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Meningitis 
Inflammation of the 
membranes (meninges) 
surrounding the brain.

Salpingitis 
Inflammation of the fallopian 
tubes.

Recombination 
The process by which parts, or 
all, of DNA molecules from two 
separate sources are 
exchanged or brought together 
into a single unit.

Oxidative burst 
The release of reactive oxygen 
species by specialized immune 
cells of humans.

DNA uptake sequences 
(DUS). Small repeated 
sequences that are required for 
DNA binding or uptake in 
natural transformation in 
members of the genus 
Neisseria.

Infections caused by Neisseria meningitidis (the meningo-
coccus) are associated with significant morbidity and 
mortality worldwide. This Gram-negative diplo coccus 
usually colonizes the human oral mucosa without causing 
disease. The organism is carried by ~20% of the human 
population, with increased carriage rates in crowded set-
tings such as childcare facilities and military camps. For 
reasons that are largely unknown, the meningo coccus can 
invade the pharyngeal mucosal epithelium and, in the 
absence of bactericidal serum activity, disseminate into 
the bloodstream, causing septicaemia. N. meningitidis can 
also cross the blood–brain barrier and infect the cerebro-
spinal fluid, causing meningitis. Systemic meningo coccal 
disease primarily affects young children and adolescents, 
often leading to neurological sequelae or having a fatal 
outcome. Apart from epidemic outbreaks, approximately 
500,000 cases of meningococcal disease are estimated 
to occur yearly on a worldwide basis1. The ability of the 
meningococcus to inflict damage in its exclusive human 
host is correlated with adherence to mucosal epithelial 
cells in the nasopharynx, and the ability to invade sub-
epithelial tissues and blood vessels on its way through 
the blood–brain barrier to the cerebrospinal fluid2,3. By 
contrast, the closely related Neisseria gonorrhoeae (the 
gonococcus) is transmitted sexually, infects the mucosa 
of the urogenital tract, can cause salpingitis and pelvic 
inflammatory disease in women, but rarely proceeds to 
systemic infection4.

In the meningococcal cell, as in any living cell, 
metabolic activity produces reactive oxygen species 
that can damage DNA, and the spontaneous decay 
of the DNA structure, for example, manifested by 
the hydrolytic loss or deamination of bases, causes 
DNA-damage events5. Also, horizontal gene transfer 

and frequent recombination events challenge meningo-
coccal genomic stability. Furthermore, in its local 
environment in the oral mucosal surface (during its 
commensal phase) or the bloodstream and meninges 
(during disease), the meningococcal genome experi-
ences attacks from harmful agents generated from the 
human host, for instance through the oxidative burst. 
To adapt and avoid the host immune defences, the 
meningococcus must possess mechanisms for rapid 
genome variation and diversification. To accommodate 
the meningococcus in the changing environments and 
selective pressures in its habitat, there is a concomitant 
need for genome variation and genome maintenance 
— a potentially conflicting scenario. DNA-repair 
mechanisms are therefore likely to have a key role in 
meningococcal genome dynamics.

Each microbial species has its own profile of genes 
for DNA repair and recombination6, and this profile 
is important for microbial fitness, survival and viru-
lence, as well as strain diversification and development 
of drug resistance7 (FIG. 1). In this review, we consider 
the meningo coccal DNA-repair profile, as contrasted 
with that of Escherichia coli. We discuss mechanisms 
of meningococcal genome instability that contribute to 
high genome fluidity, elucidating the consequent need for 
DNA repair. Much experimental data on neisserial DNA 
repair stems from the gonococcus. However, as the gono-
coccus shares extensive genomic identity (~96%) with the 
meningococcus, relevant experiments conducted in the 
gonococcus will be used to illustrate certain points con-
cerning meninogoccal DNA repair. Finally, we consider 
the impact of sequence repeats, and in particular the DNA 
uptake sequences (DUSs) required for transformation, on 
meningococcal genome dynamics.

Meningococcal genome dynamics
Tonje Davidsen and Tone Tønjum

Abstract | Neisseria meningitidis (the meningococcus) is an important commensal, pathogen 
and model organism that faces up to the environment in its exclusive human host with a small 
but hyperdynamic genome. Compared with Escherichia coli, several DNA-repair genes are 
absent in N. meningitidis, whereas the gene products of others interact differently. Instead of 
responding to external stimuli, the meningococcus spontaneously produces a plethora of 
genetic variants. The frequent genomic alterations and polymorphisms have profound 
consequences for the interaction of this microorganism with its host, impacting structural 
and antigenic changes in crucial surface components that are relevant for adherence and 
invasion as well as antibiotic resistance and vaccine development.
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Genetic instability
and stability

Genetic diversity

DNA-repair pathways:
• BER, NER, MMR, TLS
• Recombinational repair
• Avoidance of damage
• Restriction/modification
• Reversal of damage?
• Inducible repair?

Selected microbial
population:
Fitness for survival
• Virulence
• Antibiotic resistance
• Strain variation
• Biodiversity

Selective pressures:
• Environmental niches
• Immune responses
• Antibiotics

Phase variation

Sources of genetic
variation, mutation and
DNA damage:
• Replication infidelity
• Mutagens
• Recombination
• Chromosomal
   rearrangements
• Horizontal gene transfer 
• Transformation

Excision repair 
A process for repairing altered 
bases, mismatches or small 
loops in DNA, in which a single-
stranded section containing 
the aberrant structure is 
removed and the resulting gap 
is filled by DNA replication that 
is templated from the 
complementary strand.

Base excision repair
(BER). The excision and repair 
of bases that have been altered 
by small chemical 
modifications.

Mismatch repair 
(MMR). An excision-repair 
pathway that identifies and 
corrects mispaired bases and 
1–3-nucleotide loops.

The meningococcal DNA-repair profile
Reactive metabolites formed during normal cell func-
tion (endogenous processes), as well as environmen-
tal stimuli (exogenous stress), cause DNA damage5. 
The repair machinery that protects against these 
DNA lesions has been extensively studied in both 
prokaryotes and eukaryotes6,8, and the pathways that 
operate in E. coli have served as a model for DNA-
repair systems in other microorganisms. According to 
the E. coli paradigm, excision repair pathways include 
base excision repair (BER), mismatch repair (MMR) and 
nucleotide excision repair (NER), whereas other repair 
strategies encompass recombinational repair, reversal of 
DNA damage and tolerance of DNA damage (FIG. 2). 
A comparison of the three completed meningococcal 
genome sequences9,10 and one gonococcal genome 
sequence (see Online links box) with E. coli has dis-
closed interesting findings concerning the occurrence 
of DNA-repair genes in the neisseriae (TABLE 1).

