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ABSTRACT

Actinobacillus pleuropneumoniae is the cause of
porcine pleuropneumonia, a severe respiratory tract
infection that is responsible for major economic
losses to the swine industry. Many host-adapted bac-
terial pathogens encode systems known as phase-
varions (phase-variable regulons). Phasevarions re-
sult from variable expression of cytoplasmic DNA
methyltransferases. Variable expression results in
genome-wide methylation differences within a bacte-
rial population, leading to altered expression of mul-
tiple genes via epigenetic mechanisms. Our exami-
nation of a diverse population of A. pleuropneumo-
niae strains determined that Type I and Type III DNA
methyltransferases with the hallmarks of phase vari-
ation were present in this species. We demonstrate
that phase variation is occurring in these methyl-
transferases, and show associations between par-
ticular Type III methyltransferase alleles and serovar.
Using Pacific BioSciences Single-Molecule, Real-
Time (SMRT) sequencing and Oxford Nanopore se-
quencing, we demonstrate the presence of the first
ever characterised phase-variable, cytosine-specific
Type III DNA methyltransferase. Phase variation of
distinct Type III DNA methyltransferase in A. pleurop-
neumoniae results in the regulation of distinct pha-
sevarions, and in multiple phenotypic differences rel-

evant to pathobiology. Our characterisation of these
newly described phasevarions in A. pleuropneumo-
niae will aid in the selection of stably expressed anti-
gens, and direct and inform development of a ra-
tionally designed subunit vaccine against this major
veterinary pathogen.

INTRODUCTION

Porcine pleuropneumonia, a severe respiratory disease of
pigs, is caused by Actinobacillus pleuropneumoniae and is
associated with major annual global economic losses to the
swine industry (1). As A. pleuropneumoniae is an obligate
coloniser of the porcine respiratory tract, the organism is
usually isolated from lung and tonsils of acutely or chron-
ically infected pigs (2–4). A. pleuropneumoniae is transmit-
ted by direct contact with infected pigs or aerosol droplets
(5). On the basis of distinct capsular polysaccharides, 19
serovars have been identified (6). Available vaccines reduce
the severity of disease without impacting colonisation, but
these are often serovar specific; no vaccine exists to protect
against all strains, and neither antibiotics nor current vac-
cines eliminate the spread of A. pleuropneumoniae (7,8).

Phase variation is the high-frequency and reversible
switching of gene expression, and is typically associated
with bacterial virulence determinants (9–12), particularly
genes that encode surface structures such as adhesins
(13,14), pili (15), capsule (16) and lipooligosaccharide (17).
Phase variation serves as an extra contingency strategy for
a bacterial population by generating phenotypic diversity.
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The two most common mechanisms of phase variation are
(i) slipped strand mispairing of simple DNA sequence re-
peats (SSRs) located within an open reading frame, or the
promoter, of a gene and (ii) sequence variation through ho-
mologous recombination between expressed and silent loci
that contain inverted repeats (IRs) (18–21). Variation in
length of locus-located SSRs results in a biphasic ON-OFF
switching of gene expression. This is due to changes in the
reading frame commensurate with the number of individual
repeats present in the SSR tract. Homologous recombina-
tion between expressed and silent loci via IRs, also referred
to as antigenic variation, means that a protein is always ex-
pressed, but as multiple allelic variants within a population
dependent on the sequence of the encoding gene that is ex-
pressed. Phase variation can complicate vaccine develop-
ment as it results in an unstable antigenic repertoire, which
can allow, for example, escape of a vaccine primed immune
response.

Recent surveys of the restriction enzyme database RE-
BASE (22) have demonstrated that almost 20% of Type
I and Type III DNA methyltransferases contain the hall-
marks of phase-variable expression (SSR tracts or multi-
ple variable loci that contain IRs) (23–25). Variable methyl-
transferase expression results in genome-wide methylation
differences within a bacterial population, resulting in gene
expression changes via epigenetic mechanisms; these sys-
tems are known as a phasevarions (phase-variable regulon)
(26,27). In every case where a DNA methyltransferase has
been shown to be phase-variable, the resulting phasevarion
controls expression of multiple genes, with these genes of-
ten having roles in host colonisation and virulence, includ-
ing antibiotic resistance, and many phasevarions regulate
expression of putative vaccine candidates. Most phasevari-
ons described to date are controlled by the ON-OFF switch-
ing of adenine specific (m6A) Type III DNA methyltrans-
ferases, encoded by mod genes. Phasevarions controlled by
Type III Mod proteins have been described in a number
of host-adapted bacterial pathogens such as non-typeable
Haemophilus influenzae (27,28), pathogenic Neisseria (26),
Helicobacter pylori (29) and Moraxella catarrhalis (30).
These Mod proteins all switch expression due to the vari-
ation in length of an SSR tract located in the open-
reading frame of the encoding mod gene (Figure 1A).
The DNA sequence recognised and methylated by Type
III Mod proteins is determined by the target recognition
domain (TRD). All currently characterised phase-variable
mod genes can encode multiple different TRD regions, en-
coding multiple different Mod alleles in a species of bacte-
ria. Varying the TRD results in a different DNA sequence
being methylated, and consequently a different phasevar-
ion being regulated. For example, there are currently 21 dif-
ferent modA alleles present in H. influenzae (28,31) and the
pathogenic Neisseria (26,31,32), 19 different modH alleles
in H. pylori, (29,33) and six modM alleles in M. catarrhalis
(30).

Type I DNA methyltransferases can also be phase-
variably expressed. The first described example of a phase-
varion in a Gram-positive bacterial pathogen, Streptococ-
cus pneumoniae, is controlled by a Type I DNA methyltrans-
ferase (34). The phasevarion present in S. pneumoniae, the
SpnD39III system, switches between six different specificity

subunits, encoded by hsdS genes, encoding HsdS proteins,
which dictate the sequence restricted and methylated by the
Type I system. The restriction and methyltransferase com-
ponents of Type I systems are encoded by hsdR and hsdM
genes, respectively (Figure 1B) (35). An active restriction
enzyme is formed by an R2M2S pentamer, with a stand-
alone methyltransferase formed by an M2S trimer. Each
HsdS protein contains two individual TRDs, each of which
contributes half to the overall specificity of the HsdS pro-
tein; therefore, changing a single TRD will result in a vari-
ation in the specificity of the resulting methyltransferase
(Figure 1B). The SpnD39III system in S. pneumoniae con-
tains multiple variable hsdS loci which contain inverted re-
peats, and a gene encoding a recombinase (creX). Homol-
ogous recombination between these multiple variable hsdS
genes via these inverted repeats, and catalysed in part by
the associated recombinase (36), results in the expression
of six different methyltransferase variants within a popula-
tion, which control six different phasevarions, resulting in
six different phenotypic sub-variants within a pneumococ-
cal population (34,37,38). A phase-variable Type I DNA
methyltransferase has also been characterised in the related
organism Streptococcus suis (39), with this system switching
between four different HsdS variants. S. suis also encodes
multiple phase-variable Type III methyltransferases which
switch ON-OFF, and encoded by modS genes (40). Each
distinct ModS allelic variant (ModS1-3) methylates a dis-
tinct DNA sequence, and controls a different phasevarion
(40). S. suis therefore contains both phase-variable Type I
and Type III DNA methyltransferases, although these sys-
tems show a discrete lineage distribution, with strains en-
coding either the phase-variable Type I system, or one of
the three Type III ModS alleles (39).

Our analysis of REBASE revealed the presence of
methyltransferase loci with the hallmarks of phase varia-
tion in A. pleuropneumoniae. Specifically we found multi-
ple mod genes that contained variable numbers of SSRs in
their open-reading frame (23); and Type I systems encod-
ing multiple variable, inverted hsdS loci containing inverted
repeats, which would allow gene shuffling through homol-
ogous recombination (25). Therefore, we sought to charac-
terise these methyltransferases in A. pleuropneumoniae and
determine whether they controlled phasevarions. Defining
these phasevarions allows us to identify the stably expressed
antigenic repertoire of A. pleuropneumoniae, informing vac-
cine development against this major veterinary pathogen.

MATERIALS AND METHODS

Reagents

Genomic DNA was prepared using the Sigma GenElute
bacterial genomic DNA kit according to the manufacturer’s
instructions. Oligonucleotide primers were purchased from
Integrated DNA Technologies (Singapore). PCR was car-
ried out using GoTaq polymerase (Promega, Madison,
USA) or KOD HotStart DNA polymerase (Merck, Darm-
stadt, Germany) according to the manufacturer’s instruc-
tions. Plasmid DNA was prepared using the Promega Wiz-
ard Mini Prep kit (Madison, USA). Restriction enzymes
were purchased from New England Biolabs (NEB, Ipswich,
MA, USA). DNA ligase, polynucleotide kinase (PNK) and
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Figure 1. An illustration of the mechanisms of phase variation that occur in bacterial DNA methyltransferases. (A) Type III mod genes can contain variable
length simple DNA sequence repeat (SSR) tracts in their open-reading frame. During DNA replication, polymerase slippage can occur when replicating
these tracts, leading to loss or gain of repeat units. This variation in length results in the gene being in-frame downstream of the SSR tract, and expressed
(ON), or a change in the reading frame leading to a frame-shift, a premature stop codon, and no expression of the encoded Mod protein (OFF). This
means DNA is methylated (Mod ON) or not (Mod OFF). (B) Type I R-M systems that phase-vary often do so by shuffling between multiple variable hsdS
specificity genes at the Type I R-M locus via recombination between inverted repeats (IRs) encoded in each of these multiple variable hsdS genes. This
results in multiple different HsdS specificity proteins being expressed in a bacterial population, meaning multiple different DNA sequences are methylated
in the bacterial population by the M2S trimer formed, dependent on the HsdS variant present in each individual bacterial cell of the population (four
variants in the example in the illustration).

Antarctic phosphatase used during cloning were all pur-
chased from NEB (Ipswich, MA, USA). Purification of
PCR products was carried out using the Qiagen PCR pu-
rification kit according to the manufacturer’s instructions.

Bacteria and growth conditions

A. pleuropneumoniae isolates were grown on BBL™ blood
agar base supplemented with thiamine HCl (0.0005%),
NADH (0.0025%), oleic acid bovine albumin complex (5%)
consisting of 4.75% bovine serum albumin (Fraction V) in
normal saline (with the saline containing 5% NaOH and
0.06% oleic acid) and heat inactivated horse serum (1%)
(termed BA/SN) (41) or brain heart infusion (BHI, Ox-
oid) agar containing �-nicotinamide adenine dinucleotide,
NAD (0.01%) at 37◦C for 24 h (42). Escherichia coli strains
(DH5� and BL21) were grown overnight in Lysogeny broth
(LB) supplemented with ampicillin at 100 �g/ml or chlo-
ramphenicol at 20 �g/ml as required at 37◦C in a shaker
at 200 rpm (39). For mutant selection, A. pleuropneumoniae
strains were grown overnight on BHI-NAD plates with 1
�g/ml of chloramphenicol. The Type III methyltransferase
genes were cloned into the pET15b vector (Novagen). The

Table 1. Strains of A. pleuropneumoniae used in this study

Strains Serovar
Phase-variable
methyltransferase locus Accession number

AP76 7 modP1, Type I CP001091.1
JL03 3 modP2 and modQ, Type I CP000687.1
S1536 2 modP3, Type I CP031875.1
Femø 6 modP4, Type I CP069796.1
HS 143 15 modP1, modQ CP031859.1
HS 3271 5 modP2 No genome

sequence available

prototype strains of A. pleuropneumoniae used in this study
are listed in Table 1.

