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ABSTRACT

Type | restriction-modification (R-M) systems consist
of a DNA endonuclease (HsdR, HsdM and HsdS sub-
units) and methyltransferase (HsdM and HsdS sub-
units). The hsdS sequences flanked by inverted re-
peats (referred to as epigenetic invertons) in certain
Type | R-M systems undergo invertase-catalyzed in-
versions. Previous studies in Streptococcus pneu-
moniae have shown that hsdS inversions within
clonal populations produce subpopulations with pro-
found differences in the methylome, cellular physiol-
ogy and virulence. In this study, we bioinformatically
identified six major clades of the tyrosine and serine
family invertases homologs from 16 bacterial phyla,
which potentially catalyze hsdS inversions in the epi-
genetic invertons. In particular, the epigenetic inver-
tons are highly enriched in host-associated bacteria.
We further verified hsdS inversions in the Type | R-M
systems of four representative host-associated bac-
teria and found that each of the resultant hsdS allelic
variants specifies methylation of a unique DNA se-
quence. In addition, transcriptome analysis revealed
that hsdS allelic variations in Enterococcus faecalis
exert significant impact on gene expression. These
findings indicate that epigenetic switches driven by
invertases in the epigenetic invertons broadly op-
erate in the host-associated bacteria, which may

broadly contribute to bacterial host adaptation and
virulence beyond the role of the Type | R-M systems
against phage infection.

INTRODUCTION

Bacterial restriction-modification (R-M) systems were orig-
inally discovered in enterobacteria as a defense mechanism
against bacteriophage invasion (1-3), and later found in the
vast majority of prokaryotic organisms (4,5). At present,
more than 20 000 R-M systems are listed in the REBASE re-
striction enzyme database (6). The R-M systems have been
divided into four Types based on their constituents and
modes of the action. All of the R-M systems possess re-
striction endonuclease (R) and nucleotide modification (M)
enzyme activities except for Type IV R-Ms, which encode
only endonucleases for digestion of methylated DNA and
do not have a modification function. Type II R-M systems
are the best-known type, in which both the R and M sub-
units function independently as an endonuclease (R) and
modification (M) enzyme, respectively. The Type I systems
represent the most complex R-M type, possessing three sub-
units encoded by host specificity determinant (4sd) genes:
hsdR (restriction), hsdM (modification) and /sdS (speci-
ficity). The Type I R-M enzyme is a pentameric complex
with two copies of the HsdR (R) and HsdM (M) subunits
together with one HsdS (S) subunit (7). Unlike the coun-
terparts in Type II R-M systems, the Type I R and M sub-
units are incapable of recognizing target DNA sequences
and thus depend on the S subunit to do so. In the absence
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of the R subunit, the M and S subunits can still retain DNA
methyltransferase (M Tase) activity. Each HsdS protein con-
sists of two target recognition domains (TRD); each TRD
recognizes a half of the target sequence (8). Two TRDs in
a given HsdS protein are functionally separated from each
other and form a functional S subunit of the Type I R-M
MTase by combining with another TRD from an unrelated
HsdS protein (9); the resulting MTase methylates a new se-
quence.

Recent studies have uncovered many special Type I and
III R-M systems or phasevarions, which enable the host
bacteria to undergo reversible switches or phase variations
in genome methylation pattern and virulence-associated
traits (10). At least three mechanisms have been described to
drive reversible sequence changes in phasevarions: (i) nat-
ural frame-shifting mutations in the ssdM genes in Type
III R-M systems, (ii) reversible excisions-reintegration in
the hsdS genes of Type I R-M systems and (iii) inver-
sions in the AsdS genes of Type I R-M systems. Changes
in polynucleotide repeat tract of R-M genes are shown to
result in ON-or-OFF phase variations in the expression
of functional R-M proteins by the slipped-strand mispair-
ing mechanism (11-13). Recombinase-mediated excision-
reintegration between two AsdS genes in the SpnVI Type
I R-M system of Streptococcus pneumoniae leads to phase
variations in pneumococcal methylome (14). Programmed
inversions in the /4sdS genes of Type I R-M systems have
been reported in many bacteria, such as Bacteroides fragilis
(15), Lactobacillus salivarius (16), Listeria monocytogenes
(17), Mycoplasma pulmonis (18,19), S. pneumoniae (20-24)
and Streptococcus suis (25). More importantly, the resultant
phase variations in bacterial methylome are associated with
profound changes in transcription of bacterial genes, par-
ticularly those encoding virulence factors (5,10,23).

The biochemical mechanisms and epigenetic impacts of
the AsdS inversions are most extensively studied in the Sp-
nlIl Type I R-M system or colony opacity determinant
(cod) locus of S. pneumoniae. The inversions among the
three AsdS genes are predominantly catalyzed by a tyrosine
recombinase family invertase PsrA or CreX through recog-
nizing pairs of inverted repeats flanking the invertible se-
quences (21,23,26-27). The hsdS inversions in S. pneumo-
niae allow a single cell to generate multiple allelic variants of
the HsdS subunits, each of which forms a DNA MTase that
methylates a unique sequence (21,23), resulting in exten-
sive differences in methylome. More importantly, the methy-
lomes defined by /ZsdS allelic variants determine the tran-
scriptome, colonies opacity phases and pathogenic traits of
S. pneumoniae (21,23,28).

Previous studies have revealed that many archaeal and
bacterial species possess Type I R-M systems with mul-
tiple hsdS genes (5,21,29). DNA inversions catalyzed by
serine recombinases and tyrosine recombinases have been
well documented to drive ON/OFF orientations of the pro-
moter sequences flanked by inverted repeats or invertons,
and thereby cause phase variations in the expression of flag-
ella, pilus, capsule and surface proteins in many bacteria
(30-32). Because the well-characterized inversions in Type
I R-M systems share the same biochemical principles with
the reactions in the phase variable promoter invertons: in-
vertase and invertible sequences flanked by a set of inverted
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repeats (33,34), we will use the term epigenetic inverton to
define the invertible AsdS sequences bound by pairs of in-
verted repeats.

This study bioinformatically characterized the general
features of potentially invertible Type I R-M systems, or
epigenetic invertons, in phylogenetically diverse bacteria
and experimentally analyzed inversions in the epigenetic
invertons of B. fragilis, Enterococcus faecalis, Streptococ-
cus agalactiae and Treponema denticola. By determining the
DNA methylomes in these bacteria, we establish that the al-
lelic variants of the Type I R-M DNA MTases generated by
the AsdS inversions result in distinct DNA methylation pat-
terns in these bacteria. Finally, the epigenetic impact of the
recombinations on gene expression was assessed in E. fae-
calis. The broad significance of the epigenetic invertons is
discussed.

MATERIALS AND METHODS
Bacterial strains and cultivation, and chemical reagents

All bacterial strains used in this study are listed in Supple-
mentary Table S1. B. fragilis NCTC9343 (ATCC25285) and
T denticola ATCC35405 were obtained from the American
Type Culture Collection (ATCC); S. agalactiae strain 515
from Michael R. Wessels (35). E. faecalis strain TH4125
was originally isolated from a urine culture of a patient with
liver cirrhosis in the 302 People’s Liberation Army (PLA)
Hospital (Beijing, China); strain H25 was a clinical iso-
late from Hospital Universitario Ramon y Cajal (Madrid,
Spain) (36). S. pneumoniae TH5160 was constructed as de-
scribed below and used as a host strain to determine DNA
methylation activities of the /sdS allelic variants gener-
ated by AhsdS inversions. S. pneumoniae and S. agalactiae
strains were cultured in Todd-Hewitt broth supplemented
with 0.5% yeast extract (THY) or on tryptic soy agar plates
containing 3% sheep blood as previously described (21).
E. faecalis was grown in brain-heart infusion (BHI) broth or
on BHI agar plates. B. fragilis and T. denticola were grown
in tryptone-yeast extract-gelatin-volatile fatty acids-serum
(TYGVS) medium at 37°C in an anaerobic chamber with
85% nitrogen, 5% hydrogen and 10% CO, as previously de-
scribed (37,38). Escherichia coli DH5a was used for molec-
ular cloning of AsdS sequences and grown in Luria—Bertani
(39) broth or on LB agar plates as described (21). All chem-
icals and molecular biology reagents were obtained from
Sigma (Shanghai, China) and New England Biolabs (Bei-
jing, China), unless stated otherwise. All primers were sup-
plied by Ruibio Biotech (Beijing, China) and listed in Sup-
plementary Table S2.

Bioinformatic analysis of epigenetic invertons

Putative epigenetic invertons in the REBASE database were
identified by downloading all available Type I R-M systems
(on 10 July 2020) and filtered for those with at least two AsdS
genes. The sequences generated from metagenome or mixed
sample sequencing were excluded from further analysis due
to potential AsdS gene mis-assembly during the sequenc-
ing process. The sequences from redundant genomes of the
same bacteria (the same genome with different accession
numbers) were also excluded. The genomic information of
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the resulting 3292 Type I R-M loci from 2829 strains was
obtained from NCBI using Entrez Direct (EDirect, https:
/lwww.ncbi.nlm.nih.gov/books/NBK179288). The protein
sequences of AsdS genes were downloaded from REBASE
(http://rebase.neb.com/cgi-bin/seqsget?L+gd), and used to
determine the coding regions and orientations in genomes.
The Type I R-M loci with /AsdS genes with opposite orienta-
tions were probed for the presence of adjacent invertase ho-
mologs within 10 kilo-bases (kb) from either the 5’ or 3’ cod-
ing boundary of /sdS based on their sequence annotations.
Amino acid sequences of the resulting invertase homologs
were compared by Molecular Evolutionary Genetics Anal-
ysis (MEGA) software (version 10.1.7 for Mac). Phyloge-
netic placement of the target bacteria was carried out by
searching the NCBI databases and LPSN website (https:
/Iwww.bacterio.net). Habitat placement of the invertase-
positive species was carried out in the ProGenomes site
(progenomes.embl.de) as described (40).