Base excision repair. Aerobic organisms are prone to 
oxidative DNA damage, as reactive oxygen species are 
formed during normal metabolism. Furthermore, the 
meningococcus is exposed to high loads of external 
oxygen sources in its habitat in the human airways, and 
through host defence systems such as the oxidative burst. 
The defence against oxidative DNA damage might there-
fore be particularly important in this organism. One of 
the most frequent forms of oxidative DNA damage is 
the oxidation product of guanine, 7,8-dihydro-8-oxo-
2′-deoxyguanosine (8oxoG)11, which can result in base 
mispairing during DNA replication. The BER pathway 
is probably the cell’s most important line of defence 
against the deleterious effects of such DNA damage12. 
BER involves the release of modified base residues from 
DNA by DNA glycosylases that leave abasic (AP) sites in 
the DNA (FIG. 2). The AP site is cleaved by the AP-lyase 
activity of DNA glycosylases or by an AP endonuclease, 
leaving a strand break, which is repaired by enzymes that 
include a phosphodiesterase that removes the remaining 
deoxyribose phosphate residue, a DNA polymerase and 
a DNA ligase.

The meningococcal genome sequences reveal that 
homologues of all components of the BER pathway are 
present, although homologues of the DNA glycosylases 
nei and alkA and the endonuclease nfo are missing 
(TABLE 1). The only meningococcal DNA-repair com-
ponent fully characterized so far is the DNA glycosylase 
MutY, which participates in BER13. MutY is an atypical 
glycosylase — it removes adenine from DNA when it 
is mispaired with 8oxoG, thereby preventing GC to TA 
transversions14. In E. coli, MutY acts together with the 
formamidopyrimidine DNA glycosylase (Fpg/MutM) 
and the hydrolase MutT, comprising the 8oxoG system 
(GO system), to prevent fixation of mutations caused 
by 8oxoG15. Inactivation of each of the individual GO 
genes in E. coli confers a mutator phenotype, and E. coli 
fpg, mutY and mutT mutants have been reported as 
weak, moderate and strong mutators, respectively15,16. 
By contrast, meningococcal fpg mutants displayed only 
slight increases in mutagenicity, whereas neisserial mutY 
mutants have high spontaneous-mutation rates13 (FIG. 3). 
Furthermore, a mutY fpg double mutant revealed a strik-
ing increase in mutation rate (T.D. and T.T., unpublished 
results), indicating that, in the meningococcus, mutY 
and fpg gene products act in synergy. This confirms a 
prominent role for MutY in neisserial DNA repair. 

Mismatch repair. The MMR system recognizes base–base 
mismatches and insertion/deletion nucleotide loops that 
result from DNA-polymerase errors during replication17,18. 
In E. coli MMR, MutS mismatch recognition19,20 is followed 
by MutL recruitment21. Together, these enzymes activate 
MutH, an endonuclease that directs strand specificity of 
the repair machinery (FIG. 2). The meningococcus has 
homologues of the genes that encode MMR enzymes 
MutS and MutL but lacks the MutH endonuclease, as do 
humans. It is possible that another meningococcal com-
ponent carries out the MutH strand-specificity function 
found in E. coli, or that the meningococcus does not need 
this function. Stojiljkovic and co-workers hypothesized 

Figure 1 | Genetic diversity, genetic instability and fitness of the meningococcus. 
The balance between sources of genetic variation, DNA repair and selective pressures 
defines the genetic diversity and fitness of the meningococcal population. 
Endogenous and exogenous stresses lead to mutations and DNA damage that will 
often be harmful, but simultaneously represent a source of genomic variation. 
Horizontal gene transfer and recombination direct genomic diversification by 
incorporating new genetic information and shuffling the genome. Phase variation and 
antigenic variation produce diverse antigens in important surface-associated 
virulence factors, and constitute an important pathway for the avoidance of host 
immune systems. The meningococcus therefore relies on frequent genetic 
diversification to produce a surplus of spontaneous variants. Although genomic 
variation is a prerequisite for meningococcal fitness and survival, the result of an ‘ever-
changing’ genome is genomic instability. To balance the sources of genetic variation, 
the meningococcus has DNA-repair pathways; however, the contribution of each of 
these to the balancing act awaits further examination. Selective pressures in the 
meningococcus habitat, such as environmental characteristics, immune responses and 
antibiotics, influence meningococcal fitness for survival. Among the surviving 
meningococcal cells, certain variants will be optimally fit, and these might have 
selected properties such as increased virulence and antibiotic resistance. BER, base 
excision repair; MMR, mismatch repair; NER, nucleotide excision repair; TLS, 
translesion synthesis. Modified with permission from REF. 7 © (2001) Elsevier.
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Nucleotide excision repair 
(NER). The replacement of 
DNA bases that are altered by 
large chemical additions or 
crosslinks through the excision 
of a short, single-stranded 
segment containing the 
damage.

Recombinational repair 
A repair process that uses 
recombination enzymes to 
remove a DNA lesion and 
repair the patch by strand 
exchange.

DNA glycosylase 
An enzyme involved in base 
excision repair that hydrolyses 
the N-glycosylic bond to 
release the altered base 
from the sugar–phosphate 
backbone, leaving an 
abasic site.

8oxoG system
A DNA-repair system 
dedicated to the removal of the 
oxidized form of guanine, 
8oxoG. Composed of a triplet 
of enzymes — MutY, MutM 
(Fpg) and MutT.

Mutator 
A bacterial strain showing an 
elevated mutation rate.

Phase variation 
A molecular mechanism 
leading to a switching of the 
gene expression state, for 
example, on–off expression. 
Mediated by tandem repeats 
within the promoter region or 
the open reading frame. 

SOS response 
An inducible response allowing 
bacteria to circumvent the 
presence of abundant DNA 
damage by activating several 
DNA-repair genes as well as 
translesion DNA polymerases 
that are under the control of 
the LexA protein.

that defects in MMR might influence neisserial viru-
lence, and showed that mutS mutants had a significantly 
increased frequency of phase variation and moderate 
increases in the rate of missense mutations22,23. However, 
most meningococcal mutators examined could not be 
complemented by mutS or mutL, indicating that other 
mechanisms also influence meningococcal mutability. 
This is supported by recent findings which show that 
meningococcal mutS mutants have lower spontaneous 
mutation rates compared with mutY mutants (FIG. 3). By 
contrast, in E. coli, defects in mutS induce higher mutation 
rates than defects in mutY 15 (FIG. 3).

