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Neisseria meningitidis (the meningococcus) is a naturally competent bacterial species in which intra- and
interspecific horizontal gene transfer is a major source of genetic diversity. In strains of the electrophoretic
type 37 (ET-37) complex and of the A4 cluster, we identified genomic DNA coding for a novel restriction-
modification system and for the tail of a previously unidentified prophage. Furthermore, a novel 7.2-kb DNA
segment restricted to clones of the ET-37 complex and the A4 cluster was isolated and shown to occur both as
a plasmid (pJS-B) and as a chromosomal integration. Neither the genomic loci nor pJS-B was present in ET-5
complex, lineage 3, or serogroup A meningococci. The differential distribution of the DNA segments described
herein, as well as of opcA4, porB, nmeAl, nmeBI, and nmeDI described previously, supports the concept of genetic
isolation of hypervirulent lineages responsible for most cases of serogroup C disease worldwide.

The species Neisseria meningitidis is composed of a large
variety of clones and clonal groupings (reviewed in reference
1). The majority of clones colonizing the nasopharynx of hu-
mans should be regarded as avirulent (7), and only a few
hypervirulent clonal groupings are responsible for the majority
of disease in humans. In Europe, serogroup B disease is caused
mainly by the electrophoretic type 5 (ET-5) complex and lin-
eage 3 whereas serogroup C disease is caused by the ET-37
complex and the A4 cluster (reviewed in reference 1). Hori-
zontal gene transfer within the naturally competent species and
with commensal neisseriae has resulted in genetic variability
(2, 11-13, 27), but it has been demonstrated that hypervirulent
lineages of both serogroups B and C can be readily distin-
guished by the presence or absence of several genomic loci;
e.g., the ET-5 complex and lineage 3 are characterized by a
class 3 porB gene, whereas a class 2 gene is found in the ET-37
complex and the A4 cluster (9, 43). Isotype I of the tbpB gene
is restricted to meningococci of the ET-37 complex, while
other hypervirulent lineages harbour isotype II (31). Further-
more, the latter lack the gene encoding the adhesin OpcA (32,
44).

We recently demonstrated a differential distribution of three
novel restriction-modification (R-M) systems, nmeAI, nmeBI,
and nmeDI (10), while a lineage 3-specific R-M system was
described by Bart et al. (3). The differential distribution of
meningococcal genes can be caused by rapid expansion of
lineages with increased fitness, bottlenecking, periodic selec-
tion, and immune selection, which are mechanisms antagoniz-
ing the effects of recombination (2, 15, 16, 26, 33). In addition,
we recently provided evidence that sexual isolation of clonal
groupings is caused by differentially distributed R-M systems
which partially disrupt genetic transformation (10). In the
present study we have extended the list of currently known
differentially distributed genes. We compared the ET-37 com-

* Corresponding author. Mailing address: Institut fiir Hygiene und
Mikrobiologie, Universitait Wiirzburg, Josef-Schneider-Str. 2, 97080
Wiirzburg, Germany. Phone: 49(931)201 3802. Fax: 49(931)201 3445.
E-mail: uvogel@hygiene.uni-wuerzburg.de.

2570

plex with the ET-5 complex by plasmid profiling and represen-
tational difference analysis (RDA). We identified a novel plas-
mid that is unique to the ET-37 complex and the A4 cluster
and also identified two novel genomic loci of the ET-37 com-
plex not present in the ET-5 complex, lineage 3, and serogroup
A meningococci.

MATERIALS AND METHODS

Bacterial strains. A total of 163 meningococcal strains were obtained from the
following collections: Dominique A. Caugant (Oslo, Norway), Mark Achtman
(Berlin, Germany), National Reference Centre for meningococci (NRZ; Heidel-
berg, Germany), Paula Kriz (Prague, Czech Republic), Manchester Public
Health Laboratory (United Kingdom), E. R. Moxon (Oxford, United Kingdom),
and Institute for Hygiene and Microbiology, University of Wiirzburg (our own
isolates). Multilocus enzyme electrophoresis assignments were provided by D. A.
Caugant (see also references 8, 9, and 14). Sequence types (STs) were obtained
from the multilocus sequence typing (MLST) website (http://mlst.zoo.ox.ac.uk/)
(28).

