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Abstract

The oral bacterial species Porphyromonas gingivalis, a periodontal pathogen, has plastic
genomes that may be driven by homologous recombination with exogenous deoxyribonu-
cleic acid (DNA) that is incorporated by natural transformation and conjugation. However,
bacteriophages and plasmids, both of which are main resources of exogenous DNA, do not
exist in the known P. gingivalis genomes. This could be associated with an adaptive immu-
nity system conferred by clustered regularly interspaced short palindromic repeat (CRISPR)
and CRISPR-associated (cas) genes in P. gingivalis as well as innate immune systems
such as a restriction-modification system. In a previous study, few immune targets were pre-
dicted for P. gingivalis CRISPR/Cas. In this paper, we analyzed 51 P. gingivalis genomes,
which were newly sequenced, and publicly available genomes of 13 P. gingivalis and 46
other Porphyromonas species. We detected 6 CRISPR/Cas types (classified by sequence
similarity of repeat) in P. gingivalis and 12 other types in the remaining species. The Por-
phyromonas CRISPR spacers with potential targets in the genus Porphyromonas were
approximately 23 times more abundant than those with potential targets in other genus taxa
(1,720/6,896 spacers vs. 74/6,896 spacers). Porphyromonas CRISPR/Cas may be involved
in genome plasticity by exhibiting selective interference against intra- and interspecies
nucleic acids.

Introduction

Homologous recombination is a major event for gaining new genes into bacterial genomes
and for altering genome structure [1-3]. Helicobacter pylori and Neisseria meningitidis are
well-known pathogenic bacteria with panmictic population structures [4-7], and recombina-
tion events between the two random genomes are predominant [8]. These species are charac-
terized by flexibility and plasticity in their genomes, which occurs by altering gene content and
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genome structure rather than by conserving them clonally [3, 9]. Conjugative transfer intro-
duces DNA into bacterial cells [10-12], whereas natural competence is also important for
introducing extracellular DNA [13, 14].

However, the CRISPR/Cas system is a bacterial adaptive immune system against exogenous
nucleic acids such as bacteriophages and plasmids [15]. This system defends its own genomes [3],
as well as innate immune systems in bacteria. The restriction-modification system is one of them,
and cleaves exogenous DNA by recognizing specific nucleotide sequences [16]. Recent studies for
the CRISPR/Cas system have revealed various functions of Cas proteins encoded by cas genes
adjacent to CRISPR arrays [17, 18]. Cas homology and cas gene arrangements are used to classify
CRISPR/Cas. In addition, several studies suggest noncanonical functions of CRISPR/Cas such as
transcriptional regulation [19, 20] or the regulation of biofilm formation [21].

The oral bacterial species Porphyromonas gingivalis is a pathogen of periodontal inflammatory
diseases and requires a strict anaerobic condition to grow [22]. Porphyromonas gingivalis may
be panmictic rather than clonal because this species possesses a diverse gene composition and
genome structure among strains [23, 24]. Natural transformation and conjugative transfer are the
proposed routes of introducing exogenous DNA into P. gingivalis cells [25-27], and phage trans-
duction is generally considered the route in bacteria [28]. By contrast, there are no known pro-
phages and plasmids for P. gingivalis, based on its genomic information [29, 30]. This factor could
be because the immune systems such as CRISPR/Cas and restriction-modification system in P.
gingivalis genomes [31-33] may protect against the intracellular persistence of these exogenous
elements [34]. However, our previous study for identifying and analyzing P. gingivalis CRISPRs
demonstrated many CRISPR spacers for which potential targets were not determined, and that a
limited number of these spacers had potential targets in P. gingivalis genomes [35]. In this study,
we determined CRISPR/Cas in P. gingivalis and other Porphyromonas genomes. We then identi-
fied potential targets of CRISPR spacers in a public nucleotide database and in these Porphyromo-
nas genomes. The Porphyromonas genomes provided a large number of potential targets.

Materials and methods

Bacterial strains, culture conditions, and the extraction of their genomic
DNA

We used 51 P. gingivalis isolates, which were used for genetic typing and intraspecies diversity
analyses in our previous study (S1 Table) [35]. Culture conditions of these isolates and the
extraction method of their genomic DNA have previously been described [35].

