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Abstract

Mobile genetic elements (MGEs) and genetic rearrangement are considered as major driving forces of bacterial diversification.
Previous comparative genome analysis of Porphyromonas gingivalis, a pathogen related to periodontitis, implied such an important
relationship. As a counterpart system to MGEs, clustered regularly interspaced short palindromic repeats (CRISPRs) in bacteria may be
useful for genetic typing. We found that CRISPR typing could be a reasonable alternative to conventional methods for characterizing
phylogenetic relationships among 60 highly diverse P. gingivalis isolates. Examination of genetic recombination along with multilocus
sequence typing suggests the importance of such events between different isolates. MGEs appear to be strategically located at the
breakpoint gaps of complicated genome rearrangements. Of these MGEs, insertion sequences (ISs) were found most frequently.
CRISPR analysis identified 2,150 spacers that were clustered into 1,187 unique ones. Most of these spacers exhibited no significant
nucleotide similarity to known sequences (97.6%: 1,158/1,187). Surprisingly, CRISPR spacers exhibiting high nucleotide similarity
to regions of P. gingivalis genomes including ISs were predominant. The proportion of such spacers to all the unique spacers (1.6%:
19/1,187) was the highest among previous studies, suggesting novel functions for these CRISPRs. These results indicate that
P. gingivalis is a bacterium with high intraspecies diversity caused by frequent insertion sequence (IS) transposition, whereas both
the introduction of foreign DNA, primarily from other P. gingivalis cells, and IS transposition are limited by CRISPR interference. It is
suggested that P. gingivalis CRISPRs could be an important source for understanding the role of CRISPRs in the development of
bacterial diversity.

Key words: clustered regularly interspaced short palindromic repeat (CRISPR), genome rearrangement, mobile genetic element
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2006). In Escherichia coli, 1Ss are implicated in genomic diver-

Introduction sification (Ooka et al. 2009). ISs are also important in under-

Evolution is of great interest and is crucial for understanding
bacteria and their diversification. To clarify bacterial diversifi-
cation mechanisms, there are several genetic factors to be
considered. Genome recombination occurs between bacterial
cells, whereas transposition of insertion sequences (ISs) and
genome rearrangements are intracellular events. Milkman
(1997) described a role for gene transfer such as transduction
and conjugation in genome recombination leading to bacte-
rial diversification. Insertion sequence (IS) elements are one
class of mobile genetic elements (MGEs) and have been
widely identified among bacterial species (Siguier et al.

standing bacterial diversity because they are precursors of
repetitive sequences and previous reports indicated the in-
volvement of DNA repeats in genome rearrangements (Hill
and Harnish 1981; Achaz et al. 2003; Darling et al. 2008).
Such rearrangements can cause phenotypic changes (Dybvig
1993; Ng et al. 1999; Lysnyansky et al. 2001) or create novel
prophages (Nakagawa et al. 2003; Nozawa et al. 2011).
Relative to the mechanism of IS transposition, both inducive
and suppressive regulation are known. IS-excision enhancers
in E. coli O157:H7 have been suggested to play a role in di-
versifying the genome of this organism (Kusumoto et al.
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2011). An example of suppressive regulation involves a signal
peptide in Bacillus subtilis that suppresses the transfer of the
integrative and conjugative element ICEBsT by responding to
environmental changes (Auchtung et al. 2005). However, be-
cause few relevant mechanisms have been investigated, there
are likely uncharacterized systems for regulating the events
involved in bacterial diversification (Ochman et al. 2000).

As one mechanism for limiting genetic movement between
bacterial cells, clustered regularly interspaced short palin-
dromic repeats (CRISPRs) have received increasing attention
in recent years. CRISPRs are found in 50% and 80% of se-
guenced bacteria and archaea, respectively (Bhaya et al.
2011). CRISPRs are intergenic sequences involved in immunity
to exogenous sequences and have structurally unique se-
guence arrays with various spacer sequences inserted be-
tween the repeat sequences (Barrangou et al. 2007; Sorek
et al. 2008). The spacer sequences are generally acquired
from exogenously introduced sequences, for example, from
bacteriophages and plasmids, and are transcribed to resist
their re-invasion. CRISPR-associated (Cas) genes are responsi-
ble for CRISPR function, that is, acquisition of the introduced
sequence, expression of the CRISPR array, and interference of
re-invading sequences (Bhaya et al. 2011). Utilizing these
structural features, CRISPR typing has been utilized for bacte-
ria and archaea (Andersson and Banfield 2008; Horvath et al.
2008; Held et al. 2010; Fabre et al. 2012; McGhee and Sundin
2012). Recently, new CRISPR functions have been recognized
other than for immunity. For example, staphylococcal CRISPRs
interfere with the spread of antibiotic resistance caused by
horizontal gene transfer (Marraffini and Sontheimer 2008).
In Pseudomonas aeruginosa, the involvement of CRISPRs in
biofilm formation has been reported (Cady and O'Toole
2011). Furthermore, the expression of the histidyl-tRNA syn-
thetase gene is regulated by CRISPRs in Pelobacter carbinolicus
(Aklujkar and Lovley 2010). CRISPR regulation of gene expres-
sion is also suggested in Aggregatibacter actinomycetemcomi-
tans (Jorth and Whiteley 2012). Therefore, it is expected that
more novel CRISPR functions will be revealed in future studies.

Recently, we determined the complete genome sequence
of P. gingivalis isolate TDC60 (Watanabe et al. 2011). Porphy-
romonas gingivalis is a Gram-negative anaerobic bacillus and is
considered as one of the most responsible bacteria for the
onset and/or progression of periodontitis (Lamont and
Jenkinson 1998; Bostanci and Belibasakis 2012). For clinical
investigations, phylogenetic analyses have been carried out in
P. gingivalis using pulsed-field gel electrophoresis (PFGE) and
multilocus sequence typing (MLST) (Koehler et al. 2003;
Enersen et al. 2006; Perez-Chaparro et al. 2009). In addition,
fimA genotyping has been also carried out in several countries.
fimA of P. gingivalis encodes fimbrillin, a major component of
P. gingivalis fimbriae, and fimA is typeable into six groups
according to its sequence (Amano 2003). Among these
groups, genotype Il is more prevalent in periodontitis and is
associated with more aggressive forms of the disease (Amano

2003; Amano et al. 2004). However, these typing methods
are not useful to understand the propagation and evolution of
this organism because of the complexity of their genome
structure and the limitation of their resolution power.
Therefore, we targeted CRISPR spacers to trace the evolution
of P. gingivalis. Our preliminary investigation of CRISPRs in
three P. gingivalis strains demonstrated that CRISPR spacers
exhibiting high nucleotide similarity to regions of P. gingivalis
genomes were present and the number of spacers was diverse
among the three genomes (TDC60: 89; W83: 44; and ATCC
33277: 137). Additionally, it is expected that CRISPR typing
may be useful in P. gingivalis based upon spacer content and
abundance. For these reasons, CRISPRs in P. gingivalis are
worthy of further investigation.