Recombinant DNA technology. Restriction and DNA-modifying enzymes were
purchased from New England BioLabs (Beverly, Mass.). Chromosomal DNA
from N. meningitidis was purified on a CsCl gradient. For the extraction of
meningococcal plasmid DNA, meningococci grown for 12 h on GC agar (Difco)
were resuspended in phosphate-buffered saline. The pellet from 1 ml of a bac-
terial suspension with an optical density of 10 at 600 nm was used for plasmid
preparation by the alkali lysis method (4). RDA was performed essentially as
described previously (10). For DNA-DNA dot blot hybridizations, 20-pl volumes
of suspensions containing 10'° CFU per ml of H,O were dotted onto nylon
membranes (Macherey-Nagel, Diiren, Germany). Alternatively, 200-ng portions
of chromosomal DNA were spotted. Southern and colony blot hybridizations
were performed as described previously (19) with digoxigenin-labeled probes.
The probes 48/49 and 43/50, which were used for detection of pJS-B, comprised
positions 1400 to 2382 and positions 5252 to 558, respectively (numbered ac-
cording to EMBL database entry AJ277475). Probes 1-7 (positions 1455 to 2205,
[AJ278708]) and 1-26 (positions 5193 to 5760 [AJ278707]) were used to detect
chromosomal loci 37/1-7 and 37/1-26. PCR was performed on a thermal cycler
obtained from Biometra (Gottingen, Germany). The thermostable DNA poly-
merase AmpliTag was purchased from Perkin-Elmer (Weiterstadt, Germany).

The following oligonucleotides specific to 37/1-7 were used to analyze strains
for the presence of the restriction-modification system and the insertion se-
quence IS7655: HC278 (5'-TTG CCC GTA ATT ATG GTT CTC-3', positions
3,007 to 3,027 [AJ278708]), HC277 (5'-CCG TTG CTT TTG TCT TGG CG-3/,
positions 3809 to 3790), and HC273 (5'-ATA CGC CAC AAT AGC TCA GC-3',
positions 4469 to 4450). The site of insertion of IS7655 (29) was determined by
sequencing the HC278/HC273 PCR product with primer HC280 (5'-AAA GAG
TTC TAC CAA CAC ACC-3’). Automated DNA sequencing was performed on
a sequencer (model 377; Applied Biosystems, Foster City, Calif.) by the dye
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FIG. 1. (A) Plasmid preparation by the alkali lysis method from strains 537, which carries pJS-B (lane 1, native plasmid; lane 3, plasmid cleaved
with Clal), and strain 2375, which is lacking the plasmid (lane 2). (B) Southern blot demonstrating plasmid pJS-B in its chromosomal and its
plasmid forms in strains 537 and 2375. Chromosomal DNA was digested with Clal-BamHI (lanes 1) or with Clal-EcoRV (lanes 2). (C) Probe 48/49
covered positions 1400 through 2382 of the plasmid, and probe 43/50 covered positions 5252 through 558. Thus, only probe 43/50 contained the
Clal recognition site of the plasmid (position 6811). The hybridization patterns obtained with the two strains were identical, except for the
linearized plasmid band, which appeared only in strain 537 (arrow). The remaining bands were due to hybridization of the probes to the
chromosomal copy of pJS-B present in both strains. The position of the inverted repeat region IR1/IR2 of the plasmid is indicated.

terminator cycle method with Ampli7ag. Nucleotide sequence data were ana-
lyzed with the Lasergene sequence analysis software (Dnastar, Madison, Wis.).
DNA and protein sequences were compared with the GenBank and SWISS-
PROT databases on the BLAST server hosted by the National Center for
Biotechnology Information (NCBI), Bethesda, Md. Further DNA comparisons
were made with sequence data released by the meningococcus genome-sequenc-
ing projects at the Sanger Centre (Cambridge, United Kingdom) (http://www
.sanger.ac.uk/Projects/N_meningitidis/) and at The Institute for Genomic Re-
search (TIGR) (http://www.tigr.org/).

