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PREFACE 



ABSTRACT 

Moraxella catarrhalis is a human-restricted, Gram-negative, opportunistic bacterial 

pathogen of the respiratory mucosa. Although frequently found to colonize the 

nasopharynx asymptomatically, M. catarrhalis is also an important cause of otitis media 

(OM) in infants and children, and exacerbations of chronic obstructive pulmonary disease 

(COPD) in the elderly and heavy smokers. Despite the significant burden of M. 

catarrhalis induced disease, no vaccine is currently available for M. catarrhalis and no 

vaccine candidates have progressed to clinical trials. While a number of immunogenic 

proteins have been identified, several of the most promising have been discounted from 

further development due to the discovery of their phase-variable expression. Phase 

variation is the random, reversible, ON/OFF or graded switching of gene expression that 

is typically associated with genes encoding cell surface structures and allows bacteria to 

adapt to different host microenvironments and evade host defences. Phase variation of 

genes encoding cytoplasmically located restriction-modification (R-M) systems have also 

been observed in numerous bacterial pathogens, commonly mediated by simple DNA 

sequence repeats (SSRs). Phase variation of DNA methyltransferases causes differential 

methylation of the genome between clonally derived cells, which has been shown to 

epigenetically alter the expression of multiple genes in a system known as a phasevarion 

(phase-variable regulon). Six genes with SSR mediated phase-variable expression have 

been previously described in M. catarrhalis, including four outer membrane proteins 

(mid/hag, uspA1, uspA2, and uspA2H) and two Type III DNA methyltransferases (modM 

and modN). However, the complete repertoire of genes epigenetically regulated within 

M. catarrhalis phasevarions had not been described.

Through our bioinformatic analysis we identified two novel phase-variable genes in M. 

catarrhalis, encoding a Type III DNA methyltransferase (modO) and a well conserved 

hypothetical permease (MC25239_RS00020), and confirmed their phase-variable 

expression experimentally. Expression of modO in M. catarrhalis ATCC 23246 was 

correlated with the number of 5′-CAACG-3′ repeat units in the SSR tract located upstream 

of the modO open reading frame, with >10 fold higher modO mRNA levels detected when 

ten repeats were present versus nine or eleven repeats. A modest but statistically 

significant difference in MC25239_RS00020 mRNA (1.45 fold) was observed between 

M. catarrhalis CCRI-195ME variants containing eight or nine 5′-GTTC-3′ SSRs in the

repeat tract located upstream of MC25239_RS00020, and larger differences in expression
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are expected to be observed upon isolation of a broader range of SSR variants. The 

majority of phase-variable Type III DNA methyltransferase genes sequenced to date have 

multiple alleles that differ in their central target recognition domain (TRD) and it is 

hypothesized that every allelic variant methylates a different target sequence and 

regulates the switching of expression of a distinct phasevarion. Three TRD alleles of 

modM (modM1-3) were previously identified in M. catarrhalis, while modN has only 

been identified in a single strain. In analysing 51 publicly available M. catarrhalis 

genomes of diverse origin we have discovered three novel modM alleles (modM4-6), one 

novel modN allele (modN2), and six novel modO alleles (modO1-6). In all cases the N- 

and C-terminal regions are well conserved (>90% nucleotide identity), while the central 

TRD is highly variable (35-55% nucleotide identity) between alleles. In addition, we 

demonstrate that the modM, modN, and modO containing R-M systems and their 

respective allelic variants are differentially distributed between the virulent ‘RB1’, 

avirulent ‘RB2/3’, and distantly related ‘divergent’ M. catarrhalis phylogenetic lineages, 

potentially contributing to their independent evolution by limiting genetic flux. Further 

analysis of 648 OM, COPD, and nasopharyngeal carriage isolates with multi-plex PCR 

revealed that while modM2 is the most frequently occurring allele across all sites of 

infection, modM3 is overrepresented in child middle ear isolates, suggesting a potential 

role in OM. We previously demonstrated that phase variation of ModM2, regulates the 

expression of a phasevarion comprised of 34 genes in via differential methylation of the 

target sequence 5′-GARm6AC-3′. Expanding on our initial analysis, we show that ModM3 

methylates a unique target sequence, 5′-ACm6ATC-3′, and regulates the expression of a 

distinct phasevarion comprised of 29 genes, including genes involved in growth under 

biofilm forming conditions and the response to oxidative and nitrosative stress. We also 

show in an in vivo Chinchilla lanigera model of OM that challenge with the modM3 OFF 

variant resulted in an increased middle ear bacterial load compared to the modM3 ON 

variant, highlighting the biological relevance of an important epigenetic regulator. 

Through investigation of phase variation, R-M systems, and phasevarions in M. 

catarrhalis, this thesis has increased understanding of M. catarrhalis pathogenesis 

and will aid in future selection of stably expressed M. catarrhalis vaccine candidates.  
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CHAPTER 1 



FOREWORD 

The development of an efficacious Moraxella catarrhalis vaccine is predicated on the 

selection of vaccine antigens that are immunogenic, highly conserved, and stably 

expressed. While the biological function and immunogenicity of the major M. catarrhalis 

virulence factors and vaccine candidates has been described in detail in previous review 

articles, the body of knowledge surrounding their distribution, conservation, and 

expression had not been reviewed. Several studies have noted sequence variation in 

virulence genes between M. catarrhalis strains isolated from different patient age groups 

(child versus adult), clinical manifestations of infection (upper versus lower respiratory 

tract infection), or phylogenetic background (ribotype RB1 versus RB2/3), however the 

impact of this inter-strain diversity on pathogenesis and vaccine development is yet to be 

fully elucidated. In addition, the molecular methods used to type virulence genes and infer 

relationships between M. catarrhalis strains are antiquated and inconsistent in the 

literature, raising concerns about the relevance and reliability of the associations 

observed. Several novel M. catarrhalis virulence factors have also been recently 

identified that have potential implications for antigen selection. Of particular importance 

is the characterization of a phase-variable Type III DNA methyltransferase, ModM2, in 

M. catarrhalis that epigenetically regulates the expression of a phasevarion, and whether

the expression of potential vaccine antigens are modulated within M. catarrhalis

phasevarions is the subject of ongoing research. Here we discuss the virulence

determinants of M. catarrhalis with a specific focus on their differential distribution and

related considerations for vaccine development.

15







The importance of M. catarrhalis in otitis media

OM is a spectrum of related diseases that occur predomi-
nantly in children and is divided into two primary clinical
presentations, acute otitis media (AOM) and otitis media
with effusion (OME). AOM involves purulent inflammation
of the middle ear with associated acute-onset local and sys-
temic symptoms (otalgia, otorrhoea and fever) [9], while
OME involves the accumulation of middle ear fluid in the
absence of acute symptoms of infection and often succeeds
AOM [10]. Poorly managed OM has severe consequences
for afflicted children, including scarring of the tympanic
membrane following repeated perforation, which can lead
to acute or chronic hearing loss [11, 12] and subsequent dif-
ficulty in learning [13]. Worldwide studies have consistently
revealed a high incidence of OM, with children under 5 in
Oceania among the most affected [14]. OM is particularly
prevalent in Indigenous Australian children, with one study
reporting that as many as 95% of infants had already suf-
fered AOM or OME in the first 8 weeks of life [15]. OM is
the main cause of general practitioner consultations [16],
antibiotic prescribing [17] and surgical procedures [18] in
children in the developed world.

OM is typically a polymicrobial infection that predomi-
nantly involves at least one of three bacterial otopathogens,
S. pneumoniae, NTHI and/orM. catarrhalis, and any of sev-
eral upper respiratory tract viruses (e.g. rhinovirus, respira-
tory syncytial virus and influenza virus) (reviewed in [19]).
Recent studies have shown that the prevalence of M. catar-
rhalis in OM is as high as 20% by culture [20], and this rate
increases substantially with the use of PCR, suggesting that
M. catarrhalis is much more prevalent in OM than origin-
ally thought [20, 21]. M. catarrhalis is often more frequently
detected in ear fluids as part of a co-infection with S. pneu-
moniae or H. influenzae than alone [21, 22]. The concurrent
nasopharyngeal colonization of M. catarrhalis with S. pneu-
moniae or H. influenzae increases the risk of OM develop-
ment compared to infection with any pathogen alone [23].
The relationship between M. catarrhalis co-infection and
increased incidence of OM has also been observed in mouse
[24] and chinchilla models [25]. The reason for this increase
in incidence is not completely understood, however syner-
gistic interactions between M. catarrhalis and other middle-
ear pathogens have been demonstrated experimentally.
M. catarrhalis is present in polymicrobial biofilms in the
middle ear [26], and biofilm formation has been linked to
resistance to treatment [25]. M. catarrhalis protects suscep-
tible S. pneumoniae [25, 27] and H. influenzae strains [28]
from b-lactam antibiotics in polymicrobial biofilms, likely
mediated by M. catarrhalis b-lactamase containing outer-
membrane vesicles (OMVs) [29]. In addition,M. catarrhalis
OMVs were also shown to protect susceptible H. influenzae
strains from complement-mediated killing [30]. Similarly,
S. pneumoniae increasesM. catarrhalis resistance to azithro-
mycin in biofilm [25], while H. influenzae promotes
M. catarrhalis persistence in biofilms in a quorum sensing-
dependent manner [28].

The importance of M. catarrhalis in COPD

COPD is a progressive airway disease consisting of persis-
tent airflow limitation and chronic inflammation [31], and
is currently the fourth greatest cause of death worldwide
[32]. COPD sufferers experience alternating periods of sta-
bility and acute exacerbations of the disease characterized
by the sudden worsening of respiratory symptoms (sputum
production, purulence and tenacity, cough and dyspnea)
[33]. Frequent exacerbations have a detrimental impact on
lung function [34] and quality of life [35], and drastically
increase the risk of mortality [36]. M. catarrhalis accounts
for approximately 10% of all exacerbations of COPD and
causes approximately 2–4million exacerbations per year in
the USA [37].

The role ofM. catarrhalis in the progression of the disease is
not completely understood. Similar to OM, M. catarrhalis is
frequently isolated from sputum samples of COPD patients
in co-infections with S. pneumoniae and H. influenzae [38],
although relationships between the incidence of exacerba-
tion and co-infection have not been described. Although
causality has not been confirmed, the onset of exacerbation
is associated with the acquisition of new strains of S. pneu-
moniae, H. influenzae andM. catarrhalis [39]. A prospective
longitudinal study showed that approximately 50% of
acquisitions of a new strain of M. catarrhalis are associated
with exacerbation [37]. Exacerbations coinciding with the
acquisition of a new strain of S. pneumoniae, H. influenzae
orM. catarrhalis are associated with an increased airway and
systemic inflammatory response (including increased levels
of IL-8, neutrophil elastase, TNF-a and C-reactive protein)
compared to baseline levels, or exacerbations occurring with
pre-existing strains, atypical bacteria or no bacterial presence
[40]. This imbalance of proteases (e.g. neutrophil elastase)
and anti-proteases (e.g. secretory leukocyte protease inhibi-
tor) is hypothesized to be the major cause of lung tissue dam-
age in COPD [41].

One study compared asymptomatic colonizing strains of
H. influenzae with strains isolated from periods of exacerba-
tion. The exacerbation-associated strains induced higher
production of the inflammatory cytokine IL-8 by primary
human tracheobronchial epithelial cells in vitro and also
increased neutrophil recruitment in the lungs of mice [42].
This supported a previous suggestion that the likelihood of
an exacerbation occurring upon acquisition of a new strain
is related to the virulence of an acquired strain, with more
virulent strains causing a greater immune response than col-
onizing strains [39]. However, the differences in the levels
of inflammatory markers caused by infection with M. catar-
rhalis strains isolated from colonization versus those iso-
lated from exacerbations of COPD have not been studied.

Treatment options

Current treatment options for OM and exacerbations of
COPD rely on antibiotics, but the development of effica-
cious vaccines against M. catarrhalis, NTHi and S. pneumo-
niae is critical to reducing the burden of these diseases. For

Blakeway et al., Microbiology 2017;163:1371 1384
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OM, antibiotics are only modestly more effective than no
treatment, but cause adverse effects in 4–10% of children
[43]. The major OM pathogens are capable of forming bio-
film in the middle ear [44] and orally administered antibiot-
ics do not reach the predicted levels required to eradicate
middle-ear biofilms [45]. This may explain why approxi-
mately 25% of children with AOM do not respond to anti-
biotic therapy [46]. The benefit of antibiotics in the
treatment of exacerbations of COPD is inconsistent outside
of very severe cases [47], and antibiotic use is associated
with an increased risk of harbouring antibiotic-resistant
organisms in COPD patients [48]. M. catarrhalis remains
susceptible to the majority of antimicrobials recommended
for the treatment of OM and exacerbations of COPD [49,
50], although the near ubiquitous acquisition of b-lactamase
by M. catarrhalis has rendered >90% of isolates resistant to
penicillins (reviewed in [5]).

The widespread use of the 7-, 10- and 13-valent pneumo-
coccal conjugate vaccines (PCVs) in the USA, Europe, the
UK and Australia has been associated with a decline in
AOM of approximately 20% [51, 52], but it has also
resulted in a significant change in the microbiology of OM,
with increased proportions of OM being associated with
non-vaccine S. pneumoniae serotypes, as well as NTHi and
M. catarrhalis [53]. Whilst no vaccine is licensed for NTHi,
a licensed pneumococcal vaccine containing NTHi protein
D conjugated to a 10-valent pneumococcal vaccine is avail-
able (PHiD-CV, Synflorix) and an NTHi vaccine for COPD
has recently been tested in clinical trials [54]. In contrast,
there are currently no vaccines licensed that specifically tar-
get M. catarrhalis. Numerous vaccine candidates for
M. catarrhalis have been proposed, but none have pro-
gressed to clinical trial and no correlates of protection have
been identified [6]. Therefore, it is not known what type of
immune response is required to protect against disease, and
whether vaccine-induced antibodies need to be bactericidal,
or if antibody blocking of antigen function may be neces-
sary. For example, bacterial attachment to host cell recep-
tors and colonization of the mucosal surface is the first step
of infection, and blocking these interactions with vaccine-
induced antibodies may be an effective strategy to prevent
disease caused by M. catarrhalis. Further investigation of
the distribution of virulence factors in M. catarrhalis is
required so that vaccine development may be targeted at
antigens that are conserved among disease-causing strains.

DETERMINANTS OF M. CATARRHALIS

VIRULENCE

The question of whether different strains or subpopulations
ofM. catarrhalis vary in their propensity to cause disease, or
if particular strains are better adapted to infect different
host microenvironments (i.e. the nasopharynx, middle ear
or lung) and cause OM as opposed to exacerbations of
COPD or vice versa, is open to debate. M. catarrhalis
isolates vary with respect to a range of in vitro phenotypes:
e.g. adherence to epithelial cells [55, 56], resistance to killing

by human serum [57], or antibiotic resistance [56, 58].
However, clear relationships between in vitro M. catarrhalis
phenotypes and clinical presentation have not been estab-
lished. Several distribution studies have investigated the
presence or absence of specific genes and the proteins they
encode in panels of M. catarrhalis isolates that are represen-
tative of different age groups, genetic lineages and carriage
versus disease statuses (see Tables 1 and 2). However, no
single virulence determinant or phenotype has been associ-
ated with either disease or carriage status. The challenge of
determining which of the proposed M. catarrhalis virulence
factors are relevant to disease is amplified by the lack of a
widely used, standardized M. catarrhalis typing system that
facilitates direct comparisons of worldwide isolates and
associated epidemiological information (the typing systems
are summarized in Box 1).

Genetic lineage and virulence

The M. catarrhalis species consists of two distinct phyloge-
netic lineages. The major lineage, 16 s ribotype 1 (RB1),
includes 80–92% of isolates, while the remaining 7–20% of
isolates form the minor RB2/3 lineage, split between 16 s
ribotype 2 and 16 s ribotype 3 [55, 59–61]. The RB1 lineage
was associated with virulence by Wirth et al., who found
that 51% of RB1 lineage isolates were disease-associated,
compared to only 14% of RB2/3 lineage isolates [62]. How-
ever, in a similar study by Bootsma et al., the RB1 and RB2/
3 lineages were distributed evenly across carriage and dis-
ease isolates [55]. Resistance to complement-mediated kill-
ing is assumed to be an important virulence trait of
M. catarrhalis, and both Wirth et al. and Bootsma et al.
found that serum-resistant isolates, for which the ribotype
was determined, were more frequently of the RB1 lineage
[55, 62]. The separation of serum-resistant and serum-
sensitive strains into distinct genetic lineages was also found
by Verduin et al. [59], however, a clear relationship between
serum resistance, genetic lineage and disease is not clear
across studies. Hol et al. found that child-carriage isolates
were serum-resistant less frequently than adult disease iso-
lates (41.5 vs 89%) [57], but this association was not
observed by others, who found that serum resistance is con-
sistently high (83–95%) in M. catarrhalis isolates regardless
of age group or clinical presentation [60, 63]. Recent supra-
genome modelling of 31 M. catarrhalis strains by Earl et al.
demonstrated that the majority of well-characterized
M. catarrhalis virulence factors were present in the core
genome of serum-sensitive and serum-resistant strains
belonging to either the RB1 or RB2/3 lineages, suggesting
that all strains ofM. catarrhalis are equally able to cause dis-
ease [64].

M. catarrhalis virulence factors and potential
vaccine candidates

UspA1

UspA1 is an outer-membrane protein that is involved in
adherence to epithelial cells [65, 66], the extracellular matrix
(ECM) [67, 68] and biofilm formation [69]. Studies have
indicated a significant association of uspA1 with the RB1

Blakeway et al., Microbiology 2017;163:1371 1384
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lineage: uspA1 is present in 87–98% of RB1 isolates and
only 23–36% of RB2/3 lineage isolates [55, 62]. However,
studies by Verhaegh et al. showed that the presence of
uspA1 was high in both the RB1 (100%) and RB2/3 (>89%)
lineages, regardless of clinical manifestation or age group
[60, 61]. The uspA1 gene is modular and the CEACAM-

and fibronectin-binding motifs, which confer UspA1-
mediated adherence, are not conserved in all UspA1-
expressing M. catarrhalis isolates [70, 71]. Adding to the
complexity, uspA1 is phase-variable, with this mediated by a
homopolymeric G tract upstream of its open reading frame
(ORF), changes in which alter the levels of expression of

Box 1. M. catarrhalis typing systems

Serotyping

M. catarrhalis is acapsular and is the only serotyping system developed for the species to date that differentiates isolates by the structure

of outer membrane lipoologosaccharide (LOS). In contrast to the diversity of LOS found in other respiratory pathogens (e.g. NTHi

[143]), the M. catarrhalis LOS is much less heterogeneous (serotype A approximately 60 75%, B approximately 20 30%, C approxi

mately 2 6%, with approximately 5% untypeable) [60, 86, 107, 108]. Thus, LOS serotyping is infrequently used for typing

M. catarrhalis.

Proteomic categorisation

Many early efforts to differentiate M. catarrhalis were protein based methods using variations of whole cell protein electrophoresis and

observed varying degrees of heterogeneity in protein expression between strains [144 147]. Small studies focusing on differentiating

strains based on biochemical testing [148] or select proteins (e.g. b lactamases [149]) were also performed, although these methods were

supplanted by genetic typing systems. Differentiation of M. catarrhalis based on outer membrane proteins has been revisited more

recently using 2D protein analysis and MALDI TOF MS [150] and has highlighted diversity between the genetic lineages of

M. catarrhalis.

Genetic methods

The major genetic division of M. catarrhalis strains is based on the 16 s ribotyping method, which divides strains into three ribotypes

(RB1, RB2 and RB3) divided into two lineages (RB1 and RB2/3) based on the sequence of the 16 s rRNA gene [55, 59 61]. The diver

sity of M. catarrhalis has been further elucidated by more recent molecular genotyping techniques with greater discriminatory power

and reproducibility, however a lack of standardization between worldwide laboratories has made direct comparisons between studies

difficult. M. catarrhalis typing methods based on agarose gel electrophoresis of fragmented chromosomal DNA (e.g. restriction endo

nuclease analysis (REA) [151] and pulsed field gel electrophoresis (PFGE) [152]) are the most commonly used, with DNA hybridiza

tion (e.g. multi locus Southern blotting [153] and probe generated restriction fragment length polymorphism (pRFLP) [55]) and

PCR based methods (random amplified polymorphic DNA (RAPD) [154], single adaptor amplified fragment length polymorphism

(sAFLP) [55] and PCR restriction fragment length polymorphism (PCR RFLP) [153]) also used to a limited degree. An MLST scheme

has been developed for M. catarrhalis [62] (found at https://enterobase.warwick.ac.uk/) and the associated database currently contains

information for 555 strains. Routine use of MLST for M. catarrhalis has the potential to allow for the investigation of relationships

between sequence type and clinical source, although its current usefulness is limited by incomplete epidemiological information for

the submitted strains. More recently, whole genome sequencing has been used with 35 strains to show population structure [64, 155],

but current costs make this impractical for use as a standard typing system.

Collectively, studies utilizing genetic typing methods could not detect any significant geographical clustering of genotypes [62, 156] and

no relationship of a particular genotype to disease has been noted; isolates from identical clinical presentations frequently display diverse

genotypes, while isolates indistinguishable by PCR RFLP and PFGE have also been isolated from different disease presentations [153]. In

a longitudinal study of nosocomial infection, no genotypes with an increased propensity for transmission were identified [157].

Summary of typing information

Numerous typing techniques have been used to differentiateM. catarrhalis isolates, and have collectively shown that the species is geneti

cally diverse, with a large number of distinct strains in circulation [156, 158]. No consensus has yet been reached on an optimal typing

system for the species, although there is increasing need for standardization so that the results of worldwide studies may be compared

directly. Sequencing based typing systems (e.g. MLST and/or multi virulence locus sequence typing) are currently the most promising

due to the discrete nature of the data generated and should be used more frequently, provided that they are accompanied by an accessible

database that permits the inclusion of associated epidemiological data so that relationships may be inferred between virulence factors/

vaccine candidates and disease.
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UspA1 protein and the level of adherence to conjunctival
epithelial cells in vitro [72]. These variations in sequence
and expression levels may affect whether uspA1 is associated
with clinical presentation of M. catarrhalis, however this is
not well investigated. For example, while UspA1 was shown
to be expressed in 95% of child-carriage isolates [63], 97%
of child respiratory tract infection (RTI) and 95% of adult
RTI isolates [60], neither sequence variation nor levels of
UspA1 expression (high or low) were described in either of
these studies. One study showed that child-carriage isolates
in which UspA1 expression was not detected belong to the
RB2/3 lineage [73], but a later study by the authors showed
that detectable levels of UspA1 expression in these isolates
could be induced by cold shock at 26

�

C (a temperature
commonly experienced by the human nasopharynx), com-
pared to growth at 37

�

C [74]. Consequently, any association
with uspA1 variation or expression with age group and clin-
ical manifestation warrants further investigation.

UspA2, UspA2H and UspA2V

The uspA2 locus can contain one of three mutually exclusive
alleles known as uspA2, uspA2H and uspA2V, each encod-
ing a different outer-membrane protein with functional and
distributional differences and limited conservation. uspA2 is
found in approximately 72–77% of isolates [60, 61, 63] and
is involved in serum resistance [66, 75] and adherence to
the ECM [67, 68]. uspA2H is found in approximately 15–
21% of isolates [60, 61, 63], and is considered a hybrid of
uspA1 and uspA2, with a role in adherence [65], biofilm for-
mation [76] and serum resistance in vitro [75]. uspA2V is
found in approximately 10% of isolates and is also poten-
tially involved in adherence and serum resistance [77].
Despite the importance of uspA2 in serum resistance, uspA2
is equally present in both serum-resistant and serum-
sensitive isolates and is not associated with either ribosomal
lineage [55]. All uspA2H PCR-positive isolates belong to the
RB1 lineage, irrespective of age group and specimen source
[60], while uspA2V is associated with the RB2/3 lineage
[77]. However, until more information is available on the
function of UspA2V, the relevance of this association for
the capacity of strains to cause disease is unclear. A signifi-
cant difference in the distribution of uspA2 and uspA2H
was observed in RTI isolates from children (95% uspA2,
5 % uspA2H) compared to adults (61% uspA2, 39%
uspA2H) [60]. A difference, albeit smaller, is also seen when
comparing the uspA2/2H distribution in child or adult RTI
isolates above to the distribution in child-carriage isolates
(77–83% uspA2 and 17–21% uspA2H) in studies performed
by the same [61] and other authors [63]. Taken together,
this may suggest a role for UspA2 in childhood disease or
for UspA2H in the infection of individuals who have devel-
oped an immune response to UspA2. Similar to uspA1,
uspA2, uspA2H and uspA2V are modular, resulting in
sequence variations within a particular allele that potentially
alters function [70, 77]. For example, serum resistance is
not conferred by all UspA2 proteins [70].

In addition to sequence differences, uspA2 and uspA2H
exhibit phase-variable expression. A 5¢-(AGAT)n-3¢ tetranu-
cleotide repeat tract is present upstream of the ORF of
uspA2, and experimental alterations of the uspA2 repeat
tract have shown that maximal serum resistance is con-
ferred when >9 repeat units are present, while mutants with
<9 repeats are serum-sensitive [78]. Consistent with this, the
expression of UspA2 in clinical isolates is variable and cor-
relates with serum resistance through C3 binding [79]. A
polyA tract is present in the uspA2H ORF, and on–off
switching of the expression of UspA2H alters the ability of
M. catarrhalis to auto-aggregate, resist complement-medi-
ated killing and adhere to epithelial cells [60]. Little is
known about the expression of UspA2V [77]. Further inves-
tigation of the sequence variation and expression of UspA2,
UspA2H and UspA2V in relation to clinical manifestation
in longitudinal studies is required to determine the rele-
vance of these proteins in disease and the conservation of
expression for vaccine development purposes.

MID/Hag

MID/Hag is located in the outer membrane and mediates
haemagglutination and non-immune binding of IgD by
M. catarrhalis [80], while it also functions as an adhesin for
cells derived from the human lung, middle ear and ciliated
bronchial epithelium [81, 82]. mid/hag was found in 80%
of child-carriage isolates [61], 90% of child RTI and 91%
of adult RTI isolates [60]. Another study showed that mid/
hag was present in 100% of isolates from various clinical
presentations [83], indicating that there was no association
between gene presence and carriage or disease. However,
also like the UspA proteins, MID/Hag is subject to phase
variation, mediated by a polyG tract in its ORF, resulting in
the presence or absence of functional MID/Hag and the
respective adherence phenotype [83]. In isolates that have a
mid/hag gene, MID/Hag is more frequently expressed by
child RTI isolates than adult RTI isolates (92 vs 73%) [60].
It is unknown whether the association of MID/Hag expres-
sion with child versus adult disease isolates is due to phase
variation, and further investigation is required. This may
suggest that while MID/Hag expression bestows a selective
advantage during infection of the child host, selection
against MID/Hag expressing isolates may occur in adults
following an adaptive immune response, with the phase
variation of MID/Hag contributing to immune evasion.
The presence of the mid/hag gene was also associated with
the RB1 lineage in isolates from child carriage [61], and iso-
lates from children and adults presenting with respiratory
disease [60].

CopB

CopB is involved in iron acquisition [84] and serum resis-
tance [85]. Most studies indicate that all isolates possess the
copB gene [55, 60], although one study showed that copB is
more frequently present inM. catarrhalis isolated from chil-
dren and adults with RTI (50%) than in carriage isolates
from children (0%) [86]. The reason for this difference in
distribution is not clear, but may reflect localized
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geographical variance of M. catarrhalis. PCR restriction
fragment length polymorphism analysis of the copB gene
showed that allelic variation occurs between isolates, with
five copB types described (copB-I and copB-III, 51%; copB-
II, 38%; copB-IV, 9 %; copB-O, 2 %) [87]. A significant asso-
ciation was observed between copB types and ribosomal
lineage. Isolates containing copB types I/III and II are asso-
ciated with the RB1 lineage (99%), and copB types 0 and IV
are associated with the RB2/3 lineage (86%) [60]. It is
unknown whether allelic differences in copB have functional
relevance or contribute to any differences in the capacity of
isolates to cause disease, however antibodies directed at
major surface epitopes do not bind all CopB types and this
may have implications if CopB is pursued as a vaccine anti-
gen [87].

Outer-membrane protein CD (OmpCD)

OmpCD is an outer-membrane protein that is involved in
adherence to epithelial cells [88, 89], adherence to human
nasopharyngeal, tracheobronchial and middle-ear mucins
[90], and membrane stability [89]. One study showed that
ompCD is more frequently present in M. catarrhalis isolated
from children and adults with RTI (84%) than in carriage
isolates from children (14%) [86]. However, other studies
have shown that ompCD is present [60, 91, 92] and
expressed [93] in all M. catarrhalis isolates from diverse
clinical and geographical sources tested to date. Although
the amino acid sequence of OmpCD is well conserved [92],
PCR-RFLP analysis of the ompCD gene has grouped var-
iants into two [60] or five [92] types, depending on the
restriction endonuclease used. The two types described by
Verhaegh et al. (ompCD1 , 91%; ompCD2 , 9%) show varia-
tion within the first A549 epithelial cell-binding domain of
the ompCD gene between isolates [60], however the func-
tional relevance of this variation has not been investigated.
In addition, a significant association was found between
ompCD1 and the RB1 lineage, while ompCD2 is associated
with the RB2/3 lineage [60].

