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Abstract

The genus Neisseria contains two pathogenic species of notable public health concern: Neisseria 

gonorrhoeae and Neisseria meningitidis. These pathogens display a notable ability to undergo 

frequent programmed recombination events. The recombination mediated pathways of 

transformation and pilin antigenic variation in the Neisseria are well studied systems that are 

critical for pathogenesis. Here we will detail the conserved and unique aspects of transformation 

and antigenic variation in the Neisseria. Transformation will be followed from initial DNA 

binding through recombination into the genome with consideration to the factors necessary at each 

step. Additional focus is paid to the unique type IV secretion system that mediates donation of 

transforming DNA in the pathogenic Neisseria. The pilin antigenic variation system uses 

programed recombinations to alter a major surface determinant which allows immune avoidance 

and promotes infection. We discuss the trans- and cis- acting factors which facilitate pilin 

antigenic variation and present the current understanding of the mechanisms involved in the 

process.

Introduction

The majority of species in the genus Neisseria are commensal bacteria that colonize mucosal 

surfaces. The two pathogenic species, Neisseria gonorrhoeae (the gonococcus) and 

Neisseria meningitidis (the meningococcus), are the causative agent of gonorrhea and the 

primary cause of bacterial meningitidis in young adults, respectively. Both organisms are 

strict human pathogens with no known environmental reservoirs that have evolved from 

commensal organisms within the human population (1). The study of the Neisseria is 

important for public health reasons, but also provides a defined system to study evolution of 

two highly related organisms that cause distinct diseases. One unique aspect of the 

pathogenic Neisseria is the presence of sophisticated genetic systems that contribute to 

pathogenesis. The processes of DNA transformation and pilin antigenic variation will be 

discussed in this Chapter.

Natural DNA Transformation

There is a diverse set of more than 80 identified naturally transformable bacterial species 

that are able to recognize free DNA in the environment, import it across the envelope and 

recombine exogenous DNA with resident DNA molecules (2). Unlike the majority of 
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naturally competent species, Neisseria sp. are constitutively competent, capable of 

transformation at all phases of growth (3, 4). Natural transformation is the primary means of 

horizontal gene transfer (HGT) in Neisseria with a documented flow of information amongst 

both commensal and pathogenic members of the genus (5, 6). Similar to the vast majority of 

Gram-negative bacteria, transformation in Neisseria is dependent on a type IV pilus (Tfp) 

complex (7). Pathogenic Neisseria often undergo HGT with recombination occurring so 

frequently that there is a marked inability to establish stable clonal lineages (8). These 

genomic signatures suggest that mixed infections are common and this idea has been 

supported by some studies (9, 10). Although N. meningitidis maintains limited lineage 

structure, both species tend toward linkage equilibrium, and this frequent genetic exchange 

is thought to contribute to the rapid spread of antibiotic resistance among N. gonorrhoeae 

strains (11–14). This HGT has led to clinical isolation of N. gonorrhoeae strains with 

resistance to multiple antibiotics (15). Though no single strain has accumulated all of the 

resistance markers, there are resistant lineages to all currently recommended therapies (15). 

The threat of untreatable gonorrhea has earned N. gonorrhoeae a spot on the Center for 

Disease Control’s list of superbugs and its highest threat level reserved for only three 

organisms (16–18).

The Type IV Pilus

Tfp are a critical virulence factor for many pathogens and also promote interactions of 

nonpathogens with their environments. Tfp are long, thin fibers that undergo dynamic cycles 

of extension and retraction and mediate twitching motility, cellular adherence, microcolony 

formation, and natural transformation in both N. gonorrhoeae and N. meningitidis (19–23). 

The expression of Neisseria Tfp correlates directly with transformation efficiency, an 

observation that has been expanded to many Gram negative species (3). In the presence of 

excess DNA, highly piliated strains of N. gonorrhoeae can achieve transformation 

efficiencies more than a million times higher than strains lacking the major Tfp pilin PilE 

(24). There is a complex Tfp assembly apparatus present in the bacterial envelope that is 

responsible for pilus expression and associated functions (Figure 1). Many of the Tfp 

complex proteins are required for transformation. Among the Tfp complex proteins that 

have a defined function, PilD is a periplasmic protease responsible for processing PilE into 

the mature form that can be assembled into the pilus fiber (23). PilD is required for pilus 

expression and transformation competence. Mutations in Tfp structural proteins including 

the inner membrane protein PilG and the pore forming secretin PilQ abrogate transformation 

(25, 26). Additionally, transformation is dependent on the two cytoplasmic NTPases PilF 

and PilT (23, 27). PilF is thought to power pilus extension while PilT is required for pilus 

retraction and twitching motility. The requirement for many of the Tfp complex proteins in 

transformation has led to the generally accepted hypothesis that the pilus fiber mediates the 

binding and initial uptake of DNA into the periplasm as well as transport of DNA through 

the outer membrane during transformation (28–30). This has never been conclusively 

shown, and it is an open question whether Tfp or a pilus-like apparatus (pseudopilus) is 

actually responsible for DNA uptake across the outer membrane (31).

Contributing to this uncertainty are the observations that small amounts and altered forms of 

pilin are sufficient for transformation. Pilin (pilE gene product) can exist in variant forms 
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such as S-pilin (a short or secreted form) and L-pilin (long form). S-pilin results from a 

cleavage event and produces a soluble form that is secreted from the cell by an unknown 

mechanism (32). Some S-pilin variants display intermediate piliation phenotypes but wild-

type levels of transformation (33, 34). L-pilin variants result from a duplication of coding 

sequences in pilE that produces an oversized pilin monomer that cannot be assembled into 

pilus fibers, yet only reduces transformation efficiencies 35-fold (32, 33). Alongside the 

pilin variants investigations, a 2003 study showed that when the level of pilin expression is 

reduced to the point where observable pili are extremely rare in a population of cells, the 

cells still exhibit considerable transformation efficiencies (24). The competence in these 

pilus-deficient gonococci was still dependent on PilT and PilQ, leading to the hypothesis 

that extended Tfp are not necessary for transformation; rather a pseudopilus apparatus, 

utilizing the type IV pilus complex of proteins, is sufficient for transformation (Figure 1).