Phylogenetic analysis

A total of 210 previously sequenced genomes, and all pub-
licly available genomes from the RefSeq database in NCBI
GenBank were used to determine the distribution of Type
I and Type III R-M systems in A. pleuropneumoniae (Sup-
plementary Table S1). We used as search seeds the con-
served hsdR and hsdM region of the Type I RM system
from AP76 (GenBank locus tags APP7 1526-APP7 1531)
(25), and prototype Type III modP1-4 and modQ genes from
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AP76 (GenBank locus tags APP7 0747), JL03 (GenBank
locus tags APJL 0704) (Table 1). A tblastn (NCBI Gen-
Bank) search against a custom blast database of our collec-
tion of A. pleuropneumoniae was used to score the presence
or absence of each system, where presence was determined
by a >90% nucleotide identity over 90% of the length of the
gene. To create a core genome alignment and phylogeny of
our collection, we first annotated open reading frames using
Prokka (v1.12) (43). Then we used the pangenome software
Panaroo (v1.2.7) (44) with default parameters to create a
core genome alignment. A neighbour joining tree was cre-
ated from this alignment using the functions dist.dna and nj
in the R package ape (45,46) The distribution of the Type I
and III systems were annotated on to the phylogeny using
the interactive Tree of Life (iTOL) (47).

Allelic diversity of Type III mod genes

An allele specific multiplex PCR was developed based on
the TRD region of the prototype strains to identify dif-
ferent Type III methyltransferase genes and alleles present
in un-sequenced isolates. A total of 250 field isolates of A.
pleuropneumoniae submitted from 2000 to 2019 to the ref-
erence identification and serotyping service provided by the
Microbiology Research Group (UQ, Brisbane, Australia)
and serovar 1 to 15 A. pleuropneumoniae reference serovar
strains were screened for Type III mod genes and their allelic
variants (Supplementary Table S2) (48,49). Multiplex PCR
was carried out using GoTaq DNA polymerase (Promega)
according to manufacturer’s instructions using the primers
Mod-TRD-P1-F and Mod-TRD-P1-R, Mod-TRD-P2-F
and Mod-TRD-P2-R, Mod-TRD-P3-F and Mod-TRD-
P3-R, Mod-TRD-P4-F and Mod-TRD-P4-R, Mod-TRD-
Q-F and Mod-TRD-Q-R, listed in Supplementary Table
S3. Cycle conditions were as follows: initial denaturation
at 95◦C for 2 min, followed by 30 cycles of denaturation at
95◦C for 30 s, annealing at 63◦C for 30 s, extension at 72◦C
for 1 min, with a final extension at 72◦C for 10 min. Samples
were checked on 1.5% (w/v) agarose gels buffered with 1x
Tris-borate-EDTA.

Fragment length analysis of Type III mod gene repeat tracts,
and enrichment of ON-OFF strains

To quantify the ON-OFF ratio of each Type III mod gene,
a mod specific primer pair was designed to amplify over
the simple sequence repeat (SSR tract), using methodology
as previously described (39). Briefly, a gene specific primer
pair was designed for each of the two mod genes present
(App-ModP-F-FAM and App-ModP-R or App-ModQ-F-
Yakyel and App-ModQ-R, Supplementary Table S3) with
the forward primer labelled with a fluorescent label to allow
quantification using fragment length analysis (Life Tech-
nologies Australia Pty Ltd). Enrichment of strains express-
ing each Type III mod variant to generate populations of
bacteria containing ∼90% ON or ∼90% OFF was carried
out by single colony screening and enrichment (28). PCR
was carried out using Go-Taq DNA polymerase (Promega)
according to manufacturer’s instructions with following cy-
cling conditions: initial denaturation at 95◦C for 2 min, fol-
lowed by 30 cycles of denaturation at 95◦C for 30 s, anneal-
ing at 52◦C for 30 s, and extension at 72◦C for 30 s, with a

final extension at 72◦C for 5 min. PCR fragments were sent
to Australian Genome Research Facility (AGRF, Brisbane,
Australia) and analysed with Peak Scanner Software v1.0
(Life Technologies Australia Pty Ltd).

RNA extraction and cDNA synthesis

Triplicate cultures of A. pleuropneumoniae enriched ModP
and ModQ ON/OFF variants were grown to mid-log
(OD600 ∼ 0.4–0.7) in BHI broth supplemented with NAD
(0.01%). RNA was prepared from 2 ml of bacterial culture
using Trizol reagent (Thermo-Fisher) according to the man-
ufacturer’s instructions. This RNA was used to synthesize
cDNA using Protoscript II Reverse Transcriptase (NEB)
and random hexamers (NEB) according to the manufac-
turer’s instructions. A reverse transcriptase reaction without
Protoscript II was used as a negative control.

Semi-quantitative RT-PCR

Semi-quantitative RT-PCR was carried out using GoTaq
DNA polymerase (Promega) with 16S rRNA primers (16S
F and 16S R) and one of four Type I allele- specific primer
pairs (alleles A, B, C, D, E, F and G) (Supplementary Table
S3) in a multiplex reaction using following cycling condi-
tions: 95◦C for 2 min, followed by 30 cycles at 95◦C for 30 s,
annealing at 54◦C for 20 s, extension at 72◦C for 45 s and fi-
nal extension at 72◦C for 5 min (39). Samples were checked
on 1.5% (w/v) agarose gels buffered with 1× Tris–borate–
EDTA.

Type I allele quantification

Allelic variants of each hsdS gene in A. pleuropneumo-
niae strain AP76 and JL03 were quantified using FAM la-
belled PCR coupled to a restriction digestion, based on
methods as previously described (34,39). Specifically, PCR
amplification of the whole hsdS locus (3.7 kb) was car-
ried out from extracted genomic DNA using GoTaq DNA
polymerase (Promega) with primers App T1 For FAM and
App T1 Rev (Supplementary Table S3) according to man-
ufacturer’s instructions. PCR cycle conditions were as fol-
lows: initial denaturation at 95◦C for 2 min, followed by 30
cycles of denaturation at 95◦C for 30 s, annealing at 52◦C
for 30 s, and extension at 72◦C for 4 min, with a final ex-
tension at 72◦C for 5 min. The PCR product was then sub-
jected to restriction digestion with BccI and NheI, with the
digestions predicted to produce different sized fragments
for each of the variant forms (Supplementary Figure S1).
DNA fragments were sent to the Australian Genome Re-
search Facility (AGRF, Brisbane, Australia) or the Griffith
University DNA Sequencing Facility (GUDSF) and anal-
ysed with Peak Scanner Software v1.0 (Life Technologies
Australia Pty Ltd). The area of the peak given by each la-
belled fragment, each corresponding to the prevalence of
one of the variant forms, was quantified using Peak Scan-
ner v1.0.

Cloning and over-expression of Type III mod genes (modP1,
modP2 and modQ)

The modP (modP1 and modP2) and modQ genes were
PCR amplified using primers ModP-oE-F and ModP-oE-
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R, ModQ-oE-F and ModQ-oE-R (Supplementary Table
S3) with KOD Hot-start DNA polymerase (Merck) accord-
ing to manufacturer’s instructions. The resulting product
was cloned into the NdeI and BamHI site of the pET15b
vector in such a way that the protein was expressed with
an N-terminal His-tag, and designated as pET15b::modP1,
pET15b::modP2, and pET15b::modQ. After confirmation
of the correct construct by colony PCR (primers: T7 for-
ward and App-ModP-long for ModP and T7 forward and
App-ModQ-long for Mod Q; Supplementary Table S3) and
restriction digestion, proteins were over-expressed in E. coli
BL21 at 37◦C with Isopropyl �-D-1-thiogalactopyranoside
(IPTG) induction (0.5 mM) with 200 rpm shaking. A no in-
duction control was performed under identical conditions.
The presence of over-expressed protein was confirmed using
monoclonal anti-poly histidine alkaline phosphatase anti-
body (Sigma-Aldrich) at 1:20 000 dilution.

Construction of modP1, modP2 and modQ mutants in A.
pleuropneumoniae

All Mod knockout stains were generated by replacing the
TRD region with a chloramphenicol acetyltransferase gene
(cat) (50), previously used to make insertional knockouts
in A. pleuropneumoniae (51). The TRD region was first
removed from the pET15b::modP1 and pET15b::modQ
by inverse PCR using the primers ModP TRD remove F
and ModP TRD remove R; ModQ TRD remove F and
ModQ TRD remove R, (Supplementary Table S3) and the
amplified cat gene (Cm USS For and Cm USS Rev, Sup-
plementary Table S3) was inserted by blunt end ligation.
The constructs created were linearized and transformed
into representative A. pleuropneumoniae strains via MIV
transformation (52). Successful transformants were con-
firmed by PCR (App-ModP-F-FAM and CM-F-check;
App-ModQ-F-Yakyel and CM-F-check, Supplementary
Table S3) and sequencing.

Construction of TRD-less Mod proteins

TRD-less Mod proteins were constructed via in-
verse PCR with primers ModP TRD remove F and
ModP TRD remove R; ModQ TRD remove F and
ModQ TRD remove R (Supplementary Table S3) using
the vector pET15b::modP1 and pET15b::modQ as a
template. The PCR reaction was carried out using KOD
Hot Start DNA polymerase (Merck) according to man-
ufacturer’s instruction. The conserved 5′ and 3′ region
was then fused and the TRD-less proteins over-expressed
using E. coli BL21. Over-expression was carried out
overnight at 37◦C (200 rpm) using IPTG (0.5 mM). After
over-expression, proteins were purified using Talon resin
(Takara Bio) by resuspending the cell pellet in lysis buffer
(50 mM phosphate buffer and 300 mM NaCl) containing
0.1 mg/ml lysozyme and 0.5% SDS and multiple rounds
of sonication. Proteins were eluted from the resin using
gradient imidazole concentration (10–250 mM) in 1×
binding buffer. After analysing fractions by SDS-PAGE
and Western blot, pure fractions were concentrated and
buffer exchanged using centrifugal concentrators (Ami-
con). TRD-less Mod proteins for both ModP and ModQ

were then further purified by electroelution (100 mA
for 30 min) into 1× MOPS buffer using a mini whole
gel eluter (Biorad, Gladesville, NSW, Australia). Protein
fractions were collected from each well and analysed by
silver staining (Sigma) and Western blot using monoclonal
anti poly histidine alkaline phosphatase antibody (1:20
000 dilution). Pure Mod TRD-less proteins (ModP and
ModQ) were dialysed overnight at 4◦C in 1× PBS twice.

Generation of Mod anti-sera

Anti ModP and ModQ sera (primary mouse antibody) were
generated by immunizing five female BALB/c mice (6–8-
week-old). A 50 �g aliquot of electroeluted purified proteins
(TRD-less ModP and ModQ proteins) in alum were ad-
ministered sub-cutaneously per mouse on day 0, 14, 28, 42.
Terminal bleeds were collected on day 58. Serum was sepa-
rated by centrifugation and stored at –20◦C in 50% glyc-
erol. These antibodies (anti-ModP and anti-ModQ sera)
were used as primary antibody. All animal work was ap-
proved by Griffith University Animal Ethics Committee
(GLY/16/19/AEC).

Western blotting

Whole cell lysates of each of the enriched Mod variants were
prepared from mid-log (OD600 ∼ 0.4-0.7) cultures grown
in BHI-NAD broth. Samples were normalized to OD600 of
2.0 and prepared for SDS-PAGE using Novex Bolt™ LDS
sample buffer and �-mercaptoethanol (final concentration
10% [v/v]). Samples were boiled for 20 min at 95◦C and cen-
trifuged at 14 000 × g for 20 min. Samples were run at 150 V
for 1 hr on Novex Bolt™ Bis–Tris Plus precast Gels (4–12%)
with 1× MOPS buffer (Life Technologies Australia Pty Ltd)
and transferred to a nitrocellulose membrane (Bio-Rad,
California, United States) at 15 V for 90 min. The mem-
brane was then blocked overnight with 10% (w/v) skim milk
in 1× Tris-buffered saline with Tween 20 (0.05%) (TBST)
with shaking. The membrane was washed with 1× TBST
3–5 times for a total of 20 min, then incubated with pri-
mary mouse antibody raised against TRD-less ModP and
ModQ proteins at 1:1000 dilution for 1 h at room tempera-
ture. The membrane was washed 3–5 times with 1× TBST
for a total of 20 min and then incubated for an hour with
1:3000 dilution of secondary antibody (goat anti-mouse al-
kaline phosphatase conjugate, Sigma). The membrane was
washed again with 1× TBST 3–5 times for a total of 20 min
and developed using 5-bromo-4-chloro-3-indolylphosphate
(BCIP)/nitro-blue tetrazolium (NBT) (Roche) according to
the manufacturer’s instructions.