Determination of the draft genome sequences

The extracted genomic DNA of 51 P. gingivalis isolates was processed with the TruSeq DNA
Sample Prep Kit (Illumina, San Diego, CA, U.S.A) or with the Nextera DNA Library Prepara-
tion Kit (Illumina) for high-throughput sequencing on the Illumina Genome Analyzer IIx
(101-bp paired-end reads) or MiSeq platforms (250-bp paired-end reads), respectively. Before
sequencing, the libraries were quantified by real-time polymerase chain reaction on the Light-
Cycler (Roche Diagnostics, Indianapolis, IN, U.S.A.) with the LightCycler FastStart DNA Mas-
ter SYBR Green I (Roche Diagnostics) and KAPA Library Quantification kits for Illumina
(Kapa Biosystems, Wilmington, MA, U.S.A.), and were qualitatively verified by capillary elec-
trophoresis on the Bioanalyzer (Agilent Technologies, Santa Clara, CA, U.S.A.) with the High
Sensitivity DNA Kit (Agilent Technologies). The obtained sequence reads were deposited at
the DDBJ/EMBL/GenBank under the accession number DRX019659-DRX019709. The reads
were checked for quality using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
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fastqc/) and were trimmed and filtered using Trimmomatic v0.22 [36] using the following
parameters: ILLUMINACLIP:2:20:10, LEADING:10, TRAILING:10, SLIDINGWINDOW:
4:15, and MINLEN:50. Among the trimmed/filtered reads, the overlapping paired-end read
pairs were joined using fastq-join v1.1.2-537 [37] with default parameters. The trimmed/fil-
tered reads were then assembled into contigs using Velvet (v1.2.10) [38] with a minimum con-
tig length of 400. The k-mers of the odd values were tested for assembling each genome, as
follows: 31-99 for data from the Genome Analyzer IIx and 151-249 for data from the MiSeq.
Among k-mers with the top five longest N50, the k-mer with the least number of contigs was
finally used for assembly (S1 Table). The obtained contigs were annotated using the RAST
server v2.0 [39, 40] with the following options: FIGfam release70, automatically fix errors, fix
frameshifts, build the metabolic model, and backfill gaps.

Prediction of CRISPR arrays and CRISPR-associated (cas) genes

For predicting CRISPR arrays, we used the following data: the aforementioned 51 P. gingivalis
draft genome sequences and 59 complete/draft genome sequences of Porphyromonas species
obtained from the National Center for Biotechnology Information (NCBI) GenBank database.
The 59 genomes consisted of 13 genomes of P. gingivalis and 46 genomes of 14 known and 10
unclassified Porphyromonas species (S1 Table). In addition to the genomes determined in this
study, genomes downloaded from the NCBI GenBank were annotated using the RAST server
v2.0. The CRISPR arrays were extracted from the data using the CRISPR Recognition Tool
(v1.2) [41] with a minimum repeat length of 30, maximum repeat length of 80, and maximum
spacer length of 80. To enhance the prediction accuracy as much as possible, we set these
parameters with the following criteria: (1) the exclusion of any repeats in non-CRISPR regions
and (2) the inclusion of CRISPR repeats and spacers longer than the default parameter 38 bp
of maximum repeat length and maximum spacer length. The predicted CRISPR arrays were
further subjected to a nucleotide 6-frame translation Basic Local Alignment Search Tool
(BLASTX) search against the NCBI GenBank Non-redundant Protein Database to exclude
repeat motifs in protein-coding sequences with the threshold of e-value <le-50. The cas genes
were predicted using a protein BLAST (BLASTP) search of protein-coding sequences (CDSs)
against the NCBI Non-redundant Protein Database, and were verified with the NCBI Con-
served Domain Database, as described previously [35]. Genetic organizations of the CRISPR
arrays and the identified cas genes were visualized by in silico Molecular Cloning Genomics
Edition (IMC-GE) v4.3.1 (In Silico Biology, Kanagawa, Japan) [42]. In the visualized organiza-
tions, cas genes were colored in accordance with colors used in a previous report [17].

Determination of the repeat types among the predicted CRISPR arrays

The program CD-HIT-EST (v4.6) [43, 44] was used for clustering all predicted CRISPR re-
peats and for determining the consensus repeat sequence of each cluster, based on the thresh-
old of sequence identity 0.8. The obtained clusters were verified manually. For classifying each
repeat cluster and predicting repeat orientation, an integrated web server (i.e., CRISPRmap
v2.1.3-2014 and CRISPRstrand) was used [45, 46]. Each repeat cluster was named with the
length value of the consensus repeat sequence and the serial number within the length value as
the repeat type. For instance, four clusters with the consensus repeat sequences of 30 bp were
named as types 30.1, 30.2, 30.3, and 30.4. The presence of nucleotide sequences in any bacterial
genomes significantly similar to the CRISPR repeats was searched using nucleotide BLAST
(BLASTN) of the consensus repeats against the NCBI Nucleotide Collection. Nucleotide poly-
morphism in each repeat type was examined using WebLogo v3 in which entropy of each
nucleotide character was calculated as a bit value [47].
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Prediction of the CRISPR targets in a public nucleotide database and in
the Porphyromonas genomes used in this study

We subjected all CRISPR spacers predicted in this study to a BLASTN search against bacterial/
archaeal/viral nucleotide sequences in the NCBI Nucleotide Collection with the parameters of
word size 7 and dust filter off. Instead of using a bit score to evaluate the search results, as
described previously [35], we considered query coverage and nucleotide mismatches by using
the following criteria. In the search results, the sequences with 100% query coverage were con-
sidered potential CRISPR targets, and nucleotide mismatch was counted for each alignment of
the query and potential target. In considering the detection of multiple potential targets from a
single spacer, the number of potential targets was counted, as well as that of the spacer itself.
The number of CRISPR spacers with potential targets was visualized with the number of nucle-
otide mismatch by bar charts. These methods for predicting CRISPR targets were also used for
the search against the Porphyromonas genomes used in this study.