DNA Uptake

Regardless of whether extended Tfp or pseudopili are responsible for specific binding of 

extracellular DNA, retraction of the Tfp or pseudopilus is likely not sufficient to account for 

the difficulties of transporting DNA across the outer membrane. The PilQ pore is only 6nm 

in width, the same width as the predicted Tfp structure (35). This leaves no room for 

concomitant transport of other substrates, much less the doubled up DNA structure that 

would result from binding at a mid-strand site. Taking into consideration that lengths of 

DNA several times longer than the cell are routinely transformed, a single pilus retraction 

event would not bring the entire DNA molecule into the periplasm (36). Therefore, DNA 

transport across the outer membrane requires a mechanism more complicated than pilus 

elaboration, DNA binding, and a single retraction event. Successive cycles of pilus 

extension and retraction could be responsible for pulling long DNA molecules across the 

outer membrane, but evidence from studies of the Gram-positive bacterium Bacillus subtilis 

suggests that the import of DNA is processive and occurs at a constant velocity (37). This 

could be explained by the cooperative retraction of several pili in succession but there is no 

experimental evidence to support this hypothesis (38).

An alternative hypothesis revolves around the gonococcal protein ComE. Although not 

surface localized, ComE is required for DNA uptake and transformation and binds DNA 

non-specifically (39). Four copies of ComE are encoded in the gonococcal genome and 

deletion of individual comE genes results in an additive negative effect on transformation. A 

recent study in V. cholerae showed that the ComE homolog of V. cholerae, ComEA, is 

required for DNA uptake into the periplasm and that ComEA binding of DNA can 

potentially prevent retrograde transport of DNA through the PilQ pore (40). The authors 

propose ComEA is responsible for pulling DNA into the periplasm through a ratcheting 

mechanism reliant on non-specific DNA binding and entropic forces similar to what has 

been proposed to drive double-stranded DNA (dsDNA) dsDNA transport through the 

nuclear pore complex in eukaryotic cells (41). While it remains to be seen if ComE plays a 

similar role in Neisseria, these observations form an alternative working model in which 

DNA is bound extracellularly by the (pseudo-)pilus (Figure 1). Retraction of the 

(pseudo-)pilus pulls the initial length of DNA into the periplasm. Non-specific binding of a 
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complex possibly containing ComE then mediates import of the remaining length of DNA 

into the periplasm.

DNA Uptake Sequence

Although constitutively competent and lacking any apparent transformation regulation, 

Neisseria species preferentially transform self-DNA (42, 43). This is accomplished through 

repeat sequences spread across their genomes that aid in efficient uptake and transformation 

of self-DNA. The initially identified DNA uptake sequence (DUS) is a 10 base sequence 

(DUS10 5′-GCCGTCTGAA), but an extended 12-mer DUS (DUS12 5′-

ATGCCGTCTGAA) occurs at greater than 75% of DUS10 locations and slightly increases 

transformation efficiencies over the 10-mer DUS (42, 44, 45). Remarkably, the 10 base 

sequence occurs about once every kb of the genome, a frequency a thousand times higher 

than chance predicts and is often located as an inverted repeat in putative Rho-independent 

transcriptional terminators (42, 45). It has been suggested that DUS sequences are more 

often found within DNA repair genes due to a role in genome maintenance, but this analysis 

does not take into account that DUS can act over several kb distances (46). It is possible that 

the enrichment of DUS sequences in core genes (genes shared among all isolates) may 

indicate slow accumulation of the sequences with the oldest (most essential) genes 

accumulating the highest proportion of DUS (47). The 10 base DUS sequence was identified 

for its ability to competitively inhibit transformation (42) and to enhance both DNA uptake 

and transformation when added to a previously untransformable plasmid (43). DUS 

mediated transformation enhancement is both strain and strand specific in N. gonorrhoeae; 

DUS containing DNA only enhances transformation 20-fold in strain FA1090 while it 

increases efficiencies 150-fold in strain MS11 (48). Because the DUS is non-palindromic, 

the two divergent single-stranded DUS sequences were investigated for their relative effect 

on transformation and given identifiers Watson (5′-ATGCCGTCTGAA) and Crick (5′-

TTCAGACGGCAT). The single-stranded Watson DUS12 increased transformation 

efficiencies with single-stranded DNA (ssDNA) 180–470 fold while the single-stranded 

Crick DUS12 only enhanced transformation 7 fold over non-DUS containing ssDNA (49). 

Notably, even with the Watson DUS12, ssDNA was 2–24 fold less efficient than DUS12 

containing dsDNA in transformation assays. These data suggest that there may be different 

uses for the double-stranded and single-stranded uptake sequences.

While the Tfp and its components were exhaustively investigated for a role in specific 

binding of the DUS, the mediator of self-DNA recognition was not identified until a 

landmark 2013 study by the Pelicic lab (39, 50–57). This study identified the type IV minor 

pilin ComP as the DUS receptor in N. meningitidis (54). The study investigated ComP due 

to its high level of sequence conservation amongst several Neisseria species (99%) 

suggesting an important function. They showed that ComP was the only known pilin 

component that bound dsDNA and had affinity for DUS-containing DNA. Through 

mutational analysis, it was also shown that an electronegative stripe on ComP that is 

predicted to be surface exposed on Tfp is responsible for the DNA binding ability of ComP 

(54). While the DUS sequence is conserved in both N. meningitidis and N. gonorrhoeae, 

different members of the Neisseria genus and the broader Neisseriaceae family have slightly 

different DUS sequences termed dialects (58). The efficiency of the DUS dialects for 
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transformation of N. meningitidis was shown to be dependent on the expression of the 

cognate ComP protein (59). Notably, while the inner bases of the DUS are most critical for 

allowing high transformation efficiency and DNA binding by the ComP protein, not all 

residues that were important for full transformation efficiency were important for ComP 

binding (59). This result suggests that the DUS may act in a different step during 

transformation independent of ComP and could rely on the single stranded Watson DUS 

sequence shown to function in transformation (49).

Processing and Recombination

There are three gonococcal genes, comL, tpc, and comA; important for transformation 

competence that are proposed to act during the transport of DNA into the cytoplasm (60–

62). ComL and Tpc are both localized to the periplasm and have been implicated in DNA 

transport across the peptidoglycan layer possibly through the creation of localized breaks in 

the cell wall (60, 61). ComA displays homology with ComEC of B. subtilis which is a 

polytopic membrane protein localized to the inner membrane that delivers ssDNA into the 

cytoplasm (62, 63). Whether ComA also transports dsDNA into the cell is an unanswered 

question.