Single-Molecule, Real-Time (SMRT) sequencing and methy-
lome analysis

SMRT sequencing and methylome analysis was performed
as described previously (53,54) using genomic DNA iso-
lated using the Sigma GenElute kit, or plasmid DNA iso-
lated with the Qiagen miniprep kit. DNA was sheared (plas-
mid: ∼0.5–2 kb; gDNA: 5–10 kb) using g-TUBEs (Covaris,
Woburn, MA, USA) and sheared DNA was used to pre-
pare SMRTbell template sequencing libraries. After end
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repairing, DNA was ligated to hairpin adapters and a com-
bination of Exonuclease III (NEB; Ipswich, MA, USA)
and Exonuclease VII (USB; Cleveland, USA) were used to
degrade incompletely formed SMRTbell templates. Primer
was annealed and samples were sequenced for long insert
libraries on the PacBio Sequel system. SMRT sequenc-
ing and methylome analysis was carried out at SNPSaurus
(University of Oregon, USA).

Nanopore sequencing and methylome analysis

Genomic and plasmid DNA was isolated as above for
SMRT sequencing. Nanopore sequencing libraries were
prepared from 400 ng of DNA per sample with the Rapid
DNA Barcoding kit (RBK004) according to manufac-
turer’s instructions. A 500 ng pool of 6 indexed plas-
mid libraries was sequenced on 1 PromethION R9.4.1
flow cells (FLO-PRO002) on a PromethION 24 instru-
ment running MinKNOW 22.03.4. Reads were base called
in super-accuracy mode (dna r9.4.1 450bps sup prom)
with demultiplexing, using Guppy 6.0.7 and default pa-
rameters. Read depth was downsampled to 400× per
plasmid with ont fast5 api v4.0.1 (https://github.com/
nanoporetech/ont fast5 api), first filtering for read qual-
ity with Filtong v0.2.1 (https://github.com/rrwick/Filtlong).
DNA modification motif discovery and classification was
performed with Nanodisco v1.0.3 (55), down-sampling
read depth to 400× per plasmid, aligning reads to the
pET15b vector containing the relevant mod insert. For
genomic DNA libraries of E. coli and A. pleuropneu-
moniae, a 500 ng pool of 10 indexed samples was se-
quenced on 1 PromethION R9.4.1 flow cells (FLO-
PRO002) on a PromethION 24 instrument running Min-
KNOW 22.08.6. Reads were basecalled in high-accuracy
mode (dna r9.4.1 450bps hac prom) with demultiplexing,
using Guppy 6.1.5 and default parameters, and downsam-
pled to a read depth of 400× per sample. DNA modification
motif discovery and classification was performed with Nan-
odisco v1.0.3, aligning reads to the E. coli and A. pleurop-
neumoniae complete genomes. During the motif discovery
step, a P-value threshold of –log10(P) >20 was used for peak
sequence selection. A threshold of –log10(P) >100 was ad-
ditionally used in analysis of A. pleuropneumoniae samples.

SWATH MS proteomics

Overnight cultures of enriched ON/OFF variants (ModP1,
ModP2 and ModQ) were grown to mid-log phase (OD600
∼ 0.4–0.7) and cultures were normalized to OD600 of 1.
Cells were harvested by centrifugation (5500 × g for 5 min)
and resuspended in 300 �l of 6 M guanidinium chloride, 50
mM Tris–HCl (pH 8.0) and 10 mM dithiothreitol (DTT).
Proteins were then alkylated by addition of 25 mM acry-
lamide and incubated for 60 min at 37◦C with 500 rpm.
Proteins were precipitated by addition of methanol:acetone
(1:1) and kept overnight at –20◦C. The protein was pel-
leted (18 000 × g, 10 min) and resuspended in 50 �l of
50 mM Tris–HCl containing 1 �g trypsin (NEB). After
overnight incubation at 37◦C, the trypsin digested peptides
were cleaned with ZipTips (Millipore) and SWATH-MS
analysis was performed as described previously (56). Briefly,

tryptic peptides were analyzed by liquid chromatography-
electrospray ionization-tandem mass spectrometry (LC–
ESI-MS/MS) using a Prominence nanoLC system (Shi-
madzu) and a TripleTOF 5600 mass spectrometer with a
NanoSpray III interface (Sciex). Peptides were separated
on a Vydac Everest reversed-phase C18 high-performance
liquid chromatography (HPLC) column at a flow rate of
1ml/min. A gradient of 10–60% buffer B over 45 min, with
buffer A (1% acetonitrile and 0.1% formic acid) and buffer
B (80% acetonitrile and 0.1% formic acid) was used. A
mass spectrometry (MS)-time of flight (TOF) scan was per-
formed from an m/z range of 350 to 1800 for 0.5 s, fol-
lowed by information-dependent acquisition of MS/MS of
the top 20 peptides from m/z 40 to 1800 for 0.05 s per
spectrum, with automated CE (capillary electrophoresis)
selection. Identical LC conditions were used for SWATH-
MS. SWATH-MS of triplicate biological replicates was per-
formed with the same MS-TOF scan, followed by high-
sensitivity information-independent acquisition with m/z
isolation windows with 1 m/z window overlap each for
0.1 s across an m/z range of 400–1250. Collision energy
was automatically assigned by Analyst software (AB Sciex)
based on m/z window ranges. Proteins were identified by
searching against A. pleuropneumoniae strain AP76 and
JL03 (NCBI accession no. CP001091.1 and CP000687.1, re-
spectively) and common contaminants with standard set-
tings using ProteinPilot 5.0.1 (AB Sciex). False-discovery-
rate analysis was performed on all searches. ProteinPilot
search results were used as ion libraries for SWATH anal-
yses. The abundance of proteins was measured automat-
ically using PeakView (AB Sciex) with standard settings.
Comparison of protein relative abundance was performed
based on protein intensities or ion intensities using a lin-
ear mixed-effects model with the MSstats package in R.
Proteins with ≥2.0-fold changes in abundance and with ad-
justed P values greater than ≤0.05 were considered differ-
entially expressed.

Outer membrane protein (OMP) preparations

Enriched ON/OFF variants of A. pleuropneumoniae were
grown to mid log phase (OD600 ∼ 0.4–0.7) in BHI broth
containing 0.01% NAD. The cells were centrifuged at 3000
× g for 15 min and resuspended in 10 mM Tris–HCl (pH
8.0). OMPs were prepared as described previously (57).
Briefly, cells were sonicated and centrifuged at 6500 × g for
15 min. The supernatant was transferred to a new tube and
sarkosyl was added to a final concentration of 1% (v/v). The
mixture was incubated for 30 min at room temperature and
ultracentrifuged at 15 000 × g for 90 min. The pellets were
resuspended in 10 mM Tris–HCl (pH 8.0) containing sarko-
syl (1% v/v final concentration) and incubated for 30 min
at room temperature and, then ultracentrifuged at 15 000 ×
g for 90 min. The supernatant was discarded and the OMP-
enriched pellet was resuspended in 100 �l of 10 mM Tris–
HCl (pH 8.0). The protein concentration was measured us-
ing a Pierce™ BCA protein assay kit (Thermo Scientific). A
5 �g aliquot of each OMP preparation was run using the
Novex Bis–Tris pre-cast gel system with 1× MOPS running
buffer. Ammoniacal silver staining was carried out to visu-
alize gross differences of protein expression due to ModP
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and ModQ phase variation (58). Differences in protein ex-
pression of selected proteins were quantified with ImageJ
software by comparing the selected band intensity to a con-
trol band in the respective ON vs OFF lanes.

Minimal inhibitory concentration

The minimum inhibitory concentration (MIC) assay was
performed by a standardised broth microdilution method
in Muller Hinton broth (MHB) with 2% yeast extract and
NAD (0.1%) (59). The antimicrobials used were ampicillin,
penicillin, florfenicol, ceftiofur, tulathromycin, tilmicosin
and tiamulin. A. pleuropneumoniae ATCC 27090 was used
as the quality control strain as recommended by CLSI
guidelines (59). Briefly, overnight cultures of A. pleuropneu-
moniae enriched mod ON-OFF strains were grown to mid-
log phase (OD600 ∼ 0.4–0.7). Cultures were then diluted to
an OD600 of 0.2 and 50 �l of cultures were loaded into 96-
well plates containing two-fold serially diluted antibiotics
(ampicillin, penicillin, florfenicol from 5 to 0.1 �g/ml; tia-
mulin, tulathromycin, tilmicosin from 128 to 0.25 �g/ml;
and enrofloxacin from 2 to 0.003 �g/ml). Plates were incu-
bated for 24 h at 37◦C under 5% CO2. The MIC (�g/ml)
was determined as the lowest concentration of antibiotic to
inhibit bacterial growth. Each assay was performed in bio-
logical triplicate.

Growth curve and biofilm formation assays

A growth curve assay was performed by diluting overnight
cultures of enriched ON/OFF variants (modP1, modP2 and
modQ) in BHI-NAD broth to OD600 of 0.2. The cultures
were then inoculated in triplicate into a 96-well plate and
incubated at 37◦C with shaking. Absorbance was measured
(OD600) every 15 min using a BMG Labtech Fluostar Op-
tima plate reader for 18 h. Biofilm formation assays was
performed as described previously (60). Enriched ON/OFF
variants of modP1, modP2 and modQ were grown overnight
on a BHI-NAD agar plate (0.01% NAD) at 37◦C. The
bacteria were harvested and suspended in fresh BHI-NAD
broth and standardized to an OD600 of 0.2, and 100 �l of
this suspension was inoculated in triplicate into a 96-well
plate. After overnight incubation at 37◦C, the broth was re-
moved from each well and the well washed with distilled wa-
ter. A 100 �l aliquot of crystal violet (0.1%) was then added
into each well and incubated for 15 min at room tempera-
ture. The wells were washed with water three times and dried
for 30 min at 37◦C. Biofilms were disrupted with 100 �l of
70% ethanol and absorbance was measured at OD590 using
a BMG Labtech Fluostar Optima plate reader.

Statistical analysis

GraphPad Prism 5.0 (GraphPad Software, La Jolla, Cal-
ifornia) was used to generate graphs and statistics. Error
bars represent standard deviation from mean values. P val-
ues were considered as significant at <0.05 (*), <0.01 (**)
and <0.001 (***), assessed using Student’s t test (unpaired,
two tailed). P values of <0.05 were considered not statisti-
cally different (NSD).

RESULTS

Distribution of the phase-variable methyltransferases in A.
pleuropneumoniae

Our analysis of REBASE (22) revealed the presence of mul-
tiple Type I and Type III methyltransferases in A. pleurop-
neumoniae genomes with the hallmarks of phase-variation
(23,25): duplicated variable hsdS genes containing IRs, or
simple DNA sequence repeat (SSR) tracts. We observed the
presence of multiple, duplicated hsdS genes in a Type I R-
M system, with these duplicated variable hsdS genes con-
taining inverted repeats (IRs). This Type I system also con-
tained a gene annotated as a recombinase/integrase. The
hsdR and hsdM genes encoded by this system were highly
conserved (>95% nucleotide identity) in all 15 strains in
REBASE identified to contain this system (25). The ob-
served Type I system may therefore phase-vary much like
the well characterised phase-variable Type I R-M system
in S. pneumoniae strain D39 (34), the SpnD39III system,
and subsequently described in multiple additional strains
of S. pneumoniae (38,61). The prototype A. pleuropneumo-
niae strains AP76 (NCBI accession no. CP001091.1, locus
tags APP7 1526-APP7 1531) and JL03 (NCBI accession
no. CP000687.1, locus tags APJL 1433- APJL 1438) both
encoded this system.

