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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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Chapter 1 

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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General introduction 

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. 
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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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ABSTRACT 

Randomly amplified polymorphic DNA (RAPD) genotyping was applied to 1 representative 

strain of each of the 84 electrophoretic types (ETs) previously defined by multilocus enzyme 

electrophoresis (MEE) of Neisseria meningitidis serogroup A (16). Twenty seven additional 

isolates comprising 6 ETs were also tested. MEE and RAPD yielded similar dendrograms at 

the subgroup level. 18 serogroup A meningococci isolated in the Netherlands between 1989 

and 1993 also yielded similar results by both methods. Ten of these isolates defined a new 

subgroup, designated as subgroup DC. One isolate belonged to the ET-5 complex, normally 

associated with serogroup B strains (3). By RAPD, meningococci can be linked to previously 

characterized genotypes using a computerized database, and dendrograms based on cluster 

analyses can be generated easily. RAPD offers advantages over MEE since intermediate 

numbers of isolates of serogroup A meningococci can be assigned quickly to known 

subgroups and new subgroups can be defined. 
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INTRODUCTION 

Neisseria meningitidis is an encapsulated Gram-negative bacterium, causing meningitis and 

septicemia world-wide. Classification according to capsule polysaccharide revealed 11 capsule 

types. Serogroup A, B and C isolates account for about 90% of the cases of meningitis (13). 

Serogroup A strains are the leading cause of epidemics, whereas serogroup B and C strains 

generally cause endemic cases and small outbreaks. Since World War E, large epidemics caused 

by serogroup A have not occurred in Europe and the USA, but such epidemics still prevail in 

the People's Republic of China and the Sahel zone of Africa (the so-called meningitis belt) (1). 

In addition to the classification into serogroups, meningococci are divided serologically in 

serotypes and serosubtypes, on the basis of differences in the class 2/3 outer membrane protein 

(OMP) and the class 1 OMP (PI), respectively (6). However, differences in serotype or 

serosubtype do not necessarily reflect genotypic differences throughout the genome, as OMP 

variation is caused by horizontal gene transfer (8). 

Multilocus enzyme electrophoresis (MEE) has been used for genotyping of meningococci, to 

identify specific clones and to study the genetic diversity of the organism (3; 11). Currently, this 

method is considered to be the reference "gold standard" for meningococcal typing (3). 

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

combined genotype may be disrupted by horizontal gene transfer (7), the use of multiple 

enzymes makes MEE a fairly robust typing method. After completion of this work, a new 

technique, multilocus sequence typing (MLST) of six gene fragments, was applied to a 

representative collection of meningococci and was shown to recognize the same clonal lineages 

recognized by MEE (9). 

Randomly amplified polymorphic DNA (RAPD) PCR (17) has potential advantages for typing 

meningococcal isolates. It requires only modest effort, the costs are relatively low and no prior 

sequence information is necessary. In RAPD short (10 bp) arbitrary primers are used, that can 

each anneal at various sites on the chromosome. Several DNA fragments of different lengths are 

generated, which can be analyzed by conventional agarose gel electrophoresis. Strains differing 

in the presence of annealing sites and the distances between them, yield different sets of DNA 

fragments and are considered to have different genotypes. RAPD is reproducible, provided 

uniform template DNA (4) and MgCl2 (12) concentrations are used. 

Previously, Woods et al. (18) used RAPD to type N. meningitidis serogroup B, C and Y strains 

isolated during a university outbreak. They noted the potential of RAPD for global 

epidemiology of meningococcal disease and population structure of N. meningitidis, if it were 

validated by direct comparison to MEE. Here we compare the characterization of a large 

collection of serogroup A meningococci (16) by MEE and RAPD. Furthermore, recent isolates 

from the Netherlands were genotyped by both RAPD and MEE, leading to the identification of 

new genotypes. 

29 



Chapter 2 

MATERIALS AND METHODS 

Bacterial strains and growth conditions 

Eighty four strains representing the individual ETs of serogroup A meningococci described 

by Wang et al. (16) were used to compare RAPD with MEE. A selection of 27 strains from 

diverse sources (16), was also included for ETs 19 (subgroup I, 3 additional strains), 41 

(subgroup n, 1 strain), 48 (subgroup HI, 7 strains), 50 (subgroup IQ, 2 strains), 67 (subgroup 

rV-1, 7 strains) and 28 (subgroup I, 7 strains). In addition, 18 formerly sero(sub)typed, but 

undescribed strains from the collection of the Netherlands Reference Laboratory for Bacterial 

Meningitis (NRLB, Rijksinstituut voor Volksgezondheid en Milieuhygiëne/Academisch 

Medisch Centrum, Bilthoven / Amsterdam, the Netherlands) were assessed by RAPD and 

with one exception by MEE (Table 1). These strains represent the four serotype/serosubtype 

combinations found for serogroup A strains during the period 1989 - 1993. The marker DNA 

used to generate a standard pattern on all gels was isolated from strain 770377, a serogroup B 

Table 1. Properties of 18 Dutch serogroup A strains. 

Strain Year of isolation Serotype Serosubtype Genotype 

890461 1989 n.t.a PI.16 subgroup DC 

890592 1989 n.t. PI.16 subgroup DC 

890867 1989 n.t. PI.16 subgroup DC 

891780 1989 4 P1.9 N.D.b 

892411 1989 4 PI.10 ET-33 

892665 1989 15 n.s.t.c ET-5 complex 

900973 1990 4 P1.9 ET-48 

901335 1990 n.t. PI.16 subgroup DC 

902488 1990 4 PI.10 ET-33 

911652 1991 n.t. PI.16 subgroup DC 

911960 1991 n.t. PI.16 subgroup DC 

920054 1992 4 P1.9 ET-48 

920521 1992 n.t. PI.16 subgroup DC 

921051 1992 4 PI.10 new 

921268 1992 n.t. PI.16 subgroup DC 

921710 1992 4 P1.9 ET-48 

931114 1993 n.t. PI.16 subgroup DC 

931192 1993 n.t. PI.16 subgroup DC 

"n.t.: not typable. 
h N.D.: not determined. 

' n.s.t.: not subtypable. 
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meningococcus from NRLB. Meningococci were grown on heated blood (chocolate) agar 

plates at 37°C in a humidified atmosphere of 5% C02 . 

Chromosomal DNA preparation 

Chromosomal DNA was isolated according to Akopyanz et al. (2). The concentration of the 

chromosomal DNA samples was assessed by measuring the optical density at 260 nm using 

an Ultraspec 2000 spectrophotometer (Pharmacia). 

Randomly Amplified Polymorphic DNA PCR 

The primers used were primer 1254 (5'-CCG CAG CCA A-3'), primer 1281 (5'-AAC GCG 

CAA C-3') (2), primer NM03 (5'-CCG CTG CCT T-3') and primer NM04 (5'-GCA CGG 

ATC A-3'), all synthesised by Perkin-Elmer Nederland B.V., Gouda , the Netherlands. The 

RAPD PCR reaction mixture contained: 20 ng template DNA, 3.2 uM (primers 1254 and 1281) 

or 4.8 uM (primers NM03 and NM04) primer, 250 uM of each nucleotide (dATP, dCTP, 

dGTP, dTTP), 0.01% (w/v) bovine serum albumin, 3.0 mM MgCl2, 50 mM KCl, 10 mM Tris-

HC1, pH 8.8, and 1.25 units Taq polymerase (Perkin Elmer Cetus) in a final volume of 25 ul. 

Reactions were performed in a Trio Thermoblock (Biometra).The PCR program consisted of 4 

cycles (5 min 94°C, 5 min 36°C, and 5 min 72°C); followed by 30 cycles (1 min 94°C, 1 min 

36°C, and 2 min 72°C). A final 10 min extension was performed at 72°C. 

Agarose gel electrophoresis 

Electrophoretic separation of the amplified products was performed for 4 h at 4 V/cm on 1% 

agarose gels in lx Tris-Borate-EDTA buffer. Both gel and buffer contained lmg/1 ethidium 

bromide. 

Consistency marker 

The RAPD pattern generated with primer 1254 from strain 770377 contains evenly spread 

bands and was used as a marker. This marker was prepared freshly each time a set of strains 

was tested, as a quality control for the RAPD PCR reagents. 

Computer-assisted analysis of RAPD patterns 

The RAPD patterns were visualized by UV illumination and an image captured with a video 

camera. Analysis of the images was performed using the Windows version of the Gelcompar 

software version 3.1 (Applied Maths, Kortrijk, Belgium). Patterns were normalized using 

bands of the consistency marker and bands that were uniformly present in all patterns. The 

patterns generated by each of the four primers were combined for each strain. The resulting 

combined band-patterns were compared using unweighted pair group cluster method with 

arithmetic averages (UPGMA), with the Dice coefficient (5) applied. Computer-assisted 

analysis and the methods and algorithms used in this study were carried out according to the 
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instructions of the manufacturer. A tolerance in the band positions of 0.2% was applied 
during the comparison of the RAPD patterns. 

Multilocus Enzyme Electrophoresis 
MEE of the 18 serogroup A meningococcal isolates from the Netherlands was performed as 

described previously (3) using 14 enzymes: malic enzyme (ME, EC 1.1.1.40), glucose-6-

phosphate dehydrogenase (G6P, EC 1.1.1.49), a peptidase (PEP, EC3.4), isocitrate 

dehydrogenase (EDH, EC 1.1.1.42), aconitase (ACO, EC 4.2.1.3), NAD-linked glutamate 

dehydrogenase (GDI, EC 1.4.1.2), NADP-linked glutamate dehydrogenase (GD2, EC 

1.4.1.4), alcohol dehydrogenase (ADH, EC 1.1.1.1), fumarase (FUM, EC 4.2.1.2), alkaline 

phosphates (ALK, EC 3.1.3.1), two indophenol oxidases (IP1 and IP2, EC 1.9.3.1), adenylate 

kinase (ADK, EC 2.7.4.3) and an unidentified dehydrogenase (UDH). 

Sequence analysis of por A 

Primers used were AB01 (5'-TGT AAA ACG ACG GCC AGT GTT TGC CCG ATG TTT 
TTA GGT T-3'), AB02 (5'-CAG GAA ACA GCT ATG ACC CGG CGT ATA GGC GGA 

CTT GCT G-3'), AB03 (5'-TGT AAA ACG ACG GCC AGT CAG CGG CAG CGT CCA 

ATT CGT T-3') and AB04 (5'-CAG GAA ACA GCT ATG ACC CGT ATC CGC TTC ACC 

GCC CCG A-3'). The underlined sequences are identical to the -21M13 primer or M13Reverse 

primer sequences. Overlapping parts of the pork gene were amplified by PCR using primers 

AB01/AB02 and AB03/AB04. The products were used as templates for sequencing with 

fluorescence dye-labeled universal M13 primers. Analysis was performed on an automatic 

sequencer (model 373), according to the instructions supplied by Applied Biosystems 

Incorporated (Foster City, Calif.). The nucleotide sequence data will appear in the 

EMBL/Genbank/DDBJ Nucleotide Sequence Databases under the accession number 

AF026890. 

RESULTS 

Reproducibility 
To assess the reproducibility of RAPD, 10 different chromosomal DNA preparations were 

prepared from one strain of N. meningitidis and used as templates in PCRs with primers 1254 

and 1281. The resulting patterns were identical. DNA from 14 blood isolates and their paired 

cerebrospinal fluid isolates resulted in identical RAPD patterns for each pair of isolates with 

primer 1254 (data not shown). 
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Comparison of RAPD and MEE 

We tested one representative strain from each of the 84 ETs previously identified by Wang et al. 

(16) by RAPD with four primers. In addition, 27 strains from 6 epidemic ETs from MEE 

subgroups I, H, m and rV-1 were also tested. Representative RAPD patterns, obtained for 15 

strains are shown in Fig. 1. The results with all 4 primers (10-20 specific bands per strain) were 

combined for cluster analysis. The resulting dendrogram resembled the subgroup distribution 

obtained by MEE (Fig. 2). 

Only a few differences were noted between the RAPD and the MEE dendrograms. The MEE 

subgroups V and VU and the subgroups IE and Vm were not distinguished by RAPD. The 

two available strains of ET-41 (subgroup II) were distinct from all other strains tested, 

although the other subgroup II strains (ETs 39 and 40) were closely related to subgroup I 

strains by RAPD (Fig. 2), as expected. The ET-28 strain, B534, did not fall in the expected 

subgroup I. It was unrelated to all other serogroup A strains by RAPD, even when another 

frozen subculture of the same strain was tested. Six additional ET-28 isolates did fall within 

the subgroup I branch by RAPD, as expected. The other 21 strains tested also fell in the same 

subgroup as the representative strains of those MEE ETs. 

M M 10 11 12 13 14 15 M 

WÊÊ0 mm mm • -•• mm 

Figure 1. (above) Representative RAPD patterns obtained with primer 1254 for representative 

serogroup A isolates. M: marker, 1: ET-11 strain, 2: ET-38 strain, 3: ET-33 strain, 4: ET-39 strain, 5: 

ET-44 strain, 6: ET-28 strain, 7: ET-41 strain, 8: ET-55 strain, 9: ET-48 strain, 10: ET-75 strain, 11: 

ET-78 strain,12: ET-79 strain, 13: ET-83 strain, 14: ET-70 strain, 15: ET-72 strain. 
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Characterization of 18 Dutch serogroup A meningococci 

The RAPD data obtained for the 84 representative serogroup A strains were stored in a 

computerized database. This database allows rapid identification of unknown serogroup A 

isolates. Eighteen sero(sub)typed serogroup A meningococci isolated in the Netherlands from 

1989 - 1993 (Table 1), were characterized by RAPD and their RAPD patterns were compared 

to those in the RAPD database (symbols in Fig. 2). These 18 Dutch isolates were also typed 

by MEE, with one exception. 

Two of the A:4:P1.10 isolates (closed triangles) were assigned to subgroup I by RAPD and to 

ET-33 of subgroup I by MEE. Four A:4:P1.9 isolates (closed circles) were assigned to 

subgroups in/Vin by RAPD; the three isolates that were typed by MEE were assigned to ET-

48 of subgroup HI. One A:4:P1.10 isolate (closed square) was different from all other 

serogroup A strains by both RAPD and by MEE. The A:15:n.t. strain (open triangle) was also 

different from all other serogroup A strains by RAPD. MEE showed that this strain was 

closely related to the ET-5 complex, which is normally associated with serogroup B 

meningococci (3). 

The 10 A:n.t.:P1.16 isolates (open circles) formed a distinct cluster by both methods, 

unrelated to other known serogroup A strains. To our knowledge, the PI. 16 subtype was only 

found once among serogroup A strains before (14). Therefore, we sequenced the porA gene of 

Dutch PI. 16 strain 931192 in order to determine whether this gene corresponded to a known 

por A allele. The sequence (accession number AF026890) encodes the PI.21,16a epitopes, and 

differs from known P 1.21,16a por A alleles outside the epitope encoding regions. 

Figure 2. (right) Comparison of the genetic relationships as inferred by RAPD (left) and by MEE 

(right, adapted from reference 14). The dendrograms resulting from cluster analysis show the genetic 

distance at which the clusters divided according to the unweighted pair-group average clustering 

algorithm. In the MEE dendrogram, subgroups are indicated by Roman numbers and individual ETs 

are numbered 1-84 (top to bottom). Subgroups containing the same ETs in the MEE and RAPD 

dendrograms are indicated by identically filled bars. Subgroup II is split into ET-39 and ET-40 versus 

ET-41 isolates, as indicated by the numbers at the end of the branches. The ET-28 isolate B534 is 

indicated by its strain number. Other ET-28 strains are labeled 28 at the ends of the branches. Recent 

Dutch isolates tested are marked by symbols. Filled triangles: ET-33 (strains 892411 and 902488), 

filled circles: ET-48 (strains 900973, 920054 and 921710) and strain 891780, filled square: new 

genotype within the serogroup A strains (strain 921051), open circles: subtype PI.16 strains (strains 

890461, 890592, 890867, 901335, 911652, 911960, 920521, 921268, 931114 and 931192), open 

triangle: serotype 15 strain (strain 892665), related to the serogroup B ET-5 complex (see text). 
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DISCUSSION 

Both the RAPD and the MEE method subdivided clonal serogroup A meningococci into 

similar subgroupings, with only few exceptions. 

