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General introduction 

NEISSERIA MENINGITIDIS 

Neisseria meningitidis or meningococcus is a Gram-negative diplococcus that is a member of 

the family of the Neisseriaceae, belonging to the ß subdivision of the proteobacteria. The 

genus Neisseria includes closely related species. These diplococci are primarily commensals 

of the mucous membranes of mammals (31). N. meningitidis and N. gonorrhoeae, are well-

known pathogens of man, although various Neisseria species are opportunistic pathogens 

(e.g. N.flavescens and N. lactamica). The meningococcus, usually carried in the nasopharynx 

and oropharynx of humans, is distinguished from other Neisseria species on the basis of its 

sugar metabolism. The Neisseria are usually described as being immobile, though a recent 

report suggests that they may display "twitching motility" (73). 

Like other pathogenic bacteria residing on the mucosal membranes, e.g. Haemophilus 

influenzae, Helicobacter pylori and Streptococcus pneumoniae, the pathogenic Neisseria are 

naturally transformable (12). Natural transformability is the capability of taking up, 

incorporating and expressing naked DNA from the environment. Natural transformation can 

be a mechanism for horizontal gene transfer, which may function as a bacterial equivalent of 

sex (40, 41). In Neisseria, high frequency DNA uptake is limited to DNA containing the 10 

bp recognition sequence 5'-GCCGTCTGAA-3' (7), which is commonly found downstream 

of meningococcal and gonococcal genes as part of an inverted repeat. Both inter-strain (21, 

29, 35, 61) and inter-species horizontal gene transfer events between different Neisseria 

species (9, 22, 58, 59, 60, 70, 77) have been inferred from sequence data. The inter-species 

horizontal gene transfer events suggest that in the genomes of some of the commensal 

Neisseria the DNA uptake sequence is present at high frequency. Sequence data also suggest 

that heterologous DNA from Haemophilus was incorporated in a meningococcal genome via 

natural transformation (33). Since frequency of occurrence of the DNA uptake sequence in 

non-Neisserial genomes is very low, intergeneric exchange is expected to be an infrequent 

process. 

MENINGOCOCCAL INFECTION 

Infection with a meningococcus commonly results in asymptomatic nasopharyngeal carriage. 

At any time, approximately 10 to 20% of the population carry the meningococcus. They form 

the only known reservoirs for transmission. Person to person transmission occurs by exposure 

to respiratory droplets or by intimate contact with oral secretions from carriers. Natural 

immunity develops as the result of asymptomatic carriage (26). 

However, the meningococcus may enter the bloodstream of the host, and may cause various 

forms of meningococcal disease, clinically ranging from what has been called "benign 

bacteremia" (43), with flu-like symptoms, to fulminant septicemia with septic shock and 

multiple organ failure. The most common pathologic presentation of meningococcal disease 
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is acute pyogenic meningitis, due to inflammation of the meninges. Acute meningitis is 

characterized by a rapid onset, occurring particularly among infants, children and young 

adolescents (48). Even after effective antibiotic treatment, there may be long term sequelae 

such as deafness, brain damage or loss of limbs caused by the combined toxic effects of 

microbial products and the host's inflammatory response (32). 

Data from the Netherlands Reference Laboratory for Bacterial Meningitis show that 40-50% 

of the patients in the past decade was younger than 5 years of age. A second peak in 

incidence is seen among teenagers of 15-19 year old, which form about 10-15% of the 

patients. In the past ten years, the mean number of isolates received by the NRLBM was over 

500 per year, of which 25-30% were from blood only (septicemia cases). 

The overall case-fatality rate of meningococcal disease was 7.7%. Of patients with meningitis 

5% will die. Septicemia has a fatality rate of 15-25%, and of the combination of meningitis 

and septicemia 12-14%. Of the survivors, 8.5% develops sequelae. 

SURFACE STRUCTURES 

The surface structure of N. meningitidis, like other Gram-negative bacteria, has an inner and 

outer cell membrane, separated by a peptidoglycan layer and periplasm. In almost all (>99%) 

meningococci isolated from patients, the bacterial cell is enclosed by a polysaccharide 

capsule through which other cell surface components: lipopolysaccharide (LPS); pili and 

outer membrane proteins (OMPs), may protrude. The variability of the capsule, the LPS and 

the OMPs PorA and PorB has been used for the serological typing of N. meningitidis, which 

is described in the next paragraph. The capsule and PorA are also studied because they are 

used as vaccine components. 

