead possess a
distinct 113-118 bp sequence located between regions D and E, the capsule null (enl)
locus. The cnl locus has also been identified in N. gonorrhoeae and the NPN species

N. lactamica [52], and no encapsulated isolates from these species have been described.

1.3.2 Polysaccharide vaccines

The development of conjugated polysaccharide vaccines has been one of the greatest
successes in the control of meningococcal disease. The capsule is poorly immunogenic
[113], so whilst vaccines consisting of capsule polysaccharides alone can be effective
at controlling outbreaks, such as the the Quebec outbreak of meningitis C disease in
the 1980s/1990s [114], long-term immunity is limited, particularly in infants [115].
By covalently bonding polysaccharide to a carrier protein, conjugate vaccines have
been shown to induce T-cell responses and result in higher immunogenicity, including
in infants [116]. This approach has also been successful against the pneumococcus,
and H. influenzae serotype b. Conjugate vaccines have been key to the reversal of
increasing levels of meningitis C in the UK in the late 1990s [117], and a reduction in
cases of meningitis A in the African meningitis belt [35]. Initial evidence suggests that
the quadrivalent MenACWY conjugated vaccine may also halt the rise of cc11-W

cases [118], and a pentavalent MenACWXY conjugate vaccine is in development
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[T19]. Therefore, conjugate vaccines may provide a means to control meningococcal
disease caused by five of the six disease-associated serogroups.

It has not been possible to exploit the serogroup B capsule to develop a safe and
efficacious polysaccharide vaccine, conjugated or otherwise. Like other serogroups,
the B capsular polysaccharide has low immunogenicity, but it also mimics a mam-
malian polysaccharide that is particularly prevalent on embryonic neural cells [120],
preventing the development of an effective polysaccharide vaccine, which may present
a risk of autoimmunity [IT5]. Instead, vaccine development against meningitis B has
recently focused on sub-capsular antigens. The two licensed and available “MenB”
vaccines at the time of writing are: Bexsero®, an outer membrane vesicle (OMV)-
based vaccine containing fHbp, Neisseria adhesin (NadA), Neisserial heparin-binding
antigen (NHBA) and Porin A (PorA) [121]; and Trumenba®, which contains two
families of lipidated fHbp [122]. These vaccines rely on the prediction that the most
prevalent strains of serogroup B meningococci will have exact matches to these
antigens, or cross-reactive matches to fHbp or NadA [123] 124 [125] 122]. Since sub-
capsular antigens are not necessarily specific for the target serogroup, these vaccines
may also target non-serogroup B meningococci [126], so “MenB” vaccines cannot be

said to be specific for disease-associated meningococci in the same way as MenACWY.

1.3.3 Function in virulence

Expression of a polysaccharide is generally considered to be essential for IMD,
specifically from one of serogroups A, B, C, W, X or Y [24, 23| [46], since these
serogroups facilitate evasion of the immune system. There are a few rare cases
where capsule null meningococci [127, 128, 129], or meningococci expressing other
serogroups [130} [131], are isolated from disease, but these are the exception. For
instance, 98.8% of IMD cases confirmed by culture and/or PCR in England in the
epidemiological year 2017-2018 were caused by meningococci expressing serogroup B,

C, W, X or Y [132]. Immunocompromised individuals may be more susceptible to
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IMD from other serogroups and capsule null meningococci [133], particularly with
respect to complement-mediated immune responses.

Capsular serogroups can enhance evasion of complement-mediated immunity.
Studies have shown that disease-associated capsule groups are less sensitive to
immune serum [134], 130], and serogroup C serum resistance is impeded in capsule
knockouts [135]. Serogroup B and C meningococci are able to regulate the alternative
complement pathway by enhancing recruitment of the negative regulator factor
H to bound C3b, resulting in reduced activation of complement [24] 136, 137]. In
this way, meningococci can avoid killing by bacteriolysis and opsonisation-mediated
phagocytosis. This enables proliferation of the bacteria in the bloodstream and
central nervous system [13§].

Encapsulated meningococci are also more capable of surviving intracellularly.
Serogroup B meningococci have been shown to be less susceptible to antimicrobial
peptides than unencapsulated bacteria, which may enable intracellular survival
[139, 140]. Capsule genes, in addition to efflux pumps associated with cationic
antimicrobial resistance, were also found to be up-regulated during cell infection
[139]. Intracellular survival may be important for the traversal of the nasopharyngeal

mucosal barrier and the blood-brain barrier, which is necessary for IMD.

1.3.4 Function in asymptomatic colonisation

As N. meningitidis is a principally commensal organism, it would be expected that
selection would favour adaptations optimised to establish and maintain colonisation
in the nasopharynx, the preferred niche during the commensal life-cycle (Figure
[141]. Disease does not enhance transmission, but promotes rapid death of
the host, so can be regarded as an evolutionary dead end [142, 143] (Figure [1.8D).
Any traits that facilitate IMD are expected to be accidental side-effects. Therefore,
the capsule is unlikely to primarily function in causing disease [141], [143]. This is

consistent with the existence of six capsular groups (E, H, I, K, L. and Z) that are not
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Figure 1.8: A model for capsule function in transmission and disease. The life-
cycle of asymptomatic colonisation, carriage and transmission, depicted by the green
arrows, is more usual. For A) transmission, the capsule may protect from desiccation or
radiation, although carriage risk factor analysis and in wvitro desiccation resistance data
do not support this. During B) attachment to the epithelial layer, the capsule has been
demonstrated to switch off. It is not clear whether capsule functions in C) asymptomatic
colonisation and carriage in the nasopharynx, but in vivo mouse studies and proposals
for mucosal immunity and/or local inflammation evasion indicate that it might. In rare
instances of D) IMD, capsule expression is essential for survival and proliferation in the
bloodstream. Some meningococci do not possess c¢ps, so express a capsule at no point in
the life-cycle, and are not usually associated with IMD. Image created using art obtained
from Servier Medical Art, licensed under a Creative Commons Attribution License.

Pressures:
Serum killing

associated with IMD, and yet have persisted in N. meningitidis populations. Capsules
have been identified in many free-living bacteria and human symbionts including
Bacteroides species and non-pathogenic Streptococcus species [144) [145] [146], [147]. In
both N. meningitidis and other species, association with disease is often restricted
to a subset of capsular groups or types [0, 148, [149]. The role of the capsule in the

asymptomatic life-cycle of N. meningitidis is comparatively poorly understood.
1.3.4.1 Function in transmission

A possible function for the capsule in protecting N. meningitidis from desiccation or

radiation during the transmission stage of the organism’s life-cycle (Figure ) has
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been frequently referenced [143] [62) 150} [80L [T4T) I5T]. This was proposed by Virji in
1996, although the speculative nature of this idea was emphasised [152]. The idea is
consistent with the frequent occurrence of carriage isolates that are unencapsulated,
despite possessing the ¢ps locus [46], in contrast to disease-associated isolates, which
are almost invariably encapsulated, and could explain the existence of mechanisms
that regulate N. meningitidis capsule expression, so that it can be switched off
during asymptomatic colonisation of the nasopharynx [80, [141]. If the capsule is
switched on at all outside of IMD, these data are consistent with its being expressed
only during transmission between hosts, when meningococci may be exposed to
conditions that make capsule expression favourable.

Polysaccharide capsules have been shown to protect a number of pathogens
from desiccation including Salmonella, Acinetobacter and E. coli [75], 153, [154]. Soil
bacteria have also been demonstrated to up-regulate extracellular polysaccharide
in response to desiccation [I55]. The explanation for this desiccation resistance is
the capsule’s negative charge, which renders it highly hydrated and resistant to
water loss [74]. Desiccation resistance is most commonly discussed with respect to
environmental persistence and the formation of biofilms [I53], 156} 157]. Whether
this is an important stage in meningococcal transmission has been investigated
both indirectly, through carriage risk factor analyses, and more directly through
in vitro testing of desiccation resistance.

Carriage risk factor analyses suggest that environmental persistence is not an
important phase in the meningococcal life-cycle. These analyses identify behaviours
and conditions associated with carriage of meningococci, which may indicate pre-
dominant modes of transmission. As early as 1917, overcrowding was identified as
a risk factor for transmission in army barracks [44]. More recent carriage studies,
which have sampled teenagers or young adults for N. meningitidis, whilst collecting
behavioural questionnaires, have identified behavioural factors including overcrowding

and smoking that increase the likelihood of carriage, and in developed countries at
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least, intimate behaviour such as kissing may also be an important factor [I51), 47, [158].
The association with kissing and crowding is consistent with an important role for
close contact during meningococcal transmission. Desiccation is unlikely to be an
important pressure during close contact transmission, so the benefit of capsule
expression may be limited, especially if efficiently turning off expression is important
for colonisation success. Another analysis showed an association between sharing
of food, drink and pacifiers with IMD, for which desiccation resistance may be
advantageous, but this effect was not significant when combined with other factors
[45]. Nevertheless, it is possible that these studies have missed a component of
meningococcal transmission for which desiccation avoidance, and therefore capsule
expression, is important, as they study transmission indirectly.

Direct in vitro analyses of desiccation resistance have contradicted the commonly
held belief that meningococci perish rapidly outside the host. This implies that it
may be possible for N. meningitidis to spread via fomites, a setting in which factors
that increase desiccation resistance would be beneficial. Survival of meningococci on
surfaces over periods from hours to as long as ten days has been demonstrated [159]
160l 161, 162], although survival decreases substantially within the first 24 hours, and
viability was much lower in N. meningitidis compared to Streptococcus pneumoniae
and Acinetobacter baumannii, suggesting fomites may not be an important mode of
transmission for N. meningitidis, compared to other pathogens [161]. No difference
was found in survival between serogroup A, B and C meningococci and their isogenic
capsule mutants [161], although some differences between capsule groups have been
identified [162]. Therefore, it seems unlikely that capsule would be a beneficial
factor if fomites, and therefore desiccation resistance, are an important source
of meningococcal transmission.

Without strong evidence from either carriage studies or direct experimental
analysis of the effect of encapsulation on desiccation resistance, the idea that capsule

has developed as a means to protect N. meningitidis from desiccation remains
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speculative. It is possible that the capsule plays some unknown function during
transmission, perhaps during shedding of N. meningitidis from the nasopharynx at
a later stage in infection, but more promising insights have been gained through

investigating the role of capsule in maintaining colonisation.
1.3.4.2 Function in colonisation and persistence

The alternative to a function in transmission is that the capsule has some func-
tion in colonisation and persistence in the nasopharynx (Figure ) Although
meningococci isolated from carriage are more frequently unencapsulated [46], they
are not exclusively so. Carriage isolates provide only a snapshot of the genetic
diversity of meningococcal colonisation of the nasopharynx, and rarely account
for length of colonisation, and other environmental conditions that might affect
capsule expression. Further in vitro evidence for expression of the capsule during
this stage of the lifecycle is conflicting.

Evidence from ez situ tissue culture experiments is generally consistent with a lack
of function for the capsule during asymptomatic colonisation. The capsule has been
found to be down-regulated during adhesion to epithelial cells [163] [164], and capsule
expression results in reduced attachment and invasion of human airway epithelial cells,
possibly attributed to increased hydrophobicity [165]. Encapsulated N. meningitidis
has also been demonstrated to perform poorly during biofilm formation in wvitro
compared to unencapsulated meningococci [150] [166]. These studies indicate that
expression of the capsule is a hindrance to colonisation, at least during attachment
to the epithelial layer (Figure [1.8B). Nevertheless, another study has shown no
effect of encapsulation status on N. meningitidis biofilm growth on human epithelial
cells [I67]. These differences may be attributed to differences in the experimental
system. Ez situ models do not currently account for the complex environment of

the nasopharynx, which is occupied by a multitude of different microorganisms, and
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it is difficult to determine whether capsule is inhibitory during in situ colonisation

of the human nasopharynx.
Immune protection in the nasopharynx

Real-world efficacy of capsular vaccines against meningococcal carriage indicates
that capsule expression does occur at some stage during asymptomatic colonisation.
Carriage studies in UK teenagers carried out during and after the implementation of
the conjugate MenC vaccine at the turn of the 20** Century indicated that there
had been a substantial reduction in carriage of serogroup C N. meningitidis, as well
as disease [168]. This has likely increased the efficacy of the vaccination campaign,
since carried meningococci serve as the key source of transmission [46]. Although the
exact mechanism of protection is not understood, it must surely rely on expression of
the capsule at some stage during nasopharyngeal carriage. Expression of the capsule
during carriage also provides an explanation for the sophisticated host mimicry of
the serogroup B capsule, which has made development of a serogroup B capsular
polysaccharide vaccine difficult [169], 120]. General resistance to immunity could be
explained as an inherent property of polysaccharide capsules, but it is unlikely that
N. meningitidis would benefit from a very sophisticated immune evasion mechanism if
the capsule is only expressed during transmission. These observations cannot directly
support a functional role for capsule during nasopharyngeal colonisation, but they are
certainly consistent with capsule being expressed during asymptomatic colonisation.

Analysis of in vivo mouse models of carriage are consistent with a benefit from
capsule expression during nasopharyngeal colonisation in some meningococcal strains.
A model established by supplementing mice with iron demonstrated that capsule
deficiency impedes nasopharyngeal colonisation [170], as did a study of intranasal
colonisation in infant mice [I71]. Similarly, a model established using CEACAM1-
humanised mice showed that capsule deficiency either reduced or had no effect on

nasopharyngeal colonisation [I72]. The first model demonstrated that the difference
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could be partially explained by complement, but the second found that complement
deficiency only increased meningococcal colonisation if neutrophils were also depleted,
indicating that differences can also arise between different mouse models. Nevertheless,
these models indicated that mucosal immunity may be a pressure experienced
during colonisation of the nasopharynx, and N. meningitidis may be exposed to a
variety of immunological responses in the nasopharynx [I73], against which capsule

expression might be protective.
Local inflammation hypothesis

Molecular evidence consistent with a function for the capsule in protecting N. menin-
gitidis from mucosal immunity comes from the identification of a temperature-
dependent regulatory mechanism of capsule expression. An RNA thermosensor has
been identified in the 5> UTR of cssA, a capsule synthesis gene present in the cps
encoding serogroups B, C, W and Y [I74]. At low temperatures, the thermosensor
motif causes cssA RNA to form a hairpin structure, typical of RNA thermsosensors
[175], which prevents the ribosome from binding to the ribosome binding site (RBS),
inhibiting translation (Figure . As expected for a RNA thermosensor, this hairpin
was found to open up with increasing temperatures [176], facilitating access to the
RBS and increasing translation. Deletion of the proposed RNA thermosensor, giving
free access to the RBS, resulted in an increase in levels of CssA protein, as well as
increased serum resistance, consistent with higher expression of the capsule [174]. This
regulatory mechanism is likely important in the transition to meningococcal disease,
since the temperatures within the bloodstream would be higher than the nasopharynx.
There may also be transient pressures during asymptomatic colonisation, for which
expression of a capsule, regulated by a thermosensor, may be beneficial [177].

In the nasopharynx, an increased temperature is associated with inflammation,
and is an indication of infection [I78]. Since N. meningitidis shares the nasopharynx

with numerous other bacteria and viruses, including common respiratory viruses such
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Figure 1.9: RNA thermosensor mechanism of action. Hairpin structure prevents
ribosome binding at low temperatures. Obtained from Kortmann and Narberhaus, 2012,
Nat Rev Microbiol 10(4) (https://doi.org/10.1038/nrmicro2730) [I75]. Reused with
permission from Springer Nature.

as the rhinoviruses and influenza, it is proposed that induction of inflammation by
co-infecting pathogens exposes commensal N. meningitidis to the same inflammatory
responses [177]. This may induce temperature-dependent up-regulation of capsule
expression, consistent with the capsule having the primary purpose of protecting
N. meningitidis from local inflammation within the nasopharynx. In this case, it would
be expected that exposure to co-infecting pathogens would change the dynamics
of meningococcal carriage and the levels of capsule expression, possibly resulting
in changes in the rates of transition to meningococcal disease.

Both challenge studies and observational studies have investigated the effects
of respiratory virus co-infection on IMD, although equivalent investigations into
carriage are lacking. Strongest associations have been described for influenza, with
associations with disease described in observational [179, 180], case-control [I81], and
time-series [182) [183] [184] analyses. Another time-series analysis found no association
between influenza and meningococcal or other bacterial infections [185]. All time-
series were adjusted for seasonality. Other respiratory tract infections have been less
well examined, with no associations found for Rhinovirus, adenoviruses or respiratory
syncytial virus [I86, [I87]. A time-series analysis in Burkina Faso found an association
between undefined upper-, but not lower-, respiratory tract infections and IMD
[188]. Overall, there is an emerging body of evidence supporting an association
between influenza and IMD, with insufficient evidence for other respiratory tract

infections. Therefore, local inflammation may impact on N. meningitidis behaviour
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in the nasopharynx, including capsule expression, in some instances. Nevertheless,
there may be several alternative explanations for the association between influenza
and IMD, including damage to the upper respiratory tract, changes to the immune
system [I83], and interactions between the capsule and influenza neuraminidase
[189]. Investigating the association between encapsulation of carriage isolates and
previous respiratory tract infection may be more informative as to whether a key
function of the capsule is to protect meningococci from local inflammation in the
nasopharynx. Smokers and non-smokers may be of particular interest, since smoking
can induce inflammatory responses, and has been associated with capsule expression
in commensal biofilms [190].

The precise function of the polysaccharide capsule in the asymptomatic N. menin-
gitidis lifecycle remains enigmatic. There is little molecular evidence to support the
assumption that the capsule protects the meningococcus during transmission, and
data from epidemiological studies are not conclusive. Hypotheses consistent with
a protective function in the nasopharynx are only in their infancy, although these
conflict with ex situ cellular studies that indicate a potential disadvantage during
epithelial colonisation. Nevertheless, in vivo experiments and carriage studies indicate

that meningococci can and do express a capsule during asymptomatic carriage.

1.3.5 Capsule evolution in N. meningitidis

In spite of the likely primarily non-virulent function of the polysaccharide capsule,
it has nevertheless not been previously described in NPN species. Whilst a number
of putative virulence-associated genes have been found in NPN species [65], the
capsule has been considered to be unique to the meningococcus [64]. The presence
of a capsule in N. gonorrhoeae was a source of controversy in the 1970s and 1980s
as a result of conflicting molecular analyses [I91], but it has since been established
that N. gonorrhoeae does not express a capsule, and genomic analyses have revealed

the absence of regions A, B and C in the equivalent genome position [I10]. Since
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then, no capsule genes have been identified in the WGS data of any of the thousands
of N. gonorrhoeae isolates in PubMLST. Region C genes ctrABCD have previously
been identified in N. subflava, but based on the presence of a DUS, were assumed
to have been acquired by HGT [64]. Capsule genes have not been identified in
any other Neisseria species, but have been characterised in another member of
the Neisseriacae family, Kingella kingae [192]. It is therefore possible that the
meningococcal capsule was acquired in an HGT event that gave rise to the potentially
pathogenic variants of N. meningitidis.

It has been argued that the low G+C content of region A sequences in all capsule
serogroups, in many cases below 40%, compared to 50% in the meningococcal core
genome, is evidence of an HGT event [78, [83] 193]. Different bacterial species have
different core genome G-+C content, which is believed to result from codon bias
optimisation across the genome [194]; elements acquired by HGT that have a different
G+C content are predicted to eventually optimise to the core genome level. G4+C
content lower or higher than the core genome is a typical feature of pathogenicity
islands, which are often involved in HGT events [195], but many of the other typical
features, including repeated DNA flanking the island and association with tRNA
genes, are not present in the meningococcal ¢ps [143]. The low G+C content in region
A may be a misleading feature, since low G+C content has also been reported in the
capsule synthesis regions of E. coli, Haemophilus sputorum and A. pleuropneumoniae
[196, [197), 198]. There is also a much less pronounced decrease in G+C content in
the rest of the cps. Whilst it is certainly an interesting observation, and may be
informative about the primordial, common ancestral history of capsule genes among
Gram-negative bacteria, it may be less informative when it comes to ascertaining
the evolutionary history of the capsule within the meningococcus.

Nevertheless, the alleged absence of capsules in other Neisseria species has left
an HGT acquisition event as the most parsimonious explanation for the existence of

the meningococcal capsule. This initial capsule acquisition is assumed to have taken

28



1.3. THE POLYSACCHARIDE CAPSULE = CHAPTER 1. INTRODUCTION

place after the divergence of N. meningitidis and N. gonorrhoeae [143], 199, 193].
Based on similarity to the ¢ps in Enterobacteriacae and Haemophilus [73], it was
proposed that region C and region A may have been co-acquired, which seems
more plausible if G4+C content is not a key feature of this HGT event, with a
subsequent acquisition of region B during a recombination event that also duplicated
region D [I43]. This comparative genomics approach argued in favour of a de novo
acquisition of the capsule in meningococci, but did not provide strong evidence
for any particular mechanism or donor.

The most plausible donor must be an organism that also inhabits the nasopharynx,
creating the opportunity for co-habitation and horizontal exchange. In 2008, the
capsule transport genes hextDCBA and phyAB of P.multocida — a member of the
Pasteurellacae family found in the nasopharynx of livestock — were found to have
the highest amino acid sequence identity to ctrABCD and ctrEF respectively among
genes present in the STRING database at the time [72]. The values of this sequence
identity ranged from a fairly modest 50.1-74.9%. If an acquisition event did occur
after the split between N. meningitidis and N. gonorrhoeae — or even between
those two species and N. polysaccharea, taking into consideration suggestions that
N. gonorrhoeae was an unencapsulated meningococcal strain that branched out into a
new niche [200] — then given the low core genome divergence among these organisms,
it is unlikely that the meningococcal capsule would have diverged so greatly from its
donor. Nevertheless, it was suggested that the true donor may be another member
of the Pasteurellacae family [72]. This was not an unreasonable claim, given that
HGT of other loci between N. meningitidis and H. influenzae, another member of
the Pasteurellacae, had been described [201]. Homology between region A genes and
capsule synthesis genes in members of the Pasteurellacae and other species has also
been observed [202, [78]. With NGS only just being introduced at the time, there
was little sequence data to be searched, and a more plausible donor was yet to be

found, and still there was no evidence supporting a specific mechanism.
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Figure 1.10: “Phylogenetic reconstruction using galFE alleles from commensal and
pathogenic Neisseria spp. using an unrooted neighbor-net algorithm. N. gonorrhoeae and
commensal species are represented by circles with different colours denoting species. These
were: N. meningitidis is black; N. lactamica is red; N. polysaccharea is pink; ‘N. bergeri’
is mauve; N. cinerea is blue; N. elongata is orange; N. animalis and N. weaveri are
grey; N. mucosa is white and N. subflava is green. N. meningitidis isolates are found in
cluster A but also on branches in-between clusters A and B as well as the ¢nl in cluster B.
N. gonorrhoeae are only found in one branch of cluster B and are labelled as N. gonorrhoeae
without a symbol.” Obtained from Bartley et al., 2017, Sci Rep 7(44442) (https://doil!
org/10.1038/srep44442) [111]. Licensed under a Creative Commons Attribution License.

One mechanism has since been put forward by Bartley et al. [IT1], describing
acquisition of the capsule in a single en bloc HGT event, in which the site of capture
was galFE2. The homologues galE)1 and galE2 were shown to be divergent, with galE?2
more closely related to capsule null galE [I11] (Figure [1.10). In the same study, it
was also demonstrated that galE is bi-functional, synthesising UDP-galactose and
UDP-galactosamine. The homologue galFE1 was determined to be predominantly

mono-functional, producing only UDP-galactose, but bi-functional in capsule groups Z
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and E, which require this bi-functionality for capsule synthesis. The sequence of galE1
in these serogroups also clustered with neither galE nor other galFE1 sequences. Bartley
et al. proposed that cps regions <—tex<—region C-region A— galE1—rfbCAB’—region
B—NEIS0068— were donated en bloc to a capsule null meningococcus, entailing
homologous recombination at NEIS0069 and an illegitimate breakpoint in galE, which
resulted in the truncated galE2 (Figure . This HGT event would have initially
resulted in cps organisation as seen in Orientation 1 (Figure .

Whilst this hypothesis provides an explanation for the phylogenetic relationships
seen between galE1, galE2 and galF, the pseudo cytosine methyltransferases down-
stream of ter are excluded from this model, and no evidence for an illegitimate
breakpoint was put forward. A more compelling mechanism would be if region
E had already inverted in the capsule null recipient, enabling simple homologous
recombination within tez. Bartley et al. also found that rfbABC and rfbABC’
were almost identical in MC58, FAM18 and NMB, which is inconsistent with the
divergence between galE2 and galE1, unless these genes are highly conserved between
species [I11]. This study focused primarily on the functionality of galE, and its
implications for capsule acquisition, but further investigation into the rest of region
D, as well as regions B and C, might provide further evidence for or against this

en bloc acquisition hypothesis.

1.4 Outline and aims of this thesis

The polysaccharide capsule is an important genetic factor in N. meningitidis. Whether
or not a capsule is expressed, and if so its biochemical structure, plays a crucial role
in determining the potential for meningococci to cause IMD [23] 24]. Tts apparent
absence from all other Neisseria species has resulted in much discussion about
the possible origins of the capsule in N. meningitidis, an event which has had an

important impact on meningococcal epidemiology from a biomedical perspective [143]
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Figure 1.11: An en bloc acquisition model of the meningococcal cps. Adapted
from Bartley et al., 2017, Sci Rep 7(44442) (https://doi.org/10.1038/srepd4442) [111].
Licensed under a Creative Commons Attribution License.

72, T11]. This thesis uses genomic analyses of the polysaccharide capsule to further
understand its distribution among non-pathogenic bacteria, its evolutionary history in
N. meningitidis, and how contemporary dynamics of capsule evolution impact IMD.

Chapter 2 challenges the notion that, among Neisseria, capsule genes are limited to
N. meningitidis. The capsule is necessary for IMD, but N. meningitidis is principally
a commensal organism, and it is likely that the capsule primarily functions in
asymptomatic colonisation and/or transmission [143] 52, [141]. It has even been
suggested that capsules are very common within the human microbiota, and relatively
rare among pathogens [203], so it is perhaps unusual that capsules have not been
identified in NPN species. Taking advantage of growing amounts of WGS data from
NPN species, and using the conserved nature of ABC transporter-dependent capsule
export sequences, the aim of Chapter [2]is to determine whether capsule genes are
present in NPN species. Where capsule genes are present, the aim is to characterise
NPN capsule loci and make initial predictions about possible biochemical structures.

