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Characterization of isolates of Neisseria meningitidis obtained from patients with meningococcal disease or
from pharyngeal swabs of asymptomatic carriers can be achieved by several approaches which provide different
levels of discrimination. A total of 45 gram negative, oxidase-positive diplococcus strains isolated from 15
individuals with meningococcal disease and 30 of their family contacts were examined by three approaches:
serological typing, multilocus enzyme electrophoresis (MLEE), and multilocus sequence typing (MLST). For
10 of the 15 patient and contact groups, all of the isolates were confirmed as meningococci, and the bacteria
obtained from the patients and contacts, including their mother or principal caregiver in the case of children,
were indistinguishable by all three methods. In the remaining five groups the isolates from the patients were
distinct from those recovered from the contacts, and in three examples, in two separate groups, the contacts
were shown by MLST to be carrying strains of Neisseria lactamica. The data obtained from the three techniques
were consistent, although complete serological typing was possible for only a minority of isolates. Both MLEE
and MLST established the genetic relationships of the isolates and identified members of known hypervirulent
lineages, but MLST was faster than MLEE and had the additional advantages that it could be performed on
noninfective material distributed by mail and that the results from different laboratories could be compared

via the internet (http://mlst.zoo.ox.ac.uk).

For many years, epidemiological investigations of outbreaks
of disease caused by Neisseria meningitidis have relied on the
serological characterization of isolates (14). This culminated in
the development of a scheme that included the capsular poly-
saccharide (serogroup) and two of the major outer membrane
protein antigens PorB (serotype) and PorA (serosubtype) (15).
This scheme was of great assistance in numerous epidemiolog-
ical investigations of meningococcal disease, and the develop-
ment and distribution of commercial kits for serogroup deter-
mination (37) and monoclonal antibodies for serotype and
serosubtype identification (1, 2) resulted in the wide accep-
tance of this technique.

Despite these advantages, serological typing exhibits several
flaws (24). Serogroup remains an essential characteristic since
only meningococci expressing 5 of the 13 recognized sero-
groups cause most disease (38). Given that most isolates from
diseased patients in Europe and the Americas are either sero-
group B or C, this characteristic is insufficiently discriminating
for epidemiological investigations. Greater discrimination is
provided by the determination of the serotype and serosub-
type, but many isolates remain nontypeable or not subtypeable

* Corresponding author. Mailing address: Wellcome Trust Centre
for the Epidemiology of Infectious Disease, Department of Zoology,
University of Oxford, South Parks Rd., Oxford OX1 3FY, United King-
dom. Phone: 44-1865-271284. Fax: 44-1865-271284. E-mail: martin
.maiden@z00.0x.ac.uk.

1235

(28, 35), particularly those recovered from asymptomatic car-
riers (9).

There are a number of reasons why serotyping and serosub-
typing fail, including the high diversity of the PorA and PorB
antigens and limitations in the panel of monoclonal antibodies
available. Indeed, it is likely that the rate of evolution of these
antigens is such that it may not be possible to generate and
maintain a comprehensive panel of these reagents (13). Fur-
ther, some meningococci downregulate expression of the PorA
gene (36), while in others expression of this gene is disrupted
by an insertion sequence (3), precluding phenotypic character-
ization. Performance of the assays and variations in experimen-
tal techniques can also lead to no result or an incorrect result
(27).

Additional difficulties are caused by strong diversifying se-
lection, presumably imposed by the host immune response,
acting on meningococcal surface antigens and the propensity
of these bacteria to exchange DNA by transformation (22).
These factors result in serological characterization being an
unreliable indicator of genetic relatedness. This is problematic
since only a few lineages of this diverse species are regularly
involved in outbreaks of disease, and it is often not possible to
associate an outbreak with a particular lineage unambiguously
by serological characterization alone (11). Meningococci never
associated with outbreaks may have serological characteristics
common among those that are and vice versa. The application
of multilocus enzyme electrophoresis (MLEE) to meningococ-
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cal isolate collections (30) has established the existence of
particular meningococcal lineages associated with invasive dis-
ease and played a seminal role in elucidating the epidemiology
and population biology of the meningococcus (7); however, for
largely practical reasons this technique has not been widely
adopted by reference laboratories and has rarely been em-
ployed during outbreak investigations.