Nucleotide excision repair and the SOS response. The 
NER pathway repairs bulky lesions caused by exogenous 
damage such as ultraviolet (UV) light or poly cyclic 
aromatic hydrocarbons that interfere with normal 
base pairing, thereby impairing transcription and rep-
lication24. In E. coli, NER is executed by the UvrABC 
complex, which removes a stretch of nucleotides that 
includes the lesion24,25 (FIG. 2). A gonococcal NER system 
that acts on pyrimidine dimers has been identified26, 

and the gonococcus expresses a uvrA gene product that 
can restore UV resistance in an E. coli uvrA mutant27. The 
gonococcus also shows increased sensitivity to UV light 
on inactivation of the uvrB gene28, confirming a functional 
NER pathway. In contrast to E. coli NER genes, gonococcal 
uvrA and uvrB did not contain LexA-binding sites or SOS 
boxes, the general hallmarks of an active SOS response. 
In E. coli, the SOS response allows increased repair and 
the restoration of replication by inducing the expression 
of more than forty genes when there is a large amount of 
genomic DNA damage29,30. The lack of a functional gono-
coccal SOS response has been experimentally confirmed 
by Davies and co-workers who showed that exposure 
to the mutagen methyl methanesulphonate (MMS) and 
UV radiation did not cause an increase in the gonococcal 
uvrA and uvrB transcripts31. The authors concluded that, 
in Neisseria, the prime effector of the SOS response, the 
RecA protein, has evolved for recombination purposes 
only. Although several homologues of genes known to be 
SOS-inducible are present in the neisseriae, neither SOS 
boxes nor a homologue of the gene encoding LexA have 
been identified9,10,32.

Figure 2 | Major DNA-repair pathways in Escherichia coli and the meningococcus. Several pathways repair the 
cytotoxic and mutagenic effects of DNA damage that can arise through endogenous and exogenous stress. Mutagenic 
agents or processes (a) result in different types of DNA damage (b). Specific DNA-repair pathways (c) remove the DNA 
lesion. Pathways shown in blue represent ‘traditional’ DNA repair, whereas pathways shown in green represent the 
bypassing of a DNA lesion, avoidance or reversal of DNA damage. Important components participating in the repair 
pathway in E. coli are shown in (d). Red lines indicate the cleaved DNA strand. All major DNA-repair pathways are 
present in Neisseria meningitidis (the meningococcus); however, the complexity of genes participating in each pathway 
are reduced in several cases (e). An understanding of meningococcal DNA-repair mechanisms, the interactions among 
these pathways and their contribution to the maintenance of genomic integrity deserves immediate attention. 
AP, abasic site; CPD, cyclobutane pyrimidine photodimer; EMS, ethanmethyl sulphonate; Me, methyl group; 
NER, nucleotide excision repair; O2

•   –, superoxide radical; 8oxoG (GO), 7,8-dihydro-8-oxo-2′-deoxyguanosine; 
P,  pyrimidine; Sod, superoxide dismutase; SSB, single-stranded binding protein; TLS, translesion synthesis; UV, ultraviolet.

R E V I E W S

NATURE REVIEWS | MICROBIOLOGY  VOLUME 4 | JANUARY 2006 | 13



© 2005 Nature Publishing Group 

Table 1 | Genome-maintenance function and DNA-repair pathways in Neisseria meningitidis

DNA-repair pathway and components Homologue identified 
in N. meningitidis

Experimentally verified 
in N. meningitidis    

Experimentally verified 
in N. gonorrhoeae

Refs

Avoidance of DNA damage

Scavengers of reactive oxygen species Yes Functional  Functional 41

MutT family (d8oxoGTPase) Yes nd nd

Direct repair/damage reversal

Photoreactivation:

Phr (photolyase) Yes*  Not functional Not functional 9,10,44

Alkylation reversal:

AlkB (oxygenase)

Ogt/Ada (methyltransferases)

No

No‡

na

na

na

na

32

Excision repair

Base excision repair:

Ung (uracil glycosylase)

Mug (T:G, T:U glycosylase)

MutY (A/G DNA glycosylase)

Nth (excises oxidized pyrimidines)

Fpg (excises 8-oxoG, FaPy-lesions)

Nei (excises oxidized pyrimidines)

Tag (3-methyladenine DNA glycosylase)

AlkA (3-methyladenine DNA glycosylase)

Xth (5′ AP endonuclease)

Nfo (5′ AP endonuclease)

Yes

Putative

Yes

Yes

Yes

No

Yes

No

Yes

No

nd

nd

Functional  

nd

Functional 

na

nd

na

nd

na

nd

nd

Functional    

nd

nd

na

nd

na

nd

na

13

§

Nucleotide excision repair:

UvrA (damage recognition)

UvrB (helicase)

UvrC (endonuclease)

UvrD (helicase)

Yes

Yes

Yes

Yes

nd

nd

nd

nd

Functional

Functional

nd

nd

26

26

Mismatch excision repair ¶:

MutS (mismatch recognition)

MutL (MutH recruitment)

MutH (endonuclease)

Yes

Yes

No

Functional

Functional

na

nd

nd

na

22

22

Recombinational repair

RecA (recombinase) Yes nd Functional 33,128

RecBCD pathway Yes nd Functional 33

RecF pathway Yes nd Functional 33

Branch migration/resolution Yes nd Functional 33

Translesion synthesis

PolII (PolB) No na na

Pol IV (DinB) Yes Functional   nd 43

PolV (UmuDC) No na na

SOS response

RecA (activator) Yes nd nd 31

LexA (repressor) No na na

SOS boxes No na na
Results based on N. meningitidis MC58 and N. meningitidis Z2491 genome sequences, as well as experiments conducted in N. meningitidis and Neisseria gonorrhoeae (references 
cited). There are homologues to all known steps of the Escherichia coli base excision repair and nucleotide excision repair pathways. Absence of an SOS response has been 
experimentally confirmed in N. gonorrhoeae31. *Authentic frameshift in N. meningitidis strain MC58 (REF. 10). ‡Partial sequence homology identified. The C-terminal part of 
NMB1528 (MC58)/NMA1728 (Z2491) protein (methylated-DNA-protein-cysteine methyltransferase) shows similarity to both E. coli Ada and Ogt. §T.D. and T.T., unpublished 
results. ¶Additional components usually associated with mismatch repair that are missing in one of the sequenced meningococcal genomes are vsr (identified in Z2491 but not 
MC58) and dam (identified in MC58 but not in Z2491). dcm is found in both Z2491and MC58. FaPy, formamidopyrimidine; na, not applicable; nd, not determined. 