In this study, we examined the applicability of CRISPR
typing to 60 P. gingivalis isolates in comparison with conven-
tional methods. All of the 2,150 spacers identified from the 60
isolates were investigated in detail. Genetic recombination
was examined by split decomposition of MLST. Furthermore,
we performed genome sequence alignments to characterize
genome rearrangements that were reportedly characteristic of
P. gingivalis (Naito et al. 2008). These results suggested
genome rearrangements mainly involve MGEs. Furthermore,
a novel CRISPR function was hypothesized in P. gingivalis. The
hypothesis involves the limitation of both IS transposition in
the cell and the introduction of foreign DNA into P. gingivalis.
Therefore, this study is expected to be a useful resource for
deciphering the detailed mechanisms underlying novel CRISPR
functions as well as revealing how CRISPRs regulate chromo-
somal rearrangements by limiting IS transposition.

Materials and Methods

Bacterial Strains and Culture Conditions

Porphyromonas gingivalis TDC60 was obtained as described
previously (Watanabe et al. 2011), and two strains (ATCC
33277, ATCC 53977) were from the American Type Culture
Collection (ATCCQ). In total, we used 60 isolates that included
44 from Japanese patients (supplementary table S1, Supple-
mentary Material online). The 44 Japanese isolates consist of
26 isolates from 7 patients (for which serial numbers were
given) and 18 without information of patient sources. All
P. gingivalis isolates were maintained anaerobically (10%
CO,, 10% H,, and 80% N,) at 37°C in 3% tryptic soy
broth (TSB; Becton Dickinson, NJ) or on TSB blood agar
plates (3% TSB, 5% sheep blood, 1.5% agarose), supple-
mented with yeast extract (1 mg/ml), hemin (5pg/ml), and
menadione (1 pg/ml).

Isolation of Genomic DNA and fimA Genotyping

Porphyromonas gingivalis cells were cultured in 10 ml supple-
mented TSB. When the optical density of the culture at
600 nm (ODggp) Was more than 1.0, it was centrifuged and
washed with TNE buffer (10mM Tris=HCI, 50 mM
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ethylenediaminetetraacetic acid [EDTA], 100mM NaCl, pH
8.0). The pellet was suspended in TNE buffer with lysozyme
(1 mg/ml; Nacalai Tesque, Kyoto, Japan), sodium dodecyl sul-
fate (1%; Nacalai Tesque), and ribonuclease A (10 pg/ml;
Nacalai Tesque) at 37°C for 3h, followed by proteinase K
treatment (100 pg/ml; Nacalai Tesque) for 3 h. After phenol-
chloroform purification and ethanol precipitation, the pelleted
DNA was dissolved in TE buffer (10 mM Tris=HCI, 1 mM EDTA,
pH 8.0). The genomic DNA was stored at 4 °C until use.

The fimA region of each isolate was amplified by polymer-
ase chain reaction (PCR) using M11 and M12 primers (Naka-
gawa et al. 2000) and partially sequenced to determine its
genotype by sequence alignment with known types.

PFGE

A liquid culture of P. gingivalis was pelleted and suspended in
TE buffer (10 mM Tris=HCI, 50 mM EDTA, pH 8.0) to adjust
the ODggp to 2.0. Then, the suspension was mixed with
melted 2% agarose (Bio-Rad Laboratories, CA) to obtain a
plug in which the bacterial cells were embedded. The plug
was treated with TNE buffer (10 mM Tris—=HCI, 50 mM EDTA,
1M NaCl, pH 8.0) containing 0.2% sodium lauroylsarcosinate
(Nacalai Tesque), 0.2% sodium deoxycholate (Nacalai
Tesque), 2 mg/ml lysozyme (Nacalai Tesque), and 2.5 pg/ml
ribonuclease A at 37°C overnight, followed by treatment
with 1% sodium dodecyl sulfate and 100 ug/ml proteinase
K overnight. After that, the buffer was replaced to TE
buffer with no supplement and stored at 4°C. The plug
was digested at 37°C with 30U Notl in NEBuffer 3 (New
England Biolabs, MA).

PFGE was performed with the CHEF Mapper system (Bio-
Rad Laboratories). The gel was run at 6.0 V/cm in 0.5x TBE at
16°C for 20h and Lambda Ladder PFG Marker (Bio-Rad
Laboratories) was used. After running, the gel was stained
in ethidium bromide to obtain image data. Dice’s distance
matrix was calculated from the pattern to construct a den-
drogram using the unweighted pair group method with
arithmetic mean (Dice 1945). Clusters were formed with a
threshold value of 90% identity.

MLST

In MLST analysis, seven chromosomal genes and PCR primers
for their amplification were used as described previously (ftsQ,
gpaxJ, hagB, mcmA, pepO, pga, and recA; Koehler et al.
2003). PCRs were performed using Ex Taq polymerase
(TaKaRa, Kyoto, Japan), with cycling conditions of 1min at
94°C, followed by 35 cycles of 10s at 98°C, 30s at 55°C,
and 3 min at 72 °C. Amplicons were electrophoretically sepa-
rated, cloned, and sequenced using an ABI 3730 sequencer
(Applied Biosystems, CA). Sequence data were manually
trimmed to preserve the regions to be analyzed.
Phylogenetic relationships were investigated with a maxi-
mum likelihood (ML)-based tree from the concatenated

sequence using MEGA v5.0 (Tamura et al. 2011). We also
constructed an ML-based tree using 198 data sets, containing
our data and 138 data sets deposited in the P. gingivalis MLST
database (PUbMLST,; http:/Avww.pubmist.org/pgingivalis/, last
accessed May 24, 2013). The significance of branching was
evaluated by bootstrap analysis of 500 replicates. Clusters
were formed with a threshold phylogenetic distance value
of 0.004 in the ML-based tree of the 60 isolates. To visualize
differences in the allelic profiles of the isolates, a diagram was
drawn using eBURST v3 (Feil et al. 2004).

To characterize nucleotide substitutions and the extent of
sequence variation, the dN/dS ratio was calculated using
START v2 (Jolley et al. 2001). Genetic diversity was calculated
by the following formula: 1 — Zx,z[n/(n — 1), where x; is the
frequency of the ith allele and n is the number of isolates (Loos
etal. 1992). Allelic profiles and calculated values are described
in supplementary tables S2 and S3, Supplementary Material
online, respectively.

CRISPR Sequence Determination

From the genome information of the laboratory strains and
our analysis of TDC60, there are at most four loci in the
P. gingivalis genome, which are distinguishable by the lengths
of their repeats to three types: types 30, 36, and 37. Type 36 is
further distinguished by differences in the nucleotide se-
guences of their repeats: types 36.1 and 36.2. The direction
of the CRISPRs was determined in each CRISPR type by exam-
ining the directions of the Cas genes and conservation of the
sequences adjacent to the CRISPR. Cas genes were annotated
using a BLASTP search of the NCBI GenBank Non-redundant
Protein Database under the threshold of 80% query coverage
and 80% identity; we verified that the annotated Cas genes
had the correct protein motif in the NCBI Conserved Domain
Database. The arrays of Cas genes were classified according to
the classification of Makarova et al. (2011). In supplementary
figure S6, Supplementary Material online, the Cas genes are
colored according to the style used by Makarova et al. (2011).