The presence of capsule genes in NPN species challenges hypotheses postulating
that the meningococcal capsule was acquired by HGT [143], [72], 111], which will be
investigated in Chapter [3] The aim of Chapter [3]is to analyse recombinant sequences

within the meningococcal cps, and evaluate hypotheses that it was acquired en bloc
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by a capsule null organism. Using a diverse dataset, some of the challenges to meeting
this objective, including intra-locus and intra-species recombination [I11], 103], will be
overcome to develop on previous understanding of capsule origins in N. meningitidis.

Finally, in Chapter [4la more contemporary example of HGT within N. meningitidis
will be investigated. The aim of Chapter {4 is to analyse a capsule switching event
resulting in serogroup B IMD. This is an epidemiological example demonstrating
how capsule serogroup can modify pathogenic potential in N. meningitidis. The
potential future impact of such cases will be evaluated in the context of protein-based
“MenB” vaccines, and possible insights into the relationship between clonal complex,
capsule and invasiveness will be explored.

In Chapter [ the major conclusions of the thesis will be summarised. Links will
be drawn between the chapters, discussing the distribution of capsule in Neisseria,
and the historic and contemporary dynamics of capsule evolution and its potential
impact on the epidemiology of IMD. Whilst the biomedical importance of the
capsule will be addressed, the capsule will be discussed in its context as one of many

disease-associated gene products in a principally commensal organism.
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Characterisation of putative capsules in
non-pathogenic Neisseria

Some of this work was published in Clemence et al., 2018, Microbial Genomics
4(9):e000208 (https://doi.org/10.1099/mgen.0.000208) [204], and presented as
a talk at the 14" Congress of the European Meningococcal and Haemophilus
Disease Society, Prague, 2017. Genomics work presented here was carried out by the
candidate. Biochemical analyses were carried out in collaboration with colleagues at
the National Institute for Biological Standards and Control (NIBSC). Contributions

by collaborators are indicated.

2.1 Introduction

The genus Neisseria is a diverse group of bacteria, many of which are asymptomatic
colonisers of the mucosal surfaces of animals and humans [I]. Whilst many Neisseria
species belonging to the human oral microbiota have been identified, research has
focused on species associated with disease: N. meningitidis and N. gonorrhoeae.
In common with many other Neisseria species, N. meningitidis usually colonises
the nasopharynx asymptomatically; it is only on rare occasions that it invades

the bloodstream and causes IMD [6]. In contrast, there are very few case reports
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of other Neisseria species causing invasive disease [8, [0, [10, 11], and so they can
be described as NPN species.

In N. meningitidis, association with IMD is generally restricted to organisms
that express a capsule from one of serogroups A, B, C, W, X or Y [6]. The capsule
is therefore considered to be a virulence factor [205]. Whilst a number of putative
virulence genes have been found in NPN species [65], the capsule has been considered
to be unique to the meningococcus [64], possibly acquired in an HGT event that
gave rise to the potentially pathogenic variants of N. meningitidis [143), [72), 1T1].
Nevertheless, a further six meningococcal capsule serogroups E, H, I, K, L. and Z are
not associated with disease, and capsules have been described in several commensal
bacterial species [147, [146], 203, 145], so it would not be unprecedented if capsule
genes were also present in NPN species.

The meningococcal capsule is produced via ABC transporter-dependent poly-
merisation [79]. The structurally distinct capsule serogroups are encoded by different
complements of capsule synthesis proteins in region A of the cps [76, [78]. In contrast,
the proteins involved in capsule export and surface expression are conserved among
Gram-negative species, and in N. meningitidis are encoded by regions B and C of
the cps [206]. Among N. meningitidis, the region B genes ctrEF and region C genes
ctrABCD are very highly conserved, even between serogroups [78]. Therefore, it
could be expected that if any NPN species express an ABC transporter-dependent
capsule, homologues of regions B and C would be present in their genomes.

At the time of analysis, WGS data sequenced from a total of 20 species had been
defined in the PubMLST database, using the universal and high-resolution tMLST
approach [I4]. These species included the human commensals N. polysaccharea
(16 isolates), ‘N. bergeri’ (one isolate), N. lactamica (140 isolates), N. cinerea
(15 isolates), N. subflava (19 isolates), N. oralis (four isolates), N. mucosa (10
isolates), N. elongata subsp. (four isolates), N. bacilliformis (four isolates), and the

pathogens N. meningitidis and N. gonorrhoeae, along with several species isolated
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from animals or animal bite wounds. Although there have been case reports of
other Neisseria species acting as opportunistic pathogens, these have usually been
isolated incidences, unlike IMD [8] 9 10} 1T].

The aim of this chapter is to identify and characterise capsule genes in NPN

species.

2.2 Methods

2.2.1 Genetic characterisation of c¢ps in non-pathogenic Neis-

seriall

2.2.1.1 Isolate collection

WGS data from Neisseria isolates were obtained from the PubMLST database. Public
NPN isolates with a defined species designation, and possessing WGS data, were sur-
veyed for the presence of putative capsule genes. All isolates found to contain a puta-
tive cps were further characterised and annotated. Closed reference Neisseria genomes
were obtained from either GenBank (http://www.ncbi.nlm.nih.gov/genbank/
index.html) or the National Collection of Type Cultures NCTC 3000 project
(http://www.sanger.ac.uk/resources/downloads/bacteria/nctc/)). N. menin-
gitidis region A sequences were sourced from WGS in PubMLST belonging to 0106,/93
(serogroup L) and 0084/93 (serogroup Z), and the published cps of 29043 (serogroup
I, GenBank accession number HF562984.1). Non-Neisseria capsule synthesis genes
were acquired from GenBank including: A. pleuropneumoniae strains 14-022 (serovar
7, GenBank accession number MG780422.1), 405 (serovar 8, KJ685493.1), Femo
(serovar 6, AY534316.1), 3906 (serovar 14, MG868948.1), QAS106 (serovar 12,
AB701757.1) and J45 (serovar 5, AF053723.1); H. influenzae strains M6542 (serotype

¢, HM770876.1), ATCC 9008 (serotype d, HQ424464.1) and ATCC 8142 (serotype

! This work was published in Clemence et al. 2018 [204]. Work presented here was carried out
by the candidate.
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e, HM053635.1); and Haemophilus parainfluenzae strain HUB12445 (MH644108.1).
A full list of isolates can be found in Table [A.1]

2.2.1.2 Annotation of putative capsule genes in NPN

Meningococcal region B and C cps genes ctrABCDEF had previously been defined
in the PubMLST sequence database as NEIS0055, NEIS0056, NEIS0057, NEIS0058,
NEIS0066 and NEIS0067 respectively. For each gene, the deduced amino acid sequence
of allele 1 was queried against isolate WGS data, using the BLASTp algorithm within
the PubMLST interface. If a credible match was found, the relevant contig was
downloaded and the sequence of interest annotated in Artemis [207]. G+C content
was determined in MEGAT [208]. The same approach was also used to annotate NPN
isolates with region D and E genes, and any other relevant genes, where necessary.
Annotations were uploaded as novel alleles in PubMLST.

The proposed cps regions of NPN isolates were further annotated in Artemis
and visualised using genoPlotR. Undefined open reading frames (ORFs) adjacent to
putative Region C genes were queried against the National Center for Biotechnology
Information (NCBI) nucleotide collection using tBLASTn [209], and against the Pfam
A database using BLASTp [210]. Where only hypothetical matches were found, se-
quences were also queried against the NCBI RefSeq database using BLASTp. Support
for putative region A genes was based on homology to capsule synthesis genes from
N. meningitidis and/or other bacterial species, or at least for gene products consistent
with a function in capsule synthesis, such as glycosyltransferases. Additional guidance
was based on comparisons to cps organisation within N. meningitidis. Putative region

A genes were uploaded as novel NEIS loci and alleles in PubMLST.

2.2.1.3 Comparison of putative capsule synthesis genes among and be-
tween species

The putative region A sequences within genomes from isolates belonging to the same

species were compared to determine whether they were equivalent. Pairwise BLASTn
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comparisons of putative region A sequences were generated using the blastall tool
and visualised using genoPlotR. The nucleotide sequences of homologous genes were
aligned in the Emboss [211] Clustal Omega tool to quantify nucleotide identity.
Potentially homologous region A genes shared by different species were identified
based on gene order, sequence length and predicted function. Pairwise tBLASTx
comparisons were generated using the blastall tool or WebACT [212], and visualised
using genoPlotR. The amino acid sequences of homologous genes were aligned
in the Emboss Clustal Omega or Needle tool to quantify amino acid identity.
N. meningitidis and non-Neisseria species containing homologues of putative NPN
capsule synthesis species were chosen based on the results of NCBI BLAST results.
Pairwise tBLASTx comparisons as above were used to compare Neisseria region A

sequences to characterised capsule synthesis sequences from these species.
2.2.1.4 Phylogenetic analysis

A recombination-corrected phylogenetic tree of Neisseria isolates, with Moraxella
catarrhalis strain RH4 as an outgroup, was generated based on rMLST loci [62].
The nucleotide sequences of 51 of 53 ribosomal protein subunits used in the rMLST
scheme (excluding rpmFE and rpmJ, as they are paralogous in some Neisseria), were
extracted from each isolate using the BIGSdb genome comparator tool, and aligned
using MAFFT [213]. A maximum-likelihood tree was generated in PhyML v3.1 [214]
using the GTR+I+4G substitution model, determined to be the best-fit model by
jModelTest v2.1.10 [215], with 100 bootstrap replicates. The tree was corrected for
recombination in ClonalFrameML [216], and rendered and annotated using the ETE3
toolkit [217]. The phylogeny included all isolates belonging to those species in which
capsule genes were identified, representatives of species in which capsule genes were
not identified including N. cinerea, N. lactamica, ‘N. bergeri’, N. polysaccharea and

N. gonorrhoeae, and representatives of N. meningitidis.
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2.2.2 Preliminary extraction of polysaccharides for NMR
analysis]

Preliminary work was carried out to extract and purify capsule for NMR analysis from
isolates CCUG 2043T (N. elongata subsp. elongata), CCUG 30802T (N. elongata
subsp. nitroreducens), CCUG 24918 (N. subflava) and 12007 2012 (N. subflava).
Isolates were grown on both 10X Mueller Hinton Blood Agar plates and in 500 mL
of Mueller Hinton broth at 37°C/5% COs for 16 hours.

Following incubation at 60°C to kill live bacteria, pooled cultures were boiled
in a water bath for three hours to release cell surface-associated polysaccharide
capsule, then centrifuged at 8000 x ¢ for 60 minutes to remove cell debris. The
supernatant was concentrated to a volume of 150 mL and underwent diafiltration
with normal saline using the VivaFlow 30 kDa system to remove molecules smaller
than 30 kDa. The retentate was ultra-centrifuged at 200,000 x ¢ for one hour to
remove outer membrane vesicles. The supernatant was made up to 25% ethanol
and incubated at 4°C overnight to precipitate out some DNA and proteins. Samples
were centrifuged at 30,000 x ¢g for 60 minutes, and the supernatant was made up
to 75% ethanol and left at 4°C overnight to precipitate out crude polysaccharide
capsule. The supernatant was removed, and the pellet retrieved by centrifuging at
3500 x ¢ for five minutes. The pellet was dried, then re-suspended in 5 mL of DNase
reaction buffer (100 mM Tris HCI [pH 7.5], 25 mM MgCly, and 5 mM CaCl,) and
the solution underwent further DNase and protease treatment at 37°C overnight,
followed by dialysis with SnakeSkin 3.5K MW in deionised water.

A method based on anion exchange chromatography was used to further purify
capsule polysaccharides [218]. Anion exchange buffer was added to samples for a final
concentration of 20 mM Tris/2 mM ethylenediaminetetraacetic acid (EDTA)/0.3%

sodium deoxycholate (pH 8). The purpose of the detergent in the buffer was to

2 This work was carried out in collaboration with Dr Sunil Maharjan at NIBSC. The extraction
method had previously been developed by Dr Maharjan. LAL assays were carried out by Dr George
Kemp. NMR was performed by the NMR facility at the NIBSC, led by Dr Tim Rudd.
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discourage the formation of bivalent cations, micelles and vesicles of LOS. Samples
were run through CaptoAdhere-CaptoDEAE columns in tandem, equilibrated with
anion exchange buffer at 1 mL/minute, taking 60X 1 mL fractions, to separate the
capsule from remaining proteins and LOS. 50 pL of each fraction was added to 50 L
of anthrone solution (2 mg anthrone/1 mL concentrated sulphuric acid) and boiled
for ten minutes. Fractions that reacted with anthrone, resulting in a colour change
from yellow to blue, were dialysed with SnakeSkin 3.5K MW in deionised water and
tested using a limulus amebocyte lysate (LAL) assay to rule out contamination with

LOS. Samples were then dried, and sent for NMR analysis.

2.3 Results

2.3.1 At least 13 NPN species possess putative capsule loci

Putative capsule loci were identified in genome sequences from a total of 13 Neisseria
species contained within the PubMLST database, including N. bacilliformis, (four
of four isolates); N. elongata subsp. (two of four isolates); N. musculi (one isolate);
Neisseria dentiae (one isolate); N. animaloris (one isolate); N. zoodegmatis (one
isolate); N. weaveri (one isolate); N. canis (one isolate); Neisseria wadsworthii
(one isolate); N. animalis (one isolate); N. oralis (four of four isolates); N. mucosa
(one of nine isolates); and N. subflava (seventeen of nineteen isolates) (Figure [2.1)).
N. wadsworthii and N. animaloris were not annotated in detail, since one or more
genes within the predicted capsule locus were interrupted in the genome assembly.

None of the NPN capsule loci were organised equivalently to N. meningitidis
(Figure : all NPN lacked the duplicated region D’, and did not contain ortho-
logues of the pseudo cytosine methyltransferases found in meningococcal region E.
N. subflava was the only NPN species in which the putative regions A, B, C and
D were contiguous, although the putative regions A, B and C were contiguous or

nearly contiguous in all NPN species apart from N. oralis, N. animalis, N. canis
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Figure 2.1: Distribution of putative capsule genes across the Neisseria. A
maximume-likelihood phylogeny generated from an alignment of concatenated rMLST
nucleotide sequences from Neisseria, with M. catarrhalis as an outgroup. Branch supports
based on 100 bootstrap replicates. Corrected for recombination in ClonalFrameML. Coloured
circles indicate the presence of putative capsule genes in WGS data. Isolates sharing
homology in putative region A sequences, as shown in Figure are filled with the same
colour. Other isolates are black. Grey circles indicate partial putative region B genes
identified in WGS data only.
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Table 2.1: Identification of region B and C orthologues. Annotations based on the
results of queries using BLASTp against the PubMLST Neisseria sequence database. A-F
corresponds to results of BLASTp queries of ctrA-F allele 1. Greyed out isolates in E and
F did not contain all six genes.

A
Isolate Species aaID(%) Mismatches Gaps E-value Query cover G+C(%)
CCUG 808 N. animalis 79.51 75 1 0 0.95 46.68
DSM 21642  N. animaloris 55.44 170 2 5.00E-142 0.99 47.44
CCUG 50858 T N. bacilliformis 76.38 88 2 0 0.97 49.61
CCUG 30380  N. bacilliformis 74.74 97 2 0 1.00 49.61
CCUG 38158  N. bacilliformis 74.74 97 2 0 1.00 49.70
CCUG 50611  N. bacilliformis 75.00 96 2 0 1.00 49.61
CCUG 56775 T N. canis 69.35 113 1 7.00E-172 0.95 48.06
CCUG 53898  N. dentiae 56.96 163 3 2.00E-144 0.99 46.68
CCUG 30802T N. elongata 73.32 97 3 0 1.03 48.87
subsp. elongata
CCUG 2043T  N.elongata 73.52 102 1 0 0.99 48.94
subsp. nitroreducens
CCUG 431 N. mucosa 68.34 117 1 2.00E-179 0.97 49.87
AP2031 N. musculi 58.65 147 3 2.00E-133 0.95 46.04
CCUG 26878 T N. oralis 76.35 91 1 0 0.99 48.94
F0314 N. oralis 76.09 92 1 0 0.99 49.02
CCUG 10421  N. oralis 76.35 91 1 0 0.99 49.11
CCUG 804 N. oralis 76.35 91 1 0 0.99 48.85
NJj9703 N. subflava 76.84 90 1 0 1.01 48.09
C102 N. subflava 76.84 90 1 0 1.01 48.26
12007_2012  N. subflava 77.10 89 1 0 1.01 48.43
C6A N. subflava 76.84 90 1 0 1.01 48.09
CCUG 7826 N. subflava 77.10 89 1 0 1.01 48.26
CCUG 24918  N. subflava 76.84 90 1 0 1.01 48.18
9715 N. wadsworthii 61.89 148 1 2.00E-165 1.00 47.24
CCUG 4007 T N.weaveri 54.76 172 3 6.00E-140 0.99 47.47
B
Isolate Species aaID(%) Mismatches Gaps E-value Query cover G+C(%)
CCUG 808 N. animalis 77.63 86 1 0 0.97 46.96
DSM 21642 N. animaloris 66.40 125 0 8.00E-164 0.96 45.61
CCUG 50858 T N. bacilliformis 79.11 75 0 0 0.90 48.76
CCUG 30380  N. bacilliformis 79.11 75 0 0 0.90 48.76
CCUG 38158  N. bacilliformis 78.83 76 0 0 0.90 48.68
CCUG 50611  N. bacilliformis 79.11 75 0 0 0.90 48.76
CCUG 56775 T N. canis 73.10 99 0 1.00E-172 0.95 46.74
CCUG 53898  N. dentiae 68.72 117 0 4.00E-169 0.97 46.35
CCUG 30802T N. elongata 74.49 95 1 0 0.98 47.46
subsp. elongata
CCUG 2043T  N. elongata 74.23 96 1 0 0.98 47.46
subsp. nitroreducens
CCUG 431 N. mucosa 74.68 96 1 0 1.01 48.17
AP2031 N. musculi 69.48 112 0 2.00E-168 0.92 46.19
CCUG 26878 T N. oralis 78.57 80 2 0 0.98 47.62
F0314 N. oralis 78.32 81 2 0 0.98 47.70
CCUG 10421  N. oralis 78.57 80 2 0 0.98 47.62
CCUG 804 N. oralis 78.83 79 2 0 0.98 47.62
NJ9703 N. subflava 76.79 85 2 0 0.98 48.12
C102 N. subflava 76.79 85 2 0 0.98 48.21
12007_.2012  N.subflava 76.53 86 2 0 0.98 48.29
C6A N. subflava 76.79 85 2 0 1.01 48.12
CCUG 7826 N. subflava 76.79 85 2 0 1.01 48.12
CCUG 24918  N. subflava 76.79 85 2 0 1.01 47.86
9715 N. wadsworthii 72.05 102 0 6.00E-171 0.91 45.83
CCUG 4007 T N.weaveri 66.84 124 0 2.00E-162 0.97 45.94
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C
Isolate Species aaID(%) Mismatches Gaps E-value Query cover G+C(%)
CCUG 808 N. animalis 82.71 46 0 3.00E-142 0.97 50.50
DSM 21642  N. animaloris 76.32 63 0 4.00E-139 0.97 52.88
CCUG 50858 T N. bacilliformis 80.08 53 0 2.00E-147 0.97 55.26
CCUG 30380  N. bacilliformis 80.08 53 0 6.00E-143 0.97 55.26
CCUG 38158  N. bacilliformis 80.83 51 0 4.00E-136 0.97 55.14
CCUG 50611  N. bacilliformis 80.08 53 0 7.00E-143 0.97 55.26
CCUG 56775 T N. canis 75.94 64 0 3.00E-132 0.97 52.51
CCUG 53898  N. dentiae 77.07 61 0 1.00E-132 0.97 51.38
CCUG 30802T N. elongata 82.33 47 0 6.00E-140 0.97 51.50
subsp. elongata
CCUG 2043T  N.elongata 82.33 47 0 4.00E-140 0.97 51.50
subsp. nitroreducens
CCUG 431 N. mucosa 78.20 58 0 6.00E-135 0.97 52.51
AP2031 N. musculi 75.56 65 0 5.00E-130 0.97 49.87
CCUG 26878 T N. oralis 82.33 47 0 3.00E-141 0.97 52.26
F0314 N. oralis 82.33 47 0 1.00E-140 0.97 52.38
CCUG 10421  N. oralis 82.33 47 0 1.00E-140 0.97 52.38
CCUG 804 N. oralis 82.33 47 0 1.00E-140 0.97 52.26
NJj9703 N. subflava 79.70 54 0 9.00E-132 0.97 53.01
C102 N. subflava 79.32 55 0 1.00E-130 0.97 53.26
12007_2012  N. subflava 79.32 55 0 9.00E-131 0.97 53.26
C6A N. subflava 79.70 54 0 3.00E-131 0.97 52.88
CCUG 7826 N. subflava 79.70 54 0 2.00E-131 0.97 53.01
CCUG 24918  N. subflava 80.08 53 0 2.00E-131 0.97 53.13
9715 N. wadsworthii 78.95 56 0 2.00E-139 0.97 51.50
CCUG 4007 T  N. weaveri 78.20 58 0 1.00E-139 0.97 52.13
D
Isolate Species aaID(%) Mismatches Gaps E-value Query cover G+C(%)
CCUG 808 N. animalis 90.70 20 0 3.00E-130 0.99 46.70
DSM 21642 N. animaloris 89.30 23 0 7.00E-130 0.99 45.16
CCUG 50858 T N. bacilliformis 87.91 26 0 6.00E-129 0.99 48.39
CCUG 30380  N. bacilliformis 87.91 26 0 1.00E-126 0.99 48.08
CCUG 38158  N. bacilliformis 87.91 26 0 1.00E-125 0.99 48.39
CCUG 50611  N. bacilliformis 87.91 26 0 7.00E-126 0.99 48.39
CCUG 56775 T N. canis 90.19 21 0 7.00E-132 0.99 47.77
CCUG 53898  N. dentiae 88.32 25 0 2.00E-128 0.99 47.77
CCUG 30802T N. elongata 87.91 26 0 2.00E-127 0.99 47.81
subsp. elongata
CCUG 2043T  N.elongata 87.91 26 0 2.00E-127 0.99 48.23
subsp. nitroreducens
CCUG 431 N. mucosa 89.72 22 0 4.00E-131 0.99 49.00
AP2031 N. musculi 84.04 34 0 1.00E-121 0.98 47.62
CCUG 26878 T N. oralis 93.09 15 0 1.00E-137 1.00 48.69
F0314 N. oralis 93.09 15 0 5.00E-137 1.00 48.69
CCUG 10421  N. oralis 93.09 15 0 5.00E-137 1.00 48.69
CCUG 804 N. oralis 93.09 15 0 5.00E-137 1.00 48.69
NJ9703 N. subflava 99.08 2 0 1.00E-144 1.00 48.08
C102 N. subflava 99.08 2 0 1.00E-144 1.00 48.39
12007_2012  N. subflava 99.08 2 0 1.00E-144 1.00 48.39
C6A N. subflava 98.62 3 0 3.00E-144 1.00 48.39
CCUG 7826 N. subflava 98.62 3 0 7.00E-144 1.00 48.23
CCUG 24918  N. subflava 99.08 2 0 1.00E-144 1.00 48.08
9715 N. wadsworthii 92.52 16 0 5.00E-135 0.99 48.69
CCUG 4007 T N. weaveri 89.25 23 0 6.00E-129 0.99 45.78
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E

Isolate Species aaID(%) Mismatches Gaps E-value Query cover G+C(%)

CCUG 808 N. animalis 73.07 182 2 0 0.97 52.28

DSM 21642  N. animaloris 66.27 216 4 0 0.95 51.92

CCUG 50858 T N. bacilliformis 74.12 177 2 0 1.00 52.94

CCUG 30380 M. bacilliformis 74.40 175 2 0 1.00 52.89

CCUG 38158 M. bacilliformis 73.69 180 2 0 1.00 53.01

CCUG 50611  N. bacilliformis 74.12 177 2 0 1.00 52.94

CCUG 56775 T N. canis 51.85 302 6 0 0.92 46.67

CCUG 53898  N. dentiae 64.49 197 1 0 0.93 50.09

CCUG 30802T N. elongata 64.49 240 3 0 1.00 52.42
subsp. elongata

CCUG 2043T  N.elongata 64.91 237 3 0 1.00 52.32
subsp. nitroreducens

CCUG 431 N. mucosa 81.53 119 1 0 0.93 52.25

AP2031 N. musculi 62.34 220 4 0 0.98 50.42

CCUG 26878 T N. oralis 83.10 108 1 0 0.92 52.35

F0314 N. oralis 82.95 109 1 0 0.92 52.20

CCUG 10421  N. oralis 83.41 106 1 0 0.92 52.20

CCUG 804 N. oralis 83.10 108 1 0 0.92 52.35

NRL30031 N. subflava 96.45 25 0 0 1.00

NJj9703 N. subflava 96.74 23 0 0 1.00 53.10

C102 N. subflava 93.71 39 1 0 0.92 53.04

CCUG 24841  N.subflava 96.61 23 0 0 0.96

CCUG 24844  N. subflava 97.59 17 0 0 1.00

12007_2012  N. subflava 95.18 34 0 0 1.00 53.19

C6A N. subflava 95.74 30 0 0 1.00 53.43

CCUG 4788 N. subflava 96.00 15 0 0 0.53

CCUG 29761  N. subflava 95.55 21 0 0 0.67

CCUG 17913 T N. subflava 96.45 25 0 0 1.00

CCUG 806 N. subflava 96.45 25 0 0 1.00

CCUG 7826 N. subflava 96.74 23 0 0 1.00 53.10

CCUG 24918  N. subflava 96.45 25 0 0 1.00 53.00

CCUG 800 N. subflava 92.47 11 0 6.00E-88 0.21

CCUG 801 N. subflava 92.47 11 0 6.00E-88 0.21

CCUG 25198  N. subflava 93.89 14 0 0 0.32

SK114 N. subflava 90.64 32 2 0 0.58

9715 N. wadsworthii 62.57 255 1 0 0.97 48.83

CCUG 4007 T N. weaveri 67.06 223 1 0 0.96 51.23

F

Isolate Species aaID(%) Mismatches Gaps E-value Query cover G+C(%)

CCUG 808 N. animalis 66.42 136 0 0 0.96 55.96

DSM 21642 N. animaloris 63.73 147 1 5.00E-179 0.97 53.53

CCUG 50858 T N. bacilliformis 60.39 139 2 7.00E-156 0.85

CCUG 30380 M. bacilliformis 59.31 161 3 7.00E-158 0.96 58.15

CCUG 38158  N. bacilliformis 59.48 154 2 7.00E-153 0.92 58.31

CCUG 50611  N. bacilliformis 60.00 152 2 2.00E-153 0.92 58.23

CCUG 56775 T N. canis 59.56 163 2 1.00E-162 0.97 51.66

CCUG 53898  N. dentiae 60.14 164 2 9.00E-171 1.00 54.57

CCUG 30802T N. elongata 60.75 156 1 9.00E-165 0.95 56.10
subsp. elongata

CCUG 2043T  N.elongata 60.75 156 1 1.00E-163 0.95 56.02
subsp. nitroreducens

CCUG 431 N. mucosa 66.91 133 2 0 0.97 54.80

AP2031 N. musculi 60.57 165 1 9.00E-173 1.00 54.63

CCUG 26878 T N. oralis 66.58 134 1 0 0.96 54.65

F0314 N. oralis 66.34 135 1 0 0.96 54.80
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CCUG 10421  N.oralis 66.34 135 1 0 0.96 54.58
CCUG 804 N. oralis 66.34 135 1 0 0.96 54.73
NRL30031 N. subflava 97.62 10 0 0 1.00
NJ9703 N. subflava 85.57 43 0 3.00E-168 0.71
C102 N. subflava 91.93 33 0 0 0.97 55.40
CCUG 24841  N.subflava 96.90 13 0 0 1.00
CCUG 24844  N. subflava 97.62 10 0 0 1.00
12007_2012  N. subflava 94.29 24 0 0 1.00 54.92
C6A N. subflava 92.18 32 0 0 0.97 55.32
CCUG 4788 N. subflava 94.67 4 0 1.00E-39 0.18
CCUG 29761  N. subflava 71.05 15 2 1.00E-39 0.27
CCUG 17913 T N. subflava 97.62 10 0 0 1.00
CCUG 806 N. subflava 97.62 10 0 0 1.00
CCUG 7826 N. subflava 93.10 29 0 0 1.00 55.08
CCUG 24918  N. subflava 93.15 28 0 0 0.97 55.08
CCUG 800 N. subflava 84.08 32 0 3.00E-114 0.48
CCUG 801 N. subflava 84.08 32 0 3.00E-114 0.48
CCUG 25198  N. subflava 96.54 12 0 0 0.83
SK114 N. subflava 94.67 4 0 4.00E-40 0.18
9715 N. wadsworthii 60.29 160 2 4.00E-164 0.97 51.58
CCUG 4007 T N. weaveri 63.48 148 1 2.00E-175 0.97 51.88

and N. bacilliformis. In the case of N. canis, N. animalis and N. bacilliformis, the
different regions were not located on a single contig, but referral to closed genome
sequences confirmed this separation was not an artefact. A galE orthologue was
not present in all ¢ps™ isolates; in N. animalis, N. oralis and both N. elongata
isolates, it was found to be near or adjacent to the putative region A, rather than

contiguously with the other region D genes.
2.3.1.1 NPN species possess cps region B and C orthologues

With the exception of 11 N. subflava isolates, isolates in which capsule genes were
identified possessed orthologous sequences of all six of the meningococcal cps region
B and C genes (Table . The remaining 11 N. subflava isolates were found to
contain putative orthologues for one or both of ctrE and ctrF, but no region C
orthologues were identified (Table [2.1]).