The advent of high-throughput nucleotide sequence deter-
mination technologies, including multilocus sequence typing
(MLST), provides additional approaches to isolate character-
ization (23). The MLST approach is equivalent to MLEE in
that genetic relationships are established by the analysis of
housekeeping genes, but it differs in that nucleotide sequence
determination is employed to identify the alleles. This ap-
proach has a number of advantages. Nucleotide sequences are
ultimately discriminating in that all genetic variation is identi-
fied, and consequently the number of loci examined can be
reduced from ca. 15 to 20 down to 7 without loss of resolution.
Nucleotide sequence determination is a generic technology
that is portable among laboratories, and nucleotide sequence
data are ideal for electronic transfer via the internet. A further
advantage is that killed cell suspensions or purified DNA can
be used for MLST, thus eliminating the need to transfer live
meningococci among laboratories.

Studies done in central and southern Europe have estab-
lished that many of the isolates obtained from patients and
asymptomatic carriers did not react with the serological re-
agent panel, despite the introduction of new reagents (20, 34).
The present study compared isolate characterization by MLST
with serological typing and MLEE on a set of meningococcal
strains obtained from patients with invasive meningococcal
disease and their contacts in Greece.

MATERIALS AND METHODS

Bacterial isolates. A total of 15 isolates from patients with meningococcal
disease and 30 from oropharangeal swabs of their family contacts or caregivers
(between one and four for each patient isolate; contact groups 1 to 15 in Table
1) were included in the study. The patients were aged between 2 months and 63
years, and all had presented at pediatric or infectious disease hospitals in Greece
in the period from 1996 to 1998. The patient isolates were grown from clinical
specimens on chocolate agar (Columbia agar supplemented with 5% blood). The
carrier isolates were grown from swabs on modified New York City Medium. In
each case suspected meningococcal colonies were characterized by Gram stain,
oxidase test, and rapid carbohydrate utilization test (Gallerie Pasteur; Pasteur-
Merieux).

Serological typing. Serogroups were determined by slide agglutination with
polyclonal antisera to serogroups A, B, C, W-135, X, Y, and Z (Wellcome
Diagnostics). Serotypes and subtypes were determined by whole-cell enzyme-
linked immunoassay with monoclonal antibody reagents supplied by the Rijksin-
stituut voor Volksgezondheid en Milieu (Bilthoven, The Netherlands) and the
National Institute for Biological Standards and Control (Potters Bar, United
Kingdom) (1, 2).

MLEE. The following enzymes were assayed: malic enzyme (EC 1.1.1.40),
glucose-6-phosphate dehydrogenase (EC 1.1.1.49), leucine aminopeptidase (EC
3.4.11.1), isocitrate dehydrogenase (EC 1.1.1.42), aconitase (EC 4.2.1.3), gluta-
mate dehydrogenase (NADP dependent) (GD1; EC 1.4.1.4), glutamate dehy-
drogenase (NAD dependent) (GD2; EC 1.4.1.2), alcohol dehydrogenase (EC
1.1.1.1), fumarase (EC 4.2.1.2), alkaline phosphate (EC 3.1.3.1), superoxide
dismutase (EC 1.15.1.1), and adenylate kinase (EC 2.7.4.3). Preparation of en-
zyme extracts, horizontal starch gel electrophoresis of fumarase, and enzyme-
staining procedures were performed as described previously (30) with the excep-
tion of the substitution of 0.2 M Tris-maleate (pH 6) for 0.2 M Tris-Cl (pH 8) in
PEP-staining solution and of direct superoxide dismutase pattern determination
on gels stained for ACO. Other isozymes were separated by polyacrylamide gel
electrophoresis on 10% gels with 3% stacking gels, both containing 0.2 M Tris-Cl
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(pH 8.3) at 500 V at 4°C for 2.5 h (12 h for PEP, GD1, and GD2 assays) in
standard Tris-glycine buffer and in Protean II (Bio-Rad). Enzyme extracts were
diluted 1:4 in 40% glycerol-water solution and loaded on to the gels as 10-pl
samples. This setting provided better isozyme discrimination than starch gel
electrophoresis. Data management was performed with the Statistica package
(StatSoft).