We analyzed the spacer content in 60 P. gingivalis iso-
lates by PCR amplification and Sanger sequencing. The
following primers were used: pgC30F, 5'-GGCTTTTCTGTTTG
AATGTGAGGAG-3'; pgC30R, 5'-GTGCAGCCCTTGGTTTATCT
TAATC-3’; pgC36.1F, 5-CTGTGGAATGATGACTTCTCAAT
CGG-3; pgC36.1R, 5-CACACTACTGCACTTTTCAA
CGC-3; pgC36.2F, 5-ACTTCCCCATCAACAGCACAACTT
CC-3; pgC36.2R, 5-CCTATCAATGACTTATAAAGGGTCG-3;
pgC37F, 5-CCCAAACGTAACGCATTGGCA-3'; pgC37R, 5'-C
CGAGGGTTAGAACGAACGCATA-3'; the number following
"pgC" indicates the CRISPR type to be amplified. The primers
were designed so they were located adjacent to the CRISPR
loci, except for the primer targeting the upstream region
of type 30, which exhibited high nucleotide similarity to the
sequence adjacent to ISPg7 that was located next to the
CRISPR (supplementary fig. S1, Supplementary Material
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online). PCRs were performed using Ex Taq polymerase
(TaKaRa) with following conditions: 1 min and 30s at 94 °C,
followed by 35 cycles of 15sat 98°C, 30s at 55°C, and 3 min
at 72°C. For long target amplification, LA Taq polymerase
(TaKaRa) was used and the extension time of the PCR cycle
was 10min. Repeats and spacers were identified using
CRISPRFinder (Grissa et al. 2007). For each CRISPR type, the
consensus sequence of the repeat was identified from all the
repeats of the same type (supplementary table S4, Supple-
mentary Material online) using WebLogo v3.3 (Crooks et al.
2004). The number of spacers in each isolate was compared
with those of the phylum Bacteroidetes, calculated from the
spacer data sets in the CRISPI database (Rousseau et al. 2009).

CRISPR Typing by Unique Spacers

CRISPR sequences were determined for the 4 types (30, 36.1,
36.2, and 37) in the 60 isolates as described in Supplementary
Information. For each CRISPR type, a nonredundant unique
spacer list was obtained using an all-to-all BLASTN search with
the following criterion: two spacers were regarded to exhibit
high nucleotide similarity to each other if the BLASTN bit score
was more than 50 (Pride, Salzman, et al. 2012). We per-
formed the BLASTN search under the following conditions:
word size 7 and dust filter off. The name of the unique
spacer was determined from a combination of the CRISPR
type and the serial number of the type, for example, the
spacer 30_156 belongs to type 30 and has the serial
number 156 of that type. After such designations, they
were then further clustered across the four types.

The original spacers of each isolate were searched using
BLASTN against the unique spacer list to obtain bit scores,
which were then arrayed to generate a numerical matrix. A
heatmap was provided for the matrix and two colors were
used according to the bit score: red: >50, yellow: <50. For the
spacers of all four types and those within each type, dendro-
grams were constructed by calculating the Euclidian distance
of the matrix using the R software package (http://cran.r-proj
ect.org/, last accessed May 24, 2013). In each dendrogram,
isolates with no spacer were excluded. Distance values were
used for clustering in the dendrograms as described with the
following thresholds: 250 (all types), 150 (types 30, 36.2, and
37), and 100 (type 36.1).

Nucleotide Similarity Search of CRISPR Spacers

To characterize the spacer sequences, the spacer list was sub-
jected to a BLASTN search against the following seven data-
bases: 1) NCBI GenBank nucleotide database; 2) MGEs in the
ACLAME database (http://aclame.ulb.ac.be/, last accessed
May 24, 2013; Leplae et al. 2010); 3) human oral-specific
assemblies in the Human Microbiome Project (HMBSA:
http://hmpdacc.org/HMBSA/, last accessed May 24, 2013;
Lewis et al. 2012); 4) Human Oral Microbiome Database
(http:/Avww.homd.org/, last accessed May 24, 2013; Chen

et al. 2010); 5) metagenomics of the Human Intestinal Tract
(MetaHIT: http:/Awww.metahit.eu/, last accessed May 24,
2013; Arumugam et al. 2011); 6) human assemblies of
HMBSA specific for non-oral sites; and 7) salivary virome
data sets sequenced by Pride et al. (2012) in the MG-RAST
web server. There was a difference among them with respect
to the body sites of the sequenced samples: 2, 3, 4, and 7
were from oral databases (especially [7] as a salivary virome); 5
and 6 were from nonoral databases. Hits were considered as
significant for bit scores >50, and the subject sequences were
annotated using a BLASTX search to the NCBI GenBank Non-
redundant Protein Database. We also used the spacer data
sets of both bacteria and archaea available in the CRISPI data-
base for nucleotide similarity searches against the seven data-
bases. The presence of ISs was characterized in P. gingivalis
genomic regions, which encompassed 2-kb upstream and
2-kb downstream of the regions exhibiting high nucleotide
similarity to the spacers. For each CRISPR type in the 60
P. gingivalis isolates, protospacer-adjacent motifs (PAMs)
were predicted from an alignment of the sequences in the
databases exhibiting high nucleotide similarity to the spacer
using Weblogo v3.3 (Crooks et al. 2004). The 20-bp se-
quences that were adjacent to both ends of the region ex-
hibiting high nucleotide similarity to the spacer were included
in each alignment for PAM prediction.

Genetic Recombination Test

For the MLST data, intercellular recombination tests were per-
formed by split decomposition analysis and calculation of the
standardized index of association (/z), using SplitsTree v4.11
and START v2 (Jolley et al. 2001; Huson and Bryant 2006). In
the tree, clusters were formed with a phylogenetic distance
threshold of 0.004.

Genome Sequence Alignment and Characterization of
Rearrangement Breakpoints

The complete genome sequence of P. gingivalis TDC60 has
been determined by our group (Watanabe et al. 2011:
GenBank accession no. NC_015571). For comparison, the
genome sequences of two laboratory strains were used
(Nelson et al. 2003: W83, NC_002950; Naito et al. 2008:
ATCC 33277, NC_010729). Dot plots were drawn from each
alignment using GenomeMatcher v1.66 (Ohtsubo et al. 2008).
The Nucmer program in MUMmer v3.22 was used for align-
ment with default settings (Kurtz et al. 2004). In the dot plot
areas, lines shorter than 2.5 kb were removed. Two adjacent
lines were organized as a fragment if they fulfilled the following
conditions: 1) there was consistency between them with re-
spect to the manner of Y-position change (increase/decrease)
when the X-position increased; and 2) gaps between them
were less than 25 kb in both axes (X and Y). Rearrangement
breakpoints were identified as the ends of each fragment, and
breakpoint gaps were the interfragment regions between two
adjacent breakpoints.
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To investigate the association of MGEs with genome rear-
rangement, we characterized the presence of MGEs in a 3-kb
region, which covered 1.5-kb upstream and 1.5-kb down-
stream of the breakpoint, using a BLASTN search. We did
not use the whole length of the breakpoint gap for the
search because we considered that the middle region in a
long breakpoint gap was not appropriate for characterization.
The searched MGEs included ISs, miniature inverted-repeat
transposable elements (MITEs), transposons (Tns) and conju-
gative transposons (CTns). The 3-kb regions with no signifi-
cant nucleotide similarity to the MGEs (e value > 1e—50) were
further searched for the presence of ribosomal RNA operons
or multicopy coding DNA sequences (CDSs). The features of
each breakpoint gap were determined with the 3-kb regions
of two breakpoints, which were located at both ends of the
breakpoint gap. Six values were given as the numbers of each
feature because such a number can be determined indepen-
dently on two genomes per alignment and there are three
alignments (TDC60-ATCC 33277, TDC60-W83, and W83-
ATCC 33277). The statistical significance of the location of
the feature was tested using a two-tailed paired t test.