R E V I E W S

14 | JANUARY 2006 | VOLUME 4  www.nature.com/reviews/micro



© 2005 Nature Publishing Group 

Wild type Wild typemutY mutS mutY mutS

40

35

30

25

20

15

10

5

0

7×

63×

1×

Neisseria meningitidis

R
ifR

 m
ut

an
ts

 p
er

 1
08  c

fu

R
ifR

 m
ut

an
ts

 p
er

 1
08  c

fu

800

700

600

500

400

300

200

100

0

1×

11–42×

80–101×
Escherichia colia b

Antigenic variation 
A molecular mechanism 
leading to a change in the 
antigenic expression state of 
surface components so that 
pre-existing host antibodies no 
longer recognize the 
component (immune evasion).

Recombinational repair. Owing to the absence of an 
SOS response, it is hypothesized that recombination 
pathways will be important for the pathogenic Neisseria 
as a response to double-strand breaks in DNA (FIG. 2). 
RecA has an important role in most meningococcal 
repeat-associated events, including those associ-
ated with homologous recombination, pilus antigenic 
variation and transformation33. Gonococcal RecA was 
first identified by complementation studies in E. coli34. 
Later, the function of E. coli RecA in the gonococcus 
was examined, and it was shown that species-specific 
interactions were important for RecA-dependent 
DNA-repair functions but not for homologous recom-
bination35. Several other rec genes also participate 
in neisserial recombinational pathways (reviewed in 
REF. 36). Although a recF homologue is absent in the 
pathogenic Neisseria, the RecF-like and RecBCD-like 
pathways are present and involved in recombinational 
repair33, and gonococcal RecA functions in both path-
ways33,34. Recombination during transformation also 
displayed partial requirement for RecBCD, RecN, RecX 
and a homologue of Rep, an E. coli ATP-dependent 
helicase33,37,38. On the other hand, recombination asso-
ciated with antigenic variation was supported by the 
RecF family members RecO, RecQ and RecJ, as well as 
RecX and Rep33,37–39. These components also take part 
in the recombinational repair pathway. Interestingly, 
meningococcal strains belonging to the hypervirulent 
lineage ET-37 have several missense mutations in the 
gene encoding RecB, which confers a UV-sensitive 
phenotype, increased mutagenicity after UV treatment 
and also increased pilin antigenic variation40. Defective 
DNA-repair alleles might therefore affect pathogenic 
traits by influencing the nature and the number of 
meningococcal variants created. However, RecB has 
been shown not to affect antigenic variation by Seifert 
and co-workers33, and the role of the RecBCD pathway 
in this process remains elusive.

Other DNA-repair strategies. In addition to the excision 
repair and recombinational pathways, the meningo-
coccus has other strategies to avoid the mutagenic 
and cytotoxic effects of DNA damage. Compared with 
E. coli, the neisserial genomes have many more puta-
tive gene products that are involved in neutralizing 
DNA-damaging agents (TABLE 1), such as oxygen-radi-
cal scavengers like catalase and superoxide dismutase 
(SodC)41, which might reflect an adaptation to the 
burden of exogenous oxidative stress (FIG. 2). E. coli 
translesion synthesis (TLS) is undertaken by three 
DNA polymerases that allow replication past blocking 
lesions with the risk of inducing frameshifts (polII and 
polIV) or generating base substitutions (polV)42. The 
meningococcus, however, has only one translesion 
DNA polymerase (DinB), perhaps reflecting a reduced 
substrate spectrum for translesion synthesis. Also, the 
spontaneous mutation rate for a meningococcal strain 
that overexpresses DinB was not increased, as opposed to 
E. coli43. The consequences of the lack of RecA-controlled 
DNA-damage-inducible responses together with DinB 
activity can only be speculated upon. Assuming that the 
function of meningo coccal DinB resembles its E. coli 
homologue in introducing frameshifts, this polymerase 
could be significant in the context of providing TLS past 
the many repeat regions in the meningococcal genome 
(see below).

In addition to the SOS response, the only mode of 
DNA repair that seems to be absent in the meningo-
coccus is direct repair of DNA damage, or damage 
reversal. In 1979, Campbell showed that UV-irradiated 
gonococcal strains exposed to photoreactivating light 
showed no difference in survival compared with strains 
not subjected to photoreactivation44. Also, clinical 
meningococcal isolates exhibited the same trait, indi-
cating that photolyase activity is not functional in the 
pathogenic Neisseria species44, and that NER might be 
the main pathway dealing with neisserial UV-induced 

Figure 3 | Spontaneous mutagenicity of DNA-repair-deficient meningococci and Escherichia coli strains. 
The spontaneous mutation rates in mutY and mutS mutant meningococcus and E. coli strains compared with the 
wild type is shown. a | The spontaneous mutation rates of Neisseria meningitidis H44/76 wild-type and mutY13 and 
mutS mutant strains as assessed by rifampicin acid resistance (RifR mutants). The results are the median of ten 
experiments for all strains investigated. The error bars represent ± 1 quartile. Methods as referenced in REF. 13. 
b | The spontaneous mutation rates of E. coli wild-type and mutY and mutS mutant strains as assessed by 
rifampicin acid resistance15,123–126. × is the fold increase of the mutant strains compared with the wild type. 
cfu, colony-forming units.
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σ factor 
A subunit of the RNA 
polymerase that dictates which 
promoters are being 
transcribed.

Two-component regulatory 
systems
System that responds to an 
environmental stimulus and 
regulates gene expression 
accordingly. Composed of a 
histidine-kinase sensor, usually 
situated in the outer 
membrane, that 
phosphorylates a response 
regulator in the cytoplasm 
which in turn activates 
transcription from selected 
promoters.

Global regulatory 
component 
A component with a ‘genome-
wide’ regulatory function.

Regulatory response 
elements 
Elements that respond to a 
change in the environment and 
subsequently regulate gene 
expression, for example, 
σ factors, two-component 
regulatory systems and specific 
or global regulatory proteins.

Insertion sequences 
A mobile stretch of DNA that 
can insertionally disrupt, and 
thereby inactivate, genes.