RAPD did not distinguish between MEE subgroups HI and VIII. Of 15 cytoplasmic enzymes 

and 4 OMPS tested by MEE only 1 enzyme and 1 OMP differed between these subgroups 

(16). Similarly, no differences were found by MLST (9). 

MEE subgroups V and VII also clustered together in the RAPD dendrogram. Strains from 

these subgroups possess related por A alleles (14), identical iga alleles (10) and serologically 

indistinguishable pilin classes (16). They were indistinguishable by MLST (9) and only 

differed consistently at 2/15 housekeeping enzymes and 2/4 OMPs by MEE (16). 

MEE subgroup II was split into two clusters by RAPD, ETs 39 and 40, which were closely 

related to subgroup I, versus ET-41. Strains from the two clusters were isolated in different 

geographical locations with an interval of more than 20 years. ET-41 strains were isolated in 

the U.S.A. prior to World War H, whereas the ET-39 and 40 strains were isolated in Djibouti 

in the 1960s. These strains have not yet been tested by MLST. Finally, the supposed ET-28 

strain B534 was found to be distinct from ET-28 and other subgroup I strains. Subsequent to 

this analysis, MLST confirmed that B534 is distinct from all known serogroup A 

meningococci. 

Both RAPD and MEE differentiated subgroups IE, IV-1 and IV-2. Almost identical iga and 

opa alleles as well as a 5 kb DNA stretch flanking one of the opa alleles of older strains from 

these subgroups was taken as evidence (10) that strains in these three subgroups had 

descended from a common ancestor since 1800. More recent strains, isolated over 2 - 3 

decades, showed microevolution due to mutations, translocations and import of DNA from 

unrelated Neisseria. The results from both RAPD and MEE are consistent with the 

accumulation of differences between these subgroups since their descent from a common 

ancestor. Furthermore, RAPD and MEE are more sensitive than is MLST, which did not 

differentiate between subgroups IV-1 and IV-2 (9). 

Six of the Dutch serogroup A strains isolated in the Netherlands in 1989 - 1993 clustered 

within the known subgroups I and IE. Subgroup I strains had been isolated from Holland in 

the 1970's (11) and pilgrims returning from the Mecca epidemic of 1987 brought subgroup UI 

strains to Europe (10). These results show that new isolates can be linked to previously 

identified genotypes using a computerized database of RAPD patterns. 

Interestingly, ten endemic serogroup A Dutch strains were assigned to a novel subgroup 

which had not been formerly detected among strains from epidemic disease. We propose the 

designation subgroup IX for this subgroup. It is currently unclear whether subgroup DC strains 

have epidemic potential and will be isolated from other countries in the future or whether they 

will remain restricted to the population in the Netherlands. Strains from some other 

subgroups have also only been isolated from single regions (subgroups V, VU, VIII from 

36 



RAPD of serogroup A meningococci 

China, subgroup VI from former East Germany and Scandinavian countries, MEE ET-47 

from Scotland). Strains belonging to subgroup V have caused large epidemics in China 

although they have never been isolated elsewhere (16). These results indicate that the current 

strain collection of serogroup A meningococci is incomplete and that additional subgroups 

will be recognized as strains from other geographical areas are tested. 

One strain of serotype 15 was closely related to serogroup B strains of the ET-5 complex (3) 

by MEE. Other inconsistencies between serogroup and clonal structure have been described. 

Subgroup VI contains strains of serogroups A, B and C , and a serogroup B strain belonging 

to subgroup m has been described (16). Sequence data has indicated that serogroup B and C 

meningococci can exchange genes encoding the capsular polysaccharide serogroup, probably 

by natural transformation (15). Similar mechanisms are probably responsible for the 

discrepancy between serogroup and clonal structure described here, namely that the genes 

encoding serogroup B or C capsular polysaccharide had been replaced by a gene cassette 

encoding the A polysaccharide within an ancestor of the serotype 15 strain. 

In conclusion, RAPD analysis is reproducible, yields results that are similar to those of MEE 

and MLST, is more easily implemented in many laboratories than MEE and is considerably 

cheaper than MLST. RAPD is a relatively simple method for rapid identification of strains 

from endemic and epidemic situations, especially when combined with a computerized 

database that enables correlation between strains analyzed at different time periods. Like 

MEE and MLST, RAPD is based on multiple loci scattered around the chromosome and is 

less sensitive to the effects of horizontal genetic exchange than are methods based on single 

loci. 
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ABSTRACT 

The current model for the population structure of Neisseria meningitidis is the epidemic 
model proposed by Maynard Smith et al. (10). The observed apparent linkage disequilibrium 
in N. meningitidis populations is explained in this model by the temporary outgrowth of a 
highly successful individual in an essentially sexual population. Such overrepresented clones 
are supposed to disappear after a few years, as a result of frequent recombination. However, 
previous multilocus enzyme electrophoresis (MEE) data suggested that serogroup A strains 
have limited genetic variability and a more clonal population structure (16). 
To investigate these contradictory results, we analyzed a group of 84 serogroup A isolates 
that were characterized using different independent markers. For these 84 isolates both 
multilocus enzyme electrophoresis (MEE) and random amplified polymorphic DNA (RAPD) 
data were available, and multilocus sequence typing (MLST) data were available for a subset 
of 33 isolates. The data were analyzed using statistical methods to detect linkage 
disequilibrium and bootstrap analyses to infer the phytogenies of these isolates. 
Our analyses showed that a highly structured population was present, in which a linkage 
equilibrium is absent. This was not due to overrepresentation of certain genotypes in our 
dataset, as would be expected for an epidemic population. We identified two main clades. In 
both clades no linkage equilibrium was detected, which excludes the cryptic species model. 
We conclude that the epidemic population model is not necessarily valid for the whole N. 
meningitidis population. 
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INTRODUCTION 

Although commonly a harmless resident of the human nasopharynx, Neisseria meningitidis 

occasionally enters the bloodstream and cerebrospinal fluid space to cause invasive disease 

(14). On the basis of the antigenic properties of the capsular polysaccharide, different 

meningococcal serogroups are distinguished. N. meningitidis serogroup A is responsible for 

recurrent epidemics of meningococcal disease in developing countries. Since World War H, 

no large epidemics caused by this serogroup have occurred in Europe and the USA. In these 

areas, serogroup A causes generally endemic disease with a rather low prevalence (1). 

N. meningitidis as a member of the genus Neisseria is capable of horizontal genetic exchange 

via natural transformation (3). The rate and evolutionary impact of horizontal genetic 

exchange within a bacterial population is a matter of continuing debate (10). However, 

several studies have demonstrated that genetic recombination among meningococci has taken 

place (5, 12, 17). Serogroup A strains have been used for extensive studies of microevolution, 

because of the relative stability of groups of isolates for prolonged periods of time (1). 

Multilocus enzyme electrophoresis (MEE) studies for serogroup A meningococci (13, 21) 

indicated a clonal population structure within serogroup A strains (16). Maynard Smith et al 

(10), analyzing MEE data from serogroup A, B and C strains, have proposed an epidemic 

population structure for N. meningitidis. In the epidemic population structure model, the 

observed linkage disequilibrium is interpreted as the consequence of temporary 

overrepresentation of a highly successful individual clone, instead of reflecting a low rate of 

recombination relative to mutation. In their study, the apparent clonal population structure 

disappeared when epidemic clones were handled as single units. It was proposed, that the 

frequency of recombination affecting a gene should be 20 times higher than that of the 

occurrence of point mutations in order to produce apparent panmixis (11). However, Morelli 

et al (12) showed recently that within a cluster of related serogroup A strains the 

recombination to mutation ratio seemed to be one. A recent analysis by Feil et al (6) suggests 

that some difference in the extent of recombination to mutation ratio may exist between 

different serogroups of N. meningitidis. 

Presently, apart from MEE data, also random amplified polymorphic DNA (RAPD) data for 

serogroup A strains (2) and multilocus sequence typing (MLST) data (8) have been reported. 

In the present study, the MEE and RAPD data for 84 serogroup A isolates are analyzed 

separately and in combination, and for a subset of 33 strains also MLST data are used to 

study the population biology of these strains. Taking each genotype as a separate unit, our 

analyses showed that no significant linkage equilibrium was present, which would be 

expected if the analyzed strains formed an epidemical population. In contrast, the analyzed 

strains form a highly structured population. The data suggest that the studied population can 

be divided into two main clades, showing no linkage equilibrium, suggesting a clonal rather 

than a cryptic species population structure. These data may challenge the epidemic 

population structure model for N. meningitidis strains. 
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MATERIALS AND METHODS 

Data of N. meningtidis strains 

MEE data for 84 reference serogroup A strains of N. meningtidis were taken from the study 
by Wang et al (21). These 84 strains reflect the different electrophoretic types detected in 
over 500 serogroup A meningococci isolated from epidemics, endemic disease and carriers. 
RAPD data for the same 84 strains were taken from Bart et al (2). MLST data for 6 loci for 
33 of the abovementioned 84 strains are accessible via the N. meningitidis MLST database 
(http://novell-ti.rz-berlin.mpg.de/My/gb.hei). For comparisons of MLST and MEE data or 
between MLST and the combination of MEE and RAPD data, two of the MEE enzymes 
(ADK and G6P) were deleted from the dataset, since genes encoding for these enzymes are 
present in the MLST dataset. 

Recombination tests 

To reveal departures from panmictic expectations, the tests dl, d.2, e, ƒ and g were used as 
described by Stevens and Tibayrenc (15). The statistical tests d2, e, ƒ and g are based on 
Monte Carlo simulations, using 10,000 repetitions, d.2 gives the probability of sampling as 
many or more individuals of any genotype as observed of the most common genotype in the 
sample, e gives the probability of sampling as few or fewer different genotypes as observed, ƒ 
gives the probability of observing as large or larger genetic disequilibrium as found. The 
extended Mantel test g evaluates the correlation between genetic distances estimated from 
different markers with a nonparametric Mantel test (9). Briefly, the characters were randomly 
divided into two groups, genetic distances were calculated, and a correlation coefficient was 
calculated between the two groups of distances. The genotypes were reassorted a given 
number of times, a new correlation coefficient was calculated for each reassortment, and a 
probability value was attached to the observed correlation coefficient. This process was 
repeated with different random redistributions of markers. This approach eliminates the need 
for assumptions about the number of degrees of freedom, and allows comparisons involving 
correlations between distance matrices in which the successive pairs of distances are not 
independent. 

Bootstrap analysis 
Bootstrap analyses were performed using the programs SEQBOOT, MIX and CONSENSE 
included in the PHYLIP computer program package developed by Felsenstein (7). 
SEQBOOT was used to create 100 datasets by bootstrap sampling of the original input data, 
with MFX phylogenies of these datasets were estimated by the Wagner parsimony method, 
and CONSENSE was used to find the strict consensus tree by computing consensus trees by 
the majority-rule consensus tree method. 
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Correlation with time or place of isolation 

X2 square tests were performed to investigate the correlation of genotype with time or place 
of isolation. The continents Asia, Africa and Europe were taken for the correlation with place 
of isolation. The low number of isolates from North America prohibited inclusion of this 
continent in the analysis. Similarly, for time of isolation the decades 60s, 70s and 80s were 
discriminated, strains isolated before 1960 were excluded because of the limited number. 

RESULTS 

Parity between different datasets 
It was noted earlier (2), that there exists good agreement between UPGMA clustering using 
RAPD dataset and UPGMA clustering using the MEE dataset. UPGMA clustering for the 
MEE dataset is given in figure 1, in which place and time of isolation for each strain is 
indicated. Although it is unknown which DNA polymorphisms the RAPD primers amplify, it 
is assumed that there is no substantial overlap between the polymorphisms detected by RAPD 
and MEE. Therefore, the correspondence between the RAPD and MEE data suggests linkage 
disequilibrium between the two datasets. 
If we infer that different RAPD primers amplify different genetic markers, we can apply tests 
that were earlier proposed (18, 19) to examine nonrandom association between loci. Since the 
84 strains were chosen as representatives of the different ETs the tests dl, d2 and e are not 
very informative. We only analyzed different ETs, since this is one of the approaches 
suggested by Maynard Smith et al (10) to discriminate a clonal and an epidemic population. 
Departures from panmictic expectations were observed using tests ƒ and g. For both the MEE 
and RAPD data ƒ (the probability of observing as large or larger genetic disequilibrium as 
found), P<0.0002. When the MEE and RAPD data were compared using test g (Mantel test), 
P<0.0001 was found i.e. the null hypothesis of linkage equilibrium was rejected. Tests with 
MLST data for a subset of 33 strains and the RAPD and MEE data also yielded P<0.0001 for 
test g. 

Bootstrap analyses 
Bootstrap analyses of both MEE data (Fig. 2) and RAPD data (Fig. 3) indicated a structured 
population, distinguishing two main clades. Clade 1 corresponds to the earlier recognized 
subgroups I, II, V, VI and VII (Fig. 1), clade 2 corresponds to subgroups III, IV-1, IV-2 and 
VIII (21). Combination of the MEE and RAPD data with those obtained by MLST yielded 
the same two clades (Fig. 4). 
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01Z4047 
02Z4048 
03Z4022 
04Z4107 
05Z4108 
06Z4023 
07Z4105 
08Z4090 
09Z4095 
10Z4094 
11Z4057 
12Z4060 
I3Z4015 
14Z4746 
15Z4753 
16Z4063 
17Z4064 
18Z4083 
19B40 
20Z4756 
21B35 
22B384 
23B73 
24B403 
25B486 
26B462 
27B101 
28Z1060 
29B69 
30B442 
31B48I 
32B275 
33B377 
34B92 
35B221 
36B106 
37B108 
38B388 
39B380 
40B439 
41B292 
42Z4024 
43Z4027 
44Z4725 
45Z4727 
46Z4726 
47B435 
48B54 
49B515 
50Z3696 
51Z3719 
52Z3721 
53Z3910 
54Z4092 
55B306 
56Z3908 
57Z4116 
58B495 
59B228 
60B227 
61Z4734 
62Z4084 
63Z3739 
64Z3730 
65Z4096 
66Z4100 
67B48 
68B153 
69B318 
70B274 
71Z4420 
72Z4421 
73Z4757 
74Z2447 
75B535 
76B536 
77B538 
78B539 
79B293 
80B541 
81B43 
82B1 
83Z4714 
84Z4921 

China 1974 
China 1975 
China 1974 
China 1976 
China 1979 
China 1977 
China 1984. 
China 1979 
China 1979 
China 1979 
China 1982 
China 1979 
China 1976. 
China 1978 
China 1979 
China 1979 
China 1979 
China 1979 
Morocco 1967 
India 1980 
Pakistan 1967 
Algeria 1962 
Canada 1971 
Holland 1973 
Iran 1968 
Australia 1975 
Egypt 1969 
Germany FRG 1964. 
Germany FRG 1964, 
Holland 1973 
Holland 1973 
Niger 1963 
Spain 1978 
Germany FRG 1964 
Scotland 1982. 
Egypt 1971 
Egypt 1971 
Algeria 1969. 
Djibouti 1965 
Djibouti 1966 
USA 1930 
Germany GDR 1985 
Germany GDR 1985 
USSR 1 
USSR 1989 
USSR 1989. 
Scotland 1983 
Finland 1975 
Finland 1975 
Sudan 
Sweden 1971 
Sweden 1978 
China 1966. 
China 1966 
Nepal 1983 
China 1966 
China 1987 
China 1984. 
Denmark 1974, 
Denmark 1974 
China 1984 
China 1984 
Norway 1973 
Chad 1988. 
China 1963 
China 1963 
Gambia 1983 
Ghana 1973 
Burkina Faso 1966 
Niger 1963 
Mali 1990. 
Mali 1990. 
India 1980 
Gambia 1 
UK 1941 
UK 1941 
UK 1942 
UK 1942 
USA 1917 
UK 1950. 
USA 1937 
USA 1937 
USSR 1971 
USA 1937 

Figure 1. UPGMA dendrogram obtained using the MEE data. Strain designation, place and time of 
isolation of strains is indicated at the end of the corresponding branch. 
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Figure 2. Inferred phylogeny using bootstrap analysis (Wagner) of MEE data. Bootstrap 
values are indicated at the nodes, the ET number and strain designation are given at the end of 
each branch. Clade 1 is indicated by a hatched bar, and clade 2 is indicated by a white bar next 
to the dendrogram. 
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Figure 3. Inferred phylogeny using bootstrap analysis (Wagner) of RAPD data. Bootstrap 

values are indicated at the nodes, the ET number and strain designation are given at the end 

of each branch. Clade 1 is indicated by a hatched bar, and clade 2 is indicated by a white bar 

next to the dendrogram. 
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Figure 4. Inferred phylogeny using bootstrap analysis (Wagner) of MEE, RAPD and MLST data 
combined. Bootstrap values are indicated at the nodes, the ET number and strain designation are 
given at the end of each branch. Clade 1 is indicated by a hatched bar, and clade 2 is indicated by a 
white bar next to the dendrogram. 
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For the MEE and RAPD data, chi-squared tests were performed to assess a relation between 
the clade and the continent of isolation: Asia, Europe or Africa, or between clade and decades 
in which isolates were obtained: 1960-1970, 1970-1980 or 1980-1990. No significant 
correlation between these characteristics and the clade was found, suggesting a biological 
obstacle to gene flow, rather than a geographical or temporal obstacle. 