Outer-membrane protein E (OmpE)

OmpE is an outer-membrane protein of unknown function
that is involved in serum resistance through an undeter-
mined mechanism and is potentially involved in nutrient
acquisition [94]. Two studies have shown that ompE is
present in all isolates [95, 96], while one study showed that
ompE is present in 83% of isolates and is more frequently
present in M. catarrhalis isolated from children and adults
with RTI (93%) than in carriage isolates from children
(50%) [86]. In other studies, OmpE was expressed by all
isolates regardless of clinical presentation [96, 97] and the
translated amino acid sequences from diverse isolates were
well conserved [96]. Two clusters based on minor varia-
tions in the OmpE sequence have been described, however
it is currently unknown whether these clusters are associ-
ated with a particular M. catarrhalis subpopulation or
lineage [96].

Outer-membrane protein J (OmpJ)

OmpJ is an outer-membrane protein of unknown function
[98]. Two ompJ types have been identified (ompJ, 17%;
ompJ2 , 83%) that are >90% identical in nucleotide
sequence [98]. ompJ1 is associated with RB2/3 lineage iso-
lates and ompJ2 is associated with the RB1 lineage [61]. In
addition, ompJ1 was found primarily in serum-sensitive iso-
lates, while ompJ2 was almost exclusively associated with
serum-resistant isolates [98]. However, serum survival
assays determined that it was unlikely that OmpJ is directly
involved in serum resistance [98].

BRO b-lactamases

M. catarrhalis b-lactamase mediates resistance to b-lactam
antibiotics (e.g. penicillin and amoxicillin) and is encoded
by two alleles, bro1 and bro2, that are present in 82–
91% and 4–11% of worldwide isolates, respectively [86, 99,
100]. A higher frequency of b-lactamase-positive isolates
was observed in children compared to adults, although no
difference was seen in the distribution of bro alleles between
these groups [99]. However, bro1 was found more fre-
quently in disease isolates from adults and children com-
pared to child carriage isolates (93–97% versus 75–82%),
whereas the bro2 gene was found more frequently in healthy
carriers (14–16%) than disease isolates (5–6%) [86, 100].
All BRO-2 isolates were associated with the RB1 lineage
[55]. The biological relevance of this is unclear, as although
the minimal inhibitory concentration against b-lactam anti-
biotics is generally reported to be higher for BRO-1 than
BRO-2 isolates, large MIC ranges have been observed for
both, which often overlap [100–102]. The bro alleles differ
by one amino acid, which has unknown significance,
although bro2 has a 21 base pair deletion in its promotor
region that results in decreased expression compared to
bro1 and may account for the observed differences in MIC
[103, 104].

Lipooligosaccharide (LOS)

M. catarrhalis LOS is a surface-exposed glycolipid found in
the outer membrane and is involved in adherence to [105]
and invasion of epithelial cells [106], and serum resistance
[105].M. catarrhalis expresses three mutually exclusive LOS
serotypes with varying distribution in the population: 60–
75% of isolates are serotype A, 20–30% are serotype B and
2–6% are serotype C, while 5% of isolates are untypeable
[60, 86, 107, 108]. Although no difference is observed in the
distribution of LOS serotypes between carriage and disease
isolates [86], a higher frequency of LOS type B and a lower
frequency of LOS type A were found in respiratory isolates
from adults compared to children [60]. In addition, all LOS
type B isolates are within the RB1 lineage [60].

ModM

ModM is a phase-variable type III DNA methyltransferase
that acts as an epigenetic regulator. ModM phase variation
is mediated by a 5¢-(CAAC)n-3¢ repeat tract in its ORF
[109], and switching of ModM expression alters the expres-
sion of a distinct set of genes, known as a phase-variable
regulon or phasevarion, via differential methylation of the
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genome [110]. Three modM alleles (modM1, modM2 and
modM3) have been identified that differ in their central
DNA recognition domain and potentially regulate the
expression of different phasevarions. Although the modM2
allele is carried by a majority of isolates, modM3 was found
in a higher proportion of OM isolates compared to carriage
isolates, suggesting a potential role for modM3 in disease
[110]. Whether differences in the genes regulated by the
modM alleles are the cause of this association is unknown. It
was shown that ModM2 regulated genes that were previ-
ously identified as being involved in colonization and dis-
ease, however genes regulated within the ModM3
phasevarion have not been identified and are under investi-
gation [110]. In other significant respiratory colonizers,
including Neisseria meningitidis [111, 112] and NTHi [113,
114], phase variation of DNA methyltransferases causes the
differential regulation of virulence factors and vaccine can-
didates that are important in the progression of disease. Dif-
ferential regulation of ModM phasevarions may provide a
selective advantage to ModM ON versus ModM OFF var-
iants, or vice versa, in carriage or disease (either OM or
COPD), however further investigation of ModM ON/OFF
switching in these populations is required.

Other virulence factors and vaccine candidates

The literature suggests that there are a number of other vir-
ulence factors and vaccine candidates that are found in all
M. catarrhalis isolates (Table 2). However, much of the evi-
dence for the conservation and expression of these factors
(e.g. outer-membrane proteins G1a and G1b [115],
M. catarrhalis adherence protein [116], Moraxella surface
proteins 22, 75 and 78 [117], substrate-binding protein 2
[118], lactoferrin-binding protein A [119] and transferrin-
binding protein A [120]) is derived from studies that only
examined a small number of isolates, or in the case of CysP
[121] and AfeA [122], what can be gleamed from genomes
available online. Consequently, further investigation in
larger panels that include isolates from varying genetic line-
ages, age groups or clinical manifestations is needed to fully
elucidate the suitability of these potential vaccine candi-
dates. For example, M35 was considered to be highly con-
served when sequences from RB1 isolates were compared
[123], but sequence variations became apparent when M35
genes from RB2/3 isolates were sequenced [124].

For other virulence factors and potential vaccine candidates
that are found ubiquitously in tested isolates, significant
sequence variability is present, and whether these differences
are correlated with lineage, age group, or clinical manifesta-
tions requires additional investigation. For example, lactofer-
rin-binding protein B from isolates of diverse geographic
regions and clinical presentations shared 77% identity [125],
and only 51% identity was observed in transferrin-binding
protein B [120]. There are several type IV pilin PilA subunit
alleles in circulation with as little as 59% amino acid sequence
identity that are grouped into three clades (pilA1a, 32%;
pilA1b, 10%; pilA2 , 58%) [126]. Pilin clades are not associated
with age group or disease, being evenly distributed between

OM isolates from children and adult sputum isolates. How-
ever, all isolates examined for pilA type are of the RB1 lineage,
and whether this distribution differs to that found in RB2/3
isolates has not been investigated [126]. For oligopeptide per-
mease A (OppA), single-nucleotide polymorphisms at specific
sites are found exclusively among OM isolates, while distinct
set of mutations occur exclusively in sputum isolates [127],
however the functional relevance of these polymorphisms is
unknown. Two opa-Like protein A (olpA) alleles were identi-
fied in a small panel of isolates (olpA1 , 93%; olpA2 , 7%) with
43% identity between variants, and investigation of the distri-
bution of these alleles in a larger study is warranted [128].

Data on other potential M. catarrhalis virulence factors and
vaccine antigens, such as ORF113 [129], haemin-utilization
protein (HumA) [130] and Moraxella haemoglobin-
utilization protein (MhuA) [131] are currently lacking, and
the distribution and conservation of these genes needs to be
further examined before vaccine development can proceed.
Although they are considered to be conserved, the gene
presence and expression of Moraxella haemagglutinin-like
proteins A1 and A2 was detected by targeting sequences
present in both genes/proteins and their true distribution is
yet to be determined [132, 133].

CONCLUSIONS AND FUTURE PERSPECTIVES

M. catarrhalis is a prevalent colonizer of the human respira-
tory tract and an important causative agent of OM in chil-
dren and exacerbations of COPD in the adult population.
The development of a M. catarrhalis vaccine is warranted to
decrease the burden of disease caused by this pathogen.
Many vaccine targets have been proposed forM. catarrhalis,
but no consensus has been reached on which to move for-
ward with. Crucially for vaccine development, no correlates
of protection have been described. Whilst M. catarrhalis
does not thus far appear to have the same level of antigenic
variability as the other bacterial otopathogens, S. pneumo-
niae and NTHi, variability in the distribution and sequence
of virulence determinants and vaccine candidates exists
(Table 1), and in many cases has yet to be fully explored
(Table 2). A cocktail of antigens to cover as broad a range of
strains as possible is one potential solution, but another
option may be to identify and target key virulence factors
involved in colonization or disease. In either case, a clear
understanding of the links between M. catarrhalis virulence
determinants and disease is required.

Links between sub-populations of M. catarrhalis and spe-
cific virulence factors or the capacity to cause disease have
been reported, but there are inconsistencies, and the
observed phenotype is not always supported by genotypic
analysis. In particular, RB1 strains have been associated
with virulence traits such as in vitro adherence to epithelial
cells and serum resistance more frequently than RB2/3
strains, but genes that mediate these phenotypes have been
found in strains from both lineages [64]. In addition to
presence/absence studies on a specific gene or protein, it
may also be necessary to examine sequence conservation
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and allelic distribution. Some genes are found ubiquitously
in the M. catarrhalis isolates examined, but allelic variants
are differentially distributed. These differences are worth
examining, as functional variation between alleles may con-
tribute to differences between colonizing and disease-caus-
ing strains. In addition, it may also be necessary to
investigate expression differences, as several virulence fac-
tors discussed in this review have phase-variable expression,
and this may influence the course of infection as well as
potential vaccine efficacy. Ideally, the assessment of whether
factors are expressed should be determined from patient
samples with minimal passaging (i.e. without subculture) if
possible, or from a representative population of infectious
bacteria (i.e. multiple colonies from subculture, to encom-
pass the full range of expressional differences present in the
population). To date, few studies have considered these
aspects when inferring relationships between isolates and
clinical presentation.

Further complicating our understanding of virulence factor
distribution is the lack of a standardized typing system that
permits the comparison of worldwide isolates and associ-
ated epidemiological data (Box 1). The widely used typing
systems for M. catarrhalis focus on whole-chromosome
polymorphisms to distinguish different strains, however
they provide limited information regarding the virulence of
typed isolates due to their inability to assess the presence
and allelic variation of individual virulence factors, and are
difficult to compare between laboratories. An established
M. catarrhalis MLST scheme is available that addresses the
issue of ease of comparison between worldwide laboratories
and provides an accessible reporting system, but this system
is currently underutilized. Widespread implementation of
this system would be invaluable for elucidating the popula-
tion structure of M. catarrhalis, and could be coupled with a
multi-virulence-locus sequence typing scheme to fully eluci-
date the virulence factor distribution of M. catarrhalis. An
alternative to this is whole-genome sequencing of strains,
but this is limited by cost constraints. Regardless of how it is
achieved, a clearer understanding of how virulence determi-
nants are distributed in the M. catarrhalis population would
help to inform the selection of vaccine candidates.

The development of a M. catarrhalis vaccine could have
far-reaching implications, reducing both infection by M.
catarrhalis and co-infections synergized by M. catarrhalis.
However, the selection of vaccine antigens is an ongoing
process and numerous candidates are under evaluation.
Strategic selection of vaccine antigens requires a full and
clear understanding of the distribution of all candidates,
and the assessment of their sequence variation and expres-
sion. The adoption of a universal typing system will provide
a better understanding of the M. catarrhalis population
structure and allow more accurate predictions to be made
on the potential virulence determinant repertoire of unchar-
acterized isolates. It is hoped that the information obtained
from such studies examining M. catarrhalis pathobiology

will aid the development of an efficacious vaccine against
M. catarrhalis.
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CHAPTER 2 



FOREWORD 

In reviewing the distribution and conservation of Moraxella catarrhalis virulence factors 

and vaccine candidates in Chapter 1, several gaps in the literature were identified. Despite 

several studies suggesting the M. catarrhalis RB1 and RB2/3 phylogenetic lineages differ 

in traits broadly associated with virulence (e.g., adherence and serum resistance), and by 

extension their propensity to cause disease, no lineage specific virulence factors have 

been identified that account for the proposed difference in virulence. In other bacteria, 

genes encoding restriction-modification (R-M) system subunits are among the few genes 

associated with virulent or avirulent clades, however the complete repertoire of R-M 

systems in M. catarrhalis had not been defined and no information was available 

regarding the distribution of R-M systems in the species. In addition, the selection of 

stable antigens for vaccine development has been complicated by the discovery of two 

phase-variable Type III DNA methyltransferases (modM and modN) in M. catarrhalis, 

due to the potential for putative vaccine candidates to be differentially regulated within 

M. catarrhalis phasevarions. We have previously shown that modM has three target

recognition domain alleles (modM1-3), and ModM2 regulates the expression of a

phasevarion consisting of 34 genes, including genes important for infection of the human

host. In other species, phase-variable Type III DNA methyltransferases with as many as

21 allelic variants have been identified, and multiple independently switching

phasevarions have been found within a single strain. The presence of additional modM

and modN alleles or novel phase-variable R-M systems in M. catarrhalis was unknown.

In Chapter 2 we characterize the repertoire of R-M systems in M. catarrhalis, and further

investigate associations between M. catarrhalis R-M systems, phylogenetic lineages, and

disease.
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Abstract

Moraxella catarrhalis is ahuman-adaptedpathogen, andamajor cause ofotitismedia (OM)andexacerbationsof chronicobstructive

pulmonary disease. The species is comprised of two main phylogenetic lineages, RB1 and RB2/3. Restriction–modification (R-M)

systems are among the few lineage-associated genes identified in other bacterial genera and have multiple functions including

defenseagainst foreign invadingDNA,maintenanceof speciation,andepigenetic regulationofgeneexpression.Here,wedefinethe

repertoire of R-M systems in 51 publicly available M. catarrhalis genomes and report their distribution among M. catarrhalis phylo-

genetic lineages.Anassociationwithphylogenetic lineage (RB1orRB2/3)wasobserved for sixR-Msystems,whichmaycontribute to

the evolutionof the lineagesby restrictingDNAtransformation. In addition, we observeda relationshipbetweenamutually exclusive

Type I R-M system and a Type III R-M system at a single locus conserved throughout a geographically and clinically diverse set of M.

catarrhalis isolates. The Type III R-M system at this locus contains the phase-variable Type III DNA methyltransferase, modM, which

controls a phasevarion (phase-variable regulon). We observed an association between modM presence and OM-associated middle

ear isolates, indicating a potential role for ModM-mediated epigenetic regulation in OM pathobiology.

Key words: Moraxella catarrhalis, restriction–modification systems, allelic variation, speciation, genome analysis, otitis

media.

Introduction

Moraxella catarrhalis is a Gram-negative bacterial colonizer of

the human respiratory tract. Although often carried asymp-

tomatically in the nasopharynx (Vaneechoutte et al. 1990),

acquisition of M. catarrhalis frequently progresses to otitis

media (OM) in infants and children, and exacerbations of

chronic obstructive pulmonary disease (COPD) in adults. It is

one of the three most prevalent bacterial causes of OM, along
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with Streptococcus pneumoniae and nontypeable

Haemophilus influenzae (NTHi), and is detected in middle

ear fluid in up to 56% of OM cases by PCR (Pettigrew et al.

2017). Moraxella catarrhalis is the second most prevalent

pathogen associated with exacerbations of COPD, after

NTHi (Sethi and Murphy 2008; Murphy and Parameswaran

2009), and accounts for �10% of exacerbations in the USA

per year (Murphy et al. 2005). The progression from asymp-

tomatic carriage of M. catarrhalis to symptomatic disease is

poorly understood but likely involves both host and bacterial

factors (Gisselsson-Solen et al. 2014). There is currently no

available vaccine to prevent M. catarrhalis-mediated disease.

The M. catarrhalis species is a panmictic population of

strains (Enright and McKenzie 1997; Wirth et al. 2007) that

is divided into two main phylogenetic lineages based on mo-

lecular typing methods such as multilocus sequence typing

(MLST) (Wirth et al. 2007), pulsed field gel electrophoresis

(PFGE) (Verhaegh et al. 2011), and single-adapter amplified

fragment length polymorphism (sAFLP) (Bootsma et al. 2000).

The major lineage includes �80–90% of isolates and is pri-

marily comprised of 16S ribotype 1 (RB1) strains, whereas the

remaining �10–20% of isolates belong to the minor lineage

and consist of 16S ribotype 2 and 3 (RB2/3) strains (Bootsma

et al. 2000; Verhaegh et al. 2008, 2011). There is some evi-

dence to suggest that propensity to cause disease is correlated

with phylogenetic lineage. For example, 51% of RB1 lineage

isolates were associated with disease cases compared with

14% of RB2/3 strains in one study (Wirth et al. 2007), and

RB1 lineage strains exhibit higher levels of adherence to air-

way epithelial cells, and increased resistance to killing by hu-

man serum in vitro than RB2/3 lineage strains, with some

exceptions (Bootsma et al. 2000; Wirth et al. 2007; Earl

et al. 2016). However, a clear genetic basis for the proposed

difference in virulence between M. catarrhalis phylogenetic

lineages has not been established. Moraxella catarrhalis

expresses a repertoire of outer membrane proteins involved

in adherence to epithelial cells and the extracellular matrix,

serum resistance, and iron acquisition that are considered to

be major virulence factors (Blakeway et al. 2017).

Comparative supragenome analysis of thirteen RB1 and eigh-

teen RB2/3 genomes demonstrated that virulence factors re-

sponsible for adherence and serum resistance are found in the

core M. catarrhalis genome, with no virulence factors found

solely in either lineage (Earl et al. 2016). This is supported by a

recent review of the distribution of virulence factors, which

suggests that lineage-associated allelic variation and expres-

sion differences potentially underpin the differential pathoge-

nicity among M. catarrhalis isolates (Blakeway et al. 2017).

In many bacterial species, restriction–modification (R-M)

systems are among the few genes associated with distinct

phylogenetic lineages or virulent versus avirulent subpopula-

tions (Budroni et al. 2011; Seib et al. 2011; Roberts et al.

2013; Nandi et al. 2015; Tan, Hill, et al. 2016). R-M systems

are ubiquitous in bacteria and are particularly abundant in

naturally competent species, for example, Neisseria meningi-

tidis (Budroni et al. 2011; Kong et al. 2013), Neisseria gonor-

rhoeae (Stein et al. 1995), H. influenzae (Vasu and Nagaraja

2013), S. pneumoniae (Vasu and Nagaraja 2013), and

Helicobacter pylori (Lin et al. 2001; Kumar et al. 2015). R-M

systems consist of a restriction endonuclease and a DNA (ad-

enine or cytosine) methyltransferase that cleave and methyl-

ate DNA at specific DNA sequences, respectively. R-M systems

have traditionally been described as a type of bacterial de-

fense mechanism to protect the host cell from invasive foreign

DNA (e.g., bacteriophages) (Bickle and Kruger 1993).

However, R-M systems have been demonstrated to perform

several additional roles, including maintaining speciation

(Vasu and Nagaraja 2013), DNA repair (Vasu and Nagaraja

2013), and epigenetic regulation of gene expression

(Srikhanta et al. 2005), reviewed in Atack et al. (2018). Four

main types of R-M systems exist (Types I–IV) that differ in their

subunit composition, cofactor requirements and mechanism

of action (Roberts et al. 2003). Type I R-M systems are a com-

plex of three subunits: A restriction endonuclease (HsdR) that

cleaves unmethylated DNA, a DNA methyltransferase (HsdM)

that methylates DNA and protects the host genome from

cleavage, and a specificity subunit (HsdS) that determines

the recognition sequence of the complex. Type II R-M systems

consist of a restriction endonuclease (Res) and a methyltrans-

ferase (Mod) that act independently of each other. Type III

R-M systems consist of an independent methyltransferase

(Mod) that contains a DNA target recognition domain (TRD;

also known as the DNA recognition domain) and methylates

DNA, and a restriction endonuclease (Res) that must form a

complex with Mod to recognize and cleave DNA. Type IV R-M

systems are composed of a single enzyme that only cleaves

methylated DNA. Many host-adapted bacterial pathogens

contain R-M systems that are phase-variable. Phase variation

is the random and reversible, high frequency on/off or graded

switching of gene expression, which is typically mediated by

simple DNA repeats in host adapted bacteria. However, var-

ious mechanisms mediate phase variation, including

slipped strand mispairing of simple DNA sequence repeats

(van Ham et al. 1993), site-specific recombination (e.g.,

DNA inversion, Zieg et al. 1977 or domain shuffling,

Manso et al. 2014) or epigenetic mechanisms (e.g., dif-

ferential methylation and competition between regula-

tory proteins Dam and Lrp affect expression of the

Escherichia coli pap operon; van der Woude et al. 1996).

Phase variation of DNA methyltransferases due to

changes in DNA sequence repeats (Srikhanta et al.

2005, 2009; Seib et al. 2011; Blakeway et al. 2014) or

domain shuffling (Manso et al. 2014), causes differential

methylation of the genome, which epigenetically alters

the expression of multiple genes in systems known as

phasevarions (phase-variable regulons) (Srikhanta et al.

2005; Atack et al. 2018). In every case identified, switch-

ing of expression of phasevarions alters the pathobiology
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of the organism, and controls expression of current and

putative vaccine candidates (Atack et al. 2018).

To date only four R-M systems have been described in de-

tail in M. catarrhalis: Mca25239IIP (Type I) (Blakeway et al.

2014); Mca25239ORF17P (Type II) (Blakeway et al. 2014);

Mca25239IP (Type III) (Seib et al. 2002; Blakeway et al.

2014); and Mca23246IIP (Type III) (Seib et al. 2002). We pre-

viously identified that the Type III DNA methyltransferases

ModM (Mca25239Imod) and ModN (Mca23246IIPmod) are

phase variable, and that there are three modM alleles

(modM1-3) that vary in their TRDs (Seib et al. 2002;

Blakeway et al. 2014). We have also shown that the phase-

variable Type III methyltransferase ModM2 controls expression

of multiple genes in a phasevarion, including genes involved in

colonization, and protection against host defenses (Blakeway

et al. 2014). For example, genes differentially expressed be-

tween modM2 ON and modM2 OFF variants are involved in

infection in the chinchilla model (e.g., MiaE, FbpA; Hoopman

et al. 2012); attachment to pharyngeal or alveolar cells (e.g.,

RpmG, AhcY; de Vries et al. 2013); and oxidative stress

responses (e.g., FbpA, BfrA; Hoopman et al. 2011). We also

reported the distribution of the phase variable modM alleles

M.Mca25239I (modM2) and M.Mca195I (modM3) in a panel

of middle ear and nasopharyngeal carriage isolates, and ob-

served a significant association of the modM3 allele with mid-

dle ear isolates from patients with OM (Blakeway et al. 2014).

However, the full repertoire and distribution of R-M systems in

the M. catarrhalis has never before been described. In this

study we examine the distribution of R-M systems identified

in 51 publicly available M. catarrhalis genomes. We also char-

acterize the variable R-M system loci found in M. catarrhalis,

and specifically investigate the distribution of the phase-

variable modM locus in geographically and clinically diverse

panels of M. catarrhalis isolates.

Materials and Methods

Characterization of M. catarrhalis R-M Systems

The nucleotide sequences of all predicted R-M systems in five

closed M. catarrhalis genomes (BBH18, de Vries et al. 2010,

25239, Blakeway et al. 2014, 25240, Daligault et al. 2014,

FDAARGOS 213 [Accession NZ CP020400], and CCRI-

195ME, Tan et al. 2017) listed in the REBASE database

(Roberts et al. 2010) were acquired from GenBank (Benson

et al. 2017). Additional R-M system loci were identified

through a search for annotated R-M systems in draft M. catar-

rhalis genomes (e.g., the novel R-M system McaC031IP), and

by literature search (e.g., R-M system Mca23246IIP has been

previously described, Seib et al. 2002). Multiple sequence

alignments of 10–20 kb regions upstream and downstream

of each R-M system were then performed between the five

closed genome strains in order to identify conserved flanking

genes. Each of the identified R-M systems, along with its

conserved flanking genes, were defined as a distinct R-M sys-

tem locus and assigned a locus number. Two putative phage

encoded DNA methyltransferases, M.Mca195ORF1235P and

M.Mca195ORF2720P, were found but not included in phylo-

genetic analysis as their presence/absence could not be accu-

rately determined in all genomes. A representative of each

R-M system is shown in table 1. A custom BLAST database

was then created containing 51 publicly available M. catar-

rhalis genomes (5 closed genomes and 46 draft genomes)

using Geneious version 10.1.3 (http://www.geneious.com;

last accessed October 23, 2018; Kearse et al. 2012). The ge-

nome 157.rep2 MCAT was excluded from the database as it

is a resequence of 157.rep1 MCAT and not a unique M.

catarrhalis isolate.

Novel R-M systems at the defined R-M system loci were

identified by using the conserved flanking genes at each R-

M system locus as the query sequences in a BlastN search

against all 51 genomes and aligning the region between the

flanking sequences. A sequence was defined as a putative R-M

system when at least one R-M system gene (methyltransfer-

ase, restriction endonuclease, or specificity subunit) was pre-

sent, regardless of missing subunits or inactivating mutations.

R-M systems were considered to be the same system if>70%

nucleotide sequence identity to the reference strain was ob-

served in the DNA methyltransferase and/or restriction endo-

nuclease genes, when present. Each predicted M. catarrhalis

R-M system was queried against the REBASE database using

BlastN and named according to the best REBASE hit or ac-

cepted nomenclature (Roberts et al. 2003) in the case of pre-

viously undescribed, putative R-M systems. Sequences of all

putative R-M systems were then used in a BlastN search

against all 51 genomes to determine if any of the identified

R-M systems were found at additional loci that were not pre-

viously defined. A presence/absence matrix of R-M systems in

51 M. catarrhalis genome strains was then constructed (fig. 1).

Sequence Alignments

General sequence alignments and pairwise identity calcula-

tions were performed using ClustalW and Geneious version

10.1.3 (http://www.geneious.com; last accessed October 23,

2018) (Kearse et al. 2012), with the following parameters:

Cost matrix¼ IUB, gap open cost¼ 15, gap extend cost-

¼ 6.66. Alignments and visualization of multiple R-M systems

were performed using Easyfig version 2.2.2 (Sullivan et al.

2011). Alignments of modM alleles were performed using

ClustalW as above and visualized with JalView (http://www.

jalview.org/; last accessed October 23, 2018).

Phylogenetic Analysis

The M. catarrhalis (species ID: 1232) phylogenetic dendro-

gram was sourced from NCBI GenBank (Benson et al.

2017), accessed at https://www.ncbi.nlm.nih.gov/genome/?

term¼moraxellaþcatarrhalis; last accessed October 23,
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2018. The Moraxella genus phylogenetic tree was drawn with

MEGA7 (Kumar et al. 2016) by applying the maximum likeli-

hood method with Kimura-2 genetic distance model and

1,000 bootstrap replicates to 16S rRNA sequences obtained

from the All-Species Living Tree Project database (Yarza et al.

2008). Homologs of M. catarrhalis Type I R-M system specif-

icity subunit TRDs and Type III R-M system DNA methyltrans-

ferase TRDs in other species were identified by BlastX search

against the NCBI nr database, excluding hits from M.

catarrhalis.

R-M System Screening by Multiplex PCR

To identify the R-M system present at locus 1 in a large panel

of unsequenced strains, multiplex PCR reactions were per-

formed. Panels of M. catarrhalis strains used in this study

are detailed in table 2. Moraxella catarrhalis strains were

grown on brain heart infusion (BHI) agar (Oxoid,

Basingstoke, UK) at 37 �C with 5% CO2. Multiplex PCR reac-

tions were performed using GoTaq Flexi DNA polymerase

(Promega, Wisconsin, USA) as per the manufacturer’s instruc-

tions (55 �C annealing, 60 s elongation, 30� cycles, 10mmol

each primer, 25ml reaction volume) with 1 ng genomic DNA

or 1ml of boiled cell lysate as template. The eight multiplex

PCR primers used are detailed in supplementary table S1,

Supplementary Material online. Amplicons were resolved by

electrophoresis on a 1.5% agarose gel. A different sized

amplicon was generated depending on the R-M system pre-

sent. Type I R-M system (Mca25240ORF1547P): 600 bp,

modM1 (M.Mca23246IP): 400 bp, modM2 (M.Mca25239I):

300 bp, modM3 (M.Mca195I): 500 bp, (supplementary table

S1 and fig. S1, Supplementary Material online).

Statistical Analysis

P-values were determined by a two-tailed Fisher’s exact test

using Graphpad Prism Version 6.01. The significance thresh-

old was set at 0.05.