Among spacers with potential targets in the Porphyromonas genomes, we examined the
relationship between each spacer and its targets. We distinguished spacers with targets in the
same species (i.e., “intraspecies targets”) from spacers with the targets in different species (i.e.,
“interspecies targets”). Spacers with intraspecies targets were further categorized as follows: (1)
targets were “endogenous” when the spacer and its targets were on the same genome and (2)
targets were “exogenous” when they were on different genomes. The number of spacers with
intraspecies or interspecies targets and with endogenous or exogenous targets was counted,
and their relationships were visualized on a Venn diagram. The relationships between the
CRISPR-harboring and target-harboring species and the endogenicity were visualized by a
heat map. In each repeat type, nucleotide polymorphism upstream and downstream 50-bp of
the potential targets was examined using WebLogo v3 to predict protospacer-adjacent motifs
(PAMs). In the WebLogo examination, we excluded repeat types with no upstream or down-
stream sequence or a single upstream or downstream sequence of the potential targets that
resulted from nucleotide ambiguity or insufficient nucleotide length in the draft genomes.

Results

Predicted CRISPR arrays among Porphyromonas gingivalis and 24
Porphyromonas species

We determined the draft genome sequence of 51 isolates to predict unknown potential CRISPR
arrays. The values of GC content and the number of CDS in the 51 draft genomes were in agree-
ment with those in 13 complete/draft publicly available genomes of P. gingivalis (S1 Table). The
CRISPR arrays were predicted in these 64 P. gingivalis genomes and in 46 other genomes in 22
Porphyromonas species, which included 14 known and eight unclassified species (52 and S3
Tables). Possible truncation or interruption of CRISPR arrays in draft genomes could result in
the overcounting of CRISPR arrays, although 435 CRISPR arrays and 7,331 spacers were
detected from Porphyromonas genomes (54 Table).

We next clustered all CRISPR repeats detected in this study by nucleotide sequence similar-
ity for grouping of CRISPR arrays. Using CD-HIT-EST v4.6, the 7,331 repeats in the 435
CRISPR arrays were clustered into 18 repeat types (S5 Table). The consensus repeat sequences
of the 18 types varied from 30 to 47 bp (S5 Table). The number of spacers per CRISPR locus
varied among species and among repeat types (S1 Fig, S3 Table). The repeats in type 30.1 were
the most abundant among all repeats, which would result from the abundance of type 30.1
repeats in P. gingivalis, the genomes of which were most abundantly included in this study.
Among the 18 repeat types, types 30.1, 36.1, 36.2, and 37.1 corresponded with previously

PLOS ONE | https://doi.org/10.1371/journal.pone.0183752  August 24, 2017 4/18


https://doi.org/10.1371/journal.pone.0183752

@° PLOS | ONE

Intra- and interspecies interference of Porphyromonas CRISPRs

described types 30, 36.1, 36.2, and 37, respectively, on P. gingivalis genomes [35] (S5 Table).
The consensus nucleotide sequence existed in each of the 18 repeat types, although several
nucleotide loci were highly heterogenous in several types such as 30.4, 32.1, and 47.1 (S2 Fig).
In the CRISPRmap v2.1.3-2014, all 18 consensus repeats, except for type 30.2, were classified
with any of the CRISPRmap IDs, structural motifs, sequence families, and superclasses (S5
Table). The consensus repeat of type 30.2 was not classified in the CRISPRmayp, although the
CRISPR array of type 30.2 did not have an amino acid sequence similarity against any proteins
in the NCBI Non-redundant Protein Database, which indicated that the array would not be
any repetitive motifs of proteins. The 18 consensus repeats did not exhibit significant nucleo-
tide sequence similarity with any bacterial/archaeal genomes other than Porphyromonas spe-
cies in the NCBI Nucleotide Collection, except for type 32.2. The consensus repeat of type
32.2 exhibited 100% nucleotide sequence similarity of the entire 32 bp with Parabacteroides
distasonis strain ATCC 8503 genome and 100% similarity of sequential 31 bp with Paenibacil-
lus stellifer strain DSM 14472 genome. In these two non-Porphyromonas genomes, the regions
significantly similar with type 32.2 consensus repeat were clustered as 5 in Parabacteroides dis-
tasonis and 23 in Paenibacillus stellifer, and were interspaced by approximately 30 bp or 40 bp,
which suggest that these regions were the repeats in CRISPR arrays in the two genomes.

