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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 1H 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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1
Introduction

1.1 The genus Neisseria

The Neisseriaare a diverse genus of Gram-negative� -proteobacteria that asymp-

tomatically colonise the mucosal surfaces of humans and other animals [1, 2, 3, 4, 5].

Many Neisseriaspecies 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 ofN. meningitidis,

N. gonorrhoeae, is the second most prevalent cause of bacterial sexual disease

worldwide [7]. Other Neisseriaspecies occasionally act as opportunistic pathogens,

but these are isolated incidences [8, 9, 10, 11]. Therefore, from a human perspective,

all other Neisseria can be considered to be non-pathogenicNeisseria (NPN) species.

The characterised NPN species most closely related toN. meningitidis and

N. gonorrhoeae, in order of relatedness, are:Neisseria polysaccharea; `Neisseria

bergeri'; Neisseria lactamica; Neisseria cinerea; Neisseria sub�ava; and Neisseria

oralis and Neisseria mucosa[13, 12]. These relationships are based on ribosomal

1



1.1. THE GENUS NEISSERIA CHAPTER 1. INTRODUCTION

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-classi�cations 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.

2
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multilocus sequence typing (rMLST) classi�cation, using sequence fragments from

ribosomal protein sub-unit gene variants to reliably classify phylogenetic relationships

among bacteria [14], which has been con�rmed by a 246 core genome scheme for

the Neisseriagenus (Figure 1.1) [13, 12]. N. polysacchareais a paraphyly [13]. Re-

classi�cation of someN. polysacchareaisolates, as well as several new isolates related

to `N. bergeri', has been recently proposed [15], but as they have not been con�rmed,

the classi�cation 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 di�erences in tropism have been

identi�ed, with N. lactamica, like N. meningitidis, more typically inhabiting the

throat, compared toN. sub�ava on the tongue dorsum, andN. mucosain the gingivial

plaque [16]. The more distantly related speciesNeisseria elongata[17] and Neisseria

bacilliformis [11] have a bacillus morphology.N. elongatahas been classi�ed into

three subspecies,elongata, nitroreducens and glycolytica, on the basis of biochemical

pro�les [18]. The subspecies all belong to a single clade, but only one representative

of each subspecies has been sequenced to date [12]. N. sub�ava, N. polysacchareaand

N. lactamica have been most frequently isolated and sequenced during investigations

into nasopharyngeal carriage ofN. meningitidis [19].

In addition to these human-associated species, several animal-associated species

have been identi�ed. These includeNeisseria animalis from a guinea-pig [20],

Neisseria weixii from a Chinese rodent [21], and Neisseria musculifrom the wild

house mouse, which shows potential as a tractable animal model [2]. Human disease

has been associated with infectionvia animal bites with Neisseria weaveri, Neisseria

canis, Neisseria zoodegmatisand 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.

3
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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, de�ned

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 �rst African meningococcal outbreak was recorded in Algiers in 1840 [31].

During the 20th Century, countries in the Sahel spanning from The Gambia to

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

4
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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 whichN. 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

�ve, 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 bene�ted 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 1.3). 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 pro�le. Each unique MLST allele pro�le

is assigned a sequence type, and based on heuristic measures, sequence types are

clustered into clonal complexes. Di�erent clonal complexes are often characterised by

6
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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,

cc53, cc1117 and cc1136 are found to be consistently unencapsulated and associated

with carriage [52], whilst clonal complexes cc41/44, cc11, cc32, cc8 and cc269 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 di�cult 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 betweenNeisseriaspecies
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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
con�icting 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 1.4) [61]. Inter-species recombination,

which has been demonstrated among theNeisseria, including N. meningitidis, can

blur the lines between distinct species, but it occurs insu�ciently frequently to a�ect

the established speciation of theNeisseria [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.Neisseriawhole 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 >20,006Neisseria isolates, 499 of which were

from de�ned NPN species, with a further 61 isolates classi�ed as `Neisseriasp'. 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 de�nedNeisserialoci 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 pro�les, to investigate

epidemiology and factors involved in immunity, colonisation and virulence.

1.2.4 Virulence

A number of processes must take place in order forN. meningitidis to cause IMD.