In contrast to isolates from patients, more than half of the nasopharynx isolates of carriers are 

unencapsulated. Two mechanisms of this phase variation are known, one involving a 

frameshift mechanism in a poly-cytidine tract in one of the capsule genes (27), and one 

involving a transposition of an IS element (28). The polysaccharide capsule may be 

considered as the outermost barrier of defence of the meningococcus against the human 

immune system. Of the twelve capsule types that are recognized, the serogroup A, C, W-135 

and Y polysaccharides are highly immunogenic and are currently used in licensed vaccines. 

Unfortunately the group B capsular polysaccharide, which is expressed by most case isolates 

in the Netherlands, is not immunogenic in man. Possibly this immunological tolerance is due 

to the presence of cross-reactive human tissue antigens (76). Changes in capsule type as the 

consequence of horizontal gene transfer of part of the capsule gene cluster has been 

described, both in the laboratory (25) and in nature (63). Because of higher similarity of the 

capsule gene clusters of the neuraminic acid containing types (B, C, W-135 and Y), 

horizontal gene transfer between these types seems more frequent than that between these 

types and the serogroup A type (18). 
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The outer membrane of Gram negative bacteria contains lipopolysaccharide (LPS). LPS 

consists of hydrophilic polysaccharide chains linked to a hydrophobic lipid A component that 

is the active moiety of endotoxin. The glycolipid of the meningococcal surface has a short 

oligosaccharide core of 8 to 12 saccharide units, therefore it is referred to as 

lipooligosaccharide (LOS). The expression of the LOS structures is subject to phase 

variation, of which the molecular mechanism has been elucidated (30). The Neisserial outer 

membrane continuously sheds vesicles called 'blebs' (20). These blebs are thought to be 

mainly composed of LOS and therefore contain high levels of endotoxin, which is implicated 

in death due to shock in septicemic patients. 

PorA and PorB are two of the major outer membrane proteins of N. meningitidis. They 

consist of 16 membrane protruding amino acid strands, forming a ß barrel structure with 8 

surface exposed loops (66) (see fig 1). One (PorB) or two (PorA) of these loops have variable 
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Figure 1. Two dimensional topology model of the PorA outer membrane proteins, adapted from Van 
der Ley et al. (66). Of the eight surface exposed loops, loops 1 and 4 may contain the epitopes used 
for serological typing, They are called variable region VR1 and VR2, respectively. Here, a protein 
containing the PI .4 epitope is depicted. 

13 



Chapter 1 

regions (VRs), which are used for serological typing. The PorA and PorB proteins form 

trimers in the outer membrane. Currently it is unclear whether these are predominantly 

homotrimers, or whether also PorA/PorB heterotrimers are formed. Porin functions for these 

OMPs have been demonstrated in vitro, showing PorA to be cation selective, and PorB anion 

selective. The expression of PorA is subject to phase variation by variation of the number of 

nucleotides between the -10 and -35 region of the porA promoter (65). 

PorA is an important vaccine candidate, especially against serogroup B meningococci, which 

are the predominant cause of meningococcal disease in industrialized countries. Monoclonal 

antibodies directed against serosubtype specific epitopes on PorA proved to be bactericidal 

and confer protection in an animal model (52, 53). Most of the bactericidal activity induced 

in trials with outer membrane based vaccines was contributed to antibodies against PorA (8, 

42). In vaccine development, the antigenic variation of PorA can be overcome by including 

multiple antigenic variants of PorA (19, 67, 68, 69). Already, field trials with a hexavalent 

PorA based vaccine have been performed (46). 