Nucleotide seq e accession s. The sequence of plasmid pJS-B has
been submitted to the EMBL database and given accession number AJ277475.
The sequences of loci 37/1-7 and 37/1-26 have been given accession numbers
AJ278708 and AJ278707, respectively.

h,

RESULTS

A novel plasmid, pJS-B (EMBL database accession number
AJ277475), plus two novel genomic loci, i.e., 37/1-7 (AJ278708)
and 37/1-26 (AJ278707), were identified in meningococci of
the ET-37 complex and characterized further.

Plasmid pJS-B. Representative strains of different clonal
lineages including strains of the ET-37 complex were screened
for the presence of plasmids. A 7,245-bp plasmid designated
pJS-B was isolated from the ET-37 complex strain 537 (found
in Norway) (original strain name P179; donation of D. A.
Caugant) (Fig. 1). Eight open reading frames (ORFs) were
identified on the plasmid. The nucleotide sequences of the
ORFs, as well as the deduced amino acid sequences, did not
reveal significant homologies to entries in public databases
(GenBank, EMBL, SWISS-PROT). Therefore, we were not

able to classify the plasmid type. Positions 20 to 307 of the
plasmid were 93% identical to the IR1/IR2 inverted-repeat
region upstream of the pivNG gene of Neisseria gonorrhoeae,
which encodes the pilin gene-inverting protein homologue
PivNG (accession number U65994) (5). Sequences homolo-
gous to the repeat region are also present in the genomes of
meningococcal strains MC58 and Z2491 (29, 37). It has been
speculated that the PivNG protein is involved in genomic re-
arrangements in gonococci (5). In the original description of
IR1/IR2, the authors furthermore contended that the repeats
might serve as recombination sites used by PivNG. This sug-
gestion is interesting for the following reason: we could not
isolate a plasmid from strain 2375 (ET-37 complex, ET-15
clone; Czech Republic) (Fig. 1), but by dot blot analysis with
independent probes specific to pJS-B, which covered the whole
plasmid, we could demonstrate that chromosomal DNA of
2375 carried a copy of the complete plasmid (data not shown).
To further examine this finding, we conducted the following
experiment. Chromosomal DNA of strains 537 and 2375 were
digested either with BamHI plus Clal or with EcoRV plus Clal.
These chromosomal DNA preparations contained small amounts
of plasmid. Clal cuts at a single site on the plasmid (position
6811), whereas EcoRV and BamHI do not cleave the plasmid.
Southern blots of digested DNA with the independent probes
43/50 and 48/49 revealed identical patterns except for a 7.2-kb
band representing the plasmid linearized by Clal (Fig. 1). Tak-
en together, these experiments showed that pJS-B appears to
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FIG. 2. Genomic organization of the putative R-M system 37/1-7 in
the ET-37 complex and the A4 cluster. A stable insertion of IS7655 in
ORF 2 was found in the ET-37 complex but not in the A4 cluster. Note
that the 3’ end of ORF 2 was not sequenced.