MLST. Isolates were sequence typed from boiled cell suspensions using the
procedures described previously (16, 23). The killed-cell suspensions were pre-
pared in Greece and sent by regular mail to the United Kingdom for MLST.
Briefly, MLST loci were amplified by the PCR and purified by precipitation with
20% polyethylene glycol 8000-2.5 M Nacl (12), and their nucleotide sequences
were determined at least once on each DNA strand with BigDye Ready Reaction
Mix (Applied Biosystems) used in accordance with the manufacturer’s instruc-
tions. Unincorporated dye terminators were removed by precipitation of the
termination products with 95% ethanol, and the reaction products were sepa-
rated and detected with an ABI Prism 377 automated DNA sequencer (Applied
Biosystems). Sequences were assembled from the resultant chromatograms with
the STADEN suite of computer programs (31).

Isolates were assigned sequence types (STs) by reference to the MLST website
(http:/mlst.zoo.ox.ac.uk), and membership of STs to lineages was established
with the computer program BURST (written by E. J. Feil and M. S. Chan).
BURST defined lineages as groups of isolates where each member shared at
least four alleles with at least one other member of the lineage. Lineages were
named after the central ST, as defined by BURST, followed by the word “com-
plex,” e.g., ST-11 complex. If the lineage had been identified previously and was
present in the MLST database (http://mlst.zoo.ox.ac.uk), then the previously
associated ST was used for the name of that lineage. For example, ST-153 was a
member of the ST-8 complex (cluster A4) complex, although no examples of
ST-8 were present in the sample described here. For clarity both the original
nomenclature for clusters, based on MLEE designations, and the designations
based on the ST assignments are used throughout this work. The BURST pro-
gram is available interactively on the MLST website (http://mlst.zoo.ox.ac.uk/).

RESULTS

There was good agreement among serological characteriza-
tion, electrophoretic type, and sequence type for all 45 isolates
examined (Table 1). Three isolates from patient contacts (con-
tact group 11, isolates BM35a and BM35b, and contact group
12, isolate BM68a) were serologically nontypeable and had
anomalous electrophoretic types. In each of these cases the
nucleotide sequences of the housekeeping alleles determined
for MLST analysis were consistent with Neisseria lactamica
sequence types: these isolates were subsequently confirmed by
further microbiological analyses to be N. lactamica. The 42
meningococcal strains comprised 1 serogroup A, 33 serogroup
B, 7 serogroup C, and 1 nongroupable isolates. Serological
characterization was mostly incomplete: 4 isolates were fully
characterized with one serotype and two serosubtypes, 27 iso-
lates were characterized for serotype and one serosubtype, 1
isolate was characterized only for serotype, 7 isolates were
characterized for only one serosubtype, and 3 isolates were not
characterized for serotype or subtype. The isolates were re-
solved into 13 electrophoretic types and 14 STs by MLEE and
MLST, respectively.

In 10 of the contact groups (1 to 10, Table 1), the patient
isolates were indistinguishable from those obtained from the
patient contacts by all criteria. These isolates included seven
contact groups from which the mother or principal caregiver of
a child with meningococcal disease had also been sampled. For
the remaining five sets of patient-contact isolates, the invasive
isolate had phenotypic and genotypic characteristics that were
distinct from those carried by the contacts.

The MLEE and MLST analyses established that 9 of the 15
patient isolates belonged to known hyperinvasive lineages:
three ET-37 (ST-11) complex isolates, one lineage III (ST-41
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TABLE 1. Serological and molecular characterization of isolates from patients and their close contacts