The invertase-positive epigenetic invertons in the NCBI
databases were identified by a combination of multiple
searches. A single representative invertase sequence was first
chosen from each of the five major clades identified in the
REBASE search based on the available information from
the literature and this work: PsrA of S. pneumoniae (21,23)
for clade 1, TvrR of S. pneumoniae (41) for clade 2, BiA
(B. fragilis invertase A) for clade 3 (15), EfiA (E. faecalis
invertase A) for clade 4 and MfiA (Mycoplasma fermentans
invertase A) for clade 5. These five proteins, along with the
HvsR invertase of M. pulmonis (19) (referred to as clade
6), were used as queries to identify homologs in the non-
redundant database by Protein BLAST as previously de-
scribed (5). Because the queries of clades 1-4 yielded much
large numbers of hits with higher homology levels than
those of clades 5 and 6, subsequent analyses were focused
on the hits with a 107!% or lower probability (e) value for
clades 1-4 and the hits representing the top 100 species for
clades 5-6. Due to overrepresentation of certain bacterial
species by too many strains, the original hits were filtered
to leave only one representative hit from each species in
the subsequent analyses (with highest homology with the
query). The simplified six lists were then used to trace the
corresponding DNA sequences in NCBI and identify Type
I R-M genes based on their annotations. A physical distance
of 2 kb was arbitrarily set as a cutoff between an invertase
homolog and its nearest R-M genes (hsdR, hsdM or hsdS).
In case more than one invertase homolog was identified
within this range, only the one proximal to the R-M gene
was considered. The resulting R-M systems were analyzed
for multiple 4sdS genes by the existing annotations in the
accessions or BLAST analysis of unannotated ORFs in the
absence of functional annotations for the ORFs surround-
ing the target invertase genes. The phylogenetic placement
of the inverton-positive bacteria was identified as described
above.

Detection of AsdS inversions

DNA inversions in Type I R-M loci were detected by poly-
merase chain reaction (PCR) and DNA sequencing as de-
scribed in our previous work (21). Briefly, potentially in-
vertible ssdS sequences were amplified from genomic DNA

with combinations of a forward primer in the non-invertible
hsdM gene and another primer in the downstream /hsdS
sequences. Both the forward and reverse orientations of
the downstream primers were used to detect DNA inver-
sions. The genome sequences of 7. denticola ATCC35405
(accession AE017226), B. fragilis NCTC9343 (CR626927),
S. agalactiae 515 (AAJP01000001-AAJP01000255) and E.
faecalis H25 (GCA_002289045.2) were used to map the R-
M loci and design the primers. Initial sequencing analysis of
the Efa41251 locusin E. faecalis TH4125 was carried out us-
ing primers Pr12967 and Pr12979, which were designed with
the sequence of E. faecalis strain L12 (CP018102). Success-
ful amplification in the reactions with the same-orientation
primer sets was an initial indicator of DNA inversion(s) for
the target sequences, which was verified by DNA sequenc-
ing of the amplicons. The sizes of the secondary /sdS genes
are defined by the nucleotides between the 5" ends of their
relevant IR sequences and termination codons.

In E. faecalis H25, the orientation of the /AsdS alleles
in the EfaH251 locus was quantified as described (23). In
brief, using the primer pair ZJ41F 5-TTAGCTATGCTT
GATGACCTAGTGGTAACGGAAG-3 (FAM labeled)
and ZJ41R S-TTTTCTGTTACGCATACTTCCTCCAA
ATGATAGTTGTT-3, the segment containing both /4sdS
alleles was amplified and then digested with BciVI and
Hpy991. This restriction digestion yielded allele specific la-
beled fragments (allele A 878 bp, B 996 bp, C 963 bp and D
843 bp), which were quantified by capillary electrophoresis
and analyzed using Peak Scanner v1.0 software (Thermo
Fisher, UK). To generate wild type stocks expressing the
same hsdS allele, H25 was plated and single colonies were
selected and passaged. Three independent stocks express-
ing the same /sdS allele in over 70% of cells were gener-
ated for each of the four variants (allele A stocks MRO768,
MRO769, MRO770; allele B stocks MRO771, MRO772,
MRO773; allele C stocks MRO774, MRO775, MRO776; al-
lele D stocks MRO777, MRO778, MRO779).

DNA amplification and analysis

Target DNA fragments were amplified by PCR with a high
fidelity PrimeSTAR DNA polymerase (TaKaRa, Dalian,
China) as described (20). Sequences of PCR products and
plasmids were determined using the Sanger sequencing
method by Ruibio Biotech (Beijing, China) (42). Rho-
independent transcription terminators were characterized
by the internet-based ARNold program (http://rna.igmors.
u-psud.fr/toolbox/arnold/index.php#Results); promoters
were predicted using Neural Network Promoter Prediction
(http://www.fruitfly.org/seq_tools/promoter.html). Routine
DNA sequence analyses for inverted repeats, sequence
homology, coding, restriction features and primer design
were carried out with the Lasergene package (version
15.0.0 for Mac).

Detection of DNA methylation

Methylated DNA sequence motifs in bacterial genomes
were identified by single molecule real-time (SMRT) se-
quencing essentially as described (20). The methylomes
of B. fragilis NCTC9343, E. faecalis TH4125, S. agalac-
tiae 515 and T. denticola ATCC35405 were determined
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by the PacBio RS II system in the W. M. Keck Founda-
tion Biotechnology Resource Laboratory at Yale Univer-
sity, and deposited in the SRA database under the PR-
JNAS593863 project. The genomes and methylation motifs
of E. faecalis H25 and its hsdS variants were determined
by PacBio Sequel II system in the Wellcome Sanger Insti-
tute (Cambridge, UK). The genomic DNA of /4sdS variants
EfaH25-A, EfaH25-B, EfaH25-C and EfaH25-D was ex-
tracted from exponential bacterial cultures grown in BHI
broth by the Zymo clean and concentrator kit (Zymo, USA)
after the pellet was treated with Mutanolysin (Sigma, UK).
The SMRT sequencing data for E. faecalis H25 and its hsdS
variants were deposited in the SRA database under the PR-
JNA400682 project.

Expression of AsdS allelic variants in S. pneurnoniae

The allele-specific MTase activities of the /sdS 4 variants
in the four bacteria were determined in S. pneumoniae
strain TH5160 by SMRT sequencing (20). TH5160 was
chosen because it carried unmarked deletions of both the
Type I R-M loci (SpnS56I1 and SpnS55611T) and our pre-
liminary study did not detect any Type I R-M methyla-
tion motifs in the genome. In addition, high transforma-
tion frequency of this strain allowed us to directly com-
pare the MTase activities of all 21 hsdS, variants in a sin-
gle genetic background. TH5160 (ASpn55611/ ASpn556111)
was constructed in strain ST5444 (ASpn556I1), which
lacked the Spn556I1 Type I R-M (cod) system (21).
First, the SpnS56111 Type I R-M system was replaced
with the Janus cassette JC1 to generate strain TH6760
(ASpnS56I1/ASpnSS56III::JC1). The up- and downstream
sequences of the SpnS556I1I locus were separately ampli-
fied by PCR from genomic DNA of ST606 using primer
pairs Pr9405/Pr9406 and Pr9407/Pr9408, respectively; JCI1
from genomic DNA of strain TH7187 (21) with primers
Pr9840 and Pr1098. The three amplicons were digested
with Xbal and Xhol, and linked with T4 DNA ligase
before being transformed into THS5444 and selected for
kanamycin-resistant (400 pg/ml) colonies. Second, JC1
was removed by transformation with a fusion DNA of
the SpnS56l111 flanking sequence amplicons. The up- and
down-stream sequences of the Spn556I1II locus were PCR
amplified from genomic DNA of TH5444 using primer
pairs Pr6940/Pr7958 and Pr6934/Pr7957, respectively, and
linked by fusion PCR with primers Pr6940 and Pr6934.
The native sequences spanning the coding regions of the
hsdS 4; allele and upstream hsdM gene were PCR ampli-
fied from the genomic DNA of each target bacterium and
cloned into pIB166, a shuttle vector of E. coli-S. pneumo-
niae (43). The plasmid containing hsdM and hsdS4; for
each of the four target bacteria was subsequently used as
a backbone to construct the DNA inserts of additional
hsdS 4alleles from the same species by replacing the AsdS ;-
specific sequence with the counterparts of other alleles us-
ing allele-specific primers. The primers and DNA templates
used for cloning /AsdS 4 variants are specified in Supplemen-
tary Table S3. The recombinant derivatives of pIB166 were
subsequently transformed in S. pneumoniae TH5160. Ge-
nomic DNA samples of the resultant chloramphenicol re-
sistant pneumococcal derivatives (4 pg/ml) were used to de-
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termine the methylated DNA sequences by SMRT sequenc-
ing. The methylomes specified by Ef-sdS 4;, Sa-hsdS 4; and
Td-hsdS 4; were detected at the Yale University platform as
described above; the activities of the remaining /sdS 4 alle-
les by the PacBio Sequel system at the Novogene Bioinfor-
matics Technology (Beijing, China). The SMRT sequencing
data for all 21 hsdS, variants are available under the PR-
JNAS593863 project in the SRA database.