be a chromosomal locus, which most frequently can also be
isolated as a plasmid. We hypothesize that the site of recom-
bination is the IR1/IR2 region. Evidence for this hypothesis is
lacking as several attempts to clone the chromosomal region
containing the pJS-B insertion site have been unsuccessful.
Putative R-M system 37/1-7. We and others have previously
demonstrated the potential of RDA to identify R-M systems in
meningococci (3, 10, 30, 38). We therefore performed RDA
using strain 2120 (ET-37 complex) (40) as the tester and strain
MCS58 (ET-5 complex) (37) as the driver. From strain 2120, we
isolated a novel hypothetical R-M system designated 37/1-7
with homology to a hypothetical R-M system (HP0054/HP0053)
identified by genome sequencing of Helicobacter pylori (http:
/fwww tigr.org) (39). The deduced amino acid sequence of
OREF 1 of 37/1-7 exhibits 42% identity over 831 amino acids to
the product of the coding sequence HP0054, i.e., a putative
adenine/cytosine DNA methyltransferase. The partially se-
quenced deduced amino acid sequences of ORF 2 of 37/1-7
shows 46% identity over 263 amino acids to the product of
HPO0053, which is located immediately downstream of HP0054
in H. pylori. In contrast to methyltransferases (25), endonucle-
ases are much less highly conserved and functional domains
cannot be deduced from sequence data (21). Therefore, we can
only imply that ORF 2 of 37/1-7 and HP0053 encode endo-
nucleases, because the genes are located downstream of the
genes encoding the modifying enzymes. This organization is
frequently observed in bacterial R-M systems. In strain 2120, a
copy of an insertion sequence (IS) belonging to the IS30 family
was found to be inserted at position 260 of ORF 2. Therefore,
OREF 2 must be considered to be disrupted and nonfunctional.
The same IS occurs in 13 and 6 copies in the genomes of MC58
(ET-5 complex) (37) and Z2491 (subgroup IV-1) (29), respec-
tively, and has been designated IS1655 (29). By PCR with
primers HC278, HC277, and HC273, we confirmed that IS7655
was present in 59 of 59 ET-37 complex strains. The IS inser-
tion, however, was not seen in A4 cluster strains, indicating
that the IS insertion occurred after divergence of the ET-37
complex and the A4 cluster. It has apparently remained stable
in ET-37 complex strains. We determined the site of insertion
of IS7655 in 12 of 59 ET-37 complex strains. For this purpose,
we sequenced the HC278/HC273 PCR product obtained from
ET-37 complex strains by using the primer HC280. All 12
strains analyzed exhibited precisely the same site of insertion
of IS7655. In one strain, which was kindly provided by D. A.
Caugant (original strain designation, 401), we additionally ob-
served the insertion of IS7301 (17, 19) into the left inverted
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repeat of IS1655. The insertion of ISI301 into IS1655 proved
to be a rare exception, which might be explained by the fact
that IS7301 only rarely occurs in ET-37 complex strains (19,
20). The stable insertion of 1S1655 in ET-37 complex menin-
gococci argues for a lack of mobility of this IS element. Taken
together, we have demonstrated the occurrence of a novel
putative R-M system in ET-37 and A4 cluster meningococci.
Of the two clonal groupings, only the ET-37 complex exhibited
an insertion of IS7655 in orf 2 (Fig. 2).

Putative prophage 37/1-26. The RDA described above com-
paring the ET-37 complex with the ET-5 complex resulted in
isolation of a chromosomal fragment of the ET-37 complex
strain containing prophage DNA. The genomic fragment was
designated 37/1-26. We have currently sequenced 6,764 bp of
the putative meningococcal prophage. Four ORFs with iden-
tical orientation have been identified in 37/1-26. The deduced
amino acids of ORF 1 (partial ORF coding for 195 amino
acids), ORF 2 (252 amino acids), ORF 3 (241 amino acids),
and ORF 4 (1,422 amino acids) exhibit 54, 44, 36, and 34%
identity over 192, 194, 200, and 1,001 amino acids to the struc-
tural proteins L (SWISS-PROT accession number P03738), K
(P03729), 1 (P03730), and J (P03749), respectively, of the Esch-
erichia coli bacteriophage lambda. Proteins L, K, I, and J are
structural proteins involved in tail assembly of phage lambda.
The database comparisons therefore suggest that we have
found a fragment of a novel meningococcal lambdoid pro-
phage. Using the BLAST servers of the Sanger Centre and of
TIGR, respectively, no significant homologies to any of the
coding sequences of the genomes of the serogroup A strain
72491 and of the serogroup B strain MC58 could be detected.
This finding demonstrates that 37/1-26 is not related to proph-
ages identified by the recent meningococcal genome sequenc-
ing efforts (29, 37).