Contact grou Source (age or Serological . . . .
(yr)g P Isolate relationship(t og patient) character%stics” MLEE classification MLST classification
1 (1996) BM34 Patient (7 yr) B:NT:NST O ST-161 (ST-432 complex)
BM34a Carrier (caregiver) B:NT:NST (0] ST-161 (ST-432 complex)
2 (1996) BM45 Patient (8 yr) C:2a:P1.5 ET-15 (ET-37 complex) ST-11 (ST-11 complex)
BM45a Carrier (mother) C:2a:P1.5 ET-15 ST-11 (ST-11 complex)
3 (1996) BM48 Patient (5 yr) C:2a:P1.2 ET-15 ST-11 (ST-11 complex)
BM48a Carrier (mother) C:2a:P1.2 ET-15 ST-11 (ST-11 complex)
4 (1996) BM49 Patient (7 yr) B:4:P1.14 I ST-160 (ST-35 complex)
BM49a Carrier (sister) B:4:P1.14 1 ST-160 (ST-35 complex)
BM49b Carrier (mother) B:4:P1.14 I ST-160 (ST-35 complex)
5 (1996) BMS55 Patient B:4:P1.9 Lineage IV ST-163
BM55a Carrier (father) B:4:P1.9 Lineage IV ST-163
6 (1996) BM59 Patient (4 yr Dutch) B:4:P1.4 Lineage III ST-41 (ST-41 complex)
BM59a Carrier (sister) B:4:P1.4 Lineage III ST-41 (ST-41 complex)
BM59% Carrier (mother) B:4:P1.4 Lineage III ST-41 (ST-41 complex)
BM59c¢ Carrier (father) B:4:P1.4 Lineage III ST-41 (ST-41 complex)
7 (1997) BMo65 Patient (15 mo) B:4:P1.6 Lineage IV ST-164
BM65a Carrier (father) B:4:P1.6 Lineage IV ST-164
BMG65b Carrier (brother) B:4:P1.6 Lineage IV ST-164
BM65¢ Carrier (mother) B:4:P1.6 Lineage IV ST-164
8 (1997) W72 Patient (63 yr) C:2a:P1.2,5 ET-37 complex ST-211 (ST-11 complex)
W72a Carrier (wife) C:2a:P1.2,5 ET-37 complex ST-211 (ST-11 complex)
W72b Carrier (son) C:2a:P1.2,5 ET-37 complex ST-211 (ST-11 complex)
9 (1998) BM95 Patient (2 mo) B:15:P1.13 S ST-187
BM95a Carrier (father) B:15:P1.13 S ST-187
BM95b Carrier (mother) B:15:P1.13 S ST-187
10 (1998) W134 Patient B:NT:P1.14 D ST-162
W135 Carrier (mother) B:NT:P1.14 D ST-162
W134b Carrier (sister) B:NT:P1.14 D ST-162
11 (1996) BM35 Patient (2 yr) B:NT:P1.14 D ST-162
BM35a Carrier (father) N. lactamica
BM35b Carrier (mother) N. lactamica
12 (1997) BMo68 Patient (5 yr) B:NT:P1.14 D ST-162
BM68a Carrier (father) N. lactamica
BM68b Carrier (aunt) NG:NT:P1.2 R ST-196
13 (1997) BMS0 Patient (14 yr) B:2b:P1.10 A4 cluster ST-153 (ST-8 complex)
BMS80a Carrier (mother) B:NT:P1.14 D ST-162
14 (1998) W138 Patient (4 mo) B:2a:P1.2,5 ET-37 complex ST-11 (ST-11 complex)
W138a Carrier (aunt) A:4:NST T ST-103
W138b Carrier (grandfather) B:NT:NST U ST-197
15 (1996) BM33 Patient (7 yr) B:4:P1.15 ET-5 complex ST-33 (ST-32 complex)
BM33a Carrier (mother) B:4:P1.14 1 ST-160 (ST-35 complex)
BM33b Carrier (sister) B:4:P1.14 1 ST-160 (ST-35 complex)
BM33c Carrier (grandfather) B:4:P1.14 1 ST-160 (ST-35 complex)
BM33d Carrier (cousin) B:4:P1.14 1 ST-160 (ST-35 complex)
BM33e Carrier (cousin) B:4:P1.14 1 ST-160 (ST-35 complex)

“ NG, not groupable; NT, not typeable; NST, not subtypeable.