DNA-damage events. Genome sequencing confirmed 
an authentic frameshift in the deoxyribodopyrimi-
dine photolyase (phr) gene, explaining the lack of this 
enzymatic property in the meningococcal strain MC58 
(REF. 10). However, the meningococcal genomes Z2491 
and FAM18, as well as the gonococcal genome FA1090, 
contain intact phr reading frames, and it has been sug-
gested that the lack of photoreactivation is due to regu-
lation by genes in a putative operon36. The lack of light 
in the neisserial habitat would also explain the reduced 
requirement for reversal of UV-induced damage by 
Phr. Intriguingly, all important alkylation-repair genes, 
except 3-methyladenine DNA glycosylase I (Tag), 
are absent in the meningococcus. In E. coli, the methyl-
transferases (Ada, Ogt) or iron-dependent dioxygenases 
(AlkB) remove the added methyl group. Alternatively, 
alkylated bases can be removed entirely by BER 
3-methyladenine DNA glycosylases (Tag and AlkA)45. 
The lack of alkB and other alkylation-repair genes is a 
significant deviation, indicating that alkylation repair 
might not be in demand in the meningococcal habitat, 
that other repair pathways might exert this function 
or that Tag is sufficient for the repair of aberrant alkylated 
DNA.

In summary, homologues of E. coli genes encoding 
components of the major DNA-repair pathways BER, 
MMR, NER and recombinational repair are present in 
the meningococcus, although the complexity of genes 
participating in each pathway is reduced (TABLE 1). Only 
one homologue of fpg/nei (BER) and only a single gene 
encoding a DNA translesion polymerase are present36 
(TABLE 1). By contrast, Mycobacterium tuberculosis 
genomes contain four homologues of fpg/nei46, whereas 
E. coli, as previously mentioned, harbours three different 
DNA translesion polymerases. The reduced repertoire 
of meningococcal genome-maintenance genes might 
reflect both genome-size economics and adaptations 
to the relatively protected habitat of the human oral 
mucosal surfaces.

Genome dynamics in the meningococcus and E. coli
Meningococcal genomes possess several important 
characteristics that differ from those of E. coli. Not 
only do the genome sizes and number of genes differ, 

but genome dynamics are also disparate. E. coli shut-
tles between different environments, and therefore 
needs a battery of sophisticated regulatory systems to 
sense and respond to diverse environmental signals. 
For example, the E. coli genome has 7 σ factors and 
approximately 30 two-component regulatory systems47 
(TABLE 2). These properties, in turn, necessitate a rela-
tively large genome size and efficient DNA-repair sys-
tems to maintain this regulatory potential. The result is 
minimal genome variation, especially when compared 
with the meningo coccus.

The meningococcus inhabits few sites within a 
single host, the human. This has allowed the evolu-
tion of a successful bacterial species with a relatively 
small genome and minimal regulatory networks. 
Meningococcal genomes contain only three σ fac-
tors, five putative two-component regulatory sys-
tems, possibly with redundant functions, and only 
a few neisserial global regulatory components have 
been identified9 (TABLE 2). Also, certain repeats (the 
REP2 repeats) associated with genes that are coordi-
nately regulated during host-cell adhesion48, and one 
recently identified inducible DNA-repair response that 
upregulates DNA-repair capacities and phase variation 
during colonization (see XseB below)49, are involved 
in responding to environmental changes. However, 
compared with E. coli, meningococci have few genes 
encoding regulatory response elements9,10. Along with 
a reduction in genome size, the meningococcal sur-
vival strategy involves a reduced DNA-repair capacity 
in combination with diverse systems that promote 
genome plasticity. Instead of sensing and responding 
to the environment, meningococcal cells generate a 
surplus of genetic variants that are subjected to natu-
ral selection50,51. Meningococcal adaptation is therefore 
dominated by random mutational events and not by 
regulated responses.

Mechanisms of meningococcal genome instability
Meningococcal genome fluidity is promoted by sponta-
neous mutational mechanisms. These events originate 
either from local genomic changes caused by repeat 
sequences, phase and antigenic variation, recombination 
and horizontal gene transfer, or globally from muta-
tor alleles. All contribute to the polyphyletic nature of 
meningococcal genomes. Phase and antigenic variation 
alone involve approximately 100 genes9,10,52,53, whereas, in 
E. coli, less than 10 genes are subject to phase variation54 
(TABLES 2,3).

Repeat sequence elements. The neisserial genome-
sequencing projects9,10 have revealed the presence of 
hundreds of repetitive DNA sequences with the asso-
ciated intrinsic potential for genetic instability. These 
range from short repeats to insertion sequences and gene 
duplications of one kb or more. Repetitive DNA ele-
ments are important organizational components of the 
genome55. Repeats facilitate the duplication or deletion 
of regions of the genome, as well as recombination, and 
thereby establish small and large alterations that might 
be beneficial or detrimental.

Table 2 | Meningococcal adaptation is dominated by random events

Number of genes 

Escherichia coli 
K12 

Neisseria meningitidis 
Z2491 

Genetic adaptation

Phase and antigenic variation <10 ~100

Physiological adaptation

σ factors 7 3

Two-component regulatory systems 662 <10

Regulatory proteins (specific, global) ~110 ~44

Genome size (Mb) 4.6 2.2

Total number of genes 4,288 2,065

The number of genes was obtained from REF. 47 (E. coli K12) and REF. 9 (N. meningitidis).
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Natural transformation 
Binding and uptake of free 
DNA, which is subsequently 
integrated into the genome by 
recombination.

Correia elements 
Small insertion elements of 
100–150 bp that are flanked 
by long terminal repeats.

Neisserial intergenic mosaic 
elements 
(NIMEs). Repeat units of 
~50–150 bp, each flanked 
by 20-bp inverted repeats.

Homopolymeric tract 
Several identical copies of 
single, di- tri- or 
tetranucleotides.