Distribution of pJS-B, 37/1-7 and 37/1-26. We performed
DNA-DNA hybridizations in a dot blot format to investigate
the distribution of pJS-B, 37/1-7, and 37/1-26. A total of 163
meningococcal strains were included in the analysis (ET-37
complex, n = 59; A4 cluster, n = 36; ET-5 complex, n = 19;
lineage 3, n = 5; serogroup A [ST-1-7], n = 7; other electro-
phoretic or sequence types not belonging to hypervirulent lin-
eages, n = 37). The data are summarized in Table 1. Epide-
miologically related isolates gave similar results. For example,
28 ET-37 complex strains belonging to clone ET-15, which
were isolated in the Czech Republic or Bavaria between 1993
and 1998 (18, 23, 24), were positive for all probes used. The
genomic loci 37/1-7 (putative R-M system) and 37/1-26 (puta-

TABLE 1. Differential distribution of 37/1-7, 37/1-26, and pJS-B“

Clonal lines No. of No. of No. (%) of:
onat iineage strains countries 37/1-7 37/1-26 pIS-B
ET-37 complex 59 10 59(100) 59 (100)  52(88.1)
A4 cluster 36 14 34(92.0) 35(97.2) 21(58.3)
ET-5 complex 19 4 0 0 0
Lineage 3 5 5 0 0 0
Serogroup A (ST-1-7) 7 5 0 0 0
Other? 37 11 4(10.8) 6(16.2) 0

“The presence of DNA fragments was determined by DNA-DNA hybridiza-
tion using dot blots.
b Electrophoretic or sequence types not belonging to hypervirulent linages.
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tive prophage) were present in all ET-37 complex strains and
in more than 90% of the A4 cluster strains. pJS-B was identi-
fied in most of the ET-37 complex strains (88%) and in many
of the A4 cluster strains (58.3%). Among the ET-37 complex
strains negative for pJS-B was strain FAM18, which is currently
under genome sequence investigation at the Sanger Centre.
The plasmid, 37/1-7, and 37/1-26 were not found in the ET-5
complex, lineage 3, and serogroup A meningococci. 37/1-7 and
37/1-26 were infrequently found in strains not belonging to the
hypervirulent lineages shown in Table 1. This finding probably
suggests sporadic horizontal transfer of 37/1-7 and 37/1-26 to
these lineages. Taken together, the data demonstrate a differ-
ential distribution of the novel DNA fragments identified in
this study, which proved to be rather specific for the ET-37
complex and the A4 cluster.

DISCUSSION

N. meningitidis is one of the most variable bacterial species
colonizing the human host. This is reflected by the fact that
over 1,000 STs have been identified by MLST since publication
of the method in 1998 (28). The genetic variability is due in
large part to recombination (11, 12). However, despite fre-
quent recombination, the population structure of N. meningi-
tidis is not panmictic. Only a few clonal groupings, which have
been known for decades, have been demonstrated to be re-
sponsible for majority of cases of serogroup A, B, and C me-
ningococcal disease. Accordingly, measurement of the fre-
quency of recombination by using the homoplasy test revealed
that recombination was much less obvious in meningococci
than in H. pylori (34-36). In particular, hypervirulent clonal
lineages of meningococci causing serogroup C disease have
been genetically uniform over decades, because the vast ma-
jority of ET-37 complex and A4 cluster strains belong to only
four STs and because many specific genetic markers, including
the ones demonstrated in this study, are found in most strains
of the lineages isolated from many countries over many years.
These findings may be due to increased fitness of strains of
these STs and their rapid expansion, or other purifying mech-
anisms such as bottlenecking and immune selection. Further-
more, genetic isolation should be taken into consideration:
although ET-37 complex meningococci are easily transform-
able by plasmids and genomic DNA in the laboratory, it is
unclear how actively this clonal grouping participates in hori-
zontal gene transfer in nature. Linz et al. (27) recently made
the striking observation that 95 ET-37 complex strains isolated
in Mali between 1990 and 1992 showed no sequence variation
in the tbpB gene whereas 98 subgroup IV-1 serogroup A strains
isolated in the Gambia in the mid-1980s exhibited independent
import of 17 foreign tbpB alleles. This finding suggests that
ET-37 complex meningococci incorporate foreign DNA less
frequently in nature than do serogroup A meningococci.