complex) isolate, two lineage IV isolates, one A4 cluster (ST-8
complex) isolate, and one ET-5 (ST-32) complex isolate. The
members of the ET-37 complex exhibited two STs (ST-11 and
ST-211), but ET-15 variants of this complex, which were dis-
tinguished by the MLEE, were indistinguishable from other
ST-11 isolates by MLST. The ET-37 complex isolates all
shared similar, but not identical, serological characteristics.
The two lineage IV isolates were distinguished by their STs
(ST-163 and ST-164) and by their serological properties, but
not by the MLEE analysis. The four lineage III (ST-41 com-
plex) isolates were uniform for all characteristics examined. Of
the remaining six isolates obtained from patients with invasive
disease, three were ST-162 meningococci, which may represent
a previously undescribed hyperinvasive lineage. These bacteria
were also isolated from four carriers and were uniform by
MLEE analysis and for serological characteristics. One case of

meningococcal disease was caused by a meningococcus belong-
ing to the ST-432 complex, with sequence type ST-161. Most
members of this complex in the MLST database were isolated
from healthy carriers rather than from patients with invasive
meningococcal disease. A further case of disease was caused by
a novel variant of the ST-35 complex, ST-160. There was one
case caused by a novel ST, ST-187.

DISCUSSION

The meningococcus is primarily a harmless inhabitant of the
nasopharynx of adult humans (5). The organism is, however,
capable of causing devastating meningococcal disease, which is
manifested in four distinct epidemiological forms: endemic,
hyperendemic, localized outbreak, and epidemic or pandemic
outbreak (25). Since different lineages of meningococci are
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associated with each of these epidemiologies, assignment of
disease-associated isolates to lineages is important for appro-
priate public health management. With the exception of the
subgroups of serogroup A (32), which are responsible for
large-scale epidemic or pandemic outbreaks in Africa and
Asia, meningococcal lineages cannot be unambiguously iden-
tified by serological means, as a consequence of antigenic di-
versity or lack of reagents. Therefore, genetic characterization
techniques such as MLEE or MLST are important for disease
surveillance and for informing public health policy and man-
agement.

In Europe and the Americas, meningococcal disease is a
sporadic endemic infection, associated mainly with infants and,
to a lesser extent, young adults (17). Many meningococcal
genotypes can be responsible for sporadic infections, but oc-
casionally a lineage with a particular propensity to cause dis-
ease may arise and spread within and among countries, leading
to the elevated levels of infection known as hyperendemic
disease, as has been documented for the ET-5 (ST-32) complex
(8) and lineage 3 (ST-41 complex) (29). In addition, certain
meningococcal lineages, especially the ET-37 (ST-11) complex,
are particularly likely to cause localized outbreaks of disease,
which are often associated with closed or semi-closed commu-
nities such as schools and military recruit camps (40).

The data from each of the characterization methods em-
ployed in the present study were consistent but provided dif-
ferent levels of discrimination. As has been noted in previous
studies, serological typing provided partial information which,
while being potentially useful in short-term outbreak investi-
gation, did not allow unambiguous assignment of meningococ-
cal isolates to lineages (11). Both MLEE and MLST analyses
enabled lineages to be identified with minor variation in levels
of discrimination. For example, MLEE was able to discrimi-
nate ET-15 meningococci from other members of the ET-37
complex, which MLST did not, although one variant of the
ET-37 (ST-11) complex (contact group A, patient, ST-211)
which was not distinguished by MLEE was discriminated by
MLST. This is because the difference defining these two vari-
ants by MLEE is a single nonsynonymous nucleotide polymor-
phism in the fumC gene at base position 640 which results in a
glutamate-to-lysine change in the protein, thereby altering the
electrophoretic mobility of the FumC protein. Although the
fumC locus is included in the MLST system, this base position
is not used in allele assignment for MLST purposes. In this
particular case the nucleotide present at this base position
could be determined to identify an ET-15 variant of the ET-37
complex (39). On the other hand, MLST discriminated two
related strains which were both assigned as lineage IV by
MLEE. Since no genotyping method exhaustively samples the
variation present among isolates, such minor discrepancies are
to be expected with different approaches and can never be
completely eliminated.

