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Abstract 
The pathogenic Neisseria provide textbook examples of phase variation; the high frequency, random 
and reversible switching of gene expression. Typically, phase variable gene expression is observed 
in genes required for the expression of surface proteins and carbohydrate structures. All Neisseria 
gonorrhoeae and Neisseria meningitidis strains also express phase variable DNA methyltransferases 
that are components of DNA restriction-modification systems. Phase variation of these DNA 
methyltransferases (Mod) alters global DNA methylation patterns. The change in DNA methylation 
due to phase variation events alters expression of a regulon of genes, called a phasevarion, and results 
in differentiation of the population into cells with two distinct phenotypes. For example, in N. 
meningitidis switching of the modA11 phasevarion alters expression of immunogenic outer 
membrane proteins such as lactoferrin binding protein, and also modulates sensitivity to ceftazidime 
and ciprofloxacin. The modD1 phasevarion is associated with hypervirulent meningococcal clonal 
complexes. In N. gonorrhoeae, modA13 phasevarion switching generates differentiation into cells 
that display enhanced biofilm formation and enhanced intracellular survival. Phasevarions are 
ubiquitous in pathogenic Neisseria and modulate expression of numerous genes. These systems have 
the potential to impact all studies on vaccine development and pathobiology in the pathogenic 
Neisseria. 
 
 
Introduction 
The pathogenic Neisseria, Neisseria meningitidis and Neisseria gonorrhoeae, remain a significant 
health problem worldwide. N. meningitidis asymptomatically colonises the airway of up to 10-20% 
of the population, but can also cause invasive disease leading to life threatening meningitis and 
septicaemia (Stephens et al., 2007). Antibiotics are effective if disease is diagnosed early, but due to 
the rapid progression of disease, cases may have progressed significantly before medical intervention. 
Capsular polysaccharide conjugate vaccines are available, such as for serogroups A and C, and multi-
subunit vaccines are available for serogroup B. Despite these developments there are 1.2 million cases 
and approximately 135,000 deaths attributed to meningococcal disease, each year, worldwide 
(Rouphael & Stephens, 2012). N. gonorrhoeae, the causative agent of the sexually transmitted 
infection gonorrhoea, typically causes urethritis in males and cervicitis in females, however 
asymptomatic cases in females are common. Untreated gonorrhoea can lead to infertility and 
increased HIV transmission (reviewed in Edwards et al., 2016). There are >106 million cases of 
gonorrhoea worldwide annually (WHO, 2012). There is no available vaccine to prevent gonorrhoea 
(Seib & Rappuoli, 2010), and the emergence of multi-drug strains suggests that gonorrhoea will be 
untreatable in the near future (Unemo & Shafer, 2014). 
 
The pathogenic Neisseria may be the most variable organisms known in nature. Through the process 
of phase variation, most commonly mediated by the presence of simple tandem repeats in or upstream 
of genes, these organisms can randomly switch expression of individual genes on and off (Moxon et 
al., 2006). Analysis of the genomes of N. meningitidis and N. gonorrhoeae indicates the presence of 
as many as 119 phase variable genes, with 82 candidates in N. meningitidis strain MC58 and 83 
candidates in N. gonorrhoeae strain FA1090 (Snyder et al., 2001). The combinatorial power of the 
independent switching of these genes has the potential to generate 4.8x1024 and 9.7x1024 variants in 
these strains, respectively (i.e., 82 independent on vs. off switching events = 282 = 4.8x1024). The 
pathogenic Neisseria also provide a textbook example of another variability generating process called 
antigenic variation (Palmer et al., 2016). For example, the gene encoding the major subunit protein 
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of pili (a typical type IV fimbriae), pilE, recombines with non-expressed silent copies of gene, called 
pilS, that act as repositories of alternative sequences. Recombination between pilS genes acts as a 
mechanism of shuffling this information further, as does acquisition of pilE and pilS by natural 
transformation (Howell-Adams & Seifert, 2000). If the processes of phase and antigen variation are 
considered together, the pathogenic Neisseria have an enormous capacity to express alternative 
combinations of surface structures. These processes are probably crucial in the success of these 
organisms as host adapted pathogens by mediating niche adaptation and immune evasion, and have 
also adversely impacted progress in vaccine development for both organisms (Moxon & Thaler, 
1997). The discovery of a further level of variability caused by global epigenetic changes that are 
mediated by phase variable DNA methlytransferases adds to this already complex picture of gene 
expression and virulence regulation in these important pathogens. The focus of this review is to 
describe the discovery, features and impact of phase variable regulons (phasevarions) in the 
pathogenic Neisseria.   
 