Orthologues shared 52-99% amino acid sequence identity with the relevant query.
Alignment length covered at least 92% of the relevant query, except the orthologues
of ctrF in CCUG 50858 (85%) and NJ9703 (71%). This reduced query coverage was
attributed to an incomplete gene located at the end of a contig in WGS data from

isolate CCUG 50858, and a frame-shift mutation in the sequence from isolate NJ9703.
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ctrABCD orthologues were contiguous, and in the same order as those found
in N. meningitidis. ctrEF orthologues were contiguous in all ¢ps™ isolates, except

N. canis and N. bacilliformis, whose ctrE orthologue was adjacent to the putative
region C (Figure [2.2)).

2.3.1.2 Putative region A genes were identified in NPN species possess-
ing regions B and C

In each isolate genome, with the exception of N. bacilliformis, a series of ORFs

was identified immediately upstream of region C (ctrE-region C in the case of

N. canis), which had not been previously curated in PubMLST (Figure . These

ORFs were annotated as putative region A genes (Table . The ORFs are

described in detail below.

In N. mucosa, two ORFs between putative region C and the previously annotated
gene NEIS1114 (described as a membrane protein) were homologous to capsule
synthesis genes from N. meningitidis serogroup L. In N. weaveri, three ORFs
between putative regions B and C were homologous to capsule synthesis genes from
A. pleuropneumoniae serovar 5. In N. zoodegmatis, five ORF's between putative regions
B and C were homologous to capsule synthesis genes from H. influenzae serotype d.

N. dentiae and N. musculi each contained seven genes between regions B and
C, of which the two immediately upstream of region C and the one immediately
upstream of region B were homologous to capsule synthesis genes from H. influenzae
serotype d. The remaining ORF's in between had only hypothetical matches. In both
species, two of the four hypothetical genes were predicted glycosyltransferases, and
a third in N. musculi was a predicted rhamnosyltransferase.

The putative region A in N. canis was inferred using a closed genome from the
NCTC 3000 project. Upstream of the putative region C in N. canis, two ORFs
homologous to capsule synthesis genes from H. influenzae serotype d, two predicted

glycosyltransferases, a predicted rhamnosyltransferase, two hypothetical genes, and
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Table 2.2: Annotation of putative region A genes. Annotations based on the results
of queries using tBLASTn against the NCBI nucleotide collection, and BLASTp against
Pfam-A. Hypothetical matches also queried using BLASTp against the NCBI RefSeq
database. One representative isolate per NPN species.

Isolate/Species NEIS NCBI nucleotide (coverage; aa ID; Accession) Pfam-A matches G+C
CCUG 808 2173 cszA [N. meningitidis] (100%; 81%; HF562983.1) "Cytidylyltransferase-like" 43.6
N. animalis cps17B/8B/6B/2B/13B/7B/3B

[A. pleuropneumoniae] (100%; 78%;
MG780422.1/K]J685493.1/AY534316.1/
AY357726.1/MG868947.1/
AY534317.1/ CP000687.1)
2947 cszB [N. meningitidis] (95%; 56%; HF562983.1) No matches 43.8
cps17C/8C/6C/2C/13C/7C/3C [A. pleuropneumoniae]
(88-9%; 46-7%; MG780422.1/K]685493.1/
AY534316.1/AY357726.1/MG868947.1/
AY534317.1/ CP000687.1)
2939 c¢ps17D/8D/6D [A. pleuropneumoniae] (99%; 61%; "CDP-Glycerol: 44.2
MG780422.1/K]685493.1/AY534316.1) Poly(glycerophosphate)
glycerophosphotransferase”
"Glycosyl transferases group 1"
2940 cps17E/8E [A. pleuropneumoniae] (100%; 72%; "Glycosyl transferase family 2"  40.6
MG780422.1/K]685493.1)
cps6E [A. pleuropneumoniae]
(84%; 76%; AY534316.1)

2966 cps17F [A. pleuropneumoniae] No matches 41.1
(29%; 46%; MG780422.1)
2967 ccs3 [H. influenzae] (91%; 27%; HQ651151.1) "Accessory Sec system 45.8

pesC [H. parainfluenzae] (90%; 27%; MH644108.1] GspB-transporter”
cps14C [A. pleuropneumoniae]
(94; 28%; AB810251.1)
CCUG 38158 2173 cszA [N. meningitidis] (96%; 75%; HF562983.1) "Cytidylyltransferase-like" 37.6
N. bacilliformis cps17B/8B/6B/2B/13B/7B/3B
[A. pleuropneumoniae] (96-7%; 78%; MG780422.1/
KJ685493.1/AY534316.1/AY357726.1/
MG868947.1/AY534317.1/ CP000687.1)
2938 cszB [N. meningitidis] (98%; 49%; HF562983.1) "LicD family" 36.7
¢ps17C/8C/7C/3C [A. pleuropneumoniae]
(81%; 45-6%; MG780422.1/K]685493.1/
AY534317.1/ CP000687.1)
cps6C/2C/13C [A. pleuropneumoniae] (90-1%; 42%);
AY534316.1/AY357726.1/MG868947.1)
2939 c¢ps17D/8D/6D [A. pleuropneumoniae] (99%; 57%; "Tetratricopeptide repeat” 37.9
MG780422.1/K]685493.1/AY534316.1) "CDP-Glycerol:
Poly(glycerophosphate)
glycerophosphotransferase”
"Glycosyl transferases group 1"
2940 cps17E/8E [A. pleuropneumoniae] (100%; 59%; "Glycosyl transferase family 2" 39.4
MG780422.1/K]685493.1)
cps6E [A. pleuropneumoniae]
(84%; 61%; AY534316.1)

CCUG 30802T 2173 cszA [N. meningitidis] (99%; 79%; HF562983.1) "Cytidylyltransferase-like" 39.2
N.elongata cps17B/8B/6B/2B/13B/7B/3B

subsp. [A. pleuropneumoniae ] (98-100%; 80-81%;

nitroreducens MG780422.1/K]685493.1/AY534316.1/

AY357726.1/MG868947.1/
AY534317.1/ CP000687.1)
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Isolate/Species NEIS NCBI nucleotide (coverage; aa ID; Accession) Pfam-A matches G+C
CCUG 30802T 2948 cszB [N. meningitidis] (88%; 47%; HF562983.1) No matches 33.7
N.elongata cps17C/8C/7C/3C [A. pleuropneumoniae]
subsp. (84%; 42-3%; MG780422.1/K]J685493.1/
nitroreducens AY534317.1/ CP000687.1)

cps6C/2C/13C [A. pleuropneumoniae]

(75%; 44%; AY534316.1/AY357726.1/

MG868947.1)

2939 c¢ps17D/8D/6D [A. pleuropneumoniae] "Tetratricopeptide repeat” 36.5
(98-9%; 50%; MG780422.1/K]685493.1/ "CDP-Glycerol:

AY534316.1) Poly(glycerophosphate)
glycerophosphotransferase”
"Glycosyl transferases group 1"

2940 cps17E/8E [A. pleuropneumoniae] (98%; 68%; "Glycosyl transferase family 2"  37.4
MG780422.1/K]685493.1)
cps6E [A. pleuropneumoniae]

(82%; 67%; AY534316.1)
CCUG56775T 2157 csaA [N. meningitidis] (98%; 65%; MF503101.1) "UDP-N-acetylglucosamine 40.3
N. canis dcs1/ecs1 [H. influenzae] (98%; 69-70%; 2-epimerase”
HQ424464.1/HM053635.1)
csiA [N. meningitidis] (97%; 57%; HF562985.1)
bcbA [P. multocida] (98%; 53%; AF169324.1)
wecB [V. cholerae] (98%; 61%; GU576498.1)

2737 csiB [N. meningitidis] (99%; 81%; HF562985.1) "UDP-glucose/GDP-mannose 43.4
dcs2/ecs2 [H. influenzae] (99%; 65%; dehydrogenase family"
HQ424464.1/HM053635.1) (NAD, central and
bebB [P. multocida] (99%; 78%; AF169324.1) UDP binding)
wecC [V. cholerae] (99%; 69%; GU576498.1)

2738 hypothetical "Glycosyl transferases group 1" 37.1
Refseq: glycosyltransferase [A. rudis]

(70%; 48%; WP_016657901.1)

2739 hypothetical "Glycosyl transferase family 2"  38.9
Refseq: glycosyltransferase
[M. haemolytica] (100%; 74%; WP_080869760.1)

2740 hypothetical "Putative rhamnosyl 31.3

transferase”

2968 hypothetical No matches 30.2
RefSeq: alpha/beta hydolase [Alcaligenes sp. RS4]

(62%; 35%; WP_128393077.1)

2741 dcs3 [H. influenzae] (57%; 37%; HQ424464.1) No matches 34.2

2742 csiE [N. meningitidis] (98%; 80%; HF562985.1) "Glycosyl transferases group 1" 38.5
dcs5/ecs8 [H. influenzae] (99%; 60-62%);

HQ424464.1/HM053635.1)

bcbl [P. multocida] (100%; 81%; AF169324.1)
CCUG 53898 2736 csiA [N. meningitidis] (96%; 70%; HF562985.1) "UDP-N-acetylglucosamine 50.2
N. dentiae bcbA [P. multocida] (96%; 71%; AF169324.1) 2-epimerase”

csaA [N. meningitidis] (95%; 54%; MF503101.1)

dcs1/ecs1 [H. influenzae] (95%; 55%;

HQ424464.1/HM053635.1)

wecB [V. cholerae] (97%; 60%; GU576498.1)

2937 csiB [N. meningitidis] (93%; 86%; HF562985.1) "UDP-glucose/GDP-mannose 49.9

bcbB [P. multocida] (94%; 79%; AF169324.1)
dcs2/ecs2 [H. influenzae] (92%; 65-6%;
HQ424464.1/HM053635.1)

wecC [V. cholerae] (92%; 70%; GU576498.1)
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Isolate/Species NEIS NCBI nucleotide (coverage; aa ID; Accession) Pfam-A matches G+C
CCUG 53898 2738 hypothetical "Glycosyltransferases group 1" 35.4
N. dentiae RefSeq: glycosyltransferase
[M. haemolytica] (99%; 89%; WP_052500173.1)
2739 hypothetical "Glycosyl transferase family 2"  38.5
RefSeq: glycosyltransferase [R. baltica]
(81%; 47%; WP_027672790.1)
2750 hypothetical No matches 31.6
2741 dcs3 [H. influenzae] (59%; 37%; HQ424464.1) No matches 35.1
2942 csiE [N.meningitidis] (98%; 87%; HF562985.1) "Glycosyl transferases group 1" 46.4
dcs5/ecs8 [H. influenzae] (99%; 62-4%;
HQ424464.1/HM053635.1)
bebl [P. multocida] (100%; 77%; AF169324.1)
AP2031 2736 csiA [N. meningitidis] (97%; 69%; HF562985.1) "UDP-N-acetylglucosamine 46.1
N. musculi bcbA [P. multocida] (97%; 72%; AF169324.1) 2-epimerase”
csaA [N. meningitidis] (97%; 54%; MF503101.1)
dcs1/ecs1 [H. influenzae] (96%; 54-5%;
HQ424464.1/HM053635.1)
wecB [V. cholerae] (98%; 58%; GU576498.1)
2737 csiB [N. meningitidis] (99%; 84%; HF562985.1) "UDP-glucose/GDP-mannose 49.5
bebB [P. multocida] (99%; 77%; AF169324.1) dehydrogenase family"
dcs2/ecs2 [H. influenzae] (99%; 64-5%; (NAD, central and
HQ424464.1/HM053635.1) UDP binding)
wecC [V. cholerae] (99%; 68%; GU576498.1)
2738 hypothetical "Glycosyl transferases group 1"  39.6
Refseq: glycosyltransferase [A. rudis]
(73%; 46%; WP_016657901.1)
2739 hypothetical "Glycosyl transferase family 2"  37.1
Refseq: glycosyltransferase
[M. haemolytica] (100%; 84%; WP_080869760.1)
2740 hypothetical "Putative rhamnosyl 30.1
transferase”
2741 dcs3 [H. influenzae] (58%; 36%; HQ424464.1) No matches 40.8
2742 csiE [N.meningitidis] (98%; 82%; HF562985.1) "Glycosyl transferases group 1"  46.0
dcs5/ecs8 [H. influenzae] (98%; 58-9%);
HQ424464.1/HM053635.1)
bebl [P. multocida] (100%; 72%; AF169324.1)
CCUG 12230 T 2736 csiA [N. meningitidis] (96%; 72%; HF562985.1) "UDP-N-acetylglucosamine 40.7
N. zoodegmatis bcbA [P. multocida] (96%; 72%; AF169324.1) 2-epimerase"
csaA [N. meningitidis] (94%; 54%; MF503101.1)
dcs1/ecs1 [H. influenzae] (95%; 57%;
HQ424464.1/HM053635.1)
wecB [V. cholerae] (96%; 60%; GU576498.1)
2737 csiB [N. meningitidis] (99%; 82%; HF562985.1) "UDP-glucose/GDP-mannose 42.3
bebB [P. multocida] (99%; 80%; AF169324.1) dehydrogenase family”
dcs2/ecs2 [H. influenzae] (99%; 66-7%; (NAD, central and
HQ424464.1/HM053635.1) UDP binding)
wecC [V. cholerae] (99%; 70%; GU576498.1)
2949 dcs3 [H. influenzae] (100%; 69%; HQ424464.1) "Glycosyl transferases group 1" 37.6
"Glycosyl transferase family 2"
2971 dcs4 [H. influenzae] (97%; 59%; HQ424464.1) No matches 34.7
2742 csiE [N.meningitidis] (98%; 77%; HF562985.1) "Glycosyl transferases group 1" 37.8

dcs5/ecs8 [H. influenzae] (99%; 61-2%;
HQ424464.1/HM053635.1)
bebl [P. multocida] (100%; 81%; AF169324.1)
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Isolate/Species NEIS NCBI nucleotide (coverage; aa ID; Accession)

Pfam-A matches

G+C

CCUG2043T
N. elongata
subsp. elongata

2965

2941

2942

2943

2974

cslA [N. meningitidis] (100%; 60%; HF562986.1)
cps14A/18A/4A/12A/15A [A. pleuropneumoniae]
(99%; 54-6%; AB810251.1/MG780424.1/
GU585380.1/AB701757.1/LC012002.1)

cps1A [A. pleuropneumoniae]

(89%; 56%; AF518558.1)

ccs1 [H. influenzae] (99%; 55%; HQ651151.1)

fes1 [H. influenzae] (94%; 54%; AF549211.1)

pcsA [H. parainfluenzae] (99%; 55%; MH644108.1)
csIB [N. meningitidis] (67%; 34%; HF562986.1)
cps14B1/2 [A. pleuropneumoniae]

(88%; 60%; AB810251.1)

cps4B [A. pleuropneumoniae]

(69% 50%; GU585380.1)

cps1B/C [A. pleuropneumoniae]

(63%; 48%; AF518558.1)

ces2 [H. influenzae] (99%; 49%; HQ651151.1)
pesB [H. parainfluenzae] (99%; 46%; MH644108.1)
ccs4 [H. influenzae] (56%; 57%; HQ651151.1)
pesD [H. parainfluenzae] (59%; 56%; MH644108.1)
cshD [N. meningitidis] (67%; 26%; HF562983.1)
csxB [N. meningitidis] (39; 30%; HF562988.1)
xcbB [E. coli] (43%; 31%; MG736912.1)
hypothetical

"Stealth protein conserved
region" (1/2)

"Glycosyl transferase family 2"
"CDP-Glycerol:
Poly(glycerophosphate)
glycerophosphotransferase”

"Bacterial transferase
hexapeptide"
No matches

"AMP-binding enzyme"

31.4

36.1

34.6

37.7

F0314
N. oralis

2941

2943

2974

cps14B1/2 [A.pleuropneumoniae]

(89%; 48%; AB810251.1)

cps4B [A. pleuropneumoniae]

(69% 48%; GU585380.1)

cps1B/C [A.pleuropneumoniae]

(63%; 56%; AF518558.1)

ces2 [H. influenzae] (99%; 42%; HQ651151.1)
pcsB [H. parainfluenzae] (99%; 55%; MH644108.1)
cshD [N. meningitidis] (67%; 25%; HF562983.1)
csxB [N. meningitidis] (43; 28%; HF562988.1)
xcbB [E. coli] (43%; 31%; MG736912.1)
hypothetical

"Glycosyl transferase family 2"
"CDP-Glycerol:
Poly(glycerophosphate)
glycerophosphotransferase”

No matches

"AMP-binding enzyme"

39.6

36.3

38.0

NJ9703
N. subflava

2184

2941

2942

cslA [N. meningitidis] (99%; 72%; HF562986.1)
cps14A/18A/4A/12A/1A/15A [A. pleuropneumoniae]
(98-9%; 54-6%; AB810251.1/MG780424.1/
GU585380.1/AB701757.1/
AF518558.1/LC012002.1)

ccs1 [H. influenzae] (99%; 56%; HQ651151.1)

fes1 [H. influenzae] (94%; 56%; AF549211.1)

pcsA [H. parainfluenzae] (99%; 56%; MH644108.1)
csiB [N. meningitidis] (67%; 32%; HF562986.1)
cps14B1/2 [A. pleuropneumoniae]

(88%; 49%; AB810251.1)

cps4B [A. pleuropneumoniae]

(69% 49%; GU585380.1)

cps1B/C [A. pleuropneumoniae]

(63%; 57%; AF518558.1)

ces2 [H. influenzae] (99%; 43%; HQ651151.1)
pesB [H. parainfluenzae] (99%; 55%; MH644108.1)
ccs4 [H. influenzae] (56%; 57%; HQ651151.1)

pesD [H. parainfluenzae] (59%; 56%; MH644108.1)
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Isolate/Species NEIS NCBI nucleotide (coverage; aa ID; Accession) Pfam-A matches G+C
NJ9703 2943 cshD [N. meningitidis] (67%; 27%; HF562983.1) No matches 36.1
N. subflava ¢sxB [N. meningitidis] (39; 34%; HF562988.1)
xcbB [E. coli] (58%; 29%; MG736912.1)
2974 hypothetical "AMP-binding enzyme" 40.6
CCUG 431 2972 cslA [N. meningitidis] (97%; 58%; HF562986.1) "Glycosyl transferase family 2"  29.9
N. mucosa cps12A [A. pleuropneumoniae] "CDP-Glycerol:
(95%; 57%; AB701757.1) Poly(glycerophosphate)
glycerophophotransferase”
2973 csIB [N. meningitidis] (97%; 56%; HF562986.1) No matches 33.5
CCUG 4007 T 2944 cps5A [A. pleuropneumoniae] "Glycosyl transferases group 1" 30.2
N. weaveri (97%; 62%; AF053723.1)
2945 cps5B [A. pleuropneumoniae] "Capsule polysaccharide 28.6
(99%; 57%; AF053723.1) biosynthesis"
2946 cps5C [A. pleuropneumoniae] No matches 40.7

(99%; 47%; AF053723.1)

A. rudis: Acinetobacter rudis; R. baltica: Rheiheimera baltica; V. cholerae: Vibrio cholerae

an additional ORF homologous to a capsule synthesis gene from H. influenzae
serotype d, were annotated as putative region A genes. Downstream of these genes
were a predicted IS/81 insertion sequence, and a locus that had been annotated kdsA;
these were not included in the putative region A. No further ORF's were investigated.

N. oralis, N. subflava, N. elongata subsp. nitroreducens, N. elongata subsp.
elongata and N. animalis possessed two, four/five, four, six or seven ORF's respectively
between region C and a galF orthologue. N. elongata subsp. elongata possessed a
predicted IS565 insertion sequence immediately upstream of galF, which was not
included in the putative region A. Adjacent to this was a predicted AMP-binding
enzyme, which was also present immediately upstream of galE in N. subflava and
N. oralis. N. animalis possessed a predicted nuclease immediately upstream of
galE, which was not included in the putative region A. It also included an ORF
between NEIS2966 and NEIS2977, which appeared to be a truncated pseudogene
of NEIS2966; it was not assigned a NEIS number but left annotated as ORFG.
The remaining ORFs immediately upstream of region C in all five species were
homologous to capsule synthesis genes from various species, and were annotated
as putative region A genes. None of the putative region A genes from N. subflava

were found in N. subflava isolates that lacked region C.
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None of the putative region A genes described were identified through BLAST
searches in the genomes from either N. subflava isolates that contained a putative
region B, but not region C, or species totally lacking putative regions B and C.
Orthologues of the four putative N. elongata subsp. nitroreducens region A genes
were identified in N. bacilliformis through BLASTn searches. In three of four
N. bacilliformis isolate genomes, these genes were contiguous, as in N. elongata
subsp. nitroreducens, but were located on different contigs from regions B and C. In

the fourth isolate, the genes were disrupted, likely due to poor assembly.
2.3.1.3 NPN species share homologous putative region A sequences

In N. bacilliformis (four isolates), N. subflava (six isolates), N. oralis (four isolates),
and N. elongata (two isolates), genomes from more than one isolate of the same
species possessed a putative cps. The putative region A nucleotide sequences from
the N. bacilliformis genomes all contained four genes that were each 98% identical
between isolate genomes, indicating that all four N. bacilliformis genomes had an
almost identical putative region A sequences (Figure [2.3A). The putative region A
nucleotide sequences from the N. subflava genomes all contained four genes that were
>97% identical between isolate genomes (Figure 2.3B). Three N. subflava putative
region A sequences contained an additional gene homologous with a predicted
acetyltransferase [202], NEIS2942, that was >98% identical among isolate genomes.
The putative region A nucleotide sequences from all six N. subflava genomes also
contained a predicted glycosyltransferase, NEIS2941, which was either 71-73% or
97-100% identical between isolate genomes, indicating that there were two versions
of this gene (Figure [2.3B). NEIS2941 version 1 was found in C102, C6A, CCUG
7826 and CCUG 24918. NEIS2941 version 2 was found in NJ9703 and 12007_2012.
The putative region A nucleotide sequences from the N. oralis genomes all contained
three genes, two of which were >98% identical between isolate genomes (Figure

2.3C). NEIS2943 was >98% identical among three of the four isolates genomes, with
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Figure 2.3: Within species comparisons of putative region A. Pairwise BLASTn
comparisons of putative region A sequences within species A) N. bacilliformis, B)
N. subflava, C) N. oralis and D) N. elongata. Colour intensity indicates sequence identity.
Blue indicates inversion.

the version from CCUG 804 only sharing 81% nucleotide identity with the others.
The putative region A from N. elongata subsp. elongata did not resemble that of
N. elongata subsp. nitroreducens (Figure [2.3D).

NPN species were sorted into three groups based on shared homology within

region A sequences (Figure . Homologous genes were only assigned the same
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Figure 2.4: Homologous putative region A sequences between NPN species.
Pairwise tBLASTx comparisons of homologous putative region A sequences between
representative NPN species belonging to putative region A homology groups A) Group 1,
B) Group 2 and C) Group 3. Colour intensity indicates sequence identity. Blue indicates
inversion.