All the Type III mod genes we identified contained a
simple DNA sequence repeat tract within the open read-
ing frame of each mod gene (23). All previously charac-
terised mod genes containing SSRs have been shown to be
phase-variable, and to control a phasevarion (26,28–30,40).
Analysis of the sequences of the Type III mod genes we
identified in A. pleuropneumoniae demonstrated the pres-
ence of two separate, unrelated phase-variable mod genes,
which we named modP and modQ. Both modP and modQ
genes contained a GCACA(n) SSR tract in their 5′ region,
downstream of the annotated ATG start codon. Further
analysis of these sequences demonstrated that modQ was
represented by a single variant. The modQ TRD was the
same in all strains of A. pleuropneumoniae in GenBank
with a closed, annotated genome (28 strains in total) where
a modQ gene is present (e.g. in strain JL03, NCBI ac-
cession no. CP000687, locus tag APJL 0819). Analysis of
all modP sequences from these same 28 strains revealed
the presence of four distinct TRD sequences, indicating
at least four separate allelic variants of the modP gene
present in the A. pleuropneumoniae population, similar to
that seen with multiple other mod genes (26,28,39,62). We
named these alleles modP1 (e.g. in strain AP76, NCBI ac-
cession no. CP001091.1, locus tag APP7 0747), modP2 (e.g.
in strain JL03, NCBI accession no. CP000687.1; locus tag
APJL 0704), modP3 (e.g. in strain S1536, NCBI accession
no. CP031875.1, locus tag D1095 03465), and modP4 (e.g.
in strain Femø, NCBI accession no. CP069796.1, locus tag
D1099 04110).

Using conserved sequences of the identified Type I R-M
system (the hsdR and hsdM regions), and each individual
phase-variable Type III mod gene, we carried out a detailed
sequence analysis using a diverse collection of 182 A. pleu-
ropneumoniae isolates, and the 28 strains with a publicly
available fully annotated whole genome to determine the
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distribution of each of these methyltransferases in A. pleu-
ropneumoniae (Figure 2) (63). All 210 strains used for phylo-
genetic analysis are listed in Supplementary Table S1. This
analysis demonstrated that all strains contained at least one
of the Type III mod genes containing an SSR tract (19).
Of these 210 strains, the modP1 allele was present in 150
strains followed by modQ in 61 strains, modP3 in 20 strains,
modP2 and modP4 in 17 strains. Our analysis demonstrated
that approximately 26% (n = 56) of strains harboured both
modP and modQ genes. This analysis also revealed the dis-
tribution of Type III mod genes is serovar specific. For ex-
ample, 100% of serovar 8 (n = 104) and serovar 7 (n = 21)
encoded the modP1 gene whilst the modP3 gene was only
present in serovar 2 (n = 20). All serovar 5 isolates (n = 6)
were found to harbour the modP2 gene. For serovar 12, six
isolates encoded the modP2 allele and one isolate encoded
the modP4 allele, which was also present in all serovar 6
isolates (n = 10). The modQ gene appears to be absent in
all isolates of serovars 4, 7, 8, 9, 17 and K2:07, as well as
3/21 serovar 2 isolates, whereas it is present in all other
serovar isolates (Figure 2, Supplementary Table S1). In ad-
dition, 195 strains (93%) encoded the Type I locus encod-
ing duplicate, variable hsdS loci containing inverted repeats
(64). Of these 195 strains, 78% (n = 152) encoded both the
Type I system and one of the Type III mod genes contain-
ing SSRs; 22% (n = 43) had both the phase-variable Type I
system and two Type III mod genes containing SSRs. This
analysis indicated that individual strains can contain both
phase-variable Type I and Type III methyltransferases, a
phenomenon never before observed in individual bacterial
strains.

We also investigated the distribution of these newly iden-
tified Type III mod genes in a second collection of A. pleu-
ropneumoniae strains, comprising 250 field isolates and 15
reference strains that represented one of each of the 15
serovars of A. pleuropneumoniae (65) (Supplementary Ta-
ble S2). These field isolates comprise the Australian na-
tional reference collection for A. pleuropneumoniae (48,49).
These field isolates have not been whole genome sequenced,
and represented isolates from diverse geographical loca-
tions around Australia and across the globe. To determine
the Type III genes/alleles present in this collection, we de-
signed primer pairs specific for the TRDs of each modP al-
lele, and for modQ, in order to screen via PCR. This anal-
ysis showed that the most prevalent serovars in Australia
(serovars 1, 5, 7, 12 and 15) (66) harboured the same al-
lelic variant(s) of these newly identified mod genes as in our
first collection. For example, 100% of serovar 1 and serovar
15 isolates encoded the modP1 allele and the modQ gene.
The modP1 allele and modQ gene were also present in A.
pleuropnuemoniae reference strains of serovar 9 and 11. The
modP2 allele and the modQ gene were found in all serovar 5
isolates (100%). For serovar 7, almost all (96%, n = 67) iso-
lates were found to contain only the modP1 allele, with the
exception of a single serovar 7 reference strain (WF83) and
two Australian field isolates that contained the modP1 allele
and modQ gene. The modP3 allele was present in serovar 2
(n = 2), 12 (n = 4), serovar 14 reference strain (n = 1) and
two non-typeable strains. No strain in our culture collection
encoded the modP4 allele except our single serovar 6 ref-
erence strain, Femø. Analysis of the field isolates revealed

that 97% isolates encoded the modP gene (n = 256), with
the modP1 allele being the most prevalent, present in ∼78%
(n = 206) of all isolates. The modP2 allele was found at a
lower frequency, comprising only 15% of isolates (n = 39)
and only 3.8% (n = 10) isolates encoded the modP3 allele. In
addition, 70% of A. pleuropneumoniae isolates in this collec-
tion (n = 185) contained the modQ gene. Overall, approxi-
mately 65% (n = 173) of isolates contained at least one of
the four modP alleles and the modQ gene. Due to high preva-
lence of modP1, modP2 and modQ alleles in our Australian
culture collections, we selected these three alleles for further
analysis in this study.

The Type I system observed in A. pleuropneumoniae is phase-
variable and encodes multiple different TRDs resulting in dif-
ferent HsdS proteins in different strains

In order to determine the extent of variable HsdS proteins
that are encoded by the almost ubiquitous phase-variable
Type I R-M system we have observed in A. pleuropneumo-
niae (Figure 2; illustrated in Figure 3A), we analysed the
sequences of all TRD regions available in REBASE (15
strains). Analysis of these TRD sequences revealed that
there are four unique 5′-TRD sequences, and four unique
3′-TRD sequences present in these strains (Figure 3B; full
sequences and analysis in Supplementary Data 1), mean-
ing a potential 16 unique HsdS proteins are possible de-
pendent on the encoded TRDs present (four possible 5′-
TRD x four possible 3′-TRD). This is unlike other phase-
variable Type I systems, such as the SpnD39III system in
S. pneumoniae (34,37,38,61), and the phase-variable Type
I system in S. suis, (39) where all strains encode the same
TRDs, and therefore shuffle between the same complement
of expressed HsdS proteins. Our prototype strains of AP76
and JL03 encoded a subset of these sixteen potential TRDs:
AP76 encoded a combination of 5’-TRD-1 and 3’-TRD-1
(abbreviated TRD1-1) and TRDs 1-2, 2-2 and 2-1 (compris-
ing alleles A-D; Figure 3C); while in strain JL03 we found
TRDs 2-1, 2-3, 3-3 and 3-1 (comprising alleles D-G; Fig-
ure 3D). In order to demonstrate that these hsdS alleles are
phase-variable, we performed a semi-quantitative RT-PCR
to demonstrate that all four potential hsdS allelic variants
were expressed in a population of A. pleuropneumoniae, as
carried out previously for a phase-variable Type I system in
S. suis (39). This analysis demonstrated that all four hsdS
alleles that we predicted to be present (alleles A-D in strain
AP76, and alleles D-G in strain JL03) were expressed in
a population of the respective strains (Figure 3C and D).
This analysis provides excellent evidence that phase varia-
tion of this Type I system is occurring in both strains by
shuffling of variable TRDs between the expressed and silent
hsdS loci present. We also designed a FAM labelled PCR
coupled to fragment length analysis to quantify the propor-
tion of bacteria expressing each allele within a population
of A. pleuropneumoniae (Supplementary Figure S1). Using
these same prototype strains AP76 and JL03, we showed
that the majority of the population in strain AP76 expressed
hsdS allele A (5′-TRD-1 and 3′-TRD-1), and in strain JL03
hsdS allele E (5′-TRD-2 and 3′-TRD-3), but all other minor
variants were also detectable using this methodology (Sup-
plementary Figure S1D). Along with our semi-quantitative
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Figure 2. The distribution of phase-variable Type I and Type III methyltransferases in A. pleuropneumoniae. A neighbour joining tree of A. pleuropneumo-
niae showing the genetic distance between isolates based on all sites in a core genome. Serovars are represented by coloured clades and the presence of phase
variable Type I and Type III methyltransferases are indicated by different shapes. The scale bar indicates the genetic distance (number of substitutions per
site).

RT-PCR, this conclusively demonstrates phase variation of
the Type I system in A. pleuropneumoniae.

ModP is the first characterised phase-variable cytosine spe-
cific Type III DNA methyltransferase

As described above, we determined the presence of four
unique modP alleles in A. pleuropneumoniae. Each allelic
variant shows high sequence variability in the central TRD
encoding region (illustrated in Figure 4A), with <25% nu-
cleotide identity between each modP allele (Figure 4B), con-
sistent with that seen for other phase-variable mod genes
(39). The 5′ and 3′ regions of these modP alleles share >95%
nucleotide sequence identity.

To examine if these modP genes were phase-variably ex-
pressed, we performed single colony isolation and enrich-
ment to isolate individual variants of prototype strains en-
coding the two most common alleles, modP1 and modP2.
This would allow enrichment for a triplet set of isogenic
strains that were ∼90% pure for a single GCACA(n) SSR
tract length in the respective modP gene. We performed

a FAM-labelled PCR coupled to fragment length analysis
over the GCACA(n) SSR tract to isolate these variants, each
representing one of the three reading frames possible (Fig-
ure 4C). We used strain AP76 as our prototype strain for
modP1 and strain JL03 for modP2. This resulted in a triplet
of modP1 strains in AP76 where the GCACA(n) SSR tract
was 10, 11, or 12 repeats and for modP2 in JL03 with 23,
24 or 25 repeats (Figure 4C). Using whole cell lysates of
these enriched triplet sets of each prototype strain we car-
ried out Western blotting with antisera raised against the
conserved region of ModP. This demonstrated that each
ModP variant is only expressed when the GCACA(n) SSR
tract maintains the open reading frame (ON), and not ex-
pressed when the SSR tract length results in a frameshift
and premature stop codon (OFF) (Figure 4D, full blot in
Supplementary Figure S2). ModP1 in strain AP76 was only
expressed when there were 10 GCACA repeats present, and
ModP2 in strain JL03 when there were 25 GCACA repeats
present.