TYPING OF N. MENINGITIDIS 

N. meningitidis strains were initially characterized and classified by agglutination assays 

using polyclonal sera (10). Over the years, a more refined serological classification system 

has been developed, based on the characterization of some of the surface structures 

mentioned in the previous paragraph. Currently, capsular polysaccharide antigenic 

differences determine the 12 meningococcal serogroups, of which serogroups A, B, C, W-

135, and Y are predominant among patient isolates. The serogroup can be determined by 

microprecipitation or slide agglutination with specific antibodies. The serotypes are based on 

antigenic differences of the PorB OMP (24). The antigenic heterogeneity of the PorA OMP 

determines the serosubtypes (24). The PorA protein contains two variable loops (VR1 and 

VR2), each determining a distinct set of serosubtypes. Thus, the serosubtype of an isolate can 

include two independent designations. Variation in the oligosaccharide moiety of the 

lipopolysaccharide determines the immunotype (24), but is often omitted from the phenotype 

description. Several epitopes can be present on the same organism (56). Sero(sub)type and 

immunotype can be determined using specific monoclonal antibodies in a whole-cell ELISA 

(1, 2, 3, 56). In the current typing scheme, as given in Table 1, the classification is given as: 

[serogroup]: [serotype] : [serosubtype]: [immunotype], e.g. B:4:P1.7,4:L3,8. 

There are certain disadvantages with the current serological typing system, as 15-20% of the 

isolates are recorded as not-typable for one or more antigenic determinants. The surface 

structure may not react to the current panel of monoclonal antibodies, or expression of the 

determinant epitopes may be absent due to phase variation. The latter phenomenon has been 

characterized in molecular detail for the capsular polysaccharide (27, 28) and PorA (65). 

Also, for the PI. 10 serosubtype sequence analysis has demonstrated that slightly different 
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epitopes may react to the same monoclonal antibody with widely varying binding kinetics 

(62). Finally, differences in serotype or serosubtype do not necessarily reflect genotypic 

differences throughout the genome, as OMP variation is influenced by horizontal gene transfer 

(36). Nevertheless, the serological classification has provided valuable information for tracing 

outbreaks and defining variation among naturally occurring antigens. The latter is pertinent 

with respect to the design of vaccines, as explained in the previous paragraph. 

Various other typing methods have been applied for typing of N. meningitidis isolates over 

the past two decades, to gain more insight into the genetic relationships among 

meningococcal isolates. Multilocus enzyme electrophoresis (MEE), first applied to N. 

meningitidis by Caugant et al. (13), is still regarded as the "gold standard" for genotype 

determination. This method uses differences in electrophoretic migration of isoenzym 

variants of cytoplasmic enzymes to discriminate between strains. Each specific combination 

of different alleles is called an electrophoretic type (ET), of which the genetic relatedness can 

be determined by statistical methods (57). Despite the fact that it is a cumbersome method, 

MEE has been used extensively (13, 14, 15, 16, 17, 44, 51, 54, 71) to identify specific "clones", 

"clusters", "lineages" or "subgroups", consisting of genetically closely related strains. Although 

the correlation between the electrophoretic migration of individual enzymes and the genotype 

may be disrupted by horizontal gene transfer (22), and expression of certain enzymes may be 

absent, the use of multiple enzymes makes MEE a fairly robust typing method. Major 

disadvantages of the published MEE studies are the limited interchangeability of the ET 

designations, and the use of different allele designations and different numbers of enzymes, 

obstructing comparisons between studies. 

Multilocus sequence typing (MLST) was recently applied to a representative collection of 

meningococci and was shown to recognize the same clonal lineages recognized by MEE (37). In 

this method, the DNA sequence of a number of fragments of different genes is determined, and 

each different sequence of a gene is given an allele designation. The combination of allele 

designations can be used for analyses similar to those applied to MEE data. A major advantage 

Table 1. Surface structures used for serological phenotyping of Neisseria meningitidis. 

Surface structure Designation Labels 
capsular polysaccharide Serogroup A, B, C, X, Y, Z, 29E, W-

135, H, I, K, L 
PorB Serotype 1,2a, 2b, 2c, 4, 14, 15, 16 
PorA Serosubtype P1.5 a ,P1 .7 \P1.12 a 

Pl . l b , P1.2b, P1.3b, P1.4b, 
P1.6C, P1.9b, P1.10b, P1.14b, 
P1.15b, P1.16b. 

lipopolysaccharide Immunotype LI through L12 
determined by VR1 

determined by VR2 
c probably determined by a different loop than VR1 or VR2 (50) 
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of this method is the comparability of different studies, as sequence data are supposedly more 
comparable between different laboratories than other data. However, the use of an allele 
designation results in equal genetic distance of alleles with a one basepair difference and a ten 
basepair difference, which is a potential drawback. Also, the use of a different number of 
different gene fragments in another MLST study (39) could lead to similar problems in 
comparing studies as mentioned above for MEE. 