One possible mechanism of genetic isolation of meningococ-
cal lineages may be the result of a differential distribution of
R-M systems, as we recently demonstrated for nmeBI (10).
This R-M system was found in ET-5 complex meningococci but
not in ET-37 complex meningococci. We showed that ET-5
complex meningococci were moderately protected from up-
take of DNA derived from the ET-37 complex, if NmeBI re-
striction sites were placed adjacent to the selective marker in
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the transforming DNA (10). It remains unclear, however,
whether similar mechanisms act on transformation of ET-37
complex meningococci.

Does the hypothesis that genetic isolation separates ET-5
and ET-37 complex meningococci also hold true for house-
keeping genes, which are abundant in the neisserial gene pool?
This question can be easily addressed by using the information
deposited in the MLST database. The prototype of the ET-5
complex is ST-32, and that of the ET-37 complex is ST-11.
ST-32 and ST-11 differ in all alleles of housekeeping genes
analyzed by MLST. We retrieved from the MLST database all
STs which differed from ST-32 or ST-11 in only one of seven
housekeeping gene alleles. We found that several alleles were
shared by these closely related derivatives of the ST-32 and the
ST-11, i.e., abcZ8, adk-3, gdh-6, and pdhC3. This finding dem-
onstrates that alleles of the ST-32 complex enter the ST-11
complex and vice versa. How does this finding fit into the
hypothesis of genetic isolation of the ET-37 (ST-11) complex
suggested by the differential distribution of pJS-B, 37/1-7, and
37/1-26? The reasons for this discrepancy are unclear. One
might speculate that selective pressures account for the find-
ing. On the other hand, it has to be taken into account that the
size of the MLST database far exceeds the number of strains
analyzed in this study, which makes a comparison of the results
difficult. However, a reason for the lack of mobility of DNA
islands such as 37/1-7 within the neisserial gene pool may be
that recombination of DNA islands, in contrast to recombina-
tion of housekeeping genes, is difficult due to their heterolo-
gous nature.

Plasmid profiles, to our knowledge, have not been system-
atically related to clonal groupings before. We recently de-
scribed the identification of plasmid pJS-A which was found
only in serogroup A meningococci of subgroup VI (EMBL
database accession number AJ238491, [20]). This plasmid pro-
vided an example of a differentially distributed plasmid, which
had been taken up by a defined subset of clones within sub-
group VL. As described for pJS-A, pJS-B is restricted to a
defined subset of meningococcal clones, i.e., the A4 cluster and
the ET-37 complex. These examples illustrate that plasmid
profiling in meningococci must take into account the genetic
diversity of this species. The most interesting feature of plas-
mid pJS-B was the presence of a conserved IR1/IR2 region,
which was described for gonococci and which has also been
identified in meningococcal genomes (37). We suggest that this
plasmid integrates chromosomally by recombination via this
IR1/IR2 region. We identified strains which harbor a chromo-
somal version of the plasmid but do not release an extrachro-
mosomal copy. It is unclear how plasmid liberalization is
regulated and whether piv genes are involved. piv genes in
gonococci are located adjacent to IR1/IR2, and their putative
role in recombination via the repeats has been discussed pre-
viously (5). We also do not know yet whether pJS-B can rep-
licate autonomously. Initial attempts to transfer the plasmid to
pJS-B-negative strains failed. Nevertheless, pJS-B is another of
the few examples for bacterial plasmids released from chro-
mosomal copies, as described before in Vibrio cholerae for the
CTX¢ bacteriophage, which integrates chromosomally or rep-
licates as a plasmid (41, 42). It is unclear whether pJS-B con-
tributes to the pathogenicity of the ET-37 complex. No homol-
ogy to virulence genes could be found by comparison with
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public databases. Furthermore, a role in pathogenicity is ques-
tionable, because not all of the pathogenic ET-37 strains, e.g.,
strain 2120 (40), carried pJS-B.