Phasevarions – novel epigenetic regulators  
Several studies have reported DNA methyltransferases (MTases, encoded by mod genes) associated 
with type III Restriction-Modification (R-M) systems in diverse bacterial genera including 
Pasteurella haemolytica (Ryan & Lo, 1999), Haemophilus influenzae (De Bolle et al., 2000), N. 
meningitidis, N. gonorrhoeae (Saunders et al., 2000), and Helicobacter pylori (de Vries et al., 2002) 
that have sequence features (simple tandem repeats) consistent with phase variable expression. R-M 
systems are found in all bacteria and are generally thought to confer protection against infections by 
foreign DNA, such as the DNA genomes of bacteriophage (Bickle & Kruger, 1993). Type III R-M 
systems are composed of two subunits: a Restriction enzyme (Res) and a Modification enzyme 
(Mod), encoded by the res and mod genes, respectively (see Fig. 1A). Res catalyses the double-
stranded cleavage of unmethylated foreign DNA at a specific recognition sequence, but can only 
work as a complex with Mod (as a R2M2 complex), as Mod is the only component of the system with 
a specific DNA target site recognition domain. The phase variable Mods described to date belong to 
the β-subfamily of N6 adenine DNA-methyltransferases and catalyse the methylation of DNA at the 
target site sequence, protecting host DNA from cleavage (Boyer, 1971, Hadi et al., 1983). Mod can 
act independently of Res, in a M2 complex (Fig. 1A) that recognises an asymmetrical (i.e. non-
palindromic) DNA recognition site (Dryden et al., 2001), and consequently methylates one DNA 
strand only (Bachi et al., 1979). In general type III R-M enzymes are not used in molecular biology 
as reagents. As a result, they have been poorly understood relative to the type II R-M systems that 
are commonly used in molecular biology. 
 
Genes encoding MTases, which are cytoplasmic enzymes involved in DNA modification, do not fit 
the typical profile of phase variably expressed genes, which are predominantly associated with the 
expression of cell surface structures. To test the hypothesis that changes in global DNA methylation 
that result from Mod phase variation may alter gene expression, we investigated the gene expression 
profile of mod on and off strains of H. influenzae strain Rd, and observed global changes in gene 
expression (Srikhanta et al., 2005). This key initial study defined a new class of epigenetic regulatory 
systems, the phasevarion (phase variable regulon). Subsequent studies in other bacterial systems have 
revealed that the random on/off switching of mod expression results in global changes in gene 
expression in every case: H. influenzae (Srikhanta et al., 2005), H. pylori (Srikhanta et al., 2011), M. 
catarrhalis (Blakeway et al., 2014), and the pathogenic Neisseria (Srikhanta et al., 2009; Seib et al., 
2011). 
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Phasevarions are distinct from all previous examples of phase variable genes as they create two 
phenotypically distinct populations altered in expression of multiple genes – effectively 
differentiating the bacteria into two substantially distinct cell types (see Fig. 2). Figure 1A shows the 
typical genetic arrangement of type III R-M systems. The mod and res genes are expressed as an 
operon. The first step in the development of a phasevarion from a type III R-M system to a dedicated 
regulatory system appears to be acquisition of a simple tandem DNA repeat region. The loss or gain 
of repeat units in this hypermutable sequence mediates phase variable expression of the mod gene. In 
the examples shown in Fig. 1A, the repeat sequence is a tetranucleotide or pentanucleotide repeat 
sequence present just downstream of the start codon of the mod open reading frame.  
 
A phase variable type I R-M system (SpnD39III) has been described in Streptococcus pneumoniae, 
which mediates a phasevarion (Manso et al., 2014). However, the mechanism of phase variation is 
due to recombination between hsdS genes, rather than the tandem DNA repeat mechanism described 
above. Genetic rearrangements in hsdS can generate six alternative methylation target site 
specificities, and each of the distinct SpnD39III variants have distinct gene expression profiles 
(Manso et al., 2014). Figure 1B shows the typical genetic composition of type I R-M systems. Three 
genes encode type I R-M systems, and are named “hsd” genes for “host specificity for DNA” genes 
(Sain & Murray, 1980). The two genes for specificity and methylation, hsdS and hsdM, respectively, 
are located under the control of a single promoter and are both required for methyltransferase activity 
(M2S1, Fig. 1B). The restriction endonuclease gene hsdR functions under the control of its own 
promoter and is only active when complexed with hsdS and hsdM to form a three-subunit holoenzyme 
R2M2S1. Cleavage occurs when two R2M2S1 enzymes bind unmethylated asymmetrical recognition 
sites and translocate adjacent DNA strands until the two enzymes meet, inducing a double stranded 
break a remote distance away from the recognition site (Dreier et al., 1996). 
 