Using long read sequencing from both PacBio SMRT se-
quencing and Oxford Nanopore technology, we performed
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Figure 3. Demonstration of phase variation of the Type I R-M system in A. pleuropneumoniae. (A) Illustration of the Type I R-M system containing
duplicate, variable hsdS specificity loci that contain IRs. Gene shuffling between variable 5´ and 3´ TRDs produces four unique hsdS genes at the hsdS
expressed locus downstream of the hsdM gene, resulting in the expression of four unique HsdS allelic variants. (B) Alignment of the four 5′ and four 3′
TRDs present in 15 A. pleuropneumoniae strains available in REBASE (see full sequences and analysis in Supplementary Data 1). Alignments were carried
out using Muscle and visualized in JalView overview feature. (C, D) Semi-quantitative RT-PCR was carried out to demonstrate the presence of mRNA for
each of the four encoded hsdS alleles determined to be encoded in each strain, indicating that all four alleles are expressed in the population of AP76 and
JL03. Expected sizes are: allele A = 587 bp, allele B = 557 bp, allele C = 492 bp, allele D = 522 bp, allele E = 626 bp, allele F = 821 bp, allele G = 717
bp. ± annotation refers to the presence (+) or absence (–) of reverse transcriptase in the reverse transcription (cDNA synthesis) reaction.

methylome analysis of both ModP1 and ModP2. We did
this by sequencing both plasmid vectors and genomic DNA
isolated from E. coli BL21 strains over-expressing each
cloned methyltransferase, and genomic DNA isolated from
each of our triplet sets of prototype A. pleuropneumoniae
strains encoding either the modP1 gene (strain AP76) or the
modP2 gene (strain JL03) and modP1 and modP2 knockout
A. pleuropneumoniae mutants. This analysis demonstrated

that both ModP1 and ModP2 are cytosine specific Type III
DNA methyltransferases, each recognising and methylating
a different DNA target sequence. ModP1 methylates a cy-
tosine in the motif CAA(m4)CT, and ModP2 methylates a
cytosine in the motif GWC(m4)CT. Cytosine specific Type
III DNA methyltransferases have been previously identified
(67), but the ModP methyltransferase is the first identified
phase-variable cytosine-specific Type III DNA methyltrans-
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Figure 4. Phase-variable expression of modP. (A) Illustration of the Type
III modP gene present in A. pleuropneumoniae. The modP gene contains
a variable number of GCACA(n) repeats immediately downstream of the
ATG start codon, and a highly variable target recognition domain (TRD)
that dictates DNA sequence specificity of the encoded protein, represented
by the hatched box. The green star on the forward primer depicts a 6-
carboxyfluoresceine (FAM) fluorescent label which allows analysis of PCR
products using GeneScan technology (Applied Biosystems International).
(B) Full-length DNA sequences of modP1, modP2, modP3 and modP4
were aligned using Muscle and visualized in JalView overview feature. Each
blue line represents one nucleotide. (C) Fragment length analysis PCR over
the GCACA(n) repeat tracts from enriched modP1 and modP2 strains with
three consecutive SSR tract lengths in strains AP76 (modP1) and JL03
(modP2). (D) Western blot analysis using anti-ModP sera confirmed phase-
variable expression of ModP, which was only present in a population of A.
pleuropneumoniae enriched for 10 repeats (ModP1) or 25 repeats (ModP2).
MW marker shown represents 90 kDa band (NEB color-plus).

ferase (Table 2; all methylome data is presented in Supple-
mentary Data 2; examples of PacBio and Nanopore anal-
ysis for each type of DNA analysed and motifs detected is
presented in Supplementary Figures S3-S6).

Table 2. Summary of methyltransferase specificities and methodology
used to determine specificity for ModP1, ModP2, and ModQ. Y = de-
tected; nd = not detected; nc = method not carried out

ModP1 ModP2 ModQ
CAA(m4)CT GWC(m4)CT AG(m6)ATG

Motif detected by:
SMRT sequencing A.
pleuropneumonia gDNA

Y nc Y

Nanopore sequencing A.
pleuropneumonia gDNA

nd nd Y

Nanopore sequencing
E. coli gDNA

nd Y Y

SMRT sequencing E. coli
plasmid DNA

nc Y Y

Nanopore sequencing
E. coli plasmid DNA

nd Y Y

ModP1 and ModP2 regulate different phasevarions

Following this novel finding, we wanted to determine if
ModP1 and ModP2 phase-variable expression resulted in
the regulation of different phasevarions, i.e. did cytosine
methylation at different motifs result in different sets of
proteins being regulated commensurate with the observed
phase variation? To quantify the extent of differential pro-
tein expression mediated by ModP1 and ModP2 phase vari-
ation, we carried out quantitative SWATH proteomics (68),
used previously to characterise expression differences medi-
ated by phase-variable DNA methyltransferases (40). The
expression profiles of the ModP1 ON-OFF pair (10 repeats
ON and 11 repeats OFF) and ModP2 ON–OFF pair (25 re-
peats ON and 24 repeats OFF) were assessed by SWATH-
MS proteomics. Both strain pairs showed unique differ-
ences in protein expression dependent on which ModP pro-
tein was expressed, i.e. ModP1 and ModP2 control differ-
ent phasevarions. Our SWATH-MS covered 26% of total
proteins in strain AP76 (ModP1) and 32% of total proteins
in strain JL03 (ModP2). In addition, gross protein expres-
sion differences were observed using outer membrane pro-
tein (OMP) fractions prepared from our enriched modP1
and modP2 ON-OFF pairs (Supplementary Figure S7).

In strain AP76 encoding ModP1, a total of 42 pro-
teins had an expression ratio of ≥2.0 fold different be-
tween the ModP1 ON and ModP1 OFF isogenic strains.
In ModP1 ON, 27 proteins were upregulated, and 15 pro-
teins were downregulated (Table 3). Of the proteins show-
ing increased expression in our ModP1 variant, many are
involved in pathobiology, including the major RTX toxin,
ApxIVA, a heat shock-like protein 33 HslO, and outer
membrane protein W. Several proteins involved in energy
metabolism were also upregulated in ModP1 ON including
succinyl-CoA synthetase beta chain and mannose perme-
ase IID. In addition, several regulatory proteins were up-
regulated in ModP1 ON, such as leucine-responsive regula-
tory protein (Lrp) (69), and a putative HTH-type transcrip-
tional. Several biosynthetic proteins showed an increase
in expression in ModP1 ON, including those involved in
amino acid biosynthesis (ketol-acid reductoisomerase, D-3-
phosphoglycerate dehydrogenase, aspartate-semialdehyde
dehydrogenase), heme biosynthesis (coproporphyrinogen
III oxidase) and lipid A biosynthesis (acylUDP-N- acetyl-
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Table 3. Differentially regulated proteins (≥2.0 fold) in the ModP1 phasevarion

GenPept accession no. Protein Fold changea P

Upregulated in modP1 ON
lcl|CP001091.1 prot ACE62235.1 1583 coproporphyrinogen III oxidase 6.61 3.69E-14
lcl|CP001091.1 prot ACE61315.1 663 leucine-responsive regulatory protein 5.01 7.51E-14
lcl|CP001091.1 prot ACE61181.1 529 succinyl-CoA synthetase beta chain 4.51 6.64E-06
lcl|CP001091.1 prot ACE60975.1 323 orotate phosphoribosyltransferase 4.46 0.007753
lcl|CP001091.1 prot ACE62538.1 1886 glycyl-tRNA synthetase alpha chain 4.34 1.04E-06
lcl|CP001091.1 prot ACE62374.1 1722 mannose permease IID component 3.87 3.34E-07
lcl|CP001091.1 prot ACE61400.1 748 putative HTH-type transcriptional regulator 3.11 1.78E-15
lcl|CP001091.1 prot ACE61925.1 1273 aspartate-semialdehyde dehydrogenase 2.84 1.95E-08
lcl|CP001091.1 prot ACE62463.1 1811 putative helicase 2.80 4.44E-16
lcl|CP001091.1 prot ACE61796.1 1144 outer membrane protein W precursor 2.63 2.93E-11
lcl|CP001091.1 prot ACE62605.1 1953 predicted glycosyltransferase 2.54 1.47E-12
lcl|CP001091.1 prot ACE62018.1 1366 heat shock-like protein 33 2.37 5.57E-07
lcl|CP001091.1 prot ACE61642.1 990 putative HTH-type transcriptional regulator 2.33 8.47E-13
lcl|CP001091.1 prot ACE61487.1 835 dihydroorotate dehydrogenase 2.31 3.50E-13
lcl|CP001091.1 prot ACE61083.1 431 acyl-[acyl-carrier-protein]–UDP-N-

acetylglucosamine O-acyltransferase
2.30 8.88E-16

lcl|CP001091.1 prot ACE61707.1 1055 RTX toxin protein 2.24 2.98E-09
lcl|CP001091.1 prot ACE62109.1 1457 D-3-phosphoglycerate dehydrogenase 2.13 0
lcl|CP001091.1 prot ACE62595.1 1943 ketol-acid reductoisomerase 2.11 4.60E-06
lcl|CP001091.1 prot ACE61725.1 1073 putative nucleoside transporter 2.05 7.97E-14
lcl|CP001091.1 prot ACE61350.1 698 stringent starvation protein A-like protein 2.02 0
Downregulated in modP1 ON
lcl|CP001091.1 prot ACE62516.1 1864 50S ribosomal protein L15 11.22 0
lcl|CP001091.1 prot ACE61298.1 646 50S ribosomal protein L13 5.45 5.64E-14
lcl|CP001091.1 prot ACE60961.1 309 outer membrane protein precursor PalA 3.90 0
lcl|CP001091.1 prot ACE62502.1 1850 50S ribosomal protein L22 3.20 1.22E-06
lcl|CP001091.1 prot ACE62519.1 1867 30S ribosomal protein S13 3.20 0
lcl|CP001091.1 prot ACE61863.1 1211 protein of unknown function 2.81 1.75E-13
lcl|CP001091.1 prot ACE61186.1 534 hypothetical metalloprotease 2.67 2.57E-06
lcl|CP001091.1 prot ACE62732.1 2080 malonyl CoA-acyl carrier protein transacylase

(MCT)
2.55 4.38E-09

lcl|CP001091.1 prot ACE61346.1 694 alanyl-tRNA synthetase 2.48 0.026124
lcl|CP001091.1 prot ACE61722.1 1070 10 kDa chaperonin 2.47 5.37E-11
lcl|CP001091.1 prot ACE62133.1 1481 30S ribosomal protein S21 2.44 2.46E-11
lcl|CP001091.1 prot ACE62514.1 1862 30S ribosomal protein S5 2.35 0
lcl|CP001091.1 prot ACE62497.1 1845 50S ribosomal protein L3 2.30 2.73E-11
lcl|CP001091.1 prot ACE62670.1 2018 lipoprotein 2.11 1.28E-08
lcl|CP001091.1 prot ACE62738.1 2086 50S ribosomal protein L21 2.11 0

aFold change presented as modP1 ON versus modP1 OFF.

glucosamine O-acyltransferase). In the ModP1 OFF strain,
many ribosomal proteins, outer membrane protein precur-
sor PalA, lipoprotein and the fatty acid biosynthesis protein
(malonyl CoA-acyl carrier protein transacylase (MCT))
exhibited increased expression compared to ModP1 ON
(Table 3).

In strain JL03, phase variation of ModP2 resulted in var-
ied expression of a different set of proteins, with 35 pro-
teins showing a ≥2.0-fold expression ratio between ModP2
ON and ModP2 OFF, of which 9 proteins were upregulated
in ModP2 ON, and 26 proteins downregulated in ModP2
ON (Table 4). Our ModP2 ON strain showing increased
expression of proteins involved in central metabolism, in-
cluding an acyl carrier protein, a biotin carboxyl carrier
protein of acetyl-CoA carboxylase, a GTP binding protein
and a transcription factor, NusA. In ModP2 OFF, pro-
teins showing increased expression included the major RTX
toxin, ApxIIIA, as well as a different set of proteins in-
volved in general metabolism compared to ModP2 ON,
such as glucose-6-phosphate 1-dehydrogenase, 2-dehydro-
3-deoxyphosphogluconate aldolase and several amino acid
biosynthesis proteins. The expression of several CRISPR
associated proteins, three stress response factors (a large-

conductance mechanosensitive channel, an excinuclease
ABC subunit A, and sigma-factor 32) were also upreg-
ulated in ModP2 OFF, as were several proteins involved
in fatty acid and phospholipid metabolism (putative acyl
CoA thioester hydrolase, long-chain-fatty-acid–CoA lig-
ase). ModP2 OFF also resulted in increased expression of
key outer-membrane components, including a galactosyl-
transferase involved in lipooligosaccharide biosynthesis.