Nucleotide Sequence Accession Numbers

The nucleotide sequences have been deposited in the DDBJ/
EMBL/GenBank databases under the following accession
numbers: CRISPR loci, AB757108-AB757255; MLST analysis,
AB757256-AB757675. They are also available at the website
of our laboratory (http:/Awww.tmd.acjp/grad/bac/, last
accessed May 24, 2013).

Results

Characterization of Genetic Diversity among P. gingivalis
Isolates by Conventional Methods

We characterized the intraspecies diversity among 60 P. gin-
givalis isolates (supplementary table S1, Supplementary
Material online) using two conventional methods, that is,
PFGE and MLST. In PFGE, only 18 isolates exhibited the
same band patterns (supplementary fig. S2, Supplementary
Material online). By clustering with the similarity threshold
values, isolates from the same patient were clustered; an
ML-based tree based upon MLST provided similar clusters
(supplementary fig. S3, Supplementary Material online). In
the ML-based tree, four other clusters were formed by the
isolates, which were from different patients and had the same
fimA type. Additionally, we constructed an ML-based tree for
198 data sets, containing both our data and 138 data sets in
PUbMLST. The isolates from the same patient were phyloge-
netically close in the tree (supplementary fig. S4, Supplemen-
tary Material online). When we focused on Japanese isolates,
they were distributed randomly in the tree, without exhibiting
a close relationship with each other.

Allelic profiles also exhibited high diversity among the 60
isolates in the eBURST diagram (supplementary fig. S5 and

table S2, Supplementary Material online). Most sequence
types were also unique (59/60). In the diagram, several links
were observed between the isolates; only two pairs of the
isolates were single-locus variants (SLVs) (0.11%: 2/1,770;
conceivable number of links was 1,770) and 16 pairs were
double-locus variants (DLVs) (0.90%: 16/1,770). In all of the
SLVs (2/2) and most DLVs (12/16), the linked isolates were
from the same patient, except for the following: TDC263-
D5, D41-KS14, HG1025-ATCC 53977, and OS61-"0S58-3."
Two-thirds of all isolates (40/60) were distributed as a
singleton.

Characterization of Diversity in P. gingivalis by
CRISPR Typing

For the three available P. gingivalis genomes, we first examined
the classification of the Cas gene arrays (supplementary fig. S6,
Supplementary Material online). Cas genes were detected only
near CRISPR types 30 and 37. These arrays near type 30 were
classified as type IC because the array contained cas8c, the
signature gene for type IC, although they formed almost the
same line as type IB, except for the position of cas5 (supple-
mentary fig. S6, Supplementary Material online). The Cas gene
array near type 37 was classified as type llIB due to the existence
of cmr genes, which are specific for this type (supplementary
fig. S6, Supplementary Material online). In each CRISPR type,
the Cas genes formed an array toward the CRISPR locus. The
sequences adjacent to the end of the CRISPRs were conserved
on both sides of the CRISPRs; it was difficult to find a difference
in AT-richness between the adjacent sequences on both sides.
Thus, we determined CRISPR direction for only types 30 and
37, for which the Cas genes were located nearby; the end of
the CRISPRs was determined as a leader end if the Cas genes
were located on the adjacent region of the CRISPRs. In the case
of types 36.1 and 36.2, we followed the direction of the
CRISPRs, which was reported by Nelson et al. (2003) and
Naito et al. (2008). The type IC Cas gene is reported to have
a role in DNA targeting, whereas type llIB has a role in both
DNA and RNA targeting (Makarova et al. 2011).

We analyzed four CRISPR loci in 60 P. gingivalis isolates. The
consensus sequences of the repeats were different among the
CRISPR types (supplementary table S5, Supplementary Material
online). The repeats were highly conserved in types 36.1, 36.2,
and 37, whereas a polymorphism was observed in type 30
(supplementary fig. S7 and table S4, Supplementary Material
online); some repeats were an exception by generally being
30bp, including those both longer and shorter than 30 bp.
Although the majority of type 30 repeats were 30bp and
highly conserved, some repeats had a T nucleotide at the end
instead of C (supplementary fig. S8, Supplementary Material
online); most of them were located at the end of the repeat
arrays. \We were unable to detect a CRISPR locus in only 3 iso-
lates (5%: 3/60; D45, TDC117, and OS58-3); meanwhile, it
was shown that presence of each CRISPR locus was diverse in
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the 57 isolates (table 1). Each CRISPR locus was detected in the
isolates in the following proportions: 57% (type 30: 34/60 iso-
lates), 88% (type 36.1: 53/60), 65% (type 36.2: 39/60), and
37% (type 37: 22/60). We identified 2,150 spacers in the 57
isolates; the spacers in type 30 were the most abundant (62%:
1,330/2,150 spacers; table 1). The number of spacers in all of
the loci was variable among the isolates, ranging from 0 to 137
(35.8 £ 29.3), for which the average number was almost half of
that in the phylum Bacteroidetes (73.8 +88.0) in the CRISPI
database (Rousseau et al. 2009). However, the distribution of
the number of spacer in P. gingivalis was almost similar to that
of the Bacteroidetes, except for Rhodothermus marinus (157
spacers), Runella slithyformis (200 spacers), Haliscomenobacter
hydrossis (243 spacers), and Saprospira grandis (442 spacers).
We obtained unique spacer lists for each CRISPR locus (table 1)
and all CRISPR loci (1,187 unique spacers; supplementary table
S6, Supplementary Material online).

The spacer content exhibited by the unique spacers was
diverse among the isolates (supplementary fig. S9, Supple-
mentary Material online). Most clusters were formed by iso-
lates from the same patient. When the spacers were limited to
each CRISPR type, the characteristics of the cluster in type 36.2
(fig. 1) were different from those in types 30, 36.1, and 37
(supplementary fig. S10, Supplementary Material online). The
clusters of the three types constituted isolates with the same
fimA type, as observed with the conventional methods. On
the other hand, the isolates were clustered regardless of their
fimA type in type 36.2; for example, a cluster was formed by 5
isolates (ESO101, OS61, HNA99, HW24D1, and OMZ314)
that were from different patients and had different fimA
types. Such clusters accounted for 56% of the clusters (5/9)
in type 36.2 and were not observed with the other 2 methods
or in previous studies (Enersen et al. 2008; Perez-Chaparro
et al. 2009).

When focusing on the spacers in the isolates from the same
patient, it was notable that slight differences were observed
among them despite their being clustered (fig. 2). For exam-
ple, the isolates D12 and D26 shared 28 spacers and each had
specific spacers in type 30 (12 in D19 and 5 in D12). Such
slight differences in the spacers were observed in all of the
isolates (26 from the 7 patients). In addition, the sharing of 5
spacers in type 36.2 was observed among 3 patients (nos. 2,
3, and 6), indicating the occurrence of genetic recombination.

Intercellular Recombination among P. gingivalis Isolates

We examined the impact of intercellular recombination on
P. gingivalis diversification using our MLST data. Split decom-
position analysis was performed to show phylogenetically
conflicting signals resulting from recombination (Octavia and
Lan 2006). The resulting tree showed the same clusters (fig. 3)
as those in the ML-based tree (supplementary fig. S3,
Supplementary Material online). There were network-like
structures, mainly concentrated around the center of the

tree. Some of them influenced almost half the length of the
branches, for example, the branches of TDC225 and TDC280.
The standardized index value of association, /i, was 0.1247
for the 60 concatenated sequences. All the dN/dS values for
each locus, indicators of positive selection, were less than 1,
ranging from 0.0885 to 0.3470 (supplementary table S3,
Supplementary Material online).