In all cases of sporadic meningocococcal disease, and often
in localized epidemic or hyperendemic outbreaks of meningo-
coccal disease, analyzing solely disease-associated isolates pro-
vides little information on the spread of the disease-associated
meningococcus. This is because the majority of infections of
humans with meningococci, even those belonging to hyperin-
vasive lineages, do not result in disease. Consequently, studies
of asymptomatic carriage are essential in order to understand
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the spread of the meningococcus. Such studies have shown that
small children do not carry the meningococcus and therefore
must acquire meningococci from older people, while the next
most vulnerable age group, young adults, experience extremely
high carriage rates, ranging from 20 to 40% (6, 10). In seven of
the contact groups reported here, all of the data indicated that
family members or caregivers, including seven mothers or prin-
cipal caregivers of children, carried meningococci indistin-
guishable from those isolated from the patient. In each of these
contact groups all of the meningococci recovered were indis-
tinguishable. In the remaining five groups, the disease-causing
genotype was not recovered from contacts, although meningo-
coccal or N. lactamica isolates were identified in each group. In
one example (contact group 15) five family members of an
individual with meningococcal disease caused by a meningo-
coccus belonging to the ST-32 (ET-5) complex were carrying
meningococci that belonged to a different lineage. Since sam-
pling of contacts occurs after a case has been identified and
since meningococcal carriage is transitory, in each of these
examples it is possible that some family members had carried
the disease-causing meningococcus but were undetected. Fur-
ther, sampling by throat swab cannot be considered to be one
100% sensitive and, without the isolation of multiple menin-
gococci from each sample, it is impossible to rule out multiple
carriage with the disease-associated meningococcus unidenti-
fied. It is also feasible that the disease-causing meningococcus
had been acquired from a carrier outside the family.

The data provided a number of insights relevant to the
current epidemiology of meningococcal disease in Europe.
Meningococci expressing subtype P1.14 have been prevalent in
Greece for several years (33) in two distinct phenotypes: B:4:
P1.14, isolated in 1996 and 1997, and B:NT:P1.14 strains iso-
lated from 1996 to 1998. These phenotypes correlated with
distinct lineages, the B:4:P1.14 phenotype associated with ST-
160 (ST-35 complex) and the B:NT:P1.14 associated with ST-
62, which was unrelated to the ST-35 complex. Given the
problems with the distinguishing phenotypic character, sero-
type 4 (35), this distinction highlights the need for genotypic
characterization to complement serotyping. Consistent with
experience in other countries in Europe and elsewhere, there
was an increased number of cases of disease caused by sero-
group C meningococci reported in Greece from 1996 to 1999
(18). These meningococci exhibited the phenotype C:2a:P1.2,5
and were particularly associated with disease outbreaks. A
number of such meningococci were represented in the present
study: two isolates from 1996 were identified as belonging to
the ET-15 variant of the ET-37 (ST-11) complex and were
identified by MLST as ST-11, whereas in 1997 non-ET-15
members of the ET-37 (ST-11) complex were identified. In
1998, an ET-15 (ST-11) meningococcus was isolated, express-
ing the serogroup B capsule (19): there would be no protection
against this meningococcus provided by the serogroup C con-
jugate capsular polysaccharide vaccine currently being used to
combat ET-37 disease in the United Kingdom. Finally, there
was one example of a case caused by a lineage III (ST-41
complex) meningococcus, which was present in a Dutch family
visiting Greece: The Netherlands was experiencing hyperen-
demic meningococcal disease caused by lineage III meningo-
cocci at this time (4).

These data indicate that the results obtained by phenotyping
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are generally consistent with genotyping methods but that it is
necessary to carry out genotyping to fully characterize isolates
and to place them in a broader epidemiological context. The
findings also highlight the need for studies of carriage in the
definition of meningococcal outbreaks. The advantages of the
MLST approach were that the typing was done remotely on
boiled cell suspensions without the transport of live meningo-
cocci, it did not require a collection of reference isolates, and
the data were readily comparable to other data by means of the
MLST website. While sequencing has long been one of the
more difficult and expensive techniques available for the char-
acterization of bacterial isolates (26), due to recent technical
developments this is no longer true (21). Commercial provision
of sequencing reaction mixes and the widespread and the in-
creasing availability of high-throughput sequencing equipment
continue to increase speed and reduce costs. In this study the
determination of MLST sequence types (seven loci on both
strands) was achieved with commercial reagents at a cost of
approximately $31 per isolate. Further, the setting up of se-
quencing reactions and the interpretation and analysis of nu-
cleotide sequence data are especially amenable to automation,
substantially reducing, and perhaps in time virtually eliminat-
ing, labor costs.
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