ModQ is a phase-variable adenine specific DNA methyltrans-
ferase that controls a phasevarion

We also characterised the second observed mod gene, modQ
that contained a GCACA(n) repeat tract in A. pleuropneu-
moniae, (23) (Figure 5A). In order to determine if the modQ
gene was also phase-variable, we also isolated a triplet set of
strains with three consecutive repeat tract lengths in strain
JL03 (GCACA(n) repeat tracts of 9, 10, and 11 repeats; Fig-
ure 5B). Using ModQ specific antisera, we demonstrated
that ModQ was only expressed when there were 9 GCACA
repeats present in the SSR tract (Figure 5C, full blot in
Supplementary Figure S8), and was OFF (not expressed)
when either 10 or 11 GCACA repeats were present (Fig-
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Table 4. Differentially regulated proteins (≥2.0-fold) in the ModP2 phasevarion

GenPept accession no. Protein Fold changea P

Upregulated in modP2 ON
lcl|CP000687.1 prot ABY69746.1 1140 30S ribosomal protein S18 2.73 0
lcl|CP000687.1 prot ABY69872.1 1266 cell division protein 2.47 0.000118073
lcl|CP000687.1 prot ABY69199.1 593 transcription termination-antitermination factor,

N utilization substance protein A
2.22 3.79696E-14

lcl|CP000687.1 prot ABY69164.1 558 50S ribosomal protein L13 2.17 0
lcl|CP000687.1 prot ABY69109.1 503 GTP-binding protein 2.10 0.003240173
lcl|CP000687.1 prot ABY70345.1 1739 ribosomal protein L3 2.09 0
lcl|CP000687.1 prot ABY70457.1 1851 probable biotin carboxyl carrier protein

ofacetyl-CoA carboxylase
2.08 2.22045E-16

lcl|CP000687.1 prot ABY69980.1 1374 30S ribosomal protein S12 2.06 3.0332E-08
lcl|CP000687.1 prot ABY70138.1 1532 30S ribosomal protein S20 2.00 4.33653E-13
Downregulated in modP2 ON
lcl|CP000687.1 prot ABY68823.1 217 CRISPR-associated protein 5.81 3.43312E-06
lcl|CP000687.1 prot ABY68822.1 216 CRISPR-associated protein 4.82 1.82401E-05
lcl|CP000687.1 prot ABY69880.1 1274 glucose-6-phosphate 1-dehydrogenase 3.38 9.47071E-08
lcl|CP000687.1 prot ABY69548.1 942 putative acyl CoA thioester hydrolase 3.36 1.66756E-07
lcl|CP000687.1 prot ABY70422.1 1816 RNA polymerase sigma-32 factor 3.29 2.28241E-05
lcl|CP000687.1 prot ABY69946.1 1340 cytochrome c-type biogenesis ATP-binding

protein
3.17 1.71531E-05

lcl|CP000687.1 prot ABY70177.1 1571 large-conductance mechanosensitive channel 2.95 1.66276E-06
lcl|CP000687.1 prot ABY69857.1 1251 putative anti-sigma factor B antagonist 2.80 2.79039E-06
lcl|CP000687.1 prot ABY69902.1 1296 RTX-III toxin determinant A from serotype 8 2.68 2.00981E-08
lcl|CP000687.1 prot ABY69558.1 952 lipooligosaccharide galactosyltransferase I 2.55 2.57572E-14
lcl|CP000687.1 prot ABY69349.1 743 excinuclease ABC subunit A 2.54 3.19712E-08
lcl|CP000687.1 prot ABY70365.1 1759 preprotein translocase SecY subunit 2.49 0
lcl|CP000687.1 prot ABY69384.1 778 purine nucleotide synthesis repressor 2.44 3.37474E-07
lcl|CP000687.1 prot ABY68738.1 132 HTH-type transcriptional regulator 2.43 3.02394E-07
lcl|CP000687.1 prot ABY68934.1 328 selenide, water dikinase 2.37 0.001943867
lcl|CP000687.1 prot ABY69007.1 401 long-chain-fatty-acid–CoA ligase 2.27 1.42109E-14
lcl|CP000687.1 prot ABY69263.1 657 DNA topoisomerase I 2.24 0
lcl|CP000687.1 prot ABY70116.1 1510 ribosomal protein L11 methyltransferase 2.18 5.69989E-13
lcl|CP000687.1 prot ABY69847.1 1241 ATP-dependent Clp protease, ATP-binding

subunit
2.18 0

lcl|CP000687.1 prot ABY70381.1 1775 BC-type Fe3+-hydroxamate transport
system,periplasmic component

2.15 8.87205E-08

lcl|CP000687.1 prot ABY70139.1 1533 TRK system potassium uptake protein 2.14 0
lcl|CP000687.1 prot ABY68772.1 166 putative iron-sulfur binding NADH

dehydrogenase
2.14 3.53401E-06

lcl|CP000687.1 prot ABY69607.1 1001 prephenate dehydratase / chorismate mutase 2.11 5.7693E-09
lcl|CP000687.1 prot ABY69592.1 986 2-dehydro-3-deoxyphosphogluconate aldolase 2.10 1.44871E-11
lcl|CP000687.1 prot ABY70089.1 1483 serine acetyltransferase 2.07 1.37564E-06
lcl|CP000687.1 prot ABY68649.1 43 putative tRNA/rRNA methyltransferase 2.02 1.74394E-11

aFold change presented as modP2 ON versus modP2 OFF.

ure 5C). As our prototype strain JL03 encoded both ModQ
and the ModP2 allele, we carried out Western blotting with
our ModP2 and ModQ triplet set of strains to ensure that
the mod gene under study contained the second mod gene in
the same ON-OFF state, i.e, did our modQ ON-OFF pair
contain the modP2 gene in the same state, and vice-versa.
These Western blots (Supplementary Figure S9) demon-
strated that in our ModQ ON-OFF triplet, where ModQ is
either 9 GCACA repeats ON, or 10 or 11 GCACA repeats
OFF (anti-ModQ antisera), modP2 was OFF in all three
strains (anti-ModP sera with the same ModQ cell lysates).
Analysis of the ModP2 triplet strain set showed that ModQ
was ON in the ModP2 strain where there were 23 GCACA
repeats, but ModQ was OFF in strains encoding ModP2 25
repeats ON, or ModP2 24 repeats OFF (anti-ModQ sera
with the same ModP2 cell lysates). Therefore, for pheno-
typic analysis, we would use ModP2 ON GCACA 25 re-
peats, and ModP2 OFF GCACA 24 repeats (as described
above).

Methylome analysis using genomic DNA from our triplet
set of A. pleuropneumoniae JL03 strains encoding ModQ
ON or OFF, and plasmid and genomic DNA from over-
expression of ModQ and modQ knockout A. pleuropneumo-
niae mutant strain, demonstrated that the ModQ methyl-
transferase was an adenine specific Type III DNA methyl-
transferase, recognising the motif AG(m6)ATG (Table 2;
Supplementary Data 2). This was confirmed using both
PacBio SMRT sequencing and Oxford Nanopore long read
sequencing and methylome analysis (Table 2; Supplemen-
tary Data 2; Supplementary Figures S3–S6).

Quantitative SWATH proteomics with a ModQ ON-
OFF pair (9 repeats ON and 10 repeats OFF) demonstrated
a total of 86 proteins had an expression level of ≥2.0-fold
difference between ModQ ON-OFF pair, with 62 proteins
upregulated and 24 proteins downregulated in expression
in ModQ ON strain (Table 5). In ModQ ON strain, sev-
eral proteins were upregulated including major RTX toxin,
ApxIIIC, outer membrane lipoprotein VacJ, cell envelop
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Figure 5. Phase-variable expression of modQ. (A) Illustration of the Type
III modQ gene present in A. pleuropneumoniae. The modQ gene is present
as single allelic variant (a single TRD, represented by the purple box), and
like modP, also contains a variable number of GCACA(n) repeats immedi-
ately downstream of the ATG start codon. The green star on the forward
primer depicts a 6-Carboxyfluoresceine (FAM) fluorescent label. (B) Frag-
ment length analysis PCR over the GCACA(n) repeat tract from enriched
modQ strains with three consecutive SSR tract lengths in strain JL03. (C)
Western blot analysis using anti-ModQ sera confirmed phase-variable ex-
pression of ModQ, which was only present in a population of A. pleurop-
neumoniae enriched for nine repeats. MW marker shown represents 90 kDa
band (blue) and 72 kDa band (red) (NEB color-plus)

proteins and several stress response proteins such as excin-
uclease ABC subunit A (UvrA), conserved glutaredoxin-
like protein, peptide methionine sulfoxide reductase, thiore-
doxin (TrxA) and survival protein E (SurE). Proteins in-
volved in metabolic pathway as well as amino acid biosyn-
thesis proteins were also showed higher expression in ModQ
ON strain. A DNA biosynthetic enzyme, as well as pro-
teins involved in nutrient uptake and energy metabolism
showed increased expression in ModQ ON strain compared
to ModQ OFF strain. In the ModQ OFF strain, several ri-
bosomal proteins, and proteins involved in fatty acid and
phospholipid metabolism (probable biotin carboxyl carrier
protein of acetyl-CoA carboxylase, accB) were all upregu-
lated. Three major outer membrane proteins were also up-
regulated in ModQ OFF strain compared to ModQ ON
strain (OmpH family outer membrane protein, MomP1
and ModP2). Two cell division proteins (ZipA and FtsZ)
also showed increased expression in ModQ OFF com-
pared to ModQ ON strain (Table 5). In addition, examina-
tion of OMP fractions from ModQ ON and ModQ OFF
showed gross differences in outer-membrane protein ex-
pression (Supplementary Figure S7).

The ModP1 phasevarion affects growth rate and biofilm for-
mation

We conducted standard growth curves of our enriched mod
ON/OFF variants (modP1, modP2 and modQ) in BHI-
NAD broth to determine if switching of mod genes could
affect growth rates of A. pleuropneumoniae. Strain AP76
expressing ModP1 (ModP1 ON) exhibited a significantly
higher growth rate compared to its isogenic strain that
did not express modP1 (ModP1 OFF) (Figure 6A). Phase-
variable expression of both modP2 and modQ had no im-
pact on growth rate (Figure 6B and C). A standard static
biofilm assay found that biofilms formed by the modP1 ON
variant were larger in mass than its isogenic modP1 OFF
variant (Figure 6A; P ≤ 0.01 determined with Student’s t-
test). No differences in biofilm formation were found be-
tween either the ModP2 or the ModQ ON versus OFF
variants (Figure 6B and C), indicating that both growth
rate and biofilm formation are influenced by ModP1 phase-
variation.

Phase variation of ModP2 influences susceptibility to antibi-
otics

Some human-adapted pathogens showed differential sus-
ceptibility to antibiotics due to phase variation of mod
genes (28,70). Therefore, we aimed to demonstrate if any of
the three phasevarions (ModP1, ModP2 or ModQ) influ-
enced susceptibility to antibiotics regularly used to treat A.
pleuropneumoniae infections in pigs. MIC is defined as the
lowest concentration of antibiotic used to inhibit bacterial
growth. MIC assays of our enriched ON/OFF pairs of three
mod genes (modP1, modP2 and modQ) were carried out to
investigate susceptibility to ampicillin, penicillin, florfeni-
col, ceftiofur, tulathromycin, tilmicosin and tiamulin. This
analysis showed that whilst the ModP1 and ModQ phase-
varions did not result in any differential responses to the
antibiotics tested, expression of ModP2 (ON) resulted in
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Table 5. Differentially regulated proteins (≥2.0-fold) in the ModQ phasevarion

GenPept accession no. Protein Fold changea P

Upregulated in modQ ON
lcl|CP000687.1 prot ABY68862.1 256 xanthine-guanine phosphoribosyltransferase]