RNA sequencing (RNA-seq)

RNA-seq analysis in E. faecalis H25 variants was carried
out as described previously (23). Bacteria were grown to
mid-log phase in BHI broth, harvested by centrifugation
and lysed with 10 wg/ml lysozyme (Sigma, UK) and 10
U/ml Mutanolysin (Sigma, UK). RNA was extracted using
the Maxwell® 16 LEV SimplyRNA Cells Kit (Promega,
USA) following the manufacturer’s instructions. After de-
pletion of rRNAs with Ribo-Zero from Illumina, the RNA
samples were sequenced as 75-bp paired-end reads on an
Illumina HiSeq 4000 and trimmed with trimmomatic/0.32
(44). Trimmed FASTq reads were aligned to the E. fae-
calis H25 genome generated by SMRT sequencing (acces-
sion GCA_002289045.2). RNA-seq was performed in trip-
licates on one clone for each variant and then a single RNA-
seq for the second clone of each variant. The FASTq reads
have been deposited in the SRA (accession PRINA400682).

RESULTS

Identification of epigenetic invertons in a wide range of bac-
teria

To better understand the phylogenetic spectrum of the epi-
genetic invertons, Type I R-M systems with multiple /4sdS
genes and invertase homologs, in the genomes of prokary-
otic organisms, we first sought to identify the Type I R-M
loci with at least two /AsdS genes by taking advantage of the
R-M annotations in the restriction enzyme database, RE-
BASE (6). Epigenetic inverton is here defined as an invert-
ible AsdS sequence of Type I R-M system that is flanked
by a pair of inverted repeats. As exemplified by the inver-
tons of four representative bacteria in the below sections,
a Type I R-M system can possess multiple invertons. This
search identified a total of 3292 Type I R-M systems with
at least two hsdS genes (referred to as S+ systems) (Supple-
mentary Table S4). We further searched for the S+ systems
that encode invertase homologs as described in ‘Materials
and Methods’ section.

This analysis identified 827 Type I R-M loci with puta-
tive invertons and at least one invertase homolog from 235
species (Supplementary Table S5). Based on sequence ho-
mology of the invertases, the host bacteria are placed into
10 of the 41 currently established bacterial phyla and one
candidate phylum (Candidatus Saccharibacteria). As sum-
marized in Table 1, the vast majority of the hits are concen-
trated in Firmicutes, Bacteroidetes, Proteobacteria, Tener-
icutes, Verrucomicrobia and Actinobacteria. Further char-
acterization of environmental niches of the composite bac-
teria based on the information from ProGenomes (40) di-
vided these bacteria into the residents of host-associated
(216/235, 91.9%), terrestrial (11/235, 4.7%) and aquatic
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(8/235, 3.4%) habitats (Supplementary Table S5). The over-
whelming representation of host-associated genomes in the
inverton-positive Type I R-M suggests functional associa-
tion between the epigenetic invertons and host adaptation.
Additional sequence comparison further divided the major-
ity of the 827 invertases (98.3%) into five major invertase
clades (Figure 1 A). All of the invertases in clades 1-4 belong
to the tyrosine recombinase family. The sequences in clade
5 included the members of the serine recombinase family
(six loci), the tyrosine recombinase family (three loci) and
completely unknown proteins (without conserved tyrosine
and serine residues, four loci). The additional 14 invertase
homologs beyond the five major clades have < 30% amino
acid sequence homology to the members of the major clades
and possessed either the conserved tyrosine (13 loci) or ser-
ine (one loci) residue (45) (Figure 1A and Supplementary
Table S5).

As represented by the pneumococcal PsrA/CreX (21,23),
the 267 clade-1 invertases are encoded by the S+ Type I
R-M systems in seven bacterial phyla. Arrangement of the
hsdS genes in these systems also resembles that of the pneu-
mococcal cod locus (21,23) and the S+ Type I R-M sys-
tems of the four bacteria characterized later in this study.
The S+ Type I R-M loci encoding the clade-2 invertases
are found in 10 bacterial phyla, the widest phylogenetic
distribution among the major invertase clades. The /sdS
genes in the 139 Type I R-M loci encoding clade-2 inver-
tases are mostly arranged in peculiar manners. As illus-
trated in Supplementary Figure S1, the first and down-
stream /sdS genes of these loci are arranged in mixed cod-
ing orientations; however, inversion reactions between these
hsdS genes would mostly yield truncated HsdS proteins due
to the positions of the inverted repeats, and thereby lead
to ON/OFF phase switches in the methylome. This clade
also include the TvrR recombinase, which catalyzes re-
versible /sdS excision/reintegration of SpnlV or SpnS56111
Type I R-M system of S. pneumoniae (41). In this con-
text, the clade-2 invertases may catalyze both inversion
and excision/reintegration reactions between /hsdS genes
depending on the orientations of target repeat sequences as
demonstrated for the Cre recombinase (46). The clade-3, —4
and —5 invertases were found only in a few phyla.

Because the REBASE databases only collect the se-
quences of complete genomes or whole genome contigs,
we further examined the phylogenetic spectrum of the in-
vertases encoded by the S+ Type I R-M systems by sam-
pling the NCBI non-redundant protein database, which has
a much larger collection of sequences. A protein sequence
from each of the five invertase clades identified in our ini-
tial search was used to perform individual Protein BLAST
search as described in ‘Materials and Methods’ section. The
HvsR invertase was also included as a query for clade 6, be-
cause it catalyzes AsdS inversions in M. pulmonis although
it is not encoded by its target Type I R-M loci (19). After
a series of filtrations specified in ‘Materials and Methods’
section, the combined results of six separate searches iden-
tified a total of 1140 invertases encoded by the S+ Type I
R-M systems (Supplementary Tables S6-11). In addition
to the 11 invertase-positive invertons identified from the
REBASE search (Table 1), the NCBI search identified five
new bacterial phyla harboring this type of invertible struc-

tures, including four established bacterial phyla (Chlamy-
diae, Fibrobacteres, Lentisphaerae and Synergistetes) and
one candidate phyla (Candidatus Melainabacteria) (Table
2 and Figure 1B). Consistent with the REBASE search re-
sult (Figure 1A), the hits were predominantly found in the
same five phyla: Firmicutes (52.7%), Bacteroidetes (23.9%),
Actinobacteria (8.6%), Proteobacteria (5.5%) and Teneri-
cutes (4.7%) (Table 2). Likewise, the invertases of clades 1-
4 were more abundantly and broadly identified in the S+
Type I R-M systems, but clades 5 and 6 were limited to My-
coplasma species in the phylum of Tenericutes. Taken to-
gether, the REBASE and NCBI searches indicate that Type
I R-M systems employ highly divergent tyrosine and ser-
ine site-specific recombinases to catalyze AsdS inversions
and/or excisions in a vast diversity of bacteria, in particular
in those host-associated pathogens.

General features of the epigenetic invertons

Sequence comparisons revealed several interesting features
among the epigenetic invertons identified thus far. There
is a remarkable sequence diversity among the invertase-
positive invertons. As exemplified in Figure 2A, the inver-
tases, HsdM, HsdR and HsdS proteins in the pneumo-
coccal cod locus, are highly homologous to their counter-
parts in S. agalactiae NCTCS8182; however, the same pro-
teins showed marginal sequence homology with the coun-
terparts from clades 2 (Bifidobacterium longum F8), 3 (B.
fragilis NCTC9343), 4 (E. faecalis 4125), 5 (M. fermentans
Mo64) and 6 (M. pulmonis UAB-CTIP). In particular, there
is a remarkable sequence heterogeneity among the inver-
tases from different clades. For instance, the clade-1 in-
vertase PsrA does not share significant sequence homol-
ogy with any of the representative invertases from the other
clades (Figure 2A). Even among the tyrosine family inver-
tases of clades 1, 2, 3, 4 and 6, there is a marginal homol-
ogy, except for the conserved catalytic tyrosine residue (34).
Identification of serine recombinase family invertases in S+
Type I R-M loci has significantly broadened the enzymatic
spectrum of the epigenetic invertons because this recombi-
nase family has not yet been reported to catalyze hsdS in-
versions. This result strongly suggests that the invertases in
different clades represent the products of convergent evolu-
tion, which are derived from unrelated proteins.

Certain bacteria possess multiple epigenetic invertons. As
an example, Mycoplasma bovis PG4 (accession CP002188)
carries two invertons of clades 1 and 4 (Figure 2B). The
clade 1 inverton is homologous to the pneumococcal cod
locus, whereas the clade 4 is similar to a Type I R-M locus
in E. faecalis TH4125, suggesting that these invertons are
separately acquired by horizontal gene transfer. In contrast,
some bacteria can harbor similar invertons as exemplified
by the two Type I R-M loci in Jeotgalibaca sp. H21T32 and
M. pulmonis UAB-CTIP (Figure 2C), which appear to be
generated by gene duplication.