Results

Distribution of M. catarrhalis R-M Systems in 51 Genomes

In order to determine the distribution and variability of R-M

systems in M. catarrhalis, all loci harboring predicted R-M

systems were investigated in five closed and 46 draft M.

catarrhalis genomes. Of the 51 total genomes analyzed, 26

are RB1 lineage strains, 19 are RB2/3 lineage strains, and six

are divergent strains that differ in their average GC content

(43.6–45.3%) relative to RB1 and RB2/3 lineage strains

(41.6%) (fig. 1), and although currently classified as M. catar-

rhalis, are predicted to represent a different species or sub-

species (Wirth et al. 2007; Earl et al. 2016). Nineteen putative

R-M systems were identified in this study at twelve distinct

genetic loci (loci 1–12) (table 1, figs. 1 and 2). Seven loci (loci

3, 4, 6, 8, 9, 10, & 11) each contain a unique R-M system that

is found at only a single locus (figs. 1 and 2). Locus 12 contains

a single R-M system (Mca25239ORF1708P), however this R-M

Table 1

Representative R M Systems at Each Locus in Moraxella catarrhalis Strains

Locus Name Predicted Type Subunits Av. GC Accession Coordinates

1 Mca25240ORF1547P I M, R, S1, S2 39.3% NZ CP008804.1 1,653,709 1,663,848

Mca25239IP (modM) III M, R 33.1% NZ CP007669.1 427,245 431,803

2 Mca25239ORF528P IIM R 30.4% NZ CP007669.1 591,870 593,629

Mca7169IP IIS M1, M2, R 31.5% AERC01000019.1 160,541 163,092

McaA9IP IIG R/M 35.5% NZ LXHW01000022.1 82,890 84,937

McaZ7547IP IV R 30.0% LXHD01000025.1 50,224 51,273

3 McaCO72IP II M, R 35.5% AERK01000012.1 53,470 55,328

4 Mca25239MrrP IV R 36.6% NZ CP007669.1 1,203,209 1,204,152

5 Mca25239ORF1708Pa III M, R 36.9% NZ CP007669.1 1,831,862 1,836,731

McaBBH18IP II M, R 30.8% NC 014147.1 1,763,372 1,765,715

Mca213ORF2330P II M, R 31.1% NZ CP020400.1 473,956 475,872

6 Mca25239ORF1739P I S 36.0% NZ CP007669.1 1,866,245 1,866,910

7 Mca25239ORF17P II M, R 29.9% NZ CP007669.1 18,453 20,511

McaS11IP II M, R 34.3% LXHF01000024.1 8,509 10,532

McaF21IP II M 34.0% LXHR01000010.1 9,304 10,161

8 Mca25239IIP I M, R, S 41.4% NZ CP007669.1 79,387 87,869

9 Mca195ORF6035P II M, R 32.5% NZ CP018059.1 1,237,296 1,238,994

10 McaC031IP (modO) III M, R 39.9% LXHV01000037.1 80,716 85,836

11 Mca23246IIP (modN) III M, R 36.5% AY049057 371 3,295

12 Mca25239ORF1708Pa III M, R 38.5% NZ CP007669.1 1,831,862 1,836,731

NOTE. M, modification enzyme; R, restriction endonuclease; S, specificity subunit; R/M, fused restriction endonuclease and modification domains.
aSame R M system present at locus 5 and locus 12.
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FIG. 1. Distribution of restriction modification (R M) systems in Moraxella catarrhalis genomes. (a) The positions of R M system loci mapped to the M.

catarrhalis strain 25239 chromosome. R M system loci positions are conserved in the five closed genome strains relative to each other. Locus 12 is unable to

be mapped due to chromosomal rearrangement. (b) Presence/absence matrix of 18 putative R M systems and an orphan Type I R M system specificity

subunit (locus 6) in 51 publicly available M. catarrhalis genomes. Each row represents one M. catarrhalis genome and each column represents one R M

system. Black/white squares indicate the presence or absence of the R M system in the genome, respectively. ˆ and bold font indicates the five M. catarrhalis

closed genome strains. Numbers 1 6 indicate Type III R M system DNA methyltransferase alleles for modM (locus 1), modN (locus 11), and modO (locus 10).

* Indicates R M systems where the restriction endonuclease gene is absent. Phylogenetic tree: Yellow RB1 lineage, green RB2/3 lineage, and grey

divergent phylogenetic lineages. Phylogenetic analysis has not been performed for strains 12P80B1 and CCRI 195ME by NCBI, however both are 16S

ribotype RB1 and are grouped with RB1 lineage strains.
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system is not unique to locus 12 and is also found at locus 5.

Four loci (loci 1, 2, 5, & 7) are variable, each containing two to

four mutually exclusive R-M systems distributed between dif-

ferent strains (figs. 1 and 2). All strains possessed between

one (e.g., strain 304 MCAT) and eight (e.g., strain 46P47B1)

putative R-M systems (fig. 1). None of the genomes analyzed

contained all 12 R-M systems, and every R-M system except

for McaF21IP was found in at least two genomes.

Moraxella catarrhalis R-M Systems Are Associated with
Phylogenetic Lineage

A presence/absence matrix of R-M systems in 51 M. catarrha-

lis strains was generated, with strains ordered based on phy-

logeny (fig. 1). Comparison of R-M systems between the 26

RB1 lineage strains and 19 RB2/3 lineage strains found that

the presence of R-M systems at five loci (loci 1, 2, 3, 4, 10)

correlate with phylogenetic lineage. Locus 1 contains either a

Type I R-M system (Mca25240ORF1547P) or a Type III R-M

system (Mca25239IP) (figs. 1 and 2, table 1). The Type III R-M

system is associated with the RB1 lineage (present in 24/26

RB1 vs 9/19 RB2/3 strains; P¼ 0.0014) whereas the mutually

exclusive Type I R-M system is associated with the RB2/3 lin-

eage (present in 2/26 RB1 vs 10/19 RB2/3 strains; P¼ 0.0014).

At locus 2, four putative Type II R-M systems

(Mca25239ORF528P, McaA9IIP, Mca7169IP, or Mca7547IP)

are found that are mutually exclusive and differentially distrib-

uted between strains (fig. 2); Mca25239ORF528P is associ-

ated with the RB1 lineage (present in 22/26 RB1 vs 3/19 RB2/3

strains; P< 0.0001), whereas McaA9IIP is associated with the

RB2/3 lineage (present in 0/26 RB1 vs 12/19 RB2/3 strains;

P< 0.0001). Locus 3 contains a putative Type II R-M system

McaCO72IP (fig. 2). Although no significant difference was

observed in the distribution of the methyltransferase gene

(M.McaCO72IP) between lineages (present in 23/26 RB1 vs

15/19 RB2/3; P¼ 0.4329), the associated restriction endonu-

clease gene (R.McaCO72IP) is only present in one RB1 strain

(CO72) compared with 11/19 RB2/3 strains (P< 0.0001). The

putative Type IV R-M system Mca25239MrrP at locus 4 is

present in all 26 RB1 lineage strains, whereas it is absent

from all 19 RB2/3 strains (P< 0.0001) and three short open

reading frames (ORFs) encoding hypothetical proteins are pre-

sent instead (fig. 2). Conversely, the predicted Type III R-M

system McaC031IP at locus 10 (fig. 2) is associated with the

RB2/3 lineage (present in 0/26 RB1 vs 15/19 RB2/3 lineage

strains; P< 0.0001).

Differences in the presence of R-M systems are also ob-

served between M. catarrhalis RB1 and RB2/3 strains com-

pared with strains of the divergent group. Two R-M

systems, McaZ7547IP at locus 2 and Mca23246IIP at locus

11 (fig. 2), are associated with the divergent group (each

present in 4/6 divergent vs 0/45 RB1 and RB2/3 strains;

P< 0.00001). Conversely, two putative Type II R-M systems,

McaCO72IP at locus 3 (fig. 2) and Mca195ORF6035P at locus

9 (fig. 2), are associated with RB1 and RB2/3 strains (each

present in 0/6 divergent vs 38/45 RB1 and RB2/3 strains;

P< 0.00001). The putative Type III R-M system

Mca25239ORF1708P was present in strains from all lineages,

however it was found at locus 5 in RB1 and RB2/3 strains but

at locus 12 in divergent strains. Differences in R-M system

presence were also observed between strains within the di-

vergent group. Five to six R-M systems are present in strains

Z7542, Z7546, Z7547, and Z7574, whereas strains

304 MCAT and 324 MCAT harbored only one R-M system,

McaA9IIP at locus 2 (fig. 2), which is absent in the aforemen-

tioned divergent strains.

Table 2

Panels of Moraxella catarrhalis Strains

Child Adult

Panel (Ref) Location Date MEˆ NP Sputum Clinical Total

BRPRU (Blakeway et al. 2014) Columbus 2004 2010 17 108 125

Ohio, USA

KOMRP (Lehmann et al. 2008) Kalgoorlie Boulder 1999 2004 103 103

WA, Australia

GROMIT (Wiertsema et al. 2011) Perth 2007 2009 7 120 127

WA, Australia

biOMe (Lappan et al. 2018) Perth, 2013 2015 8 47 55

WA, Australia

PathWest (Ariff et al. 2015) Perth 2003 2012 41 41

WA, Australia

USA COPD (Murphy et al. 2005) Buffalo 1994 2000 98 98

New York, USA

Total 32 378 98 41 549

NOTE. ME, isolated from middle ear fluid at the time of otitis media; NP, isolated from the nasopharynx of children with a history of OM or healthy control children; Sputum,
isolated from sputum of COPD patients during periods of exacerbation or stable colonization; Clinical, carriage or disease association not specified.
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Variability within Type I R-M Systems

Type I R-M systems are a complex of three subunits:

Restriction endonuclease (HsdR), DNA methyltransferase

(HsdM), and a specificity subunit (HsdS) that is comprised of

two TRDs that recognize bipartite sequences and together

determine the recognition sequence of the Type I R-M system

complex (Murray 2000). Three putative Type I R-M systems

were found in the 51 genomes analyzed, at loci 1, 6 and

8 (fig. 1, table 1). Locus 1 (Mca25240ORF1547P) and locus

8 (Mca25239IIP) harbor complete Type I R-M systems, com-

prised of proximally located hsdM, hsdR, and hsdS genes;

however, locus 6 contains an orphan hsdS gene

(S.Mca25239ORF1739P) with no proximal hsdR or hsdM

genes identified (fig. 3a). Interestingly, Mca25240ORF1547P

(locus 1) has two hsdS genes (S1.Mca25240ORF1547P;

“hsdS1,” and S2.Mca25240ORF1547P; “hsdS2”) (fig. 3a),

in all strains except for C031, N6, and N19, in which the

hsdS2 and hsdR genes (R.Mca25240ORF1547P) are absent

(fig. 1). Separate nucleotide sequence alignments of locus 1

and locus 8 R-M systems found that hsdR and hsdM genes

were well conserved within their respective loci (88–99% nu-

cleotide identity); however, when comparing hsdR and hsdM

FIG. 2. Comparison of sequence variants at Moraxella catarrhalis R M system loci. A pairwise BlastN comparison is shown for each R M system variant

present at loci 1 11. Colored arrows represent genes present within R M system loci: White conserved flanking gene (gene name given above arrow),

blue methyltransferase (M), orange restriction endonuclease (R), yellow specificity subunit (S), grey genes that do not encode R M system subunits.

Different R M systems present in the same locus are variously indicated by solid, vertical striped, or horizontal striped arrows. Nucleotide sequence identity

across a run of nucleotides between sequence variants at a particular R M system loci is indicated by grey lines. Scale bars represent 1 kb.
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genes between loci 1 and 8 only 44% nucleotide identity was

observed, suggesting that these are distinct R-M systems at

loci 1 and 8.

Nucleotide sequences of all four hsdS genes across the

three loci were aligned and although the TRDs were highly

variable, two hsdS homology groups were identified based on

the presence of homologous regions that are unique to each

homology group, adjacent to the variable TRDs (fig. 3b). The

hsdS homology group A consists of the locus 1 hsdS1, locus 1

hsdS2, and locus 6 orphan hsdS gene, while homology group

B contains only the locus 8 hsdS gene. The homologous

regions consisted of directly repeated sequences between

11 and 59 base pairs occurring upstream and downstream

of both TRDs within a hsdS gene, potentially permitting re-

combination between TRDs. Twenty unique TRDs were iden-

tified in 21 combinations of hsdS genes belonging to

homology group A and six TRDs in four hsdS genes were

identified in homology group B. Evidence of domain move-

ment was observed within hsdS genes belonging to the same

homology group. For example, identical TRDs were observed

in all three homology group A hsdS genes at both TRD posi-

tions (i.e., TRD1 or TRD2) in different strains (e.g., TRD M),

indicating that recombination between has taken place

(fig. 3c). However, no TRDs are shared by hsdS homology

FIG. 3. Schematic of variable hsdS target recognition domains (TRDs) of Type I DNA methyltransferases. (a) Schematic representation Type I R M

systems at loci 1, 6, and 8, indicating the arrangement of their modification, specificity and restriction endonuclease subunit genes. (b) Sequence organi

zation of hsdS genes belonging to homology group A and homology group B. Colored boxes adjacent to the two variable TRDs (TRD1 and TRD2) indicate

repeated sequences within a hsdS gene, at which homologous recombination may occur, mediating domain movement of TRDs. (c) Variable TRDs present

within the hsdS genes of the complete Type I R M systems (locus 1 and locus 8) and the orphan hsdS gene (locus 6) are shown. Each of the 26 unique TRDs

are assigned a letter (A Z) and representative strains possessing each TRD are shown. Colored letters indicate TRDs that have undergone domain movement

and are found at more than one locus. *No TRD is present due to a truncated hsdS gene.
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group A and B, and regions adjacent to their TRDs have lim-

ited nucleotide identity (30–49%), suggesting domain move-

ment between the two homology groups is unlikely.

Phylogenetic analysis of all Type I R-M system TRD sequen-

ces showed that two TRDs were found only in RB1 lineage

strains, seventeen TRDs were found only in RB2/3 lineage

strains, and two TRDs were found only in strains of divergent

lineage. However, five TRDs (TRD A, B, D, S, and U) were

found in strains from multiple phylogenetic lineages alongside

lineage specific TRDs, suggesting recombination between lin-

eages has occurred at the TRD level. In addition, TRDs A and B

were also found co-located within the same hsdS gene in RB1

(e.g., 25240) and RB2/3 (e.g., A9) lineage strains, suggesting

recombination occurs between M. catarrhalis phylogenetic

lineages at the whole hsdS gene as well (supplementary fig.

S2, Supplementary Material online).

Variability within Type III R-M Systems

Type III R-M systems consist of a restriction endonuclease (Res)

and a DNA methyltransferase (Mod) that contains the TRD

and determines the recognition sequence of the system. Four

putative Type III R-M systems were identified in this study:

Mca25239IP at locus 1, McaC031IP at locus 10,

Mca25239IIP at locus 11, and the previously discussed

Mca25239ORF1708P at both locus 5 and 12 (fig. 1). We

previously reported that the Type III DNA methyltransferase

of Mca25239IP (modM) undergoes phase variation, mediated

by a 50-(CAAC)n-3
0 tetranucleotide repeat tract in its ORF, and

is an epigenetic regulator of a phasevarion (Seib et al. 2002;

Blakeway et al. 2014). Three different modM alleles were

identified: modM1 (mca23246IPmod) (Seib et al. 2002),

modM2 (mca25239Imod) (Blakeway et al. 2014), and

modM3 (mca195Imod) (Tan et al. 2017) that differ in their

variable TRD and methylate different target sequences

(Blakeway et al. 2014). In this study we have identified three

additional modM alleles, modM4 (mcaR4IPmod), modM5

(McaS11IIPmod), and modM6 (mcaN1IPmod). Nucleotide se-

quence alignments of modM1-6 showed that the conserved

N and C-terminal regions share 91–97% nucleotide identity,

whereas the TRD shares only 36–50% identity between alleles

(fig. 4a). In addition to the overall association of R-M system

type (Type I or Type III) at locus 1 with phylogenetic lineage (as

described above), a significant association between specific

modM alleles and lineage was observed. The modM2 allele

is exclusively associated with the RB1 lineage (present in 21/24

RB1 vs 0/9 RB2/3 strains; P� 0.0001) while modM3 is more

commonly associated with the RB2/3 lineage (present in 3/24

RB1 vs 5/9 RB2/3 strains; P¼ 0.0201). The rare alleles modM4,

modM5, and modM6 were found exclusively in RB2/3 strains,

whereas modM1 was found in only one strain, Z7574, be-

longing to the divergent group.

One other phase-variable Type III DNA methyltransferase,

mca23246IIPmod (modN) that also contains a 50-(CAAC)n-3
0

tetranucleotide repeat tract in its ORF was previously identi-

fied in M. catarrhalis 23246 (mca23249IIPmod, modN1) and

was thought to exist solely in this strain (Seib et al. 2002).

However, modN was found at locus 11 in four additional

strains of the divergent lineage in this study (fig. 1), and a

second modN allele (mcaZ7547IIPmod, modN2) was identi-

fied that differs in its central TRD (fig. 4b). In addition, we have

identified a novel potentially phase variable Type III DNA

methyltransferase at locus 10, mcaC031IPmod (which we

propose be called modO) (fig. 2). The modO gene was found

in 19 strains and has a 50-(CAACG)n-3
0 pentanucleotide re-

peat tract upstream of its annotated ORF. Six alleles of modO

were found, which have 99% nucleotide identity in the N and

C-terminal regions and 35–54% nucleotide identity in the

TRD: modO1 (mcaA9IPmod), modO2 (mcaC10IPmod),

modO3 (mcaF21IIPmod), modO4 (mcaN1IPmod), modO5

(mcaN6IPmod), and modO6 (mcaZ7542IPmod) (fig. 4c).

Nucleotide sequence alignments of all mod genes showed

that TRDs were not shared between loci and no homologous

sequences were present, suggesting that unlike the Type I

R-M systems, recombination and domain movement does

not occur between Type III R-M system loci in M. catarrhalis.

TRD Homologs in Other Bacterial Species

In order to investigate the origin of M. catarrhalis TRD sequen-

ces, we searched for hsdS and mod TRD homologs in other

Moraxella species and distantly related genera. Homologues

of hsdS TRDs with a high e-value (1e–100 or greater) in con-

junction with high amino acid sequence identity (>90%)

were found for TRDs A, C, E, G, and S in the closely related

Moraxella sp. HMSC061H09, and for TRDs E, I and N in

Moraxella lacunata, a commensal Moraxella species that

occupies the same niche (fig. 5, supplementary table S2,

Supplementary Material online). Homologues of mod TRDs

were found in other Moraxella species for modM1

(Moraxella cuniculi), modM4 (Moraxella sp. RCAD0137 and

Moraxella bovoculi), and modM6 (Moraxella equi and

Moraxella lacunata) (fig. 5, supplementary table S3,

Supplementary Material online). Homologs in other genera

with high amino acid identity were found for hsdS TRD G in

Cyanobacterium sp. IPPASB-1200 (89%), hsdS TRD H in

Weeksella sp. HMSC059D05 (96%), and modM3 in

Bibersteinia trehalosi (99%) (supplementary tables S2 and

S3, Supplementary Material online). Homologs with high e-

values and moderate sequence identity (44–85%) were also

observed, and these potentially constitute novel TRDs in other

species (fig. 5, supplementary tables S2 and S3,

Supplementary Material online).

Distribution of locus 1 R-M systems in geographically
diverse panels of M. catarrhalis Isolates

We previously investigated the distribution of the modM2 and

modM3 alleles in a collection of 81 nasopharyngeal carriage
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and OM-associated middle ear isolates from children and

found a statistically significant association of modM3 with

OM isolates (Blakeway et al. 2014). This study has been ex-

panded to include an additional 44 child nasopharyngeal car-

riage isolates in the BRPRU panel, and 424 isolates from five

geographically, temporally, and clinically diverse panels of M.

catarrhalis, totaling 549 isolates (table 2, fig. 6a). We also

investigated the distribution of the mutually exclusive Type I

R-M system at locus 1 in addition to the modM2 and modM3

alleles. The Type I and Type III R-M systems were found in

24% (133/549) and 76% (416/549) of strains, respectively.

A statistically significant difference in the presence of the Type

I or Type III R-M system was observed between child nasopha-

ryngeal carriage and OM-associated middle ear isolates. The

Type I and Type III R-M systems were present in 24% (91/378)

and 76% (287/378) of child nasopharyngeal carriage isolates,

respectively. Interestingly, middle ear isolates from children

with OM (32/32) always contain an allele of the Type III

ModM R-M system, with the Type I system never found

(P¼ 0.0005) (fig. 6b). The Type I R-M system was overrepre-

sented in USA isolates from adults compared with children,

26% (25/98) versus 10% (13/125), respectively (P¼ 0.0038)

FIG. 4. Schematic of genes encoding phase variable Type III DNA methyltransferases. (a) modM, (b) modN, and (c) modO. Type III DNA methyltrans

ferase alleles (modM1 6, modN1 2, modO1 6) were aligned in ClustalW and visualized with JalView. Identical nucleotides are shown as vertical lines, with

identity over a run of nucleotides shown as dark purple (>80% identity), light purple (>50%), or white (<50% identity or a gap). Moraxella catarrhalis

representative strains that define each methyltransferase allele are indicated to the right of the alignment. Alleles were classified on the basis of �95%

nucleotide identity of the target recognition domain (TRD) to one of these sequences. The proportion of strains (%) containing each methyltransferase allele

in the 51 publicly available M. catarrhalis genomes is indicated on the far right. The locations of the 50 (CAAC)n 3 repeats in the open reading frame (ORF) of

modM and modN, and the 50 (CAACG)n 3 repeat region upstream of the modO ORF, are indicated.
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(fig. 6c). A similar trend was also observed in Australian iso-

lates; however, the difference was not statistically significant;

41% (17/41) versus 27% (78/285) in adults versus children,

respectively (P¼ 0.0685).

In the 416 strains containing the Type III R-M system,

modM2 was the most prevalent allele, present in 82% of

isolates overall (73–89% in individual panels), followed by

modM3 which was present in 18% of total isolates (11–

27% in individual panels). The modM1, modM4, modM5,

and modM6 alleles were rare and not found in any strains

in the six panels. Child nasopharyngeal carriage and OM-

associated middle ear isolates were distributed between

four panels of isolates; the biOMe panel (Perth, Australia)

(Lappan et al. 2018), the GROMIT panel (Perth, Australia)

(Wiertsema et al. 2011), the Kalgoorlie Otitis Media

Research Project (KOMRP) panel (Kalgoorlie-Boulder,

Australia) (Lehmann et al. 2008), and the previously reported

BRPRU panel (Ohio, USA) (Blakeway et al. 2014). When all

four panels of child isolates were combined, a statistically sig-

nificant association of the modM3 allele with OM-associated

middle ear isolates (34%; 11/32) compared with nasopharyn-

geal carriage isolates (16%; 47/287) was observed

(P¼ 0.0262) (fig. 6b). Consistent with previous results, this

association was observed in the expanded BRPRU panel (mid-

dle ear: 47% [8/17] vs nasopharynx: 13% [12/95];

P¼ 0.0024). However, no statistically significant association

was found between either modM2 or modM3 and nasopha-

ryngeal carriage or OM-associated middle ear isolates in the

biOMe panel (P¼ 0.6625) or the GROMIT panel (P¼ 0.3380).

No significant difference was observed in the distribution of

R-M systems or modM alleles in child nasopharyngeal isolates

regardless of the patient’s prior/current OM status

FIG. 5. Distribution of Type I and Type III R M system TRD homologs in the Moraxella genus. Presence/absence matrix of Type I (hsdS) and Type III (mod)

R M system TRDs in fifteen Moraxella species. Each row represents one Moraxella species and each column represents one TRD. Black squares: Homologs

with >90% amino acid identity. Grey Squares: Homologs with 44 85% amino acid identity. White squares: Absence of the TRD system in the species.

FIG. 6. Distribution of locus 1 mutually exclusive Type I and Type III R M systems in diverse panels of Moraxella catarrhalis isolates. The distribution of

Type I and Type III R M systems (modM2 or modM3) in six panels of M. catarrhalis isolates is shown by (a) strain panel (see table 2 for panel details), (b) clinical

status, and (c) region and age. NP, nasopharyngeal; OM, otitis media; COPD, chronic obstructive pulmonary disease. Solid line; comparison of proportion of

isolates containing a Type I or Type III R M system. Dashed line: Comparison of proportion of strains containing the Type III DNA methyltransferase modM2 or

modM3 allele. *P�0.05, **P�0.01, ***P�0.001, Fisher’s exact test.
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(i.e., nasopharyngeal isolates from children with a history of

OM or concurrent OM at the time of isolation versus healthy

control children without prior OM). Similarly, no difference

was observed between strains isolated from COPD patient

sputum samples during an exacerbation versus periods of sta-

ble colonization (P> 0.05).

Discussion

R-M systems are ubiquitous in bacteria, where they have fun-

damentally been associated with defense of the cell from in-

coming DNA, such as from bacteriophages (Bickle and Kruger

1993). The presence or absence of particular R-M systems has

been associated with phylogenetically distinct clades in bac-

teria such as N. meningitidis (Budroni et al. 2011),

Staphylococcus aureus (Roberts et al. 2013), and

Burkholderia pseudomallei (Nandi et al. 2015). Furthermore,

phase variable Type I and Type III R-M systems have been

associated with epigenetic regulation in systems called pha-

sevarions (Atack et al. 2018). All currently characterized pha-

sevarions contain genes important for human infection, and

genes that encode potential vaccine candidates (Tan, Atack,

et al. 2016; Atack et al. 2018). Epigenetic gene regulation

through the methylation of specific DNA sequences by solitary

(or orphan) methyltransferases that are not associated with R-

M systems, such as Dam, have also been described in a num-

ber of bacterial species (reviewed in Casadesus and Low

2006; Marinus and Casadesus 2009). In this study we have

demonstrated that the pangenome of M. catarrhalis encodes

18 putative R-M systems, and 1 orphan Type I R-M system

hsdS subunit. Twelve loci were identified where R-M systems

are variably present between strains and replace other genes

on the chromosome. Our investigation also shows that dis-

tinct R-M systems are associated with specific lineages of M.

catarrhalis. In addition, we have provided a detailed analysis of

allelic variation of Type I and Type III R-M systems and de-

scribed the mobility of their variable TRDs. We have also iden-

tified a new phase variable Type III DNA methyltransferase

(ModO), which may further increase the complexity of the

M. catarrhalis methylome and impact M. catarrhalis pathobi-

ology and vaccine development.

The M. catarrhalis species is comprised of two closely re-

lated phylogenetic lineages, RB1 and RB2/3 (Wirth et al. 2007;

Earl et al. 2016). RB1 lineage strains have been associated

with disease, and increased adherence to airway epithelial

cells and serum resistance has been previously reported

among RB1 strains compared with RB2/3 lineage strains

(Bootsma et al. 2000; Wirth et al. 2007; Earl et al. 2016).

Although comparative analysis of the core genomes of each

lineage found 33 and 49 gene clusters unique to RB1 and

RB2/3 lineage strains, respectively, which mainly encode hy-

pothetical proteins of unknown function or phosphate me-

tabolism proteins, no lineage specific virulence factors have

been identified that account for the difference in virulence

traits. Our data show a clear distribution of R-M systems in

M. catarrhalis along phylogenetic lines (e.g., the putative Type

IV R-M system [Mca25239MrrP at locus 4] is present ubiqui-

tously in RB1 strains but absent from RB2/3 strains).

Consistent with our results, a prior study by Earl et al.

(2016) found a gene cluster containing Mca25239MrrP and

the hypothetical protein encoding gene MCR 1123 (BBH18

locus tag) was aligned with lineage, however the functions of

these genes were unknown at the time. Mca25239MrrP may

be analogous to the lineage associated drg gene in N. men-

ingitidis, which encodes a modification-dependent restriction

endonuclease and replaces the dam methylase in the ST-1,

ST-4, ST-5, ST-32, and ST-41/44 lineages (Jolley et al. 2004),

however this has yet to be confirmed. In addition, we also

observed considerable deviation in the presence/absence of R-

M systems in divergent strains compared with either the RB1

or RB2/3 lineage, further adding to accumulating evidence

that the divergent strains are taxonomically distinct from

M. catarrhalis.

It is unknown whether differences in R-M system posses-

sion are responsible for the population structure of M. catar-

rhalis, or are a consequence of the independent evolution of

the phylogenetic lineages. R-M systems have been associated

with the maintenance of speciation and intraspecies popula-

tion structure by limiting horizontal gene transfer and homol-

ogous recombination between genomes with noncognate

R-M systems, while permitting the genetic flux between bac-

teria containing cognate R-M systems (Oliveira et al. 2016).

Experimental data elucidating the roles of M. catarrhalis R-M

systems in horizontal gene transfer is lacking, but horizontal

gene transfer has been shown to be more extensive within

the RB1 and RB2/3 lineages than between them (Earl et al.

2016). In addition, it has been observed that plasmid DNA is

acquired more readily by an untransformed clone of the same

strain that the plasmid was propagated in, rather than a het-

erogeneous strain, and it was hypothesized that this is due to

differential R-M systems (Wang and Hansen 2006). Our data

demonstrate that there are a sizeable number of R-M systems

present in M. catarrhalis that may contribute to clade specific

evolution. As only 51 genome sequences of M. catarrhalis are

currently publicly available, there is also potential for further

novel R-M systems to be identified as more genomes become

available. In addition, novel M. catarrhalis R-M systems and

subunits might not have been identified if they share little sim-

ilarity with known R-M systems and were unannotated in the

genomes examined, and therefore this work may not represent

the full repertoire of R-M systems in M. catarrhalis.

Two putative Type I R-M systems were identified at locus 1

and locus 8, as well as one orphan hsdS gene at locus 6. The

locus 1 Type I R-M system contains two hsdS genes in the

majority of strains analyzed. Varying arrangements of Type I

R-M systems have been observed in other bacteria; for exam-

ple, in S. aureus two different hsdM and hsdS genes are lo-

cated distally to the hsdR, and in Lactococcus lactis a second
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hsdS gene is located on a plasmid (reviewed in Furuta and

Kobayashi 2013). It is unknown which of the three hsdS genes

are expressed and utilized by the locus 1 Type I R-M system or

if competition occurs. Two hsdS homology groups were iden-

tified based on the presence of homologous repeat regions

adjacent to the TRDs that are unique to each homology

group. Both Locus 1 hsdS genes and the distally located locus

6 orphan hsdS genes are part of the same homology group,

and it is possible they may be part of the same system.

Identical TRDs are found in both locus 1 hsdS genes and in

the orphan hsdS at locus 6 in different strains, suggesting that

domain movement occurs between the three homology

group A hsdS genes. Domain movement of TRDs between

Type I R-M system specificity subunits mediated by homolo-

gous recombination has been described in detail for other

bacterial species (Furuta et al. 2011) and has been shown to

alter the methylation specificity of the system (Furuta et al.