[protein
8.93 0.000147057

lcl|CP000687.1 prot ABY70372.1 1766 30S ribosomal protein S16 3.80 0
lcl|CP000687.1 prot ABY69185.1 579 phospho-2-dehydro-3-deoxyheptonate aldolase 3.40 0
lcl|CP000687.1 prot ABY69592.1 986 2-dehydro-3-deoxyphosphogluconate aldolase 3.31 0
lcl|CP000687.1 prot ABY69650.1 1044 thioredoxin 3.31 0
lcl|CP000687.1 prot ABY69908.1 1302 Ni, Fe-hydrogenase I large subunit 3.15 2.50E-12
lcl|CP000687.1 prot ABY70373.1 1767 16S rRNA processing protein RimM 2.91 0
lcl|CP000687.1 prot ABY69141.1 535 topoisomerase IV subunit A 2.91 0
lcl|CP000687.1 prot ABY69700.1 1094 probable cysteine desulfurase 2.84 6.00E-07
lcl|CP000687.1 prot ABY69903.1 1297 hemolysin-activating lysine-acyltransferase HlyC 2.82 4.66E-07
lcl|CP000687.1 prot ABY68934.1 328 selenide, water dikinase 2.80 1.44E-09
lcl|CP000687.1 prot ABY69485.1 879 tRNA nucleotidyltransferase (CCA-adding

enzyme)
2.74 2.06E-05

lcl|CP000687.1 prot ABY69060.1 454 succinyl-CoA synthetase beta chain 2.71 5.40E-12
lcl|CP000687.1 prot ABY68859.1 253 alanine racemase 2.71 0
lcl|CP000687.1 prot ABY69012.1 406 ADP-heptose synthase 2.70 0
lcl|CP000687.1 prot ABY69598.1 992 peptide methionine sulfoxide reductase 2.70 1.35E-10
lcl|CP000687.1 prot ABY69076.1 470 probable NADP-dependent dehydrogenase 2.70 0
lcl|CP000687.1 prot ABY69496.1 890 chaperone protein 2.67 1.24E-14
lcl|CP000687.1 prot ABY68920.1 314 RNA polymerase associated protein 2.66 5.50E-08
lcl|CP000687.1 prot ABY69263.1 657 DNA topoisomerase I 2.65 2.35E-14
lcl|CP000687.1 prot ABY70239.1 1633 glucose inhibited division protein B 2.62 3.02E-11
lcl|CP000687.1 prot ABY69311.1 705 penicillin-insensitive murein endopeptidase A 2.57 4.88E-15
lcl|CP000687.1 prot ABY70441.1 1835 L-lactate dehydrogenase 2.57 1.93E-11
lcl|CP000687.1 prot ABY68823.1 217 CRISPR-associated protein 2.57 8.17E-07
lcl|CP000687.1 prot ABY69266.1 660 3-phosphoshikimate 1-carboxyvinyltransferase 2.52 1.43E-06
lcl|CP000687.1 prot ABY70426.1 1820 asparagine synthetase A 2.50 0
lcl|CP000687.1 prot ABY70522.1 1916 acid phosphatase stationary-phase survival

protein
2.46 1.82E-14

lcl|CP000687.1 prot ABY69069.1 463 phosphatase 2.44 0
lcl|CP000687.1 prot ABY69363.1 757 transcriptional regulatory protein 2.43 0
lcl|CP000687.1 prot ABY68679.1 73 conserved glutaredoxin-like protein 2.41 0
lcl|CP000687.1 prot ABY69466.1 860 formate dehydrogenase formation protein 2.37 1.45E-10
lcl|CP000687.1 prot ABY69035.1 429 glutamate dehydrogenase 2.35 1.03E-12
lcl|CP000687.1 prot ABY70089.1 1483 serine acetyltransferase 2.34 2.66E-15
lcl|CP000687.1 prot ABY69998.1 1392 malate/quinone oxidoreductase 2.34 6.66E-15
lcl|CP000687.1 prot ABY69828.1 1222 phosphate-binding periplasmic protein precursor 2.33 2.90E-11
lcl|CP000687.1 prot ABY68765.1 159 pyrroline-5-carboxylate reductase 2.32 1.56E-05
lcl|CP000687.1 prot ABY68640.1 34 peptidyl-tRNA hydrolase 2.31 2.13E-10
lcl|CP000687.1 prot ABY69857.1 1251 putative anti-sigma factor B antagonist 2.29 1.24E-14
lcl|CP000687.1 prot ABY70455.1 1849 probable 3-dehydroquinate dehydratase 2.27 2.28E-13
lcl|CP000687.1 prot ABY68958.1 352 nucleoside diphosphate kinase 2.26 0
lcl|CP000687.1 prot ABY69867.1 1261 adenylate kinase 2.24 0
lcl|CP000687.1 prot ABY69221.1 615 aspartate aminotransferase 2.20 3.80E-06
lcl|CP000687.1 prot ABY69074.1 468 putative formate–tetrahydrofolate ligase 2.19 1.16E-07
lcl|CP000687.1 prot ABY69847.1 1241 ATP-dependent Clp protease, ATP-binding

subunit
2.18 0

lcl|CP000687.1 prot ABY69913.1 1307 transcription repair coupling factor 2.17 0
lcl|CP000687.1 prot ABY70482.1 1876 3-hydroxydecanoyl-(acyl-carrier protein)

dehydratase
2.17 0

lcl|CP000687.1 prot ABY70163.1 1557 teichoic acid biosynthesis protein 2.15 2.94E-12
lcl|CP000687.1 prot ABY70513.1 1907 VacJ lipoprotein 2.11 0
lcl|CP000687.1 prot ABY69349.1 743 excinuclease ABC subunit A 2.11 0
lcl|CP000687.1 prot ABY69868.1 1262 iron-regulated outer membrane protein 2.10 9.46E-13
lcl|CP000687.1 prot ABY68649.1 43 putative tRNA/rRNA methyltransferase 2.10 7.79E-13
lcl|CP000687.1 prot ABY68772.1 166 putative iron-sulfur binding NADH

dehydrogenase
2.09 1.16E-08

lcl|CP000687.1 prot ABY69958.1 1352 3-oxoacyl-(acyl-carrier-protein) synthase III 2.08 0
lcl|CP000687.1 prot ABY69892.1 1286 PTS system phosphocarrier protein HPr 2.06 4.22E-15
lcl|CP000687.1 prot ABY70055.1 1449 ribonuclease R 2.06 5.34E-06
lcl|CP000687.1 prot ABY69558.1 952 lipooligosaccharide galactosyltransferase I 2.05 2.77E-11
lcl|CP000687.1 prot ABY70051.1 1445 DNA primase 2.03 5.12E-13
lcl|CP000687.1 prot ABY70004.1 1398 periplasmic sugar-binding protein 2.03 0
lcl|CP000687.1 prot ABY68711.1 105 pyrroline-5-carboxylate dehydrogenase /proline

dehydrogenase
2.02 0

lcl|CP000687.1 prot ABY68647.1 41 GTP-binding protein 2.02 8.33E-12
lcl|CP000687.1 prot ABY68852.1 246 acetylglutamate kinase 2.01 0
lcl|CP000687.1 prot ABY70173.1 1567 putative immunogenic protein 2.00 7.91E-12
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Table 5. Continued

GenPept accession no. Protein Fold changea P

Downregulated in modQ ON
lcl|CP000687.1 prot ABY69746.1 1140 30S ribosomal protein S18 7.60 9.12E-13
lcl|CP000687.1 prot ABY70138.1 1532 30S ribosomal protein S20 5.06 4.60E-12
lcl|CP000687.1 prot ABY69748.1 1142 30S ribosomal protein S6 4.16 0
lcl|CP000687.1 prot ABY69872.1 1266 cell division protein 3.90 1.77E-06
lcl|CP000687.1 prot ABY69019.1 413 outer membrane protein 3.79 4.44E-16
lcl|CP000687.1 prot ABY70640.1 2034 peptide chain release factor 1 3.69 2.56E-10
lcl|CP000687.1 prot ABY70457.1 1851 probable biotin carboxyl carrier protein

ofacetyl-CoA carboxylase
3.41 1.07E-14

lcl|CP000687.1 prot ABY70344.1 1738 ribosomal protein S10 3.29 9.74E-10
lcl|CP000687.1 prot ABY69164.1 558 50S ribosomal protein L13 3.25 0
lcl|CP000687.1 prot ABY70356.1 1750 ribosomal protein L24 3.07 3.06E-13
lcl|CP000687.1 prot ABY70345.1 1739 ribosomal protein L3 2.66 0
lcl|CP000687.1 prot ABY69579.1 973 ribosomal protein S15P/S13E 2.63 6.22E-11
lcl|CP000687.1 prot ABY69980.1 1374 30S ribosomal protein S12 2.57 2.11E-08
lcl|CP000687.1 prot ABY70030.1 1424 FkbP-type peptidyl-prolyl cis-trans isomerase 2.44 3.90E-06
lcl|CP000687.1 prot ABY69130.1 524 elongation factor Ts 2.36 0
lcl|CP000687.1 prot ABY70592.1 1986 ribosomal protein L21 2.25 0
lcl|CP000687.1 prot ABY68630.1 24 cell division protein 2.22 0
lcl|CP000687.1 prot ABY69043.1 437 glyceraldehyde 3-phosphate dehydrogenase 2.19 0
lcl|CP000687.1 prot ABY70444.1 1838 major outer membrane protein 2.11 0
lcl|CP000687.1 prot ABY70005.1 1399 major outer membrane protein 2.08 0
lcl|CP000687.1 prot ABY70368.1 1762 30S ribosomal protein S11 2.07 4.72E-08
lcl|CP000687.1 prot ABY70367.1 1761 30S ribosomal protein S13 2.07 0
lcl|CP000687.1 prot ABY70351.1 1745 30S ribosomal protein S3 2.05 1.63E-12
lcl|CP000687.1 prot ABY70348.1 1742 50S ribosomal protein L2 2.00 0

aFold change presented as modQ ON versus modQ OFF.

significantly higher resistance (higher MIC) to all tested an-
tibiotics except enrofloxacin compared to ModP2 OFF (Ta-
ble 6). These findings suggested that global DNA methy-
lation by ModP2 phasevarion has an impact on antibiotic
susceptibility by as yet unidentified mechanisms.

DISCUSSION

Many host-adapted bacterial pathogens contain phase-
variable genes that are typically associated with bacterial
surface structures (13,71–74) and allow bacteria to ran-
domly switch gene expression to generate phenotypically di-
verse bacterial population (18). Phasevarions add a further
level of complexity to understanding bacterial gene regula-
tion, as these systems randomly switch expression of mul-
tiple genes. The only way to characterise phasevarions, as
the genes regulated do not contain any consistent identifi-
able features, is proteomic or gene expression profile anal-
ysis in organisms encoding a phase-variable DNA methyl-
transferase in ON or OFF states, or expressing each of the
alternate specificity proteins.

Our phylogenetic analysis reveals that a phase-variable
Type I methyltransferase is present in almost all strains of
A. pleuropneumoniae, and that this system is highly vari-
able: different strains contain multiple variable hsdS loci.
Sequence analysis of the hsdS genes present in multiple
strains encoding this locus showed a high level of variability
across these strains. This demonstrates that different strains
of A. pleuropneumoniae encoding the phase-variable Type
I locus encode different HsdS variants, and therefore con-
trol different phasevarions. This is in contrast to the other
characterised phase-variable Type I methyltransferases in S.
pneumoniae (SpnIII system) (34) and S. suis (39), where all

strains contain the same HsdS variants. Our demonstration
using semi-quantitative RT-PCR showed the expression of
all four HsdS variants in strains AP76 (variants A–D) and
JL03 (D–G), providing good evidence that all HsdS vari-
ants are expressed and functional and that this Type I sys-
tem is phase-variable. We also demonstrated that in addi-
tion to the major expressed hsdS allele (allele A in strain
AP76 and allele E in strain JL03), minor variants do exist
in populations of strain AP76 and JL03 using our bespoke
FAM-labelled PCR assay. Whether this Type I system con-
trols different phasevarions remains to be elucidated.

Our study provided a major focus on the phase-variable
Type III methyltransferases encoded in A. pleuropneumo-
niae. This demonstrated the presence of two distinct phase-
variable mod genes in A. pleuropneumoniae (23), which we
have named modP and modQ. By analysing multiple strain
collections, we identified four allelic variants of modP (en-
coding proteins ModP1-4), and a single variant of modQ.
These mod genes show a distinct conservation within dif-
ferent serovars of A. pleuropneumoniae. We confirmed that
both modP and modQ switch expression ON-OFF due to
changes in length of a locus encoded GCACA(n) SSR tract
using prototype strains encoding modP1 (strain AP76),
modP2 (strain JL03) and modQ (strain JL03) (Figures 4 and
5) using our well-established FAM-labelled PCR coupled
to fragment length analysis (28,39,40,75). Western blotting
using antisera against the conserved region of ModP and
ModQ confirmed expression of each gene is commensurate
with GCACA(n) SSR tract length, confirming that all these
Mod proteins are phase-variable.

