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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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China 1963 
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Gambia 1 
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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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