Colonisation of the nasopharynx alone is not su�cient. 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 identi�ed 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 de�ning
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the pathogenic potential of meningococci compared to NPN species. Marriet al.

described such factors as �host adaptation factors� [64], whilst Snyderet al. suggested

that the combination of factors may de�ne a virulence pro�le [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 identi�ed in many Gram-negative pathogens

including Escherichia coli, Actinobacillus pleuropneumoniae, Haemophilus in�uenzae,

Pasteurella multocida, Mannheimia haemolyticaand Moraxella nonliquifaciens[76].

Gram-negative capsules are producedvia either Wzy-dependent or ATP-binding
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cassette (ABC) transporter-dependent pathways. Capsular biosynthesis has been

most well characterised inE. coli [77], but capsules have also been well characterised

in other pathogens such asN. meningitidis.

1.3.1 Synthesis and structure

In N. meningitidis, the capsule is producedvia 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 (cps) [78], part of the accessory

genome (Figure 1.5). Thecps 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 modi�cations 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 puri�cation of the capsule polysaccharides, followed by

nuclear magnetic resonance imaging (NMR) analysis. A full summary of capsule

serogroup structures can be found in Table 1.1.

Serogroups B, C, W and Y produce capsules containing sialic acid derivatives

[81, 82]. Region A of the cps in all four contains the cytidine-5'-monophosphate-

N-acetylneuraminic acid synthesis genescssABC, and di�er by the the capsule

polymerase, containing eithercsb, csc, csw or csy respectively [78]. csband csc nu-

cleotide sequences are 64% identical, and determine whether� 2! 8-linked (serogroup

B) or � 2! 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 Tzenget al., 2016, Crit Rev Microbiol
42(5) (https://doi.org/10.3109/1040841X.2015.1022507 ) [80]. Reused from Taylor &
Francis.
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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

modi�cations by other enzymes to give a �nal structure of� 1! 6-linked N-acetyl-

D-mannosamine-1-phosphate [86, 87]. CsxA functions similarly in the generation of

� 1! 4 phosphodiester linkages in the synthesis of the serogroup X capsule consisting

of � 1! 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-� -D-N-Acetylglucosamine-1! 3-� -D-N-Acetylglucosamine-

1! 3-� -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 �rst 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 di�erences in capsule structure

[78]. Nevertheless, it has been suggested that both structures should be re-examined
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to con�rm this di�erence [ 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 cc167 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 amongN. meningitidis populations [97, 98, 99, 100, 101,

102, 103]. 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 thecps are also

frequently exchanged [103, 97].

Regions B and C of thecpsare composed of the genesctrEF and ctrABCD respec-

tively, and are required for capsule translocation and transport. These regions are well

conserved throughoutN. meningitidis, unlike region A [78], and homologues are also

found in other species that express an ABC transporter-dependent capsule [73]. The

speci�c roles of the genes has been deduced based on homology to, and substitution

with, ABC transporter-dependent capsule export genes inE. coli (Figure 1.6). 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 byN. meningitidis [107].

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

of the meningococcalcps are interrupted by genes without a direct role in capsule
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Figure 1.6: ABC transporter-dependent export of polysaccharides. A cartoon
depicting a model of the capsule export complex inE. 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 Whit�eld, 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 thecps contains the genesrfbABC and galE, the latter

of which is thought to play a role in lipooligosaccharide (LOS) synthesis [108]. galE is

also required in the synthesis of serogroup E and Z capsules [109, 91]. A duplication

of region D is designated region D' [110], and the cps contains two forms ofgalE, one

of which is truncated. The truncated and full forms ofgalE in cps+ meningococci

are designatedgalE2 and galE1 respectively. The capsule locus has been shown

to re-orientate itself within the genome between these two genes (Figure 1.7) [111].

It has been noted that, since thecps is located 54 kb downstream of the origin of

replication, it is possible that these inversions resolve collisions between transcription

and genome replication machinery [111], as described inE. 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 thecps 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 meningococcalcps.

cc53, cc1117 and cc1136, that are consistently found to lack genes required for capsule

synthesis, but do contain region D and at leasttex 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 (cnl)

locus. Thecnl locus has also been identi�ed inN. gonorrhoeaeand 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 e�ective

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. in�uenzae 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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[119]. Therefore, conjugate vaccines may provide a means to control meningococcal

disease caused by �ve of the six disease-associated serogroups.