2014). In the Type I R-M system SpnD39III in S. pneumoniae,

recombination of TRDs between the expressed hsdS gene and

additional truncated hsdS genes within a strain alters the

methylation specificity of the system and epigenetically alters

gene expression in a manner corresponding to phase variation

(Manso et al. 2014). We hypothesize that the TRDs in M.

catarrhalis hsdS genes can also recombine within a single

strain over successive generations and this warrants investiga-

tion, as this could further increase the complexity of the M.

catarrhalis methylome and the number of genes under control

of epigenetic regulation.

Phase-variable Type III DNA methyltransferases in M. catar-

rhalis (Blakeway et al. 2014), N. meningitidis (Jen et al. 2014),

N. gonorrhoeae (Srikhanta et al. 2009), and H. influenzae

(Atack et al. 2015) have been shown to act as epigenetic

regulators of gene expression and differentially affect the vir-

ulence of these bacteria. We previously identified three

modM alleles (modM1-3) and it was shown that ModM2

and ModM3 methylate different target sequences, 50-

GARm6AC-30 and 50-ACm6ATC-30, respectively (Blakeway

et al. 2014). We have identified three additional modM alleles

(modM4-6) in this study that contain different TRDs than the

previously characterized alleles and are also predicated to

methylate different target sequences. A second phase variable

Type III DNA methyltransferase, modN, was previously identi-

fied in an atypical strain more closely related to Moraxella

canis than M. catarrhalis (Seib et al. 2002; Juni and Bovre

2007). In this study, we have identified an additional modN

allele (modN2) which was also found in atypical strains of M.

catarrhalis. In addition, a novel Type III DNA methyltransferase

(ModO), with six alleles (modO1-6) was identified in this study

and is part of the locus 10 R-M system McaC031IP. Unlike

modM and modN, that contain simple sequence repeats in

their ORF that mediate phase variation at the translational

level, modO contains a 50-CAACG(n)-3
0 repeat upstream of

its ORF, which hypothesize will mediate phase variation at

the transcriptional level. We predict that ModM1-6,

ModN1-2, and ModO1-6 will each methylate different target

sequences and regulate a different set of genes, that is, con-

trol different phasevarions, but this requires experimental con-

firmation. The presence of up to three independently

switching phasevarions in individual M. catarrhalis strains is

reminiscent of some Neisseria strains, that also contain up

to three independently phase-variable methyltransferases

(ModA, ModB, ModD, Seib et al. 2015), and would further

complicate vaccine development due exponentially increasing

the number of phase variable genes.

Our study of locus 1 in six distinct panels of M. catarrhalis

isolates (549 isolates in total) demonstrated that the Type III

R-M system (modM) was the most common across the six

panels, occurring in 76% of isolates. Interestingly, all OM-

associated middle ear isolates contained a Type III R-M system

modM gene at locus 1 with the Type I system never occurring

in these isolates. This suggests that strains containing a non-

phase-variable Type I R-M system may be attenuated in their

ability to infect or persist in the middle ear when compared

with strains containing a phase variable Type III modM gene.

This may be reflective of phylogenetic lineage as genome

strains containing the Type I R-M system are associated with

the less virulent RB2/3 lineage. Analysis of the distribution of

modM alleles in these 549 isolates revealed that modM2 was

the most common allele, present in 82% of isolates, while

modM3 was found in the remaining 18% of isolates. When

isolates were split by clinical manifestation, modM3 was

found in child OM-associated middle ear isolates at a signifi-

cantly higher frequency than child nasopharyngeal carriage

isolates. Although consistent with our previous study, wherein

modM3 was associated with child OM-associated middle ear

isolates versus nasopharyngeal carriage isolates in the BRPRU

panel (Ohio, USA) (Blakeway et al. 2014), this association was

not observed in the biOMe (Perth, Australia) (Lappan et al.

2018) or GROMIT (Perth, Australia) (Wiertsema et al. 2011)

panels. This discrepancy may be due to potential geographical

differences in circulating strains or differences in presentation

or severity of OM among study populations.

The data presented in this study show that a diverse range

of systems exist in M. catarrhalis, and that many of these show

associations with the phylogeny of the species. From these

data, it is tempting to speculate that the acquisition of lineage

associated R-M systems has shaped the M. catarrhalis

population structure, potentially contributing to the dif-

fering genomic content, and by extension, the pathogenic

potential of the M. catarrhalis phylogenetic lineages. In

addition, a number of highly variable R-M systems that

exhibit allelic variation, and are potentially phase variable

were identified in M. catarrhalis. These novel R-M systems

may contribute to pathogenesis if they facilitate epige-

netic regulation in a manner analogous to the previously

described ModM2 phasevarion (Blakeway et al. 2014),

but additional experimental analysis is needed to support

this. However, our data do suggest ModM strains are
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more frequently associated with OM than the Type I R-M

containing strains in our surveyed collections.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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TRD Description Max 
score

Query 
cover E value Identity Accession TRD Description Max 

score
Query 
cover E value Identity Accession

A Moraxella sp.HMSC061H09 245 99% 6 0E-79 100% WP 070472555.1 N Moraxella lacunata 244 99% 3 0E-78 100% WP 115246849.1
Haemophilus pittmaniae 197 99% 1 0E-62 79% WP 007243555.1 Neisseria meningitidis 201 99% 7 0E-64 79% WP 050893130.1
Aggregatibactersp.oraltaxon458 200 99% 3 0E-61 79% WP 021615413.1 Neisseria meningitidis 201 99% 7 0E-64 79% WP 115437084.1
Haemophilus  pittmaniae 199 99% 9 0E-61 79% WP 095176994.1 Neisseria meningitidis 201 99% 7 0E-64 79% WP 082301664.1
Gallibacterium genomosp.3 198 99% 1 0E-60 80% WP 065238990.1 Neisseria meningitidis 201 99% 7 0E-64 79% WP 101094598.1
Aggregatibacter actinomycetemcomitans 198 99% 2 0E-60 81% WP 005578267.1 Neisseria meningitidis 201 99% 8 0E-64 79% WP 002250111.1
MULTISPECIES:Haemophilus 197 99% 3 0E-60 79% WP 005639462.1 Neisseria meningitidis 201 99% 8 0E-64 79% WP 002235659.1
Haemophilus quentini 197 99% 4 0E-60 79% WP 070047000.1 MULTISPECIES: Neisseria 201 99% 9 0E-64 79% WP 002213928.1
Haemophilus parainfluenzae 197 99% 4 0E-60 79% WP 049376382.1 Neisseria meningitidis 201 99% 9 0E-64 79% WP 050162546.1
Escherichia coli 194 97% 5 0E-60 81% WP 106408229.1 Neisseria meningitidis 201 99% 1 0E-63 79% WP 002252708.1

B Moraxella canis 167 97% 1 0E-48 67% WP 078255377.1 O Haemophilus haemoglobinophilus 222 99% 1 0E-68 69% WP 115072418.1
Moraxella canis 167 97% 2 0E-48 67% WP 114799836.1 Enterococcus faecalis 200 96% 2 0E-60 67% WP 113795148.1
Neisseria mucosa 161 97% 3 0E-48 63% WP 107986692.1 Enterococcus faecium 200 96% 3 0E-60 67% WP 094899404.1
Neisseria cinerea 161 97% 3 0E-48 63% WP 111726625.1 Acetoanaerobium noterae 199 99% 5 0E-60 66% WP 079588690.1
Neisseria sicca 159 97% 3 0E-47 61% WP 105165189.1 Neisseria elongata 192 99% 3 0E-59 62% WP 049251892.1
Neisseria mucosa 159 97% 4 0E-47 61% WP 107145094.1 Flavobacterium aurantiibacter 196 99% 6 0E-59 63% WP 094487315.1
Alistipes sp.AL-1 154 97% 3 0E-45 68% WP 032135130.1 Chitinophaga skermanii 195 99% 5 0E-58 64% WP 111599288.1
Pasteurella multocida 157 97% 2 0E-44 63% WP 080940671.1 Paenibacillus durus 194 99% 6 0E-58 62% WP 042209053.1
Pasteurella multocida 157 97% 2 0E-44 63% WP 015690924.1 Lysinibacillus massiliensis 194 99% 6 0E-58 62% WP 036177514.1
Lachno clostridium sp.An131 150 97% 7 0E-44 60% WP 087165661.1 Trichococcus pasteurii 193 99% 2 0E-57 62% WP 086942898.1

C Moraxella sp.HMSC061H09 245 99% 2 0E-78 100% WP 070472548.1 P Moraxella canis 231 99% 1 0E-75 91% WP 114799839.1
Klebsiella pneumoniae 189 98% 7 0E-60 77% WP 080878510.1 Moraxella canis 232 99% 2 0E-73 91% WP 078255375.1
Escherichia coli 191 98% 7 0E-60 78% WP 112038435.1 Moraxella canis 229 99% 2 0E-72 89% WP 078255377.1
Leptospira kmetyi 196 99% 2 0E-59 77% WP 010575851.1 Actinobacillus capsulatus 225 99% 6 0E-71 85% WP 018652509.1
Leptospira kirschneri 194 99% 5 0E-59 77% WP 020762562.1 Haemophilus paracuniculus 222 99% 3 0E-70 87% WP 078235728.1
Klebsiella pneumoniae 189 98% 9 0E-59 77% WP 077263917.1 Actinobacillus pleuropneumoniae 222 99% 7 0E-70 84% WP 005596201.1
MULTISPECIES:Marinobacter 192 98% 6 0E-58 79% WP 023011491.1 Methylobacter tundripaludum 222 99% 1 0E-69 84% WP 104422266.1
Pseudomonas sp.EGD-AKN5 191 99% 1 0E-57 77% WP 058487953.1 Moraxella ovis 221 99% 3 0E-69 85% WP 063514821.1
Escherichia coli 191 98% 1 0E-57 78% WP 096296258.1 Enterococcus mundtii 216 99% 2 0E-67 84% WP 108144719.1
Escherichia coli 191 98% 2 0E-57 78% WP 107127165.1 Gallibacterium  genomosp.3 216 99% 2 0E-67 83% WP 065235157.1

D Moraxella macacae 182 99% 1 0E-53 73% WP 009767330.1 Q Serratia ficaria 194 99% 6 00E-61 75% WP 083950327.1
Neisseria elongata 176 99% 1 0E-53 70% WP 082158248.1 Cardiobacterium valvarum 184 99% 4 00E-57 71% WP 083826237.1
Thorsellia anophelis 181 99% 2 0E-53 73% WP 093322588.1 Escherichia coli 188 99% 6 00E-57 70% WP 072315675.1
Wohlfahrtiimonas chitiniclastica 179 99% 1 0E-52 72% WP 094493105.1 Escherichia coli 189 99% 7 00E-57 72% WP 108451335.1
Acidithiobacillus thiooxidans 178 99% 2 0E-52 69% WP 065974753.1 Cronobacter sakazakii 189 99% 2 00E-56 70% WP 110792183.1
Acidithiobacillus albertensis 177 99% 7 0E-52 69% WP 075321984.1 Cronobacter sakazakii 189 99% 2 00E-56 70% WP 105596552.1
Acidithiobacillus thiooxidans 177 99% 8 0E-52 69% WP 081577508.1 Escherichia coli 189 99% 3 00E-56 70% WP 112923782.1
Morganella morganii 176 99% 2 0E-51 72% WP 096747742.1 Klebsiella pneumoniae 189 99% 3 00E-56 70% WP 109262097.1
Leptospira sp.E30 176 99% 4 0E-51 69% WP 109022038.1 Shewanella putrefaciens 188 99% 4 00E-56 69% WP 014611659.1
Aeromonas salmonicida 174 99% 2 0E-50 70% WP 059112975.1 Escherichia coli 184 99% 4 00E-56 70% WP 075700214.1

E Moraxella lacunata 278 99% 3 0E-91 99% WP 062498863.1 R Moraxella macacae 243 99% 2 00E-77 81% WP 009501175.1
Moraxella sp.HMSC061H09 277 99% 1 0E-90 99% WP 070472548.1 Mannheimia granulomatis 242 99% 2 00E-76 83% WP 027074206.1
Photorhabdus sp.HUG-39 225 99% 3 0E-70 81% WP 113043819.1 Actinobacillus seminis 241 99% 4 00E-76 83% WP 094946302.1
Escherichia coli 223 99% 5 0E-70 80% WP 096838497.1 Histophilus somni 240 99% 6 00E-76 83% WP 075293868.1
Morganella morganii 224 99% 6 0E-70 81% WP 079549445.1 Histophilus somni 240 99% 9 00E-76 83% WP 087449232.1
Runella zeae 218 99% 6 0E-70 78% WP 084650916.1 Campylobacter concisus 200 98% 2 00E-60 66% WP 107776421.1
Morganella morganii 224 99% 8 0E-70 81% WP 087770040.1 Brachyspira hyodysenteriae 197 96% 3 00E-59 67% WP 047104848.1
Escherichia coli 223 99% 2 0E-69 80% WP 089582146.1 Streptococcus mitis 195 99% 2 00E-58 64% WP 061424273.1
Escherichia coli 223 99% 2 0E-69 80% WP 057080931.1 Brachyspira pilosicoli 193 96% 8 00E-58 66% WP 014936861.1
MULTISPECIES:Xenorhabdus 223 99% 2 0E-69 80% WP 047769912.1 Brachyspira pilosicoli 193 96% 1 00E-57 66% WP 014936074.1

F Thiobacillus thioparus 201 99% 2 0E-61 79% WP 018507927.1 S Moraxella sp. HMSC061H09 158 98% 1 00E-62 100% WP 070473235.1
Dickeya zeae 199 98% 1 0E-60 79% WP 038915178.1 Escherichia coli 132 98% 2 00E-50 84% WP 105997262.1
Stenotrophomonasmaltophilia 197 99% 4 0E-60 78% WP 111150752.1 Chitinivibrio alkaliphilus 132 99% 5 00E-49 81% WP 022637522.1
Dickeyadadantii 197 98% 9 0E-60 78% WP 038924819.1 MULTISPECIES: Enterobacteriaceae 128 98% 4 00E-48 80% WP 001553855.1
MULTISPECIES:Lebetimonas 195 96% 2 0E-59 79% WP 035907639.1 MULTISPECIES: Enterobacteriaceae 128 98% 5 00E-48 80% WP 048266692.1
Chlorobaculum tepidum 191 99% 8 0E-57 76% WP 010933538.1 Escherichia coli 128 98% 5 00E-48 80% WP 112037710.1
Gulbenkiania mobilis 187 99% 2 0E-56 75% WP 054286757.1 MULTISPECIES: Enterobacteriaceae 128 98% 5 00E-48 80% WP 001617890.1
Thauera propionica 187 99% 3 0E-56 75% WP 094268813.1 Escherichia coli 128 98% 5 00E-48 80% WP 042079866.1
Pseudomonas aeruginosa 187 99% 3 0E-56 75% WP 073651904.1 MULTISPECIES: Enterobacteriaceae 128 98% 5 00E-48 80% WP 023142242.1
Porphyromonas gingivalis 179 97% 5 0E-55 74% WP 081393753.1 Escherichia coli 128 98% 5 00E-48 80% WP 089581154.1

G Moraxella sp.HMSC061H09 222 99% 6 0E-70 100% WP 070472555.1 T Proteus mirabilis 197 197 2 00E-58 65% WP 110706572.1
Cyanobacterium sp.IPPASB-1200 202 99% 5 0E-62 89% WP 083260459.1 Proteus mirabilis 196 96% 2 00E-58 65% WP 004250449.1
Acinetobacter sp.ACNIH1 199 99% 1 0E-60 84% WP 104426540.1 MULTISPECIES: Aeromonas 196 96% 3 00E-58 65% WP 005300131.1
Photorhabdus australis 198 99% 1 0E-60 84% WP 036770802.1 Pantoea ananatis 195 96% 5 00E-58 66% WP 052656065.1
Photorhabdus australis 198 99% 1 0E-60 84% WP 065822764.1 Aeromonas encheleia 194 96% 1 00E-57 65% WP 042652836.1
Photorhabdus laumondii 197 99% 2 0E-60 83% WP 114538532.1 Aeromonas hydrophila 177 96% 6 00E-51 60% WP 080688892.1
Photorhabdus laumondii 197 99% 2 0E-60 83% WP 011148413.1 Thiothrix caldifontis 177 96% 2 00E-50 60% WP 093070280.1
Photorhabdus laumondii 197 99% 2 0E-60 83% WP 109791867.1 Burkholderia sp. AU4i 174 91% 4 00E-50 61% WP 081712835.1
Xenorhabdus sp.NBAIIXenSa04 197 99% 3 0E-60 83% WP 047685937.1 Ralstonia solanacearum 173 95% 2 00E-49 58% WP 081272534.1
Actinobacillus lignieresii 196 99% 5 0E-60 85% WP 115590485.1 Arthrobacter sp. SRS-W-1-2016 167 96% 2 00E-47 58% WP 078108152.1

H Weeksella sp.HMSC059D05 229 99% 3 0E-75 96% WP 083299095.1 U Campylobacter concisus 193 97% 1 00E-58 73% WP 087579744.1
Mannheimia haemolytica 194 99% 2 0E-61 79% WP 115262446.1 Campylobacter concisus 192 97% 4 00E-58 72% WP 107713917.1
Mannheimia haemolytica 194 99% 3 0E-61 79% WP 006252504.1 Mycoplasma gallisepticum 184 96% 3 00E-57 68% WP 011113945.1
Bacteroides coprosuis 197 99% 8 0E-60 80% WP 006744891.1 Campylobacter concisus 190 97% 5 00E-57 72% WP 103609702.1
Mannheimia haemolytica 193 99% 2 0E-58 79% WP 062627966.1 Bacillus cereus 187 98% 1 00E-55 70% WP 000792244.1
Mannheimia haemolytica 193 99% 2 0E-58 79% WP 020831153.1 Gallibacterium anatis 179 96% 3 00E-55 69% WP 094933667.1
Mannheimia haemolytica 193 99% 3 0E-58 79% WP 061887293.1 Kandleria vitulina 178 98% 6 00E-55 66% WP 080692698.1
Polaribacter gangjinensis 187 99% 7 0E-56 78% WP 105045923.1 Lactococcus sp. DD01 184 98% 7 00E-55 68% WP 082779235.1
Gallibacterium genomosp.3 183 99% 6 0E-55 73% WP 065238990.1 Gallibacterium anatis 177 96% 1 00E-54 68% WP 018346289.1
Haemophilus influenzae 172 99% 2 0E-52 67% WP 082211360.1 Gallibacterium anatis 178 96% 2 00E-54 68% WP 039152775.1

I Moraxella lacunata 275 99% 8 0E-90 98% WP 062498863.1 V Neisseria elongata 201 99% 9 00E-61 72% WP 053090344.1
Moraxella lacunata 273 99% 2 0E-89 99% WP 115246849.1 Campylobacter concisus 178 98% 1 00E-52 64% WP 103609702.1

Table S2. BLASTx hits of Type I specificity subunit TRDs (top ten hits for each TRD 
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Leptospira interrogans 185 99% 5 0E-57 64% WP 094188721.1 Campylobacter curvus 176 97% 8 00E-52 63% WP 018135884.1
Leptospira interrogans 185 99% 1 0E-54 64% WP 000413321.1 Campylobacter concisus 175 98% 2 00E-51 63% WP 109146486.1
Leptospira interrogans 185 99% 1 0E-54 64% WP 061231806.1 Yersinia mollaretii 161 95% 2 00E-45 62% WP 054878682.1
Leptospira interrogans 184 99% 1 0E-54 65% WP 017860629.1 Ignatzschineria sp. UAE-HKU60 159 98% 1 00E-44 58% WP 109220058.1
Leptospira interrogans 185 99% 1 0E-54 64% WP 000413327.1 Escherichia coli 159 95% 2 00E-44 58% WP 044697430.1
Leptospira interrogans 184 99% 1 0E-54 65% WP 000080670.1 Escherichia coli 158 95% 3 00E-44 58% WP 000228012.1
Leptospira interrogans 184 99% 2 0E-54 65% WP 017861058.1 Enterobacter cloacae complex sp. 155 95% 3 00E-43 60% WP 107535643.1
Leptospira interrogans 184 99% 2 0E-54 64% WP 000413328.1 Methanomethylovorans hollandica 144 98% 1 00E-38 53% WP 015324748.1

J Mannheimia sp.10 1 50 221 99% 6 0E-72 82% WP 009293972.1 y Undibacterium pigrum 229 98% 3 00E-71 76% WP 110253574.1
Mannheimia haemolytica 229 99% 7 0E-72 84% WP 020831153.1 Vibrio cholerae 226 96% 1 00E-69 75% WP 071187857.1
Mannheimia haemolytica 228 99% 7 0E-72 84% WP 062627966.1 Escherichia coli 223 96% 3 00E-69 78% WP 101917261.1
Mannheimia haemolytica 228 99% 8 0E-72 84% WP 061887293.1 Escherichia coli 223 96% 4 00E-69 78% WP 052415654.1
Mannheimia concisus 221 99% 9 0E-72 82% WP 103578864.1 Leptospira meyeri 218 99% 1 00E-67 72% WP 004789098.1
Mannheimia haemolytica 220 95% 2 0E-71 85% WP 050412810.1 Ignatzschineria indica 218 99% 5 00E-67 72% WP 109235566.1
Paenibacillus odorifer 225 97% 2 0E-70 82% WP 076224123.1 Acinetobacter sp. Ver3 217 96% 2 00E-66 71% WP 051586570.1
Lascolabacillus massiliensis 223 98% 6 0E-70 79% WP 053826540.1 Vibrio cholerae 216 96% 3 00E-66 71% WP 095467530.1
Bergeyella zoohelcum 216 96% 7 0E-70 80% WP 002687895.1 Klebsiella pneumoniae 215 96% 5 00E-66 73% WP 114670167.1
Vibrio anguillarum 223 97% 9 0E-70 81% WP 088728543.1 Shewanella baltica 215 96% 7 00E-66 70% WP 107949522.1

K Neisseria subflava 202 99% 5 0E-62 79% WP 107723954.1 X Glaciecola sp. KUL10 176 97% 2 00E-50 57% WP 110427271.1
Caedimonas varicaedens 189 99% 1 0E-59 73% WP 062140202.1 Edwardsiella piscicida 172 93% 5 00E-49 58% WP 071819616.1
Riemerella anatipestifer 195 99% 3 0E-59 74% WP 109474943.1 Edwardsiella tarda 172 93% 5 00E-49 58% WP 080545142.1
Gilliamella apicola 190 99% 2 0E-58 73% WP 081298739.1 Trabulsiella odontotermitis 171 98% 2 00E-48 56% WP 049855668.1
Haemophilus influenzae 193 99% 3 0E-58 74% WP 112082530.1 Yersinia kristensenii 166 99% 2 00E-46 55% WP 050290238.1
Snodgrassella alvi 192 99% 9 0E-58 74% WP 100151927.1 Enterobacter cloacae complex sp. 165 99% 2 00E-46 55% WP 107535643.1
Gilliamella apicola 191 99% 1 0E-57 73% WP 065589928.1 Aeromonas veronii 163 93% 2 00E-45 58% WP 088869043.1
Gilliamella apicola 191 99% 1 0E-57 74% WP 081303181.1 Sedimenticola thiotaurini 161 96% 2 00E-44 53% WP 082117205.1
Actinobacillus ureae 191 99% 1 0E-57 74% WP 115606724.1 Nitrosomonas nitrosa 144 99% 7 00E-39 47% WP 107790358.1
Haemophilus haemolyticus 191 99% 1 0E-57 74% WP 046942422.1 Marinobacter sp. N4 141 95% 2 00E-37 50% WP 104320494.1

L Spongiibactermarinus 175 99% 1 0E-50 60% WP 027873395.1 Y Neisseria mucosa 218 98% 4 00E-67 75% WP 107145908.1
Haemophilus influenzae 168 99% 3 0E-50 60% WP 080351266.1 Campylobacter concisus 204 97% 3 00E-62 72% WP 103637513.1
Acidithiobacillus thiooxidans 174 99% 3 0E-50 61% WP 024894395.1 Campylobacter concisus 204 97% 5 00E-62 72% WP 103572274.1
Acidithiobacillus thiooxidans 173 99% 6 0E-50 61% WP 010640867.1 Campylobacter concisus 182 88% 2 00E-54 69% WP 103622920.1
Gilliamella apicola 173 99% 6 0E-50 61% WP 065585600.1 Helicobacter pylori 177 99% 2 00E-53 62% WP 100972737.1
Gilliamella apicola 173 99% 6 0E-50 61% WP 065636726.1 Helicobacter pylori 177 97% 3 00E-53 63% WP 079370692.1
Gilliamella apicola 171 99% 2 0E-49 60% WP 065575997.1 Helicobacter pylori 177 99% 4 00E-53 62% WP 108538651.1
Aeromonas allosaccharophila 170 99% 7 0E-49 59% WP 042060671.1 Helicobacter pylori 176 99% 6 00E-53 62% WP 078279229.1
Haemophilus influenzae 169 99% 2 0E-48 60% WP 105872135.1 Aeromonas sp. ARM81 182 97% 6 00E-53 64% WP 114523358.1
Haemophilus influenzae 168 99% 2 0E-48 60% WP 112111438.1 Helicobacter pylori 176 99% 7 00E-53 61% WP 001953187.1

M Providenciasp.WCHPr000369 182 97% 7 0E-56 84% WP 102139452.1 Z Snodgrassella alvi 233 99% 2 00E-73 82% WP 100151927.1
Enterococcus mundtii 184 99% 4 0E-55 83% WP 108173626.1 Snodgrassella alvi 231 99% 1 00E-72 81% WP 100150160.1
Neisseria lactamica 179 99% 6 0E-55 80% WP 096107643.1 Gallibacterium anatis 230 99% 2 00E-72 80% WP 039091562.1
Flavobacterium columnare 184 99% 7 0E-55 85% WP 088466690.1 MULTISPECIES: Paenibacillus 229 99% 6 00E-72 81% WP 028542004.1
Escherichia coli 176 97% 1 0E-54 81% WP 039026547.1 Leptospira noguchii 225 99% 3 00E-70 78% WP 004457293.1
Escherichia coli 176 97% 1 0E-54 81% WP 072185841.1 Leptospira noguchii 225 99% 3 00E-70 78% WP 061245648.1
Neisseria lactamica 177 99% 2 0E-54 80% WP 114936056.1 Leptospira kirschneri 224 99% 4 00E-70 78% WP 016561176.1
Escherichia coli 176 97% 2 0E-54 81% WP 109536579.1 Leptospira borgpetersenii 224 99% 5 00E-70 78% WP 061209400.1
Escherichia coli 177 97% 2 0E-54 81% WP 054623585.1 Leptospira kirschneri 224 99% 6 00E-70 78% WP 016751639.1
Escherichia coli 175 97% 3 0E-54 81% WP 000328773.1 MULTISPECIES: Leptospira 224 99% 6 00E-70 78% WP 002760061.1
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Table S3. BLASTx hits of Type III DNA methyltransferase TRDs  (top ten h ts for each TRD are sted)

TRD Description Max 
score

Query 
cover E value Identity Accession TRD Description Max 

score
Query 
cover E value Identity Accession

M1 Moraxella cuniculi 365 98% 7 0E-123 92% WP 078310085 1 O1 Moraxella lacunata 442 100% 5 0E-149 75% WP 115006712 1
Moraxella cuniculi 365 98% 2 0E-121 92% WP 076555477 1 Lactobacillus iners 263 65% 6 0E-83 62% WP 080550285 1
Gallibacterium anatis 317 99% 4 0E-103 79% WP 013746109 1 Neisseria sp. HMSC064E01 248 98% 4 0E-75 47% WP 083294158 1
Neisseria meningitidis 311 98% 5 0E-100 78% WP 096100003 1 Aggregatibacter kilianii 249 100% 1 0E-74 45% WP 109082808 1
Moraxella macacae 306 98% 2 0E-98 76% WP 009767428 1 Geobacillus sp. WSUCF-018B 222 91% 3 0E-64 45% WP 100664355 1
Megamonas hypermegale 305 99% 5 0E-98 75% WP 027889005 1 Geobacillus thermodenitrificans 219 91% 3 0E-63 44% WP 087959955 1
Campylobacter coli 304 98% 8 0E-98 74% WP 075441003 1 Geobacillus sp. PA-3 219 91% 3 0E-63 44% WP 060475780 1
Pelistega indica 302 96% 2 0E-97 77% WP 081710597 1 Parageobacillus thermoglucosidasius 216 91% 4 0E-62 44% WP 073519227 1
Clostridioides difficile 303 99% 3 0E-97 74% WP 077745961 1 Parageobacillus thermoglucosidasius 215 91% 1 0E-61 44% WP 042383172 1
Pelistega sp. MC2 302 96% 8 0E-97 77% WP 083331897 1 Geobacillus stearothermophilus 215 91% 2 0E-61 44% WP 033015534 1

M2 Pasteurella multocida 295 96% 4 0E-94 71% WP 005756769 1 O2 Capnocytophaga sp. oral taxon 326 297 99% 1 0E-92 52% WP 009750783 1
Pasteurella multocida 295 96% 5 0E-94 71% WP 016533629 1 Campylobacter concisus 291 99% 7 0E-91 52% WP 103652489 1
Rodentibacter rarus 285 96% 4 0E-87 70% WP 077500275 1 MULTISPECIES: Trichococcus 291 99% 1 0E-90 54% WP 068560815 1
Haemophilus influenzae 284 96% 6 0E-87 69% WP 114893168 1 Neisseria bergeri 275 100% 2 0E-84 50% WP 107890413 1
Rappaport israeli 262 99% 6 0E-83 65% WP 072281377 1 Enterococcus faecium 275 99% 2 0E-84 51% WP 099097711 1
Glaesserella parasuis 265 99% 3 0E-82 64% WP 081364047 1 Enterococcus faecium 274 99% 3 0E-84 51% WP 073466471 1
Campylobacter sp. P162 257 97% 5 0E-82 64% WP 086318827 1 Neisseria bergeri 275 100% 3 0E-84 50% WP 107818927 1
Campylobacter lanienae 251 99% 5 0E-77 60% WP 096014056 1 Gramella flava 268 99% 9 0E-82 47% WP 083645932 1
Anaerosphaera sp. HMSC064C01 165 99% 7 0E-45 44% WP 070599506 1 Bacillus ginsengihumi 260 80% 5 0E-79 52% WP 051476289 1
Parvimonas sp. KA00067 161 99% 3 0E-44 42% WP 082713881 1 Gracilibacillus timonensis 258 75% 5 0E-78 55% WP 078060179 1