Genome Rearrangement and MGEs in P. gingivalis

To examine the impact of genome rearrangement on P. gin-
givalis diversification, we performed dot plot analysis (fig. 4A;
supplementary fig. S11, Supplementary Material online). As
reported previously (Naito et al. 2008), the fragments in the
plot of W83-ATCC 33277 showed one large X-shaped struc-
ture in the overall graphic field, indicating that genome rear-
rangement events occurred in a symmetrical fashion along the
replication axis. The plots of TDC60-W83 and TDC60-ATCC
33277 indicated less X-shaped structures, and generated
complicated fragment patterns. There was an average of 18
fragments in each dot plot (TDC60-ATCC 33277: 17; TDC60-
W83: 15; and W83-ATCC 33277: 22).

A previous study implicated the association of MGEs with
rearrangements between two P. gingivalis genomes (Naito
et al. 2008). In this study, we investigated rearrangement
breakpoints among three P. gingivalis genomes using objec-
tive criteria and analyzed each statistically (see Materials and
Methods). We found that MGEs were located at the break-
points at a high frequency (table 2; supplementary tables S7
and S8, Supplementary Material online). The percentage of
MGEs at all breakpoints in each genome was 62.0% on av-
erage, ranging from 46.7% to 88.2%. At other breakpoints,
rRNA operons, multicopy CDSs, or regions without any char-
acteristic features were observed. Three patterns of multicopy
CDSs were observed (supplementary table S9, Supplementary
Material online), including the two-copy CDSs mentioned by
Naito et al. (2008). The other two patterns were first detected
in this study, both of which were hypothetical CDSs dispersed
in the genome. Examples of ISs or rRNA operons located at the
breakpoints are shown in figure 4B. Statistical significance was
observed for the location of the MGEs at the breakpoint gaps
relative to the other features, as shown in figure 4C (62% on
average; MGEs to rRNA: P=0.0012, MGEs to multicopy CDS:
P=0.0007, MGEs to the regions with no known characteristic
features: P=0.0074, two-tailed paired t test). Moreover, of
the MGEs located at the breakpoints, ISs were more frequent
compared with the other MGEs (ISs to MITEs: P=0.0037, ISs
to Tns: P=0.00009, ISs to CTns: P=0.0049, two-tailed paired
t test).

CRISPR Spacers Exhibiting High Nucleotide Similarity to
the P. gingivalis Genome

We further analyzed the spacers observed in P. gingivalis
CRISPRs using nucleotide similarity searches of the seven
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Table 1
The Numbers of Spacers in Four CRISPR Loci of 60 Porphyromonas
gingivalis Isolates

Name of Isolate CRISPR Loci
30 36.1 36.2 37
ATCC 33277 119 4 12 2
ATCC 53977 0 6 0 8
W50 23 7 7 12
W83 23 7 7 7
D3 57 9 6 6
D4 57 9 6 6
D5 73 6 0 7
D8 39 5 1" 0
D9 39 7 18 0
D12 40 9 5 0
D26 33 9 0 0
D14 34 2 8 0
D15 34 2 8 0
D16 34 2 10 0
D17 34 2 8 0
D18 34 2 8 0
D19 33 2 7 0
D22 34 2 8 0
D23 34 4 8 0
D28 0 25 0 0
D29 0 25 0 0
D45 0 0 0 0
D32 3 9 5 0
D33 3 9 5 0
D34 3 9 5 0
D39 3 9 5 0
D40 3 10 2 0
D41 3 9 5 0
PC9 0 4 10 0
PC13 0 1" 15 0
FK2 0 0 18 13
15 0 9 5 0
KS14 14 6 0 0
L1 64 0 0 9
us4 59 5 0 7
TDC59 67 3 0 4
TDC60 82 3 0 4
TDC117 0 0 0 0
TDC129 0 3 7 10
TDC222 0 6 0 16
TDC225 7 7 6 0
TDC243 0 8 6 3
TDC260 0 5 0 14
TDC263 0 5 0 4
TDC275 91 0 0 10
TDC280 31 8 0 0
TDCH 0 4 2 0
HG184 0 4 2 7
HG564 0 8 0 0
HG1025 89 6 0 7
HW24D1 0 7 1 0
(continued)

Table 1 Continued

Name of Isolate CRISPR Loci

30 36.1 36.2 37
HNA99 0 16 1 0
ESO101 0 5 1 14
ESO132 34 6 4 0
0S30-2 0 0 8 0
0S58-3 0 0 0 0
0S54-1 0 15 7 0
0S61 0 14 1 0
OoMZ314 0 2 3 0
Co5 0 4 0 14
Total 1,330 375 261 184
Mean 22 6 4 3
SD 29 5 5 5
Unique spacers 820 173 77 118

sequence databases. We found that 29 spacers exhibited high
nucleotide similarity to the sequences available in the data-
bases (2.4%: 29/1,187; table 3; supplementary table S10 and
fig. 12, Supplementary Material online). This proportion was
similar when calculated from the original (not unique) spacers
(2.9%: 62/2,150). The rest of the spacers exhibited no signif-
icant nucleotide similarity with any known sequence (97.6%:
1,158/1,187, unique spacers; 97.1%: 2,088/2,150, original
spacers). In addition, there were only a few spacers exhibiting
high nucleotide similarity to known sequences in the seven
databases despite using the spacer data sets for both bacteria
and archaea available in the CRISPI database (1.4%: 821/
58,417). PAMs were not clearly detected in any of the four
CRISPR types (supplementary fig. S13, Supplementary
Material online), which may be due to the reduced amount
of spacers exhibiting high nucleotide similarity to the se-
quences in the databases.

Unexpectedly, there were 19 spacers (65.5%: 19/29) ex-
hibiting high nucleotide similarity to the 3 P. gingivalis ge-
nomes (table 3). Of these, most exhibited high nucleotide
similarity to the CDSs (18/19) and to at least 2 of the P. gingi-
valis genomes (15/19). For the 3 genomes, we examined the
presence of ISs in the adjacent regions around the sequences
exhibiting high nucleotide similarity to the 19 spacers; 2
spacers exhibited high nucleotide similarity to the transposase
genes in W83 or TDC60 (2/19; fig. 5i), whereas 5 spacers
exhibited high nucleotide similarity to the regions close to
the ISs within 2-kb upstream and 2-kb downstream in at
least 1 of the 3 genomes (5/19; fig. 5ii). The others exhibited
no significant nucleotide similarity either to the transposases
or the sequences close to the ISs (12/19).

Except for the spacers exhibiting high nucleotide similarity
to the P. gingivalis sequences, 3 and 5 exhibited high nucleo-
tide similarity to viral (3/29) and bacterial sequences (5/29),
respectively, and 2 exhibited high nucleotide similarity to the
sequences lacking specification by BLASTX annotation (2/29).
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Fic. 1.—Clustering by spacer content in CRISPR type 36.2 of Porphyromonas gingivalis. In type 36.2, the presence of each unique spacer is shown using
a heatmap. The dendrogram was constructed from Euclidian distances. In the heatmap, the boxes indicate unique spacers and are arrayed horizontally. In the
heatmap, 2 colors were used according to the bit score; red: >50, yellow: <50. To the right of the isolate’s name, the following information is indicated:
geographic origin (black: Japan; outlined: overseas or unspecified), patient source (seven patients) and fimA type. Eight colors are used to emphasize the

clusters.