NEIS number if they were sufficiently identical for additional alleles to be assigned
by the PubMLST genome scanner. Details of this homology are described below.

Group 1 contained putative region A sequences from N. animalis, N. elongata
subsp. nitroreducens and N. bacilliformis, which shared four homologous genes with
78-83%, 42-47%, 56-58% and 61-64% amino acid identity between species (Figure

2.41A). The putative N. animalis region A contained two additional genes.
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Group 2 contained putative region A sequences from N. elongata subsp. elongata,
N. subflava and N. oralis, which shared up to five homologous genes with 58%,
60-95%, 97%, 86-95% and 75-99% amino acid identity between species. The N. oralis
putative region A did not contain a NEIS2184 homologue (Figure[2.4B). The putative
N. mucosa region A was also partially homologous with other Group 2 putative region
A sequences. N. mucosa gene NEIS2972 was 32% identical to group 2 gene NEIS2941,
and N. mucosa gene NEIS2973 was 25% identical to group 2 gene NEIS2942 at the
amino acid level; neither gene was equivalent in length to its homologue (Figure )

Group 3 contained putative region A sequences from N. dentiae, N. musculi,
N. canis, N. zoodegmatis and N. animaloris, although N. animaloris putative region
A was not annotated further due to its incomplete assembly. The remaining Group
3 putative region A sequences shared up to seven homologous genes with 56-96%,
86-94%, 70-82%, 73-85%, 65%, 68-83% and 79-90% amino acid identity between
species (Figure ) The putative N. zoodegmatis region A only contained three
of the homologous genes, and an additional two genes. N. dentiae only contained
six of the homologous genes, and one additional gene. The putative N. canis region

A contained one additional gene.

2.3.1.4 Putative NPN region A sequences resemble previously charac-
terised capsule synthesis regions

The putative region A sequences belonging to representatives from each homology
group were found to be homologous in whole or in part to capsule synthesis regions
in N. meningitidis and other Gram-negative bacteria (Figure . Details of this
homology are described below.

Putative region A sequences in Group 1 resembled the capsule synthesis region of
N. meningitidis serogroups H and Z, and A. pleuropneumoniae serovars 17, 8 and 6
(Figure ) The putative region A from N. animalis was chosen as a representative

of Group 1, since it contained additional genes not found in other members of the
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group. Amino acid sequences were compared. The first two genes, NEIS2173 and
NEIS2947, were 81% and 54% identical to the N. meningitidis capsule synthesis
genes cszA;cshA and cszB;cshB. NEIS2173, NEIS2947, and the next two genes,
NEIS2939 and NEIS2940, were 78%, 45%, 64% and 72-76% identical to the A. pleu-
ropneumoniae capsule synthesis genes cps17B/cps8B/cps6B, cps17C/cps8C/cps6C,
cps17D/cps8D /cps6D and cps17E/cps8E/cps6E respectively. NEIS2966 and ORF6
were partially homologous, with 46% and 37% amino acid identity respectively, to
cps17F, which is not present in A. pleuropneumoniae serovars 8 or 6. The last gene,
NEIS2967, was not homologous with any gene in the capsule synthesis region of
N. meningitidis serogroups H or Z, or A. pleuropneumoniae serovars 17, 8 or 6.

Putative region A sequences in Group 2 resembled the capsule synthesis region
of N. meningitidis serogroup L, H. influenzae serotype ¢, H. parainfluenzae strain
HUB12445 (recently found to be encapsulated) [219], and A. pleuropneumoniae
serovars 12 and 14 (Figure ) The putative region A from N. elongata subsp.
elongata was chosen as a representative of Group 2, since it contained all five
homologous genes. Amino acid sequences were compared. The first two genes,
NEIS2965 and NEIS2941, were 47-58% and 32-49% identical to the N. meningitidis
capsule synthesis genes cslA and cslB, the H. influenzae capsule synthesis genes
ccsA and ccsB, the H. parainfluenzae capsule synthesis genes pcsA and pesB,
and the A. pleuropneumoniae capsule synthesis genes cps14A and cps1/B1B2B3.
The third gene, NEIS2942, was partially homologous to ¢slC (18% identity) and
cesD /pesD (42-60% identity). The last two genes, NEIS2943 and NEIS2974, were
not homologous with any gene in the capsule synthesis region of N. meningitidis
serogroup L, H. influenzae serotype c, H. parainfluenzae strain HUB12445, or
A. pleuropneumoniae serovar 14.

The putative region A from N. mucosa was chosen as a second representative
of Group 2, since it shared comparatively little homology with the other Group 2

putative region A sequences (Figure [2.4B). Amino acid sequences were compared

o7



2.3. RESULTS CHAPTER 2. CAPSULE GENES IN NPN

(Figure ) The first gene was 59% identical to the N. meningitidis capsule
synthesis gene cslB, and the A. pleuropneumoniae serovar 12 gene cpsi2B. The
second gene was 23% identical to c¢slC. The N. mucosa putative region A did not
contain any sequences homologous to cslA, but cslA was 34% identical to cps12A.

Putative region A sequences in Group 3 resembled the capsule synthesis region of
N. meningitidis serogroup I, and H. influenzae serotype d (Figure ) N. musculi
was chosen as a representative of Group 3, since its putative region A contained
all seven homologous genes. Amino acid sequences were compared. The first two
genes, NEIS2736 and NEIS2737, and the final gene, NEIS2743, were 71%, 87%
and 84% identical to the N. meningitidis capsule synthesis genes csiA, csiB and
csil, and 56%, 66% and 61% identical to the H. influenzae serotype d capsule
synthesis genes dcsi, decs?2 and desh. NEIS2738 was partially homologous to des?
(27% identity) and desd (32% identity). NEIS2739, NEIS2940 and NEIS2741 were
not substantially homologous with any gene in the capsule synthesis region of
N. meningitidis serogroup I, or H. influenzae serotype d.

N. zoodegmatis was chosen as a second representative of Group 3, since its putative
region A contains different genes from other members of the group (Figure 2.4C).
Amino acid sequences were compared (Figure ) The five genes were 58%, 69%),
56%, 57% and 61% identical to the genes dcsi, des2, des3, des4 and desd respectively,
which constitute the entire capsule synthesis region of H. influenzae serotype d.

The putative region A sequence from N. weaveri resembled the capsule synthesis
region of A. pleuropneumoniae serovar 5 (Figure ) Amino acid sequences were
compared. The three genes were 59%, 59% and 46% identical to cps5A, cpsdB and
cpsHC' respectively, which constitute three of the four genes in the capsule synthesis

region of A. pleuropneumoniae serovar 5.
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2.3.2 Preliminary extraction of polysaccharides from non-
pathogenic Neisseria species

The extraction method succeeded in extracting polysaccharides from Neisseria species,
and some preliminary results were obtained from NMR analyses. Samples were
determined to have negligible levels of LOS, according to a LAL assay. Nevertheless,
the samples were not found to be as pure as desired (Figure . It was apparent
that samples still contained some contamination from the anion exchange buffer,
even after dialysis. Nevertheless, it was possible to detect that the NMR spectrum of
CCUG 30802T (N. elongata subsp. nitroreducens) was consistent with the presence
of a glycerol residue in the sample (Figure ) Also detectable was the fact that,
of all the samples analysed, only 12007_2012 (N. subflava) contained a peak at 2
ppm, consistent with an acetyl group (Figure ) The method was unsuccessful

in extracting polysaccharide in the quantities required for 3C NMR (~1 mg).

2.4 Discussion

Among the Neisseria, the polysaccharide capsule has been considered to be a virulence
factor unique to N. meningitidis. Although region B and C genes had been identified
previously in an isolate of N. subflava, in the absence of further evidence at the
time this was attributed to an HGT event from N. meningitidis to N. subflava,
facilitated by a DNA uptake sequence in ctrA [64]. In this chapter, homologues of all
the conserved region B and C genes in multiple NPN species from across the genus
have been identified, with accompanying putative capsule synthesis loci.

There is good evidence to support the existence of region B and C genes, with
the potential to encode for capsule export proteins, within 13 NPN species (Table
. These genes are highly conserved across all encapsulated meningococci, and
among Gram-negative bacteria that express an ATP transporter-dependent capsule

[78, [76]. The amino acid sequence identity between meningococcal ctrE and ctrF and
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the E. coli homologues kpsC and kpsS is 68% and 70% respectively [73], and it has
been demonstrated that these orthologues can be functionally interchanged between
species [106]. Therefore, the moderately to very high amino acid sequence identity
(52-99%) between proposed ctrABCDEF genes in NPN species and homologues in
meningococci (Table , and the fact that in most cases they co-localise into regions
equivalent to meningococcal cps regions B and C (Figure — although there is
reduced certainty with respect to the putative ctrF in N. canis and N. bacilliformis,
because it is not co-localised with ctrE in these isolates — is consistent with their
coding for capsule export proteins similar to those belonging to N. meningitidis.

Putative region A genes were more difficult to characterise, since different
complements of enzymes are required to produce the structurally distinct capsules
that vary within and between species [76]. With the exception of N. bacilliformis,
the putative region A genes were consistently adjacent to region C genes at one
end, and in many cases were also flanked or closely flanked by region B (Figure
2.2). Region C is also co-located with region A in the meningococcal cps [78], and
the three homologous regions are frequently co-located in capsule loci belonging
to species from other genera [196], so in most NPN species the organisation of the
putative capsule genes is consistent with a capsule locus.

Three species groups were identified that shared homologous putative region A
sequences (Figure . There is little synteny across the genomes of these species, so
the comparable co-localisation of putative capsule gene homologues further supports
the inference that they form an arranged capsule locus. Homologous genes were not
always assigned to the same NEIS locus; by default, PubMLST has very conservative
rules on nucleotide sequence identity and length equivalency relative to existing
alleles when adding new allele sequences to a NEIS locus. These could be overruled in
the future if there is biochemical evidence indicating that the genes are functionally

identical. The putative region A sequences also resembled or partially resembled
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capsule biosynthesis genes characterised in other species (Table , Figure ,
further supporting their predicted function.

The putative capsules of Group 1 species N. animalis, N. bacilliformis and
N. elongata subsp. nitroreducens are predicted to resemble teichoic acid polymers,
based on their resemblance to A. pleuropneumoniae type I capsule serovars 17,
8 and 6 [220], and N. meningitidis serogroup Z [78] (Figure 2.5A). Preliminary
structural analyses in N. elongata subsp. nitroreducens were consistent with this
prediction, indicating that a glycerol residue was present in the capsule polysaccharide
of CCUG 30802T (Figure 2.6]A). There is decreased certainty about the three
extra genes in N. animalis, two of which only partially resembled cpsi7F from
A. pleuropneumoniae (Figure [2.5A), and the last of which only partially resembled
capsule synthesis genes from H. influenzae serotype ¢ and A. pleuropneumoniae
serovar 14 (Table . Nevertheless, this is not necessarily unusual, since many
of the A. pleuropneumoniae type I capsule synthesis regions contain unique genes
[220], and so these genes have been tentatively annotated as putative region A
genes at this time. Higher confidence can be assigned to the rest of the genes in
the putative region A sequences of these species.

The putative capsules of Group 2 species N. elongata subsp. elongata, N. subflava,
N. oralis and N. mucosa are predicted to consist of oligosaccharide polymers with
phosphodiester linkages, which is a unifying property of N. meningitidis serogroup L,
H. influenzae serotype ¢ and A. pleuropneumoniae type 11 capsule serovars, including
serovars 12 and 14 [220, 89, 202], with which these putative region A sequences
shared some homology (Figure ) It is not possible to make any more specific
predictions about the structure of N. elongata subsp. elongata, N. subflava or N. oralis
capsules without further analyses. There is extra uncertainty about NEIS2943 and
NEIS2974, which share no homology with capsule synthesis genes from any of the
aforementioned species. Nevertheless, NEIS2943 partially resembles capsule synthesis

genes from N. meningitidis serogroups H and X. NEIS2974 contained a predicted
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AMP-binding domain according to Pfam-A, which does not preclude a role in capsule
synthesis. Neither of these genes, or indeed any putative region A genes, are present
in the WGS of N. subflava genomes lacking region C, consistent with a non-essential
function, in common with all capsule loci. The putative region A of N. mucosa more
closely resembles meningococcal ¢sIBC' (Figure ) cslA has been shown to have
no polymerase activity in the synthesis of the serogroup L capsule [89]. Therefore,
although the putative N. mucosa region A is lacking cslA, it is possible that it produces
a capsule similar to the trimeric structure of N. meningitidis serogroup L, consisting
of trimeric repeats of —3-5-D-N-Acetylglucosamine-1—3-3-D-N-Acetylglucosamine-
1—3-a-D-N-Acetylglucosamine-1-phosphate [89]. Overall, the sequences comparisons
support the identity of the suspected region A sequences in these species.

The putative capsules of Group 3 species N. musculi, N. dentiae, N. canis and
N. zoodegmatis are predicted to resemble structures consisting of N-acetylmannosaminuronic
acid, N-acetylguluronic acid and/or N-acetylglucosamine, as seen in N. meningitidis
serogroups I and K, and H. influenzae serotypes d and e [78], 202] (Figure JE).
H. influenzae serotypes d and e share the same three homologues found in all group
3 NPN putative region As, but the genes in between are not homologues (Figure
). Despite this, both H. influenzae serotypes d and e consist of N-acetyl-D-
glucosamine and N-acetyl-D-mannosaminuronic acid, differing only by the linkages
[202]. Therefore, there is a reasonable chance that the capsule structures of the group
three NPN species are relatively similar, despite possessing different complements of
putative region A genes, particularly N. dentiae, N. musculi and N. canis, which
differ by just one gene (Figure . It is possible that the putative N. zoodegmatis
capsule has the same structure and perhaps even linkages as H. influenzae serotype
d, given that it contains homologues of all the serotype d capsule synthesis genes
(Figure ) Nevertheless, the region A sequences of N. meningitidis serogroups I
and K are almost identical, and yet produce O-acetylated N-acetylmannosaminuronic

acid homodisaccharide [94], and O-acetylated alternating N-acetylmannosaminuronic
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acid and N-acetyl-guluronic acid capsule structures respectively, although is has been
suggested that this difference may be an artefact of the extraction conditions [78].
Whilst the particulars of the capsule structures are hard to predict, comparative
genomics supports the identity of the putative region A sequences in these species.

N. weaveri did not possess any putative capsule synthesis genes homologous
to those found in other NPN species. It did contain three of the the four capsule
synthesis genes belonging to A. pleuropneumoniae type III capsule serovar 5 (Figure
2.5[F). The commonality of A. pleuropneumoniae type III serovars is only that
they are glycosidically linked sugar polymers [220]. N. weaveri has one of the
best examples of typical capsule locus organisation (Figure , so combined with
its similarity to A. pleuropneumoniae serovar 5, there is good support for the
identity of its putative region A.

Region A annotations were consistent with the potential for more than one
capsular group within N. elongata, and possibly N. subflava and N. oralis (Figure.
N. subflava isolates possessed one of two versions of the gene NEIS2941, predicted
to code for a glycosyltransferase (Table , whose nucleotide sequences were
approximately 72% identical (Figure . This is comparable to the divergence
between the polysialyltransferase genes csb and csc, which are 64% identical, and
determine the structural differences between meningococcal serogroups B and C
respectively [78, 84]. In addition to N. meningitidis, the presence of multiple capsule
groups or types is commonplace among Gram-negative bacteria, including E. coli,
H. influenzae and M. haemolytica [(3, 148, 149]. In E. coli, over 80 structurally
different capsules exist, some of which are associated with specific pathologies, or
are only expressed at certain temperatures [73]. The range of niches exploited by
E. coli, including different hosts and tissues, as well as free-living environments, may
be responsible for this diversity [76]. Individual Neisseria species do not demonstrate

such a wide exploitation of niches, but it has been demonstrated that different
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species have tropisms for specific nasopharyngeal sites [16]. There maybe more subtle
intra-species niche variation, which requires an optimum capsule, or no capsule at all.

The conclusions thus far have relied on genomic data. The great advantage
of genomic data is the ability to characterise putative capsule genes with high
throughput, as demonstrated by the novel tool CapsuleFinder, which is claimed to
have been able to search 2500 bacterial genomes and identify whether a capsule
may be present [203]. Such an approach is particularly effective in a thoroughly
researched field such as capsule biology, where conserved genes are well defined, and
many synthesis genes have previously been identified [76]. Consistent with the genetic
findings described in this chapter, indicating the potential for capsule expression in
NPN species, results of India ink and alcian blue staining indicate the existence of a
high molecular weight polysaccharide surrounding N. musculi bacteria [221]. Further
biochemical analyses are required to confirm capsule expression, fully determine which
genes are involved in capsule production and accurately predict capsule structure.

In preliminary attempts to address questions about the structure of NPN capsules,
an extraction method involving anion exchange chromatography was used. Traditional
methods of capsule extraction have included a protein removal step using phenol
chloroform [222], which is highly hazardous. The method described here, based on
anion exchange chromatography [218], successfully extracted capsular polysaccharides
from NPN, which were shown to have LOS contamination below detectable limits.
Nevertheless, the anion exchange buffer was not successfully removed, resulting in
artefacts in 'H NMR spectra (Figure [2.6)).

Subsequent methanol precipitation of anion exchange fractions performed by
Dr Maharjan successfully removed this contamination, and corroborated the initial
findings described in the results of this chapter, including the presence of glycerol
in CCUG 30802T (N. elongata subsp. nitroreducens), predicted from sequence
comparisons. Spectra also supported an acetyl group in 12007_2012 (N. subflava)
(Figure [2.7)), consistent with the presence of NEIS2941 in 12007 2012 but not CCUG
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Figure 2.7: Repeat 'H NMR spectra. Overlay of NMR spectra for CCUG 30802T
(blue), CCUG 2043T (red), CCUG 24918 (green) and 12007 2012 (yellow) following
methanol purification step. Additional purification was carried out by Dr Sunil Maharjan,
and NMR was performed by Dr Tim Rudd, at the NIBSC. Reproduced with permission
and included for discussion purposes.
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24918; NEIS2491 is homologous to H. influenzae serotype ¢ gene ccs4 (Table , a
predicted O-acetyltransferase. The cleaner spectra also show that the CCUG 30802T
polysaccharide is distinctly different from that of the other N. elongata isolate (Figure
, as predicted by sequence comparisons (Figure ) These initial findings are
consistent with predictions from genomic analyses.

13C NMR can provide much more detailed information about the structure
of polysaccharides [223]. The method described here did not produce capsule
polysaccharide in the quantities required for ¥C NMR. This may have been a
result of capsule fragmentation during the boiling step, which resulted in small
capsule fragments being lost during the filtration step. A possible solution to this
step may be to use sodium deoxycholate/EDTA solubilisation of cells to increase
yields, and to use a chemically defined media containing *C to reduce the quantity
of polysaccharide required for *C NMR (S. Maharjan, personal communication).

In this way, more detailed structural analyses could be obtained.
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On the balance of evidence from genomic data, including the comparable syn-
teny between the putative cps in most NPN species and the meningococcal cps
(Figure , and the high homology of several putative capsule synthesis genes to
those of N. meningitidis and other species (Figure , Table , combined with
initial biochemical analyses, the genes identified were most likely to function in
capsule synthesis. The discovery of capsule genes in non-pathogenic bacteria is not
unprecedented, with a similar finding in the mitis group streptococci overturning the
assumption that capsule production was unique to the pathogenic S. pneumoniae
[147]. Capsules have also been identified in Bacteroides species that inhabit the
human gut [I45] 146], and many of the non-pathogenic members of the microbiota
surveyed by CapsuleFinder contained matches for capsule genes [203]. In common
with many virulence factors, including the type IV pilus [65], 64], the meningococcal
capsule might be better described as a “host adaptation” [64] or “niche” [224] factor,
with effects on pathogenic potential being incidental.

Nevertheless, uniquely in N. meningitidis, certain capsule serogroups permit
survival in the bloodstream, and so the evolution of the meningococcal capsule is
a key factor for understanding the emergence of meningococcal pathogenesis. The
discovery of capsule genes in NPN species challenges models presented previously,
hypothesising that N. meningitidis must have acquired a capsule by HGT [72] 11T},
199]. Nevertheless, it does not necessarily preclude the acquisition of capsule genes in
N. meningitidis by HGT. Notably, capsule genes have still not been identified in any
isolates belonging to the monophyletic group that contains N. cinerea, N. lactamica,
‘N. bergeri’, N. polysaccharea, N. gonorrhoeae and N. meningitidis, with the exception
of N. meningitidis itself (Figure . This uneven distribution of capsule genes
must be explained by acquisition and/or loss [225] 226]. For the capsule to be
present only in certain N. meningitidis isolates, the capsule genes must either
have been lost independently as many as six times, or lost once in a common

ancestor of the monophyly and re-acquired in N. meningitidis. The latter is the
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most evolutionarily parsimonious explanation, although a scenario between these
two extremes is also possible. These models have been further explored in Chapter

using phylogenetic analysis of WGS.

2.4.1 Conclusions

In this chapter, NPN species have been shown to possess genes that are likely to encode
polysaccharide capsules. Capsules are predicted to be produced via ABC-transporter
dependent capsule polymerisation similarly to N. meningitidis, but putative region
A genes are predicted to synthesise novel and distinct capsule structures. This
discovery of capsule genes in NPN species reflects the polysaccharide capsule’s role in
asymptomatic colonisation and transmission, an important stage in meningococcal
epidemiology. Nevertheless, it also raises questions about the evolutionary history of

the meningococcal capsule, which will be addressed in the next chapter.
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Re-examining models of capsule
acquisition in N. meningitidis

This work was published in Clemence et al., 2019, Wellcome Open Res 4:99 (https:
//doi.org/10.12688/wellcomeopenres.15333.2) [227], and presented as a poster
at the 15" Congress of the European Meningococcal and Haemophilus Disease

Society, Lisbon, 2019. Work presented here was carried out by the candidate.

3.1 Introduction

Prior to the work in this thesis, it was hypothesised that the meningococcal cps was
acquired as a result of an HGT event, resulting in the duplication of region D [111],
199 [72), 143], 193]. In the absence of the data collected in Chapter , which identified
capsule sequences in NPN species, this hypothesis depended on the understanding
that N. meningitidis was the only member of the Neisseria to possess a capsule,
inferring that it was most likely acquired by HGT. In light of the discovery of
putative capsule sequences in NPN species, the capsule acquisition hypothesis must
be evaluated more critically. Chapter [2| has already proposed that the presence of
a capsule in meningococci may be attributable to an HGT event, based on the

most evolutionarily parsimonious explanation. The aim of this chapter is to use
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WGS analyses to further evaluate the credibility of HGT events taking place within
the meningococcal c¢ps, and whether sequence data are consistent with a de novo
acquisition of the meningococcal capsule.

N. meningitidis is a highly competent bacterium [57], which co-exists in the
nasopharynx with many other species from the Neisseria and other genera [16]. In
addition to frequent recombination events within meningococcal populations, there
have been several accounts of HGT from NPN species to N. meningitidis, as well
as from non-Neisseria species to N. meningitidis, including genes associated with
virulence and antibiotic resistance [228, 229] 230, 231}, (64, 232], 201]. Therefore, the
acquisition of meningococcal ¢ps sequences from other species is biologically plausible.

Several pieces of evidence have been put forward in support of de novo acquisition
of the capsule locus, besides the observation, refuted in Chapter [2] that the capsule
was unique to N. meningitidis among the Neisseria. The low G+C content within
region A of the capsule locus has been cited as evidence that the capsule may have
been acquired by HGT [78, [83], 193], a property that has been associated with islands
of HGT [195]. Nevertheless, low G+C content has previously been described in the
capsule synthesis regions of E. coli, Haemophilus sputorum and A. pleuropneumoniae
[196, 197, 198], and now also in the putative capsule synthesis regions of NPN
species in Chapter [2 Therefore, G+C content may not directly inform on the recent
evolutionary history of the meningococcal capsule. Further evidence put forward
includes: the deduced common ancestry between cps sequences within regions A, B
and C, and homologous sequences in other Gram-negative bacteria [143, [72], 202];
and the organisation of genes within the cps [111], [72, [143], which differs from the
typical arrangement in Gram-negative bacteria, wherein genes involved in capsule
synthesis and export are contiguous.

As described in previous chapters, the meningococcal ¢ps is comprised of the
functional regions A, B and C [7§]. Also co-located in cps is region D, which consists of

galE and rfbABC, and region D’; a duplicated version of region D. Region E consists
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Figure 3.1: Comparisons of N. meningitidis, N. subflava and N. weixii cps.
Organisation of genes within A) the two orientations of the meningococcal cps and B) the
N. subflava and N. weizii cps.

of the putative transcriptional accessory protein tez, a modification methyltransferase,
and a truncated adenine-specific methyltransferase. Flanking the 3’ end of region
B is an additional hypothetical gene designated NEIS0068 [I11]. The only genes
that are unique to encapsulated meningococci, among N. meningitidis, are those
found within regions A, B and C, and NEIS0068. There is also only one copy of
region D in capsule null N. meningitidis. Whilst regions A and C are contiguous,
region B is separated from regions A and C by region D’, or region D’ and region
E, depending on the orientation of the cps (Figure )

There is dynamic inversion of genes within the capsule locus between galE1,
and the truncated gene galE2, giving rise to two capsule orientations (Figure )
[I11]. These inversions make it challenging to distinguish between region D and
region D’. There is sufficiently high sequence identity between rfbABC and rfbABC’
[78] that the automated genome annotator within BIGSdb is unable to distinguish
between them, so they must be manually identified and extracted based on their
context within the cps. galE1 alleles are divergent from galE2, which is consistently

truncated at the 5 end [I11].
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Bartley et al. proposed that the phylogenetic distribution and functionality of
galE1 and galE2 could be explained by the process of an en bloc transfer of the entire
capsule locus from a donor species into modern meningococcal clones, originally in
Orientation 1 (Figure 3.1]A) [I11]. If the model presented by Bartley et al. is true,
a number of other features would also be predicted. Firstly, region B and region
C sequences would be expected to resemble the donor. Secondly, rfbABC’ would
be expected to more closely resemble the donor, whilst 7fbABC would resemble
capsule null 7fbABC| as has been described for galF1, but in strains MC58, FAM18
and NMB, the regions were almost identical [111]. Nevertheless, it is possible that
the intra-locus re-orientation events could result in total swapping of one version
of region D for another, in certain lineages. Therefore, to address the aim of this
chapter, cps sequences were investigated in N. meningitidis WGS from a range

of clonal complexes and capsule groups.