M3 Bibersteinia trehalosi 362 99% 1 0E-120 88% WP 015432567 1 O3 Clostridium novyi 273 98% 2 0E-83 47% WP 039249799 1
Desulfosporosinus sp. FKB 307 97% 8 0E-99 74% WP 088226054 1 Acinetobacter baumannii 254 87% 6 0E-76 52% WP 109046184 1
Desulfosporosinus sp. FKA 306 97% 1 0E-98 74% WP 088189609 1 Bartonella queenslandensis 248 88% 1 0E-75 47% WP 083868416 1
Desulfosporosinus acidiphilus 306 97% 1 0E-98 75% WP 014826615 1 Proteus sp. TJ1636 249 88% 8 0E-75 48% WP 109396807 1
Desulfosporosinus acididurans 305 97% 4 0E-98 75% WP 047809141 1 Viridibacillus sp. OK051 250 88% 1 0E-74 48% WP 100796992 1
Haemophilus parainfluenzae 304 98% 9 0E-98 73% WP 005696145 1 Acinetobacter baumannii 246 88% 3 0E-74 49% WP 114161543 1
Haemophilus parainfluenzae 305 98% 9 0E-98 73% WP 080971680 1 Klebsiella pneumoniae 248 89% 1 0E-73 49% WP 087799094 1
Haemophilus parainfluenzae 304 98% 1 0E-97 73% WP 102704401 1 Lactococcus fujiensis 226 88% 2 0E-65 43% WP 096819171 1
Mobiluncus mulieris 293 99% 2 0E-93 70% WP 103759143 1 Lactococcus raffinolactis 226 88% 2 0E-65 43% WP 003139707 1
Leptotrichia sp. oral taxon 225 286 96% 7 0E-91 73% WP 036071626 1 Viridibacillus arvi 225 91% 3 0E-65 43% WP 053416983 1

M4 Moraxella bovoculi 387 99% 3 0E-131 99% WP 036365226 1 O4 Rodentibacter rarus 394 96% 3 0E-130 65% WP 077418050 1
Moraxella sp. RCAD0137 387 99% 8 0E-130 99% WP 103033774 1 Neisseria sicca 308 98% 8 0E-98 49% WP 107843267 1
Porphyromonadaceae bacterium COT 226 99% 5 0E-68 59% WP 036826390 1 Neisseria weaveri 303 100% 8 0E-96 49% WP 107855606 1
Capnocytophaga sp. ChDC OS43 197 99% 1 0E-56 51% WP 088594949 1 Staphylococcus chromogenes 260 98% 2 0E-80 48% WP 107364510 1
Lactococcus lactis 195 99% 3 0E-56 51% WP 101944589 1 Lactobacillus camelliae 246 99% 4 0E-73 45% WP 056989867 1
Dehalococcoides mccartyi 192 99% 6 0E-55 51% WP 103908346 1 Lactobacillus sakei 245 99% 5 0E-73 44% WP 056947062 1
Corynebacterium diphtheriae 186 99% 2 0E-52 45% WP 003853194 1 Dolosigranulum pigrum 235 95% 2 0E-71 46% WP 111950628 1
Corynebacterium minutissimum 177 99% 8 0E-51 46% WP 115022228 1 Campylobacter corcagiensis 160 98% 5 0E-41 36% WP 034971544 1
Corynebacterium minutissimum 176 99% 2 0E-50 46% WP 052319707 1 Thiomicrospira aerophila 150 100% 1 0E-37 34% WP 006459402 1
Corynebacterium sp. HMSC078H07 176 99% 2 0E-50 46% WP 070669803 1 Rodentibacter heylii 146 99% 4 0E-36 36% WP 077581730 1

M5 Clostridium perfringens 251 99% 1 0E-76 58% WP 110035132 1 O5 Neisseria meningitidis 488 100% 3 0E-170 79% WP 082299901 1
Clostridium perfringens 250 99% 2 0E-76 57% WP 078209827 1 Neisseria meningitidis 488 100% 1 0E-169 79% WP 079875826 1
Sneathia sanguinegens 250 99% 2 0E-76 55% WP 066728972 1 Neisseria meningitidis 488 100% 1 0E-169 79% WP 072104357 1
Streptobacillus ratti 238 99% 9 0E-72 54% WP 072593630 1 Neisseria meningitidis 489 100% 8 0E-169 79% WP 080611275 1
Eggerthia catenaformis 236 99% 1 0E-70 55% WP 026624753 1 Neisseria meningitidis 489 100% 1 0E-168 79% WP 014575393 1
Olsenella sp. An270 186 99% 2 0E-51 44% WP 087225069 1 MULTISPECIES: Neisseria 489 100% 1 0E-168 79% WP 047922166 1
Helicobacter canis 129 95% 3 0E-31 37% WP 115011182 1 Neisseria meningitidis 489 100% 1 0E-168 79% WP 101087827 1
Campylobacter upsaliensis 127 95% 1 0E-30 34% WP 004276995 1 Neisseria gonorrhoeae 489 100% 2 0E-168 79% WP 003689017 1
Campylobacter upsaliensis 125 95% 5 0E-30 34% WP 004274859 1 Neisseria gonorrhoeae 488 100% 2 0E-168 79% WP 050173535 1
Lactobacillus salivarius 124 97% 7 0E-29 35% WP 113895797 1 Neisseria meningitidis 488 100% 2 0E-168 79% WP 101131695 1

M6 Moraxella lacunata 398 99% 2 0E-135 100% WP 065256817 1 O6 Neisseria polysaccharea 372 100% 5 0E-123 69% WP 081456193 1
Moraxella equi 380 99% 2 0E-128 95% WP 079324856 1 Neisseria polysaccharea 372 100% 2 0E-122 69% WP 115437506 1
Moraxella equi 380 99% 1 0E-126 95% WP 115236998 1 Neisseria meningitidis 369 100% 3 0E-121 69% WP 101124415 1
Neisseria meningitidis 331 99% 8 0E-109 80% WP 101127630 1 Neisseria lactamica 333 98% 1 0E-107 63% WP 065425734 1
Neisseria meningitidis 331 99% 1 0E-108 80% WP 025459325 1 Moraxella lacunata 326 100% 3 0E-105 61% WP 062498748 1
Neisseria meningitidis 330 99% 2 0E-108 80% WP 002241625 1 Clostridium sp. LS 223 99% 2 0E-65 46% WP 008423295 1
Neisseria meningitidis 330 99% 2 0E-108 80% WP 101127867 1 Caloramator quimbayensis 221 99% 2 0E-64 45% WP 078696724 1
Neisseria meningitidis 332 99% 6 0E-108 80% WP 096112112 1 Clostridium algidicarnis 192 99% 2 0E-53 44% WP 104410678 1
Neisseria meningitidis 331 99% 7 0E-108 80% WP 101120299 1 Clostridium kluyveri 191 99% 6 0E-53 41% WP 073537112 1
Neisseria meningitidis 331 99% 1 0E-107 80% WP 101123910 1 Rhodococcus sp. R1101 184 98% 9 0E-51 38% WP 016932627 1

N1 Haemophilus influenzae 366 96% 1 0E-123 73% WP 044330662 1
Haemophilus influenzae 366 96% 1 0E-123 73% WP 112070237 1
Haemophilus influenzae 366 96% 1 0E-123 73% WP 106404302 1
Haemophilus influenzae 366 96% 1 0E-123 73% WP 105877079 1
Haemophilus influenzae 366 96% 1 0E-123 73% WP 105873722 1
Haemophilus influenzae 366 96% 1 0E-123 73% WP 105887024 1
Haemophilus influenzae 366 96% 1 0E-123 73% WP 105894129 1
Haemophilus influenzae 366 96% 2 0E-123 73% WP 061716487 1
Haemophilus influenzae 366 96% 2 0E-123 73% WP 005686323 1
Haemophilus influenzae 366 96% 2 0E-123 73% WP 105873017 1

N2 Streptococcus oralis 551 99% 0 0E+00 71% WP 084946013 1
MULTISPECIES: Streptococcus 551 99% 0 0E+00 71% WP 000806988 1
Leptotrichia wadei 523 99% 9 0E-180 69% WP 060918264 1
Thermoflexibacter ruber 484 99% 2 0E-164 64% WP 091549071 1
Clostridiales bacterium KA00134 480 99% 8 0E-163 64% WP 066537626 1
Flavobacterium fontis 479 99% 1 0E-162 64% WP 073365481 1
Leptotrichia wadei 455 85% 8 0E-157 70% WP 081617798 1
Haemophilus influenzae 420 98% 6 0E-139 58% WP 112081040 1
Moraxella nonliquefaciens 420 98% 8 0E-139 58% WP 067009844 1
Haemophilus influenzae 392 99% 6 0E-131 55% WP 114892802 1
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Figure S2: Phylogenetic dendrogram of Type I R-M system TRDs. Neighbour-joining tree with 

Tamura-Nei genetic distance model of all 124 specificity subunit TRD sequences from three Type I 

R-M system loci (L1, L6, L8) in 51 M. catarrhalis genome strains. Letters A-Z correspond to TRDs

in figure 3c. Coloured boxes indicate which phylogenetic lineage each strain belongs to: yellow =

RB1 lineage; green = RB2/3 lineage, and grey = divergent phylogenetic lineages.
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CHAPTER 3 



FOREWORD 

In Chapter 2 we defined the repertoire of restriction-modification (R-M) systems in 

Moraxella catarrhalis and investigated their distribution among strains with diverse 

phylogenetic backgrounds and disease associations. Overall, 19 putative R-M systems 

were identified, including three phase-variable Type III DNA methyltransferases with 

multiple target recognition domain alleles (modM1-6, modN1-2, and modO1-6) that are 

variably distributed among M. catarrhalis isolates and strongly associated with 

phylogenetic lineage. Interestingly, modM2 and modM3 are the only phase-variable Type 

III DNA methyltransferases found in the disease-associated RB1 lineage. Further analysis 

of the distribution of modM alleles in panels of nasopharyngeal carriage, otitis media, and 

chronic obstructive pulmonary disease isolates revealed that while modM2 is the most 

frequently occurring allele, modM3 is overrepresented in strains isolated from the 

middle ear of children suffering otitis media. In our previous analysis we determined that 

ModM2 is an active N6-adenine methyltransferase that methylates the target 

sequence 5′- GARm6AC-3′ and regulates the expression of a phasevarion consisting of 

34 genes, and we hypothesized that ModM3 methylates a unique target sequence 

and regulates the expression of a distinct phasevarion in M. catarrhalis. In Chapter 

3 we determine the ModM3 methylation sequence, characterize the ModM3 

phasevarion, and investigate the effects of ModM3 phase variation on M. catarrhalis 

pathogenesis in an in vivo model of otitis media. 
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Background
Moraxella catarrhalis is a human respiratory tract
pathogen that is often carried asymptomatically in the
nasopharynx [1], but frequently causes otitis media (OM)
in infants and children, and exacerbations of chronic ob-
structive pulmonary disease (COPD) in adults. Along with
Streptococcus pneumoniae and non-typeable Haemophilus
influenzae (NTHi), M. catarrhalis is among the most
prevalent bacterial causes of OM where it is detected by
PCR in up to 56% of middle ear fluid associated with OM
[2]. M. catarrhalis also causes approximately ~ 10% of ex-
acerbations of COPD each year in the USA [3]. M. catar-
rhalis is also important as a co-pathogen in OM with S.
pneumoniae and NTHi, as noted in both observational [4]
and experimental studies [5, 6]. There is currently no vac-
cine available to prevent M. catarrhalis-mediated disease,
and increased research is needed to identify stably-
expressed vaccine antigens, correlates of protection, and
to understand the progression from asymptomatic car-
riage to symptomatic disease.
Phase variation is the high frequency, reversible,

random ON/OFF or graded switching of gene expres-
sion [7, 8]. Phase-variable gene expression is an im-
portant aspect of bacterial pathogenesis that aids in
adaptation to changing host microenvironments, and
which can aid immune evasion which has implications
for vaccine development [9]. Several M. catarrhalis
virulence factors and potential vaccine antigens, such
as the outer membrane proteins UspA1 [10], UspA2
[11], UpsA2H [12] and Mid/Hag [13] (reviewed in
[14]) exhibit phase-variable expression. Although
phase variation is typically associated with genes en-
coding cell surface structures, phase variation of cyto-
plasmically located Restriction-Modification (R-M)
systems has been observed in numerous host-adapted
bacterial pathogens, as recently reviewed [15]. Phase-
variable ON/OFF switching of DNA methyltransferase
activity results in the presence or absence of methyla-
tion at a specific target sequence, leading to co-
ordinated, epigenetically-regulated switching of ex-
pression of multiple genes across the genome. The
suite of genes thus regulated are known as a phase-
varion (phase-variable regulon) [15, 16]. Previously
characterized phasevarions contain genes important
for infection of the human host and potential vaccine
candidates; for example lbpA and lbpB (encoding the
lactoferrin binding proteins A and B, respectively) are
regulated within the ModA11 phasevarion in Neisseria
meningitidis [17], and the outer-membrane protein
encoding gene hopG is regulated within the ModH5
phasevarion in Helicobacter pylori [18]. Switching of
phasevarion expression has also been shown to modu-
late diverse phenotypes associated with virulence,
such as biofilm formation [17], resistance to

antimicrobial agents [19], resistance to oxidative stress
[20], and survival within experimental models of in-
fection [21].
We previously identified three phase-variable Type III

DNA methyltransferases (modM, modN, and modO) that
are variably distributed among M. catarrhalis isolates
and strongly associated with phylogenetic lineage [22–
24]. modM is the only phase-variable methyltransferase
found in the disease-associated RB1 lineage and occurs
in 76% of isolates from geographically and clinically di-
verse backgrounds [22]. Phase variation of modM is me-
diated at the translational level by a 5′-(CAAC)n-3′
tetranucleotide repeat tract present within its open read-
ing frame (ORF) [23]. Analysis of the genomes of 51M.
catarrhalis strains identified six modM alleles (modM1–
6) that vary in their target recognition domains [22]. Al-
lelic variants of phase-variable Type III methyltransfer-
ases containing distinct target recognition domains
methylate distinct target sequences, and regulate differ-
ent suites of genes [17, 21]. In M. catarrhalis, only the
most commonly occurring modM allele, modM2, has
been investigated to date. ModM2 methylates the target
sequence 5′-GARm6AC-3′, and ON/OFF switching of
ModM2 results in the differential regulation of 34 genes,
including genes involved in colonisation and protection
against host defences [23]. modM3 is the second most
frequently occurring modM allele in all strains analysed,
and the most frequently occurring allele in strains be-
longing to the minor RB2/3 lineage [22]. Despite the
RB2/3 lineage being less commonly associated with dis-
ease than the RB1 linage in several studies [reviewed in
14], the modM3 allele is also overrepresented in middle
ear isolates from children with OM [22, 23]. Here we
characterise the phase-variable expression of modM3,
the ModM3 DNA methylation site and its distribution
in the genome, the genes regulated in the ModM3 pha-
sevarion, and phenotypes of the ModM3 ON versus
ModM3 OFF variants.

Results
modM3 exhibits phase-variable expression
The modM3 gene contains a 5′-(CAAC)n-3′ tetranu-
cleotide repeat tract in the N-terminal of its open-
reading frame (ORF) (Fig. 1a). Different strains display
varying numbers of modM3 repeat units (e.g. 24, 31, and
35 repeats are found in strains F24, BC1 and CCRI-
195ME, respectively), which is suggestive of phase vari-
ation. The modM3 coding sequence downstream of the
repeat tract is predicted to be in frame with the ATG
start codon when 36 repeats are present, while a frame-
shift mutation resulting in a premature stop codon is
predicted to occur when 37 repeats are present (Fig. 1a).
To confirm modM3 is phase-variable, single colonies of
M. catarrhalis strain CCRI-195ME (hereafter 195ME)
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were screened with GeneScan fragment length analysis
to measure the length of the 5′-(CAAC)n-3′ repeat tract
and to quantify the proportion of each repeat tract
length present. From an initial mixed population with
repeat tract lengths ranging from 34 to 37 repeats, sep-
arate colonies containing a majority (> 85%) of 36 or 37
repeats were isolated (Fig. 1b). Western immunoblot
analysis of ModM3 protein expression confirmed that
expression is correlated with the number of repeat units
in the 5′-(CAAC)n-3′ repeat tract: ModM3 is expressed
(ON) when 36 repeats units are present, whereas
ModM3 expression is undetectable (OFF) when 37 re-
peats are present, confirming that ModM3 expression is
phase-variable (Fig. 1c).

ModM3 is an active N6-adenine DNA methyltransferase
that methylates 5′-ACm6ATC-3′
To determine the methylation specificity of ModM3,
genomic DNA from our M. catarrhalis strain 195ME
modM3 ON and modM3 OFF variants, as well as our
ΔmodM3 knockout mutant strain (generated by inser-
tion of a kanamycin resistance cassette into the ORF of

the gene), were subjected to Single-Molecule, Real-Time
(SMRT) sequencing and methylome analysis. The closed
genome sequence of 195ME was reported and deposited
in GenBank at the time of sequencing (GenBank acces-
sion NZ CP018059.1) [25]. Three methylated motifs
were identified: one containing N6-adenine methylation
and two containing 5-cytosine methylation (Table 1).
N6-adenine methylation is present at the second adenine
residue in the sequence 5′-ACm6ATC-3′ in the modM3
ON strain but not in the modM3 OFF or the ΔmodM3
strains, indicating that this is the motif recognized and
methylated by ModM3. The 195ME genome contains
4446 5′-ACATC-3′ sites in total, with 5′-ACm6ATC-3′
methylation observed at 100% of these sites in the
modM3 ON variants, but at 0% of these sites in the
modM3 OFF or ΔmodM3 strains (Table 1).
In order to confirm the ModM3 methylation site, a

restriction-inhibition assay was performed using the com-
mercially available, methyl-sensitive restriction endonuclease
BtsCI (5′-CATCC-3′) which partially overlaps the ModM3
recognition sequence (5′-ACm6ATC-5′) (Fig. 2a, b). Of the
2,491 BtsCI cleavage sites in the 195ME genome, 504 overlap

Fig. 1 Phase variable expression of modM3. a Schematic representation of the modM3 gene indicating the location of the 5′ (CAAC)n 3′
tetranucleotide repeat region and the central target recognition domain. Translation of the full length ModM3 is possible when the repeat tract
contains 36 (ON) repeat units, but not when the tract contains 37 (OFF) repeat units (an asterisk indicates a premature stop codon). b GeneScan
fragment length analysis of the of modM3 5′ (CAAC)n 3′ tetranucleotide repeat region. The area under each fluorescent peak is proportional to
the percentage of a repeat length in the population. Separate populations were isolated containing ≥85% of 36 or 37 repeats. c) Western blot
analysis confirmed ModM3 expression in 195ME ModM3 ON (36 repeats) and the absence of expression in the 195ME ModM3 OFF sample
(37 repeats)
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a ModM3 recognition site and are sensitive to
ModM3 methylation. There is no difference in the
overall DNA digestion pattern on the DNA gel due
to the majority (1,987) of BtsCI cleavage sites being
cleaved in all samples. However, Southern blot

analysis using a probe located adjacent to an overlapping
BtsCI and ModM3 recognition sequence (and between
two BtsCI sites that do not overlap with a ModM3 site;
Fig. 2a) showed that genomic DNA isolated from modM3
ON was protected from digestion with BtsCI at the site

Table 1 SMRT methylome analysis of 195ME modM3 on, modM3 off and ΔmodM3

Methyltransferase
specificity

Modified
base

% of sites in genome methylated Assignmenta

modM3 ON modM3 OFF ΔmodM3

5′ ACATC 3′ m6A 100 0 0 M.Mca195I

5′ GCGCGC 3′ m5C NC NC NC M.Mca195ORF6035P

5′ GCYGC 3′ m5C NC NC NC M.Mca195ORF8410P
aAssignment of methyltransferases to a methyltransferase specificity sequence is based on experimental evidence for M.Mca195I, and homology for
M.Mca195ORF6035P and M.Mca195ORF8410P. M.Mca195ORF6035P shares 63% amino acid identity with M.HinP1I that recognizes the sequence 5′ GCGC 3′, and
M.Mca195ORF8410P shares 71% amino acid identity with M.CocII that recognizes 5′ GCNGC 3′. Due to the low kinetic signal of 5mC methylation, the percentage
of methylated sites are not calculated (NC)

Fig. 2 Southern blotting confirms the ModM3 methylation target sequence 5′ ACm6ATC 3′. a Schematic representation of the restriction
inhibition assay used to confirm the ModM3 methylation site. The location of the Southern blot probe, and the BtsCI and ModM3 recognition
sites are shown. The central BtsCI site overlaps the ModM3 recognition sequence and is sensitive to overlapping N6 methyladenine methylation.
b Restriction inhibition assay of modM3 ON, modM3 OFF and ΔmodM3 genomic DNA using the methyl sensitive restriction endonuclease BtsCI.
The restriction endonuclease HindIII is not sensitive to methylation and is included as a control for digestion. c Southern blot of BtsCI digested
genomic DNA isolated from modM3 ON, modM3 OFF, and ΔmodM3 strains. Methylated DNA in the ModM3 ON strain is protected from BtsCI
digestion resulting in a 1.5 kb band. All BtsCI sites are cleaved in the modM3 OFF and ΔmodM3 strains as ModM3 methylation is absent, resulting
in a 0.5 kb band. d qRT PCR indicating the relative abundance of methylated, undigested genomic DNA in modM3 ON and modM3 OFF relative
to ΔmodM3 following digestion with BtsCI (Ct values of 18.32, 21.97, 24.77, respectively, normalised to copB reference)
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investigated with an overlapping ModM3 site, whereas
modM3 OFF and ΔmodM3 genomic DNA was
cleaved (Fig. 2c), validating that ModM3 is an active
N6-methyladenine methyltransferase that methylates
the target sequence 5′-ACm6ATC-3′. A quantitative
real time PCR (qRT-PCR) based assay was designed
to allow rapid, sensitive quantification of the relative
frequency of methylation at a specific DNA site.
Primers were designed to amplify a 99 bp amplicon
spanning the overlapping BstCI and ModM3 recogni-
tion site (Fig. 2a), and BtsCI digested genomic DNA
was used as the template. qRT-PCR analysis showed
that there were 88-fold and 7-fold more copies of un-
digested DNA in the modM3 ON and modM3 OFF
samples, respectively, relative to the ΔmodM3 sample
(set as 1 as a reference) (Fig. 2d). Minimal amplifica-
tion was seen for the ΔmodM3 sample, likely due to
incomplete DNA digestion by the temperature sensi-
tive BtsCI. The presence of methylated, undigested
sites in the modM3 OFF population can be attributed
to the 15% of cells having phase varied to modM3
ON, as indicated by GeneScan fragment length ana-
lysis (Fig. 1b).

ModM3 phase variation regulates the expression of
multiple genes in a phasevarion
To determine whether phase variation of ModM3 alters
expression of a phasevarion, the transcriptomes of
modM3 ON and modM3 OFF variants were compared
using RNASeq analysis. This identified 31 genes that are
differentially regulated between the modM3 ON and
modM3 OFF variants when grown to mid-log phase in
aerated culture (≥1.25 fold expression ratio, P ≤ 0.05,
Table 2). Seventeen genes were up-regulated and four-
teen genes down-regulated in modM3 ON versus
modM3 OFF. The modM3 gene and downstream res
gene displayed the greatest difference in expression (9.03
and 5.49 fold increased expression in modM3 ON versus
modM3 OFF, respectively), and ddc gene downstream of
res also had increased expression (RS065760, 1.27 fold)
relative to the modM3 OFF variants. Four genes involved
in the nitrosative stress response (aniA, norB, narL, and
narX), one gene potentially involved in the response to
oxidative stress (RS03200), and three genes belonging to
a Type I-F CRISPR-cas system operon (csy1, csy2 and
csy3) were upregulated in modM3 ON. In addition, two
genes (traW and RS09480) located on the large un-
named 195ME conjugative plasmid (GenBank accession
NZ CP018060.1 [25]) were also upregulated in modM3
ON. Three genes that encode part of the NADH:ubi-
quinone oxidoreductase (nuoB, nuoK and RS05045) were
downregulated in modM3 ON. These results demon-
strate that expression status of ModM3 affects the ex-
pression of multiple genes that have diverse functions

and subcellular locations (Table 2). This confirms that
ModM3 regulates a phasevarion.

ModM3 phase variation does not result in phenotypic
differences in vitro
To investigate the phenotypic effects of ModM3 phase
variation, M. catarrhalis ON and OFF variants were
compared in in vitro assays, intended to simulate condi-
tions relevant to infection of the human host. Growth
curve analysis showed no significant difference in growth
rate or final optical density between the ModM3 ON
and OFF variants (Additional file 1: Figure S1a). The
modM3 ON and modM3 OFF variants showed similar
levels of survival under conditions of oxidative stress
(hydrogen peroxide assays; Additional file 1: Figure S1b),
and similar levels biofilm formation over 24, 48 and 72 h
(Additional file 1: Figure S1c). Expression of ModM3 also
did not significantly affect capacity of M. catarrhalis to ad-
here to or invade A549 cells (Additional file 1: Figure S1d).

ModM3 expression affects infection dynamics of M.
catarrhalis and NTHi in the chinchilla model of
experimental otitis media
We assessed whether differences in gene expression
between M. catarrhalis modM3 ON and modM3 OFF
variants impacts colonisation and/or virulence in vivo,
using a chinchilla model of experimental OM [26].
Chinchillas were challenged by transbullar injection
with modM3 ON or modM3 OFF populations and the
number of M. catarrhalis colony forming units (CFU)
in middle ear fluids and mucosal membrane homoge-
nates were counted at days + 1 and + 2 post challenge.
At all time points, a greater number of M. catarrhalis
CFU were isolated from middle ear fluids and muco-
sal membranes of ears challenged with the modM3
OFF input pool than from chinchillas challenged with
the modM3 ON population. This difference was sta-
tistically significant for middle ear mucosa samples on
day + 1, middle ear fluid samples on day + 2, and
total CFU per ear on day + 2 (P < 0.05, Mann-
Whitney test) (Fig. 3a). Due to differential gene regu-
lation between modM3 ON vs OFF, bacterial load
may not necessarily be linked to disease severity. The
severity of disease caused by M. catarrhalis phase
variants was assessed using tympanometry and
imaging of dissected bullae to monitor for signs of
OM. On day + 1 post challenge small regions of ery-
thema were observed in the middle ears of chinchillas
from both cohorts, with an apparent slight increase in
the ears challenged with the modM3 ON population
(Fig. 3b). At Day + 2 post challenge, obvious erythema
was observed in all middle ears with no clear differ-
ence seen in the relative amount of erythema present
between cohorts. However, the development of a
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greater number of submucosal pockets of bacteria
was observed in bullae of chinchillas challenged with
modM3 OFF compared to modM3 ON (Fig. 3b). Mid-
dle ear pressure reduction is characteristic of Eusta-
chian tube dysfunction in OM which hinders
equilibration of the middle ear space against baromet-
ric pressure in the nasopharynx. The mean middle
ear pressure on day + 1 and day + 2 post challenge
was below the normal range for chinchillas (+/− 60

daPa), for both modM3 ON and modM3 OFF chal-
lenged cohorts, consistent with infection. A lower
middle ear pressure was observed in chinchillas chal-
lenged with modM3 OFF compared to the cohort
challenged with modM3 ON at day + 1 and day + 2
post challenge, however this difference was not sig-
nificant (P > 0.05) (Additional file 1: Figure S2a). Ex-
pression of ModM did not affect tympanic membrane
compliance, as values were within the normal range

Table 2 Differentially expressed genes from RNASeq analysis of M. catarrhalis 195ME ModM3 ON and OFF strains

Locus tag Annotation Fold change ON:OFF Function (Localization)

Increased expression in modM3 ON

RS06580 Type III DNA methyltransferase ModM3 9.03 Restriction/modification (C)

RS06575 Type III restriction endonuclease Res 5.49 Restriction/modification (C)

RS08120 Type I F CRISPR associated protein Csy1 1.44 Unknown (C)

RS04785 Nitrate/nitrite response regulator NarL 1.40 Transcription regulation (C)

RS07320 YcgN family cysteine cluster protein 1.39 Unknown (U)

RS08115 Type I F CRISPR associated protein Csy2 1.36 Unknown (C)

RS07645 Copper containing nitrite reductase AniA 1.33 Nitrogen metabolism (OM)

RS09480 Hypothetical protein 1.33 Unknown (U)

RS07655 Nitric oxide reductase NorB 1.32 Nitrogen metabolism (IM)

RS03495 DNA repair protein RadA 1.31 DNA repair (C)

RS08110 Type I F CRISPR associated protein Csy3 1.31 Unknown (C)

RS09415 Type F conjugative transfer system protein TraW 1.29 Conjugation (U)

RS04780 Nitrate/nitrite sensor histidine kinase NarX 1.29 Signal transduction (IM)

RS06570 L 2,4 diaminobutyrate decarboxylase ddc 1.27 Intermediary metabolism (C)

RS03200 AhpC/TSA family peroxiredoxin 1.27 Oxidative stress response (C)

RS00630 2,4 dienoyl CoA reductase FadH 1.27 Fatty acid metabolism (C)

RS02150 Signal transduction protein 1.27 Unknown (U)

Decreased expression in modM3 ON

RS05055 NADH quinone oxidoreductase subunit NuoB 0.79 Energy metabolism (IM)

RS04595 Hypothetical protein 0.78 Unknown (U)

RS03500 Sulfate ABC transporter ATP binding protein CysA 0.78 Transport and binding proteins (IM)

RS04010 DUF1049 domain containing protein 0.77 Unknown (IM)

RS04620 Hypothetical protein 0.76 Unknown (U)

RS06595 7 carboxy 7 deazaguanine synthase QueE 0.75 Nucleotide metabolism (C)

RS05010 NADH quinone oxidoreductase subunit NuoK 0.74 Energy metabolism (IM)

RS02815 Hypothetical Moraxella Phage protein 0.72 Prophage functions (U)

RS04610 Hypothetical protein 0.70 Unknown (U)

RS09365 Hypothetical protein 0.66 Unknown (U)

RS06515 Putative membrane protein 0.64 Cell envelope (IM)

RS00885 Hypothetical protein 0.63 Unknown (C)

RS06750 Hypothetical protein 0.63 Unknown (U)

RS05045 Sulfite exporter TauE/SafE family protein 0.62 Anion transport (IM)

Gene locus tags and annotations are from M. catarrhalis 195ME (NCBI RefSeq accession number NZ CP018059.1. Genes with ≥1.25 fold change between the
ModM3 ON and OFF variants with a P value ≤0.05 were included. Function and subcellular location were determined by BLASTp search against the Uniprot
database. Subcellular localization was determined by: C Cytoplasm, IM Inner membrane, OM Outer membrane, U Unknown
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Fig. 3 ModM3 expression alters survival of M. catarrhalis in chinchilla ears. a Number of M. catarrhalis CFU found in middle ear fluids (MEF),
middle ear mucosa (MEM), or whole bullae (MEF +MEM) from chinchilla ears transbullarly inoculated with either M. catarrhalis modM3 ON or
modM3 OFF. The median CFU and interquartile range is displayed for each cohort. * indicates P < 0.05. b Images of middle ears challenged with
M. catarrhalis modM3 ON or modM3 OFF populations. Submucosal pockets of bacteria, characteristic of OM, are indicated by black circles

Blakeway et al. BMC Microbiology          (2019) 19:276 

65



for chinchillas (0.75 to 1.5) and not significantly dif-
ferent between cohorts (P > 0.05) (Additional file 1:
Figure S2b).
In order to determine whether modM3 phase variation

also affects infections in polymicrobial challenge, chin-
chillas were co-challenged with NTHi strain 86-028NP
(which contains a modA2 genes that only contains three
DNA repeats and is therefore not phase variable) in
combination with either M. catarrhalis modM3 ON, or
modM3 OFF populations. Middle ear fluid and mucosal
membrane homogenates were counted at days + 1, + 2
and + 7 post challenge. At days + 1 and + 2 post chal-
lenge the number of M. catarrhalis CFU was below the
level of detection in the majority of mucosal membrane
homogenates. However, M. catarrhalis was detected in
mucosal membrane homogenates at day + 7 in 2/4 ani-
mals challenged with modM3 ON versus 4/4 animals
challenged with modM3 OFF (Fig. 4a). Although more
NTHi was recovered from mucosal membrane homoge-
nates of ears co-challenged with M. catarrhalis modM3
ON at days + 1 and + 2 post challenge, and a greater
number of NTHi CFU were retrieved from ears co-
challenged with M. catarrhalis modM3 OFF on day + 7,
these differences were not significant (Fig. 4b). M. catar-
rhalis and NTHi were not detected in middle ear fluids
at any time point.