Following import into the cell, DNA is subject to restriction modification (64). N. 

gonorrhoeae encodes a large array of methyltransferases and their corresponding 

endonucleases that form an effective restriction barrier to plasmid DNA, making plasmids 

1,000 fold less transformable than chromosomal loci (65, 66). N. meningitidis is able to 

restrict transforming DNA through a unique CRISPR/Cas system that is not present in the 

sequenced gonococcal isolates (67). Clustered, regularly interspaced, short palindromic 

repeat (CRISPR) loci confer sequence specific adaptive immunity based on CRISPR-

associated (Cas) protein complexes ability to cleave incoming DNA (68). While generally 

thought to be an adaptation to protect against phage invasion and foreign plasmid 

conjugation, the type II CRISPR/Cas system of N. meningitidis was the first system shown 

to naturally prevent transformation (67). The meningococcal CRISPR/Cas pathway is the 

most streamlined system characterized to date and encodes sequences that may be able to 

restrict the transfer of certain virulence determinants amongst cells of different lineages. 

This may explain the increased ability of the meningococcus to form semi-clonal lineages in 

comparison to the gonococcus which lacks a CRISPR/Cas system.

Following entry into the cytoplasm, transforming DNA is integrated into the chromosome 

through homologous recombination mediated by the major recombinase, RecA, which can 

bind ssDNA, find the complement strand in a homologous DNA duplex, and catalyze D-

loop formation (69, 70). RecA activity is limited by RecX which facilitates more efficient 

recombination (71). Investigations into the role of DNA repair pathways in transformation 

showed the RecF-like pathway that mediates ssDNA gap repair in E. coli is not involved in 

transformation-mediated homologous recombination, but mutations in the RecBCD pathway 

show a 10 to 100-fold decrease in transformation efficiency (72, 73). The RecBCD pathway 

is involved in dsDNA break repair in E. coli and would be predicted to only act on dsDNA 

transformation substrates (74). It is likely that transformation proceeds mainly through 

ssDNA intermediates, and the observation that the majority of transformation is independent 
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of the RecBCD pathway confirms the ssDNA dependence. However, the amount of 

transformation that is RecBCD-dependent suggests that either there is some dsDNA 

transported into the cytoplasm or that a portion of the transported ssDNA is converted to 

dsDNA and then used for recombination. A role for DprA nuclease, which is involved in 

DNA transformation in several bacterial species, has not been reported (2). Finally, mutation 

of PriA helicase, which helps restart stalled replication forks in E. coli, lowers 

transformation efficiency. The helicase may act directly on the D-loop produced by RecA 

mediated ssDNA invasion of the duplex, or alternatively, may process a different 

intermediate formed during the recombination process that requires replication restart (75, 

76). There are no other naturally transformable organisms reported where PriA has been 

tested for a role in transformation processes, so it is unclear if this is a unique processing 

requirement in Neisseria. The details of DNA processing and recombination during 

transformation in the Neisseria is still open to further investigation.

Delivery of DNA for DNA Transformation - Gonococcal Genetic Island and Type IV 
Secretion

One of the major issues in genetic transfer is the source of transforming DNA. It has been 

argued that using DNA from dead bacteria may promote the acquisition of alleles that are at 

a selective disadvantage (77). This viewpoint ignores the fact that even if a genetic change 

occurs that causes death of a bacterial cell, the negative allele is only one gene in a 

chromosome of 500 – 8,000 genes that can be transferred. In addition, most competent 

bacteria exhibit a natural level of autolysis that provides DNA from cells that are not under 

negative selection (78). The gonococcus, however, has a unique way of providing donor 

DNA for transformation. Over 75% of investigated gonococcal strains carry a genomic 

island approximately 57kb in size encoding a type IV secretion system (T4SS) that secretes 

DNA into the extracellular environment (79, 80). While named the gonococcal genetic 

island (GGI) due to its discovery in N. gonorrhoeae, the GGI has also been found in 17.5% 

of meningococcal strains, although the functionality of the encoded T4SS varies amongst 

these strains (81, 82). The GGI displays many characteristics of a horizontally acquired 

genomic island; including a G + C content different than the rest of the chromosome and a 

paucity of DNA uptake sequences (DUS) relative to the rest of the genome (80). Like many 

other horizontally acquired genomic islands, the GGI has short direct repeats on both ends 

(80).

Based on the flanking direct repeat sequences difA, a consensus dif site, and difB, a dif site 

varying by 4 mismatches, it is thought that the acquisition of the GGI was mediated by the 

dif-recognizing gonococcal recombinase XerCD (80, 83). Under laboratory conditions, the 

GGI undergoes XerCD mediated excision once every 106 cells after 18 hours of growth 

(84). Notably, when the non-consensus difB site is mutated to restore the consensus dif 

sequence, the excision rate increases to once per 103 cells (85). These observations have 

incited speculation that the non-consensus sequence of the difB site acts to limit the rate of 

GGI excision (86). While the maintenance of the GGI and its encoded T4SS in 80% of 

gonococcal strains indicates a survival advantage, it is possible that infrequent excision of 

the GGI is maintained, perhaps to help propagate the GGI. The mutations in the difB site 

allow for this to happen, but also significantly decrease the frequency of GGI excision, 
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which would favor maintenance. Interestingly, many N. meningitidis strains carry more 

mutations in the difB site than the gonococcal versions, which may explain why the GGI is 

maintained in the meningococcus despite carrying mutations that render the T4SS inactive 

(83).

The GGI consists of 62 open reading frames, 23 of which show significant homology to 

T4SS proteins (80). The encoded T4SS is similar to other F-like (named for the prototypical 

conjugative plasmid) T4SS, but in contrast to typical conjugative elements, the GGI secretes 

chromosomal DNA into the extracellular milieu in a contact-independent manner (87). 

Nuclease sensitivity experiments show that the secreted DNA is single-stranded and blocked 

at the 5′ end, presumably by a bound relaxase molecule (84). Unlike the prototypical T4SS, 

the secreted DNA is exposed to the extracellular environment rather than being transferred 

directly between cells (79). This is supported by the observation that the encoded TraA 

conjugative pilin subunit is not required for T4S (86). The secreted DNA, however, is 

competent for transformation and has been shown to be a better transformation substrate 

than DNA released by autolysis (79). This stands in contrast to the observation that ssDNA 

is a less efficient substrate than dsDNA for transformation (49). While protein secretion has 

yet to be shown, it has been postulated that the increased efficiency of transformation by 

T4S ssDNA over autolysis released dsDNA is due to proteins bound to the secreted DNA 

(86).