Discussion

Phylogenetic Diversity in P. gingivalis and Effectiveness of
CRISPR Typing

The genome structure of P. gingivalis is known to be diverse
based upon observations in several countries. Nakayama
(1995) initially reported diverse pulsotypes among seven ref-
erence strains of P. gingivalis, which was supported by the
report of Perez-Chaparro et al. (2009) with patients in the
Republic of Colombia. MLST also exhibited high intraspecies
diversity among isolates from various countries including the
United States, Indonesia, and Sweden (Enersen et al. 2006).
However, these methods are not suitable for clinical examina-
tions because of their complicated processes; therefore, fimA
genotyping has been widely used as a convenient method to
distinguish the status of the periodontal condition (Amano
2003). In this method, P. gingivalis strains are determined by
using the same specific fimA primer sets and similar experi-
mental conditions to investigate the prevalence of fimA

genotypes from sites in patients with various periodontal con-
ditions (Amano et al. 1999; Nakagawa et al. 2000). Most of
these studies indicated that fimA genotypes Il and IV are pre-
dominant in chronic periodontitis-affected sites, and geno-
types I, lll, and V are predominant in healthy subjects. In this
study, PFGE analysis indicated that the genome structure in
P. gingivalis was highly diverse, even in Japan, a geographically
isolated area (supplementary fig. S2, Supplementary Material
online). We also demonstrated high diversity using ML-based
trees based upon MLST (supplementary figs. S3 and 54,
Supplementary Material online), which was also supported
by an eBURST diagram (Turner et al. 2007). These results in-
dicate that diverse P. gingivalis strains are present worldwide
without geographical clustering and that, in contrast, phylo-
genetically close relationships are preserved in the same pa-
tient. fimA genotyping also showed similar results to MLST;
however, most of the sequence types found in the allelic pro-
files from the eBURST diagram showed a unique profile de-
spite being the same fimA type (supplementary fig. S5,
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Fic. 2.—Spacer contents of Porphyromonas gingivalis isolates from seven patients in four CRISPR loci. Spacer arrays of 26 isolates from 7 patients are
shown at each CRISPR locus. Each box indicates one spacer. The spacers in the arrays exhibit high nucleotide similarity to each other among the isolates if they
are aligned vertically and have the same color. Blank boxes indicate absent spacers in the particular isolates. In patient no. 2, two colors are used because the
D5 isolate has a type 30 spacer array that is distinct from those of D8 and D9. The spacers in type 36.2, shared among seven isolates of three patients, are

indicated by deep yellow boxes and emphasized by dark gray belts.

Supplementary Material online). Therefore, we concluded that
these conventional methods are insufficient for understanding
bacterial diversification or evolutional traits.

We showed that the 60 isolates were also diverse with
respect to CRISPR spacer content (supplementary fig. S9,
Supplementary Material online). CRISPR typing with all loci
showed similar results to the conventional methods, indicating
that the former can serve as an alternative typing approach.
However, there were some spacers shared by the isolates that
did not cluster. Considering the suggestion that intercellular
recombination impacts upon the diversification of P. gingivalis
(described in the next section), we further analyzed the
CRISPRs by separating them into four types (fig. 1; supplemen-
tary fig. S10, Supplementary Material online). As a result, clus-
ters were observed with distinct characteristics for each type. It
was shown that the isolates, which are not clustered by the
conventional methods, can be clustered by CRISPR typing
compared to fimA types.

It should be emphasized that we initially demonstrated that
the contents of the spacers were different among almost all of
the P. gingivalis isolates examined, even though they were
from the same patient. We hypothesized that this was due
to intercellular and/or intracellular recombination within the
CRISPR loci. Bolotin et al. (2005) suggested that intercellular
recombination was explained by the presence of the same
spacer in CRISPRs between different isolates. It was further
suggested that CRISPR typing may also be useful for high-
resolution typing among P. gingivalis isolates from the same
patient using slight differences in the number and content of
the spacers, as with a previous report on Sulfolobus islandicus

(Held et al. 2010). It should be possible to use CRISPR typing to
trace the adaptation and/or transmission of P. gingivalis
among patients across entire countries in a simple and cost-
effective manner compared with the molecular tracing
method reported for methicillin-resistant Staphylococcus
aureus using high-throughput sequencing (McAdam et al.
2012).

The distribution in the number of P. gingivalis CRISPR
spacers was similar to that in Bacteroidetes, with a few excep-
tions. Considering that the application of CRISPR typing has
been limited to only a few species of bacteria or archaea
(Andersson and Banfield 2008; Horvath et al. 2008; Held
et al. 2010; Fabre et al. 2012; McGhee and Sundin 2012),
this study should be considered as a test case for applying
CRISPR typing in Bacteroidetes species; however, CRISPR loci
could be affected by recombination, as well as MLST. It should
also be taken into account that the CRISPR typing performed
in this study is based on PCR, which may be imperfect due to
either primer nonspecificity or impropriety of the PCR condi-
tions. To characterize phylogenetic relationships more accu-
rately among the isolates of P. gingivalis or Bacteroidetes, the
combinational application of CRISPR typing and conventional
methods is recommended. In addition, genome-level analyses
will be needed to comprehend the information of the CRISPR
loci, including undiscovered ones.

The Impact of Intercellular Recombination on
Diversification

As a mechanism for diversification, intercellular recombination
is likely to be important in P. gingivalis (Koehler et al. 2003;
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Enersen et al. 2006). Split decomposition analysis showed net-
work-like structures and the standardized index of association
(13) was similar to previous reports (Koehler et al. 2003;
Enersen et al. 2006). It was suggested that there is an
impact of recombination events between the P. gingivalis

cells on their diversification, even for relatively homogeneous
Japanese isolates. In addition, the dN\/dS value was less than
0.35 in all seven loci in MLST. Positive selection is indicated if
dN/dS > 1 (Kryazhimskiy and Plotkin 2008). The value of less
than 0.35 indicated the stability of the seven genes with few
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operons in the breakpoint gap. The black arrows indicate rRNA genes. The light blue-filled boxes with arrows inside indicate ISs. i) ISs in the breakpoint gap.
(C) The number of each feature in the breakpoint gap is plotted. The regions without any characteristic features are included under “Others.” The mean and
standard deviations are provided by the horizontal and vertical lines, respectively. Statistical significance is indicated by an asterisk (P < 0.05, two-tailed paired

t test).

nonsynonymous substitutions, suggesting that neutral evolu-
tion is a strong driving force in P. gingivalis genes relative to
amino acid substitutions. Although whole genome informa-
tion of multiple P. gingivalis strains is needed, it is suggested
that amino acid substitution events in P. gingivalis genes are
less important for intraspecies diversification, but intercellular
recombination events are more likely. This is supported by two
characteristics observed in CRISPR typing: 1) some isolates
from different patients were clustered, and 2) some spacers
were shared across the patients, suggesting intercellular re-
combination events involving the CRISPR loci. As for the
mechanisms of DNA introduction into P. gingivalis cells, trans-
fer with CTns (Naito et al. 201 1) and transformation by natural
competence (Tribble et al. 2012) have been reported, both of
which could be followed by intercellular recombination
events.