Discussion
M. catarrhalis is a leading bacterial pathogen of OM in
children and exacerbations of COPD in adults. Despite
the significant morbidity caused, factors contributing to
M. catarrhalis virulence and their role in the progression
of OM and exacerbations of COPD have not been fully
elucidated, and there is currently no vaccine available to

protect against M. catarrhalis infection. The presence of
phasevarions in bacterial pathogens results in increased
phenotypic diversity of these organisms. Where multiple
allelic variants of phase-variable methyltransferases are
present, each unique Mod allelic variant has been shown
to methylate a unique target sequence, and regulate a
different phasevarion [17, 21, 27]. Six modM alleles
(modM1–6) have been identified in M. catarrhalis that
vary in their central target recognition domain, and are
therefore all expected to regulate distinct phasevarions
[22]. Our previous analysis showed that ModM2 methyl-
ates the target sequence 5′-GARm6AC-3′ and regulates
a phasevarion containing 34 genes [23]. In this study we
have characterized the ModM3 phasevarion in M. catar-
rhalis strain 195ME, showing that phase variation of
ModM3 is mediated by changes in the number of 5′-
(CAAC)n-3′ repeat units present in the repeat tract of
the modM3 ORF, and that the ModM3 protein methyl-
ates the sequence 5′-ACm6ATC-3′.
We demonstrated expression of a suite of genes differs

in populations of ModM3 ON and OFF. Under aerobic
growth, to mid-log phase, 29 genes were differentially
expressed (1.27–1.61 fold). Five genes involved in the re-
sponse to oxidative and nitrosative stress are upregulated
in modM3 ON versus modM3 OFF: the nitrite and nitric
oxide reductases aniA and norB, the two-component
system narX/narL, and the predicted AhpC/TSA family
peroxiredoxin RS03200. AniA and NorB are components
of the truncated M. catarrhalis denitrification pathway
required for survival in the presence of exogenously gen-
erated reactive nitrogen species [28, 29]. Detoxification
of nitric oxide by NorB in N. meningitidis was shown to
enhance intracellular survival within macrophages and
nasopharyngeal mucosal cells [30]. Whether increased

Fig. 4 ModM3 expression alters survival of NTHi in chinchilla ears. a M. catarrhalis and b NTHi CFU in MEM samples from chinchilla bullae co
challenged with M. catarrhalis modM3 ON or modM3 OFF, plus NTHi. The median CFU is and interquartile range is displayed for each cohort
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expression of NorB in modM3 ON confers greater pro-
tection against macrophage-generated nitric oxide war-
rants further investigation. Gene expression experiments
[31] found that aniA and norB are highly upregulated
during growth in biofilms versus planktonic growth
in vitro, suggesting a role for both genes in the progres-
sion of OM as M. catarrhalis biofilms have been ob-
served in middle ears of children with chronic OM [32].
However, we observed no difference in biofilm forma-
tion between our modM3 ON and modM3 OFF strain
pair, suggesting that the role of ModM3 in regulation of
aniA and norB is more subtle, and may only occur under
specific in vivo conditions that we are unable to repro-
duce in the in vitro assay. The narX and narL operon
form a two-component regulatory system that responds
to nitrate and nitrite stimuli and modulates gene expres-
sion. The genes regulated by NarX-NarL have not been
defined in M. catarrhalis, however in other organisms
NarX-NarL induces expression of genes important for
survival and growth in anaerobic environments [33, 34].
The middle ear is a microaerophilic environment [35]
and anaerobic conditions may be reached in mature bio-
films [36]. Upregulation of NarX/L in the modM3 ON
strain may promote persistence in the middle ear
through increased survival within biofilms under anaer-
obic conditions, where additional regulators may be in-
duced and be acting in concert with ModM3.
Intriguingly, several of these genes, or pathways, have
previously been noted to be upregulated in M. catarrha-
lis when isolated from the nasopharynx of chinchillas,
including aniA, norB, and other genes associated with
denitrification pathway, while in the chinchilla nasophar-
ynx, elements of energy production (NADH:ubiquinone
oxidoreductases) are down regulated [37]. These in vivo
expression changes have parallels to the expression
changes we noted in aerobic, log phase modM3 ON
strains, suggesting this population may have a pre-
adapted advantage to in vivo growth in the nasopharynx.
Although expression of the peroxiredoxin AhpC was in-
creased 1.27 fold in our ModM3 ON strain, we observed
no difference in survival between our modM3 ON and
OFF variants following exposure to hydrogen peroxide.
It is possible that the observed difference in AhpC ex-
pression was too small to have a noticeable impact on
CFU counts in this assay. Alternatively, as AhpC is only
minimally involved in H2O2 degradation in M. catarrha-
lis compared to catalase (KatA) [38], the effect of differ-
ential regulation of AhpC may have been undetectable
in this assay. The lack of detectable in vitro phenotypic
differences between the modM3 ON and OFF strains
may be due to the narrow range of conditions able to be
replicated in vitro compared to in vivo. Our gene expres-
sion analysis was also only carried out under aerobic cul-
ture conditions, and thus the present characterization

may not encompass the entire suite of genes that are dif-
ferentially regulated by ModM3 phase variation. In order
to observe the differential regulation of genes that are not
constitutively expressed, further characterization experi-
ments need to be performed with cells grown in vivo or
under a range of in vitro conditions that simulate the
physiological environment encountered upon infection of
the human host and where various regulatory proteins
mediated expression. DNA methylation typically affects
DNA interactions of regulatory proteins involved in tran-
scription, rather than acting directly on transcriptional
machinery (reviewed in [39]). As such, ModM3 may im-
pact genes expression either directly by methylation
changes at the promoter region of the regulated gene that
affect interactions with active regulators, or indirectly by
altering expression of regulatory proteins [40].
We have previously examined the role of phasevarions

in animal models using other causative agents of OM: it
was noted that the modA2 ON state was selected in
NTHi in chinchilla [21, 41]. This indicated that a par-
ticular expression state of a phase-variable methyltrans-
ferase, and the genes they regulate, gives an advantage in
this anatomical niche. We investigated M. catarrhalis in-
fection dynamics using a chinchilla infection model and
observed differences between the M. catarrhalis modM3
ON and modM3 OFF strain variants despite not detect-
ing any in vitro phenotypic differences between this
strain pair. Expression profiles of our aerobically grown
modM3 ON more closely resembled the previously re-
ported expression profile of M. catarrhalis isolated from
chinchilla nasopharynx [37], including changes in oxida-
tive stress, and denitrification pathways. Given this, it
was a surprise that infection with M. catarrhalis strain
195ME modM3 ON resulted in a decreased bacterial
load in chinchilla ears compared to modM3 OFF in-
fected animals, as we predicted the modM3 ON medi-
ated phasevarion would provide a survival advantage.
This highlights that the nasopharynx and middle ear are
distinct compartments presenting different challenges
and selective pressures, and that in vivo models reflect
the complexity of human carriage and disease.
The chinchilla model of OM has also been used to

study polymicrobial interactions between the three
major bacterial OM pathogens: M. catarrhalis survival
increased when co-infected with H. influenzae compared
to infection with M. catarrhalis alone [42]. The impact
of switching of expression of the ModM3 phasevarion
on survival in polymicrobial OM was investigated by co-
infecting chinchillas transbullarly with either M. catar-
rhalis modM3 ON or modM3 OFF variants in combin-
ation with NTHi. Although the observed difference of
M. catarrhalis and NTHi CFU retrieved from bullar mu-
cosal membrane homogenates was not statistically sig-
nificant, it would seem that co-infection with NTHi
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reduced the level of infection by M. catarrhalis, com-
pared to when the animals were challenged with M. cat-
arrhalis alone. However, co-infection with the M.
catarrhalis modM3 ON variant provided an advantage
to survival to NTHi during early infection (days + 1
and + 2), while modM3 OFF enhances survival of NTHi
at later stages of OM. Phenotypic analysis of bacteria
that contain several phase-variable genes, such as M.
catarrhalis, can be confounded by phase variation of
genes that are not the subject of investigation. It is un-
likely that genes other than modM3 have phase varied
during isolation of the ModM3 ON and OFF popula-
tions, as none of the genes identified as differentially reg-
ulated by RNASeq are known to be phase variable.
However, the low bacterial recovery from in vivo chin-
chilla experiments prevented analysis of the expression
status of other known phase variable genes (i.e., uspA1,
uspA2, and mid/hag) and we cannot definitively say that
the phenotypes seen in the animal model were solely
due to the ON vs OFF status of ModM3. Furthermore,
we were also unable to determine whether there was se-
lection of ModM3 ON or OFF variants during in vivo
infection. It is important to note that there are several
limitations to the animal model data presented due to
the small number of animals tested in addition to the
low numbers of bacteria recovered in each experiment.
Although the chinchilla model is considered the gold
standard for investigating OM [43], M. catarrhalis is a
human-host adapted bacteria that does not naturally in-
fect any known animal model. Therefore, investigations
in animals are challenging and further experimentation
is required to validate these in vivo observations, ideally
from samples collected from humans with OM.

Conclusions
In this study we have confirmed that ModM3 is
phase variable, identified the ModM3 methylation target
sequence, and characterized the ModM3 phasevarion.
ModM3 regulates the expression of multiple genes (15
gene upregulated and 14 genes downregulated 1.27–1.61
fold between the ModM3 ON vs OFF states), belonging
to pathways important for infection of the human host,
including those involved in biofilm formation and in the
response to oxidative and nitrosative stress. Our obser-
vations that the modM3 OFF state may confer a survival
advantage to M. catarrhalis in vivo, and that phase vari-
ation of modM3 may alter survival of NTHi at different
stages of infection has important implications in OM
progression and treatment. The observed modulation of
gene expression may facilitate adaptation of M. catar-
rhalis to changing host microenvironments, potentially
promoting persistence of M. catarrhalis in the middle
ear and contributing to the ability of M. catarrhalis to
cause OM.

Methods
Bacterial strains and growth conditions
M. catarrhalis strains used in this study include Ameri-
can Type Culture Collection (ATCC) 25,239 [23] and
CCRI-195ME, an OM isolate recovered from the middle
ear of a 16-month-old otitis-prone child, at the Colum-
bus Children’s Research Institute (CCRI), Nationwide
Children’s Hospital, Columbus, Ohio [25]. M. catarrhalis
strains were routinely cultured on brain heart infusion
(BHI) agar (Oxoid, Basingstoke, UK) at 37 °C with 5%
CO2 overnight (~ 16 h). For use in all biological assays,
cells cultured overnight on BHI agar were re-suspended
in 20 mL of BHI broth (Oxoid, Basingstoke, UK) to an
optical density at 600 nm (OD600) = 0.05 and grown for
an additional 4 h to mid log phase at 37 °C with orbital
shaking at 200 rpm.

Construction of the M. catarrhalis modM3 knockout
mutant strain
To generate the 195ME modM3-knockout mutant (ΔmodM3),
195ME was transformed with 1 μg of BsaI linearized
plasmid pMcrepI::kan [23] by co-incubation on BHI
agar at 37 °C, 5% CO2 for 3 h. Transformants were se-
lected on BHI agar containing 20 μg/mL kanamycin
and confirmed by PCR analysis.

Fragment length analysis
The length of the modM 5′-(CAAC)n-3′ tetranucleotide
repeat tract in M. catarrhalis 195ME, and the proportion
of each fragment length present was determined using
GeneScan fragment analysis as per [23]. Briefly, the modM
repeat region was amplified with the 6-carboxyfluorescein
(6-FAM) labelled forward primer Mcmod2F-6FAM (5′-
[6FAM]-TTACTTGACACTCTGAATGGA-3′) and the
unlabelled reverse primer McmodrepR2 (5′-GTATTA
TGGGCAGTTTTTAAG-3′) using GoTaq Flexi DNA
polymerase (Promega) in 20 μL reaction volumes as per
manufacturer’s instructions. Analysis of fluorescent traces
and quantification of fragment lengths was performed
using PeakScanner v1.0 (Applied Biosystems, Grand Is-
land, NY, USA). M. catarrhalis subpopulations containing
different modM3 repeat tract lengths were selected by
fragment length analysis of individual colonies, as previ-
ously described [20].

Western blot analysis
M. catarrhalis 195ME modM3 ON, modM3 OFF were
grown to mid log phase as described above. Cultures were
then centrifuged at 6000 x g for 5min to pellet, and the
pellets were re-suspended in water to an OD600 of 5. Cell
lysates were prepared by boiling for 10min and 20 μg of
protein was electrophoresed on a 4–12% Bis-Tris
NuPAGE polyacrylamide gel at 180 V for 60min. Protein
was transferred to a nitrocellulose membrane using the
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XCell II Blot Module at 30 V for 70min. Western blot
analysis was performed using a mouse polyclonal anti-
Mod antibody at 1:1000 dilution, followed by a 1:5000 di-
lution of a rabbit anti-mouse alkaline phosphatase conju-
gated antibody. Western blots were developed using the
AP Conjugate Substrate Kit (Bio-Rad) as per manufac-
turer’s instructions.

Methylome determination by single molecule real-time
(SMRT) sequencing
The 195ME modM3 ON (36 repeats), modM3 OFF (37
repeats), and ΔmodM3 strains were grown to mid-log
phase as described above. Genomic DNA was extracted
using the Qiagen Genomic-tip 20/G kit (Qiagen) and
SMRTbell libraries were prepared as described previ-
ously [23, 44]. Sequencing was performed on the PacBio
RS II (Menlo Park, CA, USA) using standard protocols
for short and long insert libraries.

Confirmation of the ModM3 methylation target sequence
Restriction inhibition assay
Genomic DNA was extracted from mid log cultures of
195ME modM3 ON, modM3 OFF, and ΔmodM3 strains
using GenElute Bacterial Genomic DNA Kit (Sigma-Al-
drich). Genomic DNA was digested with the restriction
enzyme BtsCI (NEB) at 50 °C or HindIII (NEB) at 37 °C
for 60 min. Restriction enzymes were heat inactivated at
80 °C for 20 min. Digested and undigested genomic
DNA was electrophoresed on a 0.8% agarose gel at 110
V for 50 min.

Southern blotting
Electrophoresis of BtsCI digested DNA performed as
above and was then transferred to a charged nylon
membrane by the capillary transfer method [45]. The
DNA probe for Southern hybridization was amplified
using the primer pair M3ResInh-F (5′- TTTAGCAAAG
GGTAACCACC-3′) and M3ResInh-R (5′- ACAATG
ACACGCTCAACTCG-3′) and labelled with Digoxi-
genin (DIG) using the DIG-High Prime DNA Labelling
and Detection Starter Kit II (Roche) as directed by the
manufacturer.

Quantitative real-time PCR
Quantitative real-time PCR was performed using Sybr
Green Master Mix (Bio-Rad) in 20 μL reaction volumes
with 1 ng of BtsCI digested genomic DNA as template
and 250 nmol of each primer. qRT-PCR was performed
on the CFX96 Touch™ Real-Time PCR Detection System
(Bio-Rad) with the following cycle conditions: polymer-
ase activation at 98 °C for 2 min, followed by 40 cycles of
denaturation at 98 °C for 15 s, and annealing/extension
at 60 °C for 30 s. The primers M3Met RT F (5′-
CAGGTTCGCCATCAACAAAC-3′) and M3Met RT R

(5′-TGCCTGCCATCGCTGAATC-3′) were designed to
amplify a 99 bp amplicon spanning an overlapping BstCI
and ModM3 recognition sequence. The primers CopB
RT-F (5′- GTGAGTGCCGCTTTTACAACC-3′) and
CopB RT-R (5′- TGTATCACCTGCCAAGACAA − 3′)
were used in control reactions and amplify a 72 bp
amplicon in the copB gene that does not contain a BtsCI
cleavage site. Relative quantitation of BtsCI digested sites
in each sample was performed using the ΔΔCt method.

RNA sequencing
M. catarrhalis strains 195ME ModM3 ON and OFF
were cultured in triplicate on BHI agar at 37 °C with 5%
CO2 overnight (16 h). Each strain was then re-suspended
in 20mL BHI broth to an optical density of OD600 = 0.05
and grown for a further 3 h at 37 °C with orbital shaking
at 200 rpm. 2 mL of culture was added directly to 4 mL
of RNAprotect Bacteria Reagent (Qiagen), and incubated
at room temperature for 5 min. Cultures were pelleted
by centrifugation at 5000 x g for 10 min at 4 °C and the
supernatant was discarded. Pellets were resuspended in
200 μL of lysis buffer (30 mM Tris·Cl, 1 mM EDTA, pH
8.0) containing 15 mg/mL lysozyme and 80 units/mL
proteinase K. Total RNA was extracted using RNeasy
Mini Kit (Qiagen) and residual DNA digested using
RNase-Free DNase Set (Qiagen) as per manufacturer’s
instructions. RNASeq was performed by the Australian
Genome Research Facility (Melbourne, VIC, Australia).
RNA libraries were prepared using the Illumina Ribo-
Zero Gold protocol. Pooling and clustering of libraries
was performed using the Illumina cBot system with Tru-
Seq PE Cluster kit v3 reagents. Sequencing (150 bp
paired-end reads) was performed on the Illumina MiSeq
system with TruSeq SBS Kit v3 reagents.

Growth curve analysis
M. catarrhalis overnight plate cultures were re-
suspended in 1 mL BHI broth and equalized to an
OD600 of 0.05 and 100 μL volumes of each bacterial sus-
pension was transferred to a 96 well plate in triplicate.
Automated growth curve analysis was performed using a
Tecan Infinite M1000 Pro microplate reader. Growth
curves were performed at 37 °C with orbital shaking at
an amplitude of 4 mm, and spectroscopy readings were
taken at a wavelength of 600 nm at 1 h intervals.

H2O2 killing assay
M. catarrhalis strains were grown to mid log phase as
described above. Mid-log phase cultures were diluted in
BHI broth to 1 × 106 CFU/mL and 90 μL of each suspen-
sion was added to wells of a 96 well plate in triplicate.
The killing assay was started by addition of 10 μL H2O2

in BHI broth to a final concentration of either 5 or 10
mM H2O2 and plates were incubated at 37 °C, 5% CO2.
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Samples were taken at 15, 30, 45 and 60min, 10 fold ser-
ial dilutions were performed in BHI broth containing
catalase, and 5 μL of each dilution was plated onto BHI
agar and incubated overnight at 37 °C, 5% CO2.

Biofilm formation assay
M. catarrhalis biofilm assays were performed as previ-
ously described [46]. Briefly, strains were standardized to
OD600 = 1.0 in BHI broth and diluted 1:10 in chemically
defined media (final OD600 = 0.1). Biofilm assays were
performed in 0.5 mL volumes in 48-well tissue culture
plates, and grown without agitation for 24, 48, or 72 h at
37 °C, 5% CO2. Wells were stained with 0.05% crystal
violet (Sigma-Aldrich) for 15 mins, washed three times
with PBS, and crystal violet was solubilised with 90%
ethanol. Quantification was performed at 600 nm using
the Tecan Infinite M1000 Pro microplate reader.

Adherence and invasion assays
The A549 human lung epithelial cell line (ATCC,
CCL185) was maintained in Minimal Essential Media
(MEM) supplemented with 10% Foetal Bovine Serum at
37 °C, 5% CO2. A549 cells were grown to confluent
monolayers in 24-well tissue culture plates (1 × 105 cells/
well) and infected with 1 × 106M. catarrhalis 195ME
cells. Plates were incubated for 3 h at 37 °C, 5% CO2. For
adherence assays, non-adherent bacteria were removed
by washing the wells three times with 1 mL PBS. For in-
vasion assays, extracellular bacteria were removed by
treating wells with 500 μL of 100 μg/mL gentamycin for
15 min at 37 °C, 5% CO2 and then washing with PBS as
above. Cells were detached from the plate by treatment
with 200 μL of 0.25% trypsin for 10 min at 37 °C, 5%
CO2, and lysed by adding 300 μL of 1% saponin and
thorough vortexing. To enumerate adherent and intra-
cellular bacteria, 10 fold serial dilutions of each sample
were performed in BHI broth and 5 μL of each dilution
was plated onto BHI agar and incubated overnight at
37 °C, 5% CO2.

Chinchilla model of OM
Due to anatomical similarities of the chinchilla (Chin-
chilla lanigera) and human middle ear, and immuno-
logical similarities with children in the response to
middle ear infection, the chinchilla model has been ex-
tensively used to study prominent otopathogens, includ-
ing M. catarrhalis, in the pathogenesis of OM [43].

Housing of chinchillas and experimental procedures
Adult, outbred, chinchillas of mixed sex were acquired
from Rausher Chinchilla Ranch (LaRue, Ohio) and
allowed to acclimate to the vivarium for 7 days prior to
the beginning of the study. Animals were housed indi-
vidually in clear cages with autoclaved corn cobb

bedding and access to autoclaved water and certified
feed ad libitum. Racks of cages were maintained in
negative air flow isolation units with a 12 h light
cycle. All animals were examined by a veterinarian
upon arrival for general health and were examined
twice each day by veterinary staff and laboratory
personnel in accordance with Institutional Animal
Care and Use Committee (IACUC) guidelines. No de-
viations were observed in health or behaviour over
the course of the study. Cohort sizes for each study
were determined based on extensive prior experience
with this animal model and in keeping with the prin-
ciples of Replacement, Refinement and Reduction in
animal numbers. Animals were randomly clustered
into cohorts such that the mean weight of each co-
hort was comparable. Animals were examined in nu-
merical order based on their ear tag, not by cohort
clustering. Based on American Veterinary Association
(AVMA) Guidelines for Euthanasia of Animals, the
primary method for euthanasia was cardiac injection
of Euthosol (10 mg ketamine-HCl plus 2 mg xylazine
per kg body weight) to anesthetized animals followed
by decapitation as the secondary physical method for
euthanasia.

Transbullar infection of M. catarrhalis
Eight chinchillas were weighed and divided into two co-
horts of four animals with equal mean weight (609 +/−
76 g). On Day + 0, cohorts were challenged with either
M. catarrhalis 195ME modM3 ON or modM3 OFF vari-
ants. Challenge doses consisted of 2800 CFU in 300 μL
of saline delivered directly into both the left and right
bulla for each animal. Tympanometry was performed on
a daily basis to assess progression of otitis media. On
day + 1 and day + 2 post challenge, two animals from
each cohort were sacrificed, and the bullae were dis-
sected from the skull and aseptically opened and imaged.
CFU enumeration was performed by plating dilutions of
middle ear effusates and mucosal membrane homoge-
nates on chocolate agar.

Transbullar co-infection of M. catarrhalis and NTHi
Twelve chinchillas were divided into two cohorts of six
animals with equal mean weight (663 +/− 21 g). On Day
+ 0 cohorts were challenged with NTHi strain 86-028NP
in combination with either M. catarrhalis 195ME
modM3 ON or modM3 OFF variants. Transbullar chal-
lenge was performed as previously stated, with challenge
doses consisting of 1000 CFU for NTHi and 3000 CFU
for M. catarrhalis being co-administered into each bulla.
Two animals from each cohort were sacrificed on days
+ 1, + 2, and + 7 post challenge and the bullae were dis-
sected from the skull and aseptically opened and imaged.
In order to discriminate between M. catarrhalis and
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NTHi and permit enumeration of each bacterial species,
dilutions of middle ear effusates and mucosal membrane
homogenates were plated on chocolate agar to quantitate
NTHi, and chocolate agar with 10 μg/mL vancomycin and
5 μg/mL trimethoprim to select for and quantitate M.
catarrhalis, as previously reported [47, 48].

Statistical analysis
Each chinchilla ear was counted as a separate experimental
unit. Exact P values were calculated with the Mann-Whitney
U test using GraphPad Prism version 7.02.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12866 019 1660 y.

Additional file 1: Figure S1. In vitro phenotypic assays of M. catarrhalis
195ME modM3 ON and modM3 OFF variants. a) Automated microtiter
plate growth curve analysis of optical density at 600 nm (OD600) over 10
h; b) hydrogen peroxide (H2O2) killing assay showing colony forming
units/ml (CFU/ml) after exposure to 0, 5 or 10 mM (H2O2) over 60 min; c)
biofilm formation assay with biofilm biomass quantified after 24, 48 or 72
h by analysis of OD600 after crystal violet staining; d) adherence and
invasion of A549 human lung epithelial cells assay measures as CFU/ml.
For all assays, the mean of three replicates is shown and error bars
indicate +/ 1 standard deviation of the mean. Figure S2.
Tympanometry and imaging of bullae in the chinchilla model of otitis
media. a) Mean middle ear pressure measured as decapascals (daPa); and
b) mean tympanic membrane compliance measured as middle ear
volume (mL) in two cohorts of chinchillas challenged with either M.
catarrhalis modM3 ON or modM3 OFF populations. The mean of four ears
is shown and error bars indicate +/ 1 standard deviation of the mean.
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Supplementary data 

Supplementary Figure 1: In vitro phenotypic assays of M. catarrhalis 195ME modM3 ON and 

modM3 OFF variants. a) Automated microtiter plate growth curve analysis of optical density at 600 

nm (OD600) over 10 hours; b) hydrogen peroxide (H2O2) killing assay showing colony forming 

units/ml (CFU/ml) after exposure to 0, 5 or 10 mM (H2O2) over 60 minutes; c) biofilm formation 

assay with biofilm biomass quantified after 24, 48 or 72 hours by analysis of OD600 after crystal violet 

staining; d) adherence and invasion of A549 human lung epithelial cells assay measures as CFU/ml. 