Evidence for a clonal population structure 

To assess whether the observed departure from panmixia could be due to clonality or cryptic 
speciation (10), the two clades identified by the bootstrap analyses were analyzed separately. 
With clade 1, consisting of 20 strains for which data from MEE, RAPD and MLST are 
available, a value of P<0.005 was obtained using test ƒ on the combined data. Also, for clade 
2 (12 strains) the combined MLST, RAPD and MEE data yielded P<0.005 for test/. Since 
inclusion of the MLST data reduces the number of strains, g tests were performed for 
comparison of the RAPD and the MEE data for the 46 strains in clade 1 and the 37 strains in 
clade 2, respectively. Again, panmixia was rejected, with P<0.0001 for each of the two 
clades. 

DISCUSSION 

Maynard Smith et al (10) concluded from their data that N. meningitidis represents an 
epidemic population structure, showing apparent clonality due to the epidemic spread of 
certain genotypes. We here present data that provide evidence that for N. meningitidis 
serogroup A isolates this hypothesis is not true. 

The observed parity between three independent typing methods indicates that no significant 
linkage equilibrium is present within the strains studied. This conclusion is supported by the 
data from Monte Carlo-based statistical tests that we applied to the three datasets. Since we 
excluded identical MEE genotypes from our analysis, the departure from panmixia is not 
caused by overrepresentation of short-lived epidemic clones. 

Based on the bootstrap analyses our strains form two main clades, not having significant 
association with the geographic region where the strains were isolated, or with the decade in 
which they were isolated. In contrast, members of the two clades were isolated in the same 
year in the same country (China, 1984, and Niger, 1963). This suggests that the members of 
the two clades in this dataset did not freely recombine to such an extent that this resulted in 
linkage equilibrium, whilst members of these two clades represent isolates cultured in the 
same continent, in the same decade. Thus theoretically, bacteria from both clades had access 
to the same genepool. The stability of these two clades over prolonged periods of time is in 
contrast to the proposed epidemic population structure, which supposes stability of epidemic 
genotypes for only a few years. 
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The clonal population structure hypothesis does not mean that occasional genetic 

recombination is impossible. Indeed, for TV. meningitidis serogroup A isolates the occurrence 

of genetic recombination was reported (12, 17). Therefore, the clonal population structure 

hypothesis rather indicates that the feature recombination is not able to alter the clonal pattern 

significantly. It was estimated that a ratio of recombination to mutation of about 20 was 

required to produce apparent panmixis (11). Our findings, showing absence of panmixia in 

serogroup A strains, may be due a lower ratio between recombination and mutation. In an 

extensive study on microevolution in serogroup A subgroup III isolates, 7 replacements and 9 

mutations were found, suggesting that recombinational replacements and mutations occur at 

similar frequencies in these isolates (12). Recent data of Feil et al (6), who observed a lower 

recombination to mutation ratio in serogroup A meningococci than in other N. meningitidis 

serogroups, also support our conclusions. 

In conclusion, we provided data which question the epidemic population structure for the 

serogroup A N. meningitidis strains. A clonal population model or the long-lasting epidemic 

model (20), of which the clonal expansion and reduction model (1) is a refinement, seems 

more applicable to this group of strains. Since hyperendemic or hypervirulent clones of 

serogroups B and C N. meningitidis have been shown to be relatively stable for periods of 

over 20 years (4), it may be that the epidemic population structure for these N. meningitidis 

serogroups is also not valid. 
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ABSTRACT 

Since 1980, the number of cases of meningococcal disease caused by serogroup B isolates 

with the PI.4 serosubtype has strongly increased in the Netherlands. Screening for this 

serosubtype in the strain collection of the Netherlands Reference Laboratory for Bacterial 

Meningitis, revealed that a low number of PI.4 strains had been present in the Dutch 

meningococcal population since 1965. Genotyping of P1.4 strains showed that one cluster of 

strains, the hyperendemic lineage m (D.A. Caugant et al. 1990. J. Infect. Dis. 162:867-874.), 

is responsible for the increase since 1980. 

The diversity of the porA gene, that encodes the outer membrane protein on which 

serosubtyping is based, was studied for genotypically different PI.4 strains, and for lineage III 

strains expressing antigenically different PorA proteins. Sequence analysis showed that porA 

genes of genotypically distinct strains that express antigenically indistinguishable PorA 

proteins are only identical in the epitope encoding region, suggesting that the epitope 

encoding region has spread through the meningococcal population via horizontal gene 

transfer. Analysis of porA genes of lineage UI strains showed that both horizontal gene 

transfer and partial deletion of the epitope-encoding region may contribute to the different 

antigenic properties of PorA of these strains. Phase variation of expression of the porA gene 

seems to account for most non-reacting strains. These results show that serosubtyping may 

underestimate the rise of a hyperendemic clone. 
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INTRODUCTION 

Neisseria meningitidis or the meningococcus, an encapsulated Gram-negative bacterium, 

causes world-wide meningococcal disease. Acute meningococcal disease displays various 

clinical pictures, meningitis, sepsis or both. 

Characterization of the surface structures of N. meningitidis has led to a classification system 

for this bacterium. Antigenic differences of the capsular polysaccharide determine the 12 

serogroups of which A, B, C, W-135 and Y are the predominant ones. The serotypes are 

based on antigenic differences of the PorB outer membrane protein. The antigenic 

heterogeneity of PorA determines the serosubtypes (8). 

Serogroup A meningococcal disease is associated with epidemics in the underdeveloped 

countries. In Europe and North America endemic meningococcal disease is predominantly 

due to serogroups B and C. In the Netherlands, PI.4 is the predominant serogroup B 

serosubtype among isolates since 1983, whereas only 7 isolates with this subtype were 

encountered among 444 isolates isolated in the period 1958-1980 (21). In 1990, the 158 P1.4 

isolates represented 41% of all serogroup B isolates from clinical meningococcal disease 

cases in that year (21). Multilocus enzyme electrophoresis (MEE) revealed that the serogroup 

B PI.4 serosubtype strains isolated since 1980 were genetically closely related, forming the 

so-called lineage HI cluster, whereas five PI.4 strains recovered before 1983 belonged to 

lineage rV and lineage II (5). More recently, strains belonging to lineage m were isolated 

from cases in other European countries, Chile and New Zealand (6). Since it has been noted 

that lineage HI strains are particularly associated with an increase of endemic meningococcal 

cases, lineage III was termed a "hyper-virulent lineage" (14). 

For serogroup B meningococci, PorA is not only important for typing purposes, but is also a 

major component of various vaccines that are currently under development (10). The porA 

genes, encoding PorA (2), of different N. meningitidis subtypes have been sequenced (4, 7, 9, 

13, 17, 23). Two highly variable regions of porA, VR1 and VR2, generate two separate 

serosubtype-specific antigenic determinants (16). These regions correspond to the first and 

the fourth predicted surface exposed loop of the protein (26). The PI.4 epitope is located on 

the fourth loop of PorA. 

For serogroup A strains, it has been reported that antigenic variation of PorA is mainly due to 

horizontal gene transfer (23). However, for serogroup B strains, which differ in their 

epidemiological behavior and population genetics compared to serogroup A strains, it is 

thought that point mutations and small duplications and deletions may be more important 

factors. Indeed, Suker et al. (24) have shown that antigenic variation of the PI. 10 epitope was 

mainly caused by point mutations. However, such phenomena have not been studied within 

one particular genotype, and not for epitope families other than PI. 10. 

In the present report, we studied the antigenic variation of PI.4, and the PorA variation in 

lineage in. The porA genes of genotypically different PI .4 strains were sequenced in order to 
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investigate the variation in porA genes that encode the PI.4 epitope. The por A sequences of 

lineage HI strains that could not be serosubtyped as P1.4 , were compared to determine by 

which mechanisms the expression of the PI.4 epitope was lost. 

MATERIALS AND METHODS 

Bacterial strains and serosubtype determination 

All strains are clinical isolates from patients with meningitis or meningococcemia from the 

Netherlands, sent to the Netherlands Reference Laboratory for Bacterial Meningitis 

(NRLBM) by clinical microbiological laboratories throughout the country. Isolates were 

grown on heated blood (chocolate) agar at 37°C in a humidified atmosphere of 5% C 0 2 in air. 

The selection of the isolates used in this study was based on previous serosubtyping and MEE 

data (5, 21, 22). Previously determined serosubtypes were confirmed using reference 

antibodies for the determination of serosubtype specificity (kindly supplied by Dr. J. Suker, 

ND3SC, UK) (1). In addition, previously non-subtypable serogroup B meningococci isolated 

in the Netherlands in 1978 (n=74), 1979 (n=49), 1981 (n=117) and 1982 (n=98) were 

Table 1: List of strains of which the porA sequence was determined. 

Strain Year of isolation Serogroup, serotype, Genotype lineage lu porA 
serosubtype (ETa) sequence 

typeb 

520 1965 B:15:P1.4 38.2 - a 
575 1966 B:15:P1.4 48.1 - b 
1730 1970 B:15:P1.4 38.2 - a 
3532 1975 B:15:P1.4 30.0 - a 
800580 1980 B:n.t.:P1.4 22.2 - c 
800615 1980 B:n.t.:P1.4 24.0 + c 
820220 1982 B:4:P1.4 N.D.C + c 
820287 1982 B:n.t.:P1.4 N.D. + c 
820555 1982 B:4:P1.4 N.D. + c 
830248 1983 B:16:P1.4,12 46.0 - d 
850008 1985 B:4:n.t. 24.0 + c 
882066 1988 B:4:P1.4 24.0 + c 
900278 1990 B:4:P1.6 24.0 + e 
900974 1990 B:4:P1.12 24.0 + f 
901005 1990 B:4:P1.7 24.0 + g 
901063 1990 B:4:P1.12 24.0 + f 
902641 1990 B:4:n.t. 24.0 + c 

' electrophoretic type corresponds to the designations used in Caugant et al. (5). 

porA sequence type corresponds to the type given in figure 2. 
c N.D.: not determined by MLEE, RAPD patterns were identical to other lineage III strains. 
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screened for the PI.4 subtype with this method. 

The strains for which porA sequences were determined (Table 1), comprise the known PI.4 

strains that are not part of lineage HI (n=6), the known lineage HI strains that do not express 

the PI.4 subtype (n=6), and five PI.4 lineage m strains, isolated in 1980, 1982, or 1988. 

Randomly amplified polymorphic DNA analysis 

To genotype newly identified PI.4 strains, and to confirm the previously inferred 

phylogenetic relations between the strains by Multilocus Enzyme Electrophoresis (5, 21, 22), 

randomly amplified polymorphic DNA (RAPD) analysis was performed. Four separate PCR 

reactions using four different primers were used, as described earlier (3). The resulting 

patterns were analyzed using the GelCompar software (Applied Maths BVBA, Kortrijk, 

Belgium). 

PCR amplification of porA genes 

Template chromosomal DNA was prepared according to Suker et al. (23) with minor 

variations. Primers used for amplification of the porA gene were AB01 (5'-TGT AAA ACG 

ACG GCC AGT GTT TGC CCG ATG TTT TTA GGT T-31), AB02 (5'-CAG GAA ACA 

GCT ATG ACC CGG CGT ATA GGC GGA CTT GCT G-3'), AB03 (5'-TGT AAA ACG 

ACG GCC AGT CAG CGG CAG CGT CCA ATT CGT T-3') and AB04 (5'-CAG GAA 

ACA GCT ATG ACC CGT ATC CGC TTC ACC GCC CCG A-3'), synthesized by Perkin-

Elmer Nederland B.V., Gouda , The Netherlands. Sequences identical or complementary to 

the -21 Ml3 and M13Reverse primers, necessary for dyed primer sequencing, are underlined. 

First, primers ABO 1 and AB04 were used to amplify the por A gene using chromosomal DNA 

as a template. Subsequently, this product was used for reactions with primersets AB01 and 

AB02 or AB03 and AB04. 

The reaction mixture contained: 50 ng template DNA, 1 uM each primer, 200 uM each 

nucleotide (dATP, dCTP, dGTP, dTTP), 0.01% gelatine, 2.5mM MgCl2, 50mM KCl, 10 mM 

Tris-Cl, pH 8.3, and 2 units Taq polymerase (Perkin Elmer Cetus) in a final volume of 100 u.1. 

Following initial denaturation at 95°C for 5 minutes, 30 amplification cycles were performed 

in a Trio Thermoblock (Biometra), each cycle comprising, 2 min at 95°C, 2 min at 60 °C and 

2 min at 72°C, with a final incubation at 72°C for 10 min. PCR products of three separate 

reactions were pooled and agarose gel purified using the QIAGEN kit (QIAGEN Inc, 

Chatsworth, CA). 

Fluorescence-based sequencing 

Sequences of the porA genes were obtained by PCR based sequencing (according to the 

instructions supplied by Applied Biosystems Incorporated, Foster City, CA) with 

fluorescence dye-labeled universal primers -21M13 and M13Reverse of the products obtained 

with primer pairs AB01/AB02 and AB03/AB04, respectively. The products were analysed on 
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an automatic sequenator (model 370A or 373, Applied Biosystems Incorporated). The 

nucleotide sequence data will appear in the EMBL/Genbank/DDBJ Nucleotide Sequence 

Databases under the accession numbers AFI 12448, AFI 12449, AFI 12450, AFI 12451, 

AFI 12452, AFI 12453, and AFI 12454. 

Analysis oïporA sequences 

por A sequences were analyzed using computer programs included in the 1991 PC/GENE 

(intelliGenetics, Inc.) program package. Alignments were also performed using the Clustal 

program in the GCG package, according to the method developed by Higgins and Sharp (11), 

alignments were also analyzed with the programs included in the 1993 MEGA program (12). 

The distribution of polymorphic positions was analyzed using the computer program 

Maximum Chi-Squared for Macintosh (version 1.0, 1995; developed by Nick Ross, 

Molecular Microbiology Group, School of Biological Sciences, University of Sussex, 

Brighton, England) from the original implementation of the maximum chi-squared method by 

Maynard Smith (15). 

RESULTS 

Identification of P1.4 strains among clinical isolates in the Netherlands during the 

period 1959-1994. 