MGE Involvement in Intracellular Genome
Rearrangement

As well as intercellular recombination, intracellular genome
rearrangements are considered to be important for bacterial
diversification (Dybvig 1993; Ng et al. 1999; Lysnyansky et al.
2001; Nakagawa et al. 2003; Nozawa et al. 2011). In this
study, we demonstrated complicated genome rearrange-
ments in P. gingivalis (fig. 4A; supplementary fig. S11, Supple-
mentary Material online) as well as in a previous report (Naito
et al. 2008); these findings were supported by the results of
PFGE, in which rearrangements altered the localization of the
seguences recognized by restriction enzymes. In addition, we
made the following relevant observations: 1) MGEs were sig-
nificantly located at the breakpoints and 2) ISs are statistically
predominant at the breakpoint gaps compared with other
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Table 2
Breakpoint Gaps and Features in Dot Plot TDC60-ATCC 33277

TDC60 ATCC 33277
Start End Feature® Start End Feature®
56810 66905 ISPg1 57974 63764 CTnPg1-a
409938 412415 rRNA operon 103051 116919 CTnPg1-a
804055 838033 CTnPg1_1 130514 135389 ISPg6
949277 951906 ISPg1, ISPg2 224185 237668 ISPg1
1022572 1026904 CTnPg1_2, CTnPg2 622790 659911 ISPg1
1069135 1085180 CTnPg1_2, CTnPg2 671249 673067 Multicopy CDS (AP
1185081 1228234 PGTDC60_1140-1144; PGTDC60_1187-1191 925785 938797 ISPg1
1270652 1281602 ISPg2, 1SPg3 950459 952554 ISPg3
1295201 1298355 PGTDC60_1252-1258 971231 973090 ISPg3
1390501 1396464 ISPg1, ISPg6 1007011 1068370 TnPgl17-a
1761003 1762678 Multicopy CDS (AP 1182895 1201009 ISPg3, I1SPg5
2011622 2105110 ISPg1, 1SPg2 1290640 1293358 ISPg1, 1SPg2
2138949 2141781 ISPg1 1409859 1439355 CTnPg1-b
2160664 2163995 PGTDC60_2080-2084 1510525 1510757 MITE239
2175656 2175793 MITEPQRS 1553049 1567234 ISPg1
2261211 2262115 PGTDC60_2191-2194 1925826 1936662 ISPg1, I1SPg3
2275269 2279712 rRNA operon 2294997 2301097 rRNA operon

®Features were identified in 3-kb regions covering 1.5-kb upstream and 1.5-kb downstream of the breakpoint.
PMulticopy CDS (A) is shown in supplementary table S8, Supplementary Material online.

MGEs. Therefore, it was suggested that P. gingivalis exhibits
complex genome rearrangements following frequent IS trans-
position, leading to intraspecies diversification.

Predominance of CRISPR Spacers Targeting P. gingivalis
Sequences and Their Hypothesized Functions

In the nucleotide similarity searches, we found that there were
few P. gingivalis spacers exhibiting high nucleotide similarity
with known sequences. Of these, those exhibiting high nucle-
otide similarity to P. gingivalis sequences were predominant.
As far as we can determine, the proportion of the number of
the CRISPR spacers exhibiting high nucleotide similarity to the
genome of the same species was highest in P. gingivalis
among prokaryotes. For example, the number of such spacers
was almost twice as frequent in the present study (1.8%: 38/
2,150, original spacers) compared with the analysis of S. islan-
dicus, which identified many such spacers (0.84%: 78/9,219,
Brodt et al. 2011). The percentage in our study was also much
higher than that reported by Stern et al. (2010), in which 100
out of 23,550 spacers (0.4%) exhibited high nucleotide sim-
ilarity to sequences on 330 genomes. Therefore, we propose
that P. gingivalis might be a useful model to unravel the bio-
logical significance of CRISPR spacers exhibiting high nucleo-
tide similarity to the genome of the same species. It is
hypothesized that DNA from other P. gingivalis cells are tar-
geted by the CRISPRs to prevent their introduction; the
CRISPRs may only target the DNA from other cells and may
not confer lethality on the recipient cells. The invading DNA
might be supplied mainly by CTns because the major

difference of the gene content in the P. gingivalis genome
was derived from MGEs, as confirmed by our and other stud-
ies (Naito et al. 2011). Therefore, future studies should clarify
the hypothesis that P. gingivalis selectively acquires useful for-
eign DNA sequences for its survival and evolution by CRISPR
function.

Moreover, it was remarkable that 7 spacers (7/19) exhibited
high nucleotide similarity to regions related to the ISs in the
P. gingivalis genome. Some CRISPRs reportedly confer resis-
tance to foreign RNA as well as to DNA (Sorek et al. 2008;
Makarova et al. 2011); in this study, three P. gingivalis ge-
nomes were shown to harbor Cas genes for both DNA and
RNA targeting. Thus, such spacers might be suggested to reg-
ulate IS transposition by targeting the mRNA of transposases,
leading to the regulation of genome rearrangements. In this
hypothesis, it is suggested that transcribed RNAs are targeted
when the CRISPRs inhibit gene expression (Bhaya et al. 2011),
which is not lethal for cell survival. Inhibition of IS transposition
might be the case; transcripts of the transposase genes might
be targeted by the CRISPRs. Such regulation of gene expres-
sion was reported in P. carbinolicus (Aklujkar and Lovley 2010)
and A. actinomycetemcomitans (Jorth and Whiteley 2012).
Therefore, this property suggests the appropriateness of
P. gingivalis for examining the novel functions of CRISPRs.
However, the mechanisms by which P. gingivalis CRISPRs rec-
ognize target sequences are still unknown due to the unde-
tectability of PAMs; enrichment of oral virome sequences will
provide more sequences exhibiting high nucleotide similarity
to the P. gingivalis CRISPRs, leading to the detection of PAMs.

1110  Genome Biol. Evol. 5(6):1099-1114.  doi:10.1093/gbe/evt075 Advance Access publication May 9, 2013


http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt075/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt075/-/DC1

GBE

CRISPRs Regulate P. gingivalis Diversification

'SPOYISIAl PUe S|eLIle|Al Ul PaqLUdsap se UaAIB si Jadeds yoea Jo aweu ay],

paypadsun paypadsun  pannadsun VSaNH 10L0S3 0920dL 06 L€
uiej0.d |ed13eyrodAH sijenlbuib o euspeg 9pno3PNU Myueguan 101053 092Odl 68 LE
paiypadsun paypadsun  paipadsun VSINH €veoalL S8 LE
Japodsuely anneInd sijenlbulb o euapeg apRo’PNU jueguan 090dlL 650Al 19 L€
painadsun sijenlbuib o euspeg 9p1103PNU Mueguan €8/ 0SM Ll L€