It has not been possible to exploit the serogroup B capsule to develop a safe and

e�cacious 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 e�ective polysaccharide vaccine, which may present

a risk of autoimmunity [115]. 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,Neisseriaadhesin (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 speci�c for the target serogroup, these vaccines

may also target non-serogroup B meningococci [126], so �MenB� vaccines cannot be

said to be speci�c 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,

speci�cally 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 con�rmed 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 [138].

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 e�ux 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

1.8) [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-e�ects. 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 andin vitro desiccation resistance data
do not support this. During B) attachment to the epithelial layer, the capsule has been
demonstrated to switch o�. It is not clear whether capsule functions in C) asymptomatic
colonisation and carriage in the nasopharynx, butin vivo mouse studies and proposals
for mucosal immunity and/or local in�ammation 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 possesscps, 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.

associated with IMD, and yet have persisted inN. meningitidis populations. Capsules

have been identi�ed in many free-living bacteria and human symbionts including

Bacteroidesspecies and non-pathogenicStreptococcusspecies [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 [6, 148, 149]. The role of the capsule in the

asymptomatic life-cycle ofN. meningitidis is comparatively poorly understood.

1.3.4.1 Function in transmission

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

radiation during the transmission stage of the organism's life-cycle (Figure 1.8A) has
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been frequently referenced [143, 52, 150, 80, 141, 151]. 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 thecps 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 o�

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 includingSalmonella, Acinetobacter and E. coli [75, 153, 154]. Soil

bacteria have also been demonstrated to up-regulate extracellular polysaccharide

in response to desiccation [155]. 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 bio�lms [153, 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 identi�ed as

a risk factor for transmission in army barracks [44]. More recent carriage studies,

which have sampled teenagers or young adults forN. meningitidis, whilst collecting

behavioural questionnaires, have identi�ed 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 [151, 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 bene�t of capsule

expression may be limited, especially if e�ciently turning o� expression is important

for colonisation success. Another analysis showed an association between sharing

of food, drink and paci�ers with IMD, for which desiccation resistance may be

advantageous, but this e�ect was not signi�cant 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 forN. meningitidis to spread via fomites, a setting in which factors

that increase desiccation resistance would be bene�cial. Survival of meningococci on

surfaces over periods from hours to as long as ten days has been demonstrated [159,

160, 161, 162], although survival decreases substantially within the �rst 24 hours, and

viability was much lower in N. meningitidis compared toStreptococcus pneumoniae

and Acinetobacter baumannii, suggesting fomites may not be an important mode of

transmission forN. meningitidis, compared to other pathogens [161]. No di�erence

was found in survival between serogroup A, B and C meningococci and their isogenic

capsule mutants [161], although some di�erences between capsule groups have been

identi�ed [ 162]. Therefore, it seems unlikely that capsule would be a bene�cial

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 e�ect of encapsulation on desiccation resistance, the idea that capsule

has developed as a means to protectN. meningitidis from desiccation remains

22



1.3. THE POLYSACCHARIDE CAPSULE CHAPTER 1. INTRODUCTION

speculative. It is possible that the capsule plays some unknown function during

transmission, perhaps during shedding ofN. 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 1.8C). 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 a�ect

capsule expression. Furtherin vitro evidence for expression of the capsule during

this stage of the lifecycle is con�icting.

Evidence fromex 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]. EncapsulatedN. meningitidis

has also been demonstrated to perform poorly during bio�lm formationin vitro

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

e�ect of encapsulation status onN. meningitidis bio�lm growth on human epithelial

cells [167]. These di�erences may be attributed to di�erences in the experimental

system.Ex situ models do not currently account for the complex environment of

the nasopharynx, which is occupied by a multitude of di�erent microorganisms, and
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it is di�cult to determine whether capsule is inhibitory during in situ colonisation

of the human nasopharynx.