Another recently applied typing method is randomly amplified polymorphic DNA (RAPD) 
typing (6, 74). In RAPD, arbitrary primers are used in a PCR to amplify random DNA 
fragments of different lengths, which can be analyzed by conventional agarose gel 
electrophoresis, making this method fairly cheap in comparison to MLST. This method is 
discussed in more detail in chapter 2. 

The availability of molecular biological techniques has led to the application of several other 
typing methods. These include restriction fragment length polymorphism (RFLP) analyses of 
chromosomal DNA, using frequent cutting enzymes (23, 45), or rare cutting restriction 
enzymes, necessitating pulsed field gel electrophoresis (11). Also, RFLP of the PCR 
amplicon of a single gene (47) has been used, as was ribotyping (64, 75). 
The value of this plethora of typing methods is a matter of debate (5), probably most methods 
will only be of value for local use in (short-term) epidemiology. For studies of population 
biology and long-term epidemiology, only methods which sample various loci on the 
chromosome will be useful, as genotypical relations inferred from single loci are likely to be 
obscured by the results of horizontal gene transfer. 

MOLECULAR EPIDEMIOLOGY 

Serogroup A, B and C isolates account for about 90% of the cases of meningitis (48). Serogroup 
A strains are the leading cause of periodic epidemics, whereas serogroup B and C strains 
generally cause endemic cases and small outbreaks. Meningococcal disease is endemic world
wide, with incidence rates in industrialized countries of 1 to 3 / 100,000 persons, and in 
developing countries ranging from 10 to 25/100,000 persons (49). Large epidemics of 
meningococcal disease caused by serogroup A organisms, with attack rates up to 1000 / 
100,000, have not occurred in Europe and the USA after 1947, but such epidemics still prevail 
in the People's Republic of China and the Sahel zone of Africa (the so-called meningitis belt) 
(4). 

Isolates of the major epidemics by serogroup A strains since 1960 were typed using MEE by 
Olyhoek et al. {AA) and Wang et al. (77). Nine "subgroups" were identified, with different 
epidemiological patterns. Some subgroups were exclusively found in one geographic region 
(subgroups V and VU in China), whereas others were responsible for repeated pandemics. 
Subgroup m caused epidemics in China in the mid-1960s, spreading to Moscow, Finland, 
Norway and Brazil in the following decade. In the early 1980s, subgroup HI again caused 
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epidemics in China and in Nepal, caused a large epidemic in 1987 during the annual Haj 
pilgrimage in Mecca, followed by epidemics in countries of the meningitis belt. Subgroup I was 
found in the early 1960s in North Africa and in the meningitis belt and later caused outbreaks in 
North America and South America. In the late 1970s subgroup I was isolated from epidemics in 
Nigeria and Rwanda, in the 1980s and 1990s outbreaks were caused in Australia and New 
Zealand. 

Also for serogroup B and C organisms distinct groups of genetically related organisms have 
been recognized, which spread world wide (18). These clusters may contain both serogroup B 
and C organisms, presumably because of horizontal gene transfer of capsule synthesis genes. 
The fact that only a small fraction of the clones colonizing the throat of healthy individuals 
cause disease (13, 17), implies a difference in virulence potential of different meningococcal 
strains (18). 

In the mid 1970s, mainly serogroup B strains of the ET-5 complex caused increased 
incidence of meningococcal disease in both Norway and Spain (18). In other countries in 
Western Europe, ET-5 strains were isolated as well, though the increase in incidence was 
much lower. In contrast, strains of this cluster caused a severe epidemic in Cuba starting in 
the 1980s, followed by outbreaks in Florida in 1981-1982. ET-5 strains were isolated only 
sporadically in North America in the following years, until in 1994 this complex was 
associated with increased incidence in the states Washington and Oregon. Meanwhile, also in 
Brazil and Chile the incidence of meningococcal disease rose due to this complex in the mid 
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Figure 2. Annual number of N. meningitidis serogroup B patient isolates, and the number of serogroup B 

serosubtype PI.4 isolates, received by the Netherlands Reference Laboratory for Bacterial Meningitis. Data 

were taken from The Netherlands Reference Laboratory for Bacterial Meningitis, Annual report 1996. 
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1980s. In addition, ET-5 strains were also isolated in countries in Africa and Asia as well 
(18). 