3.2 Methods

3.2.1 Isolate collection

Meningococcal WGS data with good cps assembly were obtained from the Meningitis
Research Foundation Meningococcus Genome Library (MRF-MGL) (consisting of
UK disease-associated isolates), the meningococcal 107 global collection project
(consisting mostly of disease-associated isolates) [54], and the UKMenCar4 project, a
UK carriage dataset collected by the University of Oxford [233]. All of these datasets
are available on PubMLST. Meningococcal genomes were chosen at random from the
datasets to provide up to one clonal complex/capsule genogroup combination from
both carriage and disease where available. WGS from additional public PubMLST
isolates M01-240355 [234] and WUE2594 [235] were chosen to include cc213 and ccb,
respectively. Additional cps sequence data from isolates with capsule genogroup E,

L, W, X or Z were retrieved from GenBank [230], originating from characterisation
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of meningococcal capsule serogroups [78]. WGS data from representative isolates of
other Neisseria species were sourced from PubMLST, including the novel species
N. weizii (strain 10022, GenBank accession number CP023429.1).

WGS from non-Neisseria species were sourced from GenBank and chosen for
the presence of homologous region D and/or region B and C sequences, based
on the result of BLASTn searches, using sequences from CA41967 as a query.
Only species possessing homologous sequences for the full complement of genes
in the region of interest were included. Representatives of the following species were
included in analyses: Actinobacillus succinogenes (strain 130Z, GenBank accession
number CP000746.1), A. pleuropneumoniae (AP76, CP001091.1), Aggregatibac-
ter actinomycetemcomitans (D11S-1, CP001733.2), Bibersteinia trehalosi (USDA-
ARS-USMARC-189, CP006955.1), Vibrio vulnificus (NBRC 15645, CP012881.1),
Glaesserella sp. (15-184, CP023057.1), Actinobacillus porcitonsillarum (9953L55,
CP029206.1), Haemophilus influenzae (18010, FQ312006.1), Kingella kingae (KW1,
LN869922.1) and Actinobacillus suis (NCTC12996, LT906456.1). A full list of isolates
can be found in Table [A.2

3.2.2 Annotation of capsule loci

The majority of the Neisseria genomes in PubMLST had previously been fully
annotated manually for cps genes rfbABC (NEIS0045-7), galE (NEIS0048), tex
(NEIS0059), the pseudo cytosine methyltransferases NEIS2854 and NEIS2910, ctrABCDEF
(NEIS0055-8,66-67), and flanking genes NEIS0044, NEIS0068 and NEIS0069, where
present. Genomes in which one or more of these genes had not been annotated were
queried using the BLASTn-based scanning tool in PubMLST; if a relevant gene was
identified, this was tagged in the WGS data and an appropriate allele designation set.
N. meningitidis sequences from GenBank had a fully annotated cps [78]. Predicted

orthologues of cps genes were identified in non-Neisseria species using BLASTn.
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The meningococcal genomes possessing cps were investigated to determine whether
the locus was in Orientation 1 or Orientation 2 (Figure [3.1A). galE1 and galE2 were
distinguished according to the nomenclature used by Bartley et al. [IT1], in which the
truncated form of galF within cps was designated galF2, and the full length form as
galE'1. If the capsule locus spanned more than one assembled contig, the orientation

was assumed based on the co-localisation of the relevant genes and regions.

3.2.3 Neighbor-net analyses

Nucleotide sequence data for region C genes ctrABCD, or predicted orthologues,
were extracted from meningococci, representative non-meningococcal Neisseria,
and non-Neisseria species for which all genes were present. The same was done
for region B genes ctrEF.

Nucleotide sequence data for rfbABC+galFE or predicted orthologues were ex-
tracted from capsule null meningococci, representative non-meningococcal Neisseria,
and non-Neisseria species for which predicted orthologues of all four genes were
present. In meningococci cps, rfbABC+galE2 and rfbABC’+galE1 were extracted
manually and analysed independently, regardless of the capsule orientation.

For each set of genes, amino acid sequences were deduced in MEGA X [208] and
aligned using Muscle [237], correcting for frameshift mutations where applicable, and
manually trimmed to give a final nucleotide sequence alignment. ctrABCD, ctrEF
and rfbABC sequences were each concatenated, and each alignment was loaded into
SplitsTree4 [61]. Phylogenetic split networks were generated using the neighbor-net
algorithm [238]. Groups were identified based on a balance between maximising
edge weighting, whilst minimising contradictory splits. Full length galE' and galE1

homologues (i.e. not including galE2) were also analysed separately.
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3.2.4 Recombination analysis using BOOTSCANing

Based on the results of neighbor-net analyses, meningococcal isolates CA41967,
72491, o707, WUE171 and 1.02397.V were chosen for further investigation of the
whole capsule locus and its flanking regions, and compared to sequences from
ST42119 (capsule null N. meningitidis), NJ9703 (N. subflava) and 10022 (N. weizii),
with USDA-ARS-USMARC-188 ( Birbersteinia trehalosi) included as an outgroup.
rfoCAB+galE2, ctrDCBA, galE1+1fbBAC, ctrEF and NEIS0069 were analysed
separately, since capsule null N. meningitidis does not contain ctrDCBA or ctrEF.
Amino acid sequences were deduced in MEGA X, aligned using Muscle, correcting
for frameshift mutations where applicable, and manually trimmed to give a final
nucleotide sequence alignment. After alignment, sequences were orientated to be in
the same direction as they would be relative to NEIS0044 in Orientation 1 of the
meningococcal cps (Figure [3.1]A), where NEIS0044 is in the forward orientation, then
concatenated into the groups described above for separate analyses.

Each concatenated set of aligned sequences was loaded into the Recombination
Detection Programme 4 (RDP4) [239]. Recombination was assessed in each cps™t
meningococcal isolate using manual BOOTSCANing [240], with ST42119 (capsule
null N. meningitidis), NJ9703 (N. subflava), 10022 (N. weizii) and USDA-ARS-
USMARC-188 (B. trehalosi) as reference sequences. Neighbor-joining trees were
used with the Jukes-Cantor substitution model [241] and 100 bootstraps. Bootstrap
support below 70% was disregarded. In order to minimise false breakpoints that may
occur due to high sequence identity, appropriate window size was determined by
testing CA40160, CA41628 and GL40098 (other capsule null N. meningitidis), and
0X42005 (other N. subflava), which were not expected to have recombinant capsule
sequences. Window size was set at 400 bp for rfbABC+galE1/2, 200 bp for regions

B and C, and 250 bp for NEIS0069. Step size was set at 10% of window size.
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3.2.5 Maximum-likelihood phylogenies

ctrEF sequences were extracted from all Neisseria isolates possessing predicted region
B orthologues. B. trehalosi was included as an outgroup. The first 774 bp of ctrE,
which were suspected to be recombinant, were removed. Amino acid sequences were
deduced in MEGA X, aligned using Muscle, correcting for frameshift mutations where
applicable, and manually trimmed to give a final nucleotide sequence alignment,
then concatenated. A maximum-likelihood phylogeny was generated in PhyML (v3.1)
[214] with 100 bootstraps using the GTR+I4+G method, determined to be the best
fit by jModelTest (v2.1.10) [215].

ctrD sequences were extracted from all Neisseria isolates possessing predicted
region C orthologues. B. trehalosi was included as an outgroup. Sequences were

aligned to generate a phylogenetic tree as described above.

3.3 Results

3.3.1 Gene annotations

The distribution of capsule export genes ctrA BCDEF, region D genes rfoABC+galFE
and ter was consistent with that described in Chapter [2 and all 11 genes were
annotated in the novel species N. weizii, which was also observed to contain
homologues of the putative region A from the N. animalis cps (Figure B.1IB).
Additionally, the 345 bp pseudo cytosine methyltransferase NEIS2854 was present
within all ¢ps™ meningococci, as well as the capsule null isolate ST42119 (cc198);
NEIS2854 is a truncated version of the 1008 bp locus NEIS2725, which was present
in gonococcal isolates and one strain of N. polysaccharea (CCUG 4790) only. The
pseudo cytosine methyltransferase NEIS2910 was found within all ¢pst™ meningococci,
ST42119, all gonococci, and CCUG 4790 genomes. The hypothetical gene NEIS0068,

which flanks region B of the capsule locus, was identified within genomes from
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all eps™ N. meningitidis and N. subflava isolates, but no other Neisseria species

or capsule null meningococci.

3.3.2 Regions B and C of the meningococcal cps are mosaic

Phylogenetic analyses of each of meningococcal cps regions B and C, along with
predicted orthologues from other Neisseria species and proteobacteria, were consistent
with the presence of recombinant region C sequences in the meningococcal cps.

Neighbor-net analysis revealed a well-supported split that grouped region B
sequences from meningococci and N. subflava together (Figure [3.2A). There was
also some support for a contradictory split grouping region B sequences from 24
meningococci with N. weizii. BOOTSCANing in 200 bp windows of CA41967, one
of the 24, was consistent with mosaic Region B sequences, with at least the first
774 bp of ctrE from CA41967 having support for N. weizii as the nearest neighbour
grouping, before switching to N. subflava (Figure .

A split network generated by neighbor-net analysis of region C sequences contained
several contradictory splits that either grouped meningococcal region C sequences
with N. subflava or the novel species N. weixii, both with high support relative to
the rest of the network. There was no well-supported split separating all three into a
single group (Figure [3.2B). This was corroborated by BOOTSCANing in a subset of
five isolates: all five ¢ps sequences scanned had good bootstrap support for N. subflava
as the nearest neighbour grouping for at least the first 440 bp of region C (at the 3’
end of ctrD) (Figure . Across the rest of the region, there was greater bootstrap
support for N. weixii as the nearest neighbour, although the signal was noisy. In
72491, the signal for N. subflava extended for 2379 bp (comprising ctrD, ctrC and
much of ctrB) before switching to N. weizii. This was consistent with a split which

separated Z2491, as well as WUE2594, into a group with N. subflava (Figure 3.2B).
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Figure 3.2: Split networks of region B and C sequences. Split networks generated
using neighbor-net analysis of concatenated, aligned nucleotide sequences of A) region B
and B) region C genes. Edges represent splits that support the separation of two groups in
the network, with the length of the line representing the weight of the split. Increasing

number of parallel edges represents contradictory splits.
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Figure 3.3: Recombination analysis of the meningococcal c¢ps. BOOTSCANing of
concatenated cps sequence alignments from CA41967, Z2491, «707, WUE171 and 1.02397.V,
with ST42119 (capsule null N. meningitidis, green), NJ9703 (N. subflava, pink) and 10022
(N. weizii, yellow) included as potential parent sequences, and USDA-ARS-USMARC-189
(B. trehalosi, black) included as an outgroup. The y axis indicates the number of bootstrap
trees out of 100 supporting a given isolate as the nearest neighbour to the query sequence
in window sizes of 400 bp (rfbCAB+galE1/2, 200 bp for regions B and C, and 250 bp for
NEIS0069. Step size set to 10% of window size. Vertical short dashed lines represent gene
boundaries, and vertical long dashed lines represent separate analyses.

3.3.3 Meningococcal capsule export sequences are nested
within homologous sequences in N. subflava

There is uncharacteristically high nucleotide sequence identity between ctrD, ctrEF

and NEIS0068 in meningococci, and predicted orthologues in N. subflava, compared

to flanking genes and the rest of the genome, even after accounting for differences

that may be explained by the relative conservation of individual genes, determined

by analysis relative to N. oralis (Table .

A maximum-likelihood phylogeny of region B, excluding the first 774 bp of
ctrE, which was determined by BOOTSCANing to be potentially recombinant in
some genomes, revealed that region B sequences from meningococci were nested
within homologous sequences from N. subflava (Figure [3.4]A). The diversity of these

sequences was much lower in N. meningitidis (mean p-distance among isolates
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Table 3.1: Nucleotide sequence identity between N. subflava and N. meningi-
tidis. Comparison of nucleotide sequence identity of loci in the ¢ps and flanking regions
between N. meningitidis and N. subflava, relative to N. oralis.

N. subflava vs. N.oralis vs. N. subflava vs.
Locus Region Nme ID(%) Nme ID(%) N. oralis ID(%)

NEIS0043 flanking 75.67 75.13 84.87
NEIS0044 flanking 78.36 74.68 74.44
NEIS0059 E 92.70 92.35 93.98
NEIS0058 C 97.24 81.57 81.41
NEIS0057 C 76.82 74.81 79.45
NEIS0056 C 72.78 70.96 76.50
NEIS0055 C 74.40 71.60 73.28
NEIS0066 B 84.97 76.01 78.37
NEIS0067 B 94.60 66.51 68.15
NEIS0068 flanking 93.70 - -

NEIS0069 flanking 81.60 68.07 69.14

0.017) than N. subflava (mean p-distance among isolates 0.040). Similarly, suspected
non-recombinant ctrD sequences from meningococci were nested within predicted

homologous sequences belonging to N. subflava (Figure [3.4B).

3.3.4 Region D’ of the cps locus is not a duplication of
meningococcal region D
As described previously [I11], sequenced meningococcal isolates possessed the cps
locus in either Orientation 1 or Orientation 2 (Figure [3.1A). galE1 was distinguished
from galE2 by the fact that the latter is consistently truncated at the 5’ end.
Phylogenetic analyses of rfoBAC"’, along with predicted orthologues from other
Neisseria species and proteobacteria, were consistent with acquisition of rfbBAC”
sequences by HGT from another Neisseria species (Figure [3.5A). In WGS from
23 isolates, neighbor-net network splits supported the the separation of rfoBAC’
into a group with homologous sequences from the novel species N. weizii. This
relationship was further supported by BOOTSCANing of concatenated rfoBAC"
sequences from CA41967, which showed high bootstrap support for N. weizii as the

nearest neighbour grouping across most of the region (Figure [3.3]).
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Figure 3.5: Split networks of region D sequences. Split networks generated using
neighbor-net analyses of concatenated, aligned nucleotide sequences of A) rfbABC genes,
with both rfbABC and rfbABC’ extracted from cps™ meningococci, and B) full length
galE or galE1 (truncated galE2 alleles not included). Edges represent splits that support
the separation of two groups in the network, with the length of the line representing the
weight of the split. Increasing number of parallel edges represents contradictory splits.
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There was a drop in bootstrap support for any reference across galE'1, possibly
indicating the absence of a good representative reference sequence. An appropriate
sequenced reference could not be identified using a split network generated from
aligned galF, galE1 and predicted orthologues (Figure ) A split did support the
separation of galE1 sequences from 707 (capsule group E), WUE173 (capsule group
Z) and ST41910 (capsule group Z) into a group with predicted orthologous sequences
in N. weizii, consistent with BOOTSCANing analyses of 707 (Figure .

There were no highly weighted splits supporting the grouping of rfbABC’ se-
quences from the remaining 16 isolates with any other species, and a high degree
of reticulation was present within the split network, which can be indicative of
recombination (Figure [3.5A). This was consistent with BOOTSCANing results in
sequences from chosen isolates (Figure |3.3). nfbBAC '+ galE1 sequences from 72491
contained tracts similar to both capsule null N. meningitidis and N. subflava. o707
and WUE171 contained rfbBAC” sequences similar to both N. meningitidis and
N. weizii, with a drop off in bootstrap support across galF1. The 1.02397.V rfbBAC”
sequences were similar to capsule null N. meningitidis, again with a drop-off in
bootstrap support for any reference across galE1.

In contrast to rfbBAC", the split network supported the grouping of all concate-
nated rfbCAB sequences with capsule null meningococci, but again there was a
lot of reticulation (Figure [3.5/A). Sequences from chosen isolates were investigated
further using BOOTSCANing. BOOTSCAN results of rfbABC+galE2 sequences
from 72491 and WUE171 were consistent with a recombination event involving
N. subflava (Figure . In 1.02397.V, there was only bootstrap support for capsule
null N. meningitidis, although there was a drop off in bootstrap support through
parts of rfbB and galE2. According to the split network, o707 rfbABC sequences
could be separated into a group with the capsule null sequences, but mosaic signals
were identified in the sequences consistent with a recombination event involving a

species more closely related to N. weizii. Sequences from CA41967 could be less
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ambiguously separated into a group with capsule null 7fbABC' sequences, consistent

with BOOTSCANSs, which did not demonstrate recombination in this region.

3.4 Discussion

The origin of the meningococcal capsule is the subject of a debate that has been
further obscured by the identification of putative capsule loci in NPN species in
Chapter[2] In this chapter, evidence for recombination in the region B and C sequences,
which are absent in capsule null meningococci, and region D sequences, which are
only duplicated in encapsulated meningococci, has been examined. Sequence data
have been further analysed to evaluate the cogency of hypotheses postulating that
the meningococcal cps was acquired de novo by HGT.

Analyses of region B and C sequences are consistent with a donation of capsule
export gene sequences from N. subflava to the meningococcal cps. Following the
identification of recombinant sequence data (Figure , Figure , further analyses
demonstrated that non-recombinant tracts within regions B and C were phylogeneti-
cally nested within homologous N. subflava sequences (Figure . This phylogenetic
pattern would only be expected to occur if the true donor was a member of N. subflava,
rather than another species closely related to N. subflava, and is consistent with the
high sequence identity between homologues of these genes in N. meningitidis and
N. subflava relative to N. oralis, compared to other cps and flanking genes (Table .
HGT is more likely to occur between closely related species, since higher sequence
identity facilitates homologous recombination. N. subflava is also widely carried by
humans, and it has previously been suggested that strains of the close relative of
N. meningitidis, N. gonorrhoeae, may have acquired penA genes associated with
antimicrobial resistance from N. subflava through HGT [242]. The tissue tropisms of
N. meningitidis and N. subflava are slightly different, with N. subflava isolated more

commonly from the buccal cavity than the nasopharynx [16], but both are frequently
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isolated from carriage studies using pharyngeal swabs [19, [158]. Therefore, HGT of
cps sequences between N. subflava and N. meningitidis is biologically conceivable.

Sequence analyses also indicate that a second species donated sequences within
region C of all meningococci analysed, and region B of several meningococcal isolates,
resulting in highly mosaic loci (Figure , Figure . The novel species N. weixii
was identified as a possible candidate, described as being isolated from the Tibetan
Plateau Pika (Ochotona curzoniae) in Qinghai Province, China (GenBank accession
CP023429.1) [21]. N. weizii contained sequences homologous to the putative region of
A of N. animalis, a guinea-pig associated species [20], between its region C and region
D homologues (Figure[3.1B), but not a full complement of N. meningitidis serogroup H
or Z capsule synthesis genes. N. animalis is also the known species most closely related
to N. weizii. Epidemiological interaction between N. weizii and N. meningitidis is
unlikely, since the pika is a member of the Lagomorpha, found in alpine meadows. An
as-yet-unidentified human-associated Neisseria species closely related to N. weizii
could be the donor of mosaic region B and C sequences to N. meningitidis.

In many of the meningococcal genomes analysed, results were also consistent with
HGT of duplicated region D sequences. In these genomes, rfbABC’+galE1 sequences
were divergent from 7fb A BC+galE sequences belonging to capsule null meningococci,
either in whole or in part (Figure . As within regions B and C, BOOTSCANing
analyses were consistent with either N. subflava or something related to N. weizii
being the candidate donor of the divergent rfbABC” sequences (Figure . The
galE1 sequences of a707 (cc254, capsule group E), ST41910 (cc1157, capsule group
Z) and WUELT73 (capsule group Z) also grouped with N. weizii (Figure 3.5B). In
all other meningococcal genomes, galF1 was divergent from N. subflava, N. weizii
and capsule null N. meningitidis, and the donor of this sequence may be another
as yet unidentified Neisseria species (Figure [3.5B). The divergence between galF1,
galE2 and capsule null galE sequences, including capsule group E and Z outliers,

corroborates with data from Bartley et al. [I11]. They proposed that these divergences
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are consistent with a model in which the meningococcal capsule was acquired en bloc
in N. meningitidis. Whilst the data discussed so far indicates that the meningococcal
cps is highly mosaic, having undergone HGT with as many as three other Neisseria
species, they are not sufficient to support such a model of capsule acquisition.

The hypothesis that the meningococcal cps was acquired de novo by a previously
capsule null meningococcal recipient, as a result of an HGT event, has been proposed
several times [111],[199, 72,83, [143]. The de novo acquisition of a capsule by a pathogen
has been previously described in H. influenzae which, similarly to N. meningitidis,
consists of variants both with and without a capsule. The H. influenzae capsule locus
cap was proposed to have been donated by HGT from H. sputorum, although H.
sputorum may actually be a member of another genus from the Pasteurellacae family
[197]. A similar event in N. meningitidis would have had important consequences
on the epidemiology of meningococcal disease, since the possession of a capsule
is almost always necessary for IMD [23], 24].

The sequence identity between capsule export sequences in N. meningitidis and
P. multocida formed the basis of a hypothesis invoking donation of the capsule by a
member of the Pasteurellacae family, in the absence of further Neisseria WGS data
at the time [72]. Data analysed in this chapter demonstrate that capsule export gene
sequences are more closely related to homologous sequences from non-pathogenic
Neisseria species (Figure , which raises the question as to whether the capsule
was simply inherited by descent. Nevertheless, as discussed at the end of Chapter
the distribution of capsule genes among close relatives of N. meningitidis may
have resulted from a loss of capsule in a common ancestor of these species, followed
by reacquisition in N. meningitidis.

The validity of an en bloc acquisition model, as proposed by Bartley et al.
[T11], has been further tested using a genome dataset containing a wide diversity of
meningococcal clonal complexes and capsule genogroups. BOOTSCANing analyses

consistently supported N. subflava as the nearest neighbour grouping at both ends of
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the capsule locus, and perhaps into NEIS0069 (Figure , and these sequences in
N. meningitidis were nested within homologous sequences from N. subflava (Figure
. The en bloc model also postulates that the donor capsule locus was arranged
+NEIS0059<—Region C-Region A—Region D—NEIS0068—NEIS0069—, equivalent
to N. meningitidis Orientation 1 [I11], which is the same arrangement as characterised
in N. subflava in Chapter [2| (Figure , and the flanking gene NEIS0068 has only
been found in ¢pst meningococci and N. subflava. These observations are consistent
with, but not proof of, an en bloc donation of capsule from N. subflava, as opposed to
a member of another genus, to a capsule null meningococcal clone, with subsequent
recombination events with at least two other Neisseria species.

This model does not account for the origins of region A. Neither N. weizii nor
N. subflava possess putative region A sequences that are highly comparable to
those found in meningococcal capsule serogroups, although they do share some
homologous sequences. Recombination events that include region A capsule synthesis
genes, which result in capsular serogroup switching, have been repeatedly observed
within meningococcal populations [103, 98|, [243]. The results presented here raise
the question as to whether meningococcal serogroup diversity may have arisen
through capsule switching with other species. The serogroup B capsule is structurally
equivalent to that of E. coli K1, M. haemolytica A2 and Moraxella nonliquifaciens
[76]. There is homology between the synthesis regions of these capsules [244], and
also between other N. meningitidis capsule synthesis genes and homologues in other
species [78], but amino acid sequence identity above 70% has not been reported. It
is unlikely that meningococcal region A sequences would have diverged so much if
this acquisition event happened after N. meningitidis diverged from other Neisseria
species. Sequence data did not show evidence of non-Neisseria sequences having
been donated to meningococcal region C or region D’ (Figure , Figure .
The grouping of galE'1 sequences within a split network indicates that an as-yet

unsequenced Neisseria species may have donated sequences to N. meningitidis, in an
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HGT event that may also have involved region A (Figure ) It may be informative
to characterise putative region A homologues of any new species identified that are
closely related to N. weizii, which may shed further light on this question.

Another unanswered question concerns the breakpoints of the en bloc model.
Sequence analyses are consistent with homologous recombination within or adjacent
to NEIS0069, but evidence for an illegitimate breakpoint between galE2 and tez,
as has been postulated [I11], is yet to be described. This illegitimate breakpoint,
proposed to have resulted in the truncation of galE2, is incompatible with the presence
of pseudo cytosine methyltransferases downstream of tex, which are not present in
N. subflava. There is no evidence for homologous recombination, since all capsule null
isolates studied possessed tezr in the opposite orientation to that seen in Orientation
1 of encapsulated meningococci. An attempt was made to incorporate tex into
recombination models, but the conservation of tex sequences among Neisseria (Table
inhibited the detection of meaningful signals. Previous studies of tex have been
inconclusive [245, [199]. Given that the pseudo cytosine methyltransferase were found
in an example of a capsule null isolate, and complete copies of both methyltransferases
are present in N. gonorrhoeae, further exploration of region E may provide additional
evidence with respect to the accuracy of the en bloc acquisition model.

An alternative explanation to de novo acquisition models is that a duplication of
meningococcal region D, and perhaps the whole capsule locus, previously existed
in the recipient organism, and HGT has only resulted in mosaicism within these
native sequences. This alternative explanation could account for the fact that some
isolates still contain sequences resembling capsule null meningococci in region D’
(Figure , Figure . On the other hand, this may be explained by dynamic
inversions of the capsule locus (Figure [3.1]A) [I1I]. If inversions involve multiple
recombination events with different break points, sequences within the two regions
could become unlinked, making it difficult to trace their evolutionary history, and

erasing evidence of an acquisition event within region D’ sequences. This problem
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may be further exacerbated by capsule switching, wherein region A sequences, as
well as flanking cps sequences, are exchanged horizontally among meningococci
[103, 97]; the breakpoints of these events are inconsistent. With these issues, by
the nature of the question [246], and the relatively small size of WGS datasets
compared to global Neisseria populations through time, it would be difficult to
prove beyond doubt that the meningococcal capsule was acquired de novo by a
capsule null clone, unless a meningococcal isolate were identified with a complete
N. subflava capsule locus, requiring an absence of further recombination events.
This illustrates a major challenge of analysing retrospective evolutionary events
using contemporary WGS data.