Prediction of cas genes among Porphyromonas gingivalis and 24
Porphyromonas species

We examined the presence and location of cas genes on the CRISPR-harboring Porphyromo-
nas genomes. The cas genes were found adjacent to CRISPR arrays in 15 of 18 repeat types
(Fig 1). Using the classifications of a previous report [17], we classified the cas gene arrays of
11 repeat types, whereas the cas classifications were unspecifiable in four repeat types (Fig 1, S5
Table). The cas presence and classifications of the four repeat types 30.1, 36.1, 36.2, and 37.1
were consistent with the previous report of the P. gingivalis cas genes; the cas genes were absent
in types 36.1 and 36.2, and the cas classifications of types 30.1 and 37.1 were I-C and III-B,
respectively [35]. In each of the 15 repeat types, most cas gene arrays showed synteny among
the genomes, except for types 30.1 and 30.3 (S3 Fig). The gene arrangement was heterogenous
to exhibit two independent representatives in each of these two types, although the cas classifi-
cations were the same for the two representatives as I-C.

Among the cas classifications from I to III, those observed in this study were limited to the
three classifications of I-C, II-C, and III-B (Fig 1, S5 Table). An interesting relation was
observed between the cas classifications and the nucleotide lengths of the consensus repeats
(i.e., most repeat types with the consensus repeat lengths of <32 bp, 37 bp, and >38 bp were
classified as I-C, III-B, and II-C, respectively; S5 Table). In this manner, the information from
the CRISPRmap showed such relations to the nucleotide length of the repeats (S5 Table).
When observing the cas classifications in each Porphyromonas species, there was no specificity
in the cas classifications to any specific Porphyromonas species (Fig 1). Most species possessed
several cas classifications such as P. bennonis (e.g., I-C and II-C) and P. gingivicanis (e.g., I-C
and III-B) (Fig 1). Among the species, all three classifications of I-C, II-C, and III-B were
found in P. gingivalis, P. gulae, and Porphyromonas sp. UQD_349_COT-052_0OH4946 (Fig 1).

Potential CRISPR targets in the public nucleotide database and
Porphyromonas genomes
We searched potential CRISPR targets in bacterial/archaeal/viral nucleotide sequences in the

NCBI Nucleotide Collection. As expected from the previous report in which few CRISPR tar-
gets were predicted [35], the potential targets in genomes other than the genus Porphyromonas
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Fig 1. Eighteen repeat types of CRISPR/Cas detected in this study and their distribution among Porphyromonas
species with their corresponding cas types. In each (CRISPR-associated) cas type, the presence or absence of each
repeat type is shown for each Porphyromonas species by a black/white box. The boxes on the right side of the cas type
name show the presence or absence of each cas type, regardless of repeat type. Representative genetic organization of
CRISPR arrays and cas genes is shown for each repeat type with the name of Porphyromonas species. Two genetic
organizations are shown if two representatives are hard to regard as the same organization in a particular type. The
CRISPR arrays are indicated by yellow boxes. The CDSs are indicated by arrows, and CDSs of the predicted cas genes
are colored, as described in the Materials and Methods section. The broken arrows indicate cas genes that are untypable
using our criteria. All genetic elements are proportional to their nucleotide lengths, except for the CRISPR arrays.

https://doi.org/10.1371/journal.pone.0183752.9001

existed for only 1.1% of the spacers (74/6,896) (56 Table). The targets were in 53 known genera
and one unclassified genus, the former of which included 52 bacterial and seven archaeal spe-
cies with a wide variety of habitats such as human oral cavity, human intestinal tract, animals,
and natural environment (Table 1). The number of nucleotide mismatches between the spacer
and its targets ranged from 0 to 4, and the number of spacers decreased with an increase in the
number of mismatches, although the number of spacers was the largest when the number of
mismatches was 2 (Fig 2A).

In our previous study, the potential targets of CRISPR spacers of Porphyromonas gingivalis
were primarily in their own genomes [35]. To further characterize the CRISPR arrays with the
potential targets, we searched the targets among the 110 Porphyromonas genomes used in this
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Table 1. Microbial species whose genomic regions were targeted by Porphyromonas CRISPR spacers.

Species of spacer Species of CRISPR target

Porphyromonas asaccharolytica Methylobacterium extorquens, Niabella soli, Synechococcus phage

Porphyromonas bennonis Bacteroides fragilis

Porphyromonas cangingivalis Borrelia bissettii, Chitinophaga pinensis, Ferroplasma acidarmanus, Listeria monocytogenes
Porphyromonas canoris Myxococcus fulvus, Sphingobacterium sp.

Porphyromonas endodontalis Thermotoga sp.