Interestingly, epigenetic invertons are occasionally found
in plasmids. Certain S+ Type I R-M loci identified in RE-
BASE and NCBI databases are annotated as the elements of
plasmids. As an example, 61 out of the 3292 S+ Type | R-M
loci identified from the REBASE search are plasmid-based,
such as those in the Ruminococcus albus 7 plasmid pRU-
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Figure 1. Sequence diversity and phylogenetic distribution of the inverton-associated invertases. (A) Sequence diversity of the invertase encoded by Type
I R-M systems. The invertase homologs encoded by the representative S+ Type I R-M systems initially identified from REBASE (as summarized in
Table 1) were used to construct a cladogram by the Neighbor Joining method. The five major clades are colored and labeled with the names of phyla, in
which bacteria housing the composite sequences were identified. (B) Phylogenetic distribution of the six invertase clades. The inverton-associated invertase
homologs were identified from the NCBI database using the representative proteins of the six invertase clades. Percentage representations of the 16 phyla
in the final hits of six clades (as summarized in Table 2) were proportionally presented as colored sections in concentric donuts by Microsoft Excel.

MALO2 (accession CP002405), L. salivarius Z1.S006 plas-
mid (CP020859) and Lactococcus lactis IM1 plasmid pM-
PJM1 (CP016746). We also noticed that the allelic variant
sequences generated by /sdS inversions in Type I R-M loci
were often incorrectly annotated as plasmids in the genome
sequences because they could not be properly assembled in
the genomes.

Because invertases perform DNA cut/ligation reactions
by interacting with enzyme-specific inverted repeats in tar-

get sequences (34), we sampled inverted repeats in 46
Type I R-M loci representing all of the 16 phyla with
invertase-positive invertons identified in the NCBI search.
This identified inverted repeat sequences in the /sdS cod-
ing regions of 45 tested Type I R-M loci (Supplemen-
tary Table S12). The only exception is a Type I R-M lo-
cus of Sphaerochaeta halotolerans (NZ_WUJG01000003),
in which direct repeat sequences, instead of inverted re-
peats, were found in the /sdS genes. This feature resem-
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Table 1. Phylogenetic distribution of the invertase homologs identified in REBASE

No. of loci No. of loci No. of loci No. of loci No. of loci No. of loci
Phylum clade 1 clade 2 clade 3 clade 4 clade 5 others Total loci % of loci
Actinobacteria 2 9 0 9 1 0 21 2.5
Bacteroidetes 46 19 65 0 0 7 137 16.6
Candidatus Saccharibacteria 0 2 0 0 0 0 2 0.2
Chloroflexi 0 1 0 0 0 0 1 0.1
Euryarchaeota 0 1 0 0 3 0 4 0.5
Firmicutes 91 74 4 273 0 2 444 53.7
Fusobacteria 0 3 0 0 0 0 3 0.4
Proteobacteria 95 2 0 20 1 0 118 14.3
Spirochaetes 1 0 0 0 0 0 1 0.1
Tenericutes 16 17 1 22 8 5 69 8.3
Verrucomicrobia 16 11 0 0 0 0 27 33
Total loci 267 139 70 324 13 14 827 100.0
hsdR hsdM  hsdSs hsdSs v hsdSc HsdR = HsdM Inv  HsdS
S. pneumoniae (C1) 100.0 100.0 100.0 100.0
S. agalactiae (C1) IIEEEED— D D G o 87.0 912 894 429
B.longum (C2) s —n— a1 133 77 191 122
B. fragilis (C3) D D- D D D e > 163 200 147 109
E. faecalis (C4) DD D G 156 213 151 140
M. fermentants (C5) D D DG 17.2 203 179 189
M. pulmonis (C6) - -G 183 197 177 169
B M. bovis Cc Jeotgalibaca sp.
—-Q-—ﬂ—-—{)- DD OG- DI
1 1 1 \ 1 1 1 1
1 1 1 L} 1 1 ] 1
535 654 297 623 411 227 253 508
: : 1 \ DR :: : M. pulmonis
_-b.él- i e D-an [T - D I ([T~ S-S I (I

S. pneumoniae E. faecalis

Figure 2. Genetic features of the epigenetic invertons. (A) Schematic illustration of the invertase and R-M genes in seven representative invertase-positive
Type I R-M loci from the six invertase clades. The sequences and coding orientations of 4sdR (red), hsd M (green), hsdS (blue) and invertase (yellow) genes
in each locus are indicated with colored arrows. Percent amino acid sequence homology between each pneumococcal gene and the counterpart of other
bacterium is marked on the right side of the gene cluster. (B) Presence of multiple invertons in the same bacteria. Two Type I R-M loci in M. bovis PG45
(accession CP002188) homologous to the invertons from Streptococcus pneumoniae and Enterococcus faecalis are schematically displayed as in (A). Percent
sequence similarity between the two related sequences (indicated with a dashed line) is provided between each gene pair. (C) Duplication of the invertons.
Two Type I R-M loci with identical genetic organization and similar sequences in Jeotgalibaca sp. H21T32 and Mycoplasma pulmonis UAB-CTIP are
schematically presented as in (A). The sequences encoding each TRD of the /sdS genes are marked with various patterns of striped rectangles to reflect

similarity between the related sequences.

bles the direct sequence-bound /sdS sequences in the Sp-
nlV phase-variable Type I R-M locus of S. pneumoniae,
which has been shown to undergo recombinase-catalyzed
reversible excisions/reintegrations (41). Collectively, these
findings strongly suggest that a small proportion of the S+
Type I R-M systems identified above in the NCBI search
undergo /AsdS excisions/reintegrations instead of inversions
(Table 2).

Programmed DNA rearrangements in the inverton of B. fiag-
ilis NCTC9343

Based on the sequence and phylogenetic features of the in-
vertase homologs in the epigenetic invertons (Figure 1), we
assessed AsdS inversions in the four phylogenetically distinct
bacterial species that represent three major clades of tyro-

sine family invertases encoded by the S+ Type I R-M sys-
tems: S. agalactiae 515 (clade 1), T. denticola ATCC35405
(clade 1), B. fragilis NCTC9343 (clade 3) and E. faecalis
TH4125 (clade 4). Our clades/species selection was based
on medical importance of the target bacteria and signifi-
cant epigenetic role of the 4sdS inversions catalyzed by PsrA
(clade-1 tyrosine invertase) in pneumococcal pathobiology
(5,47). The clade-2 invertase was not included for further
methylome analysis because of the complex configurations
of the associated hsdS genes as described above (Supple-
mentary Figure S1).

Bacteroides fragilis is a Gram-negative anacrobe nor-
mally residing in gastrointestinal tract and an opportunistic
pathogen of abscesses and bacteremia (48). It is well known
for phase and antigenic variation of surface structures, but
the underlying molecular mechanisms are not fully charac-
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Table 2. Phylogenetic distribution of the six invertase clades identified in NCBI

No. of loci No. of loci
No. of loci No. of loci clade 3 clade 4 No. of loci No. of loci

Phylum clade 1 PsrA  clade 2 TvrR BfiA EfiA clade 5 MfiA  clade 6 HvsR Total loci % of loci
Actinobacteria 1 43 0 54 0 0 98 8.6
Bacteroidetes 72 88 111 2 0 0 273 23.9
Candidatus 0 1 0 0 0 0 1 0.1
Saccharibacteria

Chlamydiae 1 0 1 0 0 2 0.2
Chloroflexi 1 0 0 0 0 1 0.1
Candidatus 1 0 0 0 0 1 0.1
Melainabacteria

Euryarchaeota 0 11 0 0 0 0 11 1.0
Fibrobacteres 1 2 0 0 0 0 3 0.3
Firmicutes 56 267 4 274 0 0 601 52.7
Fusobacteria 1 7 0 0 0 0 8 0.7
Lentisphaerae 0 2 0 0 0 0 2 0.2
Proteobacteria 19 11 0 33 0 0 63 5.5
Spirochaetes 7 8 0 1 0 0 16 1.4
Synergistetes 0 1 0 1 0 0 2 0.2
Tenericutes 13 14 1 16 3 8 54 4.7
Verrucomicrobia 1 2 1 0 0 0 4 0.4
Total loci 173 458 117 382 3 8 1140 100.0

terized (15). The NCTC9343 genome contains nine puta-
tive R-M systems as predicted in REBASE. Bfa9343I, one
of the three Type I R-M systems, harbors an inverton with
four hsdS genes and a putative invertase gene (BF1843 or
bfiA) (Figure 3A). For clarity, these hsdS genes are denoted
Bf-hsdS, (BF1839, 1119 bp), Bf-hsdSp (BF1840, 644 bp),
Bf-hsdSc (BF1841, 628 bp) and Bf-hsdSp (BF1842, 1143
bp). While Bf-AsdS, and Bf-hsdSp consist of two TRDs,
Bf-hsdSp and Bf-hsdS ¢ harbor only one TRD.

Although a previous sequencing study indicated that in-
versions occur among the AsdS genes in the Bfa93431 lo-
cus (15), there is no experimental proof that these inver-
sions occur. We thus tested inversions among the four
hsdS genes by PCR using a combination of the same-
and opposite-orientation primer sets because the reactions
with the two same-orientation primers could not amplify
the intervening sequence unless the orientation for one of
the primers is switched to the opposite direction by in-
version (21) (Figure 3A). This experiment yielded multi-
ple amplicons with combinations of primer P1 in the cod-
ing region of hsdM and one of the downstream primers
with the same sequence orientation (Figure 3B). Amplicons
were generated with the primer sets targeting Bf-/sdS 4 (P1-
P2/P4), Bf-hsdSg (P1-P6), Bf-hsdS¢ (P1-P8) and Bf-hsdSp
(P1-P10/P12). This result confirmed that the Bfa9343I lo-
cus undergoes extensive inversions. Sequencing analysis of
the PCR products identified four invertible sequences in
the coding regions of the AsdS genes. Each of the invert-
ible sequence is bound by one of the four pairs of in-
verted repeats: 20-bp IR1 (5-AATCTCTAATTAAAGG
GCTT-3, white arrowheads), 29-bp IR2 (5-GAGCGT
ATCGCAACCCAAAACAAAATAAT-3, black arrow-
heads), 47-bp IR3 (5-AATTTCCCAACTTTGCGATT
TCCAGAGTTCTCGGGTGAGTGGAAAAA-3, yellow
arrowheads) and 16-bp IR4 (5-GAATGCACTTGCGG
AA-3', red arrowheads) (Figure 3C). IR 1, IR2 and IR 3 con-
trol inversions of Bf-/isdS, with Bf-hsdSp and Bf-hsdSp,
whereas IR4 defines the boundary of the inversion between
Bf-hsdSc and Bf-hsdSp.