Phasevarions of pathogenic Neisseria 
Types and distribution of phase variable DNA methyltransferases 
The pathogenic Neisseria contain a number of phase variable DNA methyltransferases, that are 
associated with either type III or type I R-M systems (Fig. 1, Table 1).  Three phase variable mod 
genes associated with type III R-M systems have been described in Neisseria, modA, modB (Srikhanta 
et al., 2009) and modD (Seib et al., 2011). These mod genes have a similar structure, with N- and C-
terminal domains that mediate DNA methylation, a central DNA recognition domain (DRD) that 
determines the site that is recognised and methylated by the enzyme, and N-terminal simple DNA 
repeats that mediate phase variation (Fig. 1A). However, the three mod genes occupy different genetic 
loci and do not share significant sequence similarity in the N-terminal, C-terminal or repeat domains. 
Distinct DNA repeats are found in each gene, with tetranucleotide repeats present in modA, and 
pentanucleotide repeats present in modB and modD (Fig. 1A). It appears that these sequence 
differences may prevent recombination between mod loci within a strain, as allelic replacement of a 
DRD with a DRD from a different mod gene has not been documented.  
 
N. gonorrhoeae isolates can contain up to two mod genes (modA and/or modB) (Srikhanta et al., 
2009) and N. meningitidis isolates can contain up to three distinct mod genes (modA, modB and/or 
modD) (Seib et al., 2011, Tan et al., 2016). As described above for phase variable genes, each mod 
allele can phase vary independently, therefore when three mod genes are present in a strain, this can 
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result in the generation of eight distinct global methylation patterns and corresponding expression 
states. 
 
Several alleles of each of the modA, modB, and modD genes have been identified, which have highly 
conserved N- and C-terminal domains (>90% amino acid identity), but that vary in their DRD (>95% 
amino acid identity within alleles, and typically <40% identity among alleles). There are 20 known 
alleles of the modA gene (modA1-20), with nine of these found in N. meningitidis (modA2, A4, A6, 
A11-13, A15, A18, A19) (Srikhanta et al., 2009, Gawthorne et al., 2012, Tan et al., 2016) and two in 
N. gonorrhoeae (modA12, A13) (Srikhanta et al., 2009). Numerous modA alleles are also found in H. 
influenzae, and horizontal gene transfer of modA sequences between pathogenic species Neisseria 
spp. and H. influenzae and has been described (Kroll et al., 1998, Gawthorne et al., 2012). The modB 
and modD genes appear to be Neisseria specific. Six modB alleles have been reported (modB1-6), 
with modB1 present in N. meningitidis and N. gonorrhoeae, while modB2 and modB4-6 are present 
only in N. meningitidis (Srikhanta et al., 2009; Tan et al., 2016), and modB3 in Neisseria lactamica 
(Srikhanta et al., 2010). There are seven modD alleles (modD1-7), with modD1, modD2, modD6 and 
modD7 present in N. meningitidis, modD3 in N. lactamica, modD4 in Neisseria cinerea, and modD5 
in Neisseria mucosa (Seib et al., 2011, Tan et al., 2016). Analysis of the distribution of the mod 
alleles in over 1600 meningococcal isolates revealed that some alleles are commonly found (e.g., 
modA11, modA12, modB1 and modB2; Fig. 1A), while other alleles are associated with specific clonal 
complexes (e.g., modD1 is associated with cc41/44 and modA15 is associated with cc92) (Tan et al., 
2016). 
 