Although the gonococcal T4SS is non-conjugative, inferences can be made about the 

structure of the gonococcal T4SS based on the structure revealed by cryo-electron 

tomography for the conjugative plasmid pKM101 and gonococcal experimental data (88, 

89) (Figure 2). In plasmid pKM101, the core complex spans both the inner and outer 

membrane with polymerized TraK forming the secretin in the outer membrane. Interacting 

with TraK in a one-to-one-to-one ratio are TraV, thought to stabilize the pore complex, and 

TraB (88, 89). Dillard et al. have established that TraK and TraV interact in gonococci and 

that TraK is surface exposed (86). In plasmid pKM101, TraB spans both the outer and inner 

membrane to connect the core complex and provide a channel for substrate translocation, 

and the same is predicted to be true in gonococci (88). The inner membrane complex is 

likely composed of the N-terminal domain of TraB, an ATPase TraC, a coupling protein 

TraD, and TraG (90, 91). While shown to stabilize mating pairs, aid in pilus production, and 

act in entry exclusion in homologous systems; TraG plays a novel, uncharacterized role in 

gonococcal T4S (91). Among sequenced N. gonorrhoeae strains, three different alleles of 

TraG are found (79). While the shortest allele was found to be nonfunctional for the 

secretion of DNA, it could still have a role in the secretion of proteins or other substrates 

(91). Like other T4SS, the GGI is dependent on lytic transglycosylases for secretion, 

presumably to produce localized breaks in the peptidoglycan to allow for secretion complex 

assembly (92). Unique to the gonococcal system is that two lytic transglycosylases, AtlA 

and LtgX, are required for T4S (92).

Besides the structural components of the T4SS, secretion of DNA is thought to occur 

through the action of ParA, ParB, TraI, Yea, and TraD (Figure 2). ParA and ParB are 

partitioning proteins responsible for segregation of chromosomes and plasmid DNA during 

replication (93). ParA, specifically the DNA binding Walker Box domain, has been shown 
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to be required for DNA secretion leading to the hypothesis that ParA and ParB are 

responsible for recruitment of the DNA to the secretion complex and the processing 

enzymes (80). TraI is a GGI encoded relaxase, a class of proteins that nick DNA at a 

specific recognition site oriT (84, 94). TraI is required for DNA secretion and mutation of 

the putative catalytic tyrosine residues either blocks or severely hinders DNA secretion into 

the medium (84). While TraI does not appear to use the typical histidine-rich motif for metal 

coordination, an HD phosphohydrolase domain may substitute for metal ion coordination. 

Additionally, gonococcal TraI contains a predicted unique N-terminal amphiphatic helix 

which may allow association with the inner membrane. TraI interacts with the DNA at the 

single oriT site on the GGI. This site is an inverted repeat located near the traI gene and is 

required for DNA secretion. While the GGI encodes the only oriT site, the site can still 

support DNA secretion if moved to a distant location on the chromosome (84). This leads to 

the model that DNA secretion begins with a TraI induced nick at oriT and delivery of the 

nicked strand to the secretion complex by the required coupling protein TraD (95). Secretion 

then continues via unwinding of the chromosome by the GGI encoded helicase Yea. As the 

DNA is unwound for secretion, strand replacement synthesis is used to regenerate the 

chromosome and secretion proceeds along the length of the chromosome with the efficiency 

decreasing the further the DNA is from the original oriT.

Whether the GGI (and the encoded T4SS) has a direct role in gonococcal pathogenesis 

remains unclear. Certain versions of the GGI (containing atlA and the sac-4 allele of traG) 

are found more often in isolates that cause disseminated gonococcal infection (79). 

Additionally, the GGI T4SS is active during intracellular infection and can compensate for 

an inactive iron transport complex (96). These data suggest that the T4SS either acts as an 

import apparatus or exports proteins that can then be subsequently used to import iron into 

the bacterial cell. Finally, it has been established that secretion of ssDNA is required for 

initial stages of biofilm formation, which is presumed to help with colonization (97). While 

these studies establish possible roles for the GGI in N. gonorrhoeae virulence, the lack of an 

infection model makes it difficult to characterize the relative contribution of the system in 

causing disease. Perhaps the most interesting remaining question is what role the T4SS plays 

in protein secretion. The increased ability to transform with secreted DNA and the Ton-

independent iron acquisition data suggest the possibility that the GGI mediates protein 

secretion, but this hypothesis still requires direct experimental support.

The fundamental question of what benefit HGT provides to any organism remains 

controversial (2). Several doubts have been raised about whether HGT is the evolutionary 

basis of competence due to the unpredictable results of genetic transfer with critics 

supporting a model where competence evolved as a nutrient acquisition system (77). An in-

silico study, however, suggests that even if extracellular DNA comes from dead cells with 

more deleterious alleles than the recipient cell, HGT can actually allow a population to 

escape the predicted irreversible accumulation of harmful alleles (98). This in turn suggests 

that HGT may be important for long term genomic maintenance rather than having 

deleterious effects. Another possibility is that transformation competence allows a species to 

have a larger gene pool to draw upon (99). While this simulative study does not end the 

controversy, there is no doubt that natural transformation plays a significant role in genetic 
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exchange and nutrient uptake and therefore is an important area for continued investigation. 

With the HGT-mediated spread of antibiotic resistance, the specter of untreatable gonorrheal 

infections is a looming reality.

Antigenic Variation

Introduction

As obligate human pathogens, N. gonorrhoeae and N. meningitidis are constantly under 

immune surveillance. One vital mechanism for immune avoidance is antigenic variation, by 

which a pathogenic organism constantly modifies surface-exposed immunogenic molecules. 

This strategy can result in prolonged colonization or allow for reinfection of a previously 

infected host who has a potentially effective immune response that is made ineffectual by 

the variation (reviewed in (100)). Phase variation is a related but distinct process of 

phenotypic variation where a cell switches between defined phases of expression, either 

between ON and OFF phases or between two variant forms. Both phase and antigenic 

variation processes generally occur at rates higher than the normal mutation rate of the 

organism. Phase variation systems have the ability to reversibly switch between the phases 

and are usually mediated by polynucleotide repeat variation, invertible elements, or 

differential methylation (reviewed in (101)). In contrast, antigenic variation systems have 

the ability to stochastically express many different forms of a gene product and can be based 

on multigene phase variation or a recombination-based diversity generation system (see next 

section). Both phase and antigenic variation systems can have functional as well as immune 

system consequences.