The sequencing data indicated that inversions of the four
invertible sequences could potentially generate 16 different
DNA configurations in this locus, which were designated
as Bf-S1 to S16 (Figure 3C and Supplementary Figure S2).
The invertible sequences in Bf-S1 can be converted into four
new DNA forms (S2-S5) (Figure 3C). Bf-S2 is generated
by inversion of a 1175-bp IR1-bound sequence between
Bf-hsdS4; and Bf-hsdSg;; Bf-S3 and Bf-S4 by the inver-
sions of IR2- (2466 bp) and IR 3-bound (3492 bp) sequences
between Bf-hsdS 4 and Bf-hsdSp, respectively. Inversion of
a 1188-bp IR4-flanked region between Bf-AsdSc and Bf-
hsdSp yields Bf-S5, which does not alter the sequence of the
hsdS 4 gene, but the new TRD in Bf-/sdSp; makes it pos-
sible to move the TRD encoded by Bf-/sdSp;  into hsdS 4
in subsequent reactions (Supplementary Figure S2). Fur-
ther inversions in Bf-S2, Bf-S3, Bf-S4, Bf-S6, Bf-S7, Bf-S9
and Bf-S12 generate additional 11 new configurations (S6—
S16) (Supplementary Figure S2) and four new /sdS 4 alleles
(Bf-hsdS 45, Bf-hsdS 46, Bf-hsdS 47 and Bf-hsdS 45). This re-
sult has demonstrated that extensive DNA inversions occur
among the four AsdS genes in the Bfa9343I locus, resulting
in genetic heterogeneity in a clonal population.

Impact of /sdS inversions on the B. fiagilis methylome

To define the epigenetic impact of AsdS inversions in the
Bfa9343I locus, we first determined the NCTC9343 methy-
lome using SMRT sequencing, which identified a total of
seven credible methylation motifs, each with an m6A nu-
cleotide (Figure 4A). Four of these motifs fully matched
the predicted methylation sequences for three R-M loci
in REBASE: 5-G™ACN;s;GRTY-3'/5-R™AYCN;GTC-
3 for Bfa93431, 5-GANGG™ AG-3' for Bfa93431I and
5-ATGC™AT-3' for Bfa9343II1. Three remaining motifs
could not be assigned to any specific R-M MTases because
there are at least six putative R-M loci with unknown recog-
nition sequences in the genome. Two of the unassigned
motifs (5-CN™AGN4TGA-3' and 5-TC™ANy CTNG-
3) should be the target sequence for one of the two Type
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Figure 3. Genetic arrangements of four epigenetic invertons in Bacteroides fragilis NCTC9343. (A) Genetic arrangement of the Bfa9343I Type I R-M
locus. The genes are marked with either their predicted functions or tags annotated in the genome. The primers used for detecting DNA inversions in (B)
are indicated with small arrowheads. (B) Detection of /sdS inversions by PCR. The primers used for each reaction are marked at the top of each lane. The
reactions with the same-orientation primer pairs are marked with red characters. (C) Schematic representation of variable configurations in the Bfa93431
locus. The DNA configurations generated by /sdS inversions are marked as S1-5. The TRDs encoded by /sdS genes are indicated by white rectangles and
numbered. The position and orientation of inverted repeats IR 1 (white), IR2 (black), IR3 (yellow) and IR4 (red) are indicated with small arrowheads. The

invertible sequences are marked with dashed lines.

I R-M systems (Bfa93431V and Bfa9343V). Motif 5-CYC
m6 AT-3 appears to be methylated by one of the two Type I11
R-M systems (Bfa9343VI and Bfa9343VII) (Figure 4A).
Since the Bf-hsdS, gene likely encodes a functional
S subunit of the Type I R-M MTase (explained in ‘Dis-
cussion’ section), we selectively assessed the methylation
activities of the hsdS, alleles produced by the /sdS in-
versions in the Bfa93431 locus and the Type I R-M loci
of T denticola, E. faecalis and S. agalactiae by expressing
these alleles in S. pneumoniae TH5160, a strain lacking
the two endogenous Type I R-M systems (Figure 4B).
Each of the eight /sdS, alleles and cognate Bf-hsd M were
placed after the P23 promoter in the E. coli-S. pneumoniae
shuttle vector pIB166. SMRT sequencing analysis revealed
a unique Type I R-M MTase motif for each of the eight Bf-
hsdS 4 alleles: Bf-hsdS 4; (5-G™ACNTCC-3'), Bf-hsdS 45
(5-G™ACN;sCTG-3), Bf-hsdSy; (5-G™ACNgTGC-
3), Bf-hsdS,s (5-G™AGN¢TGC-3), Bf-hsdS,s (5-
GM™AGN¢TCC-3), Bf-hsdS,s (5-G™ACNsGRTY-3),
Bf-hsdS,; (5-G™AGNsGRTY-3') and Bf-hsdSys (5'-
G™AGN;CTG-3') (Figure 4B). This result demonstrates
that each of the eight /sdS 4 alleles generated by inversions
in the Bfa93431 locus has a unique methylation specificity,

and further indicates that a clonal population of B. fragilis
NCTC9343 is capable of generating progeny cells acquiring
one of the eight /sdS 4 alleles and thereby one of the eight
methylomes through reversible /4sdS inversions in the
Bfa93431 locus.

Programmed DNA rearrangements in the inverton of 7. den-
ticola ATCC35405

Because spirochetes represent a phylogenetically distinct
group of bacteria, we determined potential DNA inversions
in the Tde35405VII Type I R-M locus of strain ATCC35405
in 7 denticola, an anaerobic oral spirochete associated with
human periodontal disease (49), The Tde35405VII locus
possesses an inverton with three AsdS genes and a puta-
tive invertase gene (referred to as 7. denticola invertase
A or TdiA), in addition to hsdR (TDE2747) and hsdM
(TDE2746) (Figure SA) (50). The three 4sdS genes were des-
ignated as Td-AsdS 4 (TDE2744), Td-hsdSp (TDE2743) and
Td-hsdSc (TDE2740). Td-hsdS 4 (1599 base pair, bp) en-
codes two TRDs, whereas Td-AsdSp (520 bp) and Td-AsdS ¢
(572 bp) code for only one TRD.
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Figure 4. The DNA sequences methylated by the Bacteroides fragilis MTases. (A) The methylated sequences in the genome of B. fragilis NCTC9343. The
methylated motifs identified by SMRT sequencing and corresponding R-M systems are placed together in single rectangles. The modified nucleotides are
indicated with red characters. The genetic arrangements of the Bfa93431V and Bfa9343V loci, the inverton-negative Type I R-M systems, are depicted;
the sequences with uncertain MTase assignments are indicated with question marks. (B) The DNA motifs methylated by the /sdS 4 alleles. The sequence
recognized by each of the eight /sdS 4 alleles is presented along with the identification of the pneumococcal strain used for the sequencing. R=A or G, Y

=T or C, N = any four nucleotides.

The reaction with the same-orientation primers in isdM
(P1) and 5’ region of hsdS, (P2) did not yield a detectable
product, but two amplicons of ~2 and 4.5 kb in size were
obtained with the same-orientation primers P1 and P4 (Fig-
ure 5B), indicating that Td-/sdSp is invertible with at least
two DNA configurations. Likewise, the reaction of primers
P1 and P6 also generated an approximately 2-kb ampli-
con, which suggests that Td-AsdS is subjective to inversion.
Sequencing analysis of the P1/P4 amplicons identified the
small segment as the product of inversion reaction between
Td-hsdS 4 and Td-hsdSp, which was flanked by two 18-bp
inverted repeats (5-TTGTTATTATGAGAAGTT-3', IR1)
(Figure 5C). The IR 1-mediated inversion replaced the 3’ re-

gion (586 bp) of Td-hsdS 4 with the entire coding sequence
of Td-hsdSp (520 bp), which generated two new alleles: Td-
hsdS 4> (1533 bp) and Td-AsdS g, (586 bp). Sequencing anal-
ysis of the P1/P6 product revealed the inversion between
Td-hsdS, and Td-hsdS¢ and identified two 14-bp inverted
repeats (5-ATAATTGTTATTAT-3', IR2) at the 5’ and 3’
ends of the invertible region (Figure 5C). The IR2-mediated
inversion placed Td-/sdS¢ (572 bp) in the original position
of the 3’ Td-hsdS 4, yielding allelic variants Td-AsdS 43 (1581
bp) and Td-AsdSc; (590 bp). This result demonstrates that
the IR1 and IR 2 sequences mediate two separate inversions
between Td-hsdS 4 and the downstream Td-AsdSp and Td-
hsdS¢ genes in the Tde35405VII Type I R-M locus. These
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Figure 5. Epigenetic variations caused by /sdS inversions of two epigenetic invertons in Treponema denticola ATCC35405. Genetic composition of the
Tde35405VII Type I R-M locus (A) is depicted as in Figure 3A; detection of DNA inversions (B) as in Figure 3B; the DNA configurations directly derived
from S1 (C) by inversions as in Figure 3C. Inverted repeats IR 1 (white) and IR2 (yellow) are marked with colored arrowheads. The methylated DNA motifs
detected by SMRT sequencing in 7. denticola ATCC35405 (D) are presented as in Figure 4A. The inverton-negative Type I R-M locus is illustrated at the
bottom left corner. The DNA motifs methylated by the three /sdS 4 allelic variants (E) are presented as in Figure 4B. D =AorGorT, H=AorCorT,

R=AorG,Y =T orC, N = any four nucleotides.

reactions generate three distinct configurations of this locus
(S1-S3) (Figure 5C).