The neisserial DNA uptake sequence. By far the most fre-
quent repeat sequence element is the genus-specific neisse-
rial DUS. This is a 10-bp sequence, 5′-GCCGTCTGAA-3′, 
that is required for natural transformation of meningococci 
and gonococci56, and was first described by Goodman and 
Scocca in 1988 (REF. 57). Approximately 1,900 copies of the 
DUS are present in the genomes of both meningococci 
and gonococci9,10,56,58. Originally found as parts of inverted 
repeats downstream of genes, DUSs have been postulated 
to function as transcriptional regulators57. However, the 
complete genome sequences of meningo coccal strains 
MC58 and Z2491 showed that DUSs are distributed 
throughout the genomes, both in intergenic and intra-
genic regions, and that many of them are present as single 
copies9,10. When exposed to a mixture of homologous and 
foreign DNA, the neisseriae show preferential uptake of 
DUS-containing DNA59. It is not yet clear how the DUS 
functions in DNA binding and uptake and whether it has 
other functions, for instance in recombination. However, 
we have identified an overrepresentation of DUSs 
towards genes encoding DNA repair, recombination, 
replication and restriction/modification components58. 
A similar bias of the DNA uptake signal sequences (USS) 
(5′-AAGTGCGGT-3′) towards genome-maintenance 
genes was found in genomes of the distantly related 
Pasteurellaceae58. These results imply that the high fre-
quency of DUSs/USSs in genome-maintenance genes 
is conserved among phylogenetically divergent species 
and that these sequences are biologically important. 
The overrepresentation of DUSs and USSs in genome-
maintenance genes might reflect facilitated recovery of 
genome-preserving functions. Uptake of such genes could 
provide a mechanism for enhanced recovery from DNA 
damage after genotoxic stress, ensuring their replace-
ment through transformation if irreparably damaged 
or lost. The need for the DUS/USS pathway is evident 
by the fact that MMR genes such as mutS and mutL are 
frequently deteriorated by mutation and recombination 
events60. Such deterioration creates mutators, but also 
generates a demand for gene restoration. Importantly, 
neisserial MMR genes have a particularly high DUS 

density, which facilitates their uptake58. Furthermore, 
the gene that encodes the DNA glycosylase MutY is the 
most DUS-dense of all neisserial DNA-repair genes58. It 
can be envisaged that a transient and beneficial increase 
in genome instability might be allowed during coloniza-
tion and patho genesis simply through inactivation or loss 
of antimutator genes. The overrepresentation of DUS in 
the crucial genome-maintenance genes might therefore 
reflect the benefits of maintaining or restoring the integ-
rity of the repair machinery through preferential uptake 
of ‘advantageous’ DNA.

Coding tandem repeats. Coding tandem repeats are 
tandem repeats that do not disrupt the reading frame 
as they consist of repeat units composed of 3 bp or 
multiples of 3 bp. Recently, Jordan and co-workers 
have shown that, in the meningococcus, there is repeat-
length variation in genes not typically associated with 
phase variation, including the gene that encodes the 
transcription-repair coupling factor Mfd61. Also, the gene 
encoding the meningococcal outer-membrane secretin 
PilQ has 4–7 copies of a 24-nucleotide repeat, whereas 
gono coccal strains have only 2–3 copies62. Changes in 
the copy number of tandem repeats alter the structure 
and antigenicity of these components and might there-
fore represent an important, but largely unexplored, 
mechanism of generating meningococcal diversity.

Other neisserial repeat sequences. Other repeat sequences 
with incompletely determined functions such as Correia 
elements63–65, neisserial intergenic mosaic elements (NIMEs), 
large insertion elements, AT-rich repeats9 and REP2 
repeats48 are also present in meningo coccal genomes. 
These repeats are all suggested to have a role in genome 
organization, function and evolution66; however, more 
recently, Correia elements have been implicated in post-
transcriptional regulation by cleavage of the transcript in 
the inverted repeat of the Correia element67. Also, many 
tandem repeats, ranging from homopolymeric tracts of 
G or C nucleotides to di-, tetra- and pentanucleotide 
repeats, have been identified, facilitating DNA-slippage 
events9,10,52.

Phase variation. Many bacteria have evolved mecha-
nisms to produce high mutation rates in specific 
regions of their genomes, that is, localized hyper-
mutation68. High mutation rates in specific loci result 
in the rapid generation of variants, which increases the 
diversity of a population. Among the elements causing 
localized hypermutation are short repeat sequences, for 
example, oligonucleotide repeats and microsatellites, 
which are widespread in bacteria such as Haemophilus 
and Neisseria68. When tandem repeats occur in the 
coding sequence, the promoter region or close to 
the promoter region, they can change the transcrip-
tional and translational state of the gene, leading to 
an on/off switching of the gene product called phase 
variation (FIG. 4). At the molecular level, phase varia-
tion is mediated by the addition and deletion of repeat 
units, most often owing to slipped-strand mispairing. 
Slipped-strand mispairing on the synthesis strand 

Table 3 | Phase-variable genes associated with meningococcal virulence 

Phenotype Gene Variation* Mechanism‡ Refs

Type IV pili pilE, pilS P+A Rec 128

Type IV pilus adhesin pilC P SSM 129

Opacity protein opa P+A SSM 130

Outer-membrane protein opc P SSM 71

Outer-membrane protein porA P SSM 131

Adhesin nadA P SSM 53

Lipo-oligosaccharide 
modification

lgtA,C,D,G P SSM 75

Haemoglobin receptor hpuAB, hmbR P SSM 132

Capsule siaD P SSM 73
* P,  phase variation — reversible switch between on/off expression state; A, antigenic variation — 
expression of conserved moieties that are antigenically distinct. ‡The most frequent mechanisms 
underlying the variation: RecA-dependent recombination (Rec) and slipped-strand mispairing 
(SSM) mediated by misalignment of repeat tracts during DNA replication or DNA repair.
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RBS–10–35 ORF

nadA

TAAATAAATAAA CCCCCCCC

Transcription
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Gene conversion 
A non-reciprocal transfer of 
genetic information.

during replication and certain DNA-repair events 
generates addition events, whereas slipped-strand 
mispairing affecting the template strand induces dele-
tion events. Phase variation can also occur by RecA-
dependent recombination through gene conversion when 
a stop codon is introduced or removed. More than 100 
putative phase-variable meningococcal genes have 
been identified in which phase variation is used to alter 

virulence-associated, surface-exposed molecules such 
as outer-membrane proteins PorA, Opc, opacity (opa) 
proteins, pili and specific adhesins, as well as lipo-oli-
gosaccharide and capsule50,51,69–76 (TABLE 3). Genes that 
contain hypermutable sequences involved in phase 
variation have been termed ‘contingency loci’ by 
Moxon and co-workers as they allow the pathogen to 
spontaneously create genetic variants that might have 
a survival advantage when exposed to unpredictable 
events such as changing environmental conditions68. 
This mechanism provides the meningococcus with a 
large repertoire of phenotypes in a clonal population 
to escape the host immune system.