Both pathogenic Neisseria species express three antigenically or phase variable major 

surface determinants: the opacity (Opa) outer membrane proteins, which act as adhesins; 

lipooligosaccharide (LOS), which decorates the outer membrane and is also involved in host 

interactions; and Tfp (102). The commensal organisms express some of these molecules but 

do not undergo the variation processes. Both LOS and Opa proteins undergo antigenic 

variation through an ON/OFF phase variation mechanism, mediated by slipped-strand 

mispairing of tandem repeats in multiple genes (103–105). In the case of the Opa gene 

family, there are 4–13 individual genes that phase vary ON and OFF independently through 

changes in a pentamer repeat found in the signal sequence coding region of each gene (103). 

It is likely that the Opa protein antigenic variation process is mainly used to create 

functional variants to promote interactions with different human cellular receptors (106). 

Five of the LOS biosynthetic glycosyltransferases are phase variable due to polynucleotide 

repeats in promoter or coding regions that when altered turn each gene ON or OFF (105, 

107). The LOS structure is then defined by which set of these five genes is expressed in 

combination with the eight invariant biosynthetic genes. Pilus antigenic variation, in 

contrast, uses a complex, programmed homologous recombination system to express 

antigenically distinct peptide sequences on the Tfp. While homologous recombination-based 

systems for antigenic variation are found in both prokaryotic and eukaryotic pathogens, the 

pilin antigenic variation in Neisseria has become a model system for these types of diversity 

generation systems.
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Pilin Antigenic Variation

Pilin antigenic variation is mediated by non-reciprocal recombination events, where a 

sequence from a silent pilin copy is donated to the pilin expression locus but does not 

change in the reaction (Figure 3). Gonococci typically carry around 18 silent pilin copies in 

four to six pilS loci (108, 109). Lacking a promoter, ribosome binding site, and the coding 

sequence for the N-terminal alpha helix of pilin, the silent copies are not expressed (110–

112). The pilE gene encodes a 5′ constant region followed by a semi-variable (SV) region, 

two highly conserved cys regions (containing the two-disulfide bond forming cysteines) 

sandwiched around the hypervariable loop, and finally the hypervariable tail. The amount of 

conservation and diversity in the different regions is due directly to the sequence variation in 

the silent copies (110). The hypervariable regions of pilE correspond to the coding regions 

that display the largest diversity amongst the silent copies. Highlighting the functional role 

of pilin variation in creating antigenic diversity, the hypervariable regions correspond to the 

surface and antibody-exposed areas of pilin in the pilus fiber (113, 114). During pilin 

antigenic variation a portion of a pilS copy is transferred into the expressed pilE. Because 

the amount of transferred sequence can range from a single nucleotide to the entire pilS copy 

and sequence can be donated from multiple pilS copies along the length of pilE, this process 

can result in a remarkably large set of expressed pilin sequences (Figure 3A–C) (115).

The molecular process of antigenic variation results in a wide range of functional 

consequences. Noted as early as the 1960’s, gonococcal colonies can exhibit a visible phase 

variation due to expression or lack thereof of pili (116). While some pilus phase variation is 

due to ON/OFF switching of PilC or pilE deletion, antigenic variation events that introduce 

a premature stop codon from a silent copy or a non-favorable combination of silent copies 

can also prevent pilus expression (117–120). While not fully understood, it is likely that 

such nonfavorable combinations of silent copies result in a pilin molecule that is unable to 

efficiently assemble into a pilus fiber. This is supported by the observation that strains with 

different pilE coding sequences exhibit different levels of piliation (119). Although the lack 

of a suitable animal model means experimental data is lacking, it is likely that phase 

variation is critical for multiple reasons as all gonococcal isolates have this ability and 

multiple avenues to achieve it. Antigenic variation can also alter the sites of post-

translational modification of the pilus which has been implicated in a variety of biological 

processes in N. gonorrhoeae including cellular adhesion and host-cell activation (121, 122). 

In N. meningitidis, changes in the glycosylation status of the pilus can enhance transit across 

epithelial barriers, a critical step in pathogenesis (123). In addition, variation of the exposed 

pilin residues has been implicated in controlling host cell response in N. meningitidis (124). 

Engineered pilin variants demonstrated that the C-terminal domain of pilin is critical for 

colonization promoting host cell interactions, as well as that different pilin sequences 

conferred different host cell specificities (124). These findings have direct implications on 

the pathogenesis of N. meningitidis and underscore the importance of the diversity 

generation systems of Neisseria to provide both functional and immune avoidance 

capabilities to the organism.
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Trans-acting Factors Important for Pilin Antigenic variation

A series of broad and directed genetic screens have identified many factors important for 

pilin antigenic variation, although the majority of their roles have been inferred from 

orthologous proteins rather than direct biochemical characterization (125–127). The first 

protein identified as critical to antigenic variation is RecA, and mutations in the recA gene 

decreased pilus phase variation by 100–1000 fold (120). These results not only established 

RecA as a mediator of pilin antigenic variation but also demonstrated that antigenic 

variation is mediated by a homologous recombination-based process (120). E. coli RecA can 

complement a gonococcal RecA mutant and has similar biochemical properties (128, 129). 

Interestingly, expression of the E. coli RecA in N. gonorrhoeae resulted in increased 

antigenic variation and this increased frequency was due to the co-transcription of the E. coli 

RecX protein (130). This work led to the discovery that in the gonococcus, RecX is required 

for efficient pilin antigenic variation and that E. coli RecX is a negative regulator of RecA 

filamentation (71, 73, 130). Another protein that modulates RecA polymerization and 

activity named RdgC is also involved in promoting pilin antigenic variation presumably by 

also modulating RecA activity (131, 132).