Only one phase variable type I R-M system has been described in the pathogenic Neisseria, the 
NgoAV system of N. gonorrhoeae. As described above for the pneumococcal type I R-M system, 
methylation specificity of type I systems is dictated by the specificity subunit protein (HsdS) and 
phase variation in these systems is mediated by variation in the hsdS genes (Fig. 1B). In the N. 
gonorrhoeae FA1090 ngoAV system, variation in a poly-G tract can alter the length of the hsdS gene 
and consequently the methylation site of this system (Piekarowicz et al., 2001, Adamczyk-Poplawska 
et al., 2011) (Fig. 1B). However, the gene regulation or phenotypic consequences of phase variation 
of this system have not been studied in detail in N. gonorrhoeae; nor does the system appear to be 
functional in N. meningitidis (Adamczyk-Poplawska et al., 2011). 
 
Identification of DNA methylation sites 
Identification of methylation sites of N6 adenine DNA methyltransferases was limited over the past 
decades in the absence of a genome wide approach to detect 6-methyl adenine, equivalent to the 
bisulfite sequencing approach that detects 5-methyl cytosine in eukaryotes. The methylation site of 
ModA13 in N. gonorrhoeae strain FA1090 was determined based on inhibition of DNA restriction 
(Srikhanta, et al., 2009), while the ModB1 (M.NgoAX) methylation site was determined by analysis 
of the incorporation of [methyl-3H]AdoMet into DNA sequences (Adamczyk-Poplawska et al., 2009) 
(Table 1). However, the recent development of single molecule real time (SMRT) DNA sequencing 
and methylome analysis has greatly simplified the detection of 6-methyl adenine (Clark et al., 2012, 
Murray et al., 2012). SMRT sequencing directly observes DNA polymerase incorporation of 
fluorescently labelled nucleotides into complementary nucleic acid strands. The duration of 
fluorescent pulse observed is a combination of the time taken for DNA polymerase incorporation of 
a single nucleotide and cleavage of its fluorescent label, and differs with the incorporation of modified 
nucleotides. DNA methyltransferase recognition sites can therefore be determined based on kinetic 
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signatures detected in SMRT sequencing (Clark et al., 2012, Murray et al., 2012). The ModA11, 
ModA12 and ModD1 methylation sites were determined by SMRT (Seib et al., 2015) (Table 1). 
 
Regulation of virulence factors and immunoevasion by phasevarions 
In all examples studied to date, different mod alleles in the pathogenic Neisseria encode DNA 
methyltransferases that recognise and methylate different DNA sequences (Adamczyk-Poplawska et 
al., 2009, Srikhanta et al., 2009, Seib et al., 2015) and regulate different phasevarions as determined 
by DNA microarray, quantitative real-time PCR and Western blot analysis (Srikhanta et al., 2009, 
Seib et al., 2011, Kwiatek et al., 2015). Phasevarions are associated with variable expression of 
proteins from a range of functional categories, including metabolic processes, nutrient acquisition, 
stress responses and virulence, as well the variable expression of vaccine candidates.  Several of these 
proteins are involved in colonisation, infection, and resistance to host defences, suggesting that Mod-
dependent regulation could aid gonococcal and meningococcal adaptation to changing conditions 
within the host and between different hosts. Table 1 summarises the methylation sites and key 
phenotypic details of phasevarions in the pathogenic Neisseria.   
 
In N. meningitidis, the modA11, modA12 (Srikhanta et al., 2009) and modD1 (Seib et al., 2011) alleles 
have been studied in detail and each regulate distinct phasevarions. Phase variation of modA11 results 
in altered expression of 285 genes; 162 genes were up-regulated and 123 genes were down-regulated 
≥ 1.5-fold in the MC58 modA11::kan mutant relative to wild-type modA11 ON under iron limiting 
conditions. Differentially expressed genes include those encoding proteins involved in the acquisition 
of iron that are under the control of the ferric uptake regulator, including the fur gene itself (Srikhanta 
et al., 2009). Of particular interest are the lactoferrin binding proteins A and B, which have been 
considered as potential vaccines candidates (Pettersson et al., 2006).  
 
For modA12, 26 genes were differentially regulated, with 14 genes up-regulated and 12 genes down-
regulated ≥ 1.5-fold in the B6116/77 modA12::kan mutant relative to wild-type modA12 ON. Several 
of these genes were also involved in the acquisition of iron, which would aid meningococcal survival 
in the low-iron host environment. In terms of phenotypic differences, phase variation of both modA11 
and modA12 results in altered resistance to antibiotics (Jen et al., 2014). Of 13 antibiotics 
investigated, modA11 ON was 2-fold more susceptible to cloxacillin, doxycycline, and nalidixic acid 
and 4-fold more susceptible to ceftazidime and ciprofloxacin than was the modA11::kan strain, and 
the modA12 ON strain was 2-fold more sensitive to cephalothin, cloxacillin, and rifampin than was 
the modA12::kan strain (Jen et al., 2014). Identification of the genes within the phasevarions that are 
responsible for antibiotic resistance is part of an ongoing study. 
 