Recently, it has been shown that meningococcal 
strains associated with disease have high frequencies of 
phase variation, indicating a substantial benefit in vary-
ing surface components during transmission between 
hosts22,23. The variation often stems from the lack of 
participation of MMR components — MMR mutS, 
mutL and uvrD defective strains show enhanced phase 
variation22,23,43,77,78. There is conflicting evidence on the 
association between DNA adenine methyltransferase 
variants causing hypermutable neisserial strains with 
enhanced phase-variable capsule-switching79,80. So, 
the negative fitness impact associated with meningo-
coccal DNA-repair defects might be balanced in vivo 
by an enhanced capability to create variants. Bacterial 
MMR-deficient mutants that show high mutation and 
homologous recombination rates are frequently found 
in natural populations. The sequence mosaicism of 
MMR genes might be a hallmark of a mechanism 
of adaptive evolution that involves modulation of muta-
tion and recombination rates by recurrent losses and 
reacquisition of MMR gene functions60.

Recently, other DNA-repair pathways and metabolic 
components have been implicated in the control of 
phase variation. Overexpression of the single TLS DNA 
polymerase, DinB, increased the frequency of frameshifts 
in the short homopolymeric tract that controls the 
expression of meningococcal capsule (siaD), but had 
no effect on the frequency of frameshifts in long homo-
polymeric tracts. This indicates that, in the meningo-
coccus, DinB does not mediate efficient proofreading 
on long homopolymeric tracts43. Also, PilP, the putative 
pilot protein of the secretin PilQ required for trans-
formation, has been shown to increase the frequency 
of slippage events in mono nucleo tide repeat tracts, 
although the mechanism behind this increase remains 
unknown78. Moreover, phase variation has been linked 
to transformation in other experiments: transforming 
DNA from various neisserial co-colonizers of the human 
nasopharynx was shown to increase meningococcal 
phase-variation frequencies, indicating that hetero-
logous neisserial DNA modulates phase variation in a 
transformation-dependent manner77. However, the 
mechanism through which phase variation and trans-
formation are related remains elusive. Interestingly, 
interplay between phase variation and classic global 
regulatory proteins, such as integration host factor, has 
also been identified in the meningococcus, adding to the 
complexity of the adaptive biology of this pathogen81.

Figure 4 | Mechanisms of meningococcal phase variation. The molecular mechanism 
that most often mediates meningococcal phase variation is RecA-independent slipped-
strand mispairing of repeats during DNA replication or repair. a | Tandem repeats are 
found either in the promoter region of the gene, affecting the binding of the RNA 
polymerase and therefore transcription, or in the open reading frame (ORF), affecting 
translation. These repeats can be homopolymeric or can be composed of 
tetranucleotides. The different meningococcal loci altered by phase variation and the 
corresponding position of tandem repeats are listed. b | The mutational mechanism 
responsible for phase variation of the meningococcal outer-membrane protein and 
adhesin NadA is shown. (1) When 5 TAAA repeats are present upstream of the promoter 
region, the expression level of NadA is high51. (2) The AT-rich sequence is prone to strand 
separation. (3) Subsequent mispairing of the TAAA repeats can occur during re-annealing 
due to slippage of the DNA strands. Slippage in the 5′ to 3′ direction as shown leaves an 
unpaired copy of TAAA (indicated by the asterisks). (4) The unpaired TAAA is deleted, and 
the single-stranded loop is the target of excision-repair processes. (5) With a reduction in 
the TAAA repeat number to four, the expression level of NadA is low51. Additionally, 
recombination by a mode of gene conversion (FIG. 5) can lead to phase variation when 
premature stop codons are removed or introduced into genes, resulting in functional or 
non-functional proteins, respectively. RBS, ribosomal binding site. Figure part b modified 
with permission from REF. 68 © (1994) Elsevier.
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Conserved Variable

Conserved Variable

RecA-mediated
recombination

Gene conversion

Silent pilS locipilE expression locus

pilS1 pilS2 pilS3 pilS4

Conserved Variable

pilS1 pilS2 pilS3 pilS4

Antigenic variation. Antigenic variation is a mecha-
nism of immune evasion and refers to the expression 
of functionally conserved moieties that are antigeni-
cally distinct within a clonal population82. Only one 
variant is expressed at any given time, although the 
cell contains the genetic information to produce a 
whole range of antigenic variants. In the pathogenic 
Neisseria species, antigenic variation occurs in several 
surface components, including type IV pili, lipo-
oligosaccharides and opa proteins83–89. The best charac-
terized system is the expression of type IV pili, which 
involves RecA-dependent recombination similar to 
gene conversion84,88,90,91. The pilin subunit, PilE, con-
sists of a highly conserved N terminus and a variable C 
terminus. The single pilE expression locus is changed 
by unidirectional donation of coding sequences from 
several silent partial pilS genes84,91–94 (FIG. 5).

Transformation. Transformation is the binding and 
uptake of exogenous DNA by a bacterial cell and the 
subsequent incorporation of this nascent DNA into the 
chromosome by homologous recombination95 (FIG. 6). 
Transformation is the predominant source of new 
genetic information integrated into the genome in the 
pathogenic Neisseria species96,97, and the relative con-
tribution of transformation to horizontal gene transfer 
in nature has often been underrated. The pathogenic 
Neisseria species differ from other species in that they 
do not regulate competence like other naturally com-
petent bacteria, such as Bacillus subtilis, Streptococcus 
pneumoniae and Haemophilus influenzae; instead, they 
are competent throughout their life cycle98–102. Efficient 
neisserial transformation is dependent on the presence 
of the 10-bp DUS in the exogenous DNA, type IV pilus 
expression and homologous recombination mediated 

by RecA34,59,103,104. Type IV pilus biogenesis requires a 
complex machinery to which the enigmatic processes 
involved in neisserial transformation are coupled105. 
A consistent theme in genetic transformation is the 
involvement of type IV pili or components related to 
the type IV pilus biogenesis machinery in the initial 
events of DNA recognition and uptake105. Recently, 
four proteins that are essential to DNA uptake were 
identified: PilQ (the secretin associated with pilus 
fibre extrusion), PilP (a lipoprotein required for PilQ 
complex stabilization), ComP (which shares structural 
identity with the type IV pilus fibre subunit protein) 
and PilT (required for pilus retraction and twitching 
motility)62,106–108. Transformation of DNA between 
meningococcal and gonococcal strains occurs at a 
frequency of 10–1–10–3 per cell. However, as shown by 
transformation studies, the pathogenic Neisseria species 
rarely take up DNA from bacterial species other than 
those in their own genus. One exception is the intro-
duction of the gene that encodes H. influenzae SodC 
into the meningococcus by a horizontal-gene-transfer 
event109.