Porphyromonas gingivalis Acetobacter pasteurianus, Acholeplasma oculi, Bacteroides salanitronis, Belliella baltica, Brevibacillus

laterosporus, Campylobacter jejuni subsp. jejuni, Candidatus Liberibacter americanus, Capnocytophaga
canimorsus, Clostridium botulinum, Clostridium cellulovorans, Clostridium saccharoperbutylacetonicum,
Clostridium thermocellum, Desulfurella acetivorans, Ensifer adhaerens, Flavobacterium psychrophilum,
Helicobacter hepaticus, Leptospira interrogans, Methanobrevibacter ruminantium, Polaromonas sp.,
Providencia stuartii, Rahnella sp., Sanguibacter keddieii, Uncultured bacterium clone LMOACA20ZH11FM1,
Winogradskyella sp., Xenorhabdus nematophila

Porphyromonas gingivicanis Paenibacillus odorifer

Porphyromonas gulae Borrelia parkeri, Burkholderia cepacia, Candidatus Nitrosopumilus, Desulfosporosinus acidiphilus,
Lactobacillus buchneri, Sorangium cellulosum, Streptococcus mitis, Thermococcus sp., Thermofilum sp.,
Uncultured Desulfobacterium, Uncultured Flavobacteriia, Winogradskyella sp.

Porphyromonas levii Bacteroides salanitronis, Pseudomonas fluorescens

Porphyromonas macacae Bacillus halodurans, Campylobacter coli, Carboxydothermus hydrogenoformans, Elizabethkingia anophelis,
Sulfolobus solfataricus

Porphyromonas uenonis Halorhabdus tiamatea, Streptomyces lividans

Porphyromonas sp. 31_2 Bacteroides fragilis, Parabacteroides distasonis

Porphyromonas sp. COT_108-OH2963 | Francisella guangzhouensis

Porphyromonas sp. UQD_349_COT- Arcobacter nitrofigilis, Enterococcus faecalis
052_OH4946

https://doi.org/10.1371/journal.pone.0183752.t001

study. The potential targets for 24.9% of the spacers (1,720/6,896) were in the genomes of 21
Porphyromonas species (S7 Table). We could not find any potential targets for the remaining
spacers ([74.0%] 5,102/6,896). The number of spacers, as well as the spacers and their potential
targets in the NCBI Nucleotide Collection, decreased with an increase in the number of mis-
matches up to 7 (Fig 2A, S8 Table). Nucleotide polymorphisms did not show any obvious pat-
terns suggesting PAMs (54 Fig).

Two types of targeting styles existed in spacers with potential targets in the Porphyromonas
genomes: 75.6% of the spacers (1,300/1,720) were characterized by the intraspecies targets, and
38.4% (661/1,720) were characterized by interspecies targets (Fig 2B). The former group was
turther divided into 88 spacers with endogenous targets and 1,283 spacers with exogenous tar-
gets (Fig 2B). These numbers included overlaps of spacers across intra- and interspecies targets
or across endogenous and exogenous targets (Fig 2B). The spacers and their potential targets
existed among various Porphyromonas species (Fig 2C). The number of spacers with endoge-
nous targets was nearly 14.5 times lower than that of exogenous targets (88:1,283); however,
spacers with the endogenous targets existed in 12 of 23 Porphyromonas species (Fig 2C).

We further examined whether the potential targets in the Porphyromonas genomes were in
the CDSs or intergenic regions. Nearly one-half ([57.0%] 980/1,720) of the spacers had poten-
tial targets in CDSs encoding hypothetical proteins, whereas 26.3% (453/1,720) of the spacers
had targets in the CDSs with a known function (Table 2). The remaining spacers ([16.7%] 287/
1,720) had potential targets in the intergenic regions (Table 2). As mentioned previously,
three-quarters ([75.6%] 1,300/1,720) of the spacers had intraspecies targets, and the number of
spacers with endogenous targets was quite small ([5.1%] 88/1,720) (Table 2). The CDSs with a
known function that harbored the CRISPR targets included 20 CDSs, which could be associ-
ated with exogenous elements such as bacteriophages and conjugative transposons, and were
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Fig 2. The number of potential targets in the NCBI Nucleotide Collection and in the Porphyromonas
genomes, and dissection of the latter group by focusing on the locational relationships between the CRISPR
spacer and its potential targets. (A) The number of potential targets of the Porphyromonas CRISPR arrays in

the NCBI Nucleotide Collection and in the Porphyromonas genomes are shown in the left and right bar charts,
respectively. In each chart, the numbers are presented, based on the number of mismatches. The numbers for the
Porphyromonas genomes are excluded from the chart for the NCBI Nucleotide Collection. (B) The Venn diagram
shows the relationships among spacers having intraspecies or interspecies targets and endogenous or exogenous
targets. Two circles for spacers with endogenous and exogenous targets are overlapped on the left side to form one
large population of spacers with intraspecies targets. This circle is overlapped with one circle on the right for spacers
with interspecies targets. For instance, the number 33 indicates spacers with both endogenous and exogenous
targets but without any interspecies targets. (C) The relationships between CRISPR spacers and their potential
targets in Porphyromonas species. The left side presents the name of species with CRISPR arrays, and the lower
axis shows species with potential targets of the CRISPR spacers in the genomes of the species on the left. The
presence or absence of potential targets is indicated by blue or gray, respectively, and those that are targeted by
CRISPR spacers of the same species are indicated by red.

https://doi.org/10.1371/journal.pone.0183752.9002

primarily characterized as intraspecies targets (Table 2). These CDS encoding phage-related
proteins were annotated because of homology with the proteins in bacteriophages with hosts
other than Porphyromonas species. However, most of these 20 CDSs are adjacent to those
encoding conjugative transposon-related proteins, and the remaining in 20 CDSs are separate
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Table 2. Function of Porphyromonas genomic regions where CRISPR targets are located.