To define the epigenetic impact of the AsdsS inversions, we
characterized the methylomes of 7. denticola ATCC35405
and pneumococcal derivatives each expressing one of
the three Td-AsdS, alleles generated by the inversions in
the Tde35405VII locus. The analysis revealed a total of
eight methylated DNA sequences, including seven with
No6-methyladenine (m6A) and one with N4-methylcytosine
(m4C) (Figure 5D). All motifs completely matched
the predicted recognition sequences of the MTases
for five R-M loci in REBASE: 5-C™AGN,;TDCC-
3'/5-GGH™ AN,;CTG-3 (Tde35405VII, Type I), 5-
CNMACNGTTC-3'/5-GA ™ ANgCTNG-3' (Tde35405VI,
Type I), 5-™CTCTTC-3'/5-GAAG™ AG-3 (Tde3540511,
Type II), 5-RAMATTY-3' (Tde35405V, Type II) and
5-CTA™AT-3' (Tde354051V, Type III). Motifs 5-
GAAG™AG-3 and 5-™CTCTTC-3' possess different
methylation types, but they appear to be methylated by
the same M.Tdell enzyme encoded by the Tde35405I1
Type II R-M locus because the two sequences are reverse
complemented (Figure 5D). This result suggests that
M. Tdell as a novel MTase is able to carry out two different
reactions by a single enzyme molecule, which is elaborated
in the ‘Discussion’ section.

We further identified the DNA motifs that are methy-
lated by the three Td-/sdS 4 alleles derived from the inver-
sions in the Tde35405VII locus (Figure 5C). Each of the
three hsdS, alleles along with the upstream sequence en-
coding TED2745 and Td-hsdM was placed on pIB166 and
transformed into TH5160. SMRT sequencing revealed a
unique Type I R-M MTase recognition motif for Td-AsdS 4;
(5-C™AGN,;TDCC-3'), Td-hsdS 4> (5'-C"AGN,TCC-3")
and Td-hsdS ;3 (5-C™AGN,;TGC-3') (Figure SE). Since
only the motif methylated by Td-hsdS,; was detected in
wildtype T. denticola, this observation indicates that Td-
hsdS 4; 1s the dominant allele under our culture conditions.
Consistent with the common sequence for the first TR Ds of
the three hsdS 4 alleles, the first halves of the three methy-
lation motifs share the same sequence (5'-C™®AG-3'). This
result indicates that all three Td-AsdS 4 alleles generated by
inversions in the Tde35405VI locus are capable of generat-
ing completely different methylomes in 70 denticola.

Programmed DNA rearrangements in the inverton of S.
agalactiae 515

Streptococcus agalactiae or Group B Streptococcus is a
leading Gram-positive pathogen of new-borne meningi-
tis (51). The Type I R-M locus of S. agalactiae strain



515 (Sag515I) harbors an inverton with three hsdS genes
(e.g. Sa-hsdS 4, 1548 bp; Sa-hsdSp, 580 bp; and Sa-hsdSc,
1342 bp) and a putative 798-bp invertase gene (tentatively
named S. agalactiae invertase A or said) (Figure 6A).
Consistent with the sequence feature of the Sag515I lo-
cus, PCR amplifications revealed inversions in Sa-AsdS 4
(P1/P2), Sa-hsdSp (P1/P4) and Sa-hsdSc (P1/P8) (Fig-
ure 6B). DNA sequencing analysis of the amplicons iden-
tified eight different inversion reactions in three invert-
ible sequences, which are flanked by three pairs of in-
verted repeats: 15-bp IR1 (5-CTCTCCTTATGGGAA-
3’, white arrowheads), 27-bp IR2 (5-ACAAAAGGAGAT
GATAACTCTCCTTAT-3, yellow arrowheads) and 18-
bp IR3 (5-GAAACCTTATGAGAAGTT-3, black arrow-
heads) (Figure 6C). These reactions drive the reversible for-
mation of eight DNA configurations (S1-S8) (Figure 6C
and Supplementary Figure S3). Sa-S1 can be directly con-
verted to configurations S2, S3 or S4 after inversions of the
sequences flanked by IR1 (1095 bp), IR2 (2566 bp) and
IR3 (4128 bp), respectively (Figure 6C). Additional four
inversions switch DNA from Sa-S3 to S5 (IR1-bound se-
quence) and S6 (IR3-bound sequence) (Supplementary Fig-
ure S3A), Sa-S4 to S7 (IR1-bound sequence) (Supplemen-
tary Figure S3B) and Sa-S7 to S8 (IR2-bound sequence)
(Supplementary Figure S3B). These inversions generate five
new alleles of /hsdS, with the replacement of one (Sa-
hsdS 45, Sa-hsdS 43, Sa-hsdS 44, and Sa-hsdS 45) or two TRDs
(Sa-hsdS 44) in a clonal population of S. agalactiae 515.

Because the genome of S. agalactiae 515 was partially
sequenced without any information of genome methyla-
tion (52), we further determined the complete genome
and methylome of S. agalactiae 515 by SMRT sequenc-
ing. The result revealed that the genome consists of 2 032
743 bp with two putative R-M systems: a Type I sys-
tem (SagS515I) and a Type II system (Sag51511) (Figure
6D). Consistently, SMRT sequencing identified methylated
sequences for both the Sag515I (5-G™ACN,CTT-3//5'-
AMAGN;GTC-3') and Sag51511 (5-G™ATC-3').

To define the specific activity of the six hsdS, allelic
variants generated by the inversions in the Sag515I locus,
we expressed each of these hsdS, alleles together with
the upstream hsdM genes (Figure 6D) in THS5160 as
described above. SMRT sequencing identified a unique
Type I R-M MTase recognition motif for each of the six
hsdS 4 alleles: Sa-hsdS 4 (5-G™®ACN,;CTT-3), Sa-hsdS 4
(5-G™ACNGTTC-3), Sa-hsdS,; (5-G™ACN,;GTC-
3), Sa-hsdS,y (5-CC™ANgGTC-3'), Sa-hsdS,s (5-
CCM®ANCTT-3) and Sa-hsdSs (5-CC™ANgTTC-3)
(Figure 6D). This result indicates that the /hsdS, alleles
generated by inversions in the Sag5151 locus are capable of
generating six different methylomes.

Programmed DNA rearrangements in two unique invertons of
E. faecalis

Enterococcus faecalis is a Gram-positive pathogen of noso-
comial infections (e.g. endocarditis, sepsis and meningitis)
and one of several pathogens with the widest spectrum
of drug resistance (43). In our preliminary screen of en-
terococcal genomes in the NCBI database, we identified
two types of inverton loci with unique genes and organi-
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zations. While the most prevalent type had the gene orga-
nization of hsdR, hsdM, hsdS,, efiA and hsdSp as exem-
plified in strain L12 (locus tag BSG25_11645-11665), the
genes in the second type are ordered as hsdM, hsdS 4, efiA,
hsdSp and hsdR represented by isolate T8 (Genbank ac-
cession ACOC00000000.1; M.EfaTSORFDP in REBASE).
E. faecalis strain TH4125 (sequence type ST16; accession
CP051005) and H25 (ST9; accession GCF_002289045.2)
in our collection were found to carry the L12-like lo-
cus, which were designated as Efa41251 and EfaH25I, re-
spectively, in the context of the complete genomes (see
below). Efa41251 carries two hsdS genes (referred to as
Ef-hsdS,4 and Ef-hsdSp) and a putative invertase gene
(GRB94_13125 or efid) (Figure 7A). The loci of EfaH25I
and Efa41251 share the same structure and show a high
level of nucleotide identity in the AsdR (2976/2988, 99%),
hsdM (1584/1593, 99%) and efi4 (911/930, 98%) genes.
To the contrary only two of the four AsdS target recog-
nition domains were highly conserved between the strains
(Figure 7A) with a nucleotide identity between the 5
part of S.Efa41250RF13135P and S1.EfaH250RF14845P
539/539 (100%) and the 3’ part of S.Efa41250RF13120P
and S1.EfaH250RF14845P 638/638 (100%) (TRD1 and
TRD3 domains in Figure 7A).