Previous studies (5, 21, 22) showed that the increase in the number of P1.4 isolates in the 

Netherlands started in the early 1980's. To assess the onset of this rise more precise, all non-

subtypable serogroup B patient isolates recovered in 1978, 1979, 1981, and 1982 were 

screened for the PI.4 subtype. No PI.4 strains were found among the isolates recovered in 

1978 and 1979. Among the 1981 isolates one PI.4 isolate and among the 1982 isolates seven 

PI.4 isolates were identified. 

Genotyping of P1.4 and non P1.4 isolates 

Strains that were previously genotyped with MEE (listed in table 1), were reanalyzed using 

RAPD. The patterns of the 8 lineage lu strains were identical, but differed from the patterns 

of the 6 non-lineage III strains, confirming the previous MEE data (5). Also, the 1981 PI.4 

isolate and the seven 1982 PI.4 isolates were genotyped using RAPD. Their RAPD patterns 

were identical to those of known lineage III strains, showing that they belong to lineage III. 

These data are illustrated in figure 1, which shows RAPD patterns obtained with one of the 

four primers used for 5 non-lineage fil isolates, 2 lineage m isolates and 5 previously not 

genotyped isolates. 
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M 10 11 12 

Figure 1. RAPD patterns obtained with primer 1254 (2) of non-lineage III strains, lineage HI strains 

and previously not genotyped strains. Lane 1: strain 520 (non-lineage III), lane 2: strain 575 (non-

lineage III), lane 3: 1730 (non-lineage III), lane 4: 3532 (non-lineage III), lane 5 800580 (non-lineage 

III), M: marker, lane 6: 800615 (lineage HI), lane 7: 800616 (lineage III), lane 8-12: previously not 

genotyped PI.4 isolates from cases in the period 1981-1982. 

Sequence analysis 

The por A genes of the 17 strains listed in table 1 were sequenced to analyze the variation in 

por A genes among the 11 PI.4 strains with different genotypes, and among the 6 lineage IE 

strains with different serosubtypes. Seven different sequences were found, indicated as porA 

sequence-types a-g in table 1. Four different por A genes (labeled a-d in table 1) were 

identified in the PI.4 strains. Strikingly, the porA sequence of strain 800580 (sequence-type 

c) was identical to that of all lineage HI strains, whereas by both RAPD and MEE these 

strains were genotypically different. The sequence-type c genes of 2 not subtypable strains of 

lineage EI and of the PI .4 strains of lineage EI were identical. 

An alignment of the polymorphic sites of the different porA genes is given in figure 2. 

Sequence-types a-d, the genes of the PI.4 strains, shared an identical 366 bp region (positions 

538-904) containing the PI.4 epitope. The sites that were polymorphic between sequence-

type d and sequence-type c, and between sequence-types a or b and sequence-type c, were 

highly non-randomly distributed (even if the PI.4 encoding VR2, for which the selection was 

made, is excluded from the analysis), as determined by the maximum %2 procedure (15). The 

number of polymorphic sites flanking VR2 was significantly lower than in the 5' part of the 

gene. The six sites that were polymorphic between sequence-type a and sequence-type b were 

not significantly non-randomly distributed. 
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a 
b 
c 
g 
d 
e 
f 

a 
b 
c 
g 
d 
e 
f 

VRl 
1111111111 1111111111 1111111111 1111111112 2222222333 
0000012222 2333333334 4444455555 5666666670 0034556116 
1267873678 9012346791 2468901247 8012345690 6730584783 
ACATTACA-- CACCTA AAGCAGGTGA A AGA ACATCGGGTT 

GGTAC . T . GC A G . GT 
GGTAC . T . GC A G . GT 
GGTACG.GAA GCCCTCAGAT 

C. . .. 
GGTACG.GAA GCCCTCAGAT 

.C.GGA.CAG GCAGGTA.C. GT.CATAAG. 

.C.GGA.CAG GCAGGTA.C. GT.CATAAG. 

.CCA.AAC. . .AAGGTAGC 
C AC G . GCA. . AGC 
. CCA . AAC . . . AAGGTAGCG GT AG . 

VR2 
4444455555 5555555555 5555555555 6666666666 6666666666 
2344900113 5557888888 9999999999 0000000000 1111111111 
9556247037 0125346789 0123456789 0123456789 0123456789 
CCCGTCTGCT ATCCCAGTTG TTGTGAAT-- AAC AAGGTTGCTA 

TTGCCTCCAC 
TTGCCTCCAC GC. .AC. . . . C.AATGG.GC T T . .TACAAT. 
..GCCT..AC GCTAT.TGGA C.ACTGTGAA TACCGGT.GT GCTAC.A.. 

VR2 

a 
b 
c 
g 
d 
e 
f 

_ ^ = 111 
6666666666 6666666777 7777777777 7777777789 9999001 
2222222222 3333333344 5566777777 7888888950 4677030 
0123456789 0123456815 4668125678 9012345025 2325504 
CTCACGTTCC GGCTGTTCAA GGACCA G CGACGAGCGG CGTATCT 

C GT. .GAC 
C GT. .GAC 
c GT_ G A C 

T . . G GCG ATCTGCATC . GCGATGAG . . . TCG . AC 
..TT G . .C - --GG. . . .A. .T. .GAC 

Figure 2. Alignment of the polymorphic positions of the eight different porA types. Genes are 

labelled by the sequence type indicated in table 1. The nucleotide position in the alignment is 

indicated vertically. Identical nucleotides are indicated with a dot (.). Gaps created by the alignment 

are indicated by a dash (-). 

Random distribution of polymorphic sites in the sequences of sequence-types e and f was 

observed, when compared to the sequence-type c of strains with the same genotype. However, 

the percentage of polymorphic sites throughout the porA gene was comparable to the 

percentage in the 5' part of the PI .4 porA genes (sequence-types a or b, c, and d). 

The sequence-type g was identical to sequence-type c of the PI.4 lineage III strains, except 

for a deletion of part of the VR2, between positions 587 and 627. Therefore, the PI.4 epitope 

was not present in the PorA of strain 901005. 
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Table 2: Deduced aminoacid sequences and (proposed) designations for the VR1 and VR2 regions. 

porA typea VRl sequence VRl typeb VR2 sequence VR2 typeb 

a QPSKGQVGNKVTKG Eb HVWNNKVATHVP 4 
b QPSKGQVGNKVTKG Eb HVWNNKVATHVP 4 
c AQAANGGASGQVKVTKA 7b HVWNNKVATHVP 4 
g AQAANGGASGQVKVTKA 7b H W -
d KP S S TNAKTGNKVEVTKA 12a HVWNNKVATHVP 4 
e PPSQGQTGNKVTKG Ea TVANGANNTIIRVPC 3ac 

f KP S S TNAKTGNKVEVTKA 12a YWTTVNTG SATTTFVP 13d 

aporA type corresponds to the sequence-type given in figure 2. 

VR type corresponds to the nomenclature proposed by Sacchi et al. (20). 
c the proposed 3a VR2 type differs at the bold V residue from the 3 VR2 type sequence. 

The (proposed) designation and the aminoacid sequences of the VRl and VR2 regions of the 

different sequence-types are given in table 2. The deduced VRl and VR2 sequences agreed 

well with the serosubtyping data for sequence-types a, b, c, d and f. Sequence-type e of PI.6 

strain 900278 corresponds to an Ea-type VRl and a P1.3a-type VR2. The deduced aminoacid 

sequence of the 7,h loop of the PorA protein of this strain is common to strains that express 

the PI.6 serosubtype (20). Since the PI.6 monoclonal antibody is supposed to recognize a 

three dimensional epitope of VRl, VR2 and the 7th loop of the PorA protein, serosubtype and 

the porA sequence were in agreement. The VRl region of sequence-types c and d was of the 

PI.7b type, which contains a PI.7 epitope that in the serosubtyping method used (1) does not 

react with the PI.7 monoclonal antibody, and was denoted PI.7* (27). However, 

serosubtyping of strain 901005 with sequence-type d, showed that this strain was weakly 

positive for PI.7. This may be due to the deletion of the VR2 region in this sequence-type. In 

figure 3, the implications that a shorter VR2 encoded loop may have for the exposure of the 

PI.7* epitope are schematically given. 

DISCUSSION 

Since 1980, an increase of the number of serosubtype PI.4 isolates from patients with 

meningococcal disease has occurred in the Netherlands. Our data prove that the VR2 that 

encodes PI.4 was already present in the meningococcal population circulating in the 

Netherlands since 1965. As was shown by Caugant (5) and Scholten et al. (21, 22), the rise in 

P1.4 isolates in the Netherlands since 1980 is due to the rise of one specific clone, 

constituting the lineage III. Serosubtyping proved to underestimate the rise of this clone, as 6 

out of 61 lineage IU isolates did not have the PI.4 serosubtype (22). Therefore, this clone is 

also partly responsible for the increase of non-P1.4 serosubtypes since 1980. Apparently, 
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Figure 3. Schematic representation 

of the implications of the deletion of 

the VR2 loop in sequence type g. 

A: Positions of the PI.7 epitope on 

loop 1 and the PI.4 epitope on loop 4 

relative to each other, as for 

sequence-type c. The PI.4 epitope 

and non-reactive PI.7 epitope are 

indicated. 

B: Position of the PI.7 epitope 

relative to the fourth loop of the 

predicted PorA protein of strain 

901005 (sequence-type g). The silent 

PI.7 epitope is no longer shielded by 

the fourth loop. 

lineage III isolates have certain characteristics, besides the PI.4 serosubtype, that provide 

such strains with the ability to be successful pathogens. 

All PI.4 strains contain an exactly conserved region in their porA gene of more than 350 bp, 

including and flanking the VR2 region. This, together with the highly non-random 

distribution of the polymorphic sites of these sequences, indicates that this part of the gene 

was derived from a common ancestor gene. Parts of the porA gene outside this conserved 

region, which include the VR1 region, show large interstrain variability: 35 sites are 

polymorphic in the stretch of nucleotides at positions 1-318 of sequence-type c compared to 

the a and b sequence-types. Similarly, 41 sites are polymorphic in the stretch of nucleotides at 

positions 1-537 between the sequence-types c and d. The resulting mosaic structure of the 

genes indicates that horizontal gene transfer had taken place. The fact that the VR2 that 

encodes PI.4 was found in genotypically different strains, also indicates that horizontal gene 

transfer has occurred. Natural transformation in N. meningitidis requires a DNA uptake 

sequence, of which the copy nearest to VR2 is present just downstream of porA (2). 

Therefore, it is expected that an incoming stretch of VR2 containing DNA, also contains the 

porA sequence downstream of VR2. The low number and the random distribution of the 

polymorphic sites found in the 250 bp 3' part of sequence-types a-d, is consistent with this 

hypothesis. In this hypothesis, these six polymorphic sites would reflect point mutations. The 

finding that sequence-type c is shared by strains from the lineage m cluster and-the ET-22.2 

strain, suggests that the entire porA has been transferred between different strains. 

The 2 non-typable lineage III strains contained the PI.4 encoding gene, although the gene 

apparently was not expressed. It has been reported that phase variation of PorA expression 

occurs through variation in the spacing between the -35 and -10 parts of the porA promoter 

(25). 
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Lineage m strains that expressed another subtype than PI.4, seem to have lost the PI.4 

epitope through horizontal gene transfer of the whole pork gene. This is indicated by the 

finding that the polymorphic sites between these strains and the P1.4 lineage in strains were 

located throughout the pork sequence, and that the percentage of polymorphic sites in the 

whole gene was similar to the percentage of polymorphic sites in the not-conserved part of 

the genes of genotypically different PI.4 strains. 

One isolate, strain 901005, lost the P1.4 epitope due to a deletion of 39 bp of VR2. This 

deletion apparently occurred via recombination of the flanking TGTTGT direct repeats 

(positions 582-587 and 621-626) in the parent sequence-type c pork. A similar deletion was 

described by Suker et al. (23). In that case, 87 bp were deleted between two TCGTTCCGGC 

direct repeats. The VR1 of pork of strain 901005 contains a masked PI.7 epitope (PI.7b), 

which usually only reacts with the PI.7 monoclonal antibody after treatment with SDS (17, 

27). Serosubtyping of strain 901005 was negative for PI.4, but was weakly positive for PI.7. 

Possibly, the PI.7 epitope on loop 1 of the PorA of this strain is not shielded by the fourth 

loop of either the same monomer or that of a neighboring monomer in a PorA trimer. The 

former possibility is conceivable, since a recent report suggests that the PorA monomer forms 

heterotrimers with PorB rather than homotrimers (18). Masking by other molecules, e.g., 

LPS, may be the reason for the fact that no strong reaction for PI .7 was observed. 

No sequences were found with point mutations in the PI.4 epitope, although recently one 

variant was described (20). This is in contrast to the finding by Suker et al. (24) who found 

eight variants for the PI. 10 epitope. It is tempting to speculate that the human immune system 

played a role in the selection of the large number of P1.10 variants found by Suker et al. (24), 

since PI. 10 may be a better immunogen than PI.4. Therefore, there will be less selection for 

changes in the top of the epitope-encoding loop, and thus, fewer variants will be found. 

Interestingly, in a vaccine trial with an hexavalent outer membrane vesicle vaccine containing 

both PI. 10 and PI.4, stronger responses were found to PI. 10 than to PI.4 (19). It may be that 

a reduced antibody response against the PI .4 epitope plays a role in the rise of meningococcal 

disease due to lineage HI strains. 

In conclusion, most variation in pork genes in the strains analyzed seems due to horizontal 

gene transfer, instead of other sorts of mutations. This implies that serology may 

underestimate the rise of a specific clone, since the serosubtype can be replaced by novel 

subtype combinations. 
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ABSTRACT 

Neisseria meningitidis may cause meningitis and septicemia. Since the early 1980's, the lineage 
III clone has spread through many countries in Europe and in New Zealand, causing increased 
incidence of meningococcal disease. We hypothesized that lineage m meningococci have 
specific DNA sequences, providing an opportunity to detect lineage m isolates rapidly. 
Applying Representational Difference Analysis (RDA) on one lineage m tester strain and two 
non-lineage m driver strains, we identified 3 lineage m specific sequences. A PCR based on 
one of these sequences identified lineage HI meningococcal isolates with a sensitivity of 
100% and a specificity of 93%, which is superior to the serological identification of lineage 
HI isolates. 
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INTRODUCTION 

Neisseria meningitidis or the meningococcus, an encapsulated Gram-negative bacterium, 

causes world-wide meningococcal disease. Acute meningococcal disease displays various 

clinical manifestations, meningitis, sepsis or both (12). Since 1980, the incidence of 

meningococcal disease in the Netherlands increased more than three fold. Previous studies 

indicated that this increase is mainly due to genotypically related serogroup B isolates, 

designated lineage III strains (4). More recently, lineage III strains have been isolated in 

many other Western European countries, in Chile and in New Zealand (5). In the latter 

country, lineage III causes an ongoing epidemic (10). Since lineage HI strains are particularly 

associated with an increased incidence of disease, this lineage is being termed a "hyper-

virulent lineage" (9). 

Originally, strains of lineage III were distinguished serologically, since most strains 

expressed an antigenically distinct PorA outer membrane protein, the PI.4 subtype (13). 