This challenge is made further complicated by the high rate of recombination
across the genome among meningococci, which impedes within species comparative
evolution. In an otherwise highly clonal population, encapsulated meningococci
resulting from HGT would be expected to belong to a single clade. An attempt
has been made to map capsule acquisition onto a N. meningitidis phylogenetic
tree based on core genes, which reveals a divergence between uncencapsulated
clonal complexes cc198 and ccl1136 and other meningococcal clonal complexes
[199]. This could be interpreted as consistent with a capsule acquisition event in a
common ancestor of the latter clade, although cc53 (also unencapsulated) is nested
within encapsulated isolates, indicating capsule loss in this model. Nevertheless,
as discussed in Introduction §I.2.3] it may not be reasonable to try and resolve
clonal complex relationships using bifurcating tree models. Another study, which
used a neighbor-net model based on genome rearrangement distances to resolve
recombination effects, indicated that the strain a14 (cc53-cnl) could be separated
from encapsulated meningococci to group with N. gonorrhoeae and N. lactamica,
although the weighting of this split was small [193]. This interpretation has been
disputed as an over-interpretation of a marginal split weighting, with a process of

infectious genetic exchange argued to be more likely [56], although this argument
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cited the existence of cch3-C isolates, which although identified in serogroup testing,
have never been identified by more reliable capsule genogrouping. Unravelling the
complete evolutionary process that led to the modern-day cps may not be possible
using only contemporary meningococcal genomes, if evolutionary processes within

branches has been lost through recombination.

3.4.1 Conclusions

WGS data are consistent with a model whereby the meningococcal capsule locus
was acquired by a capsule null meningococcal clone en bloc in an HGT event from a
single donor, most likely N. subflava. Subsequent homologous recombination events
with at least two other species resulted in a highly mosaic locus. Nevertheless, these
data are insufficient to rule out an alternative model, in which native meningococcal
capsule existed prior to undergoing HGT with N. subflava and other species. It is also
possible that serogroup diversity of meningococcal populations increased as a result
of cross-species HGT events. Characterisation of putative capsule genes of newly
isolated Neisseria species, particularly those isolated from humans, may provide new

insights into the complex evolutionary history of the meningococcal capsule locus.
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Exploring E to B capsule switching
associated with invasive meningococcal
disease

This work was presented as a poster at the ASM (American Society for Microbiology)
Microbe conference, Atlanta, GA, 2018. Work presented here was carried out

by the candidate.

4.1 Introduction

In the previous chapter, a model for capsule acquisition was discussed, involving HGT
events between N. meningitidis and other Neisseria species. This event may have been
responsible for a change in the epidemiology of the meningococcus, resulting in IMD in
human populations. HGT of cps sequences within N. meningitidis populations is also
an important concept in meningococcal epidemiology. Specifically, the exchange of ¢ps
region A sequences between meningococcal isolates from different serogroups results
in capsule switching. Capsule switching has reported to have taken place from A to X,
BtoC,CtoB, WtoB, Y toW,Y toBand Cto W [97, 98, 99, 100, 10T}, 102, 103].

These capsule groups are all associated with IMD.
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Another typing characteristic associated with meningococcal disease, in addition
to capsule group, is the clonal complex. The clonal complexes represent groups of
meningococci that share similar allelic profiles for the seven MLST house-keeping
genes [50, [5I]. Some clonal complexes are associated with certain capsular groups,
for instance cc23 and cc167 meningococci typically express a serogroup Y capsule
[96], although these associations can be broken up by capsule switching. They are
also associated with other genotypic and phenotypic profiles, for example clonal
complexes ccdl/44, ccll, cc32, cc8 and cc269 are most frequently isolated from
IMD in Europe [53]. Unlike cc41/44, whose high incidence in IMD may be partially
explained by high carriage rates, ccll is over-represented in IMD compared to
carriage collections [247, 248, [249]. It is not entirely clear whether this is because cc11
meningococci are intrinsically more invasive than meningococci from other clonal
complexes, or because they are highly transmissible, but rapidly cleared from carriage
[247]. Tt is also unclear to what extent clonal complex associations with disease are
misrepresented because of the association of certain capsule groups with clonal
complex. In this chapter, capsule switching from E to B within clonal complexes
that are not typically associated with disease are investigated, and the association
between capsule, clonal complex and disease is explored.

The serogroup E meningococcal capsule is not associated with IMD [247]. There
are occasional reports of IMD cases from which serogroup E meningococci were
isolated, but these are typically associated with complement-deficient or otherwise im-
munocompromised patients [130} 250, 251]. The serogroup E capsule structure consists
of alternating 2-acetamido-2-deoxy-D-galactose and 3-deoxy-D-manno-octulosonic
acid residues [I09], and in bactericidal assays, serogroup E meningococci have
been demonstrated to have higher sensitivity to human serum than IMD-associated
capsule serogroups [134] [130]. In contrast, serogroup B meningococci are frequently
isolated from cases of IMD, and at the time of writing are responsible for the highest

burden of IMD cases in Europe [252]. The serogroup B capsule structure consists
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of a(2->8)-linked sialic acid polymers [81]. Sialic acid facilitates immune evasion
in many bacteria [253], and genetic deletion of the capsule greatly increases the
serum sensitivity of serogroup B meningococci [254].

The contrasting disease-associated behaviours of serogroup E and B meningococci
are reflected in 21st Century UK carriage and IMD isolate collections, collected for
the UKMenCar4 project [233] and the MRF-MGL (https://pubmlst.org/bigsdb?
db=pubmlst _neisseria_mrfgenomes) respectively (Figure . In the three epi-
demiological years 07/2013-06/2016, the MRF-MGL sequenced 1590 meningococcal
genomes isolated from IMD cases in the UK, of which three (0.19%) were capsule
group E. In the same period, 761 (48%) capsule group B genomes were deposited. In
comparison, the UKMenCar4 project, which sequenced 1425 carried meningococcal
isolates from UK teenagers 2015-2016, isolated 180 (13%) capsule group E isolates
and 346 (24%) capsule group B isolates. Group E isolates most frequently belonged
to cc60 (34/180, 19%) or cc1157 (129/180, 72%). Within cc60 and ccl1157, E was
the predominant capsule group at 100% and 80% of isolates respectively. A further
6.3% of cc1157 isolates had group B capsules. 10 cases of cc60-B and 10 cases of
cc1157-B IMD were isolated in the UK 07/2013-06/2016. The first aim of this
chapter is to determine whether disease-associated cc1157-B and cc60-B isolates
emerged as a result of capsule switching.

At the time of writing, there is no vaccine available that targets the capsular
polysaccharide of serogroup B meningococci, as is the case for serogroups A, C, W
and Y. Two so-called “MenB” vaccines have been developed that target sub-capsular
surface proteins, which have been designed to cover the most prevalent IMD-associated
serogroup B meningococci, but do not specifically target the serogroup B capsule
[255], 256]. Bexsero® is an OMV based vaccine containing the protein antigens fHbp
(variant 1), NadA (variant 2/3), NHBA and PorA [121]. Trumenba® combines two
families of lipidated fHbp [122]. There is expected to be a degree of cross-reactivity

against meningococci that do not have exact matches to the vaccine antigens fHbp and
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Figure 4.1: Comparison of carriage and disease distributions. Distribution of
clonal complexes and capsule groups within UKMenCar4 carriage dataset collected 2014-
2015 and MRF-MGL disease dataset collected in epidemiological years 07/2013-06,/2014-07/
2015-06/2016. Capsule group assigned on the basis of genogroup. "Other" capsule group
includes groups L and H. Isolates with an undefined clonal complex have been assigned a
sequence type that has not been shown to cluster with any existing clonal complex. One or
more MLST loci assembled too poorly to assign an allele number in isolates with missing
clonal complex data.

NadA [123] 124}, [125] [122]. Since Bexsero® and Trumenba® do not target any factor
specific to serogroup B meningococci, they may also have cross-reactivity with other
serogroups [126]. Predictions about the cross-reactivity of fHbp and NadA from amino
acid variant profiles have been made using data from bactericidal antibody assays and
the Meningococcal Antigenic Typing System (MATS) [125] 123], 122, 257, 258, 259].
The second aim of this chapter is to assess whether the “MenB” vaccines are predicted
to protect against emerging cc1157-B and cc60-B meningococci, and at the same
time potentially have an impact on carried capsule group E meningococci.

Clonal complexes cc1157 and cc60 are not considered to be hyperinvasive lin-
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eages, since they are isolated from IMD comparatively infrequently compared to
ccdl/44, cc32 and ccll [260]. Nevertheless, meningococci from these clonal complexes
predominantly possess a carriage-associated group E capsule. The overall numbers
are smaller, but the observation of 10 c¢c60-B meningococci isolated from IMD,
despite the fact that no cc60-B meningococci were collected in UKMenCar4, may
indicate an over-representation of cc60-B in disease similar to ccll (Figure .
This could be a consequence of a polygenic profile favouring invasive disease, which

is usually masked by a non-invasive capsule.

As many as 177 genes have been proposed to contribute to the virulence phenotype
of N. meningitidis, many of which are also found in NPN species [64]. An association
between specific variants and disease has been established for a much smaller subset,
including genes involved in iron acquisition and serum survival, and the type IV
pilus and MDA bacteriophage: HmbR is involved in haemoglobin acquisition during
invasion [261], and the accessory gene hmbR is over-represented among disease-
associated meningococci and the hyperinvasive lineages [66]; fHbp negatively regulates
the alternative complement pathway [262], and of the three fHbp variants, variant
1 is associated with disease whilst variants 2 and 3 are associated with carriage
[67]; the type IV pilus is involved in colonisation and disease, and class II of the
pilus sub-unit PilE is associated with invasive meningococcal lineages [68, 69]; and
finally, presence of the so-called MDA bacteriophage, encoded by an 8 kb genetic
island, is also associated with meningococcal disease 70} [7I]. The third aim of this
chapter is to investigate factors within the cc60 genome that might be consistent

with a tendency towards IMD.
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4.2 Methods

4.2.1 Isolate collection

WGS data from meningococcal isolates were obtained from the PubMLST database.
For exploration of serogroup-clonal complex associations, carriage isolates were
sourced from the UKMenCar4 carriage study collected from 2014-2015, and disease
isolates were sourced from the MRF-MGL, epidemiological years 07/2013-06/2014—
07/2015-06/2016. This is a reasonably balanced dataset containing 1590 disease-
and 1425 carriage-associated isolate genomes. For WGS analyses, the MRF-MGL
dataset was expanded back to epidemiological year 07/2010-06/2011. A full list
of isolates used in WGS analyses can be found in Table [A.3] Isolate WGS data
were manually checked to confirm the capsular genogroup, which was the definition

used for capsule group assignment.

4.2.2 Allelic and protein variant profiling

The BIGSdb genome comparator tool was used to generate a 1605 locus N. menin-
gitidis cgMLST v.1 scheme profile [54] for the ccl1157 and cc60 datasets. The
resulting distance matrices, based on allelic differences, were used to generate
split networks based on neighbor-net analyses [238] in SplitsTree4 [61]. Groups
were identified based on a balance between maximising edge weighting, whilst
minimising contradictory splits.

Deduced amino acid sequence variants of the Bexsero® Antigen Sequence Typing
(BAST) loci [124] were extracted from cc60 and cc1157 isolates, and the PubMLST
vaccine coverage tool was used to assign potential vaccine coverage. The genome
comparator tool was used to determine whether the iron acquisition genes hmbR and
hpuAB, and eight MDA phage genes (NEIS0031, NEIS0030, NEIS0029, NEIS0028,
NEIS0027, NEIS0025, NEIS0024 and NEIS0023) were present in cc60 and cc1157

isolate genomes.
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4.2.3 Allele sequence extraction and alignment

cgMLST and cps allele sequences were extracted using the genome comparator
tool, selecting to concatenate and align using MAFFT [213]. This approach enables
sequences to be extracted even if they have not been previously annotated in an
isolate genome. Alignments were checked manually in MEGA X [263], and sites
with gaps were removed using TrimAl [264]. Allele sequences for fHbp and pilE
were extracted. Deduced amino acid sequences were aligned using Muscle [237] in

MEGA X, correcting for frameshifts.

4.2.4 Phylogenetic analyses

Phylogenetic trees were generated from nucleotide sequence alignments of ¢ps and
cgMLST genes using the phangorn R package [265]. Trees were generated using
the neighbor-joining method, with the Jukes-Cantor substitution model [241], and
rooted at the midpoint. For each capsule group of the two clonal complex datasets,
tanglegrams comparing cps and cgMLST sequence phylogenies were generated using
the cophylo function in the R package phytools [266]. Neighbor-net analysis in
SplitsTreed was used to generate a split network from region C nucleotide sequence
alignments. In both tanglegrams and the region C split network, carriage isolates
were used as reference clonal complexes, since carriage populations represent the

typical life-cycle of N. meningitidis.

4.2.5 Random Forest

The genome comparator tool was used to generate an allele table of all NEIS loci in
the PubMLST sequence database against the cc60 genomes. Loci that were absent
in all isolates, or incomplete in greater than 10% of isolates, were removed from the
analysis. The resulting allele table of 2114 genes was run through the randomForest

algorithm in R, with capsule group as a response variable, and NEIS loci as predictor
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variables. Random forest determines the importance of predictor variables in the
classification of response variables [267].

The performance of the model was measured using out-of-bag (OOB) error rate.
The number of trees in the model and the value of mtry (the number of predictors
sampled for splitting at each node), were set to optimise OOB error rate based on
the median of five runs for each tested value (Figure . The optimal number of
trees was 3000, and the optimal value of mtry was 5,/p, where p is the number of
alleles. The allele table was permutated to minimise biases arising as a result of the
numerical allele designations. Based on the Pearson correlation coefficient between
the values of two runs, 50 permutations were sufficient to eliminate bias (Figure .

Predictors were sampled with replacement. Mean decrease in gini (MDG) was used
to assess the average importance of each NEIS locus in the classification of capsule

group, with each NEIS locus being assigned the mean MDG of the 50 permutations.

4.2.6 Statistics

The association of between capsule group and clonal complex and disease was
investigated using a Firth’s bias-reduced logistic regression [268] to generate an odds
ratio for disease, with cc1157 as a reference for clonal complexes and group B as
a reference for capsule groups. Isolates with missing or undefined clonal complexes

were not included in the analysis.

4.3 Results

4.3.1 c¢cc60 and ccl157 capsule group B cps sequences are
not clonal

Neighbor-net phylogenies were generated from cgMLST allele profiles to determine

whether isolate genomes could be separated into groups according to capsule group.

cc60 genomes were clustered into two distinct groups, both of which contained group

B and group E isolates (Figure [4.3A). One of the groups was dominated by capsule
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Figure 4.2: Optimisation of random forest for the classification of cc60 capsule group
by NEIS loci. A) number of trees and B) value of mtry based on the median OOB error
rate of five runs. C) Optimisation of number of allele table permutations based on the
correlation of output mean MDG values between two runs.

B isolates (14/17), but edges that split singletons tended to have much greater
weight than those that grouped them together.

Edges did not support the separation of ccl157 isolates into distinct groups
corresponding with capsule group (Figure ) There was support for several
groups of five or more group E isolates; these were spread across the network. Group
E was by far the dominant capsule group, comprising 133 of the 182 isolates. Group
B isolates were spread across the network, clustering into singletons or pairs. There
was support for one group containing five capsule group X isolates, but additional

group X isolates were also found across the cc1157 network.
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Figure 4.3: Distribution of capsule groups within cc60 and cc1157. Split networks
generated using the neighbor-net algorithm, based on cgMLST scheme allele profiles for A)
cc60 isolates and B) ccl1157 isolates.
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Figure 4.4: Congruence between cps region A and the core genome (cc60).
Tanglegrams depicting links between cc60 isolates in a cgMLST sequence phylogeny (left)
and cps region A sequence phylogeny (right) among clonal complexes with a A) B capsule
group and B) E capsule group. Phylogenies generated from concatenated aligned nucleotide
sequences using the neighbour-joining method with the Jukes-Cantor substitution model.
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Figure 4.5: Congruence between cps region A and the core genome (ccl157).
Tanglegrams depicting links between cc1157 isolates in a cgMLST sequence phylogeny (left)
and cps region A sequence phylogeny (right) among clonal complexes with an A) B capsule
group and B) E capsule group. Phylogenies generated form concatenated aligned nucleotide
sequences using the neighbour-joining method with the Jukes-Cantor substitution model.
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In order to investigate whether cps region A sequences within each clonal complex
were clonal, tanglegrams were used to assess the congruence between cgMLST
sequences and region A sequences, in the context of other clonal complexes with the
same capsule group sampled from carriage. Due to the poor assembly of the group
E ¢ps, 4/32 cc60-E genomes and 53/133 cc1157-E genomes could not be included
in the analysis. Similarly, 4/36 cc60-B genomes and 1/29 cc1157-B isolates could
not be included due to incomplete region A assembly.

In the cc60 dataset, the capsule group E region A was relatively highly conserved,
with a mean overall p-distance across the whole alignment of 0.00027 compared to
0.0051 across the capsule group B region A alignment. Group E tanglegrams revealed
high congruence within the cc60 clonal complex between region A sequences and
cgMLST sequences (Figure ) In contrast, the tips of the group B cc60 cgMLST
clade did not correspond to a matching clade in the region A phylogeny (Figure )

In the cc1157 dataset, the capsule group E region A was also highly conserved,
with a mean overall p-distance across the whole alignment of just 0.00027 compared
to 0.0041 across the capsule group B region A alignment. There were very few
lines linking group E cc1157 cgMLST tips to cps tips in clades that would be
expected to contain isolates from different clonal complexes, despite the low sequence
diversity of the region A sequences (Figure [4.5A). In contrast, the tips of the
group B ccl1157 cgMLST clade did not correspond to a matching clade in the
region A phylogeny (Figure [1.5B).

A split network of nucleotide sequence alignments of region C alleles from both
original datasets, reduced to a maximum of three representatives per non-cc1157 or
non-cc60 clonal complex to aid computation, was generated to determine whether
sequences from each capsule group grouped together within their clonal complex.
28/133 cc1157-E and 1/36 cc60-E isolates were excluded due to incomplete assemblies.
All ¢c60-E region C sequences could be separated into a single group (Figure )

cc60-B region C sequences were distributed across the network, grouping with region
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Figure 4.6: Split network of region C sequences. Neighbor-net of concatenated
aligned region C sequences from cc60 and cc1157 B (blue) and E (pink) isolate genomes,
and B (grey) and E (white) genomes from other clonal complexes. Image is duplicated,
highlighting A) cc60 sequences and B) cc1157 sequences.

C sequences from various different capsule group B-associated clonal complexes.
With a few exceptions, most cc1157-E region C sequences could be separated into
a single group (Figure ) ccl1157-B region C sequences were distributed across
the network, grouping with region C sequences from various different capsule group

B-associated clonal complexes.
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Figure 4.7: Predicted cross-reactivity of “MenB” to ccl1157 and cc60 Cross-
reactivity based on deduced protein variants and results of bactericidal antibody assays
and MATS. A) Proportion of isolates predicted to contain zero, one or two cross reactive
(or exact) matches to Bexsero® antigens (fHbp, NadA, NHBA and PorA). No isolates
had more than two matches. B) Proportion of isolates with predicted cross-reactivity to
Trumenba® .

4.3.2 Both capsule group E and B isolates may be covered
by “MenB” vaccines

The vaccine coverage tool in PubMLST was used to predict the potential coverage
of c¢c60 and ccl157 isolates by “MenB” vaccines, and cross-reactive antigens were
identified based on variant family. According to the BAST variant prediction tool,
25/29 cc60-B isolates contained predicted cross-reactive matches for Bexsero® fHbp
(Figure [4.7A). Of these, one isolate also contained an exact match for PorA variant
region 2 (VR2), and one isolate contained an exact match for NadA. 37/37 cc60-E
isolates contained predicted cross-reactive matches for fHbp. One isolate contained

an additional predicted cross-reactive match for NadA. Similarly, 25/29 cc1157-B
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isolates contained predicted cross-reactive matches to Bexsero® fHbp, one of which
also contained an exact match for PorA (variant region 2) (Figure [4.7A). 127/133
ccl1157-E isolates contained predicted cross-reactive matches for fHbp. Of these, five
isolates also contained an additional predicted cross-reactive match for NadA, and
three isolates contained exact matches for PorA VR2.

According to the Trumenba® variant prediction tool, 26/29 cc60-B isolates and
37/37 cc60-E isolates contained fHbp variants that are predicted to be partially
cross-reactive (Figure [£.7B). Similarly, 26/29 cc1157-B and 129/133 cc1157-E isolates

contained fHbp variants that are predicted to be partially cross-reactive (Figure4.7B).

4.3.3 c¢c60 may be over-represented in disease

A Firth’s bias-corrected logistic model assessing the association of clonal complex
and capsule group with disease showed that capsule groups X, W, W/Y, Y, E, Z and
cnl were significantly less likely to be associated with disease than group B (Table
. The model also showed that cc60, ccll, cc269, cc23, cc22, ccl103, cc167 and

ccl74 were significantly more likely to be associated with disease than cc1157.

4.3.4 Virulence profile of cc60

A Random Forest analysis was used to identify any other genes that may have been
exchanged during a capsule switching event in cc60, based on the classification of
capsule group by NEIS loci, based on alleles. Region A loci were expected to have
high scores since, by definition, cseABCDFEFG should be present in all capsule group
E isolates, but not group B isolates and wvice versa for cssABC+csb+ctrG. No other
NEIS loci scored as highly as region A loci apart from region C genes and tex, which
had almost four-fold higher scores than other loci (Figure [4.8).

Isolate genomes were investigated to determine whether disease-associated acces-

sory genes or core gene variants were present in cc60 and cc1157 genomes (Figure

[4.9). All cc60 isolate genomes contained hpuAB, but 7/67 (10%) lacked AmbR, One
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Table 4.1: Association of clonal complex and capsule group with disease. Results
of a Firth’s bias-corrected logistic regression to generate an odds ratio for disease with
95% confidence intervals, with cc1157 as a reference for clonal complexes and group B
as a reference for capsule groups, using UKMenCar4 as a carriage dataset (n=1285) and
MRF-MGL epidemiological years 07/2013-06/2016 as a disease dataset (n=1365). Isolates
without missing or undefined clonal complexes included only. ORs significantly different
from 1 in bold. Value of a 0.05.

Variable OR lower upper p

w 0.0149 0.000952 0.103 <.001
w/Y 0.0102 0.000568 0.117 <.001
X 0.00864 0.0000422 0.114 <.001
cnl 0.00863 0.0000677 0.0631 <.001
Y 0.00663 0.000482 0.0492 <.001
E 0.00491 0.000742 0.0202 <.001
Z 0.00204 0.00000938 0.0466 <.001
C 0.339 0.116 1.02 .055
Other 2.11 0.0121 71.3 .698
ccll 281 35.0 4626  <.001
ccl74 117 11.5 1673 <001
cc23 78.1 9.17 1132 <.001
ccl67 60.2 6.46 9225 <.001
cc22 41.2 493 675 <.001
cc103 16.0 1.57 428 016
cc60 6.52 1.39 43.3 016
cc269 3.04 1.21 7.49 .019
cc865 0.118 0.0113 0.653 .012
cc192 289 0.127 6817 172
cc254 17.0 0.110 331 191
ccl78 13.9 0.0905 262 216
ccl8 6.74 0.601 935 136
cclleé 6.64 0.268 1087 .249
cc334 6.64 0.268 1087  .249
ccl136  5.79 0.260 906 .268
cc32 2.51 0.935 6.66 .067
cc364 2.25 0.107 343 614
cc198 2.16 0.144 317 614
ccl62 1.92 0.620 6.10 .257
cc41/44 181 0.740 432 .189
cc461 1.57 0.554 4.44 .392
cc1117 110 0.00558 216 964
cc53 1.01 0.0465 157 994
cc231 0.738 0.00450 18.2 861
cc213 0.622 0.251 1.51 .292
cc35 0.422 0.146 1.19 103
cc282 0.321 0.0276 2.34 267
cc4821  0.204 0.0186 1.27 .090
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Figure 4.8: Classification of cc60 capsule groups by NEIS loci. Classification of
capsule serogroups in 67 isolate genomes based on 2114 NEIS loci as predictors, using
the random forest algorithm. Loci scored using the mean of mean decrease gini across 50
permutations. Region A loci in red, other cps loci in dark blue, loci flanking ¢ps in light
blue and all other loci grey. Random forest ran with 3000 trees, with mtry set to 230.

cc1157 isolate genome lacked hpuA, and one lacked hpuA B, but both contained hmbR
(Figure [£.9). 19/182 (10%) of cc1157 isolate genomes lacked hmbR. All of the MDA
phage genes NEIS0031, NEIS0030, NEIS0029, NEIS0028, NEIS0027, NEIS0025,
NEIS0024 and NEIS0023 were found in 43/67 (64%) of cc60 isolate genomes (Figure
[4.9B). One additional isolate genome contained NEIS0025 only. At least five of
the bacteriophage genes were present in 177/182 (97%) of cc1157 isolate genomes,
although five isolates were missing up to three of the genes.

Sequence analyses of the gene encoding factor H binding protein, fHbp, and
the pilin gene, pilF, were carried out to determine the variant or class respectively.
MC5H8 was used as a reference for fHbp variant 1, 961-5945 for variant 2, and M1239

for variant 3. 3/67 (4%) of cc60 isolate genomes and 7/182 (4%) of cc1157 isolate
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Figure 4.9: Presence of virulence factors in cc60 and ccl1157. Presence of A)
HmbR, B) MDA phage, C) type 1 or 2/3 fHbp and D) class I or II PilE in ¢c60 and cc1157
isolate genomes.

genomes contained variant 2 or variant 3 (Figure [£.9C). MC58 and Z2491 were used
as references for pilE class I, and FAM18 and WUE2594 for class II. All isolates

from both cc60 and cc1157 contained class I pilE (Figure 4.9D).

4.4 Discussion

Meningococcal isolates belonging to cc1157 or cc60, and expressing a group B capsule,
have been responsible for several cases of UK IMD between 2013 and 2016. In carriage
studies, these clonal complexes are usually dominated by group E isolates. cc60-B is
hardly ever isolated from carriage studies, yet at least one IMD case has been recorded
annually in the UK since 2010. In this chapter, the origin of these group B isolates and
the potential for coverage by “MenB” vaccines was examined. Possible explanations

for the scarcity of cc60-B isolates in carriage were explored, with reference to the
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association between capsule group, clonal complex and disease.

Phylogenetic analyses suggest that isolates expressing serogroup B capsules within
cc60 and ccl157 have emerged as a result of capsule switching from E to B. The
low congruence between the capsule synthesis sequences of group B isolates and
their corresponding cgMLST sequences (Figure , Figure ) indicates that the
evolutionary relationships of these sequences differs from the average relationship of
sequences across the genome. Whereas cc1157 and cc60 core genome sequences form
a single clade, corresponding to the clustering of house-keeping genes that define
the clonal complexes, capsule group B region A sequences are clustered with cps
sequences from several different clonal complexes. These relationships suggest that
the capsule synthesis sequences have not been acquired by descent, but as a result of
several independent HGT events, involving exchange between cc1157 or cc60 and
the cps of different clonal complexes. This low congruence was not seen between
capsule synthesis genes and core genes in group E isolates, consistent with capsule
switching from E to B in both clonal complexes (Figure [4.4B, Figure [4.5B).