Our PCR amplifications using the same-orientation
primer sets yielded multiple amplicons, indicating that
multiple inversions occurred between Ef-hsdS, and
Ef-hsdSp (Supplementary Figure S4A). Subsequent
sequencing analyses of the PCR products uncovered
four DNA configurations (S1-S4) in the invertible re-
gion of the Efa41251 locus, which are bound by two
inverted repeats: 60-bp IR1 (5-ATCACTCTTCAT
CAGCGTAAGTTAGAACAGCTAAAAGAGTT-
GAAGAAGGCTTATTTACAG-3, white arrowheads)
and 15-bp IR2 (5-TGGGAACAGTGTAAG-3/, yellow
arrowheads) (Supplementary Figure S4B). Ef-S1 contains
two full-length hsdS genes: Ef-hsdS4; (1218 bp) and
Ef-hsdSp; (1077 bp). It can be converted to Ef-S2 by an
inversion of the IR1-flanked sequence in the middle of
Ef-hsdS 4 and Ef-hsdSp. This reaction generates two new
alleles, Ef-hsdS 4 (hsdS 42, 1164 bp) and Ef-hsdSp (hsdSp;,
1131 bp) after the Ef-hsdS,; and Ef-hsdSg; swapped their
second TRDs to each other. Ef-S1 also produces Ef-S3
through inversion of the IR2-bound region, resulting in
new alleles of Ef-hsdS 4 (Ef-hsdS 43, 1134 bp) and Ef-hsdSp
(Ef-hsdSp;, 1161 bp). Ef-S4 is derived from Ef-S3 through
inversion of the IR 1-flanked sequence. This reaction gener-
ates new allelic variants Ef-AsdS 44 (1188 bp) and Ef-AsdSpy
(1107 bp). Likewise, analysis of the EfaH25I locus in E.
Jaecalis H25 revealed three inversion reactions, generating
four hsdS 4 alleles (Ef-hsdS 47, 1206 bp; Ef-hsdS 45, 1197 bp;
Ef-hsdS 43, 1164 bp; Ef-hsdS 44, 1173 bp). These reactions
are mediated by two pairs of inverted repeats (15-bp
IR1: 5-GTGTAAGTTGGGGGA-3 and 30-bp IR2:
5-ATCACTCTTCATCAGCGTAAGTTAGAACAG-3).
In summary, the three identified inversion events in both
the Efa412511 and EfaH25I loci lead to reversible switch of
one or both of the TRDs in the two AsdS genes.

We further determined the complete genome of E.
faecalis TH4125 and H25 by SMRT sequencing. The
result revealed that the TH4125 genome consists of 2
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Figure 6. Epigenetic variations caused by /sdS inversions of three epigenetic invertons in Streptococcus agalactiae 515. Inversions among the three AsdS
genes in the Sag5151 Type I R-M locus (A) were tested by PCR (B) and are presented as in Figure 3A; the three DNA configurations generated directly from
S1 (C) are illustrated as in Figure 3C; inverted repeats IR1 (white), IR2 (yellow) and IR3 (black) are marked as colored arrowheads. The two methylation
motifs identified by SMRT sequencing in the genome of S. agalactiae 515 (D) are assigned to the Sag5151 and Sag515I11 systems and presented as in Figure
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993 403 bp with three uncharacterized R-M systems:
two Type I systems (Efa41251 and the Efa4125I11) and
a Type II system (Efa4125I1) (Figure 7B). The sequenc-
ing analysis identified five sequences each with an m6A
nucleotide: 5-CRT™AN,TTG-3'/5-CA™AN;TAYG-3',
5-TTT™ANGTTAC-3'/5-GTA™ANGTAAA-3, 5'-
ATGC™AT-3'. The last sequence was assigned to the
Efa412511 Type II R-M system based on the characteristics
of the gene locus and methylated sequence. To differentiate
the methylation activities of the two Type I R-M loci, we
expressed the hsdM and hsdS,; genes of the Efa41251
locus with the cognate hsdM gene in TH5160 and de-
termined the methylome. The resulting strain TH11346
gained two complementary Type I R-M sequences: 5'-
CRT™AN,TTG- 3'/5-CA™AN,;TAYG-3 (Figure 7C).
This result allowed us to assign 5-TTT™ANgTTAC-
3'/5-GTA™ANGTAAA-3 as the target sequence of the
Efa4125I11 system.

The H25 genome (accession GCF_002289045.2) was
found to be 3 132 715 bp in size and confirmed to
be a ST9 CC9 strain. REBASE lists six complete
R-M system for H25 which include the phase vari-
able EfaH251 Type 1 R-M system (CNQ40.14845

AWQ41023.1 efaH250RF14845MP), four Type II
N6-adenine DNA  methyltransferases (CNQ40.04255
AWQ39088.1  efaH250RF4255RMP, CNQ40.10430
AWQ40212.1  efaH250RF10430MP, CNQ40.10475
AWQ40220.1  efaH250RF10475MP,  CNQ40.13780
AWQ40833.1 efaH250RF13780MP) and one C5-

cytosine methyltransferase (CNQ40_.11255 AWQ40364.1

efaH250RF11255MP). Except for EfaH25I, none of the
other R-M systems shows any nucleotide identity to the
R-M systems of TH4125. Methylome analysis identified
one Type I R-M system motif in each of the four EfaH25
variants (Figure 7C), and one Type II R-M system motif
5'-GTTGG™0A-3' (EfaH25II) that could not be assigned
to any of the four Type II methyltransferases. We assigned a
C-5 cytosine methylation motif 5'-™CCGGA-3’ EfaH25I1I
which we assign to the only cytosine methyltransferase
(CNQ40_11255).

Impact of the programmed inversions on gene expression in
E. faecalis

To define the epigenetic impact of ZsdS shuffling, we per-
formed RNA-seq on triplicate samples of independent
stocks expressing prevalently a single 4sdS variant. Pairwise
comparisons of gene expression were made between each
of the AsdS variants and filtered for significance. Using a 2-
fold cutoff, we identified a pool of differentially regulated
genes and operons. In order to confirm that differences did
not arise from random mutations in passaged strains, an ad-
ditional biological replicate was also analyzed in the same
RNAseq run. Only significant, 2-fold differences observed
in both biological replicates for each pairwise comparison
were investigated further (Supplementary Table S13). Mul-
ticomponent analysis of the triplicate samples and the single
independent control sample showed that expression profiles
of stocks with a specific prevalent /sdS grouped together
(Supplementary Table S13).
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W = A or T, N = any four nucleotides.

To investigate how methylation could impact gene expres-
sion, we mapped the EfaH25I sites onto the H25 genome
and analyzed the DNA sequences immediately upstream
of the differentially regulated genes. The monocistronic
CNQ40.06785 gene encoding for the sex pheromone
cAM373 precursor lipoprotein (E. faecalis V583 EF_1340
AAOR8I1131.1) shows a reduced level of expression in
EfaH251-D with respect to variants A, B and C. Analy-
sis of the upstream region of cAM373 reveals the pres-
ence of an EfaH25I-D methylation target site in the
—10 promoter element (53) (Figure 8). Similarly, operon
CNQ40.05565/05570/05575, (downregulated in the C vari-
ant) encodes three hypothetical proteins present only in two
published genomes. As with cAM373, analysis of the up-
stream region identified an EfaH25I-C site mapping to the
predicted —10 promoter site (Figure 8). In strains express-
ing EfaH251-A, the operon CNQ40.00420/00425, encod-
ing an MFS transporter and hypothetical protein, was up-
regulated in variants B, C and D. Despite that there were
no sites could be detected in the putative promoter re-
gion, two EfaH25I-A target sites at 416- and 581-bp were
found near the transcriptional start. In the case of the PTS
operon CNQ40.00130/00135/00140, it was upregulated in
EfaH25I-C and no EfaH25I sites were detected in the 1.5
kb upstream of the operon.

DISCUSSION
Sequence heterogeneity of the inverton-associated invertases

Programmed inversions in Type I R-M systems have re-
cently been shown to exert profound epigenetic impact on
phenotypic diversity of the human pathogen S. pneumo-
niae (21,23). Although similar inverton systems broadly ex-
ist in Type I R-M loci of many phylogenetically distant
bacteria (5,29), the invertases that catalyze the inversions
are only characterized in M. pulmonis (19) and S. pneumo-
niae (21,23,26-27,54). The work reported here has uncov-
ered a large number of representative invertase homologs
encoded by the S+ Type I R-M loci and their mediated epi-
genetic modifications by using a comprehensive approach
of bioinformatics, genetics, SMRT sequencing and RNA-
seq. These putative recombinases are predominantly clus-
tered in six major invertase clades on the basis of their
sequence heterogeneity. The low sequence homology lev-
els among the invertase clades and among associated R-
M proteins strongly suggest that the epigenetic invertons
are derived from multiple molecular origins under selec-
tion pressure. Identification of serine recombinase family
invertases in S+ Type I R-M loci is consistent with this
projection.
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Biological implications of the epigenetic variability

The prevalence of epigenetic invertons in phylogenetically
divergent bacteria suggests that this type of DNA recom-
bination systems provides broad and important functions.
Epigenetic invertons should broaden the spectrum of phage
resistance in the host bacteria on the basis of the well-
known anti-phage function of the Type I R-M systems (55).
For instance, hsdS inversions have been demonstrated to
alter the specificity in bacterial resistance to phages in M.
pulmonis (56) and S. pneumoniae (21,23). Thus, the levels
of epigenetic sophistication brought about by the inver-
tons may impact the anti-phage specificity. In this case, a
bacterium with a relatively large secondary /sdS reservoir
should be resistant to more variety of phages (e.g. B. frag-
ilis).