For modD1, 22 genes had an expression ratio of ≥ 2-fold between the M0579 modD1 OFF versus ON 
variants; 12 genes were up-regulated and 10 genes were down-regulated. Decreased expression of 
catalase in modD1 OFF resulted in decreased resistance to hydrogen peroxide induced oxidative 
stress, relative to the modD1 ON variant (Seib et al., 2011). 
 
In N. gonorrhoeae, the modA13 (Srikhanta et al., 2009) and modB1 (Kwiatek et al., 2015) alleles 
have been studied in detail. For modA13, 54 genes were differentially regulated, with 34 genes up-
regulated and 20 genes down-regulated ≥ 1.5-fold in the FA1090 modA13::kan mutant relative to 
wild-type modA13 ON, including genes involved in oxidative stress and antimicrobial resistance 
(Srikhanta et al., 2009). Investigation in model systems also revealed that the modA13 ON/OFF 
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variants have distinct phenotypes for resistance to antimicrobials, biofilm formation and survival in 
primary human cervical epithelial cells (Srikhanta et al., 2009). The FA1090 modA13::kan mutant 
was more resistant to the antimicrobial Triton X-100 than wild-type modA13 ON. This is consistent 
with the higher level of expression of MtrF (Folster & Shafer, 2005), which is associated with 
antimicrobial resistance, in modA13::kan. Furthermore, switching from modA13 ON to OFF in the 
population was selected for in the antimicrobial assay (Srikhanta et al., 2009). Analysis of biofilm 
formation over two days under continuous flow conditions showed that O1G1370 modA13 OFF and 
modA13::kan formed thicker, denser biofilms and that there was increased membrane blebbing by 
individual cells within these biofilms, relative to the modA13 ON variant (Srikhanta et al., 2009). 
Figure 2E shows an example of the extensive biofilm formed by modA13 OFF phase organisms, 
compared to modA13 ON that does not form a robust biofilm. Biofilms provide several advantages 
to the survival of bacteria, and may contribute to the ability of N. gonorrhoeae to persist in an 
asymptomatic state in the female genital tract (Steichen et al., 2008). The modA13 ON variant had an 
increased adherence to primary human cervical epithelial cells, whereas modA13::kan and modA13 
OFF had an increased level of epithelial cell invasion and survival within the cells following invasion. 
Selection for a switch from modA13 ON to OFF was also observed in the population during the 3-
hour intracellular survival assay, suggesting a possible role for Mod-dependent phase variation in 
gonococcal adaptation from an extracellular to an intracellular environment (Srikhanta et al., 2009). 
 
For modB1, 121 genes were differentially regulated, with 83 genes upregulated and 38 genes down-
regulated ≥2 fold in the FA1090 modB1::kan (ngoAXmod::kan) mutant relative to wild-type modB1 
ON, including genes involved in cell metabolism, DNA replication and repair, regulating cellular 
processes and signalling, in cell wall/envelop biogenesis and protein posttranslational modifications 
(Kwiatek et al., 2015). Similar to the modA13 ON/OFF variants, the modB1 ON/OFF variants also 
have also have altered phenotypes for biofilm formation and adherence and invasion of epithelial 
cells (Kwiatek et al., 2015). The FA1090 modB1::kan strain had slower growth, formed thicker and 
more dispersed biofilms than wild-type modB1 ON. The modB1::kan strain also had decreased 
adherence to, but increased invasion of, Hec-1-B epithelial cells compared to the modB1 ON variant 
(Kwiatek et al., 2015).   
  
Conclusion and future perspectives 
In recent years, there has been an increased understanding of the role of epigenetic regulation in 
infectious diseases (reviewed in Seib & Jennings, 2016). In the pathogenic Neisseria, phase variable 
DNA methyltransferases are associated with the epigenetic regulation of expression of multiple genes 
encoding virulence factors and candidate vaccine antigens. In every case examined to date, 
phasevarions mediate altered phenotypes, and switching between ON and OFF populations could be 
selected for in these in vitro model systems of model systems of virulence or survival. Although this 
field has progressed very quickly, particularly in recent years as a result of the impact of SMRT and 
methylomics, several areas remain to be developed. 
 