Using enriched ON–OFF pairs in our prototype strains
for ModP1, ModP2 and ModQ, we used a combination of
SMRT sequencing and Oxford Nanopore sequencing with
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Figure 6. The impact of modP and modQ phase-variation on growth rate in BHI-NAD broth (right) and biofilm formation (left) was investigated with
enriched modP and modQ ON/OFF variants. (A) The ModP1 ON variant showed a higher growth rate and formed a statistically larger biofilm (determined
with Student’s t-test; **P ≤ 0.01) than ModP1 OFF. (B, C) Phase variation of modP2 and modQ genes had no impact on growth rate and biofilm formation
(no significant difference, NSD; assessed using Student’s t-test).

technology specific methylome analysis to determine the
specificity of each Mod protein. Although PacBio long read
technology is well established as the gold-standard to solve
methyltransferase specificities de novo (76,77), Nanopore se-
quencing to solve the specificity of bacterial DNA methyl-
transferases has also been used effectively (55,76). This
analysis demonstrated that ModQ is an adenine specific
phase-variable DNA methyltransferase, methylating the se-
quence 5′-AG(m6)ATG-3′. All other Type III Mod proteins

that have been shown to control phasevarions are also ade-
nine specific DNA methyltransferases (28,39,40,75). Our
methylome analysis demonstrated that ModP is cytosine-
specific, making it the first identified and characterised
phase-variable cytosine-specific Mod that controls a pha-
sevarion. In common with all other Mod proteins, differ-
ent allelic variants of ModP methylate different DNA se-
quences (ModP1 methylates 5′-CAA(m4)CT-3′ and ModP2
methylates 5′-GW(m4)CCT-3′). Whilst we used the gold
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Table 6. MICs of seven antibiotics for A. pleuropneumoniae strains encoding modP1, modP2 and modQ alleles. Breakpoints are presented as �g/ml, with
S = sensitive, R = resistant

MIC (�g/ml)
Antibiotics (breakpoints) ModP1 ON ModP1 OFF ModP2 ON ModP2 OFF ModQ ON ModQ OFF

Ampicillin (S ≤ 0.5; R > 2) 5 5 5 0.6 0.6 0.6
Penicillin (S ≤ 0.5; R > 2) 5 5 5 0.6 0.6 0.6
Florfenicol (S ≤ 2; R ≥ 8) 0.32 0.32 5 0.32 0.32 0.32
Tilmicosin (S ≤ 16; R ≥ 32) 32 32 64 16 16 16
Tiamulin (S ≤ 16; R ≥ 32) 16 16 128 8 16 8
Enrofloxacin (S ≤ 0.25; R > 1) 0.03 0.03 0.03 0.03 0.03 0.03
Tulathromycin (S ≤ 64) 16 16 64 16 16 16

standard of PacBio SMRT sequencing and methylome
analysis to conclusively show that ModP1 recognises 5′-
CAA(m4)CT-3′, we used a combination of PacBio and
Nanopore methodologies to determine the ModP2 speci-
ficity of 5′-GW(m4)CCT-3′. Both were shown to be cytosine
specific, with different specificities due to each allele encod-
ing a different TRD. Interestingly, in contrast to SMRT se-
quencing, we could not detect methylation by ModP1 using
Nanopore sequencing of genomic DNA isolated from ei-
ther E. coli over-expressing this methyltransferase, or from
A. pleuropneumoniae strains encoding ModP1. We were also
unable to detect ModP2 methylation using A. pleuropneu-
moniae genomic DNA. Despite rigorous analysis and re-
finement of our methodology, it remains unclear why this
is the case, and beyond the scope of this current work, as
adenine methylation by ModQ was easily detected using
Nanopore technology with all DNA used, confirming our
findings with our PacBio methodology. Nevertheless, we
confirmed methyltransferase specificity of ModP1, ModP2,
and ModQ using multiple methods, conclusively demon-
strating each recognises and methylates a unique DNA tar-
get sequence. All these motifs are novel, and not currently
present in REBASE (22) as recognition sequences.

Using SWATH proteomics, a well-established method
to study protein expression differences mediated by phase-
variable DNA methyltransferases (40,78,79), we demon-
strate that all three Mod variants (ModP1, ModP2, and
ModQ) control distinct sets of proteins, i.e. they all control
different phasevarions. It is likely that differential genome-
wide methylation resulting from phase-variation of these
methyltransferases regulates genes in multiple ways (80),
and it would be interesting to determine the precise molecu-
lar mechanism of regulation of the genes regulated by these
phasevarions in future work. Several proteins with key roles
in A. pleuropneumoniae pathobiology, are all controlled by
different phasevarions. These proteins include the major
RTX toxins (ApxIVA, ApxIIIA and ApxIIIC) (81–83), sev-
eral outer membrane proteins (83) and proteins involved in
lipooligosaccharide and capsule biosynthesis (84), implying
a complex mode of regulation of these factors, and raising
questions about their suitability for use in vaccines against
A. pleuropneumoniae. Inclusion of phase-variable proteins
as components of subunit vaccines has previously been dis-
counted, as variable expression of vaccine targets could lead
to a decrease in vaccine efficacy. As we identify several pro-
teins in multiple phasevarions that are A. pleuropneumoniae
vaccine candidates, including the Apx toxins (81–83), it is
critical to understand the exact mode of regulation of these

proteins in order to direct and inform vaccine subunit vac-
cine development.

Phenotypic analysis of using our enriched ON-OFF pairs
demonstrates a complex effect on the phenotype of strains
encoding the phase-variable Mod proteins ModP1, ModP2,
and ModQ. We reveal that ModP1 ON-OFF switching re-
sults in key differences in growth rate and biofilm forma-
tion. This variation in growth rate may give one popula-
tion a selective advantage during long-term carriage. As
biofilm formation is a key pathology of A. pleuropneumo-
niae (85,86), strains encoding ModP1 could result in dif-
ferent disease outcomes, or even niche specific differences,
dependent on the ON-OFF status of ModP1. Intriguingly,
ModP1 ON showed a decrease in expression of several ri-
bosomal proteins (Table 3) when compared to ModP1 OFF.
Bacteria such as E. coli show maximal expression of ribo-
somal proteins during growth (87), so it is interesting that
ModP1 ON actually shows a decrease in expression of these
compared to ModP1 OFF whilst demonstrating a higher
growth rate. This in contrast with that previously seen in
A. pleuropneumoniae (88) so perhaps there are other as yet
unidentified mechanisms regulated by ModP1 that allow
the higher growth rate in ModP1 ON compared to ModP1
OFF. Biofilm formation also increases resistance to antimi-
crobials (89–91), although we did not observe a difference
in MIC with our ModP1 ON-OFF pair. Phase-variable
switching of ModP2 did, however, have a major effect on
the MIC of A. pleuropneumoniae. When ModP2 was ON,
we observed significantly greater MIC using multiple classes
of antibiotic when compared to the ModP2 OFF strain.
This suggests that ModP2 controls expression of proteins
required for antibiotic resistance and could have major ef-
fects on the treatment of A. pleuropneumoniae infections in
pigs, as well as implications for the spread of antibiotic re-
sistance. For example, treating diseased pigs with standard
concentrations of antibiotics may lead to a selection for the
ModP2 ON state in those strains encoding this Mod allele,
and lead to an emergence of resistance. Differences in an-
tibiotic resistance with phase-variable genes (13) and other
phasevarions (28) have also been observed previously.

In summary, this study demonstrates the presence of mul-
tiple phase-variable DNA methyltransferases in A. pleurop-
neumoniae, and has characterised the first ever phasevari-
ons controlled by multiple variants of a cytosine specific
phase-variable Mod, ModP. Multiple phase-variable Type
III methyltransferases in A. pleuropneumoniae control dis-
tinct phasevarions, each of which has a unique effect on pro-
tein expression, and on phenotypes such as biofilm forma-
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tion (ModP1) and antibiotic resistance (ModP2). The pres-
ence of multiple phase-variable DNA methyltransferases
controlling phasevarions is likely to complicate vaccine de-
velopment and the treatment of infections using antibiotics.
Defining the stably expressed antigenic repertoire of an or-
ganism is key to the rational design of subunit vaccines. As
no broadly effective protective vaccine is available against
A. pleuropneumoniae, understanding the role of phasevari-
ons is key to not only treating infections, but also to under-
standing which proteins are stably expressed; by thoroughly
characterising the proteins controlled by phasevarions in A.
pleuropneumoniae, we have provided the baseline to future
vaccine development against a major veterinary bacterial
pathogen.
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51. Bossé,J.T., Sinha,S., Schippers,T., Kroll,J.S., Redfield,R.J. and
Langford,P.R. (2009) Natural competence in strains of Actinobacillus
pleuropneumoniae. FEMS Microbiol. Lett., 298, 124–130.

52. Herriott,R.M., Meyer,E.M. and Vogt,M. (1970) Defined nongrowth
media for stage II development of competence in Haemophilus
influenzae. J. Bacteriol., 101, 517–524.

53. Clark,T.A., Murray,I.A., Morgan,R.D., Kislyuk,A.O., Spittle,K.E.,
Boitano,M., Fomenkov,A., Roberts,R.J. and Korlach,J. (2011)
Characterization of DNA methyltransferase specificities using
single-molecule, real-time DNA sequencing. Nucleic Acids Res., 40,
e29.

54. Murray,I.A., Clark,T.A., Morgan,R.D., Boitano,M., Anton,B.P.,
Luong,K., Fomenkov,A., Turner,S.W., Korlach,J. and Roberts,R.J.
(2012) The methylomes of six bacteria. Nucleic Acids Res., 40,
11450–11462.

55. Tourancheau,A., Mead,E.A., Zhang,X.-S. and Fang,G. (2021)
Discovering multiple types of DNA methylation from bacteria and
microbiome using nanopore sequencing. Nat. Methods, 18, 491–498.

56. Peak,I.R., Chen,A., Jen,F.E.-C., Jennings,C., Schulz,B.L.,
Saunders,N.J., Khan,A., Seifert,H.S. and Jennings,M.P. (2016)
Neisseria meningitidis lacking the major porins PorA and PorB is
viable and modulates apoptosis and the oxidative burst of
neutrophils. J. Proteome Res., 15, 2356–2365.

57. Murphy,T.F., Dudas,K.C., Mylotte,J.M. and Apicella,M.A. (1983) A
subtyping system for nontypable Haemophilus influenzae based on
outer-membrane proteins. J. Infect. Dis., 147, 838–846.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/7/3240/7058191 by guest on 18 Septem

ber 2023



3260 Nucleic Acids Research, 2023, Vol. 51, No. 7

58. Oakley,B.R., Kirsch,D.R. and Morris,N.R. (1980) A simplified
ultrasensitive silver stain for detecting proteins in polyacrylamide
gels. Anal. Biochem., 105, 361–363.

59. CLSI (ed). (2020) In: Performance Standards for Antimicrobial Disk
and Dilution Susceptibility Tests for Bacteria Isolated from Animals.
5th edn., Clinical and Laboratory Standards Institute Wayne, PA.

60. Labrie,J., Pelletier-Jacques,G., Deslandes,V., Ramjeet,M., Auger,E.,
Nash,J.H. and Jacques,M. (2010) Effects of growth conditions on
biofilm formation by Actinobacillus pleuropneumoniae. Vet. Res., 41,
03.

61. Li,J., Li,J.W., Feng,Z., Wang,J., An,H., Liu,Y., Wang,Y., Wang,K.,
Zhang,X., Miao,Z. et al. (2016) Epigenetic switch driven by DNA
inversions dictates phase variation in Streptococcus pneumoniae.
PLoS Path., 12, e1005762.

62. Blakeway,L.V., Tan,A., Lappan,R., Ariff,A., Pickering,J.L.,
Peacock,C.S., Blyth,C.C., Kahler,C.M., Chang,B.J. and Lehmann,D.
(2018) Moraxella catarrhalis restriction–modification systems are
associated with phylogenetic lineage and disease. Genome Biol. Evol.,
10, 2932–2946.
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