Jueulwilep Ad1Pads wLlshs
uonedIIPoW-UoIPLISaI | 9dAL ds sapjosapeg euspeg VS4NH €d Zzd 6ld 8Ld 1 9La sLa vl1a 9g T'9¢
uiRj0.d |ed13eyrodAH sijenlbuib o euspeg 9p103PNU Mueguan 1950 1-¥SSO 691 L'9€
uiayo4d |eonayrodAH sijenibuib o euspeyg 9pIodPNU ueguan 1950 1-#SSO 66VNH 9517 19¢
Ajlwey wopyy aseldjsuesjAYIBIN  SNPIAIR) SNUWISYIOURYISI eseydly 1IHeWN 66VNH 7Sl L9€
ase1ayuAs yod-|A1dy sijenlbuib o euspeg 9p1Oo3PNU Myueguan 09>dL 6SDdL  tOL L'9g
uiayoid |eonayrodAy sijenibuib o elispeyg 9p11osPNU yueguan al 16 L9€
apiL  snjiydoieq snxodouLdY] esely VSalNH Z€10S3  LAveMH 6¢d 8¢d L9719€
uiRj0.d |edp3eyrodAH sijenlbuib o euspeg 9p103PNU Mueguan 62d 8zd 1S 19¢
aseajoud [eulwR)-|Axoqued sijenibuib o euapeg 9p1I03PNU ueguan 0820dL 104 0€
ase1ayuAs NYI-|1/ona sienibuib o euspeyg 9p1Io9PNU ueguan S/020dL /85 0€
uieo.4d Bulpuig-d1Vv sijenlbuib o euspeg 9p103PNU Myueguan 090dL 9/50¢€
uiayoid |eonayrodAy sinsesed snjiydowsaer euapeg 9p1IodPNU ueguan 09>al 6504l 867 0€
ayjIl-asejAyiaw uonedlyipow NG sienbulb o euapeg 9pIIO3PNU Hueguan 7SN oty 0€
ggLdb abeyd snjpeg S9SNUIA 1IHe®N 11 €8¢ 0¢€
uiayoid |eonayrodAH abeyd ssprosapeg S9SNUIA 11HeN 11 78¢€ 0¢€
asesodsuel | sijenlbuib o euspeg 9p1o3PNU Myueguan 7L 2LE0E
asespAyue djuogued anlzeINd sijenibuib o euspeg 9p1o3PNU Myueguan 7L 89¢€ 0€
uigro4d XnjyS dueIqUBW ISINO sijenibub d euspeg dphospnu juegusd  gzd  ZZd  6ld  8ld Lld 9la sLd via ove 0€
asesodsuel | sijenlbuib o euspeyg 9p10o3JPNU Myueguan 6d 8d 18T 0€
aseusjsuen|Aylsw-yNg “ds wnipLiysold euspeg 9pno3PNU Myueguan 6d 8d 087 0€
Japodsuely Dgy aAieINd abeyd snxodope7 SasnJlA  SWOUIA AieAljes s,3plid ¥a €a 6€L0€
urajoid XnjHa sueIqudBW JAINQ sienibulb euapeg 9pII03PNU Hueguan €8\ 0SM\ 621 0€
aseusboipAysp suidoseyddes sijealbulb o euRpeg 9p1o3PNU Mueguan €8 0SM 801 0€
aseuaboipAyap auidoleyddes sijenibuib o euapeg 9pII03PNU ueguan €8\ 0SM L0l 0€
OweN
EIET) sepadsg wsiuebiQ aseqeleq J9deds oY) aneH YdIYAA s91e|os| J9eds

sa1e|0s| Syeabuib seuowoifydiod /G Jo Sideds /81°L anbiun o1 Aejwis apnospnN ybiH buniqiyx3 ssseqeleq sy Ui saduanbag

€ 9jqeL

1M

Genome Biol. Evol. 5(6):1099-1114.  doi:10.1093/gbe/evt075 Advance Access publication May 9, 2013



Watanabe et al.

GBE

—
2 kbp
i)
TDC60 — — MK He
1,265,000 1SPg2 1,276,700
37 89
i) 1sPga| ISPt
TDC60 <K< He1 S K< K¢
183,300 204,100
ISPg3 I1SPg3 ISPg1
wa3 PP P
2,002,300 |SFg1 2,013,000
1SPg3|  ISPg1
ATCC 33277 <K = HHeH e
2,061,400 2,072,200

Fic. 5.—Regions exhibiting high nucleotide similarity to P. gingivalis
CRISPR spacers. Two examples of the 19 spacers exhibiting high nucleotide
similarity to the P. gingivalis genome are shown. The white and black
arrows indicate CDSs and rRNA genes, respectively. The arrows within
the light blue-filled boxes indicate ISs. The orange regions indicate the
sequences exhibiting high nucleotide similarity to CRISPR spacers. (i)
Region exhibiting high nucleotide similarity to spacer 37_259: the trans-
posase gene in ISPg2, in the TDC60 genome. (ii) Region exhibiting high
nucleotide similarity to spacer 37_90: close to the IS both 2-kb upstream
and 2-kb downstream in the 3 genomes.

In addition to the spacers targeting P. gingivalis genomes,
we also identified those targeting either viral or exogenous
bacterial sequences. These bacteria colonize different niches;
however, they have a common feature of being obligative
anaerobic microbes, except for Haemophilus parasuis (Mar-
teinsson et al. 1999; Wexler 2007; Bruggemann and Gott-
schalk 2009; Anderson et al. 2010; Xu et al. 2011). It is
suggested that these spacers prevent P. gingivalis from allow-
ing the introduction of foreign DNA such as those of anaero-
bic bacteria or viruses.

In contrast, there were numerous spacers of P. gingivalis
CRISPRs without significant nucleotide similarity to the avail-
able sequences in the databases; this result was almost similar
when performing nucleotide similarity searches using the
spacer data sets of bacteria and archaea in the CRISPI data-
base. It is possible that the extremely low proportion of these
spacers, despite using salivary virome databases, is currently
due to the lack of comprehensive oral virome databases.
Another possible reason is that, in P. gingivalis, the major
source of the CRISPR spacers is not viral sequences, but se-
guences from a relatively rare genome in a periodontitis lesion
that has not yet been characterized.

In conclusion, we showed the effectiveness of CRISPR
typing for P. gingivalis by cluster analysis and high-resolution
typing in the same patient, as well as its potential applicability

to the Bacteroidetes group. We also demonstrated that
P. gingivalis is a bacterium with a survival strategy for creating
intraspecies diversity by both intercellular recombination and
intracellular genome rearrangements, in which ISs are in-
volved. Moreover, it is also suggested that these events
might be regulated by CRISPRs, which limit both IS transpo-
sition and the introduction of DNA from other P. gingivalis
cells. However, such a function of CRISPRs may not be their
primary role and it needs to be proved experimentally in future
studies. The determination of draft genome sequences from
multiple isolates will provide information on the position of
CRISPRs and ISs in each genome, which could lead to the
elucidation of the relationship between IS transposition and
CRISPR inhibition. Considering that P. gingivalis is not a ma-
jor member of the healthy oral cavity, but becomes predom-
inant in periodontitis (Griffen et al. 2012), characterization of
such rare microbiomes and sequencing multiple P. gingivalis
isolates may be important in elucidating the mechanisms of
CRISPR function in P. gingivalis and to understand the ba-
sic biology of P. gingivalis itself. The sequencing of multiple
isolates will also yield additional CRISPR information, which
may identify CRISPR loci that were not detected in the three
P. gingivalis genomes examined in this study. In addition,
expression analysis of multiple P. gingivalis isolates by RNA-
seq will provide clues for elucidating these hypothesized
functions.

Supplementary Material

Supplementary figures S1-S13 and tables S1-S10 are avail-
able at Genome Biology and Evolution online (http:/Avww.
gbe.oxfordjournals.orgy/).
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