Immune protection in the nasopharynx

Real-world e�cacy 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 20th Century indicated that there

had been a substantial reduction in carriage of serogroup CN. meningitidis, as well

as disease [168]. This has likely increased the e�cacy 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 di�cult [169, 120]. General resistance to immunity could be

explained as an inherent property of polysaccharide capsules, but it is unlikely that

N. meningitidis would bene�t 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 bene�t from

capsule expression during nasopharyngeal colonisation in some meningococcal strains.

A model established by supplementing mice with iron demonstrated that capsule

de�ciency impedes nasopharyngeal colonisation [170], as did a study of intranasal

colonisation in infant mice [171]. Similarly, a model established using CEACAM1-

humanised mice showed that capsule de�ciency either reduced or had no e�ect on

nasopharyngeal colonisation [172]. The �rst model demonstrated that the di�erence
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could be partially explained by complement, but the second found that complement

de�ciency only increased meningococcal colonisation if neutrophils were also depleted,

indicating that di�erences can also arise between di�erent mouse models. Nevertheless,

these models indicated that mucosal immunity may be a pressure experienced

during colonisation of the nasopharynx, andN. meningitidis may be exposed to a

variety of immunological responses in the nasopharynx [173], against which capsule

expression might be protective.

Local in�ammation hypothesis

Molecular evidence consistent with a function for the capsule in protectingN. menin-

gitidis from mucosal immunity comes from the identi�cation of a temperature-

dependent regulatory mechanism of capsule expression. An RNA thermosensor has

been identi�ed in the 5' UTR of cssA, a capsule synthesis gene present in thecps

encoding serogroups B, C, W and Y [174]. At low temperatures, the thermosensor

motif causescssA 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 1.9). 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 bene�cial [177].

In the nasopharynx, an increased temperature is associated with in�ammation,

and is an indication of infection [178]. SinceN. 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 ) [175]. Reused with
permission from Springer Nature.

as the rhinoviruses and in�uenza, it is proposed that induction of in�ammation by

co-infecting pathogens exposes commensalN. meningitidis to the same in�ammatory

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 in�ammation 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 e�ects

of respiratory virus co-infection on IMD, although equivalent investigations into

carriage are lacking. Strongest associations have been described for in�uenza, with

associations with disease described in observational [179, 180], case-control [181], and

time-series [182, 183, 184] analyses. Another time-series analysis found no association

between in�uenza 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 [186, 187]. A time-series analysis in Burkina Faso found an association

between unde�ned upper-, but not lower-, respiratory tract infections and IMD

[188]. Overall, there is an emerging body of evidence supporting an association

between in�uenza and IMD, with insu�cient evidence for other respiratory tract

infections. Therefore, local in�ammation may impact onN. 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 in�uenza

and IMD, including damage to the upper respiratory tract, changes to the immune

system [183], and interactions between the capsule and in�uenza 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 in�ammation in the

nasopharynx. Smokers and non-smokers may be of particular interest, since smoking

can induce in�ammatory responses, and has been associated with capsule expression

in commensal bio�lms [190].

The precise function of the polysaccharide capsule in the asymptomaticN. 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

con�ict 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 inN. gonorrhoeaewas a source of controversy in the 1970s and 1980s

as a result of con�icting molecular analyses [191], but it has since been established

that N. gonorrhoeaedoes not express a capsule, and genomic analyses have revealed

the absence of regions A, B and C in the equivalent genome position [110]. Since
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then, no capsule genes have been identi�ed in the WGS data of any of the thousands

of N. gonorrhoeaeisolates in PubMLST. Region C genesctrABCD have previously

been identi�ed in N. sub�ava, but based on the presence of a DUS, were assumed

to have been acquired by HGT [64]. Capsule genes have not been identi�ed in

any other Neisseria species, but have been characterised in another member of

the Neisseriacaefamily, 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 ofN. 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]. Di�erent bacterial species have

di�erent 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 di�erent

G+C content are predicted to eventually optimise to the core genome level. G+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 �anking the island and association with tRNA

genes, are not present in the meningococcalcps[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 ofE. coli , Haemophilus sputorumand 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 otherNeisseriaspecies 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
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place after the divergence ofN. meningitidis and N. gonorrhoeae[143, 199, 193].