However, our studies have shown that non-lineage III strains with the PI.4 subtype were 

already present in the Netherlands more than 20 years prior to the increasing frequency of 

cases in the 1980s due to lineage III PI.4 strains (2, 13). On the other hand, the occurrence of 

this hyper-virulent lineage may be underestimated since antigenic variation, possibly selected 

for by the host immune response, hampers the recognition of lineage III strains by the 

currently used serological methods. Indeed, 8 out of 45 lineage III strains isolated in the 

Netherlands in the period 1984 to 1990 had lost expression of the P1.4 subtype (14). This 

result provided circumstantial evidence for the exchange of porA genes between lineage III 

strains and other clones. Therefore, we hypothesized that the identification of lineage III 

specific DNA sequences would provide a valuable tool for rapid detection of isolates of this 

clone. The presence of such sequences was investigated with representational difference 

analysis (RDA) (6). In short, this method preferentially amplifies DNA fragments that are 

present in one DNA population (tester), but absent or polymorphic in another DNA 

population (driver). Recently, RDA has been used for Neisseria species (15, 16) and Vibrio 

cholerae (3) for the identification of strain specific or species specific sequences. We used the 

total chromosomal DNA of one lineage III strain as tester and the chromosomal DNA of two 

non-lineage III strains as driver to identify lineage III specific sequences. 
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MATERIALS AND METHODS 

Strains, plasmids and growth conditions 
All N. meningitidis strains used in this study were isolates from patients with meningococcal 

disease collected by the Netherlands Reference Laboratory for Bacterial Meningitis (AMC, 

Amsterdam, the Netherlands and the RIVM, Bilthoven, the Netherlands). Meningococci 

were grown on heated blood (chocolate) agar plates at 37°C in a humidified atmosphere 

containing 5% CO,. The first lineage III strain 800615 isolated in 1980, being Electrophoretic 

Type (ET-)24, was used as the tester strain in RDA. Strain 3532 (ET-30) and strain 830248 

(ET-46) were used as the driver strains in RDA. ET-30 and ET-46 belong to lineage IV, most 

closely related to lineage III (4), containing isolates in the period 1958 to 1986 causing 

endemic disease (13). A second lineage III strain (strain 882066), the reference strain for the 

P1.4 subtype, was used as a control and to ascertain the difference between tester and driver 

strains. 

The presence or absence of a lineage III specific sequence was studied in 104 serogroup B 

meningococcal isolates. These isolates comprised 30 lineage III strains, including all different 

ETs of this lineage, and 74 non-lineage III strains representing all 29 lineages or groups of 

ETs with a genetic difference of more than 0.30 that have been isolated in the Netherlands in 

the period 1958-1990(4, 14). 

Competent Escherichia coli ToplOF' cells and cloning vectors pCRII and pCR2.1 were 

obtained from Invitrogen (Groningen, the Netherlands). Plasmid carrying E. coli strains were 

routinely grown in Luria-Bartani medium with 100 p.g/ml ampicillin, supplemented with X-

gal and IPTG if necessary for screening purposes. 

Representational difference analysis 
RDA was performed using primers JBaml2 and JBam24, as described by Lisitsyn et al (6), 

with the modifications according to Strathdee and Johnson (15). Briefly, tester and driver 

genomic DNA was isolated according to Akopyanz et al. (1), and was digested to completion 

with Sau3A. The adapter of primer pair JBaml2 and JBam24 was ligated to the tester DNA. 

130 ng tester DNA and 10.5 ug driver DNA were heat denatured and hybridized at 68°C as 

described (6). After filling in the single stranded overhangs of the adapters, PCR as described by 

Lisitsyn et al (6) was performed for 15 rounds. The subsequent Mungbean nuclease digestion 

was extended to 1 hour. Finally, a further 20 rounds of PCR were performed to generate the 

amplicons. A second round of RDA using primers NBaml2 and NBam24 did not yield 

additional amplicons. 

Cloning of RDA amplicons 
Bands obtained after one or two rounds of RDA were excised from gel and reamplified by 
PCR as described by Lisitsyn et al (6). After cloning in the TA vector pCRII or pCR2.1, they 
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were transformed to E. coli Topi OF' cells. Recombinants were selected by blue/white 

screening and ampicillin resistance. Insert sizes were checked by performing a standard PCR 

with the universal -21M13 and MBReverse primers. A part of one colony was used to 

prepare a suspension in lOOul distilled water. Suspensions were boiled for 10 minutes, 

centrifuged at maximum speed in an Eppendorf table centrifuge, and 2.5 ul was used as 

template in a 25 ul PCR reaction. Plasmid was isolated using the Qiagen-tip 20 kit (Qiagen, 

Hilden, Germany) from 1 to 5 transformants for each excised RDA amplicon, and used for 

sequencing. 

Fluorescence-based Sequencing 

Recombinant plasmids were used as templates for sequencing with fluorescence dye-labeled 

universal M13 primers using the Amersham Thermosequenase chemistry. Analysis was 

performed on an automatic sequencer (model 373), according to the instructions supplied by 

Applied Biosystems Incorporated (Foster City, CA, USA). The nucleotide sequence data will 

appear in the EMBL/Genbank/DDBJ Nucleotide Sequence Databases under the accession 

numbers AFI 19281-AFI 19296. 

Southern hybridization 

Southern hybridization to Sau3A digested chromosomal DNA were performed using the 

Digoxygenin (DIG) detection system (Boehringer Mannheim BV, Almere, the Netherlands). 

Probes used in Southern hybridization were synthesized and DIG-labeled by PCR 

amplification using the BamJ24 primer, 60 uM DIG-labeled dUTP, 140 uM dTTP, 200 uM 

dATP, 200 uM dCTP and 200 uM dGTP, and plasmid DNA inserted with RDA amplicons as 

templates. Hybridization conditions were as recommended by the manufacturer, at a 

temperature of 68°C. 

PCR detection 

For the PCR on the tester strain and the two driver strains, with combinations of primers 

ABM1 (CAA TCA CAT CTC CAC CAT ACA ATA T), ABM2 (ATT TAG CAG GAT TTT 

TCA CAT ACC A), ABM8 (GAG ATT GTC CAA CTT TGT TTA GAT A), and MCI (TAG 

CAC CAT GGG TTT AGA AAA TTT TCA AT), purified chromosomal DNA was used as 

template. The reaction mixture contained: 1 uM each primer, 200 uM each nucleotide (dATP, 

dCTP, dGTP, dTTP), 0.01% gelatine, 2.5mM MgCl2, 50mM KCl, 10 mM Tris-Cl, pH 8.3, 

and 2 units Taq polymerase (Perkin Elmer Cetus) in a final volume of 25 ul. Following initial 

denaturation at 95°C for 5 minutes, 35 amplification cycles were performed, each cycle 

comprising 1 min at 95°C, 1 min at 50 °C and 2 min at 72°C, with a final incubation at 72°C 

for 10 min. 

The presence of the lineage HI specific sequence in the 104 serogroup B isolates was studied 

by PCR with primers ABM1 and ABM2 with reaction conditions as aforementioned. 
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Template was generated by boiling part a fraction of a frozen stock culture. As a positive 

control for the template, a separate PCR reaction detecting the porA gene was used with 

primers P21 and P22 as described (7). PCR products were visualized on ethidium bromide 

stained Tris-borate-EDTA gels. 

RESULTS 

Representational Difference Analysis 

The lineage m strain 800615 (ET-24) was used as tester for four separate RDA amplifications 

with strains 3532 (ET-30), and 830248 (ET-46) as drivers, and strain 882066 (ET-24), to 

assess the robustness of RDA to detect differences between ET-24 and other ETs, and strain 

800615 itself, as a negative control. The reactions with the ET-30 and ET-46 driver strains 

yielded 9 and 7 discrete bands after one amplification round, respectively (Fig 1). A second 

RDA round on these bands did not yield additional bands. The reactions of strain 800615 

with the other ET-24 strain and itself as driver failed to yield amplicons, as expected (results 

not shown). 

Bands obtained after one or two rounds of RDA were excised from gel, reamplified and 

cloned. Southern blots using probes generated by PCR on the excised amplicons suggested 

1 

Figure 1. Amplicons obtained after one round of 

RDA. Lane 1 : amplicons obtained using the ET-30 

strain as driver, lane 3: amplicons obtained using 

the ET-46 strain as driver, lane 5: 100 bp marker, 

lanes 2 and 4: empty. 
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that one band contained different amplicons of similar sizes. The insertions of 1 to 5 different 

recombinant plasmids of each of the 9 bands obtained after RDA with driver strain 3532 

(ET-30) were further analyzed by sequencing. In total, 21 clones were sequenced, yielding 12 

different amplicons. Sequencing of 13 clones of the 7 bands excised after RDA with driver 

strain 830248 (ET-46) yielded 9 different amplicons. Comparison between the amplicons 

obtained after RDA with both driver strains showed that 5 amplicons were identical and these 

were further analyzed. 

In Southern hybridization, two of the 5 amplicons hybridized with driver chromosomal DNA, 

and were not further analyzed. The three other amplicons were designated amplicon 222, 

amplicon 23A1, and amplicon 26A. Amplicon 222 is tester specific, as shown in figure 2. 

BlastX searches of the Genebank database revealed a significant similarity between amplicon 

222 and genes encoding methyltransferases of restriction modification (RM) systems. 

Amplicon 23D1 showed similarity to a methyltransferase gene as well. Amplicon 26A 

showed similarity to a gene for a restriction endonuclease. Based upon these findings these 

three amplicons were most likely located in close proximity on the lineage III chromosome. 

Therefore, primers were developed based on the three amplicon sequences. The results of 

PCR reactions with these primers on the ET-24 strains and the driver strains showed that the 

three amplicons 222, 23D1 and 26A were lineage III specific, and located in the same 

chromosomal locus (fig. 3). 

Distribution of the lineage III specific amplicon 222 among 104 serogroup B strains. 

A PCR with primers ABM1 and ABM2, based on the amplicon 222 sequence, was performed 

to assess the presence of amplicon 222 sequences in 104 serogroup B clinical isolates. The 

PCR results showed that the 30 lineage III strains were positive for amplicon 222, whereas 5 

of the 74 (6.8%) non-lineage III strains were positive. 

Figure 2. Southern hybridization with a probe of 

amplicon 222 on 5a«3AI digested chromosomal 

DNA. 

Lane 1: ET-24 strain 800615 (tester strain), lane 2: 

ET-30 strain 3532 (driver), lane 3: ET-46 strain 

830248 (driver), lane 4: ET-24 strain 882066, lane 5: 

plasmid containing the cloned amplicon 222 (positive 

control). 
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ABM8/MC1 ABM8/ABM1 ABM2/MC1 P21/P22 

M 24 30 46 24* 24 30 46 24* 24 30 46 24* 24 30 46 24* M 

Figure 3. PCR reactions based on three amplicon sequences on the lineage m tester strain, a second 

lineage III strain, and the two driver strains. Primer pairs and template chromosomal DNA used are 

indicated. 24: ET-24 strain 800615 (tester strain), 30: ET-30 strain 3532 (driver), 46: ET-46 strain 

830248 (driver), 24*: ET-24 strain 882066. Primer ABM8 is based on the amplicon 26A sequence, 

primers ABM1 and ABM2 are based on the amplicon 222 sequence, and MCI is based on the 

amplicon 23D1 sequence. As a control, P21 and P22 were used to amplify part of the porA gene, 

present in all four strains. The combinations ABM8/MC1, ABM8/ABM1, and ABM2/MC1 yield 

products in the lineage III strains but not in the driver strains. This shows that the amplicons are 

specific and located in close proximity to each other in the order 26A-222-23D1. 

DISCUSSION 

RDA proved to be a valuable tool to detect lineage III specific DNA sequences. Three lineage 

Ill-specific sequences, located on the same chromosomal locus, were identified. Database 

homologies suggest that this locus contains genes encoding a restriction modification system. 

Two other amplicons obtained with both driver strains were not specific in Southern 

hybridization, probably due to restriction fragment length polymorphisms. 

The PCR, based on amplicon 222 in order to identify lineage III isolates, had a sensitivity of 

100% (30/30), and a specificity of 93% (69/74). The sensitivity of the currently used lineage 

III marker (Martin, 1998) serosubtype PI.4 is 91% (49/54) (14), because the PI.4 epitope is 

not expressed or has undergone antigenic variation in the remaining 9%. The latter may be 

due to three different mechanisms: horizontal gene transfer, partial deletion of the epitope-

encoding region and phase variation of expression of the porA gene (2). The specificity of the 

monoclonal antibodies as serological markers for lineage III is 83% (39/47) (14). This is 

caused by horizontal gene transfer, yielding non-lineage III strains expressing the P1.4 

epitope (2). 

Antigenic variants of the PorA protein are thought to be selected for by the host immune 

system (8). Amplicon 222 encodes part of a restriction modification system, for which low 
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selective pressure for variation is expected. Also, restriction modification systems behave as 

selfish genes, resisting loss by their host (11). These properties of restriction modification 

systems have been useful in the phage-typing method for many bacteria in the past, and 

possibly explains the higher sensitivity of the PCR based on amplicon 222 as compared to 

that of the serosubtyping method in the identification of lineage III isolates. The higher 

specificity of the PCR based lineage III identification can be explained by a lower rate of 

successful horizontal gene transfer of an entire methyltransferase gene, as compared with that 

of the smaller PI .4 epitope encoding region. 

In conclusion, lineage III strains carry specific sequences which are absent in the majority of 

non-lineage III strains. A PCR based on part of these sequences is superior to the 

conventional serological test for serosubtyping in identifying lineage III meningococcal 

isolates. 
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ABSTRACT 

Neisseria meningitidis is a Gram-negative bacterium that may cause meningitis, sepsis or 
both. The increase in the incidence of meningococcal disease in various countries in the past 
two decades is mainly due the genotypically related lineage III meningococci. The 
chromosomal DNA differences between lineage in strains and non-lineage III strains were 
identified using representational difference analysis. Thus, a 1.8 kb locus that is specific for 
lineage III meningococci was identified. The locus contains three open reading frames 
encoding the NmeSl restriction modification system. The methyltransferase gene was cloned 
and expressed in Escherichia coli. The specific modification site was found to be AGTACT. 
In conclusion, lineage III strains differ from endemic strains by the presence of a specific 
restriction modification system. This restriction modification system may contribute to the 
clonal and hypervirulent character of lineage III strains by influencing horizontal gene 
transfer and transcription. 

78 



Identification of the NmeS/ restriction modification system 

INTRODUCTION 

Neisseria meningitidis is a Gram-negative bacterium that commonly resides in the human 

nasopharynx. Occasionally, this bacterium causes serious disease, mainly meningitis and 

sepsis. Since 1980, an increase in the incidence of meningococcal disease has taken place in 

The Netherlands. Previous studies showed that this increase is due to genotypically related 

isolates, designated as lineage III strains (6). Strains of this cluster have also been isolated in 

many other Western European countries and in Chile and more recently in New Zealand (13). 

Lineage III strains isolated from patients in various countries over the past 20 years can be 

recognized as such by both multilocus enzyme electrophoresis (6) and multilocus sequence 

typing (10). This suggests that the diversifying effect of horizontal gene transfer affecting 

meningococcal population biology (21) in these lineage III strains is relatively low. The 

increased incidence of meningococcal disease by a specific clone may imply that such a clone 

possesses certain virulence properties that are not present in other isolates (7). 

To address the observed differences between lineage III meningococci and other 

meningococci, we previously used Representational Difference Analysis (9) to compare the 

chromosomal DNA content of lineage III strains with that of two strains that only caused 

endemic disease. By this method, DNA sequences that are present in one DNA pool (i.e. the 

lineage III chromosomal DNA), but absent in another DNA pool (i.e. the chromosomal DNA 

of the endemic strains) are selectively amplified. Recently, we identified three DNA 

sequences that are specific for lineage III (4). Database similarities of the fragments 

suggested that they formed part of a restriction-modification (RM) locus. 

Here we report the identification of the lineage III specific NmeSl restriction modification 

system, and show that this is an isoschizomer of the Seal restriction modification system. 

Sequence analysis indicates that the MneSI restriction modification system and the Seal 

restriction modification system may have evolved separately. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, growth conditions and reagents. 

N. meningitidis strains 800615, 882066, 3532 and 830248 were isolated from patients with 

meningococcal disease and collected by the Netherlands Reference Laboratory for Bacterial 

Meningitis (AMC, Amsterdam, the Netherlands and the RIVM, Bilthoven, the Netherlands). 