Strains of the ET-37 complex (also cluster B2 (15), or lineage IX (16)) have been isolated 

since 1917 (18). ET-37 strains caused outbreaks in the US Army in the 1960s, in Brazil in the 

1970s and caused an epidemic in South Africa in the late 1970s. Strains of this genotype have 

been isolated in various countries in North America, Europe and Africa without a clear 

association with increased incidence in the 1980s. However, a variant designated ET-15 

caused increased serogroup C meningococcal disease in Canada in 1990, followed by 

outbreaks in parts of the USA. The same variant was responsible for increased incidence in 

the Czech Republic, Australia and England in the 1990s (18). 

Meningococcal isolates belonging to the A4 Cluster (also lineage II in (16)) were first 

isolated in the Netherlands, causing a hyperendemic wave in the 1960s. Subsequently, they 

were isolated in North America and many European countries since the 1970s, and caused an 

increase of the incidence of meningococcal disease in South Africa, in Greece, Argentina, 

Brazil and Australia (18). 

Lineage III is the most recent cluster that has been identified world wide. Again, the first 

strain of this cluster was isolated in the Netherlands. Since 1980, the number of lineage III 

isolates has risen in the Netherlands, simultaneously with an increased number of 

meningococcal disease cases, as illustrated in figure 2. Most strains of this genotype are 

characterized by the serosubtype P1.4 (mostly B:4:P1.4), though lineage III strains with 

different serosubtypes and non-lineage III strains with PI.4 have been found too (54, 55). 

Since then, B:4:P1.4 strains have been found in many other European countries, causing an 

increased incidence in Belgium and England, and an ongoing epidemic in New Zealand (38). 

Indeed, strains with this phenotype proved to be lineage III strains (18). 
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AIM AND OUTLINE OF THIS THESIS 

As stated above, only a small fraction of the isolates colonizing the throat of healthy individuals 

cause disease (13, 17). The isolation of certain clones from patients in various continents over 

long periods of time, has been interpreted as to reflect a difference in virulence potential 

between different meningococcal strains (18). The work described in this thesis started as an 

attempt to clarify some of the above observations. The basis of this work consists of the strain 

collection of the Netherlands Reference Laboratory for Bacterial Meningitis (UvA/RIVM), 

where patient isolates isolated since 1958 are being stored, and studies that originated from it 

(16,54,55). 

In chapter 2, a genotyping method is presented which allows rapid recognition of different N. 

meningitidis strains. The method was validated using the serogroup A strain collection of Dr. 

M. Achtman. In chapter 3, the consequences of the observations in chapter 2 with respect to 

the population structure of serogroup A strains are discussed. The agreement between three 

different typing methods suggests only limited impact of horizontal gene transfer among such 

strains. Chapter 4 describes the variation of the PorA outer membrane protein, with particular 

reference to lineage III strains and the PI.4 subtype. Lineage III is the most recently 

described cluster that causes increased incidence of meningococcal disease cases in the 

Netherlands and various other countries. By studying the lineage III strains not expressing the 

PI.4 subtype, the limitations of serological typing become apparent, as well as some of the 

mechanisms by which the variation within a cluster may be generated. The variation of PorA 

is also of importance because a vaccine based on this OMP is currently under investigation. 

Since the data in chapter 4 suggest that the PI.4 subtype is not the only factor that is a 

characteristic feature of lineage III strains, the difference between lineage III and non-lineage 

III strains was studied using representational difference analysis (34). The identification of 

lineage III specific sequences is described in chapter 5, the characterization of the genes that 

are encoded by these sequences in chapter 6 and 7. Finally, in chapter 8, the work described 

in the preceding chapters is reviewed and discussed. 
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