The RecF-like recombination pathway has a central role in pilin antigenic variation 

(Neisseria do not encode a recF gene). In E. coli, the RecF pathway utilizes proteins both 

pathway specific (RecF, RecR, RecO, RecQ) and non-specific (RecA, RecN). The pathway 

is mainly responsible for repairing single-stranded gaps in DNA, although it can repair 

dsDNA breaks when the primary RecBCD pathway is inactive (133). In N. gonorrhoeae, 

mutational analysis of the pathway revealed that RecQ, and RecJ are required for some but 

not all antigenic variation events, but only the RecOR recombinase is required for all pilin 

antigenic variation (72, 134). RecQ involvement was shown to be dependent on the helicase 

activity of two of the three HRDC domains at the C-terminus (135). The Rep protein, a 3′–5′ 

helicase in E. coli, is also required for some events, and it is not known whether RecQ and 

Rep are partially redundant to one another (136, 137). RecJ is a 5′-3′ single-strand 

exonuclease whose role suggest that single-strand end resection is involved (134). RecR and 

RecO form a necessary recombinase that is the only known recombinase to act in the 

process of antigenic variation (126). RecN, whose role is not limited to the RecF pathway in 

E. coli, was not found to play a role in antigenic variation (126, 134). The identification of 

the RecF-like pathway as being necessary for pilin antigenic variation suggests that there is 

a gapped intermediate that is required for one step of the recombination process, but the 

molecular description of the intermediate has not been reported.

The RecBCD recombination pathway was reported to not to be involved in pilin antigenic 

variation, but subsequent studies reported that a recD mutant showed an increased frequency 

of antigenic variation and that a recB mutant was deficient for pilin antigenic variation in 

one strain of N. gonorrhoeae, but not another (72, 138, 139). All of these studies relied on 

assays that scored only a subset of potential variants and did not always account for the 

greatly reduced growth rate of the recB, C, and D mutants. A less biased sequencing assay, 

used to detect all pilin antigenic variation events, conclusively showed that insertional 

mutations in recB, recC and recD in both strains MS11 and FA1090 resulted in DNA repair 

phenotypes but not a pilin antigenic variation phenotype (140). This study confirmed that 
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the impaired growth of the recB and recD mutants resulted in a shift in the frequency of 

some, but not all, donor silent copies—possibly explaining the reason for the contrasting 

conclusion of a role for the RecBCD pathway in pilin antigenic variation.

Both the RuvABC and RecG Holliday Junction processing pathways are required for pilin 

antigenic variation (126, 141). Mutations in either pathway prevent pilin antigenic variation, 

leading to the hypothesis that there are distinct substrates acted on by these pathways. 

Importantly, double mutants in recG and ruvA,B, or C created a partial synthetic lethality 

with an increase in pilE deletions in the surviving bacteria. This lethality could be rescued 

by a recA mutation as well as several other mutations that prevent antigenic variation (127, 

141). This led to the hypothesis that antigenic variation involves two Holliday junctions, 

explaining the phenotype of the single mutations, and that the double recG and ruvA,B, or C 

mutations prevents the reversal of one or both of the Holliday junctions, thus locking the cell 

into a lethal antigenic variation intermediate. Preventing antigenic variation through 

processes such as recA mutation or pilE deletion prevents formation of the unresolvable 

lethal intermediate and rescues the synthetic lethality (141).

Required DNA Sequences and Structures

Several cis-acting sites have been identified as contributing to pilin antigenic variation. The 

63 bp Sma/Cla repeat is located downstream of all pilin loci and often carries SmaI and ClaI 

restriction endonuclease sites (111). Because of the similarity of the Sma/Cla sequence to 

recombinase binding sites, the Sma/Cla site was investigated, and it was found that deletion 

of the site downstream of the expressed pilin locus in strain MS11 reduced antigenic 

variation using a semi-quantitative assay that only detected transfer from two donor silent 

copies (142). This observation has not been reported for other strains and remains 

unexplained. The cys2 region of pilin is another conserved sequence involved in antigenic 

variation. Two studies have implicated the importance of cys2 in antigenic variation as well 

as the spacing between the cys1 and cys2 region (143, 144). There are two likely roles of 

these conserved regions in antigenic variation. First, the sequence conservation of the cys2 

region to that of the silent copies could serve as a shared region of homology to drive the 

recombination process. Secondly, the cys2 region might serve as a binding site for trans-

acting factors required for antigenic variation. Whatever the reason, it is clear that conserved 

sequences have a role in pilin antigenic variation and more investigation is needed to 

identify the critical sequences.

A breakthrough in the understanding of the mechanisms allowing pilin antigenic variation 

came from identification of a cis-acting DNA structure in the region of DNA immediately 

upstream of pilE. Transposon insertions isolated in a genetic screen prevented antigenic 

variation without disrupting pilin expression or an obvious open reading frame (126). A 

targeted mutagenesis of the genomic region carrying these transposon insertions identified 

twelve G-C base pairs that prevented antigenic variation when individually mutated (Figure 

4A and 4B) (127). The sequence conforms to the definition of a guanine quadruplex (G4) 

forming motif (Figure 4B), which can adopt a four stranded, square planar structure utilizing 

non-traditional Hoogsteen base pairing (Figure 4C). Further investigation confirmed that the 

sequence forms a G4 structure in vitro and the individual mutations that abrogate antigenic 
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variation also prevent G4 formation in vitro. Additionally, the point mutations that prevent 

G4 formation also decreased the detection of single-stranded nicks in both the G4 structure 

and in the C-rich strand opposite of the G4. These nicks are proposed to be required for the 

initiation of recombination and the subsequent gene conversion (127). NMR analysis 

defined the pilE G4 structure, showing the sequence forms a three-layer, all-parallel 

stranded monomeric G4 with single residue double-chain-reversal loops (Figure 4C) (145). 

Importantly, the pilE G4 structure (but not two other G4 forming sequences present in the N. 

gonorrhoeae genome) binds to RecA and does so with similar affinity as RecA for ssDNA 

(145). A G4 structure present on a ssDNA substrate can stimulate RecA-mediated strand 

exchange in vitro (145). Together these data suggest that the G4 serves to recruit RecA to 

the pilE locus and possibly serves as a nucleation site for RecA filamentation. Finally, the 

two extra HRDC domains of RecQ that were shown to be required for antigenic variation 

are also necessary to unwind the pilE G4 in vitro, suggesting that the effect of RecQ 

mutation on antigenic variation is due to the reduced capacity of the helicase to bind and 

unwind the G4 structure (135, 146).