This analysis may not provide the full picture, since many group E genomes
had to be excluded from the tanglegram analysis due to poor assembly of the
cps. The poor assembly the of the region also meant that it was not possible to
analyse the process of recombination in detail as has been described for other capsule
switching events [I03]. The reason for this poor assembly is unclear, although results
seem to be improving with the newer sequencing technologies such as Illumina
NovaSeq (H. Bratcher, personal communication). Nevertheless, it was possible to
corroborate results from tanglegrams through neighbor-net analysis of region C
sequences, for which more genomes were sufficiently well assembled (Figure .
Region C sequences from capsule group B genomes grouped with several different
clonal complexes, indicating multiple origins and non-clonal evolution, whereas region
C sequences from capsule group E genomes were separated into just one to three

groups. Region C sequences are frequently transferred during capsule switching
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events as they are adjacent to region A [103] [97], so this is also consistent with
capsule switching from E to B in cc60 and ccl157.

There is no indication that either cc60-B or cc1157-B meningococci have persisted
and proliferated. The split networks generated from cgMLST allelic profiles (Figure
do not contain splits indicating the separation of distinct groups of group B
profiles, which would be expected in the emergence of persistent cc60-B or cc1157-B
lineages. This contrasts with the cc11-W “Hajj” strain, which resulted from C to
W capsule switching, and has expanded and persisted [104]. Instead, cc60-B and
ccl1157-B cases of IMD appear to have arisen as a result of sporadic capsule switching.

Incidence of cc60-B and cc1157-B disease may be reduced in areas where Tru-
menba® or Bexsero® have been introduced, since antigen typing reveals that the
majority of cc60 and ccll57 isolates may have some cross-reactivity with both
vaccines (Figure . In the majority of cases, predicted Bexsero® cross-reactivity
was dependent on a single predicted cross-reactive match to fHbp. Predictions
were based on the deduction of peptide variants based on genomic sequences, and
the cross-reactivity of these variants in bactericidal antibody assays and MATS
[125], 123, [122), 257, 258, 259], and may not be reflected in a real-world setting [124].
Early indications suggest Bexsero® may be having efficacy in real-world settings,
but with high statistical uncertainty to date [269]. It is already a challenge to
quantify the efficacy of the “MenB” vaccines in general, since incidence of serogroup
B IMD is low and naturally declining. With cc60-B and cc1157-B cases even lower,
quantification may not be possible, but efficacy could be inferred from the general
efficacy against partially cross-reactive strains.

Any effect that the vaccines have on reducing cc60-B and cc1157-B disease would
benefit public health, but the cross-reactivity estimates also include cc60-E and
ccl1157-E isolates. cc1157-E in particular constitutes a large proportion of the carried
meningococcal population, and the full epidemiological consequences and impacts on

the dynamics of the nasopharyngeal microbiota from targeting these populations is
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not fully understood [270]. On the other hand, targeting any carried meningococci
that are a reservoir of disease will help to control IMD, since carriage is a key source
of transmission [36], and was important for the success of the MenC campaign in
the early 2000s [168]. Speculation about the risks of “MenB” vaccines reducing
carriage of non disease-associated meningococci may be purely academic, since initial
investigations indicate that Bexsero® does not have an impact on carriage [271].
In the absence of an effective vaccine against serogroup B, it is to be expected that
capsule switching from group E to group B would increase the prevalence of cc1157
and cc60 cases of IMD, since expression of a serogroup B capsule is associated
with IMD. Nevertheless, since carriage is an important source of transmission
and circulation of meningococci, it is unusual that cc60-B meningococci were not
also isolated in UKMenCar4, given the modest incidence of cc60-B isolated from
IMD. Complementary carriage and disease datasets have previously been used to
generate an odds ratio of disease for given capsule groups or clonal complexes in both
N. meningitidis and other bacterial species [247], 272, 273]. Typically, ccll, ccdl/44,
cc269 and cc32 are over-represented in cases of IMD. These models do not necessarily
account for the effect of the dominant capsule group in a clonal complex, which is
important, because half the known meningococcal serogroups are not associated with
disease. This is particularly relevant in cc60, since there are relatively high rates of
cc60-E carriage. Incorporating both capsule group and clonal complex into a logistic
regression requires a Firth’s bias reduction [268], to correct for the fact that by a
combination of meningococcal epidemiology and under-sampling of rare genotypes,
many cells in a contingency table will tend toward zero. As expected, odds ratios
indicated that capsule groups E [95% CI, 0.000742 to 0.0202], Z [95% CI, 0.00204 to
0.0466] and cnl [95% CI, 0.00863 to 0.0631] were less likely to be associated with
disease than group B, lending confidence to the model (Table . ccll [95% CI,
35.0 to 4640], which consistently comes up as being strongly associated with disease

[247, 249, 248], was also over-represented in disease relative to the reference, cc1157.
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Clonal complexes cc32 [95% CI 0.935, to 6.67] and cc41/44 [95% CI, 0.740 to 4.32],
which are less strongly associated with disease [247], were not. With capsule group
included as a factor, the model indicated that cc60 [95% CI, 1.391 to 43.3] was
significantly over-represented in disease compared to cc1157 (Table .

There are a few caveats to the result of the model that must be considered. Firstly,
the p-value for association of cc60 with disease relative to cc1157 was only slightly
below the bound of the a value of 0.05 (Table . Since incidence of cc60-B disease
is still relatively low, confidence in the analysis would increase with larger datasets
of both carriage and disease isolates. Precise matching between disease datasets and
control datasets would further increase confidence in these conclusions, but is largely
precluded by the high expense and logistical requirements of carrying out a sufficiently
large matched carriage study. The analysis also only gives an estimate relative to
ccl157. Nevertheless, in support of this analysis, only four cc60-B carriage isolate
genomes have ever been publicly deposited in PubMLST, consisting of two isolates
from a university carriage study in the USA, and two isolates from a close contact of an
IMD case in Greece, consistent with generally very low carriage rates. Replication of
these immeasurably low rates of cc60-E carriage in future large carriage studies would
increase confidence in the validity of this distribution. Bearing in mind these caveats,
the data do point toward the possibility that cc60-B is over-represented in disease.

There are two possible explanations for why a clonal complex may be over-
represented in disease. The first relates to the carriage dynamics of an organism.
This theory is based on the premise that IMD takes place within the first few of
weeks of acquisition of a meningococcus [274], 275)]. If a strain is transmitted quickly,
but also cleared quickly, it will spread to more hosts in a population, resulting
in more cases of IMD, but will not necessarily be present at high frequencies in
a point of prevalence carriage study [247]. Alternatively, the strain may have an
unusually virulent phenotype, which increases the incidence of disease per host

infected. Theoretically, both scenarios are equally valid [247]. In the case of cc60,
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it is more intuitive that acquisition of a disease-associated capsule would facilitate
a highly virulent phenotype of N. meningitidis to cause disease, than change its
transmission dynamics, although a better understanding of the capsule’s function
in asymptomatic colonisation might inform this further.

No other major HGT events in genes with a function in virulence or colonisation
could be identified in the genomes of isolates that had switched from capsule group E
to group B. According to random forest analysis, the most important allelic differences
that could be used to predict the capsule group of cc60 isolates, besides region A
itself, occurred in cps genes flanking region A (Figure . This can be expected in a
capsule switching event, since recombination can take place in the genes flanking the
capsule synthesis region [103], 97], and corroborates with the neighbor-net analysis of
region C sequences (Figure . This analysis may not pick up smaller regions of
recombination or events that happen in only some representatives, but it should pick
up any major differences in accessory genes. In this case, no other major differences
between carriage-associated and disease-associated cc60 meningococci were identified.

The whole clonal complex was investigated to determine whether it had a virulence
phenotype that might further increase the risk of IMD when a serogroup B capsule
is expressed, and compared with cc1157 (Figure . Of the most well investigated
factors associated with virulence, almost all isolates possessed HmbR, and variant 1
of fHbp. The MDA phage was also common, but was not present in a majority of
isolates. Although these factors are associated with virulence, they have also been
found in many carriage-associated isolates. cc1157 profiles were very similar, in fact a
higher proportion of cc1157 genomes contained the MDA phage. Therefore, at least
with respect to the genes analysed, cc60 isolates generally possess accessory genes
associated with virulence, and a virulence-associated variant of fHbp, but cannot be
said to have a particularly unusual, potentially highly virulent profile. The challenge

for understanding hyperinvasiveness in N. meningitidis lies in the likely polygenic
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link between genotype and phenotype. Recognising other clonal complexes that may

be over-represented in disease, albeit rarely, may help to overcome this challenge.

4.4.1 Conclusions

Independent capsule switching events from E to B within cc60 and cc1157 have
resulted in a modest number of cases of IMD in the UK. Future cases may be
prevented due to the implementation of the Bexsero® vaccine in UK infants, if the
efficacy of partially cross-reactive matches is as high as has been claimed. This would
be good news for public health, since initial analyses suggest that cc60-B may be
over-represented in disease, which could be indicative of rapid transmission or a
highly virulent phenotype. Either of these traits would be a cause for concern if clonal
expansion of a cc60-B lineage were to occur. Capsule switching has important impacts
on the epidemiology of N. meningitidis, and this exploratory investigation is the first
reported case of switching within a clonal complex from a non disease-associated

capsule to one that is associated with disease.
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(General Discussion

From a biomedical perspective, the meningococcal capsule locus, ¢ps, is one of the
most important accessory loci in the N. meningitidis gene pool. In the absence of
the capsule synthesis genes required for the expression of one of capsule serogroups
A, B, C, W, XorY, IMD would be a extremely rare, albeit serious disease, most
commonly isolated from immunocompromised patients [23] 24]. As a consequence,
the meningococcal capsule has been widely studied as a virulence factor [205],
cited as a classic example of a factor that tips the balance between commensalism
and disease, and has successfully been exploited in the development of conjugate
meningococcal vaccines [I16]. Nevertheless, like most human-associated Neisseria
species, N. meningitidis is principally a commensal organism [36], and capsules are
present in numerous non-pathogenic Gram-negative bacteria [147, [145] [146], 203].
Following the sequencing of several NPN species, the opportunity has arisen to
use genomic approaches to confirm or refute the assumed acapsulate status of
these species. This has important implications for the evolutionary history of the
meningococcal capsule, a subject which is has been largely speculative [72} [83], 143].
In this thesis, genomic analyses of the polysaccharide within the genus Neisseria

have been undertaken, including characterisation of capsule genes in NPN species,
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re-examination of meningococcal capsule acquisition hypotheses, and exploration
of a contemporary example of capsule switching.

In spite of its reputation as a major virulence factor [205], and a detailed
understanding of its function during IMD, the polysaccharide capsule had been
incorrectly assumed to be unique, among the Neisseria, to N. meningitidis [64].
Chapter [2] refuted this belief through the identification and characterisation of
putative capsule loci in 13 of 20 NPN species. This finding relied on several
genomic analyses. Firstly, orthologues of the meningococcal capsule export genes
ctrABCDEF, which are highly conserved among N. meningitidis and other Gram-
negative bacteria, were identified in the NPN species. In the majority of cases,
these genes were organised similarly to the meningococcal ¢ps and the capsule locus
of other species, commonly with ctrABCD and ctrEF flanking a complement of
putative capsule synthesis genes. All putative capsule synthesis regions at least
partially resembled previously characterised capsule synthesis regions in other
bacteria, including N. meningitidis, Actinobacillus and Haemophilus, and some
of the structural predictions inferred from these comparisons were confirmed by
preliminary 'H NMR analyses of extracted polysaccharides. Further confirmation
could be acquired through: microscopic methods, including India ink and alcian
blue staining [221]; further 'H and '*C NMR structural analyses; and functional
analyses involving the generation of mutants. Nevertheless, given the wealth of capsule
examples in other bacteria available for comparison, these genomic data, which have
enabled high-throughput genetic characterisation, present a strong indication that
capsules exist in many Neisseria species, in addition to N. meningitidis.

Many other virulence factors have been previously identified in NPN species
[65], [64], and it has been suggested that only a few genes can truly be considered
virulence factors, as opposed to “host adaptation” or “niche” factors [64], [224]. In light
of the findings in Chapter [2] the term virulence factor is also an inaccurate, albeit

biomedically convenient, descriptor of the polysaccharide capsule. The term virulence

118



CHAPTER 5. GENERAL DISCUSSION

could perhaps be more readily applied to the region A loci of disease-associated
serogroups, equivalents of which have not been identified in NPN species. To further
explore this, it would be interesting to determine the serum sensitivity of the
novel NPN capsules compared to both disease-associated and non disease-associated
meningococcal capsules. A complementary question that warrants investigation is
whether switching out native NPN capsules for disease-associated meningococcal
capsules increases virulence potential, a question that might be best answered
through using novel Neisseria animal models including the zebrafish, and the
natural commensal inhabitant of the wild house mouse, N. musculi [173, 221, 276].
Nevertheless, even among disease-associated serogroups, carriage is the principal
state of the N. meningitidis life-cycle.

The presence of capsules in NPN species is consistent with the biology of
N. meningitidis and the meningococcal capsule: the capsule is necessary for IMD,
but by no means sufficient, and it is unlikely that N. meningitidis expresses a capsule
primarily for the purpose of survival during IMD, since it exists primarily as a
commensal organism, [141) 143], 245]. This is most evident by the fact that there are
a further six capsule groups (E, H, I, K, L, and Z) that are not associated with IMD
[78]. Capsules have also been found in many other non-pathogenic bacterial species,
including members of the mitis group streptococci, which contains the pathogen
S. pneumoniae [147), 145, [146], 203]. The function of the meningococcal capsule,
besides its role in immune evasion during rare cases of IMD, remains obscure. A
major obstacle to further investigating its function is a limited knowledge about
both asymptomatic colonisation of the nasopharynx and transmission, which makes
it difficult to design functional experiments.

New models of colonisation and transmission may be helpful in answering these
questions. Understanding the degree of exposure to mucosal immunity, and the
benefits of a capsule in this scenario, would be particularly pertinent. Specific

analyses of associations between previous infection and smoking, and encapsulation
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status of human carriage isolates, may further complement such experiments. On the
other hand, it is possible that the capsule does not have a very important impact on
meningococcal survival, explaining the presence of several unencapsulated Neisseria
species, including certain strains of N. meningitidis. IMD is relatively rare compared
to carriage rates, with 0.5-6 cases per 100,000 population in industrialised countries
[T15]. Therefore, although disease is considered to be evolutionarily disadvantageous
for N. meningitidis, the trade-off between the beneficial functions of a capsule and
the risk of its enabling disease need not be great. Variation in distribution of the
capsule may be largely determined by chance, potentially driven by the opportunity
for horizontal exchange of capsule genes.

The presence of capsule genes in NPN species raises the possibility that N. menin-
gitidis acquired its capsule by descent, contrary to established hypotheses that posit
that cps was acquired de novo by HGT [111], 199, [72] [143] 193]. Nevertheless, the
capsule genes are not universally distributed through the Neisseria genus, and are
absent in all five of the species most closely related to N. meningitidis. Therefore,
the loss of capsule in a common ancestor of these species, followed by a re-acquisition
in N. meningitidis by HGT, is certainly conceivable. In this thesis, sequence analyses
have been used to build on previous models postulating how such an acquisition
event may have occurred.

It has been frequently argued that the low G+C content of region A of the
meningococcal cps is evidence of an HGT event [78, [83] [193]. Nevertheless, in
addition to the similarly low G+4C content in the capsule synthesis regions of other
Gram-negative bacteria [196, 197, 198], G+C content was also low in the majority
of the putative region A sequences identified in Chapter [2 This is an interesting
observation, which may be a starting point for investigating the common ancestral
history of capsule synthesis genes among the Gram-negative bacteria, but it is not
unique to N. meningitidis, and is not a convincing piece of evidence in support of

an HGT event after the divergence of N. meningitidis. Whilst G+C content can
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be a helpful “parametric” method of identifying sites of HGT, its scope is limited,
and more detail can be obtained from phylogenetic methods [277].

Sequence analyses in Chapter |3| indicate that the meningococcal cps is highly
mosaic, and has undergone HGT with two or more Neisseria species. Specifically,
phylogenetic analyses are consistent with the donation of capsule export gene
sequences from N. subflava to N. meningitidis. The breakpoints of these recombinant
sequences, relative to the overall organisation of the meningococcal cps and the
putative capsule locus of N. subflava, are consistent with a model postulating that
the capsule was acquired en bloc by a formerly capsule null organism in an HGT
event [IT1I]. Nevertheless, it was not possible to prove definitively that a capsule
did not exist in N. meningitidis prior to recombination with N. subflava, nor to
identify potential donors of the meningococcal region A.

There are a number of next steps to follow on from this work. First, a more
detailed phylogenetic analysis of region E, the potential second site of cps capture
in the en bloc model, should be performed. Second, reconciliation between the
distribution of capsule sequences among meningococci, and evolutionary models of
meningococcal diversification and strain structure are required [193, 56, [199]. Finally,
carriage studies should continue to value the isolation and sequencing of NPN species,
which may further inform debate. The publication of the capsule sequences of two
new Neisseria species reported at the International Pathogenic Neisseria Conference
2018 will be read with great interest [278]. Resolving the evolutionary history of the
capsule provides insight into the emergence of meningococcal virulence.

From the perspective of the meningococcus, the possession of the capsule results
in a potentially minor phenotypic variance, which may have minimal impacts on
its preferred niche. From a biomedical perspective, if the capsule was acquired de
novo by HGT, this would constitute a major event with a profound impact on the
epidemiology of IMD [72]. It is tempting to map the acquisition of the meningococcal

capsule to the early 1800s, when descriptions of IMD epidemics were first recorded
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[26, [72]. Unfortunately, N. meningitidis mutates too slowly to attempt to quantify the
time-frame of a potential capsule acquisition event: fetA and porA alleles have been
shown to persist over a time-frame of decades [279], and the oldest sequenced isolate in
PubMLST (63049, isolated 1915) contains csaC, csaD, ctrC and ctrD alleles that have
been sequenced from meningococci isolated since 2010. With the improvement of NGS
techniques and ancient DNA recovery, paleogenomics, particularly of dental calculus,
may be the only means of historical investigation of meningococcal evolution [280)].

More contemporary evolution of the meningococcal capsule locus also has an
impact on the epidemiology of IMD. An example explored in Chapter [4] of this thesis
is the switching of capsule serogroup from the non disease-associated group E to
the disease associated group B in clonal complexes cc60 and cc1157. IMD is rarely
associated with these clonal complexes, since cc60 and cc1157 isolates predominantly
possess a group E capsule, which does not confer the same immune protection to
meningococci as disease-associated capsules [247]. By exchanging region A genes
with serogroup B isolates from other clonal complexes, cc60 and ccl1157 capsule
switching has resulted in modest incidence of IMD in the UK, although future cases
may be limited due to cross-reactivity with the protein antigens contained in “MenB”
vaccines [124]. These two capsule switching events are good epidemiological examples
demonstrating the association of certain capsule groups with virulence.

cc60-B may be a particularly interesting case study since, despite modest annual
cases of cc60-B disease occurring as a result of capsule switching, no cc60-B isolates
were isolated from UKMenCar4, and WGS data from only four carriage cc60-B
isolates have ever been publicly deposited in PubMLST. Therefore, in common
with a number of hyperinvasive clonal complexes, including ccll [247, 248, 249],
cc60 may be over-represented in disease. Further large-scale carriage studies will
need to be analysed to confirm whether over-representation of cc60 in disease is
replicated in other settings, but it points to the importance of the relationship

between capsule serogroup expression and hyperinvasiveness in the context of the rest
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of the genomic profile. Distinguishing between the effects of the predominant capsule
group on the association between clonal complex and disease is necessary to identify
the polygenic profiles that either facilitate rapid transmission, or a hyperinvasive
and/or highly virulent phenotype.

In conclusion, this thesis has demonstrated that the polysaccharide capsule
is not unique to N. meningitidis, among the Neisseria, although six serogroups
are uniquely associated with IMD, the synthesis genes of which have not been
identified elsewhere within the genus. Recombination between the capsule sequences
of N. meningitidis and NPN species has occurred on more than one occasion, shaping
the evolutionary history of this biomedically important locus. It is possible that
N. subflava may have served as the donor of a de novo capsule acquisition event in
N. meningitidis, conferring on the bacterium the potential to cause IMD. Further
intra-species recombination within the ¢ps continues to impact on the dynamics of
IMD today. Analysis of the capsule is essential to form an understanding of the
biology of N. meningitidis, and factors that tip the balance away from commensalism
toward disease. Future analyses must be grounded in the biological context of the
capsule, a factor whose primary function is surely not to cause IMD, and which only
in combination with other gene products, in very specific circumstances, facilitates

survival of meningococci in the bloodstream and the onset of life-threatening disease.
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[solates used in this thesis

Table A.1: Isolates used in Chapter [2| For a full list of isolate details, please refer to the
dataset deposited on FigShare at https://doi.org/10.6084/m9.figshare.6016112.v1
under the tab “pubMLST isolates”.

Isolate Species PubMed ID PubMLST ID
CCUG 808 N. animalis 24097834 19940
DSM 21642 N. animaloris 30325
CCUG 50858 T N. bacilliformis 22422752 19077
CCUG 30380 N. bacilliformis 24097834 21038
CCUG 38158 N. bacilliformis 24097834 21039
CCUG 50611 N. bacilliformis 24097834 21040
15883 ‘N. bergeri’ 22422752 49339
CCUG 56775 T N. canis 22422752 49340
ATCC 14685 N. cinerea 20676376 14731
CCUG 53043 N. cinerea 24097834 21041
CCUG 346 T N. cinerea 22422752 49341
CCUG 5746 N. cinerea 22422752 49342
CCUG 53898 N. dentiae 22422752 49345
CCUG 4554 N. elongata 24097834 21042
ATCC 29315 N. elongata subsp. glycolytica 20676376 14740
CCUG 2043T N. elongata subsp. elongata 24097834 20516
CCUG 30802T  N. elongata subsp. nitroreducens 24097834 20515
FA1090 N. gonorrhoea 2855
NCCP11945 N. gonorrhoea 18586945 13685
FA19 N. gonorrhoea 26358608 46275
FA6140 N. gonorrhoea 26358608 46276
ATCC 23970 N. lactamica 5544
004-12 N. lactamica 24097834 8778
017-02 N. lactamica 24097834 8837
020-06 N. lactamica 21092259 8851
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14

MC58

72491

FAM18

053442

ATCC 29256
ATCC 25996
ATCC 9913
ATCC 19696
CCUG 26474
CCUG 41451 T
CCUG 12106
CCUG 431
CCUG 24847
AP2031

CCUG 26878 T
F0314

CCUG 10421
CCUG 804
ATCC 43768
CCUG 4790
CCUG 24846
CCUG 27182
871

NRL30031
NJ9703

C102

CCUG 24841
CCUG 24844
12007_2012
C6A

CCUG 4788
CCUG 29761
CCUG 17913 T
CCUG 806
CCUG 7826
CCUG 24918
CCUG 23930 T
CCUG 800
CCUG 801
CCUG 24960
CCUG 25198
SK114

9715

CCUG 4007 T
NCTC 12230 T

ZT2TZTZZZZTZZZZZZZZZZZIZZZZZZZIZIZZZIZIZIZZIZZZZIZZZZZZZ

. meningitidis

meningitidis

. meningitidis

meningitidis
meningitidis
mucosa
mucosa
mucosa
mucosa
mucosa
mucosa
mucosa
mucosa
mucosa
musculi
oralis

oralis

oralis

oralis
polysaccharea
polysaccharea
polysaccharea
polysaccharea
shayeganii
subflava
subflava
subflava
subflava
subflava
subflava
subflava
subflava
subflava
subflava
subflava
subflava
subflava
subflava
subflava
subflava
subflava
subflava
subflava
wadsworthii
weavers

. zoodegmatis
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18305155
10710307
10761919
17305430
18031983
22422752
20676376
24097834
24097834
24097834
22422752
22422752
22422752
22422752
27298306
22422752

24097834
24097834
20676376
24097834
22422752
22422752

20676376
20676376

23813677
23813677

22422752
22422752
22422752
22422752
22422752
22422752
22422752
22422752
22422752
22422752
22422752

22422752

30
240
613
698
12672
2863
3565
5197
5354
21043
49351
49352
49360
49361
29520
19091
21044
21045
21046
14730
21047
49358
49359
21048
14732
14733
21060
21063
21064
26870
46753
49346
49347
49348
49349
49353
49362
49363
49364
49365
49366
49367
49373
21049
49368
36317
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Table A.2: Isolates used in Chapter 3| For a full list of isolate details, please refer to the
dataset deposited on FigShare at https://doi.org/10.6084/m9.figshare.8256572.v1.
cc indicates clonal complex.