Function Number of spacer

With the intra- With the endogenous | Total
species targets targets

3-hydroxybutyryl-CoA dehydratase 1 1

3-oxoacyl-[acyl-carrier-protein] synthase, KASIII 1 1

5-Enolpyruvylshikimate-3-phosphate synthase - -

Acetyl-CoA synthetase (ADP-forming) alpha and beta chains, putative 2 2

Adenine-specific methyltransferase 7

Aldehyde dehydrogenase 4 -
3

Alkanesulfonates ABC transporter ATP-binding protein / Sulfonate ABC transporter, ATP-
binding subunit SsuB

ATPase involved in DNA repair 1
ATPase involved in DNA repair, phage associated 3
Carboxynorspermidine dehydrogenase 4
ClpB protein 3
Conjugative transposon protein TraG -
Cysteine desulfurase, SufS subfamily 1 -
DNA double-strand break repair Rad50 ATPase 3 -
DNA methylase N-4/N-6 domain protein 1 1
DNA polymerase | - -
DNA polymerase lll alpha subunit

DNA primase

DNA-cytosine methyltransferase

Ferric siderophore transport system, periplasmic binding protein TonB
Glutamate formiminotransferase @ Glutamate formyltransferase
Glycerophosphoryl diester phosphodiesterase, phage variant
Hydrolase, putative

Immunoreactive 43 kDa antigen PG32

Integrase

Integrase/recombinase

Integrase/recombinase (XerC/CodV family)

Large Subunit Ribosomal RNA; IsuRNA; LSU rRNA

Leucyl-tRNA synthetase

Long-chain-fatty-acid—CoA ligase

Magnesium and cobalt efflux protein CorC

Metallo-beta-lactamase superfamily domain protein in prophage - -
Mobile element protein 3 -
Myosin heavy chain - -
N-acetylmuramoyl alanine amidase 13 -
N-acetylmuramoyl-L-alanine amidase 4 -
NAD(P) transhydrogenase subunit beta - -
Oxidoreductase, Gfo/ldh/MocA family 1 1
Peptidase S49 - -
Phage (Mu-like) virion morphogenesis protein 9 -
Phage antirepressor protein - -
Phage portal protein 3
Phage protein 25
Phage tail length tape-measure protein 47
Phage terminase, large subunit 3 - 3
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Table 2. (Continued)

Function

Phage terminase, large subunit @ intein-containing
Phage-related protein
Phosphomannomutase / Phosphoglucosamine mutase

Phosphoribosylformylglycinamidine synthase, synthetase subunit/
Phosphoribosylformylglycinamidine synthase, glutamine amidotransferase subunit

Portal protein, phage associated

Predicted thiamin transporter PnuT

Probable peptidase

Prophage Lp2 protein 6

Protein gp49, replication initiation [Bacteriophage A118]
Protein of unknown function DUF114

Putative antirepressor protein

Putative ATP-dependent helicase

Putative carboxy-terminal processing protease

Putative integrase

Putative methyltransferase

Putative phage repressor

Putative terminase large subunit

Putative tetratricopeptide repeat family protein

RecA protein

Ribonuclease HI

Ribonucleotide reductase of class la (aerobic), alpha subunit
Secretion activator protein, putative

Signal peptide peptidase SppA, 36K type

Site-specific DNA-methyltransferase

SohB protein, peptidase U7 family

SusC, outer membrane protein involved in starch binding
Thioredoxin family protein

Transcriptional regulator, XRE family

Tyrosine type site-specific recombinase

Valyl-tRNA synthetase

Zinc ABC transporter, periplasmic-binding protein ZnuA
Total of above

Hypothetical protein

Intergenic region

https://doi.org/10.1371/journal.pone.0183752.t1002

Number of spacer

With the intra- With the endogenous | Total
species targets targets

15 - 15
24 1 25

1 1 1

1 1 1

3 - 6

2 2 2

- - 1

- - 2

- - 4

5 2 5

1 - 1

- - 3

1 1 1

1 - 2

3 - 5

- - 3

3 - 4

1 - 1

1 1 1

- - 3

1 1 1

- - 1

1 - 1

6 - 13
1 - 1

- - 1

1 1 1

1 1 1
14 - 15

1 1 1

1 1 1
324 42 453
765 26 980
211 20 287

from the conjugative transposon-related CDSs and are unlikely to be intact prophages or con-

jugative transposons [31-33].