For all assays, the mean of three replicates is shown and error bars indicate +/- 1 standard deviation 

of the mean. 
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Supplementary Figure 2: Tympanometry and imaging of bullae in the chinchilla model of otitis 

media. a) Mean middle ear pressure measured as decapascals (daPa); and b) mean tympanic 

membrane compliance measured as middle ear volume (mL) in two cohorts of chinchillas challenged 

with either M. catarrhalis modM3 ON or modM3 OFF populations. The mean of four ears is shown 

and error bars indicate +/- 1 standard deviation of the mean. 
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CHAPTER 4 



FOREWORD 

Prior to this thesis, six phase-variable genes had been described in M. catarrhalis; four 

outer membrane proteins, mid/hag, uspA1, uspA2 and uspA2H, and two Type III DNA 

methyltransferases, modM and modN. In our previous work and that described in Chapter 

3, we demonstrated the phase-variable expression of the Type III DNA methyltransferase 

variants ModM2 and ModM3, and detailed their roles as important epigenetic regulators 

of gene expression in the context of otitis media. In Chapter 2 we identified an additional 

Type III DNA methyltransferase, modO, associated with a 5′-CAACG(n)-3′ simple DNA 

sequence repeat (SSR) located upstream of the gene’s open reading frame, however the 

phase-variable expression of modO was not confirmed. The presence of additional genes 

exhibiting phase-variable expression mediated by SSRs in M. catarrhalis has not been 

investigated. In Chapter 4 we report the repertoire of SSRs in M. catarrhalis and 

investigate the expression of several putatively phase-variable genes. We also examine 

the frequency of phase variation and the role of these phase-variable systems in conditions 

mimicking human infection. 
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Introduction

Moraxella catarrhalis is a Gram negative, human-adapted, opportunistic bacterial pathogen of

the respiratory tract. While commonly isolated from the nasopharynx as an asymptomatic col-

onizer [1], M. catarrhalis is also a prevalent aetiological agent of otitis media (OM) in children

and exacerbations of chronic obstructive pulmonary disease (COPD) in the elderly [2]. OM is

the most common bacterial infectious disease of childhood, and is particularly prevalent in

children under five in Oceania [3], with Indigenous Australian children among the most

severely affected [4]. Approximately 20% of children suffer recurring infections [5], and associ-

ated complications such as repeated tympanic membrane perforation lead to acute or chronic

hearing loss [6, 7]. COPD is the fourth most common cause of death worldwide [8] and

repeated exacerbations due to bacterial infections lead to progressive loss of lung function and

dramatically increase the risk of mortality [9]. M. catarrhalis infection accounts for approxi-

mately 20% of cases of OM [10] and 10% of exacerbations of COPD [11]. Despite the signifi-

cant burden of M. catarrhalis associated disease, no proposed vaccine candidates have

progressed to clinical trial [12]. The development of a vaccine against M. catarrhalis has been

hindered by the lack of a suitable animal model, identification of correlates of protection, and

identification of vaccine candidates that are immunogenic, conserved, and stably expressed

[12]. It is this last feature that this study primarily addresses, as a number of respiratory patho-

gens possess a highly mutable genome, which contributes to their virulence and complicates

selection of stably expressed vaccine candidates.

Phase variation is the high frequency, random, reversible switching of gene expression that

allows bacteria to adapt to different host microenvironments and evade host defences, and is

often mediated by simple DNA simple sequence repeats (SSRs) [13]. Switching rates of phase

variable genes are approximately one million times more frequent than the background rate of

mutations (i.e., phase variation switching occurs at a rate of 10−2 to 10−5 compared with point

mutation rates of *10−8 to 10−11 for the spontaneous acquisition of antibiotic resistance) [13].

In both cases, mutations occur independently of their utility, and the environment selects for

variants that facilitate bacterial growth and/or survival. To date, six loci containing SSRs have

been identified in M. catarrhalis; these include four genes encoding outer membrane proteins

(mid/hag, uspA1 and uspA2, or the mutually exclusive uspA2H variant), and two encoding

cytoplasmic localized Type III DNA methyltransferases (modM and modN) [reviewed in 14].

UspA1 is involved in biofilm formation [15], and adherence to multiple epithelial cell types

[16, 17] and extracellular matrix components [18, 19]. Reversible gain or loss of repeat units in

a G(n) SSR tract located upstream of the uspA1 open reading frame (ORF) alters transcription

of the gene, resulting in a graded switching of expression (high-to-low) that alters the ability of

M. catarrhalis to adhere to epithelial cells in vitro [20]. Similarly, phase variation of uspA2
occurs at the transcriptional level through variation in length of a 50-AGAT(n)-30 tetranucleo-

tide SSR upstream of the uspA2 ORF, and the length of the uspA2 repeat tract affects resistance

of M. catarrhalis to complement mediated killing [21]. In the other identified phase variable

genes in M. catarrhalis, SSRs are located within the ORF close to the 50 end and cause ‘on-off’

switching of gene expression. mid/hag is involved in serum resistance and binding to vibronec-

tin [21], and agglutination of M. catarrhalis cells, red blood cells and immunoglobulin D bind-

ing [22, 23]. Phase variation of mid/hag is mediated by a G(n) SSR, with on-off switching

altering auto-aggregation and adherence [23, 24]. The uspA2H ORF contains a A(n) SSR that

alters auto-aggregation, serum resistance, and adherence phenotypes [25]. We have previously

shown that 50-CAAC(n)-30 tetranucleotide SSRs are responsible for phase variation of both

the modM and modN genes [26], and differential methylation of the genome caused by ModM

phase variation epigenetically regulates the switching of expression of multiple genes in a
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phasevarion [27, 28], further complicating the identification of stably expressed genes in M.

catarrhalis. Further to this, we have also identified a third potentially phase variable Type III

DNA methyltransferase, modO, which contains a 50-CAACG(n)-30 pentanucleotide repeat

tract upstream of its ORF [29]. However, analysis of modO expression has not been described.

Comparison with other human-restricted respiratory tract mucosal pathogens suggests that

M. catarrhalis contains relatively few phase variable genes. For example, Neisseria meningitidis
contains as many as 83 putatively phase variable genes [30–32], including genes that encode

outer membrane proteins, e.g., porA [33] and opc [34], genes involved in lipooligosaccharide

(LOS) synthesis [35], and the mod methyltransferases [36, 37]. In Haemophilus influenzae, at

least nineteen predicted phase variable genes have been identified [38], including LOS synthe-

sis [39–41], outer membrane proteins Hia [42] and HMW [43], as well the modA methyltrans-

ferase that is also found in Neisseria species [44–47]. Many of the studied phase variable genes

are virulence factors and/or vaccine candidates [48, 49]. Whilst phase variable candidates can

be used in vaccines (for example, NadA in Bexsero [50–52]), there is the possibility of vaccine

evasion due to phase variation. However, it may be possible to use phase variable proteins in

vaccines in combination with other stably expressed determinants, or if the phase-variable

candidate(s) are required at key stages during colonisation or disease.

In order to better understand phase variable gene expression, here we report the repertoire

of putatively phase variable genes in M. catarrhalis that are associated with SSRs and investi-

gate the expression of three previously identified and three novel phase variable gene candi-

dates. We also examine the frequency of phase variation and the role of these phase variable

systems in conditions mimicking human infection.

Materials and methods

Serum was isolated from human blood from healthy volunteers with informed written consent

(in accordance with the guidelines and approval of the Griffith University Human Ethics

Committee (HREC 2012/798)).

Bioinformatic identification of SSRs

Sequences of five closed M. catarrhalis genomes (BBH18 [53], 25239 [27], 25240 [54], FDAAR-

GOS 213 (Accession NZ CP020400), and CCRI-195ME [55]) analysed in this study were

acquired from GenBank. All possible combinations of repeats of between one and nine repeat-

ing units were formulated and the five closed M. catarrhalis genomes were searched for these

sequences, as described previously [56]. Data generated in these analyses were moved into

spreadsheets for manual curation, and comparison of repeat lengths in a specific genes

between strains was performed using an alignment of the five genomes (aligned using Gen-

eious version 10.1.3 (http://www.geneious.com) [57] with the mauve plug-in [58]). Positive

hits were omitted from further analysis if the SSR was found in less than three of the five

genomes, varied due to SNP mutations rather than insertion/deletion of a repeat unit, or was

located in regions of high frequency recombination (e.g. phage or transposon associated

ORFs).

Bacterial strain and growth conditions

M. catarrhalis strains used in this study include CCRI-195ME [55], American Type Culture

Collection (ATCC; Manassas, VA, USA) strains ATCC 25239 and ATCC 23246, and deriva-

tives thereof (Table 2). M. catarrhalis strains were grown on brain heart infusion (BHI) agar

(Oxoid, Basingstoke, UK) at 37˚C with 5% CO2, or in BHI broth (Oxoid, Basingstoke, UK) at

37˚C with orbital shaking at 200 rpm.
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Fragment length analysis

Fragment length analysis was performed with strains 195ME and 25239 when measuring the

length of repeat tracts in the uspA1, uspA2, mid/hag, gor (glutathione disulphide reductase),

and hyp (hypothetical permease MC25239 RS00020), and with strain 23246 for the modO
gene, as previously described [27, 59]. Briefly, 100–300 bp regions spanning SSRs were ampli-

fied with 6-Carboxyfluorescein (6-FAM) or Hexachlorofluorescein (HEX) labelled primers

(Integrated DNA Technologies) (S1 Table) using GoTaq polymerase (Promega) as per manu-

facturer’s instructions. The size and relative quantity of each fluorescently labelled amplicon

was measured using a 3130xl Genetic Analyser and GeneScan (Applied Biosystems, Grand

Island, NY, USA), and electropherogram traces were visualized using Peakscanner version 1.0

(Applied Biosystems, Grand Island, NY, USA). Selection of M. catarrhalis subpopulations con-

taining predominantly one repeat tract length for a given gene was carried out by repeated

rounds of fragment length analysis and subculturing, as previously described [37].

Quantitative real time PCR (qRT-PCR)

Overnight plate cultures of M. catarrhalis were standardised to an optical density of OD600 =

0.1 in 20 mL BHI broth and grown for an additional 3.5 hours. 4 mL of RNAprotect Bacteria

Reagent (Qiagen) was added to 2mL of bacterial culture, and RNA was extracted using the

RNeasy Mini Kit (Qiagen) enzymatic lysis protocol as per manufacturer’s instructions. RNA

was subsequently treated with DNaseI (NEB) and the absence of contaminating DNA was con-

firmed by PCR using GoTaq polymerase (Promega) and copB primers (S1 Table). cDNA was

prepared using ProtoScript II Reverse Transcriptase (NEB), with random Primer 6 (NEB) and

1 μg RNA. 2.5 ng of cDNA was used as the template in 20 μl qRT-PCR reactions with SsoAd-

vanced Universal SYBR Green Supermix (Biorad). qRT-PCR reactions were performed in trip-

licate using a CFX96 Real-Time PCR Detection System (Biorad), and primers for these

reactions are listed in S1 Table. The copB gene was used as an endogenous reference to nor-

malize the results obtained with the phase variable genes.

Biofilm formation assays

M. catarrhalis strains were grown overnight on BHI agar, resuspended in BHI broth, and stan-

dardized to OD600 = 1. Cells were diluted 1:10 into chemically defined media [60], and 1 mL

aliquots were dispensed into wells of a 24-well plate in triplicate (final concentration of

approximately 107 CFU/mL of M. catarrhalis). Plates were incubated at 37˚C with orbital shak-

ing at 100 rpm for 24 hours. Media and planktonic cells were then aspirated from wells, and

adherent cells were scraped from plates and resuspended in fresh BHI broth. 100 μl of each

suspension was used to inoculate 900 μl of freshly prepared chemically defined media in a new

24-well plate, with passaging performed for three consecutive days.

Serum survival assays

Serum was isolated from human blood from volunteers, using Bio-One Vacuette serum sepa-

rator tubes (Greiner) and processed as per manufacturer’s instructions. M. catarrhalis strains

were grown overnight on BHI agar, standardized to OD600 = 0.05 in 20 mL BHI broth, and

grown for a further 3.5 hours to mid-log phase. Cultures were equalised to OD600 = 1.0 in

fresh BHI broth, three 10-fold serial dilutions were performed, and 10 μl of this suspension

was inoculated into 90 μl serum in triplicate in a 96-well plate (final concentration of approxi-

mately 104 CFU/mL of M. catarrhalis). Due to differences in innate serum resistance, strain

CCRI-195ME was incubated in 90% serum, and strain 25239 was incubated in 10% and 20%
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serum. Plates were incubated at 37˚C, 5% CO2, and after 24 hours of growth, 10 μl was trans-

ferred to a new plate of serum, with passaging performed for 3 consecutive days.

Results

Bioinformatic identification of phase variable repeat tracts in M.

catarrhalis
The closed genomes of five M. catarrhalis strains (BBH18, 25239, 25240, FDAARGOS 213

and CCRI-195ME) were analysed to identify SSRs and genes associated with them. Only SSRs

containing greater than 7 mononucleotide (e.g., G(n)), 3 dinucleotide (e.g., AT(n)), or 2 trinu-

cleotide, tetranucleotide, or pentanucleotide (e.g., TAA(n), CAAC(n), CAACG(n)), repeat units

were included, as these represent the minimum number of repeat units likely to allow phase

variation [38]. To compare repeat tracts from the five genomes, the location of repeat tracts

relative to reading frames (upstream, within or downstream) was noted, and the repeat-associ-

ated genes were considered the same ORF if the BLASTn reported P value was less than 10−3.

The dataset was further curated by review of repeat sequences to ensure tracts from different

genomes were grouped under common designations (e.g. the repeat unit in the site-specific

DNA methyltransferase modM was listed as AACC and ACCA in different genomes, but gen-

erates the same overall repeat tract sequence). At this stage, repeat tracts were removed from

the analysis if all five genomes contained the same number of repeats in the same relative posi-

tion, as this indicated that the repeats are not phase variable. After this process, 212 putative

phase variable repeat tracts were identified across the five genomes.

To allow visual inspection of repeat regions, genomes were aligned with Mauve in Gen-

eious. From this, repeat tract duplications were removed (i.e., if the same repeat tract had been

associated with the genes upstream and downstream of it) and any missing data from specific

strains was added (e.g. repeats may not have been included in the dataset if repeat numbers fell

below set thresholds in a genome for that strain). From these data, a shortlist of repeat tracts

that were likely to be phase variable was formed based on whether there was sufficient data

available to assess if a region was phase variable, and whether the variations in repeat numbers

looked to be genuine. In the first case, repeat tracts were eliminated from further consideration

if the associated ORF was not present in at least three of the five genomes, or if the repeat tracts

were present in regions with markers of high frequency recombination (e.g. phage or transpo-

son related reading frames). In the latter case, repeat sequences were examined, and eliminated

from further consideration if repeat tract numbers varied due to single nucleotide polymor-

phisms in the sequence rather than insertion/deletion of a repeat unit. For single nucleotide

repeats, if variability was only seen in one genome or maximum repeat length was at the low

end of minimal repeat tracts previously demonstrated to phase vary (e.g. 7 or 8 repeats seen

only), tracts were also omitted from further consideration. These analyses left 17 putative

phase variable repeat tracts (Table 1). All four genes that have been previously reported to be

phase variable (mid/hag, modM, uspA1 and uspA2) were identified, providing suitable valida-

tion for our methodology and thresholds. Three loci (restriction endonuclease subunit M, glu-

tathione disulphide reductase (gor), and a hypothetical permease MC25239 RS00020 (hyp))

contained upstream repeat tracts which we considered as highly likely to mediate phase varia-

tion, as repeat tract lengths varied substantially between the five genomes. However, the

restriction endonuclease subunit M was previously found to be a truncated ORF located in a

recombinational hotspot for DNA restriction-modification systems and was excluded from

further analysis [29]. Although the Type III DNA methyltransferase gene, modO (Table 1), was

not identified in our bioinformatic analyses as there are no closed RB2/3 lineage genomes, it

was included based on our previous work [29].
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Differences in numbers of repeat units in phase variable repeat tracts

correlate with mRNA transcript level differences for some genes in M.

catarrhalis 25239, CCRI-195ME and 23246

Six loci were selected to characterise phase variation in detail–the three previously identified

phase variable loci (mid/hag, uspA1, uspA2) and three novel loci with a high likelihood of

being phase variable (hyp, gor and modO). The length of the DNA repeat tracts in these genes,

and the percentage of each repeat length in a population was determined by GeneScan frag-

ment length analysis of SSR amplicons. Initial screening of groups of 12 pooled M. catarrhalis
25239 and 195ME single colonies revealed the presence of multiple uspA1, uspA2, mid/hag,

and hyp amplicons of varying size, corresponding to natural variation in the number of repeat

units in each gene’s SSR tract (Fig 1A–1D). Screening of M. catarrhalis 23246 colonies simi-

larly demonstrated that natural variation in repeat tract length occurs in the modO gene (Fig

1F). No variation in gor glutathione disulphide reductase amplicon size was observed in M.

catarrhalis 25239 or 195ME, suggesting that gor is not phase variable under standard labora-

tory conditions, or the frequency of gor phase variation is too low for SSR variants to be

detected with our method (Fig 1E). Through successive passaging and fragment length analysis

of single colonies derived from these initially mixed populations, uspA1, uspA2, hyp and modO
SSR variants were isolated that were highly enriched for repeat tracts of a single length

(Table 2). Although the poly-G tract of mid/hag showed natural variation (Fig 1D), popula-

tions with enriched repeat tract lengths could not be successfully isolated after several rounds

of enrichment.

Table 1. Bioinformatic identification of genes with simple sequences repeats in Moraxella catarrhalis.

Gene product Locus tag� Repeat unit Repeat location† Number of repeat units

195ME 213 BBH18 25239 25240

Mid/Hag RS03030 G ORF 6 7 9 10 8

UspA1 RS05840 G Upstream (29 bp) 11 6 9 8 8

UspA2 RS01775 AGAT Upstream (132 bp) 14 13 18

UspA2H� RS01540 A ORF 9

ModM RS01915 CAAC ORF 35 24 29 18

ModO�^ McaC031IP CAACG Upstream

Glutathione disulfide reductase RS01450 GACTGTTT Upstream (25 bp) 6 17 4 2 3

Hypothetical permease RS00020 GTTC Upstream (68 bp) 9 7 18 27 6

Restriction endonuclease subunit M RS08500 GCGTCAA Upstream (122 bp) 5 28 2 12 11

RNA methyltransferase RS02110 TTATCAT Upstream (14 bp) 1 9 2 1 1

U32 family peptidase RS02475 TAAAT Upstream (85 bp) 3 4 3 2 2

Superoxide dismutase RS03100 T Upstream (144 bp) 7 6 8 9 7

Hypothetical protein RS07880 AC ORF 5 3 4 4 4

Endonuclease III RS04115 AAACTAT Upstream (58 bp) 4 3 2 2 3

Molybdopterin biosynthesis protein MoeB RS03700 T Upstream (167 bp) 7 7 9 7 6

Magnesium and cobalt transport protein CorA RS04085 A Upstream (155 bp) 8 9 7 8 7

Arginase RS00110 T Upstream (230 bp) 7 8 9 8 8

Phase variable gene candidates examined in this study are shaded grey.

� All locus tags provided are from M. catarrhalis strain 25239, except UspA2H (strain BBH18) and ModO (strain C031).
† Position of the repeat sequence is given with respect to the gene start codon consensus in genome comparisons. ORF, open reading from. ORFs and associated SSRs

not present in a strain are represented by ‘ ‘.

^ modO with 12 33 repeat units was identified in eight additional genome strains (C10, C031, N1, N12, R4, Z18, Z7542, and Z7574).

https://doi.org/10.1371/journal.pone.0234306.t001
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To determine whether variations in SSR tract length correspond to differences in detectable

mRNA transcript levels, we selected variants with defined SSR lengths (as determined by frag-

ment length analysis) and compared the mRNA levels of uspA1, uspA2, hyp and modO by

qRT-PCR. For uspA1 in strain 195ME, changes in SSR resulted in substantial changes in

mRNA levels, with G(n) tract lengths containing 8, 9 or 10 G residues corresponding to low

mRNA, and 11 or 12 G residues corresponding to high mRNA (21.31 fold difference between

10 G residues and 12 G residues; Fig 2A). uspA1 expression was not investigated in M. catar-
rhalis 25239, as this strain contains nonsense mutations in the uspA1 gene. uspA2 shows a

maximum difference in mRNA levels of 3.37-fold between 17 and 19 50-AGAT(n)-30 repeat

units in M. catarrhalis 25239. However, only a modest difference in expression is observed

between 12–16 50-AGAT(n)-30 repeat units in strain 195ME (Fig 2B), and isolation of vari-

ants with longer repeat tracts may be required for maximal differences in expression to be

observed in this strain. The number of 50-GTTC(n)-30 repeats in the hyp repeat tract mini-

mally affected MC25239 RS00020 mRNA levels, with a 1.43 fold and 1.2 fold difference in

expression observed in strains 195ME and 25239, respectively (Fig 2B). However, only a

Fig 1. Natural variation in M. catarrhalis 25239, CCRI 195ME and 23246 DNA repeat tract lengths. Fragment

length analysis electropherograms of A) uspA1, B) uspA2, C) hypothetical permease MC25239 RS00020, D) mid/hag,

E) glutathione disulphide reductase gene gor, and F) modO for strains as indicated above. The repeat unit for each gene

is shown in the top right corner of each panel. Peaks are labelled individually with the number of repeat units present

in each amplicon. Scale bars indicate amplicon length in base pairs.

https://doi.org/10.1371/journal.pone.0234306 g001

Fig 2. Gene transcript levels relative to DNA repeat tract sizes. Relative differences in mRNA levels measured by qRT PCR for A) uspA1, B) uspA2, C)

hypothetical permease MC25239 RS00020, and D) modO. Fold change is calculated relative to the variant with the lowest expression (set as 1.00), and values

are shown above the bars. P values were calculated using a two tailed Student’s t test comparing mRNA levels relative to the variant with the lowest mRNA (set

at 1.00). �, P< 0.05 ��, P� 0.01, ���, P� 0.001.

https://doi.org/10.1371/journal.pone.0234306 g002
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limited number of hyp SSR variants could be isolated in this study and further analysis using a

broader range of repeat variants is required to adequately assess hyp phase variation. In con-

trast, mRNA levels of modO in M. catarrhalis 23246 was clearly correlated with repeat number;

low levels of modO mRNA was observed when 9 or 11 50-CAACG(n)-30 repeats are present,

while 11.81–20.66 greater mRNA was observed when 10 50-CAACG(n)-30 repeats were pres-

ent (Fig 2D).

Expression of the adhesins encoded by uspA1 and mid/hag are selected

against during biofilm formation

Phase variable expression of mid/hag, modM, uspA1, uspA2, gor and hyp were next analysed in

conditions mimicking stages of M. catarrhalis human infection. Biofilms are multicellular

communities of bacteria that are frequently seen in colonisation of hosts and that are often

responsible for increased antibiotic resistance and persistent infections [61, 62]. Bacterial cells

have a series of surface adhesins that aid biofilm formation [63] and M. catarrhalis has been

identified in biofilms in tube otorrhea [64] and middle ear effusions [65]. Therefore, we pas-

saged strains under biofilm forming conditions to identify whether this selected for strains

with enriched phase variants. For this work, we started with three separate M. catarrhalis
195ME populations with different proportions of SSRs in uspA1 (i.e., with starting populations

enriched for low expression (G10 in the SSR) or high expression (G11 or G12)). Regardless of

the initial repeat tract length, after three rounds of selection of biofilm cells all resultant popu-

lations are significantly skewed to repeat tract lengths correlating to low levels of uspA1 expres-

sion (G10 residues) (Figs 3A and S1). Expression of mid/hag is also selected against in biofilm

selection, with a distinct shift in SSR length that results in an on to off switch of mRNA expres-

sion (Figs 3B and S1). No consistent shift of greater than 10% of the population was observed

for modM, uspA2, gor, or hyp repeat tract lengths during biofilm selection these samples (S1

Fig).

High uspA2 expressing variants are selected for during growth in human

serum

Complement-mediated killing is an important aspect of the human innate immune response,

with increased levels of complement factors present during OM and exacerbations of COPD,

Serum resistance is considered a key virulence factor of M. catarrhalis [66], and UspA2 is

involved in serum resistance in many strains [67]. Therefore, serum killing assays were per-

formed with M. catarrhalis strains 25239 and 195ME inoculated into human serum and grown

for 24 hours, and serially passaged for three days to determine if serum effected selection of

mid/hag, modM, uspA1, uspA2, gor, hyp expression. Selection for high level expression of

uspA2 occurred in both strain 195E and 25239 after three passages in human serum (Figs 4

and S2). Specifically, starting with populations enriched for low or mid uspA2 expression (i.e.,

uspA2 SSR variants with 12–13 A(n) repeats for strain 195ME, and 18–20 repeats for strain

25239), serum selection resulted in populations enriched for SSRs consistent with high level

expression (195ME enriched for tract lengths of 14–15 A(n) and strain 25239 was enriched for

SSR tract lengths of 15–17 A(n)). No consistent, significant or substantial shift was seen in SSR

tract length for other putative phase variable determinants in this assay (S2 Fig).

Discussion

Phase variation is the high frequency reversible switching of gene expression, which can pro-

vide a selective advantage for bacteria as expression of determinants can be temporarily altered
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without changes to the coding sequence of the gene [13]. As a result, phase variation allows

cells to evade specific antibodies and generate population heterogeneity. In our bioinformatic

analysis of five M. catarrhalis genomes, we identified 17 unique SSRs with the potential to

mediate phase variable expression of the associated genes. Of those, we observed natural varia-

tion in SSR in the genomes of M. catarrhalis for five genes. We found that altered SSR tract

lengths modulates levels of mRNA transcript detectable by qRT-PCR, and that phase variation

of three major outer membrane proteins occurs due to selection pressure exerted under bio-

logically relevant conditions.

Our work details that phase-variable expression of the uspA1, uspA2, and mid/hag genes is

associated with changes in SSR repeat tract lengths, confirming earlier findings for uspA1 [20],

uspA2 [21], and mid/hag [23]. In addition to being phase-variably expressed, uspA1 and uspA2
show significant sequence variation (antigenic variation) between strains due to

Fig 3. Differences in uspA1 and mid/hag repeat tract lengths during biofilm passaging. Fragment length analysis of M. catarrhalis
195ME populations passaged in biofilm formation assays for 3 consecutive days. Each graph shows a different starting population,

enriched for (A) 10, 11 or 12 repeats in uspA1, or (B) 6 repeats in mid/hag. Stacked bars indicate the proportion of each repeat length

found in pre passaging (0 hrs) and post passaging (72 hrs) populations. For uspA1, bar colour indicates the relative mRNA level

correlated with each repeat length: black, high mRNA level; grey, low mRNA level; white, unknown mRNA level (uspA1 13 repeat

variant only). For mid/hag bar colour indicates expression phase: black, on; white, off. Assays were carried out in biological triplicate,

and proportions averaged. See S1 Fig for individual assays.

https://doi.org/10.1371/journal.pone.0234306 g003
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rearrangement, deletion, and duplication of modular domains [20, 23, 68]. This variability is

concentrated in surface-exposed regions, while their membrane-embedded regions are more

conserved [68]. Antigenic variation is a feature of many outer-membrane proteins in various

host adapted pathogens and aids in immune-evasion [49]. In addition, two further variants of

UspA2 have been described: the hybrid UspA1-UspA2 protein known as UspA2H [16] and

UspA2V [69]. The consequence of combining both phase and antigenic variability in a single

gene/gene product is a high degree of strain to strain variability. Furthermore, when sequence

Fig 4. Differences in uspA2 repeat tract lengths during serum passaging. Fragment length analysis of M. catarrhalis 195ME and

25239 populations passaged in serum for 3 consecutive days. Each graph shows a different starting population, enriched for A) 12 or 13

repeats in uspA2 in strain 195ME, or B) 18, 19, or 20 repeats in strain 25239. Stacked bars indicate the proportion of each repeat length

found in pre passaging (0 hrs) and post passaging (24 or 72 hrs) populations. Bar colour indicates the relative expression level correlated

with each repeat length: black, high expression; dark grey, mid expression; light grey, low expression; white, unknown expression level.

Assays were carried out in biological triplicate, and proportions averaged. See S2 Fig for individual assays.

https://doi.org/10.1371/journal.pone.0234306 g004

PLOS ONE Moraxella catarrhalis phase-variable loci

PLOS ONE | https://doi.org/10.1371/journal.pone.0234306 June 18, 2020

88



variability is located in genomic regions near SSRs, this variability may also complicate the

analysis of expression. For example, while it is reported that in strains O12E and O35E uspA1
repeat tracts of G(9) and G(10) cause low and high level expression, respectively [20], we found

that in strain 195ME high uspA1 mRNA levels are associated with G(11) and G(12) tract lengths.

Sequence analysis of the uspA1 gene in these three strains shows this difference is likely due to

the presence of an additional adenine residue upstream of the repeat region in strain 195ME.

Similarly, while expression of the uspA2 locus has been reported to correlate with increasing

numbers of 50-AGAT(n)-30 repeats in strain O12E, with maximal expression seen with 18 50-

AGAT(n)-30 repeats [21], we found that 14–15 and 16–17 50-AGAT(n)-30 repeat units corre-

spond to the highest levels of mRNA transcripts in strains 195ME and 25239, respectively.

This emphasises the effect that variability between genomes may have on expression levels,

and should serve as a caveat for future studies. Given the phase variability of the UspA1,

Table 2. Summary of fragment length analysis amplicon size, DNA repeat number and relative expression of phase variable gene panel populations used in this

study.