PubMLST or

Isolate Species Disease Capsule cc PubMed ID GenBank ID
CCUG 808 N. animalis NPN 24097834 19940
DSM 21642 N. animaloris NPN 30325
CCUG 50858 T N. bacilliformis other NPN 22422752 19077
CCUG 30380 N. bacilliformas NPN 24097834 21038
CCUG 38158 N. bacilliformis NPN 24097834 21039
CCUG 50611 N. bacilliformas NPN 24097834 21040
15883 ‘N. bergeri’ carrier cnl 22422752 49339
CCUG 56775 T  N. canis NPN 22422752 49340
ATCC 14685 N. cinerea cnl 14731
CCUG 53043 N. cinerea cnl 24097834 21041
0X40632 N. cinerea carrier cnl 44493
CCUG 346 T N. cinerea cnl 22422752 49341
CCUG 5746 N. cinerea cnl 22422752 49342
CCUG 53898 N. dentiae NPN 22422752 49345
CCUG 4554 N. elongata cnl 24097834 21042
ATCC 29315 N. elongata subsp. cnl 20676376 14740
glycolytica
CCUG 2043T N. elongata subsp. other NPN 24097834 20516
elongata
CCUG 30802T N. elongata subsp. other NPN 24097834 20515
nitroreducens
FA1090 N. gonorrhoeae cnl 2855
NCCP11945 N. gonorrhoeae cnl 18586945 13685
DGI2 N. gonorrhoeae cnl 15698
FA19 N. gonorrhoeae cnl 26358608 46275
004-12 N. lactamica carrier cnl ccH95 24097834 8778
020-06 N. lactamica carrier cnl cc640 21092259 8851
ST42026 N. lactamica carrier cnl cc613 44268
CA44314 N. lactamica carrier cnl cc624 49630
PL41991 N. lactamica carrier cnl ccl494 50939
H44/76 N. meningitidis invasive B cc32 25523208 237
500 N. meningitidis C ccll 25523208 343
72491 N. meningitidis meningitis A ccd 25523208 613
WUE 2594 N. meningitidis meningitis A cch 21296965 19260
MO01-240355 N. meningitidis B cc213 21368196 19265
M10 240675 N. meningitidis invasive Y ccl67 20059
M11 240073 N. meningitidis invasive Y ccl74 20232
M11 240437 N. meningitidis invasive Y cc92 20456
M11 240441 N. meningitidis invasive w ccl74 20458
M11 240488 N. meningitidis invasive B cc865 21125
M11 240593 N. meningitidis invasive B cc269 21143
M12 240332 N. meningitidis invasive Y ccl03 21505
M13 240398 N. meningitidis invasive C ccl03 28101
10.2397.V N. meningitidis invasive B cc35 35286
M15 240053 N. meningitidis invasive B ccl03 37832
M15 240201 N. meningitidis invasive B ccdl/44 37945
M15 240355 N. meningitidis invasive C cc32 38055
M15 240850 N. meningitidis invasive Y cc23 39440
M15 240953 N. meningitidis invasive NG ccl7d 41526
ST41111 N. meningitidis carrier cnl cclll7 44160
M16 240244 N. meningitidis invasive B ccllb7 44723
GL40098 N. meningitidis carrier cnl ccl136 46548
GL42620 N. meningitidis carrier B cc865 46694
B6116/77 N. meningitidis invasive B cc8 25523208 47014
CA40118 N. meningitidis carrier B ccdl/44 49395
CA41628 N. meningitidis carrier cnl ccH3 49517
CA41900 N. meningitidis carrier Y ccl03 49544
CA41967 N. meningitidis carrier Y ccl67 49552
L.0O40728 N. meningitidis carrier Y cclr4 49696
PL41818 N. meningitidis carrier NG ccl75 49960
WG40024 N. meningitidis carrier B cclls7 50115
WG40823 N. meningitidis carrier Y cc23 50138
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ST41713
ST41884
ST41910
ST42119
CA40160
ST41648
a707

WUE 3608
a27H

a388

WUE 173
WUE 171
ATCC 9913
ATCC 19696
CCUG 26474
CCUG 41451 T
CCUG 12106
CCUG 431
CCUG 24847
AP2031
CCUG 26878 T
F0314
CCUG 10421
CCUG 804
ATCC 43768
CCUG 4790
ST41786
BR40761B
0X42150
PL40288
CCUG 24846
CCUG 27182
871

NJ9703
BR40103
BR41637
BR40599
BR40608
BR40664
BR41470
ST41782
0X41971
0X42005
0X42006
CCUG 7826
CCUG 24918
CA42438
PL40548
MT40035
PL42224
9715

CCUG 4007 T
10022

NCTC 12230 T
NBRC 15645
AP76
9953L55
130Z

NCTC 12996
D11S-1

USDA-ARS-
USMARC-189
15-184

18010

KWG1

N. meningitidis carrier Y

N. meningitidis carrier Y

N. meningitidis carrier Z

N. meningitidis carrier cnl
N. meningitidis carrier cnl
N. meningitidis carrier B

N. meningitidis carrier E

N. meningitidis carrier L

N. meningitidis invasive W
N. meningitidis carrier X

N. meningitidis Z

N. meningitidis w
N. mucosa carrier cnl
N. mucosa carrier cnl
N. mucosa cnl
N. mucosa carrier cnl
N. mucosa cnl
N. mucosa NPN
N. mucosa cnl
N. musculi cnl
N. oralis carrier NPN
N. oralis NPN
N. oralis NPN
N. oralis NPN
N. polysaccharea cnl
N. polysaccharea cnl
N. polysaccharea carrier cnl
N. polysaccharea carrier cnl
N. polysaccharea carrier cnl
N. polysaccharea carrier cnl
N. polysaccharea carrier cnl
N. polysaccharea cnl
N. shayeganii cnl
N. subflava NPN
N. subflava carrier NPN
N. subflava carrier NPN
N. subflava carrier partial
N. subflava carrier NPN
N. subflava carrier NPN
N. subflava carrier NPN
N. subflava carrier NPN
N. subflava carrier NPN
N. subflava carrier NPN
N. subflava carrier partial
N. subflava NPN
N. subflava carrier NPN
N. subflava carrier NPN
N. subflava carrier partial
N. subflava carrier partial
N. subflava carrier NPN
N. wadsworthit NPN
N. weaveri NPN
N. weixit NPN
N. zoodegmatis NPN
V. vulnificus

A. pleuropneumoniae

A. porcitonsillarum

A. succinogenes

A. suis

A. actinomycetem-

comitans

B. trehalost
Glaesserella sp.

H. influenzae
K. kingae
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cc32
ccllb7
ccllb7
ccl92
ccl98
cc35
cc254

cc22
cc2b4

ccll

23628376
23628376
23628376
23628376
23628376
23628376
24097834
24097834
24097834
22422752
22422752
22422752
22422752
27298306

24097834

24097834

24097834

22422752
22422752

22422752

22422752
22422752

22422752

30363939

26420795

29572210

50361
50391
50394
50414
52562
52695
HF562982.1
HF562986.1
HF562987.1
HF562988.1
HF562991.1
HF562992.1
5197

5354

21043
49351
49352
49360
49361
29520
19091
21044
21045
21046
14730
21047
44084
44102
44630
46727
49358
49359
21048
14733
43570
43658
43740
43741
43793
43794
44065
44613
44615
44616
49353
49362
49571
49863
50889
50940
21049
49368
56407
36317
CP012881.1
CP001091.1
CP029206.1
CP000746.1
LT906456.1
CP001733.2

CP006955.1
CP023057.1

FQ312006.1
LN869922.1
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Table A.3: Isolates used in Chapter |4} Disease isolates sourced from the MRF-MGL.
Carriage isolates sourced from UKMenCar4. cc indicates clonal complex.

Isolate Epi year Disease Capsule cc PubMLST ID
11.1489.Z 07/2010-06/2011 invasive B cc60 35304
11.5445.E 07/2011-06/2012 invasive B ccl157 35322
12.1222.T 07/2011-06/2012 invasive B cc60 35331
13.6117.K 07/2013-06/2014 invasive B ccl157 35389
13.8092.Q 07/2013-06/2014 invasive B ccl157 35396
14-8704599  07/2014-06/2015 invasive B ccl157 42619
15-8708102  07/2015-06/2016 invasive B ccl157 44680
15-8708164  07/2015-06/2016 invasive B ccl157 44683
M10 240618 07/2010-06/2011 invasive E cc60 20023
M10 240636 07/2010-06/2011 invasive B ccl157 20035
M10 240687 07/2010-06/2011 invasive B cc60 20068
M10 240693 07/2010-06/2011 invasive B cc60 20071
M10 240718 07/2010-06/2011 invasive B cc60 20088
M10 240811 07/2010-06/2011 invasive B ccl157 20152
M10 240825 07/2010-06/2011 invasive B cc60 20162
MI11 240028 07/2010-06/2011 invasive B cc60 20190
MI11 240117 07/2010-06/2011 invasive B cc60 20257
M11 240167 07/2010-06/2011 invasive B cc60 20287
MI11 240246 07/2010-06/2011 invasive E cc60 20328
M11 240338 07/2010-06/2011 invasive B ccl157 20390
MI11 240339 07/2010-06/2011 invasive B cc60 20391
M11 240394 07/2010-06/2011 invasive B cc60 20428
MI11 240412 07/2010-06/2011 invasive B cc60 20441
MI11 240440 07/2010-06/2011 invasive B cc60 20457
M11 240471 07/2011-06/2012 invasive B cc60 21112
MI11 241026 07/2011-06/2012 invasive B ccl157 21243
MI11 241037 07/2011-06/2012 invasive B ccl157 21252
MI11 241059 07/2011-06/2012 invasive B ccl157 21267
M11 241075 07/2011-06/2012 invasive B cc60 21280
M12 240093 07/2011-06/2012 invasive E cc60 21352
M12 240135 07/2011-06/2012 invasive B ccl157 21383
M12 240158 07/2011-06/2012 invasive B cc60 21396
M12 240222 07/2011-06/2012 invasive B cc60 21432
M12 240641 07/2012-06/2013 invasive E ccl157 28107
M13 240153 07/2012-06/2013 invasive B cc60 27973
M13 240264 07/2012-06/2013 invasive B ccllh7 28027
M13 240410 07/2012-06/2013 invasive E ccl157 28113
M13 240417 07/2012-06/2013 invasive B cc60 28048
M13 240710 07/2013-06/2014 invasive B cc60 35511
M14 240123 07/2013-06/2014 invasive B cc60 35605
M14 240208 07/2013-06/2014 invasive E ccl157 35641
M14 240295 07/2013-06/2014 invasive B cc60 35698
M14 240314 07/2013-06/2014 invasive B cc60 35710
M14 240437 07/2014-06/2015 invasive B ccl157 35776
M14 240554 07/2014-06/2015 invasive B cc60 37715

170



APPENDIX A.

ISOLATES USED IN THIS THESIS

M14 240563
M14 240641
M15 240004
M15 240133
M15 240716
M15 240789
M15 240984
M15 240991
M16 240244
M16 240410
MT40051
MT40144
MT40165
MT40353
MT40393
MT40397
BR40013
BR40069
BR40076
BR40099
BR40158
BR40196
BR40263
BR40286
BR40329
BR40346A
BR40359
BR40454
BR40458A
BR40459
BR40460
BR40482B
BRA40485A
BR40491
BR40497
BR40498
BR40503
BR40533
BR40622B
BR40632
BR40670
BR40675
BR40743
BR40748
BRA40753
BR40767
BR40843
BR40912

07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2015-06,/2016
07/2015-06,/2016
07/2015-06,/2016
07/2015-06,/2016
07/2015-06,/2016
07/2015-06,/2016
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06,/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015
07/2014-06/2015

invasive
invasive
invasive
invasive
invasive
invasive
invasive
invasive
invasive
invasive
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
carrier
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cc60
ccllb7
ccl1h7
cc60
ccl1h7
ccllb7
cc60
cc60
ccl157
cc60
cc461
ccdl/44
ccllb7
cc865
cc865
ccl1h7
Undefined
ccl78
cc213
cc213
cc213
ccllb7
cc213
ccdl/44
ccl1h7
ccllb7
ccl1h7
Undefined
ccdl/44
ccdl/44
ccdl/44
cclls7
ccllb7
ccll157
ccllb7
cc461
Undefined
ccl1h7
ccllb7
cc213
cc213
cc213
ccll57
Undefined
cc3d
ccllb7
cc269
ccllb7

37723
37T
37792
37896
39354
39405
41548
41555
44723
44791
50893
50903
60961
50915
50919
60966
50242
43567
50245
43569
50247
43575
43580
50253
52541
43588
43590
43596
50256
43599
43600
50857
43603
50259
43732
43733
50262
43738
43743
44112
43745
44086
43747
43748
43749
44116
43776
43777
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cc213 52543
ccllh7 50268
ccl157 43789
cclld7 50269

BR40934 07/2014-06/2015 carrier
BR40999 07/2014-06/2015 carrier
BR41090 07/2014-06/2015  carrier
BR41099 07/2014-06/2015 carrier

BR41123 07/2014-06/2015  carrier ccd61 52544
BR41131 07/2014-06/2015 carrier cc32 43631
BR41160 07/2014-06/2015 carrier cc213 52545
BR41173 07/2014-06/2015 carrier Undefined 43551
BR41176 07/2014-06/2015 carrier cc60 43552
BR41208 07/2014-06/2015 carrier cc213 52546

BR41225 07/2014-06/2015 carrier
BR41252 07/2014-06/2015 carrier
BR41257 07/2014-06/2015 carrier

ccllb7 43558
ccdl/44 50271
ccll157 50272

BR41285 07/2014-06/2015  carrier ce35 43564
BR41292 07/2014-06/2015  carrier cc32 50273
BR41294 07/2014-06/2015  carrier cc3d 52548
BR41298 07/2014-06/2015  carrier cc32 43610
BR41315 07/2014-06/2015 carrier cc35 43614
BR41338 07/2014-06/2015  carrier cc35 43615
BR41347 07/2014-06/2015 carrier cc35 43616

BR41378 07/2014-06/2015 carrier
BR41407 07/2014-06/2015 carrier

ccdl/44 52550
ccdl/44 43624

BR41423 07/2014-06/2015  carrier cc213 43626
BR41426 07/2014-06/2015 carrier cc3d 43627
BR41438 07/2014-06/2015  carrier ccdl/44 43634
BR41483 07/2014-06/2015 carrier ccl78 43641

BR41486 07/2014-06/2015  carrier
BR41492 07/2014-06/2015 carrier

ccllh7 43642
Undefined 52556

BR41517 07/2014-06/2015 carrier cc32 43649
BRA41525 07/2014-06/2015 carrier ccl78 43651
BR41532 07/2014-06/2015 carrier ccl157 43652
BR41664 07/2014-06/2015  carrier cc213 50283

BR41694 07/2014-06/2015 carrier
BRA41778 07/2014-06/2015 carrier
BR41780 07/2014-06/2015 carrier

ccdl/44 43663
ccllb57 43671
cc269 43672
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The 14*" Congress of the European Meningococcal
and Haemophilus Disease Society, Prague, 2017.
Abstract 05.043 (talk)

Capsule genes are common among Neisseria commensals.

Marianne Clemence, Martin CJ Maiden and Odile B Harrison.

Introduction

The Neisseria are a diverse group of commensal bacteria, which contribute to the
richness of the human mucosa microbiota. The pathogenic potential of Neisseria
meningitidis (Nme) is rare, and usually restricted to strains possessing one of the six
capsular serogroups that enable invasion of the bloodstream, leading to meningococcal
disease. The capsule locus (cps) appears to have been acquired by horizontal transfer,
conferring pathogenic potential upon Nme uniquely within the Neisseria genus.
Nevertheless, host death ends the transmission chain, so there is presumably no
benefit to causing disease. This, the six non-pathogenic seorgroups, and the recent
discovery of cps loci in other commensal Neisseria, imply the capsule may have some
other role in the biology of Nme, and Neisseria in general.

Aims

To further characterise cps and its distribution in commensal Neisseria species.

Materials and methods

Whole genome sequences from 19 Neisseria commensals in pubMLST were surveyed
for capsule transport Regions B and C using BLAST. The distribution of cps
throughout the Neisseria phylogeny was assessed, and new NEIS loci defined for
candidate Region A capsule synthesis loci using Artemis. Homology and structure

of complete cps loci were compared between species using the Artemis Comparison
Tool.

Results

The cps was common among Neisseria species, including several human-associated
commensals, although no cps was identified in isolates from species most closely
related to Nme, including Neisseria gonorrhoeae, Neisseria polysaccharea, Neisseria
lactamica and Neisseria cinerea. Homologous capsule synthesis loci were shared
between commensals, as well as with Nme, though not necessarily between closely
related species. cps synteny was not conserved throughout the genus, with no
commensal cps arranged with the same synteny as that of Nme; in Neisseria
bacilliformis, Regions A, B and C were located separately across the genome. Neisseria
subflava contained isolates both with a complete c¢ps, and isolates from which capsule
appeared to have been lost, without the c¢nl locus typical of Nme capsule-null isolates.
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There was also variation in candidate Region A loci within N. subflava, and Neisseria
oralis, with differences between variants comparable to the differences between Nme
serogroups.

Conclusion

Findings suggest that the capsule was lost in the common ancestor of a subset of
Neisseria, and later re-acquired in Nme. Elsewhere in the genus, c¢ps is common and
diverse. Therefore, the capsule should not be viewed solely as a virulence factor of the
meningococcus, but as a potentially important survival factor across the Neisseria
genus.
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The American Society of Microbiology (ASM) Mi-
crobe Conference, Atlanta, GA, 2018. Poster 1074

Genomic analysis of the effects of capsule switching on the
epidemiology of Neisseria meningitidis.

Marianne Clemence and Martin Maiden.

Neisseria meningitidis (Nme) is a commensal of the human nasopharynx, which very
occasionally becomes invasive, leading to meningitis and/or septicaemia. Meningo-
cocci are classified into clonal complexes (cc), defined by multi-locus sequence typing
of seven house-keeping loci. Some ccs are described as hyper-invasive due to their
high frequency among disease isolates compared to carriage isolates. Possession of
a capsule from one of Serogroups A, B, C, W, X or Y is also usually necessary
for disease. However, disease is an evolutionary dead-end for the bacterium, and
transmission principally occurs in carriage. This study aimed to investigate the effects
of capsule switching within the ST-60 complex (cc60) of Nme on incidence in both
disease and carriage populations.

The study compared meningococci belonging to the ST-60 complex from a carriage
study in British teenagers, and contemporaneous disease isolates within the UK-based
MRF Genome Library. Whilst all cc60 isolates from carriage (n=33) possessed a
serogroup E capsule, 90% of cc60 isolates associated with disease (n=31) possessed
a serogroup B capsule. Results from sequence analysis were consistent with the
occurrence of repeated, independent capsule switching from serogroup E to serogroup
B within this clonal complex. Using the Random Forest algorithm with alleles as
predictors, no other locus from the Nme core genome (1605 loci) was identified as
being as important as capsule loci, in the switching from Serogroup B to Serogroup
E. This single horizontal genetic transfer event appears to confer a higher invasive
potential upon these isolates, whilst reducing their ability to colonise individuals,
consistent with reduced transmission ability.

cc60 is not usually considered to be hyper-invasive, as it is relatively rare in
disease. However, these results suggest it may actually have a high invasive potential
if it acquires a disease-associated capsule through horizontal transfer. This acquisition
may also inhibit its ability to persist in asymptomatic carriage. This emphasises the
importance of combinatorial genetic factors on determining the overall transmission
and invasive potential of a bacterial pathogen. These results may also have important
implications for the impact of a protein-based “MenB” vaccine on meningococcal
carriage and disease.
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The 15" Congress of the European Meningococ-
cal and Haemophilus Disease Society, Lisbon, 2019.
Abstract PO-044 (poster)

The menignococcal capsule locus contains sequences acquired
by horizontal genetic transfer from Neisseria subflava, and
other Neisseria species.

Marianne Clemence, Odile Harrison, Jenny MacLennan and Martin Maiden

Introduction & Aims

Possession of a meningococcal capsule from one of serogroups A, B, C, W, X or
Y is virtually essential for Neisseria meningitidis to cause invasive meningococcal
disease. It has been proposed that the capsule locus may have been acquired in
a formerly capsule null isolate by horizontal genetic transfer (HGT) from another
species, conferring pathogenic potential upon the bacterium. The aim of this study
was to further characterise the evolutionary history of the meningococcal capsule,
and determine whether phylogenetic analyses of sequences within the capsule locus
are consistent with an HGT acquisition model.

Materials and Methods

Whole genome sequencing data were obtained from pubmlst.org/neisseria, hosted
on BIGSdb, and GenBank, making use of isolates from the 107 global dataset,
UKMenCar4, the MRF genome library and others. Isolates included meningococci
from a broad range of serogroups and clonal complexes, as well as other Neisseria,
and species from other genera. Isolates were investigated using phylogenetic analyses
including the Neighbor-Net algorithm, BOOTSCANning within Recombination
Detection Programme 4, and maximum likelihood.

Results

In splits graphs generated using the Neighbor-Net algorithm, meningococcal Re-
gion B sequences grouped with the most weight with putative homologues in .
subflava, whilst Region C grouped with isolate 10022 (CP023429.1) belonging to
the novel species “N. weizii”. However, splits graphs were highly reticulate, and
BOOTSCANning of the sequences of interest was consistent with Region B from
some meningococci, and Region C from all meningococci, being mosaic.

Sequences for which BOOTSCANning best supported N. subflava as the nearest
neighbour grouping were further analysed using maximum likelihood phylogenies;
meningococcal sequences were found to be nested within homologous N. subflava
sequences, consistent with horizontal genetic transfer of sequences from N. subflava
to N. meningitidis.
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Region D, and its duplicate Region D’ in the meningococcal capsule locus, were
also investigated using the Neighbor-Net algorithm and BOOTSCANning. In many
cases, analyses were consistent with acquisition of rfoBAC’+galE1 by HGT from
other Neisseria species, as opposed to duplication of rfbBAC+ galE native to capsule
null meningococci, although analyses were impeded by re-orientation events that
take place within the capsule locus.

Conclusion

The evolutionary history of the meningococcal capsule is complex, with evidence
of HGT events involving N. subflava, as well as other Neisseria species. This has
resulted in highly mosaic sequences within the capsule locus. Analyses were consistent
with, but not proof of, en bloc acquisition of capsule in meningococci, for which N.
subflava could be a plausible donor.
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Microbial Genomics 4(9):e000208, 2018 (manuscript)

MICROBIAL GENOMICS RESEARCH ARTICLE

Clemence et al., Microbial Genomics 2018;4
DOI 10.1099/mgen.0.000208
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Characterization of capsule genes in non-pathogenic Neisseria
species

Marianne Elizabeth Alexandra Clemence, Martin Christopher James Maiden™ and Odile Barbara Harrison

Abstract

The genus Neisseria comprises a diverse group of commensal bacteria, which typically colonize the mucosal surfaces of
humans and other animals. Neisseria meningitidis, the meningococcus, is notable for its potential to cause invasive
meningococcal disease (IMD) in humans; however, IMD is comparatively rare, and meningococci normally colonize the
nasopharynx asymptomatically. Possession of a polysaccharide capsule has been shown to be a prerequisite for disease in
almost all IMD cases, and was previously considered unique to N. meningitidis, and potentially acquired by horizontal genetic
transfer (HGT). Nevertheless, the capsule must also have some role in asymptomatic colonization and/or transmission,
consistent with the existence of six non-disease-associated meningococcal capsule serogroups. In this study, full
complements of putative capsule genes were identified in non-pathogenic Neisseria species, including Neisseria subflava and
Neisseria elongata. These species contained genes for capsule transport and translocation homologous to those of
N. meningitidis, as well as novel putative capsule synthesis genes. Phylogenetic analyses were consistent with the proposal
that these genes were acquired by the meningococcus through HGT. In contrast with previous evolutionary models, however,
the most parsimonious explanation of these data was that capsule transport genes had been lost in the common ancestor of
the meningococcus, gonococcus, and their close relatives, and then reacquired by some meningococci. The most likely donor
of the meningococcal transport genes was another Neisseria species.

DATA SUMMARY

This work made use of sequencing data obtained from the
pubMLST database (https://pubmlst.org/neisseria), the
NCTC 3000 project (https://www.sanger.ac.uk/resources/
downloads/bacteria/nctc/) and GenBank (https://www.ncbi.
nlm.nih.gov/genbank/index.html). A comprehensive list of
strain IDs, metadata and accession numbers can be found
on FigShare at https://doi.org/10.6084/m9.figshare.6016112.
vl. Annotated pubMLST isolates can be searched in the
pubMLST isolate database, and allele sequences retrieved
using the NEIS numbers from the pubMLST sequence
database.

INTRODUCTION

The genus Neisseria is a diverse group of Gram-negative
bacteria, many of which are asymptomatic colonizers of the
mucosal surfaces of animals and man [1]. In humans, they
have been isolated from the mouth, nose, throat and uro-
genital tract, but whilst many Neisseria species belong to the
human oral microbiota, research has focused on those

associated with disease: Neisseria gonorrhoeae and Neisseria
meningitidis. In common with many other Neisseria species,
N. meningitidis usually colonizes the nasopharynx asymp-
tomatically; however, it occasionally invades the blood-
stream, leading to life-threatening invasive meningococcal
disease (IMD), comprising meningitis and/or septicaemia
[2]. In contrast, there are very few case reports of other
Neisseria species causing invasive disease. Compared to
asymptomatic colonization, IMD is an extremely rare trans-
mission-terminating event, associated with particular
meningococcal genotypes that normally express a polysac-
charide capsule [3].

Capsules are associated with virulence in several human
pathogens, including Escherichia coli, Haemophilus influenzae
and Klebsiella pneumoniae [4-6]. A number of successful vac-
cines have been developed that target capsular antigens, for
example the polysaccharides forming the capsules of the
meningococcal serogroups A, C, W and Y [7]. Capsules can
aid evasion of immune responses, including the complement
system and phagocytosis by macrophages, facilitating
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Abstract

Background: Expression of a capsule from one of serogroups A, B, C, W,
XorY is usually required for Neisseria meningitidis (Nme) to cause invasive
meningococcal disease. The capsule is encoded by the capsule locus, cps,
which is proposed to have been acquired by a formerly capsule null
organism by horizontal genetic transfer (HGT) from another species.
Following identification of putative capsule genes in non-pathogenic
Neisseria species, this hypothesis is re-examined.

Methods: Whole genome sequence data from Neisseria species, including
Nme genomes from a diverse range of clonal complexes and capsule
genogroups, and non-Neisseria species, were obtained from PubMLST and
GenBank. Sequence alignments of genes from the meningococcal cps, and
predicted orthologues in other species, were analysed using Neighbor-nets,
BOOTSCANIng and maximum likelihood phylogenies.

Results: The meningococcal cps was highly mosaic within regions B, C
and D. A subset of sequences within regions B and C were phylogenetically
nested within homologous sequences belonging to N. subflava, consistent
with HGT event in which N. subflava was the donor. In the cps of 23/39
isolates, the two copies of region D were highly divergent, with fbABC’
sequences being more closely related to predicted orthologues in the
proposed species N. weixii (GenBank accession number CP023429.1) than
the same genes in Nme isolates lacking a capsule. There was also
evidence of mosaicism in the rfbABC’ sequences of the remaining 16
isolates, as well as rfbABC from many isolates.

Conclusions: Data are consistent with the en bloc acquisition of cps in
meningococci from N. subflava, followed by further recombination events
with other Neisseria species. Nevertheless, the data cannot refute an
alternative model, in which native meningococcal capsule existed prior to
undergoing HGT with N. subflava and other species. Within-genus
recombination events may have given rise to the diversity of meningococcal
capsule serogroups.

Keywords
Neisseria, meningitis, capsule, recombination, horizontal genetic transfer,
subflava
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