We recently identified three novel R-M systems differen-
tially distributed among clonal groupings of meningococci (10).
Identification of meningococcal R-M systems by RDA was also
reported by others (3, 30, 38). The potential of RDA to identify
bacterial R-M systems was demonstrated again in this study by
the identification of 37/1-7. We recently suggested that menin-
gococcal R-M systems might contribute to sexual isolation, as
demonstrated by a reduction of the uptake of double-stranded
DNA by NmeBI (10). However, 37/1-7 is probably not involved
in restriction of horizontal gene transfer, because the endonu-
clease gene is disrupted by IS insertion in ET-37 complex
strains. It is nevertheless interesting to observe the large num-
ber of R-M systems specific to distinct clonal groupings, which
suggests that R-M systems frequently entered subsets of clones
of meningococci. A systematic analysis of the distribution of
such genes, as performed in this and our recent study (10), will
be very helpful to the development of rapid molecular identi-
fication schemes for hypervirulent lineages based on PCR.
Such approaches are desirable for routine typing of meningo-
cocci, because although MLST has definitly become the “gold
standard” of meningococcal typing, it is still rather time-con-
suming and expensive.

Apart from a 1967 report of bacteriophages isolated from N.
meningitidis (6), there is only one description of a complete
prophage genome in meningococci by Klee et al. (22), who
performed a detailed analysis of meningococcal loci not
present in gonococci. One of these regions, region 3 contained
a prophage designated pmnl, which consisted of 52 ORFs, of
which 16 were homologous to phage Mu. pmnl was found in
group A meningococci, and analysis of the MC58 genome
revealed that the phage was not present in this ET-5 complex
strain. Despite the small number of reports on meningococcal
prophages and bacteriophages, the serogroup A genome (sub-
group I'V-1) was shown to carry five partial or complete proph-
ages (pmnl to pmn5) (29). Furthermore, 16 ORFs derived
from prophages or with phage-related functions were recov-
ered from the serogroup B genome (ET-5 complex) (37).
Therefore, one might assume that several bacteriophages en-
tered meningococci in the course of their evolution and that at
least cryptic versions of prophages are still present. In this
study, we detected prophage DNA in the ET-37 complex. Ho-
mology searches suggest that the four ORFs are structural
genes involved in tail assembly of a lambdoid bacteriophage.
We did not sequence the entire phage genome, because the
genome of the ET-37 complex strain FAM18, which carries
37/1-26, is currently being sequenced at the Sanger Centre.
The genome sequence data will shortly reveal whether 37/1-26
is part of a complete or cryptic prophage. With the genome
data available, we will be able to determine, in future experi-
ments, whether the prophage is functional, whether it carries
genes related to pathogenicity, and which conditions result in
phage liberalization.

Taken together, plasmid profiling and RDA allowed us to
identify previously unknown DNA specific to the ET-37 com-
plex and A4 cluster. The distribution of the fragments under-
lines the close relationship of these clonal groupings. More
importantly, it provides evidence for the presence of effective
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barriers to genetic exchange between hypervirulent lineages.
This barrier affects several groups of genes, e.g., genes encod-
ing R-M systems (nmeAl, nmeBI, nmeDI, and 37/1-7), genes
encoding outer membrane proteins (opcA and porB), prophage
DNA (37/1-26), and plasmids (pJS-B). Future studies should
focus on the basic mechanisms conferring this barrier to trans-
formation.
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