Discussion

Projects for determining the complete genomes of P. gingivalis have provided information that
was difficult to obtain while using traditional research methods that largely depended on cul-
ture techniques [31-33]. The presence of CRISPR/Cas systems in P. gingivalis genomes is an
example of such information, although it remains unclear why potential targets of most spac-
ers are unknown and the predicted potential targets are predominantly in their own genomes

PLOS ONE | https://doi.org/10.1371/journal.pone.0183752  August 24, 2017

10/18


https://doi.org/10.1371/journal.pone.0183752.t002
https://doi.org/10.1371/journal.pone.0183752

@° PLOS | ONE

Intra- and interspecies interference of Porphyromonas CRISPRs

[35]. If the immune systems in P. gingivalis are involved in its genome plasticity, then the
CRISPR/Cas would be more significant than innate immune systems such as the restriction-
modification system because the adaptive immune systems are able to recognize the invasion
of exogenous nucleic acids. In this study, we identified novel CRISPR/Cas arrays in Porphyro-
monas genomes and previously known ones in P. gingivalis (Fig 1, S5 Table). The cas genes
identified in this study were classified into three types or were unclassified because of the
genes did not have the typical features of particular types (Fig 1, S5 Table). The types I-C and
II-C observed in this study target DNA, whereas type III-B is able to target both DNA and
ribonucleic acid [48]. A previous study [49] demonstrated that the known four CRISPR arrays
were transcriptionally active in P. gingivalis W83, one of which utilized a nucleotide sequence
NGG as a PAM. In another study [50], the CRISPR inhibition of genetic exchange was sug-
gested for P. gingivalis during active growth phase. Based on our findings and previous re-
search findings, the newly identified CRISPR arrays in this study may have been transcribed
and used for adaptive immunity against exogenous nucleic acids.

However, the findings from our previous study [35] on P. gingivalis CRISPR, which identi-
fied very few potential targets, were inconsistent with the activity of CRISPR suggested above.
The investigation in this report used 7,331 spacers in Porphyromonas genomes, which was
approximately 3.4 times more abundant than in the aforementioned study (2,150 spacers in
the P. gingivalis genomes), and we identified few potential targets (1.1% of all spacers; S6
Table) in which those in the genus Porphyromonas were excluded. The broadness of the bacte-
rial species of potential targets (Table 1) may correspond to a variety of bacterial species in the
human oral cavity, which was greater than 1,000 [51], although we currently do not under-
stand whether these targeted species actually colonize in the oral cavity or just pass through by
contamination into the oral cavity from the environment. On the other hand, including Por-
phyromonas genomes in the search of potential targets of CRISPR resulted in an unexpectedly
large number of spacers, and accounted for 24.9% of all targets (S7 Table). These potential tar-
gets included CDSs of various functions and those encoding hypothetical proteins or those
related to exogenous elements (Table 2). We observed a predominance of potential targets in
the Porphyromonas genomes with a perfect nucleotide match and identified targets with mis-
matches of 1-7 nucleotides (Fig 2). These findings of nucleotide mismatches could be because
of a mutation in the spacers or their potential targets [52], which are also the situations for the
PAM that we could not identify in this study (S4 Fig), or because of the presence of corre-
sponding nucleotide sequences that have not been detected previously.

Considering the findings of the potential targets in the Porphyromonas genomes, we classi-
fied potential CRISPR interference into intraspecies and interspecies, and further classified the
intraspecies interference into endogenous and exogenous (Fig 3). Porphyromonas CRISPR
arrays with endogenous potential targets may be involved in the regulation of endogenous
gene expression [53]. There might be another possibility that the targets have their origins in
the exogenous genomes but are the parts of Porphyromonas genomes, which would avoid cell
death via CRISPR interference. This would be possibly due to nucleotide mismatches between
the spacers and their targets, changes of PAMs, or other unknown mechanisms. Besides these
possibilities, the reason why metabolism-related CDSs were targeted by the CRISPR endoge-
nously needs to be clarified by further investigations for the precise mechanisms of CRISPR/
Cas in the genus Porphyromonas. Meanwhile, we also identified potential exogenous targets
and interspecies targets (Figs 2 and 3, Table 2). This finding may be associated with the regula-
tion of bacterial diversification suggested in a previous study [35] in which CRISPR/Cas may
prevent the genome from undergoing rearrangements by transposition of the exogenous ele-
ments and homologous recombination with the exogenous DNA. The exogenous and inter-
species interference would remove the exogenous DNA which has similar or the same
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Fig 3. A schematic view of the locational relationships between CRISPR spacers and their potential
targets. Endogenous interference of Porphyromonas CRISPR/Cas is supposed for the CRISPR spacer and
its target, both of which are in the same species A. Exogenous interference is supposed for the spacer in the
species A and its target that is introduced from another cell of the species A by the mechanisms such as
natural transformation and conjugation. These endogenous and exogenous interferences are referred to as
intraspecies interference in this paper. Interspecies interference is supposed for the spacer in the species A
and its target introduced from the species B.

https://doi.org/10.1371/journal.pone.0183752.9003

sequences with the own genomes and is a potential source of recombination. The potential tar-
gets in the phage-related CDSs, probably in the conjugative transposons, would support the
CRISPR interference for the regulation of bacterial diversification. Overall, we remarkably
demonstrated a relationship between the CRISPR spacers and potential intraspecies, interspe-
cies, endogenous, or exogenous targets (Fig 3).