Epigenetic invertons should fulfill important roles in en-
hancing environmental adaptation beyond the anti-phage
function. Our previous studies have shown that the AsdS in-
versions in the Type I R-M cod locus have profound impact
on pneumococcal physiology and virulence (21,23). The
similarities in the genetic arrangement between the pneu-
mococcal invertons and those of other bacteria, as well as
dramatic impact of /sdS inversions on the methylomes of B.
fragilis, T. denticola, E. faecalis and S. agalactiae, argue for
functional similarity among different epigenetic invertons.
The overwhelming enrichment of the epigenetic invertons in
host-associated bacteria also suggest that they are involved
in bacterial responses to uncharacterized host conditions.
This hypothesis agrees with our recent finding that the /sdS
inversions in the pneumococcal inverton are regulated by
multiple two-component signal transduction systems (57).
A recent study also uncovered many non-epigenetic inver-
ton systems that are also enriched in host-associated bac-
teria, which catalyze inversions of bacterial promoters and
thereby drive phase variations in cell surface structures and
antibiotic resistance (31). In this context, it appears that
host-associated bacteria utilize the same basic principles of
DNA inversion between the epigenetic and non-epigenetic
invertons to promote bacterial responses to host conditions.

As exemplified by the presence of both the epigenetic and
non-epigenetic invertons in B. fragilis (15), the two types of
phase variation mechanisms can operate in the same bacte-
rial cells.

Significant impact of the E. faecalis epigenetic invertons
on the transcriptome strongly suggests that epigenetic inver-
tons can promote the fitness of host-associated bacteria by
phase-dependent modulation of gene expression. Our tran-
scriptional analysis of four E. faecalis H25 inverton vari-
ants has revealed a number of phase-regulated genes. This
finding is consistent with the observations that phase varia-
tions in the MTase activities of Type I and 111 R-M systems
modulate gene transcription in many host-adapted bacteria
(10,23). The transcription for some of the phase-regulated
genes appears to be modulated by the ON-or-OFF methy-
lation of the promoters. The allele-specific methylation sites
are found to be embedded in the predicted —10 promoter
motifs of two phase-regulated gene loci (Figure 8), which
may affect interactions between the promoters and RNA
polymerase and/or transcriptional regulators. Methylation
of the —35 promoter motif has been shown to effectively
regulate expression of the CfrBI Type II R-M genes (58,59).
Moreover, alternative methylation of promoter sequences
by solitary DNA methyltransferase Dam has been well
documented for driving phase variations of pyelonephritis-
associated pili and antigen 43 in E. coli by affecting tran-
scriptional factors and target DNA motifs (60,61).

Characteristics of the epigenetic invertons

The epigenetic inverton shares the same molecular charac-
teristics with non-epigenetic invertons in the non-Type I R-
M loci (33). It represents an invertible sequence flanked by
a pair of inverted repeats, which serve as the sites for precise
recognition and cleavage/ligation activities of a sequence-
specific invertase. Moreover, the invertible 4sdS sequences
typically encode two or more TR Ds, which enable reversible
exchange of one (e.g. from Bf-S1 to Bf-S2 in B. fragilis) or
two TRDs (e.g. from Bf-S1 to Bf-S4 in B. fragilis) between
two hsdS genes in a single reaction. The inversion products



always maintain the translational reading frames of the two
hsdS genes involved in the reactions. Functionally, each of
the resulting MTases methylates a unique sequence. Lastly,
the inverton-positive Type I R-M systems should possess at
least two AsdS genes, a criterion we used to identify new epi-
genetic invertons in this study.

The epigenetic invertons and invertase genes are mostly
co-localized in the same Type I R-M loci. In the cod locus of
S. pneumoniae and the epigenetic invertons of four bacteria
investigated in this work, invertase genes are placed either
within (e.g. E. faecalis, S. pneumoniae, S. agalactiae and T.
denticola) or outside (e.g. B. fragilis) the invertons. A devi-
ation from this genetic arrangement is the lack of the inver-
tase homologs in certain Type I R-M systems with multiple
hsdS genes. Our REBASE search identified many S+ Type
I R-M loci that don’t encode any identifiable invertase ho-
mologs. These invertase-negative epigenetic invertons may
still undergo /sdS inversions with the help of invertases en-
coded elsewhere in the genomes. For instance, the HvsR in-
vertase of M. pulmonis catalyzes the inversions of three loci
distantly located in the genome: two S+ Type I R-M loci
and the V-1 lipoprotein genes (19). It is also possible that
certain invertons are subjective to ‘spontaneous’ inversions
as shown for other invertible sequences (26,62-63).

There are great variations in the number of functionally
unique MTases generated by various epigenetic invertons.
The four invertons investigated in this report are able to
yield variable numbers of /sdS, allelic variants, ranging
from three in 7. denticola to eight in B. fragilis. This diver-
sity is mainly defined by the number of the secondary ZsdS
genes in the invertons, which is reflected by the difference
between E. faecalis (one) and B. fragilis (three). Another
contributing factor is the number of the TRDs encoded by
the secondary AsdS genes. Although the 7. denticola inver-
ton possesses one more secondary ssdS genes than the E.
faecalis counterpart, the latter is capable of producing one
more hsdS 4 allele than the former because the /sdSg gene of
E. faecalis encodes two TRDs as compared with one TRD
encoded by the hsdSp and hsdSc genes of T. denticola. Fi-
nally, the genetic organization of the TRDs encoded by the
secondary AsdS gene also affects the epigenetic output of
the inversions. Specifically, a full 4sdS gene encoding two
TRDs is more productive in generating functionally unique
MTases. This point is also exemplified by the generation
of four hsdS, alleles with a full hsdSpgene in E. faecalis,
as compared with three /sdS 4 alleles from two ‘half” sec-
ondary hsdS genes (hsdSp and hsdS¢) in T. denticola.

Functional partition of the /sdS genes in the same Type I R-
M systems

The existing data strongly suggest that only the first isdS
genes in the epigenetic invertons encode the intact S sub-
units of the Type I R-M MTases. Our recent work has re-
vealed that the first 4sdS gene (hsdS4) in the pneumococ-
cal cod locus is co-transcribed from the upstream /sdR pro-
moter but the two secondary /sdS genes are not expressed
due to the lack of promoters (26). Sequence analysis sug-
gested that the first 4sdS genes in the four selected bacteria
are co-transcribed with the upstream neighbors on the ba-
sis of short intergenic regions and lack of Rho-independent
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transcription terminators. Similar to the 4sdS genes in the
cod locus of S. pneumoniae (26), no promising promoters
were identified for the secondary /sdS genes in the inver-
tons of B. fragilis, E. faecalis, T. denticola and S. agalactiae.
Functionally, all of the sequences methylated by the Type
I R-M systems in this study are completely matched to the
sequence specificities of the first /sdS genes in the invertons.
These observations support our conclusion that the ssdS
genes in the epigenetic invertons are expressed and encode
the enzymatically active S subunit, whereas the downstream
homologs function as DNA templates for inversion-driven
sequence changes in the 4sdS, genes. Combining the tran-
scriptional active and silent /sdS genes for phase varia-
tion in bacterial methylomes is reminiscent of the similar
genetic organizations governing the antigenic variations in
other pathogenic microorganisms (64). Programmed site-
specific recombinations between the transcriptionally ac-
tive and silent copies of homologous genes are responsible
for antigenic variations in the surface-exposed proteins in
pathogenic Borrelia (65), Neisseria (66) and African Try-
panosome (67).

M.Tdell - a novel methyltransferase with dual activities

The M.Tdell MTase encoded by the Tde3505I1 Type II
R-M locus of T denticola represents a unique enzyme
that catalyzes dual m4C/m6A modifications in two DNA
strands of the same sequence. Our SMRT sequencing anal-
ysis has indicated that M.Tdell carries out an m4C mod-
ification in one strand (5-™*CTCTTCNG-3') and another
m6A modification in the opposite strand (5-G™AAGAG-
3). A single Type II R-M system in Bacillus coagulans
has been shown to recognize the sequence 5-CTCTTC-
3'/5-GAAGAG-3" and converts the first cytosine to N4-
methylcytosine in one strand and the second adenine to
N6-methyladenine in the opposite strand (68). However,
in that case, the two strands are separately methylated by
two MTases (M1.BcoKI and M2.BcoKI) encoded by dif-
ferent hsd M genes. The Type 11 R-M systems of Croceibac-
ter atlanticus and Enterobacter aerogenes are also predicted
to possess the dual methylations of the same 5-CTCTTC-
3'/5-GAAGAG-3' sequence in REBASE, apparently by
the two different MTases. Certain Type I R-M MTases are
also able to carry out similar m4C/m6A modifications with
two different HsdM proteins in a single MTase complex
(69). Our preliminary sequence analysis revealed that the
amino (~500 amino acids, aa) and carboxyl (~370 aa) re-
gions of M.Tdell (877 aa in total) are homologous to the
M1.CatHI (412 aa) and M2.CatHI (374 aa) MTases of C.
atlanticus HTCC2559 (REBASE), respectively. This infor-
mation indicates that the single M.Tdell protein of 7. den-
ticola consists of two different M Tases, each of which is re-
sponsible for modifying one of the two DNA strands of the
target sequence. Our BLAST search revealed the homologs
of the full-length M.Tdell in many Gram-negative bacte-
ria (e.g. Acinetobacter, Citrobacter and Klebsiella), in which
they are annotated as adenine-specific DNA methyltrans-
ferases or hypothetical proteins. This work provides insight-
ful information for future characterization of the M.Tdell
homologs in other bacteria.
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