In the case of studies with phasevarions and the pathogenic Neisseria, in vitro conditions have been 
used to monitor genes expression profile changes during phase variable switching. Changes in gene 
expression can only be observed if genes are being expressed at the time that samples are collected 
for analysis. It is well known that expression of some sets of genes in the pathogenic Neisseria can 
only be observed under in vivo conditions. A good example is contact-mediated gene regulation, 
where expression of certain genes is modulated when N. meningitidis is in direct contact with host 
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cells (Grifantini et al., 2002). To discover the full impact of phasevarion switching on pathogenesis, 
the impact of these systems needs to be investigated under a wide range of in vivo conditions that 
reflect each niche occupied by these exquisitely adapted human-specific pathogens. It will also be 
interesting to look at the Mod distribution in commensal Neisseria. Type III R-M systems in 
commensal Neisseria spp. are less well studied, and consequently less is known about their allele 
distribution. It is known that certain alleles are carriage associated in pathogenic Neisseria (e.g., 
modA15 in cc92 carriage strains of N. meningitidis (Tan et al., 2016), and unique alleles are seen in 
other Neisseria species (e.g., N. lactamica has modB3 and modD3 alleles (Srikhanta et al., 2009; Seib 
et al., 2011)) but a comprehensive analysis has not been conducted.  
 
A further aspect of phasevarion biology that requires investigation is the impact of the independent 
switching of multiple, distinct phasevarions within a single bacterial cell. There are examples of N. 
meningitidis that contain three independently switching phasevarions, regulating independently 
regulated sets of genes. To date, no studies have been conducted where all eight combinations of on 
and off switching of these three independent epigenetic regulators has been examined. 
 
Methylome analysis has revealed the target site that is modified for most of the phasevarions found 
in the pathogenic Neisseria. However, to date there is not a single example where the precise 
molecular mechanism whereby the presence or absence of the methylated base increases or decreases 
the expression of a gene within any of these phasevarions. Studies are ongoing in our laboratories 
and those of others, utilising recently described methylome data to characterise these processes at the 
promoter level. 
 
All studies on vaccine development and pathobiology in the pathogenic Neisseria must take into 
account the impact of phase variation. The ubiquitous nature of phasevarions, and their impact on 
global gene expression, suggests that a complete understanding of these systems is required to address 
the challenge presented by these important pathogens. 
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Table 1. Summary of phase variable R-M systems and phasevarions in the pathogenic Neisseria 

Gene  
DNA 
repeat 1 

(5’-3’) 
Strain 

Allele and 
Methylation site2 

(5’-3’) 
Phenotypes3 Phasevarion analysis4 Reference 

N. gonorrhoeae 
hsdSngoAV 
 

Poly-G  FA1090 hsdSngoAV  
(S1.NgoAV) 
 

hsdSngoAV1  
GCMeA(N8)TGC 
 
hsdSngoAVΔ 
TGMeA(N8)*TGC 
 

Alteration in phage 
restriction ability 

Not reported (Piekarowicz 
et al., 2001, 
Adamczyk-
Poplawska et 
al., 2011) 

modA 
 

AGCC 
or 
AGTC  

96D551 modA12  Not reported Reduced expression of fetA, ferric 
enterobactin binding protein and putative 
enterobactin permease (ABC transporter)  

(Srikhanta et 
al., 2009) 

 FA1090 modA13 
(M.NgoAXII) 
 
 
AGAMeAA 

Increased association with 
primary cervical epithelial 
cells, but reduced invasion 
and survival. Decreased 
biofilm formation and 
antimicrobial resistance  

Response to oxidative stress (metF, metE; 
NGO0554; recN), antimicrobial resistance 
(mtrF), DNA repair (recN, NGO0318), 
amino acid biosynthesis (metFE, 
NGO0340) 

(Srikhanta et 
al., 2009) 

modB 
 

CCCAA 
or 
GCCAA  

FA1090 modB1  
(M.NgoAXI) 
 
CCMeACC 
 

Decreased planktonic 
growth, biofilm formation 
and adherence and invasion 
of human epithelial cells 

Down-regulation of biofilm-associated 
genes including pili (ngo0095-98), 
adhesins mafA, mafB and opaD.  