Although the G4 structure was shown to be required for antigenic variation, it was unclear 

what initiated G4 formation since the dsDNA must be melted to allow the G4 structure to 

form. Directed mutational analysis identified a promoter downstream of the G4-forming 

sequence that is required for pilin antigenic variation (147). Transcription of a small RNA 

(sRNA) from this promoter was confirmed by 5′-RACE to start within the second set of Gs 

within the G4 forming sequence (Figure 4A). Expression of the sRNA at a distal 

chromosomal site did not restore antigenic variation in a promoter mutant showing that the 

sRNA was cis-acting. Together these data suggest that it is transcription of the sRNA at the 

G4 sequence and not some downstream role of the sRNA that initiates antigenic variation 

(147). Throughout the investigation of pilin antigenic variation, a variety of models have 

been proposed to explain the phenomenon. In light of the most recent data, the feasibility of 

each model can be re-evaluated.

Antigenic Variation Models

Pilin antigenic variation is a gene conversion event, i.e., an apparent nonreciprocal 

recombination process that has been mainly studied in eukaryotic cells that possess two 

copies of their chromosomes. It was therefore proposed that the efficient DNA 

transformation system of the Neisseria could be used to allow for gene conversion from pilS 

to pilE, if the donor molecule was from a different cell than the recipient (33, 148). While 

there are data supporting or refuting transformation as a way to allow pilin antigenic 

variation, it is now generally accepted that the majority of pilin antigenic variation events do 

not involve transformation. (33, 148–150). With transformation ruled out as the main source 

for antigenic variation, all remaining proposed models of antigenic variation involve 

intracellular recombination and necessitate at least two chromosomes. In most bacteria, two 

chromosomes only exist after replication, but it has been shown that both N. gonorrhoeae 

and N. meningitidis are polyploid, most likely diploid, and that Neisseria lactamica, which 

does not undergo pilin antigenic variation, has a single copy of its chromosome (151, 152). 

It has yet to be directly demonstrated that pilin antigenic variation relies on diploid 

homozygous chromosomes, but it remains a unique hypothesis.
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One of the first models of antigenic variation proposed was the mini-cassette theory (110). It 

postulated that there were seven defined mini- cassettes of variable sequence interspersed 

among regions of homology which were used to affect the segmental recombination that 

defines pilin antigenic variation. This model was discounted by sequencing data that 

established that antigenic variation events can change as few as one nucleotide or 

incorporate an entire pilS copy and can occur anywhere in the variable sequences where 

microhomology occurs between the recombining silent and expressed gene (32, 153). There 

are three main models of pilin antigenic variation that have been proposed. The unequal 

crossing over model (or RecBCD-mediated double-chain-break repair model) (139, 154) 

(Figure 5A) proposes that a double strand break occurs in the pilE locus, and after RecBCD-

mediated end resection, the single-stranded 3′ overhang invades the homologous pilS donor 

locus, presumably through RecA. The 3′ end of the invading strand is extended by 

polymerase while the displaced donor strand is used as a template to repair the non-invading 

strand. Holliday junction resolution results in the donor DNA sequence replacing the 

recipient pilE sequence. Although not conclusively ruled out, the data unambiguously 

showing RecBCD plays no role in antigenic variation make the unequal crossing-over model 

less likely (140).

The successive half crossing-over model also proposes an initiating double-strand break at 

the recipient pilE locus, but could also be initiated by a gapped substrate (Figure 5B) (72, 

154). RecJ catalyzed 3′ end resection at the pilE double-strand break or nick would provide 

a substrate for RecA, RecX and RecOR to mediate recombination with a donor pilS copy on 

a sister chromosome. This recombination event would create a pilE-pilS intermediate and 

link the sister chromosomes. A second half-crossing over event between the pilS region of 

the pilE-pilS 3′ intermediate and the original pilE locus would result in the original pilE 

locus containing a hybrid pilE-pilS sequence and the destruction of the donor pilS 

chromosome. As a result of the first half-crossing over event the original pilE locus will not 

be intact, requiring some sort of yet uncharacterized tethering mechanism to keep the loose 

pilE end of the dsDNA break in close proximity to the donor pilS locus. The hybrid 

intermediate model is a variation of the half crossing over model that evolved from 

experimental observations (Figure 5C) (143, 155). This model proposes that a recombination 

event occurs between pilE and pilS in a region of shared microhomology similar to that of 

the half-crossing over model but between genes located on the same chromosome. The 

crossover event would result in a circular pilE-pilS hybrid intermediate with the 

chromosomal sequences that existed between the two recombining loci also carried on the 

episomal circle and the resultant loss of the donor chromosome. The hybrid intermediate 

then requires two recombination events with a recipient pilE on a sister chromosome. One 

recombination event would occur in the extensive region of upstream homology and may 

utilize the homologous recombination factors while the second event occurs in a region of 

microhomology within the pilE coding sequence. Resolution of the resulting double 

Holliday junction would create a new pilE sequence without any changes outside of the 

variable regions of pilE. While pilE-pilS hybrids can be isolated from the gonococcus and 

have been shown to undergo recombination at the pilE locus more readily than pilS loci, a 

hybrid intermediate consistent with all experimental data has yet to be defined (155).
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While the recombination event(s) that allow gene conversion in a bacterial chromosome 

remain undefined, the known antigenic variation proteins and the discovery of the G4 and 

cis-acting noncoding sRNA allows for the formation of a speculative, working model of the 

key events in antigenic variation (Figure 6). Initiation of antigenic variation occurs with 

transcription of the noncoding sRNA. The process of transcription melts the dsDNA and the 

occlusion of the C-rich strand by the formation of a DNA:RNA intermediate allows for the 

formation of the G4. The activation energy required for G4 formation may be lowered by a 

yet-unknown protein. The fact that G4 unwinding by RecQ (and possibly Rep) is required 

for pilin antigenic variation suggests that the G4 is resolved by RecQ either during or after 

antigenic variation. Formation of the G4 leads to local nicking of the DNA possibly induced 

by a stalled replication fork on the leading strand. The nicked substrate is likely processed 

by RecJ endonuclease and either the RecQ or Rep helicases. Based on RecA affinity for the 

pilE G4 structure, RecA may be recruited to the G4 structure to initiate RecA filamentation. 