Nearly all CRISPR arrays in this study were unique to the genus Porphyromonas, whereas
the repeat of the type 32.2 CRISPR arrays was shared with Parabacteroides distasonis and Pae-
nibacillus stellifer, which have been isolated from human feces and a food-packaging paper-
board, respectively [54-56]. The presence of these two bacterial species in the human oral
cavity has not described previously, and little is known about them (e.g., the oral administra-
tion of Parabacteroides distasonis enhances dextran sulfate sodium-induced colitis in mice)
[57]. Type 32.2 CRISPR arrays may be transferred between the genus Porphyromonas and
these two species. Horizontal transfer could be a possible mechanism that provides the same
repeat type into different bacterial species with regard to the disagreement in the phylogenetic
relationship between the taxonomy of bacteria and the constructed tree from CRISPR/Cas
[58]. Such horizontal transfer of CRISPR arrays was reported in a wide range of bacteria and
archaea [58-60]. The transfer of CRISPR arrays may also occur among Porphyromonas species
because the same repeat types were found in different species, especially those with different
hosts (52 Table). For example, type 30.1 CRISPR arrays exist in P. gingivalis in humans [22], in
P. gulae in various animals such as dogs and cats [61], and in P. macacae in monkeys and dogs
[62]. These CRISPR arrays may have their origin before the diversification of host animals if
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the bacterial species with these CRISPR arrays diverged along with their hosts. How the
CRISPR arrays are transferred among these bacterial species with different hosts is unknown;
however, they may exist in hosts in which they have not been previously detected. In fact, P.
gingivalis has been isolated from a hospital bathroom sink drain [63], despite its fastidious
growth habits and restricted habitats in the human oral cavity [22, 64].

In addition to bacterial microbiome, the viral community is a growing concern in microbi-
ology because of its various effects on human health by interacting with the host, other viruses,
and bacteria [65, 66]. The salivary virome may be a reservoir for pathogenic gene function [67]
and be targeted by CRISPR/Cas in oral bacteria as exogenous elements for the bacteria. How-
ever, little is known about virulent phages even for Streptococcus mutans [68], the bacterial spe-
cies predominant in oral microbiota. Moreover, S. mutans CRISPR/Cas was shown to be
involved in stress response and dissemination of antibiotic resistance genes [68], which is one
of noncanonical function of CRISPR/Cas. Considering such findings, it is possible that the
oral viromes are not significant reservoirs of potential targets of Porphyromonas CRISPR/Cas,
whereas Porphyromonas genomes would indeed be the main reservoirs of potential targets. In
addition, the repertoire of the phage-related CDSs with potential targets suggests the post-tran-
scriptional regulation of exogenous phages by the Porphyromonas CRISPR/Cas, although these
CDSs were in the Porphyromonas genomes. The Porphyromonas CRISPR/Cas would be associ-
ated with interference for the following representatives of post-transcriptional events of exoge-
nous phages: 1) portal (the portal proteins), 2) gene transcription (the antirepressor protein),
3) replication (the replication initiation protein), 4) virion morphogenesis (the virion morpho-
genesis protein and the tail length tape-measure protein), and 5) genome packaging (the termi-
nase proteins) (Table 2). The Porphyromonas species may have CRISPR/Cas for specific
interference for various post-transcriptional events of exogenous phages. Future studies will
need to address actual function of Porphyromonas CRISPR/Cas and its roles in maintaining
genome plasticity and taxonomic relationships among Porphyromonas species.
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S1 Fig. The number of CRISPR spacers per strain. The mean number of CRISPR spacers
among strains is shown for (A) each Porphyromonas species and (B) each repeat type. Error
bars indicate standard deviations among strains.
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$2 Fig. Nucleotide polymorphisms of CRISPR repeats in 18 repeat types. In the WebLogo
illustration, the nucleotides are indicated by alphabetical letters in four different colors. At
each nucleotide position, nucleotide conservation is indicated by bits (i.e., the height of the let-
ter). The bit is 2.0 if a certain nucleotide is completely conserved.

(PDF)

S3 Fig. Genetic organization of all CRISPR arrays and cas genes in 110 Porphyromonas
genomes. The organization is the same as in Fig 1. The number in each CRISPR array indi-
cates the number of spacers. The CRISPR arrays occupying the whole length of the contig are
excluded from the illustration.

(PDF)

$4 Fig. Nucleotide polymorphisms of upstream and downstream 50-bp of the potential
targets in 18 repeat types. The WebLogo illustration is shown for upstream and downstream
and for each repeat type. The illustration is prepared as in S1 Fig.

(PDF)
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