Transforming DNA has traditionally been per-
ceived as generating genetic variability and conferring 
change, such as antibiotic resistance110. However, our 
hypothesis is that transforming DNA also restores 
genes that are damaged after genotoxic stress, and 
therefore exerts a conserving function. Indirect evi-
dence for this comes from findings that DUSs are 
overrepresented in DNA-repair and metabolism genes 
in phylogenetically different species, as discussed 
above58. In this context, questions to be answered 
include the following: does DNA uptake function as a 
signal for repair/recombination? Is DNA uptake pre-
dominantly a source for genetic change or is it a mecha-
nism for conservation and DNA repair? What are the 
contributions of recombination and transforming DNA 
to mutator activity?

Mutator alleles. Mutations in MMR genes usually result 
in a global increase in the rate of genetic variation, and 
generate a mutator phenotype. Mutators are beneficial 
in situations where there is an environmental flux or 
selective pressure, but any hypermutation also imposes 
a cost on the organism. Strains with an increased muta-
tion rate form beneficial mutations more rapidly than 
strains with a low mutation rate, increasing the fitness 
of the population. However, bacteria with a prolonged 
high mutation rate have an increased accumulation 
of deleterious mutations, generating reduced fitness 
or non-viable genomes111. Hypermutable strains have 
been identified in E. coli112, Salmonella enterica serovar 
typhimurium113, Helicobacter pylori114, Pseudomonas 
aeruginosa115 and M. tuberculosis116, indicating the pres-
ence of strong mutators when these bacteria inhabit 
certain environments. Mutators have been associated 
with increased survival rates117,118, overexpression of 
virulence factors119, outbreaks of epidemic disease23 
and increased occurrence of anti biotic resistance115,116, 
but a general link between invasive disease and mutator 
phenotypes has not been clearly established.

Figure 5 | Antigenic variation. Meningococcal pilin antigenic variation is mediated 
by gene conversion. Pili consist of thousands of pilin (PilE) subunits polymerized into 
long fibres. The PilE protein contains a highly conserved N-terminal domain and a 
variable C-terminal domain, the latter determining the antigenicity of the pili. The 
variable region is the result of a non-reciprocal transfer of DNA from one of many 
silent partial pilS loci to the single pilE expression locus. The silent loci, which are 
sometimes present several hundred bp away from the pilE expression locus, can 
donate a stretch of nucleotides, on the basis of short sequence homology. The 
genetic mechanism proceeds through a form of gene conversion that requires RecA 
and several crossover events during recombination.

R E V I E W S

NATURE REVIEWS | MICROBIOLOGY  VOLUME 4 | JANUARY 2006 | 19



© 2005 Nature Publishing Group 

PilP

OM

PilW
PilC

PilE

X
X

PilQ

PilT

PilG
PilF

PilD
IM

Conclusions and perspectives
The paradox of genome stability versus instability is most 
evident under stress when repair of lethal DNA lesions 
is absolutely required, but perfect restoration of original 
genetic information is not120. The meningococcus is con-
tinually exposed to stress in its oxygen-rich habitat as it 
competes with other microrganisms or suffers attacks 
from the human immune system. Studies that predict 
or modulate scenarios of adaptive mutations and evolu-
tion, both in experimental populations as well as in the 
natural host, have found that DNA-repair pathways have 
a crucial role in controlling such events121,122. Recently, 
meningococcal contact with host cells has been shown 
to induce a DNA-repair system; the upregulation of an 
open reading frame encoding a homologue to the E. coli 

exonuclease XseB enhanced meningococcal ability to 
repair DNA in vitro and increased the phase-variation 
frequency 49. This finding emphasizes the importance of 
DNA-repair systems in the adaptation of the meningo-
coccus to its niches during colonization of a new host49, 
implicating a pivotal role for DNA-repair pathways in 
the fitness and survival of this organism.

The balancing act between the ability to promote 
genetic variants and DNA-repair systems in the meningo-
coccus raises several interesting questions: did the reduc-
tion in meningococcal genome size drive the degeneration 
of DNA-repair systems through convergent evolution, and 
did that in turn allow the proliferation of systems that pro-
mote genome variation? Alternatively, did the adoption of 
systems that promote the production of genetic variants 
create a cellular environment in which the retention of 
certain DNA-repair systems was a disadvantage? We do 
not as yet have answers to these, and other, important 
questions on meningococcal genome dynamics; we only 
have a few clues from the role of the natural transforma-
tion system, the overrepresentation of the DUS in DNA-
repair genes and the role of mutator strains.

Studies of these aspects of DNA metabolism in viru-
lent microorganisms, and their relationships to genome 
(in)stability and strain variation, are in their infancy. The 
availability of DNA-sequence data for many microbial 
genomes has revealed marked evolutionary relatedness 
among genes involved in DNA repair and transforma-
tion, but also important differences. In retrospect, such 
differences would be expected because of the contrasts in 
physiology, lifestyles and environmental habitats between 
the various organisms. A comprehensive understanding 
of genome dynamics, including horizontal-gene-transfer 
mechanisms, recombination and DNA repair, requires a 
multidisciplinary approach. The combined experimen-
tal strategy should encompass systematic comparative 
genomics and bioinformatics searches, genetic screens 
and expression analyses with subsequent characteriza-
tion of the three-dimensional structure and interactions, 
assessment of constructed mutants and relevant clini-
cal isolates, and testing in animal models. Importantly, 
much can be learned by recognition of the structural 
and functional relationships between systems for genetic 
transformation, recombination and repair. However, 
many components specific for these processes remain 
to be identified, and we need a better understanding 
of the entire DNA-metabolism machinery in bacterial 
organisms. This new understanding is a prerequisite to 
combat the increasing occurrence of infectious diseases, 
and in this context the meningococcus is a most relevant 
model organism.

Figure 6 | Horizontal gene transfer by transformation 
of exogenous DNA. DNA in the environment can be 
entangled by retracting type IV pili and introduced into the 
cell through the outer (OM) and inner membranes (IM). 
Components of the type IV pilus biogenesis apparatus in 
Neisseria meningitidis are shown. In the cytoplasm, the 
incoming DNA (blue) is integrated into the genome (red) by 
homologous recombination127.
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