A RecOR-assisted, RecA-mediated homologous pairing between the processed pilE and a 

pilS copy would create the half crossing over intermediate and the second half crossing over 

reaction. If the hybrid intermediate model is correct, these factors could be involved with the 

initial hybrid intermediate formation or recombination of the intermediate with the recipient 

pilE. The presence of microhomology at the ends of many pilin antigenic variation 

recombination tracts suggests there may be an annealing process involved, but the identity 

of the protein that promotes annealing is unknown. Regardless, the models need to account 

for the requirement for both RuvABC and RecG and an intermediate that cannot be resolved 

if both pathways are inactivated. Though the actual nature of the recombination events is 

still unclear, the proposed working model provides predictions for conducting future studies.

Conclusions

The pathogenic Neisseria undergo transformation with remarkable frequency and efficiency, 

and this genetic exchange is critical to allow the pathogens to survive as human restricted 

organisms. Additionally, the system of antigenic variation allows for high frequency 

productive gene conversion events without adverse effects on genomic stability. Although 

pilin antigenic variation has undergone the most thorough investigation of any antigenic 

diversity generating system, implicating specific DNA sequences and structures, as well as a 

multitude of DNA repair proteins, the detailed mechanisms of recombination are largely 

unresolved. Continued exploration of the molecular mechanisms will provide understanding 

of how directed recombination can occur as well as increasing our knowledge of a system 

thought to allow N. gonorrhoeae to escape immune detection, re-infect core populations, 

and cause the failure of attempted gonococcal vaccines.
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Figure 1. Type IV Pilus and DNA Uptake
A. Type IV Pilus – The Tfp is a several micron long, 60 angstrom wide fiber anchored in the 

inner membrane by PilG that extends through the PilQ secretin pore. Composed mainly of 

the major pilin PilE (pilin), which is processed by a dedicated protease, PilD. The PilF and 

PilT NTPases mediate extension and retraction of the pilus through polymerization and 

depolymerization of the pilin subunits. B. Competence Pseudopilus – Hypothesized 

pseudopilus that could mediate transformation. Utilizes the type IV pilus complex including 

the PilQ pore but is not an extended fiber. Possible localization of ComP to the pseudopilus 

could mediate specific DNA binding. C. DNA Uptake Model - Retraction of the 

(pseudo)pilus mediated by PilT brings the initial length of DNA into the periplasm. DNA is 

then bound by a protein or protein complex possibly containing ComE which mediates 

import of the remaining length of DNA into the periplasm. The inner membrane protein 

ComA facilitates DNA entry into the cytoplasm.
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Figure 2. Type IV Secretion System Model
ParA and ParB recruit the chromosomal DNA to the type IV secretion system. TraI relaxase 

nicks the DNA at the oriT site and the DNA is unwound possiblibyl by the Yea helicase. 

The resulting single stranded DNA possibly still bound by TraI is then secreted through the 

type IV secretion complex into the extracellular mileu in a contact-independent manner. The 

inner membrane complex is predicted to consist of TraG, TraD and TraC with TraB 

spanning both the inner and outer membranes to form a channel for the DNA. The 

transglycosylases AtlA and LtgX create localized breaks in the peptidoglycan to allow the 

system to assemble. The outer membrane complex consists of TraB, TraK and TraV.
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Figure 3. Molecular Description of Antigenic Variation
The pilE and pilS loci have regions of sequence microhomology (grey) and variability 

(colored). Sequence from a nonexpressed pilS loci copy is transferred into the expression 

locus with the pilS sequence not changing. Recombination can occur A. in just a section of 

the gene resulting in a pilE-pilS hybrid, B. across the entire pilS gene resulting in an entirely 

new variable region of pilE, or C. multiple times with different silent copies resulting in a 

new pilE sequence containing information from different silent copies throughout the 

variable regions.
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Figure 4. The pilE Guanine Quartet (G4)
A. Gene map showing the location of the pilE-associated G4 forming sequence and the 

sRNA promoter required for antigenic variation at the pilE locus. B. The sequence upstream 

of pilE that forms a G4. Mutation of the boxed guanine residues lead to loss of antigenic 

variation implicating the G4 in antigenic variation. C. The parallel G4 structure of the pilE 

G4 as solved by NMR analysis.
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Figure 5. Proposed Recombination Pathways
A. Unequal Crossing Over Model – A dsDNA break occurs at the pilE locus and I. the 5′ 

ends are resected by RecBCD to leave 3′ overhangs. II. A single 3′ end mediated by RecA, 

invades the pilS locus forming a D-loop. III. The 3′ ends are extended by DNA polymerase 

using the pilS gene as a template. IV. Resolution of the double Holliday junctions results in 

a new pilE sequence without altering the donor pilS sequence.

B. Successive Half Crossing Over Model – Recombination begins with a dsDNA break or 

single-stranded gap in pilE in a region of homology. I. A RecA and RecOR mediated half 

crossing over event occurs linking the pilE and a pilS locus on a sister chromosome. II. A 

second half crossing over event occurs in another region of microhomology downstream of 

the first event between the pilE:pilS hyrbid and the original pilE locus. III. This 

recombination event leads to a new sequence at the pilE locus and destruction of the donor 

chromosome.

C. Hybrid Intermediate Model – Similar to the half crossing over model, recombination 

initiates with a double stranded break or single-stranded gap at pilE and I. a half crossing 

over event with a donor pilS on the same chromosome. II. This results in a pilE:pilS hybrid 

intermediate and the loss of the donor chromosome. III. The hybrid intermediate then 

undergoes two recombination events with the recipient pilE on a different chromosome. The 

first recombination event would occur in the extensive region of homology upstream of the 

genes while the second even would utilize microhomology within the variable regions of the 

genes. IV. Resolution of the Holliday junction intermediates leads to a new pilE sequence 

on the recipient chromosome.
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Figure 6. Proposed Antigenic Variation Initiation Pathway
Transcription initiation at the sRNA upstream of pilE melts the DNA allowing the G4 

structure to form. An unknown protein may bind the G4 to stabilize the structure. A single 

stranded nick may occur on the strand opposite the G4 due to a stalled replication fork. 

RecQ could unwind the G4 structure. RecJ resects the 5′ nicked end allowing RecA to 

mediate recombination, possibly enhanced by binding the G4 structure, with RecOR using 

regions of homology between pilE and the donor pilS, possibly through a recombination 

mechanism detailed in Figure 5. RecG and RuvABC then process and resolve the 

recombination intermediate.
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