(Adamczyk-
Poplawska et 
al., 2009, 
Kwiatek et 
al., 2015) 

N. meningitidis 
modA 
 

AGCC 
or 
AGTC  

MC58 modA11  
(M.NmeMC58I) 
 
CGYMeAG 

Increased antibiotic 
sensitivity 
 

Increased expression of lactoferrin 
binding proteins lbpA and lbpB (potential 
meningococcal vaccine candidate) and 
other outer membrane proteins. Reduced 
expression of ribosomal proteins. Altered 

(Srikhanta et 
al., 2009) 
(Seib et al., 
2015) (Jen et 
al., 2014) 
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expression of DNA repair, energy 
metabolism, LPS biosynthesis, and other 
virulence associated genes 

B6116/77 modA12  
(M.Nme77I) 
 
ACMeACC 
 

Increased antibiotic 
sensitivity 
 

Increased expression of succinate 
dehydrogenase operon, frpA-C related and 
bacteroferritin B genes 

(Srikhanta et 
al., 2009, Jen 
et al., 2014, 
Seib et al., 
2015) 

modD 
 

CCGAA M0579 modD1  
(M.Nme579I) 
 
CCMeAGC 
 

Increased oxidative stress 
resistance 
 

Increased expression of catalase (katA) 
and factors regulated for growth in blood 
(glnA, purF, proB); decrease in cold-
shock domain protein, mip-related protein 
homologue 

(Seib et al., 
2011, Seib et 
al., 2015) 

1 DNA repeat sequence responsible for phase variation. These repeat sequence cause slip strand mispairing (SSM), causing frameshift mutations that 
alter either the DNA target specificity subunit (type I NgoAV system); or methylase expression (on/off switching) of the type III mod genes indicated. 
2 The name of each DNA methyltransferase, according to standard R-M nomenclature (Roberts et al., 2003), is also shown in brackets below the gene name. 
Where available, the methylation site has been indicated by Me preceding the methylated residue (underlined). *The adenine residue on the opposite strand 
may be methylated depending on the sequence of the N8 residues. 
3 Unless otherwise specified, the phenotype and phasevarion changes described are increased when the DNA methyltransferase is in phase ON vs OFF. 
4 An example of genes differentially regulated when the DNA methyltransferase is in phase ON vs OFF is shown. 
 



 14 

 
Figure 1. Overview of phase variable DNA methyltransaferases in the pathogenic Neisseria. (A) 
(i) Schematic representation of type III restriction-modification (R-M) systems, showing the 
methyltransferase (mod) and restriction endonuclease (res) genes. In the mod gene, the DNA repeat 
tract responsible for phase variable expression, the variable DNA recognition domain (DRD), and the 
conserved, active site sequences (DPPY and FxGxG) are shown. (ii) Two Mod subunits (M2) are 
required for DNA methylation. Specific features of the (iii) modA, (iv) modB, and (v) modD genes 
are also shown, including the type and number (n) of DNA repeats, and the known alleles and DNA 
sequences methylated (Me). The distribution of alleles in N. meningitidis (Nm) isolates is shown on 
the right (Tan et al., 2016). 
(B) (i) Schematic representation of type I restriction-modification (R-M) systems, showing the 
restriction (hsdR), methyltransferase (hsdM) and specificity (hsdS) genes. In the hsdS gene, the DNA 
repeat tract responsible for phase variable expression is shown. The inverted repeats responsible for 
DNA recombination mediated phase variation in some bacterial species are also shown. (ii) Two Mod 
and one specificity subunits (M2S1) are required for DNA methylation. Specific features of the (iii) 
NgoAV system are shown, including the type of DNA repeats present and the DNA sequences 
methylated. 



 15 

 
 
Figure 2. Bacterial phasevarions 
A schematic overview of the key aspects of phasevarions is shown. (A) Simple tandem DNA repeats 
in the open reading frame of the DNA methyltransferase (mod) gene mediate phase variable 
expression, resulting in Mod ON and Mod OFF variants. (B) The altered global DNA methylation 
that results from Mod phase variation leads to (C) differential expression of multiple genes, which 
creates (D) two phenotypically distinctive cell types that is subject to periodic selection and counter-
selection. (E) An example of distinct phenotypes mediated by phasevarions is shown. The modA13 
ON and modA13 OFF variants of N. gonorrhoeae strain O1G1370 have distinct phenotypes for 
biofilm formation, as shown by scanning electron microscopy (top panel) and confocal microscopy 
(bottom panel) of the surface of the biofilm mass over 2 days of growth on glass (modified from 
Srikhanta et al. 2009). 
 