Based on similarity to the cps in Enterobacteriacaeand Haemophilus[73], it was

proposed that region C and region A may have been co-acquired, which seems

more plausible if G+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 [143]. This comparative genomics approach argued in favour of ade 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 geneshexDCBA and phyAB of P.multocida � a member of the

Pasteurellacaefamily found in the nasopharynx of livestock � were found to have

the highest amino acid sequence identity toctrABCD 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 andN. polysaccharea, taking into consideration suggestions that

N. gonorrhoeaewas 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 Pasteurellacaefamily [72]. This was not an unreasonable claim, given that

HGT of other loci betweenN. meningitidis and H. in�uenzae, another member of

the Pasteurellacae, had been described [201]. Homology between region A genes and

capsule synthesis genes in members of thePasteurellacaeand 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 speci�c mechanism.
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Figure 1.10: �Phylogenetic reconstruction using galE alleles from commensal and
pathogenic Neisseria spp. using an unrooted neighbor-net algorithm.N. gonorrhoeaeand
commensal species are represented by circles with di�erent colours denoting species. These
were: N. meningitidis is black; N. lactamica is red; N. polysacchareais 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. sub�ava is green.N. meningitidis isolates are found in
cluster A but also on branches in-between clusters A and B as well as thecnl in cluster B.
N. gonorrhoeaeare only found in one branch of cluster B and are labelled asN. gonorrhoeae
without a symbol.� Obtained from Bartley et al., 2017, Sci Rep 7(44442) (https://doi.
org/10.1038/srep44442 ) [111]. Licensed under a Creative Commons Attribution License.

One mechanism has since been put forward by Bartleyet al. [111], describing

acquisition of the capsule in a singleen blocHGT event, in which the site of capture

wasgalE2. The homologuesgalE1 and galE2 were shown to be divergent, withgalE2

more closely related to capsule nullgalE [111] (Figure 1.10). In the same study, it

was also demonstrated thatgalE is bi-functional, synthesising UDP-galactose and

UDP-galactosamine. The homologuegalE1 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 ofgalE1

in these serogroups also clustered with neithergalE nor other galE1 sequences. Bartley

et al. proposed thatcpsregions tex region C-region A! galE1! rfbCAB' ! region

B! NEIS0068! were donateden blocto a capsule null meningococcus, entailing

homologous recombination at NEIS0069 and an illegitimate breakpoint ingalE, which

resulted in the truncatedgalE2 (Figure 1.11). This HGT event would have initially

resulted in cps organisation as seen in Orientation 1 (Figure 1.7).

Whilst this hypothesis provides an explanation for the phylogenetic relationships

seen betweengalE1, galE2 and galE, the pseudo cytosine methyltransferases down-

stream of tex 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 tex. Bartley et al. also found that rfbABC and rfbABC'

were almost identical in MC58, FAM18 and NMB, which is inconsistent with the

divergence betweengalE2 and galE1, unless these genes are highly conserved between

species [111]. 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 inN. 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]. Its apparent

absence from all otherNeisseria species has resulted in much discussion about

the possible origins of the capsule inN. 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/srep44442 ) [111].
Licensed under a Creative Commons Attribution License.

72, 111]. 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, amongNeisseria, capsule genes are limited to

N. meningitidis. The capsule is necessary for IMD, butN. 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

identi�ed 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 meningococcalcps, and evaluate hypotheses that it was acquireden 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 [111, 103], will be

overcome to develop on previous understanding of capsule origins inN. meningitidis.

Finally, in Chapter 4 a more contemporary example of HGT withinN. 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 inN. 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 5, the major conclusions of the thesis will be summarised. Links will

be drawn between the chapters, discussing the distribution of capsule inNeisseria,

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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2
Characterisation of putative capsules in

non-pathogenicNeisseria

Some of this work was published in Clemenceet al., 2018, Microbial Genomics

4(9):e000208 (https://doi.org/10.1099/mgen.0.000208 ) [204], and presented as

a talk at the 14th 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 genusNeisseria is a diverse group of bacteria, many of which are asymptomatic

colonisers of the mucosal surfaces of animals and humans [1]. Whilst many Neisseria

species belonging to the human oral microbiota have been identi�ed, 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, 9, 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 ofN. meningitidis [143, 72, 111].