These strains have been previously described (4). The strains 800615 and 882066 belong to 

the hypervirulent lineage III clone. The strains 3532 and 830248 belong to lineage IV, most 

closely related to lineage III (6), containing isolates in the period 1958 to 1986 causing 

endemic disease (20). Meningococci were grown on heated blood (chocolate) agar plates at 37 

°C in a humidified atmosphere of 5% CO,. 
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Competent E. coli Topi OF' cells and cloning vector pCR2.1 were obtained from Invitrogen 
(Groningen, the Netherlands). Plasmid carrying E. coli strains were routinely grown in Luria-
Bartani medium with 100 u.g/ml ampicillin, supplemented with X-gal and IPTG if necessary 
for screening purposes, according to the manufacturer's protocol. Expression vector pSE380 
was obtained from Invitrogen. Expression was induced by adding IPTG according to the 
manufacturer's protocol. Oligonucleotides used in this study were synthesized by Perkin-
Elmer Nederland B.V., Gouda, the Netherlands. The primers used are given in Table 1. 

DNA techniques 
Chromosomal DNA was isolated according to Akopyanz et al. ( 1 ) or using the Puregene kit 
(Gentra Systems, Minneapolis, MN). Plasmid DNA isolations were performed using the 
QIAGEN kit (Qiagen GmbH, Hilden, Germany) or the Wizard kit (Promega Corp, Madison, 
WI). The concentration of DNA was assessed by measuring the optical density at 260 nm 
using an Ultraspec 2000 spectrophotometer (Pharmacia, Woerden, the Netherlands). 
Restriction enzymes and digestion buffers were obtained from Boehringer Mannheim GmbH 
(Almere, the Netherlands) and used according to the manufacturer's instructions. 

Sequence analysis of parts of the NmeSl locus. 
The procedure for inverse PCR (IPCR) was performed as previously described (16, 24). 
IPCR template was prepared by (selfiligation of digested chromosomal DNA from strain 
800615. IPCR with primers ABM3 and ABM4 yielded a single 1.2 kb amplicon for Pstl 

digested and selfligated chromosomal DNA. Cloning of this amplicon in the pCR2.1 vector 
yielded the recombinant plasmid pMPOl. Digestion of pMPOl with Sspl and ZscoRV yielded 
two fragments. A 600 bp fragment was subcloned in pUC19, yielding pMPlO. Selfligation of 
the other fragment yielded the 4.5 kb plasmid pMP02. The plasmids pMPOl, pMPIO and 
pMP02 were sequenced with the M13 universal primers. 

Similarly, IPCR with primers ABM2 and ABM3 yielded a 1.4kb fragment for Sphl and a 2.5 
kb product for Clal digested and selfligated chromosomal DNA. Cloning of these products in 
pCR2.1 did not yield transformants. We suspected that this was due to lethality of an 
expressed gene product of this sequence in E.coli, therefore, a second PCR was performed on 
both ABM2/3 amplicons with primers ABM2 and ABM7. By this repeated PCR, we hoped to 
abolished the lethal effect in E. coli by the introduction of a mutation due to the infidelity of 
Taq polymerase. Cloning of the ABM2/7 IPCR products yielded only few transformants, two 
of which were sequenced with the M13 dye primers. 

The sequence information obtained from the IPCR product (sub)clones was used to design 
primers ABM5-ABM14. PCR products amplified with primer pairs ABM5/2, ABM5/6, 
ABM5/12, ABM1/6, ABM1/8, ABM3/8, ABM3/10, ABM7/8, ABM7/10, ABM7/12, 
ABM9/10, ABM9/12, ABM9/14, ABM11/10, ABM11/14, ABM13/10, and ABM13/14 were 
sequenced directly using dye terminator chemistry. 
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DNA sequencing 

Automated DNA sequencing was performed with fluorescence dye-labeled universal M13 

primers or dye terminators. Analysis was performed on an automatic sequencer (model 373), 

according to the instructions supplied by Applied Biosystems Incorporated (Foster City, Ca.). 

Computer analyses of DNA and protein sequences were performed with the programs in the 

PCGene package, with Genetics Computer Groups programs, database similarity searches 

were performed using the BLASTX and BLASTN algorithms (2), sequence patterns were 

identified using BEAUTY (BLAST Enhanced Alignment Utility) (27), and using the 

PROSITE database (3). GC content and codon usage were compared using the CUTG 

(Codon Usage Tabulated from Genebank) (15) database and the Countcodon program. 

Table 1 Primers used in this study. 

Primer Position and 

direction a 

Sequence b 

ABM1 6 4 3 ^ 5' 

ABM2 9 1 5 ^ 5* 

ABM3 9 6 4 ^ 5' 

ABM4 610 <— 5' 
ABM5 334 -> 5' 
ABM6 1396<- 5' 
ABM7 1449^ 5'-

ABM8 1849^- 5' 
ABM9 1955 ^ 5'-
ABM 10 3721 <- 5'-
ABM 11 2312 -^ 5'. 
ABM 12 2291 <- 5'-
ABM 13 2 5 9 2 ^ 5'. 
ABM14 3 4 4 7 ^ 5'-
ABM 15 2 8 2 0 ^ 5'-
ABM 16 3 4 8 7 ^ 5'-
MNCOl 507-^ 5'-
MNC02 4 8 2 ^ 5'-

-C A ATC AC ATCTCC ACC AT AC A AT AT-3 ' 

- ATTTAGC AGGATTTTTC AC ATACC A-3 ' 

-ATACATTCAATTTAGATGCTGTACG-3 ' 

-GGTGGAG ATGTGATTGTC ATTTGG A-3 ' a 

-TTAAATGGATGATTGA AGAATTGAG-3 ' 

-TCTCCAG AGGCTT ATAGAAGTA A AC-3 ' 

-CTCGCCTGCTGGCCTGTCGCTGC AG-3 ' 

-G AG ATTGTCC A ACTTTGTTT AG AT A-3 ' 

-CTC ATTC A A AGA AGCATACGGCGAT-3 ' 

- A AGTCGTTTCGAT AAATC ATAGG AC-3 ' 

-TGTAGCCTGC ATC AAACCGCGTGC A-3 ' 

-GC ATCG ACGCGGTTTG ATGC AGGCT-3 ' 

-CGGTATCTACCTACCCC ACCTATTT-3 ' 

- ACCC AATAGTTTTCC AAACCGC AT A-3 ' 

-G ATGCTC AGTTCGTC A A AGCGGC A A-3 ' 

-TCGTCTTTAATAT ACAAATC ACT A-3 ' 

-T AGC AÇCAJGGGTTT AG A A A ATTTTC A AT-3 ' 

-AAATTTÇCAJGGATACT AT AAGT AGC-3 ' 

a Position of the 3' nucleotide is given, and the direction of the primer relative to the sequence in fig. 

1. Primers ABM10, ABM14, ABM15 and ABM16 are located downstream of the region given in fig 

The Ncol sites in MNCOl and MNC02 used for cloning of the methyltransferase gene are 
underlined. 
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Pairwise alignments were made using ALIGN (17). 

Expression and specificity of the NmeSl methyltransferase in E. coli 
PCR products were generated using the primer combinations MNC01/ABM6 and 
MNC02/ABM6, and cloned into the vector pCR2.1. The resulting plasmids pCRTl and 
pCRT2 were checked by sequence analysis, after which the Ncol-Spel fragments containing 
the methyltransferase gene of both plasmids was cloned into the expression vector pSE380 
and transformed to E. coli Topi OF', yielding the plasmids pTl and pT2, respectively. To 
detect expression of MJVmeSI, cells containing pSE380, pTl and pT2 grown with or without 
IPTG were collected and lysed by boiling at 100°C for 5 min. The lysates were used for SDS-
PAGE (11% separating gels), and the gels were stained with Coomassie Brilliant Blue. To 
assess the effects of MJVmeSI expression, plasmid DNA was isolated from these cells and the 
sensitivity to digestion with restriction endonucleases with recognition sites of interest was 
examined. 

Nucleotide sequence accession numbers 
The nucleotide sequence data will appear in the EMBL/Genbank/DDBJ Nucleotide Sequence 
Databases under the accession number AFI23569. 

RESULTS AND DISCUSSION 

Sequencing of the flanking sequences of the RDA amplicons 
Previously, three DNA fragments that contained sequences specific for the hyperendemic 
lineage III cluster were identified by RDA using the lineage III strain 800615 as tester and 
strains 3532 and 830248 as drivers (4). The sequence of the 3kb locus containing these 
sequences was obtained as described in the Materials and Methods section. The region 
contains three complete open reading frames (ORFs) as indicated in fig 1. 
The predicted protein sequences of two of the ORFs are 53% and 33% identical to the 
predicted sequences of the Seal methyltransferase and restriction endonuclease (accession nr. 
AF044681, 28), respectively. These genes were named nmeSIM and nmeSIR. An alignment 
of the predicted M.NmeSl sequence with the M.Scal sequence is given in figure 2. Both 
methyltransferases contain the sequence TSPP in conserved motif IV, which is shared by N4 
cytosine specific methyltransferases. Based on the order of the nine conserved motifs of 
methyltransferases, M.NmeSl belongs to the ß group of methyltransferases (11). 
The third ORF is 40% identical to the control element of the Smal RM system. An alignment 
is given in figure 3, showing that the recognition helices of the two control element proteins 
are identical. The NmeSl locus is flanked by two 12 bp direct repeats (see fig. 1A), which 
have been postulated to contain the operator sequences of the control gene product (5). 
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Flanking the 5' end of the region containing the RDA fragments is the 3' end of an ORF that 

probably encodes a helicase, since the predicted protein sequence has 33% identity to the 

E.coli helicase encoded by hrpA. This part of the sequence is almost identical (>88%) to 

preliminary sequences from the three Neisserial genome projects. (19, 22, 23). Directly 

flanking the 3 ' end of the NmeSl locus are two degenerated Neisserial DNA uptake 

sequences (DUSs), which form a 15 bp inverted repeat (fig. 1A). DUSs are typical features of 

Neisserial DNA sequences. Preliminary sequence analysis suggests that the 3' flanking region 

contains repetitive DNA sequences typical for Neisserial DNA. This implies that only the 

NmeSl locus is lineage III specific, in contrast to the flanking sequences. 

Strikingly, the GC content of the sequence containing the NmeSl locus is much lower (33%, 

Fig. 1A 
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Figure 1. A: Schematic representation of the NmeSl locus. Relevant restriction sites are indicated. 

RDA fragments are indicated with hatched bars. ORFs are indicated with open arrows. Repeats are 

indicated with closed arrows. O: 12 bp direct repeat, putative NmeSIC binding site (5), IR: 10 bp 

inverted repeat, DUS: Neisserial DNA uptake sequence. B: GC content of the MneSI locus. Sliding 

windows with a size of 25 bp were used. Mean values are indicated by dotted lines. 
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both full sequence and only the coding sequence) than the flanking sequences (54% for the 

partial helicase coding sequence, 50% for the 3' region), or the expected value for N. 

meningitidis coding sequences (51%), as illustrated in figure IB. The low GC content is not 

the result of overrepresentation of certain amino acids, as the locus encoding the Seal RM 

system has a 58% GC content. The lower GC content suggests that the NmeSl locus was 

recently acquired by a lineage III N. meningitidis ancestor from an organism with a low GC 

content. 

Specificity of the methyltransferase 

Apart from protecting the bacterial chromosome from the action of its own restriction 

enzymes, DNA methylation also plays an important role in chromosome repair and 

replication (12). The methylation state of DNA has been shown to influence gene expression, 

the paradigm of this mechanism being the regulation of uropathogenic Escherichia coli 

Nme MSLENFQL IKTQLGVPSYENDRVAIYQGDCIQ 

Sea MSGRDFGYVIQSSAALWNRLSTFSQRGKALDTRLADIKKALGKPYYETSDVLLYHGDSLE 

Nme LMDKISKGSFQMTITSPPYNIGKEYESILDLEHYLEWCERWMQSIHHLTEDSGCFWLNLG 

Sea LLKSMPQQIFDLTVTSPPYNIGKEYEGVLSIEEYISWCETWMSRVHRATSAGGAFWLNVG 
Motif IV Motif V Motif VI 

Nme YLHVEKKGLTVPIPYLLWDKTNFFLLQEWWNYAAGVACRNRFTPRNEKLLWYVKNPAKY 

Sea YyjVPNQGKAVPIPYLLWDKSPFYMIQEVVWNYGAGVASRKSFSPRNEKFLWYVRDPLNY 
Motif VII Motif VIII 

Nme TFNLDAVRDPNVKYPNQKKNGKLKCNPLGKNPTDVWQIAKVTSGRNRSSRERTAHPAQFP 

Sea YFDLDSVRDPNVKYPNQKKNGKLKCNPLGKNPTDVWQFPKVTSGAKRSSVERTAHPAQFP 

Nme LELIERIIRASSNQNDVILDPFIGSGTTALAGLKNNRFVIGFEINDEYIDIIKERFKEYD 

Sea SAVIERVIKACSPSDGVILDPFLGSGTTSLTARKQGRCSVGIEIREDYLDIAVGRLEAEA 
Motif X Motif I Motif II Motif III 

Nme LQNT 

Sea QSLF 

Figure 2. Comparison of the predicted protein of the nmeSIM gene (M.NmeSI) with that of the Seal 

MTase (Genbank accession nr. AF04468I). Numbers represent amino acid residues. Identical amino 

acids are denoted by two dots, one dot denotes a conservative substitution. Gaps created by the 

alignment are indicated by a dash (-). The regions that show similarity to the conserved motifs of 

MTases are underlined and labeled according to the nomenclature of Posfai et al(\8). The putative 

target recognition domain (TRD) is located between motifs VIII and X, and is highly conserved 

between the two proteins. 
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adhesin expression by DNA methylation (8, 25). Through the action of the methylase, a 

lineage III specific RM system could interfere with expression of Neisserial virulence factors 

and thus be involved in the observed hypervirulent phenotype of these strains. Therefore, we 

determined the specificity of the methylase gene product as well as its expression in lineage 

III meningococcal strains. 

Since the M.NmeSl sequence was highly similar to the M.Scal sequence in the target 

recognition domain, we expected the specificity of both methylases to be similar as well. To 

test this assumption nmeSIM was cloned in E. coli and plasmid DNA of the transformants 

was digested with Seal. Since nmeSIM contains two possible ATG startcodons, two primers 

(MNCOl and MNC02) were developed to clone nmeSIM in expression vector pSE380. E. 

coli cells containing the two recombinant expression systems pTl and pT2 were grown with 

IPTG (induced) or without IPTG (uninduced) for 4 h. Expression of the methyltransferase 

was checked by SDS-PAGE. Both induced ToplOF'(pTl) and induced ToplOF'(pT2) 

produced a protein of approximately the expected size (approx. 32 kDa), that was not 

detectable in induced ToplOF'(pSE380) (data not shown). From non-induced and induced 

cultures, plasmids were isolated. The plasmids were digested with Ncol, resulting in linear 

plasmid for pSE380, pTl and pT2. This linearization was performed since the Seal restriction 

endonuclease is known to cut supercoiled plasmid poorly. As shown in fig. 4A, pTl and pT2 

were not digested by Seal, in contrast to linearized pSE380. This shows, that the Seal site 5'-

AGTACT-3' in both pTl and pT2 was modified by the methyltransferase so that it was no 

longer a substrate for Seal. Apparently, induction of expression is not required to protect the 

plasmid DNA from digestion, since plasmid from both non-induced and induced cultures was 

resistant to digestion with Seal. Also, the six AA difference at the N-termini of the pT 1 and 

pT2 products does not abolish methylation by one of the recombinant proteins. 