Strain Gene Amplicon size (bp)a # of repeats Abundanceb Relative mRNA ratio (p value)c Relative mRNA leveld

195ME uspA1 196 8 83% 1.44 (0.36) Low

197 9 83% 2.94 (0.11) Low

198 10 70% 1.00 Low

199 11 66% 19.83 (0.0016) High

200 12 55% 21.31 (0.0039) High

uspA2 229 12 64% 1.00 Low

233 13 95% 1.24 (0.025) Mid

237 14 92% 1.44 (0.0085) High

241 15 94% 1.43 (0.0060) High

245 16 90% 1.22 (0.067) Low

hyp 241 8 98% 1.45 (0.0068) High

245 9 98% 1.00 Low

25239 uspA2 237 14 95% 1.89 (0.00048) Mid

241 15 93% 1.86 (0.00052) Mid

245 16 87% 2.59 (0.0004) High

249 17 94% 3.37 (0.00043) High

253 18 92% 1.09 (0.15) Low

257 19 91% 1.00 Low

261 20 91% 1.28 (0.0083) Mid

hyp 308 25 91% 1.00 Low

312 26 90% 1.20 (0.025) High

316 27 89% 1.02 (0.53) Low

23246 modO 157 9 92% 1.00 Low

162 10 81% 20.66 (0.0000088) High

167 11 98% 1.75 (0.000014) Mid

a Fragment length analysis amplicons were generated using primers directed against conserved regions outside the SSR region (as described in S1 Table), and calibrated

for size using synthetic Geneblocks (IDT) of known size where necessary.
b % Abundance is the proportion of the stock population expressing the specified fragment length analysis amplicon size, as assessed by fragment length analysis.
c The relative mRNA ratio indicates the mRNA level of each phase variant relative to the variant with the lowest detected mRNA level (set as 1.00). P values were

calculated using a two tailed Student’s t-test comparing mRNA levels relative to the variant with the lowest mRNA.
d The relative mRNA level is arbitrarily classified as low, mid or high based on the magnitude and statistical significance of difference between variants, and is included

for ease of comparison between variants.

https://doi.org/10.1371/journal.pone.0234306.t002
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UspA2 and Mid/Hag proteins and necessity of determining expression status on a case-by-

case basis, these proteins would not necessarily be considered to be good vaccine candidates.

However, these proteins are major outer membrane components of M. catarrhalis and com-

prise most of the surface projections from the cell [22]. They also mediate key virulence path-

ways, including biofilm formation [15] and adherence to multiple epithelial cell types [16, 17]

and extracellular matrix components [18, 19] for UspA1; serum resistance and binding to

vibronectin [21] and agglutination of M. catarrhalis cells, red blood cells and immunoglobulin

D [22, 23] for Mid/Hag. In this case, it may still be possible to use these determinants as vac-

cine candidates if they remain expressed over the course of an infection for targeting by the

immune system. However, our work showed that expression of uspA1 and mid/hag is not sta-

ble over long periods under conditions mimicking human infection, with expression decreas-

ing over time in biofilms on an abiotic surface. A recent report also found that mid/hag
expression is turned off in clinical samples during infection [24]. This suggests that Mid/Hag

in particular is not a good vaccine candidate, as its expression is not required for persistent col-

onisation. In contrast, expression of uspA2 increases over time in serum and may provide a

more consistent vaccine target during infection. It is interesting to note that there is no varia-

tion of mid/hag and uspA1 during exposure to human serum, as compared to the biofilm pas-

saging, whereas uspA2 shows variation under exposure to serum but not during biofilm

passaging. These data suggest that whilst individual cells in a population may phase vary at

random, the overall population maintains a relatively stable proportion of variants unless a

selective force is present and a difference in fitness between variants exists.

This study demonstrated that the modO gene is phase variable due to 5'-CAACG(n)-3'
repeats upstream of its ORF, and that there is a 20-fold difference in detectable transcript of

modO depending on repeat tract size. The confirmation of the phase variable nature of modO
brings the number of phase variable DNA methyltransferases in M. catarrhalis to three

(modM, modN and modO), and transcriptomic or proteomic analysis will be required to con-

firm whether ModO regulates a phasevarion in M. catarrhalis. Investigation of how these epi-

genetic regulators interact with other virulence determinants of M. catarrhalis may provide

valuable insight into the pathogenicity of this species.

The length of the SSR tract associated with the MC25239 RS00020 hypothetical permease

clearly shows variation between strains and within individual strains that have been serially

passaged, however substantial differences in transcription levels were not observed under the

conditions tested. Although a large range of hyp SSR repeats were observed between strains

(6–27 5'-GTTC(n)-3' repeats), only a few hyp SSR variants were isolated. Greater differ-

ences in expression may be observed upon isolation of the full range of SSR lengths, and this

warrants further investigation. In the case of the glutathione sulphide reductase gene, gor,
inter-genome variation in SSR tract length does not appear to be correlated with phase varia-

tion as no natural variation in gor repeat length was observed within an individual strain.

However, future studies of gor using a strain with a higher number of repeats within the 5'-
GACTGTTT(n)-3' SSR tract, such as the 17 repeat tract in strain FDAARGOS 213, may

allow phase variation to be observed at a measurable frequency. Further investigations into

these two loci are needed to fully elucidate if these genes are phase-variably expressed, and

determine their role in M. catarrhalis pathobiology.

Relative to other respiratory tract pathogens, M. catarrhalis does not appear to have as large

a number of phase variable genes that vary by SSRs. However, the phase variable genes identi-

fied in this study may not represent the full repertoire of phase variable genes in M. catarrhalis
due to several limitations of our analysis. Firstly, screening was restricted to only the five closed

genomes available at the time of analysis (necessitated as short-read assemblies often split SSRs

between contigs, preventing complete analysis of SSR length). In addition, all of the five closed
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genomes analysed are from the M. catarrhalis RB1 lineage, and consequently, phase variable

genes specific to the RB2/3 lineage may remain to be identified–as we found with modO which

was identified in our previous work [29]. Phase variable genes may have been omitted from

analysis due to our strict criteria. For example, repeat tracts were eliminated from further con-

sideration if they and the associated reading frames were not present in a majority of the

genomes, or if only minimal repeat variation was seen (particularly with polynucleotide SSR).

These exclusions do not reflect on the potential variability of these tracts, but on the diversity

of genomes used. In addition, phase variation can also occur via other mechanisms, for exam-

ple genome inversion as seen with fimS in E. coli [70], or site-specific recombination as

observed for Type I restriction-modification systems [71]. However, identification of genes

that switch expression by these mechanisms is complicated, due to their mediating motifs

often being short and highly variable in sequence, placement, and orientation, and was not

within the scope of this study.

Overall, we define the repertoire of simple sequence repeats and putatively phase variable

genes in M. catarrhalis. In addition, we show that phase variation of several genes occurs during

growth and in conditions that mimic human infection which contributes to our understanding

of M. catarrhalis pathogenesis and will aid in future selection of candidate vaccine antigens.
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S1 Fig. Analysis of DNA repeat tract lengths of putative phase variable genes during bio-
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enriched for 10, 11 or 12 repeats in uspA1 (Sample 1, 2, or 3, respectively). Assays were carried out

in triplicate, and each circle indicates a separate repeat (closed circle is at 0 h; open circle is at 72 h).

The bar represents the mean, and error bars represent ±1 standard deviation. A two-tailed Stu-

dent’s t-test was used to compare time 0 h vs 72 h (�, P< 0.05 ��, P� 0.01, ���, P� 0.001).
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serum for 3 consecutive days. Each graph includes five different starting populations, enriched
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represents the mean, and error bars represent ±1 standard deviation. A two-tailed Student’s t-test
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S1 Table: Primers used in this study 

Name Sequence Description* 

Fragment length analysis primers 

[HEX]-gds_F 5’- CCATCCGAGTCAGAGTATTG-3’ HEX-labelled gor forward primer 
gds_R 5’- CCAATGGCAAGATAGTCATAATG-3’ gor FLA reverse primer 
[6FAM]-hyp_F 5’-GGTTGGGTATTATTGCTTGATAG-3’ 6FAM-labelled hyp (MC25239_RS00020) 

forward primer 
hyp_R 5’- AGACCCATCAAAAGTCCTGC-3’ hyp (MC25239_RS00020) reverse primer 
[6FAM]-Mid/hag F 5’-GTCATCTTTAACAAAGCCACAGG-3’ 6FAM-labelled mid/hag forward primer 
mid/hag_R1 5’-AAAGCTCAGAGTGCGTACAC-3’ CCRI-195ME specific mid/hag reverse 

primer 
mid/hag_R2 5’-GTGCTATTAAACATGGCGGTG-3’ 25239 specific mid/hag reverse primer 
[6FAM]-modM_F 5’-TTACTTGACACTCTGAATGGA-3’ 6FAM-labelled modM forward primer 
modM_R 5’-GTATTATGGGCAGTTTTTAGG-3’ modM reverse primer 
[HEX]-modO_F TGGCTTGACATCCAAATTTAAGG HEX- labelled modO forward primer 
modO_R GGCAAATAAATGCTCGGTCG modO reverse primer 
[6FAM]-UspA1_F 5’-CATTAGCGATGGCATCAAGTTG-3’ 6FAM-labelled uspA1 forward primer 
uspA1_R 5’- AGAACATGCCACCAAGTGAC-3’ upsA1 reverse primer 
[HEX]-UspA2_F 5’-TAAAGCCTTGCTATACTGTAACC-3’ HEX-labelled uspA2 forward primer 
uspA2_R 5’-TAAGTCATCACATCAGTCATCAC-3’ uspA2 reverse primer 

qRT-PCR primers 

Hypothetical RT F 5'-AAACCAAAGCTGACCTTAATGGC-3' hyp (MC25239_RS00020) 
Hypothetical RT R 5'-AATGGCTTGTACCTCGTCGG-3' 
modO_RT_F 5'-TTGACAGTGTGGCGATTAAAGC-3' modO 
modO_RT_R 5'-GCGCTTTCAACCATCTCTCC-3' 
uspA1_RT_F 5'-GTAAGTGCTGCCAATACTGATCG-3' uspA1 
uspA1_RT_R 5'-TGCTTCACCTTGCTCAATCAAAG-3' 
uspA2_RT_F 5'-AAGCTGCCCTAAGTGGTCTATTC-3' uspA2 
uspA2_RT_R 5'-TAGCCAGCACCGATAGCAAC-3' 
copB_RT_F 5'-GTGAGTGCCGCTTTACAACC-3' Control primers for copB (Greiner et al. 

2003) copB_RT_R 5'-TGTATCGCCTGCCAAGACAA-3' 
*HEX, Hexachlorofluorescein; 6FAM, 6-carboxyfluorescein.
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S1 Fig. Analysis of DNA repeat tract lengths of putative phase variable genes during biofilm 
passaging. Fragment length analysis of M. catarrhalis 195ME populations passaged in biofilm 
formation assays for 3 consecutive days. Each graph includes three different starting populations, 
enriched for 10, 11 or 12 repeats in uspA1 (Sample 1, 2, or 3, respectively). Assays were carried out 
in triplicate, and each circle indicates a separate repeat (closed circle is at 0 h; open circle is at 72 h). 
The bar represents the mean, and error bars represent ±1 standard deviation. A two-tailed Student’s 
t-test was used to compare time 0 h vs 72 h (*, P < 0.05 **, P ≤ 0.01, ***, P ≤ 0.001).
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S2 Fig. Analysis of DNA repeat tract lengths of putative phase variable genes during serum 
passaging. Fragment length analysis of M. catarrhalis 195ME and 25239 populations passaged in 
serum for 3 consecutive days. Each graph includes five different starting populations, enriched for 12 
or 13 repeats in uspA2 in strain 195ME (Sample 1 or 2, respectively) or 18, 19, or 20 repeats in uspA2 
in strain 25239 (Sample 1 or 2, or 3, respectively). Assays were carried out in triplicate, and each 
circle indicates a separate repeat (closed circle is at 0 h; open circle is at 72 h). The bar represents the 
mean, and error bars represent ±1 standard deviation. A two-tailed Student’s t-test was used to 
compare time 0 h vs 72 h (*, P < 0.05 **, P ≤ 0.01, ***, P ≤ 0.001). 
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CHAPTER 5 



OVERARCHING DISCUSSION AND CONCLUSIONS 

Moraxella catarrhalis is a prevalent human respiratory tract pathogen that frequently 

causes otitis media (OM) in infants and children, and exacerbations of chronic obstructive 

pulmonary disease (COPD) in adults (Murphy and Parameswaran 2009). Despite the 

significant burden of M. catarrhalis induced disease, no vaccine is currently available for 

M. catarrhalis and no vaccine candidates have progressed to clinical trials. The

development of a M. catarrhalis vaccine has been hindered by several factors, namely

the lack of suitable animal models and clear correlates of protection, as well as ongoing

difficulties in the identification of immunogenic candidates that are both highly conserved

and stably expressed (Perez and Murphy 2017). The latter challenge is exemplified by the

outer membrane proteins UspA1 and UspA2, which although considered attractive

vaccine candidates based on their immunogenicity (Thibau, et al. 2020), were found to

exhibit phase-variable expression mediated by simple DNA sequence repeats (SSRs)

(Attia and Hansen 2006; Lafontaine, et al. 2001). Several Type III DNA

methyltransferases exhibiting SSR mediated phase-variable expression have also been

identified in M. catarrhalis (Blakeway, et al. 2014; Seib, et al. 2002; Chapter 2:

Blakeway, et al. 2018; Chapter 3: Blakeway, et al. 2019; Chapter 4: Tan et al. 2020).

Phase variation of Type III DNA methyltransferases causes differential methylation of the

genome between clonally derived cells, epigenetically altering the expression of multiple

genes (a phasevarion) that are otherwise not associated with readily identifiable genetic

markers of phase variation (e.g., SSRs) (Seib, et al. 2020). Adding further complications,

many of the phase-variable Type III DNA methyltransferases characterized to date have

multiple target recognition domain (TRD) alleles, and it is hypothesized that every allelic

variant regulates the switching of expression of a distinct phasevarion, substantially

increasing the number of phase-variable genes in the species (Atack, et al. 2018). In order

to further our understanding of M. catarrhalis pathogenesis and facilitate the selection of

stably expressed vaccine antigens, this thesis explored three overarching aims: 1) To

characterize the repertoire of phase-variable genes associated with SSRs in M.

catarrhalis; 2) To investigate the diversity and distribution of phase-variable Type III

DNA methyltransferases in M. catarrhalis; and 3) To characterize the suite of genes

epigenetically regulated within M. catarrhalis phasevarions.

Despite the similarity in genome size to other Gram-negative, human-restricted, 

respiratory tract pathogens, comparably few phase-variable genes have been identified in 
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M. catarrhalis. For example, while Haemophilus influenzae and Neisseria meningitidis

contain as many as 19 and 82 putatively phase-variable genes, respectively (Power, et al.

2009; Snyder, et al. 2001), only six phase-variable genes (mid/hag, uspA1, uspA2 and

uspA2H, modM, and modN) had been described in M. catarrhalis prior to this work

(reviewed in Chapter 1: Blakeway, et al. 2017). Through our bioinformatic analysis we

identified two novel phase-variable genes, encoding a Type III DNA methyltransferase

(modO) and a conserved hypothetical permease (MC25239_RS00020), and confirmed

their phase- variable expression experimentally (Chapter 4: Tan, et al. 2020). modO is

the third phase-variable Type III DNA methyltransferase gene we have

identified in M. catarrhalis and has been found in strains that also contain modM and/

or modN. As has been observed in other organisms such as N. meningitidis, one can

speculate that the presence of three independently switching phasevarions in an

individual M. catarrhalis strain increases the number of phase-variable genes

exponentially, potentially complicating vaccine development by further increasing

population heterogeneity (Seib, et al. 2015). Interestingly, while modM and modN

phase variation occurs at the translational level, mediated by a 5’-CAAC(n)-3’ SSR

within each gene’s respective open reading frame (ORF), phase variation of modO

occurs at the transcriptional level, mediated by a 5’- CAACG(n)-3’ SSR located

upstream of the ORF. qRT-PCR revealed that the level of modO expression (high

versus low) was dependent on the length of the repeat tract, however we have yet to

determine whether high level ModO expression is required to maintain methylation of

the genome or if low level ModO expression is sufficient. Statistically significant,

albeit minor differences in MC25239_RS00020 expression were observed between

5’-GTTC(n)-3’ SSR variants, however only three variants (containing 25, 26, and 27

repeat units) were able to be studied presently and greater differences in

MC25239_RS00020 expression are expected to be observed upon isolation of variants

with broader ranges in the number of repeat units. Unfortunately attempts to

ascertain the function of MC25239_RS00020 bioinformatically were

unsuccessful and this will be the focus of future experimental research. Western blot

analysis of M. catarrhalis cytosolic, periplasmic, cytoplasmic membrane and outer

membrane cell fractions with an anti- MC25239_RS00020 antibody will allow the

subcellular localization of MC25239_RS00020 to be determined, while metabolic

profiling experiments comparing a MC25239_RS00020 knockout mutant to wild type

will allow investigation of the predicted permease activity of MC25239_RS00020.

Despite the identification of modO and MC25239_RS00020, the total number of phase-

variable genes in M. catarrhalis is still far fewer than expected. One possible explanation
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is that M. catarrhalis is less frequently invasive than H. influenzae and N. meningitidis, 

therefore requiring a lesser capacity for adaptation to varied biological niches. Likewise, 

M. catarrhalis may not experience the same selection pressure exerted by circulating

immune effectors in the blood stream that would warrant maintaining a comprehensive

array of phase-variable surface components. The link between invasiveness and phase-

variation is well established within other genera, for example commensal Neisseria

species (excepting Neisseria lactamica) possess significantly lower numbers of phase-

variable genes than the pathogenic Neisseria species (Wanford, et al. 2018). Alternatively,

the phase-variable genes described in our study may not represent the full repertoire of

phase-variable genes in M. catarrhalis due to the limitations of our analysis. Firstly, our

study was based on the five closed genomes available at the time, all of which belong to

the same phylogenetic lineage, ribotype RB1. Since the publication of our study, six

additional closed M. catarrhalis genomes have been deposited in GenBank, along with

32 genomes with scaffold level assemblies. An expanded analysis of these 38 strains may

facilitate the discovery of additional phase-variable genes that were not captured in our

initial investigation, especially if strains belonging to the RB2/3 lineage are included. In

addition, automated bioinformatics tools specifically designed for identifying SSR

repeats, such as PhaseomeIT (Aidley, et al. 2018), have recently become available and

may have significant advantages over our method that was heavily reliant on manual

curation.

In the absence of a large repertoire of phase-variable genes, the epigenetic regulation of 

phasevarions via phase variation of Type III DNA methyltransferases may be an 

important mechanism permitting the rapid adaptation of M. catarrhalis subpopulations to 

varying host microenvironments. While two phase-variable Type III DNA 

methyltransferases displaying variable TRD alleles (modM1-3 and modN1) were 

previously described in M. catarrhalis (Blakeway, et al. 2014; Seib, et al. 2002), the full 

extent of the diversity of phase-variable Type III DNA methyltransferases in the species 

was not appreciated prior to the presentation of this thesis. In analysing 51 genetically 

and geographically diverse M. catarrhalis strains, we identified three novel modM TRD 

alleles (modM4-6), one novel modN TRD allele (modN2), and six novel TRD alleles of 

the previously undescribed modO (modO1-6) (Chapter 2: Blakeway, et al. 2018). In all 

cases the N- and C-terminal regions are well conserved (>90% nucleotide identity), while 

the central TRD is highly variable (35-55% nucleotide identity) between alleles. Using 

Single-Molecule Real-Time (SMRT) sequencing and comparative methylome analysis, 
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we showed that different target sequences are methylated by ModM2 (5’-GARm6AC-3’) 

(Blakeway, et al. 2014) and ModM3 (5’-AC m6ATC-3’) (Chapter 3: Blakeway, et al. 

2019). Thus we hypothesize that the uncharacterized ModM, ModN, and ModO allelic 

variants also methylate unique targets, and these alleles will be the subject of future 

investigation. The detection of methylated adenine nucleotides with long-read sequencing 

platforms is becoming increasingly reliable (McIntyre, et al. 2019), and the use of this 

technology to discover the specificities of the aforementioned uncharacterized 

methyltransferases will provide additional information on epigenetic regulation in M. 

catarrhalis. In other bacterial species, phase-variable Type III DNA methyltransferases 

are among the few genes clearly associated with distinct virulent or avirulent phylogenetic 

clades (Seib, et al. 2011; Tan, et al. 2016). Although there is some evidence to suggest 

that the major M. catarrhalis phylogenetic lineages, RB1 and RB2/3, differ with respect 

to virulence (Wirth, et al. 2007), no lineage specific genes accounting for this difference 

have been identified to date (Earl, et al. 2016). In our investigation of the distribution of 

restriction-modification systems in M. catarrhalis, we identified several restriction-

modification systems that are differentially distributed between the RB1, RB2/3, and 

distantly related ‘divergent’ lineages, including the modM, modN, and modO containing 

restriction-modification systems (Chapter 2: Blakeway, et al. 2018). Briefly, modM is 

overrepresented in strains belonging to the RB1 lineage, while modN is found exclusively 

in strains of divergent lineage, and modO is present in both RB2/3 and divergent lineages 

yet absent from the RB1 lineage. A difference in the distribution of modM alleles was 

also observed between phylogenetic lineages, with the modM2 and modM3 alleles 

associated with the RB1 and RB2/3 lineages, respectively, the rarer modM4, modM5 and 

modM6 alleles being exclusive to the RB2/3 lineage, and modM1 only found in a single 

strain of divergent lineage. Although not explicitly virulence factors, the differential 

distribution of the modM, modN, and modO containing restriction-modification system 

(as well as their respective alleles) may have contributed to the population structure of 

the species by limiting genetic flux, and potentially contributed to diverging virulence 

through their secondary functions as epigenetic regulators of gene expression. Our 

previous study examining a panel of strains from children in the United States found that 

the modM3 allele is overrepresented in middle ear versus nasopharyngeal carriage 

isolates, suggesting a potential role for modM3 in OM (Blakeway, et al. 2014). Expanding 

on our prior study, we examined the distribution of modM alleles in panels of middle ear 

and nasopharyngeal isolates from children in Australia, and although a similar trend was 

observed, the results were not statistically significant (Chapter 2: Blakeway, et al. 2018). 
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Similarly, no difference in the distribution of modM alleles was observed between sputum 

isolates from adult COPD sufferers at the time of exacerbation versus stable colonization. 

Phase variation of Type III methyltransferases has been shown to epigenetically regulate 

the expression of genes important for infection of the human host in all organisms studied 

to date (Seib, et al. 2020). In M. catarrhalis, ModM2 was previously shown to regulate a 

phasevarion containing 34 genes, including genes involved in iron acquisition (fbpA) and 

storage (bfrA) (Blakeway, et al. 2014). modM3 is the only other allele we have found in 

strains associated with OM and exacerbations of COPD and we therefore also 

investigated the genes regulated within the ModM3 phasevarion in this thesis. 

Transcriptome analysis revealed that 29 genes are differentially expressed between 

modM3 phase-variants under aerobic conditions (Chapter 3: Blakeway, et al. 2019), 

including two nitrosative stress response genes (aniA and norB) involved in growth 

during biofilm forming conditions (Wang, et al. 2007), and one putative peroxiredoxin 

(MC195_RS03200) potentially involved in the response to oxidative stress. Notably, no 

overlap in differentially expressed genes was observed between our ModM2 and 

ModM3 expression analyses, adding support to the hypothesis that each allele 

modulates the expression of a distinct M. catarrhalis phasevarion. Despite our 

characterization of two M. catarrhalis phasevarions, the precise mechanism 

underpinning ModM mediated epigenetic regulation is yet to be fully elucidated. The 

absence of ModM2 and ModM3 recognition sites from the promotor region of genes 

regulated within M. catarrhalis phasevarions suggests that methylation of distal 

regulatory sites may be responsible for the changes in expression observed, for 

example ModH5 regulation of flaA in Helicobacter pylori occurs via differential 

methylation of a target ~500 bp upstream of the gene’s transcription start site (Srikhanta, 

et al. 2017). Alternatively, an indirect, more elaborate mechanism of regulation than 

promotor/operator methylation is potentially involved in the regulation of M. 

catarrhalis phasevarions (reviewed in Phillips, et al. 2019), and this will be investigated 

in future studies. Directed by our expression analysis, we also investigated the 

phenotypic effects of ModM3 phase variation in in vitro conditions mimicking 

human infection, including biofilm formation, adherence and invasion, and 

hydrogen peroxide killing assays, however no clear phenotype was observed. It is 

possible that more relevant experimental conditions are required for a clear phenotype to 

be observed, such as exposure to direct sources of nitrosative stress (e.g. sodium 

nitroprusside) or alternative peroxiredoxin substrates (e.g. cumene 

hydroperoxide), or that the differences in aniA, norB, and RS03200 expression are simply
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not large enough to induce a measurable change in phenotype. Despite the lack of a 

discernible in vitro phenotype, we found that modM3 phase variation altered survival of 

M. catarrhalis in an in vivo chinchilla model of OM, with greater recovery the ModM3

OFF variant from chinchilla middle ear effusates after 48 hours of infection (Chapter 3:

Blakeway, et al. 2019). Whether the suite of differentially regulated genes identified in

vitro are responsible for the observed difference in in vivo survival is yet to be confirmed.

Prior microarray analysis demonstrated that the global gene expression profile of M.

catarrhalis is vastly different when grown in broth versus infection of the chinchilla

nasopharynx (Hoopman, et al. 2012), and thus further expression analysis comparing

post-infection populations may reveal additional genes regulated within the ModM3

phasevarion that are not expressed under in vitro growth conditions. Subsequent in vivo

experimentation will also benefit from the use of a larger cohort of chinchillas and longer

infection times in order to mitigate the potential effects of small sample size encountered

in our present study and better model the natural course of M. catarrhalis induced OM.

This thesis has contributed to the growing body of knowledge surrounding M. catarrhalis 

pathogenesis and vaccine development through the identification of novel phase-variable 

genes in the species, as well as the characterization of an important class of epigenetic 

regulators and their context within the global M. catarrhalis phylogeny. Promisingly, we 

did not find that any of the proposed M. catarrhalis vaccine targets are associated with 

SSRs, nor did we find their expression altered by phase variation of ModM2 or ModM3 

under the conditions tested, adding support for their further consideration for vaccine 

development. Although it is possible that expression of M. catarrhalis vaccine antigens 

may be altered by the remaining uncharacterized ModM, ModN, and ModO alleles, their 

host strains are rarely associated with disease and thus the investigation of these 

phasevarions is currently of debatable priority. 
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Complete Genome Sequence of
Moraxella catarrhalis Strain CCRI-195ME,
Isolated from the Middle Ear
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ABSTRACT Moraxella catarrhalis is an important bacterial pathogen that causes oti-
tis media and exacerbations of chronic obstructive pulmonary disease. Here, we re-
port the complete genome sequence of M. catarrhalis strain CCRI-195ME, which con-
tains the phase-variable epigenetic regulator ModM3.

Moraxella catarrhalis is a human-specific pathogen that causes otitis media and
exacerbations of chronic obstructive pulmonary disease (1, 2), but it can also be
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carried asymptomatically in the nasopharynx. The reason for differences in clinical 
presentation remains unclear, as genome analysis of M. catarrhalis isolates suggests a 
highly conserved genome with virulence determinants present in strains of both 
pathogenic and nonpathogenic origins (3, 4).

One potential explanation for the differences in pathology is differential regulation. 
Previous studies show that M. catarrhalis strains have a phase-variable DNA methyl-
transferase, ModM, that can alter the expression of a phase-variable regulon, known as 
a phasevarion (5, 6). Three alleles of ModM have been identified that have distinct DNA 
recognition domains and are hypothesized to alter different phasevarions. The modM3 
allele is more frequently associated with strains isolated from the middle ear during 
otitis media than the nasopharynx during asymptomatic carriage (5). We report here 
the complete genome sequence of strain CCRI-195ME, an M. catarrhalis strain isolated 
from the middle ear of a 16-month-old child prone to otitis media (approved by 
Nationwide Children’s Hospital Institutional Review Board). CCRI-195ME contains the 
modM3 allele (MC195_06605), and this is the first closed genome of an M. catarrhalis 
strain with this allele.

Sequenced DNA was extracted from M. catarrhalis CCRI-195ME and grown on GC 
agar overnight at 37°C with 5% CO2, using the GenElute bacterial genomic DNA kit 
(Sigma-Aldrich), per the manufacturer’s instructions. The DNA was sequenced with the 
PacBio RSII platform using two SMRT cells and 180-min acquisition (Pacific Biosciences). 
Genome sequences were assembled de novo using the hierarchical genome assembly 
process (HGAP) (7). Consensus sequences generated using Quiver were submitted to 
NCBI for annotation with the Prokaryotic Genome Annotation Pipeline (PGAP), and 
annotated sequences were submitted to GenBank.

The CCRI-195ME genome resolved into a complete 1,954,607-bp chromosome 
(41.6% G�C) and a 39,779-bp plasmid (39 5% G�C). The genome consists of 1,782 
predicted coding genes and 66 RNA genes (16 rRNAs and 50 tRNAs). CCRI-195ME 
belongs to 16S rRNA subtype I, as described in (8), and contains many of the known 
M. catarrhalis virulence determinants and vaccine candidates, including MID/Hag, CopB, 
UspA2H, and the transferrin-binding proteins TbpA and TbpB (9). The CCRI-195ME 
plasmid contains 44 predicted open reading frames. Overall, the plasmid does not show
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similarity to any plasmids in the NCBI databases. However, it does contain a number of 
putative homologues to transfer operon (Tra locus) components (10), suggesting that 
the plasmid may be conjugative.

PacBio methylome analysis determined that the ModM3 DNA methylation site 
5=-ACm6ATC-3= is present 4,529 times in the genome (4,446 in the chromosome and 83 
in the plasmid) and is methylated to 100% when ModM3 is expressed. Collectively 
these data will aid in the understanding of how ModM3 mediates regulation and will 
help define the stably expressed immunological target repertoire of this organism. This 
will provide insight into the pathobiology of M. catarrhalis and aid the development of 
antibacterial strategies and vaccines.

Accession number(s). The CCRI-195ME genome has been deposited in GenBank 
under the accession numbers CP018059 (chromosome) and CP018060 (plasmid).
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