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 producedvia ABC transporter-dependent poly-

merisation [79]. The structurally distinct capsule serogroups are encoded by di�erent

complements of capsule synthesis proteins in region A of thecps [76, 78]. In contrast,

the proteins involved in capsule export and surface expression are conserved among

Gram-negative species, and inN. meningitidis are encoded by regions B and C of

the cps [206]. Among N. meningitidis, the region B genesctrEF 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

de�ned in the PubMLST database, using the universal and high-resolution rMLST

approach [14]. These species included the human commensalsN. polysaccharea

(16 isolates), `N. bergeri' (one isolate), N. lactamica (140 isolates),N. cinerea

(15 isolates), N. sub�ava (19 isolates), N. oralis (four isolates), N. mucosa (10

isolates),N. elongatasubsp. (four isolates),N. bacilliformis (four isolates), and the

pathogensN. meningitidis and N. gonorrhoeae, along with several species isolated

35



2.2. METHODS CHAPTER 2. CAPSULE GENES IN NPN

from animals or animal bite wounds. Although there have been case reports of

other Neisseriaspecies acting as opportunistic pathogens, these have usually been

isolated incidences, unlike IMD [8, 9, 10, 11].

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

species.

2.2 Methods

2.2.1 Genetic characterisation of cps in non-pathogenic Neis-
seria 1

2.2.1.1 Isolate collection

WGS data fromNeisseriaisolates were obtained from the PubMLST database. Public

NPN isolates with a de�ned species designation, and possessing WGS data, were sur-

veyed for the presence of putative capsule genes. All isolates found to contain a puta-

tive cpswere further characterised and annotated. Closed referenceNeisseriagenomes

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 publishedcps of 29043 (serogroup

I, GenBank accession number HF562984.1). Non-Neisseria capsule synthesis genes

were acquired from GenBank including:A. pleuropneumoniaestrains 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. in�uenzae strains M6542 (serotype

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

1 This work was published in Clemenceet al. 2018 [204]. Work presented here was carried out
by the candidate.
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e, HM053635.1); andHaemophilus parain�uenzaestrain 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 Ccps genesctrABCDEF had previously been de�ned

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 MEGA7 [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 proposedcps regions of NPN isolates were further annotated in Artemis

and visualised using genoPlotR. Unde�ned 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 tocpsorganisation 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 di�erent species were identi�ed

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 compareNeisseria region A

sequences to characterised capsule synthesis sequences from these species.

2.2.1.4 Phylogenetic analysis

A recombination-corrected phylogenetic tree ofNeisseria 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 (excludingrpmE and rpmJ, as they are paralogous in someNeisseria), 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+G substitution model, determined to be the best-�t 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 identi�ed, representatives of species in which capsule genes were

not identi�ed including N. cinerea, N. lactamica, `N. bergeri', N. polysacchareaand

N. gonorrhoeae, and representatives ofN. meningitidis.
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2.2.2 Preliminary extraction of polysaccharides for NMR
analysis 2

Preliminary work was carried out to extract and purify capsule for NMR analysis from

isolates CCUG 2043T (N. elongatasubsp.elongata), CCUG 30802T (N. elongata

subsp.nitroreducens), CCUG 24918 (N. sub�ava) and 12007_2012 (N. sub�ava).

Isolates were grown on both 10X Mueller Hinton Blood Agar plates and in 500 mL

of Mueller Hinton broth at 37oC/5% CO2 for 16 hours.

Following incubation at 60oC 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 xg for 60 minutes to remove cell debris. The

supernatant was concentrated to a volume of 150 mL and underwent dia�ltration

with normal saline using the VivaFlow 30 kDa system to remove molecules smaller

than 30 kDa. The retentate was ultra-centrifuged at 200,000 xg for one hour to

remove outer membrane vesicles. The supernatant was made up to 25% ethanol

and incubated at 4oC overnight to precipitate out some DNA and proteins. Samples

were centrifuged at 30,000 xg for 60 minutes, and the supernatant was made up

to 75% ethanol and left at 4oC overnight to precipitate out crude polysaccharide

capsule. The supernatant was removed, and the pellet retrieved by centrifuging at