Next, we confirmed that the methyltransferase is expressed and active in lineage III 

meningococci by incubating chromosomal DNA of two lineage III strains (800615 and 

882066) and of two non-lineage III strains (3532 and 830248) with the restriction enzymes 

Seal (recognizing 5'-AGTACT-3') and Sphl (recognizing 5'-GCATGC-3'), respectively. The 

chromosomal DNA of the 4 strains was digested by Sphl (results not shown), indicating that 

the DNA was susceptible to restriction endonuceases. Incubation with Seal showed that the 

NmeSIC MENELVEFGKRVKHYRLLNGWSQEELAEKVGLHRTYIGSVERGERNISLLNISLLAKSFS 

SmalC MDIKEI-LAENVRSYRNINNLSQEQLAEISGLHRTYIGSVERKERNVTLSTLIILAKALN 

Helix-turn-helix 

NmeSIC INISGTCRRD 

SmalC TSVPKLLTRQGLKNEQG 

Figure 3. Alignment of NmeSIC and SmalC. The putative helix-turn-helix regions of these short 

proteins are indicated. The second helices, the recognition helices, are identical (5). 
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A 

M V Vi Tl Tl i T2 T2i 

B 

M 

Figure 4. Digestion of methylated and non-methylated DNA. 

A: Seal digestion of Ncol linearized plasmid DNA M: Marker, V: vector pSE380, Tl : plasmid Tl, 

T2: plasmid T2. The subscript i denotes induction of expression in the E. coli culture with IPTG. 

B: Seal digestion of chromosomal DNA. Ill: lineage III strain 800615, 30: non-lineage III strain 3532, 
46: non- lineage III strain 830246, III*: lineage III strain 882066. 

DNA from the non-lineage III strains is digested (Fig. 4B). However, the DNA of the lineage 

III strains is protected from digestion with Seal, indicating that the methylation pattern of 

lineage III strains differs from that of non-lineage III strains. Possibly, this differential 

methylation pattern affects transcriptional regulation. Whether this contributes to the 

hypervirulent character of lineage III isolates, awaits further investigations. 

The population biology of N. meningitidis is supposed to be influenced by horizontal gene 

transfer to a large extent (21). Horizontal gene transfer can be affected by RM systems (14). 

The clonality of lineage HI may be the consequence of the presence of the NmeSl RM 

system. However, the digestion of chromosomal DNA of the non-lineage III strains with Seal 

yields large restriction fragments, indicating that the sequence AGTACT is underrepresented 

in these meningococcal genomes (Fig. 4B). This is in accordance with the low number of 

AGTACT sites (41, whereas 530 are expected) in the preliminary 2.17 Mb of the 2.23 Mb 

genome of strain Z2491 (23). This suggest that the effect of NmeSl RM on the clonal 

character of lineage III by influencing horizontal gene transfer may be limited. 
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Evolutionary implications 

The serine residue in Motif IV (SPPY) is conserved in N4 cytosine methyltransferases, and is 

part of the active site of the protein (26). This amino acid is encoded by the codon TCT in 

nmeSIM, whereas it is encoded by AGT in scalM. Mutation of one of these codons to the 

other requires two point mutations, resulting in a threonine (ACT) or cysteine (TGT) residue 

after the first mutation. Neither of these residues has been found in any amino-

methyltransferase. Possibly either of these residues results in an inactive protein. Therefore, it 

is unlikely that the two methyltransferases share a recent common ancestor. Moreover, the 

similarity between the predicted protein sequences of M.Scal and M.NmeSl is more 

concentrated in the putative target recognition domain (TRD) than in the conserved domains 

I-X of methyltransferases. In addition, the genes of the respective systems mentioned above 

have a large difference in GC content. In conclusion, it may be very well that the similarity of 

the respective TRDs of the two methyltransferases is the consequence of convergent 

evolution. 
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Control element operators 

For some type II restriction modification (RM) systems it has been shown that transcription 

of the methylase gene (M) and the restriction endonuclease gene (R) is regulated by the 

control gene ( Q product (4). In these systems, C is located directly upstream of R, and in 

most systems M is located divergently from CR (Fig. 1). The control element is a short 

(approx. 80 AA) protein containing a helix-turn-helix DNA binding motif, distantly related to 

the well-known phage lambda ci regulator. 

The DNA binding sites of other proteins that bind with helix-turn-helix motifs (e.g. lambda ci 

and the LysR family of regulatory proteins) are usually 7-9 bp in size, of which only few 

bases directly interact with the protein. Most of these proteins form dimers, having a binding 

site of 14-18 bp with a dyad symmetry for at least the directly interacting bases. Based on 

sequence comparisons of the regions upstream of different C genes, two groups have 

proposed "C-box" operator sequences of 12 bp and 18 bp, respectively (1,3). The proposed 

C-box consensus sequences are unnecessary large for a binding site of a monomeric form of 

the regulator. These sequences are also unlikely binding sites for a dimeric form of the 

regulatory protein because they lack dyad symmetry. In addition, control elements differing 

in the recognition helices of their respective helix-turn-helix motifs, are unlikely to share 

identical operator sequences. Dissimilarity of the respective operator sequences is supported 

by the limited complementation of a bamHIC mutation by multicopy pvuIC and smalC. In 

addition, a pvuIC mutation was better complemented by bamHIC than vice versa (2). 

The C gene product exerts a negative influence on the transcription of M and a positive effect 

on R transcription (3). The operators for M and R might overlap for RM systems with 

divergent gene order. However, in RM systems in which the gene order is not divergent, M 

and C should have separate and most likely identical, operator sequences (Fig. 1). Therefore, 

we analyzed the sequences of the Smal and NmeSl (recently characterized in our laboratory) 

systems and the Bglll system, in which CR and M are orientated convergently and collinearly, 

< M I W ÏCJ I R ^ > Divergent gene order (Pvull, EcoRV, 

BamHI, Ecolll, Muni) 

^ I C ) I R ~y \ M l ^ Convergent gene order (Smal, NmeSl) 

W 1~C > I R ! ^ > ^ l M J> Collinear gene order (Bglll) 

Figure 1. Schematic representation of the gene order in RM systems that contain a gene for a control 

element. Arrows indicate the positions of the restriction endonuclease (marked R), methylase (marked 

M) and control element (marked Q genes. Black triangles indicate the position and orientation of the 

here proposed control element operators. Data were taken from GenBank entries X16458 (Smal), 

U49842 (Bglll), X52681 (PvulV), X00530 (EcoRV), X55286 (BamHI), X76192 (Muni) and from 

Rimseliene et al, 1995 (Ecolll). The sequence of the NmeSl system will be submitted to GenBank. 
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respectively. For each of these three RM systems we found identical sequences in opposite 

orientation in front of the open reading frames of C and M (Fig. 2). These sequences partially 

overlap the previously suggested C-boxes upstream of the C genes. Given the aforementioned 

considerations, these sequences are more likely to contain a 7-9 bp control element binding 

site within them than the previously proposed C-boxes. Noticeably, the recognition helices of 

SmalC and NmeSIC are identical, and their sequences in fig. 2 share the 7 bp sequence 

TGCTACT. The putative operators in front of R and M are in opposite orientations, 

suggesting that the orientation of the operator determines whether the regulator exerts up 

regulation or down regulation. This implies that one operator would be sufficient when the 

gene order is divergent (Fig. 1). 

In conclusion, based on sequence data of RM systems with non-divergent gene order, we 

postulated operator sequences which are consistent with the dual regulatory role of control 

elements in RM systems in general. 

Smal: 

CTTAAATGCTACTCATCGTCTGTCGACTTAT 45bp smalC 

smalM 17bp AAATlAATGCTACTTrATGGTATTGATTTGAriA 

NmeSl: 

AAGTGPGCTACTTATAGAGTGTAGACTTA 30bp nmeSIC 

nmeSIM CATAAfTGCTACTTATAG TATTCATTAAAA 

Bgm.: 

CTACGATAJGATACTTATAGTCJCGTGGACAC 50bp bgUIC 

bgUIM lObp TCCGAAATIGATACTTATAGTOATCGT-GTAT 

Figure 2. Alignment of the upstream regions of C and M of the Smal, NmeSl and Bglll RM systems. 

The upstream regions of the M genes are inverted. Distance to the (proposed) start codons of the 

respective genes are given, except for nmeSIM, where the putative start codon is given in bold 

typeface. The identical DNA sequences are boxed. The earlier proposed C-boxes are underlined. 
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Chapter 8 

In the previous chapters, the data were discussed separately. Still, this leaves a number of 

observations for discussion. Also, some data in different chapters should be combined in 

order to clarify some of the questions that arose in chapter 1. In the following paragraphs, 

four issues are addressed. First, the genetic diversity of serogroup A strains is reviewed with 

respect to the population structure of N. meningitidis. Some of the conclusions that are valid 

for serogroup A, may be applicable to other serogroups as well. In turn, this raises questions 

on the role of natural transformation in meningococci. What could be the main Darwinian 

evolutionary advantage of this phenomenon? Next, the data from chapters 5 through 7 are 

discussed. The proposed hypothesis and the used approach, which followed from chapter 4, 

are briefly reviewed. The search for the determinants of the hyperendemic character of 

lineage III strains yielded a restriction modification system, NmeSI. The possible link 

between NmeSI and the hyperendemic character of lineage III is discussed. Finally, the 

possible role of restriction modification systems in meningococci in general is discussed. 
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GENETIC DIVERSITY OF SEROGROUP A STRAINS 

In chapters 2 and 3, the genetic diversity of a collection of serogroup A strains was studied. 

One of the main conclusions is, that the data suggest a clonal, rather than an epidemic 

population structure as suggested for meningococci in general by Maynard Smith et al. (17). 

This has been inferred for the serogroup A strains from previous MEE data as well (30). 

However, the significance of the data presented in chapter 3 is, that they are obtained by the 

combination of three independent methods, of which the independent markers are shown to 

display considerable linkage. 

It was noted before, that serogroup A shows two main clades (9), but it is possible that more 

clades will be identified when other geographic areas are sampled. Spratt et al (30) have 

argued, that the apparent limitation of recombination can arise from biological (lack of sexual 

mechanisms), ecological (different bacteria rarely meet each other) or epidemiological (the 

rate of spread is sufficiently high to reduce the effects of recombination) reasons. They 

suggested that the latter two possibilities might form the principal reason for the lack of 

recombination in serogroup A. However, these arguments are not completely satisfactory. 

Firstly, though carriership in African countries may be low, in China it is high (1), and 

serogroup A strains of both clades have apparently been able to reside in the Chinese 

population in the 1970s between the pandemic waves. Also, members of the two clades have 

been isolated from Dutch patients in the same year (1989 and 1990). This means that these 

bacteria coexisted in the Dutch population, thus having access to each other's gene pool as 

well as the vast pool of genes supplied by strains of the other serogroups. It is unlikely, that 

the Dutch patient isolates represent the repeated introduction of these organisms from 

putative isolated serogroup A populations. Theoretically, ecological exclusion could be due 

to different habitats of each of the serogroup A clades. However, there are no indications that 

the serogroup A meningococci occupy other niches in the nasopharynx and oropharynx than 

meningococci from other serogroups. Secondly, the epidemiological explanation remains 

unsatisfactory, for similar reasons. The two clades also include isolates from carriers, and 

rapid spread, preventing the effects of recombination to become apparent, contrasts with the 

long periods between epidemic waves. Moreover, this rapid spread did not occur in several 

industrialized countries after introduction of the subgroup III isolates following the Haj 

pilgrimage, even though subgroup III isolates have been found in e.g. the Netherlands 

afterwards. In addition, a hit-and-run lifestyle of serogroup A strains should not interfere with 

the possibilities to undergo recombination: in a country with high carriage rates and a diverse 

meningococcal population, the net effect is similar for the resident meningococcus that 

encounters a certain number of acquired meningococci per time unit compared to the newly 

acquired meningococcus encountering the same number of resident meningococci per time 

unit. 

The above arguments suggest that there is a biological reason for the limited recombination 

for serogroup A strains. It is unlikely that the physical properties of the serogroup A capsule 
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are the cause of this phenomenon. Most isolates from the throat are not encapsulated, thus an 

effect for instance of a difference in surface charge of the serogroup A capsule as compared 

to other capsular polysaccharides is unlikely to be the reason for the limited horizontal gene 

transfer. Perhaps the clonality should be seen in a different light: clonality implies linkage, 

thus also the genetic information comprising the unknown reasons for the clonality of the 

serogroup A strains is linked to the genes necessary for the biosynthesis of the serogroup A 

capsule. 

The absence of panmixia in serogroup A strains is in accordance with a lower ratio between 

recombination and mutation, as suggested by the studies of Morelli et al. (21) and recent data 

of Feil et al (10), who observed a lower recombination to mutation ratio in serogroup A 

meningococci than in other N. meningitidis serogroups. Is clonality confined to meningococci 

with the serogroup A capsule? The answer may very well be negative: some of the pandemic 

serogroup B/C strains also have been relatively stable for prolonged periods of time. This has 

been interpreted before as reflecting clonality (3). The apparent diversification observed for 

some of the hyperendemic B/C isolates may very well be the consequence of a higher 

sampling efficacy in countries as Norway and the Netherlands, detecting rare recombination 

events. In addition, founder effects (comparable to sequential bottlenecks (1), as observed for 

the ET-5 cluster of serogroup B meningococci, may also contribute to population divergence 

once such a clone spreads to a different geographical entity. In this respect, the different 

clones within for instance the ET-5 cluster would be comparable to the subgroups within the 

serogroup A clades. 

The argument for the epidemic model is that members from certain highly successful clones 

become overrepresented in the strain collections. The comparison of carrier and disease 

isolates shows that the strains that are the principal cause of disease, are represented in the 

carrier population at a lower level (3, 5). Thus, the successfulness of meningococci of 

overrepresented clones is not in the competition for a certain niche, but in causing disease. 

Again, this implies linkage of the typing characteristics with the capability to cause disease, 

meaning clonality, in meningococci of certain clones associated with increased incidence of 

disease. 

Together, the arguments above suggest that the role of recombination in diversifying 

Neisserial populations may be very limited, possibly as its effects are diminished by the (non 

sexual) proliferation of the bacteria. This of course does not underestimate its importance in 

the spread of antibiotic resistance (28, 29) or new surface antigens (16). 
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POSSIBLE ROLE FOR NATURAL TRANSFORMATION 

In view of the thoughts outlined above, it may be of importance to address the role of natural 

transformation in Neisseria species. One of the characteristics of this process in these bacteria 

is its genus specificity, mediated by the Neisseria! DNA uptake sequence (DUS). If the 

evolutionary advantage of the natural transformation machinery was found in the uptake of 

an energy rich substrate, one would not expect this specificity. There is no point in being 

dainty in the choice of one's food. An advantage in the occasional uptake of different alleles 

from unrelated meningococci is unlikely, as this will only rarely be the case. Most of the 

DNA that will be encountered by a given meningococcal cell will be a remnant of a sister 

cell. Moreover, in this scenario, one would expect the DUSs to be confined during evolution 

to the close proximity of genes that encode surface antigens, for which variation is beneficial. 

In contrast, the (incomplete) genome sequences suggest that the DUSs are evenly spread over 

the genome, similar to Haemophilus influenzae (27). 

This leaves another possibility, being the uptake of DNA for the reparation of (detrimental) 

mutations in the DNA. Phase-variation of surface structures seems to be an important aspect 

in the interaction of Neisseria (and similar mucosal pathogens) with the host (19). For a 

number of proteins, the phase variation was shown to be due to variation in the length of 

stretches of repeated nucleotide motifs in the genes encoding these proteins. Such variation 

may lead to an altered promoter strength, and therefore lower transcription, or to an out of 

frame mutation, and therefore to incorrect translation of the transcript of a gene. The variation 

in length of these stretches is thought to be caused by slipped strand mispairing during 

replication. Recently, it was suggested that these mechanisms of phase variation are 

influenced by mismatch repair (7). Maybe, the Neisseria have a slightly elevated mutation 

rate (or lower repair efficiency), which would be beneficial for high frequency phase 

variation by the aforementioned mechanisms. The disadvantages of a higher mutation rate 

could be counterbalanced by the uptake of neighboring DNA as a template for repair. In fact, 

a high recombination rate within a population and a relatively low recombination rate 

between populations implies a purifying (diversity purging) effect of recombination within a 

population, maintaining the clonality of this population (6). This may also explain why only 

few one basepair mutations are found within a cluster of genetically related strains by MLST 

(10). 

HYPERVIRULENCE-ASSOCIATED GENOMIC SEQUENCES 

Having discussed possible reasons for clonality, still leaves the question why certain clones 

cause more disease. It was hypothesized that meningococci belonging to these clones carry 

genetic elements on their chromosomes being informative for their more virulent character, 

which are not present in meningococci rarely causing disease. Representational Difference 
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Analysis (RDA) was used in an attempt to identify such sequences in meningococci 

belonging to the lineage III clone. 

First, the assumptions on which this analysis was based will be shortly reviewed. Lineage III, 

characterized by the PI.4 serosubtype, seems responsible for the increase in cases of 

meningococcal disease in the Netherlands (4, 25, 26). As described in chapter 4, different 

clones expressed this serosubtype in the 1960s, without causing an increase in meningococcal 

disease. In addition, lineage III strains with different serosubtypes were isolated. Therefore, 

the results described in chapter 4 suggest that the PI.4 epitope is not the only characteristic 

that is responsible for the spread of this clone. 

Since certain PI.4 strains were not associated with increased incidence of disease, such 

strains were used in representational difference analysis. The driver strains were deliberately 

chosen from serogroup B, as the aim of the study was not the comparison between strains 

from different serogroups, but comparison of serogroup B strains with different 

epidemiological behavior. Finally, the driver strains belonged to a lineage (lineage IV) that 

was more related to lineage III than other lineages (4). 

A major conclusion of the representational difference analysis, is that no pathogenicity island 

was found in lineage III, as in pathogenic strains of Helicobacter, Salmonella, Escherichia 

coli, and Yersinia (12). Although it could be argued that this is due to a limitation of the 

chosen method, this is unlikely since for the specific 1.8 kb locus that was identified, three 

RDA amplicons were found, containing more than half of the locus. Should there be a 

pathogenicity island present (often more than 30 kb), it is expected that a number of 

amplicons of that putative pathogenicity island were detected. 

The specific fragments that were identified, encode a restriction modification (RM) system 

with a regulatory protein. As discussed also in chapter 6, a different RM system could be 

involved in the divergence from the commensal relationship with the host towards the more 

pathogenic relationship observed for lineage III, with detrimental effects for both host and 

bacterium. Different methylation patterns as well as the action of the regulatory protein can 

interfere with (a) regulatory mechanism(s), resulting in subtle changes in the timing of certain 

processes, skewing the balance towards disease. When the RM system has replaced another 

RM system, differential methylation could be either the presence of the newly acquired 

methylation pattern or the absence of the existing ("non-hyperendemic") methylation pattern. 

Loss of methylation or new methylation of a regulatory site, or the binding of a newly 

introduced regulatory protein, could potentially influence the "normal" pattern of 

transcriptional regulation. Part of this speculation can be addressed relatively simple: the site 

that is methylated by NmeSIM was identified (chapter 6), and a binding site of NmeIC was 

proposed (Chapter 7). Identification of these sites in the lineage III genome should not prove 

to be too difficult. However, only indirect evidence will be obtained by analysis of the 

location of these sequences, as we do not know what phenotype should be looked for. A 

model for assessing hyperendemicity is lacking. 
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STRAIN-SPECIFIC RESTRICTION MODIFICATION SYSTEMS MAY AFFECT 

CLONALITY 

The restriction modification system NmeSl, of which the identification was described in 

chapters 5, 6 and 7, is specific for lineage III strains. It is not surprising that all lineage III 

strains tested contain this system: RM systems can behave as selfish genes, killing the cells 

that loose expression of the methylase gene by the action of the restriction enzyme, and 

preventing invasion of a different RM system, a process that has been called apoptotic mutual 

exclusion (22). A few non-lineage III strains were found that were positive for the nmeSIM 

PCR. These strains probably represent strains in which the nmeSIM gene was obtained by 

recombination after uptake via transformation, either from lineage III strains or from the 

unknown organism that served as the donor to lineage III. 

Inter-strain differences caused by restriction modification systems exist in many bacterial 

species. The traditional phage typing method is based on differences in RM systems, RM 

systems have been called "bastions of polymorphism" (20). Notably, in the preliminary 

sequence of the genome of the serogroup A strain that is being sequenced, a different RM 

system seems to be located at a position identical to the site of integration of NmeSl in 

lineage III strains. This does not render the arguments, put forward in the previous paragraph 

on possible connections between NmeSl and the hyperendemic character of lineage III, 

worthless. The serogroup A strain belongs to a clone that has caused epidemics, which 

suggests that the aforementioned putative effect of differential methylation is primarily 

caused by the absence of a previously existing ("non-hyperendemic") methylation pattern 

rather than the introduction of a new methylation pattern. 

Alternatively, a different RM system can very well affect clonality by influencing the rate of 

successful recombination. Although usually RM systems are thought to decrease successful 

recombination, it may very well have the opposite effect. The observations, from which a 

negative influence is concluded, are usually confined to one specific locus, or on a very long 

stretch of DNA. If one performs a transformation experiment, selecting for recombination of 

a certain locus containing a cleavage site recognized by a resident restriction endonuclease of 

the acceptor strain, one is bound to observe lower recombination rates. Indeed, this has been 

observed in Neisseria, though only to a small extent (11). However, experiments in E. coli 

suggest a role of RM systems in creating mosaic genes after recombination, possibly by 

providing recombinogenic ends (18). It was proposed earlier, that RM systems could serve to 

accelerate evolution by providing highly recombinogenic ends (8, 23). As the NmeSl 

recognition site AGTACT seems highly underrepresented in the Neisserial genome, only a 

limited positive effect on recombination would be expected in this respect. In general, a strain 

carrying a RM system with a less frequent recognition site should display a lower rate of 

recombination than a strain carrying a RM system with a more frequent recognition site, all 

other parameters (e.g. other RM systems) being equal. This may explain why lineage III is 
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relatively clonal, having a RM system with infrequent recognition sites as compared to other 

meningococci containing RM systems with more frequent recognition sites. 

The polymorphisms in RM loci in the pathogenic Neisseria, known from literature (31) and 

from the comparison of the locus downstream of the helicase in the serogroup A genome and 

the NmeSI locus, suggest some evolutionary advantage of maintaining RM systems and of 

maintaining diversity of RM systems. Although RM systems may act as "selfish genes", 

resisting loss, this does not explain why a cell that acquires a RM system should outgrow a 

sister cell that did not acquire the RM system. A feasible explanation may be that RM 

systems are protective against bacteriophages. Previously, no bacteriophages were found for 

meningococci, but the preliminary data from one of the genome projects revealed sequences 

of a prophage (13, 24). For E. coli, it was suggested that bacteriophages might impose 

frequency-dependent selection, favoring rare restriction modification types (14). 

Bacteriophages could play a role in maintaining diverse RM systems in N. meningitidis as 

well. Still, the exact nature of the difference in virulence potential between lineage III strains 

and endemic strains remains to be explained. 
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SUMMARY 

Neisseria meningitidis or the meningococcus is a bacterium that normally inhabits the 

nasopharynx of humans. However, this bacterium may cause serious disease: meningitis 

and/or sepsis. In the Netherlands, there has been a threefold increase in meningococcal 

disease over the past two decades. This increase is mainly due to a specific genotype among 

serogroup B organisms, called lineage III. 

In order to discriminate between lineage III strains and other strains, a faster and cheaper 

method of genotyping was developed for Neisseria meningitidis (chapter 2). This method, 

randomly amplified polymorphic DNA (RAPD), was validated by comparing the RAPD data 

with multilocus enzyme electrophoresis (MEE) data for 84 well-characterized serogroup A 

strains. By RAPD and MEE, the same clonal lineages were recognized among these strains. 

Moreover, a new subgroup (subgroup IX) of serogroup A strains was identified among recent 

Dutch isolates. 

Meanwhile, a third genotyping method, multilocus sequence typing (MLST), had been 

applied to N. meningitidis. The combination of the RAPD, MEE and MLST data suggested a 

clonal population structure, rather than an epidemical population structure for the serogroup 

A strains (chapter 3). This challenged the existing emphasis that was given to horizontal gene 

transfer in the evolution of M meningitidis, at least for the serogroup A strains. 

A characteristic of the lineage III strains is that most strains have the serosubtype PI .4. Since 

the PorA outer membrane elicits type-specific bactericidal antibodies, this distinct 

serosubtype has been implicated in the increased incidence due to lineage III. Therefore, 

antigenic variants of lineage III that do not express the PI.4 serosubtype were investigated in 

chapter 4, in order to elucidate the mechanism by which these variants arose. This knowledge 

will be of use if a PorA based vaccine is to be introduced in the Dutch population, as it 

provides insight in the necessity of adjusting such a vaccine. Non-reactivity with the PI.4 

specific monoclonal antibody due to point mutations in the epitope encoding region were not 

observed. The genes of two not subtypable lineage III strains contained identical PorA 

encoding regions as PI.4 strains, suggesting non-reactivity due to phase variation. In one 

strain, the part of the pork gene that encodes the PI.4 epitope was deleted. Finally, three 

strains contained porA genes that had probably been imported from other strains by 

horizontal gene transfer. Also, strains with the PI.4 serosubtype that are not part of lineage 

III, and that were circulating in the Netherlands long before lineage III was noted, were 

investigated. The comparison of the porA genes of these strains and the PI.4 lineage III 

strains showed that the genes share a common ancestor gene for the part that encodes the 

PI.4 epitope. 

The results in chapter 4 indicated that the serosubtype PI.4 is a poor marker for lineage III 

strains. The isolation of lineage III strains without the PI.4 serosubtype from patients implies 

that other characteristics than this serosubtype may be implicated in the hypervirulent 
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character of the lineage ÜI strains. On these two findings, the research described in chapters 

5, 6 and 7 was founded. The existence of lineage III specific sequences was investigated by 

representational difference analysis (RDA). Such sequences might be more useful for typing 

purposes than the PI.4 serosubtype, and they could also provide insight in the hypervirulent 

character of lineage III. 

Using RDA, a lineage III specific locus was identified. This locus contains three genes that 

encode the nmeSl restriction modification (RM) system: nmeSIM (methyltransferase gene), 

nmeSIR (restriction endonuclease gene), and nmeSIC (control element gene). A PCR based 

on the methyltransferase gene of this RM system, was shown to have higher specificity and 

sensitivity than serosubtyping for PI.4 (chapter 5). Further characterization of this RM 

system by overexpression of the methyltransferase in Escherichia coli identified the 

recognition site (5'-AGTACT-3') of this enzyme. Also, inhibition of restriction of this site in 

chromosomal DNA isolated from lineage III strains strongly suggested that this gene was 

expressed and functional in these strains (chapter 6). The finding of inverted repeats upstream 

of the nmeSIM and nmeSIC, and comparison with other RM systems that contain a control 

element, led to the postulation of operator sequences for the nmeSl, smal and bglU control 

elements (chapter 7). 

In chapter 8, possible explanations for the clonality of the serogroup A strains as found in 

chapters II and III are reviewed and discussed. The question is raised whether the clonality is 

limited to the serogroup A strains, or is also manifest in strains from other serogroups. If 

horizontal gene transfer plays a smaller role in the population genetics of N. meningitidis than 

previously assumed, the role of natural transformation may be primarily in repair processes. 

Also, the possible influence of RM systems on clonality is discussed, and more specifically 

the possible influence of the wmeSI RM system in the hypervirulent phenotype of lineage III 

strains. 
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Neisseria meningitidis, ofwel de meningokok, is een bacterie die in de neus- en keelholte van 

de mens leeft, doorgaans zonder dat deze gastheer daar iets van merkt. Gemiddeld 10 tot 20 

procent van de bevolking draagt deze bacterie voor enige tijd bij zich. In 500 tot 600 gevallen 

per jaar weet de bacterie door te dringen in de bloedbaan of in de hersenen van de gastheer 

met sepsis (bloedvergiftiging) of meningitis (hersenvliesontsteking) tot gevolg. Dit zijn 

ernstige ziekten, die de dood of ernstige restverschijnselen (verlies van gehoor of 

gezichtsvermogen, amputatie van lichaamsdelen) tot gevolg kunnen hebben. 

Sinds 1980 heeft een verdrievoudinging van het aantal gevallen van meningokokkenziekte in 

Nederland plaatsgevonden. Eén stamcluster, de zogenaamde lineage III, is verantwoordelijk 

voor deze toename. In 1993 zijn stammen van dit cluster gevonden in Nieuw Zeeland, waar 

zij een epidemie veroorzaakten, en onlangs zijn ook lineage III stammen in een groot aantal 

Europese landen geïdentificeerd. Hieruit blijkt, hoe belangrijk het is om verschillende N. 

meningitidis isolaten te kunnen onderverdelen: de ene N. meningitidis stam kan blijkbaar 

beter ziekte veroorzaken dan de andere. Aangezien de methode waarmee Neisseria 

meningitidis eerder werd getypeerd vrij omslachtig en kostbaar was, werd de snellere en 

goedkopere RAPD (Random Amplified Polymorphic DNA) typeringsmethode ontwikkeld en 

gevalideerd voor deze bacterie, zoals beschreven in hoofdstuk 2. 

Uit de vergelijking van de RAPD data met resultaten van andere typeringsmethoden, bleek 

dat voor een bepaalde subgroep van N. meningitidis de uitwisseling van DNA maar een heel 

geringe bijdrage leverde aan de variatie van deze bacteriën. 

Mede dankzij de RAPD typeringsmethode kon de antigene variatie van het belangrijkste 

immunogene buitenmembraaneiwit binnen bovengenoemd stamcluster bestudeerd worden. 

Hierbij bleek dat het aantal patiëntenisolaten dat behoort tot lineage III groter was dan 

voordien werd aangenomen, aangezien met de gebruikelijke serologische typeringsmethode 

antigene varianten binnen dit stamcluster niet als lineage III stammen geïdentificeerd werden. 

Teneinde te onderzoeken welke genen betrokken zijn bij het hypervirulente karakter van het 

lineage III stamcluster, werd een geavanceerde moleculair biologische techniek 

(Representational Difference Analysis) toegepast. Hiermee werden DNA-sequenties 

geïdentificeerd, die specifiek zijn voor het lineage III stamcluster. Deze sequenties kunnen 

een identificatiemiddel vormen voor bovengenoemd hypervirulent stamcluster, hetgeen van 

belang is voor snelle stam-karakterisatie en voor epidemiologie. Tevens is het mogelijk dat de 

genen, die door de stam-specifieke DNA sequenties worden gecodeerd, op enigerlei wijze 

betrokken zijn bij het hypervirulente karakter van dit stamcluster (Hoofdstuk 5). 

De gevonden lineage Ill-specifieke sequenties bevinden zich in een gedeelte van het genoom 

dat een drietal genen bevat. Deze coderen voor het NmeSI restrictie-modificatie systeem, 

bestaand uit een restrictie endonuclease, methyltransferase en een controle element. Met 

behulp van overexpressie van het methyltransferase in Escherichia coli, werd de 
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herkenningssequentie 5'-AGTACT-3' van het methyltransferase geïdentificeerd. Op basis 

van restrictie-experimenten bleek dat het DNA van lineage III stammen op deze sequentie 

inderdaad gemethyleerd is (Hoofdstuk 6). Voor het controle element werden 

herkenningssequenties gepostuleerd, mede op basis van vergelijking met de BglU en Smal 

restrictie modificatie systemen (Hoofdstuk 7). 

Tenslotte wordt in hoofdstuk 8 de clonaliteit van serogroep A stammen bediscussieerd, en de 

rol van natuurlijke transformatie voor N. meningitidis in het algemeen. Daarnaast wordt nader 

ingegaan op de mogelijke invloed van restrictie modificatie systemen op clonaliteit, en die 

van NmeSl in lineage III in het bijzonder. 
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