3500 xg for �ve minutes. The pellet was dried, then re-suspended in 5 mL of DNase

reaction bu�er (100 mM Tris HCl [pH 7.5], 25 mM MgCl2, and 5 mM CaCl2) and

the solution underwent further DNase and protease treatment at 37oC 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 bu�er was added to samples for a �nal

concentration of 20 mM Tris/2 mM ethylenediaminetetraacetic acid (EDTA)/0.3%

sodium deoxycholate (pH 8). The purpose of the detergent in the bu�er 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 bu�er at 1 mL/minute, taking 60X 1 mL fractions, to separate the

capsule from remaining proteins and LOS. 50� L 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 identi�ed in genome sequences from a total of 13Neisseria

species contained within the PubMLST database, includingN. bacilliformis, (four

of four isolates);N. elongatasubsp. (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); andN. sub�ava (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 toN. meningitidis

(Figure 2.2): all NPN lacked the duplicated region D', and did not contain ortho-

logues of the pseudo cytosine methyltransferases found in meningococcal region E.

N. sub�ava 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 fromN. oralis, N. animalis, N. canis
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Figure 2.1: Distribution of putative capsule genes across the Neisseria . A
maximum-likelihood phylogeny generated from an alignment of concatenated rMLST
nucleotide sequences fromNeisseria, 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 2.4, are �lled with the same
colour. Other isolates are black. Grey circles indicate partial putative region B genes
identi�ed in WGS data only.
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Table 2.1: Identi�cation of region B and C orthologues. Annotations based on the
results of queries using BLASTp against the PubMLSTNeisseria sequence database. A-F
corresponds to results of BLASTp queries ofctrA-F allele 1. Greyed out isolates in E and
F did not contain all six genes.
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and N. bacilliformis. In the case ofN. canis, N. animalis and N. bacilliformis, the

di�erent regions were not located on a single contig, but referral to closed genome

sequences con�rmed this separation was not an artefact. AgalE orthologue was

not present in all cps+ 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 11N. sub�ava isolates, isolates in which capsule genes were

identi�ed possessed orthologous sequences of all six of the meningococcalcps region

B and C genes (Table 2.1). The remaining 11N. sub�ava isolates were found to

contain putative orthologues for one or both ofctrE and ctrF, but no region C

orthologues were identi�ed (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 allcps+ isolates, except

N. canis and N. bacilliformis, whosectrE orthologue was adjacent to the putative

region C (Figure 2.2).

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

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

was identi�ed immediately upstream of region C (ctrE -region C in the case of

N. canis), which had not been previously curated in PubMLST (Figure 2.2). These

ORFs were annotated as putative region A genes (Table 2.2). 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 fromN. meningitidis serogroup L. In N. weaveri, three ORFs

between putative regions B and C were homologous to capsule synthesis genes from

A. pleuropneumoniaeserovar 5. InN. zoodegmatis, �ve ORFs between putative regions

B and C were homologous to capsule synthesis genes fromH. in�uenzae 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 fromH. in�uenzae

serotype d. The remaining ORFs 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 inN. canis, two ORFs

homologous to capsule synthesis genes fromH. in�uenzae 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.
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an additional ORF homologous to a capsule synthesis gene fromH. in�uenzae

serotype d, were annotated as putative region A genes. Downstream of these genes

were a predicted IS481 insertion sequence, and a locus that had been annotatedkdsA;

these were not included in the putative region A. No further ORFs were investigated.

N. oralis, N. sub�ava, N. elongata subsp. nitroreducens, N. elongata subsp.

elongataand N. animalis possessed two, four/�ve, four, six or seven ORFs respectively

between region C and agalE orthologue.N. elongatasubsp.elongatapossessed a

predicted IS565 insertion sequence immediately upstream ofgalE, which was not

included in the putative region A. Adjacent to this was a predicted AMP-binding

enzyme, which was also present immediately upstream ofgalE in N. sub�ava 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 ORF6.

The remaining ORFs immediately upstream of region C in all �ve 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 fromN. sub�ava

were found in N. sub�ava isolates that lacked region C.
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