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INTRODUCTION

Porphyromonas gingivalis, a potent pathogen of periodon-
tal disease, has been classified into virulent and avirulent 
strains based on its ability to form necrotic abscesses 
(AFNA) in murine models (Genco et al., 1991; Grenier et 
al., 1987; Neiders et al., 1989). It has been suggested that 
the AFNA of virulent P. gingivalis plays an important role 
in the initiation and progression of periodontal disease 
(Genco et al., 1991; Neiders et al., 1989). In fact, it has been 
reported that virulent strains were frequently isolated 
from severe periodontal lesions, whereas avirulent strains 
were detected more commonly in healthy subjects than 
in advanced lesions (Grenier et al., 1987). Biochemical 
analyses of several virulence factors have failed to show 
clear differences between virulent and avirulent strains 
(Neiders et al., 1989). By changing the viewpoint, we have 
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attempted to reveal the mechanisms of the phenotypic 
differences among P. gingivalis strains through analysis of 
the genetic elements.
Using the subtractive hybridization technique, we have 
identified a gene specifically distributed to the virulent 
strains of P. gingivalis (Sawada et al., 1999). The identi-
fied gene showed characteristics of an insertion sequence 
(IS) and was designated IS1598 (Sawada et al., 1999). Al-
though IS elements generally encode no functions other 
than those involved in their mobility (transposase activ-
ity), they can mediate various types of genetic plasticity. 
For example, the IS elements embedded in coding regions 
can disrupt the reading frame and lead to gene inactiva-
tion (Sawada et al., 1999; Collins et al., 1992; Lewis et al., 
1998). Many IS have been shown to activate the expres-
sion of neighboring genes, and this is closely associated 
with phenotypic differences among clonal types or strains 
(Vandecraen et al., 2017). Enhanced expression of antibi-
otic resistance genes is a typical example of the effects of 
IS elements directly related to the virulence of certain mi-
croorganisms (Simpson et al., 2000). It has been reported 
that entire IS element or hybrid promoter with the neigh-
boring gene showed activity for enhanced gene expression 
(Prentki et al., 1986; Scordilis et al., 1987; Ton-Hoang et 
al., 1997). The pathogenic significance of IS1598 is still 
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SUMMARY

An insertion sequence, IS1598 (IsPg4) has been found in virulent strains of Porphyromonas gingivalis in 
a murine abscess model. The present study was performed to investigate the effects of genetic rearrange-
ments by IS1598 on the phenotypic characteristics of the virulent strains. For this purpose, we searched 
for a common insertion site of IS1598 among the virulent strains. Through cloning and database search, 
a common insertion site was identified beside an nrdD-like gene in the virulent FDC 381, W83 and W50 
strains. In this region, predicted promoters of the nrdD-like gene and IS1598 are located in tandem, and 
accumulation of nrdD-like gene mRNA was 5-fold higher in virulent strains (W83, W50, FDC 381) than 
avirulent strains (ATCC33277, SU63, SUNY1021, ESO59 without IS1598). The role of the nrdD-like gene 
in virulence of P. gingivalis was investigated by constructing a nrdD-deficient mutant. In the murine ab-
scess model, the parental W83 strain produced necrotic abscesses, while the nrdD-deficient mutant had 
almost lost this ability. Insertion of IS1598 into the nrdD-like gene promoter region may be related to the 
phenotypic differences in virulence among P. gingivalis strains through upregulation of the expression of 
this gene.
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unclear, and we hypothesized that IS1598 may be related 
to the virulence of P. gingivalis through its effects on neigh-
boring genes.
The distributions of IS1598 in the genome of P. gingivalis 
strains have been partially characterized (Sawada et al., 
1999), and ten insertion sites are identified in the genome 
database of the W83 strain. Multiple insertion sites (at least 
six) were detected by Southern hybridization in the virulent 
strain W50, while the copy number of IS1598 in the virulent 
strain FDC381 was shown to be low (Sawada et al., 1999). 
To gain insight into the role of IS1598 in the phenotypic 
changes of P. gingivalis, it is easier to examine strain FDC 
381 with a low copy number. The present study identified 
the insertion sites of IS1598 in the FDC 381 strain and in-
vestigated the common insertion sites among the virulent 
strains, which may be important for AFNA. The influence of 
IS1598 on the expression of neighboring genes was exam-
ined by comparing mRNA accumulation between virulent 
(IS1598-positive) and avirulent (IS1598-negative) strains. 
Further, nrdD-like gene, an IS1598-neighboring gene locat-
ed at the common insertion site, was inactivated and the 
effects on virulence were investigated. 

MATERIALS AND METHODS

Bacterial strains and culture conditions
P. gingivalis W83, W50, and FDC 381 were used for this 
study as virulent strains with AFNA. P. gingivalis ATCC 

33277, SU63, SUNY 1021, and ESO59 were used as avir-
ulent strains. Each strain of P. gingivalis was cultured in 
brain heart infusion (BHI) broth (Difco, Detroit, MI, USA) 
or on BHI agar plates supplemented with 0.0005% (w/v) 
hemin, 0.05% (w/v) cysteine, and 0.0001% (w/v) vitamin 
K3 at 37°C in an anaerobic box (model ANX-1; Hirasawa 
Works, Tokyo, Japan) containing 80% (v/v) N2, 10% (v/v) 
H2, and 10% (v/v) CO2. Where required, erythromycin (10 
mg/ml) was added to the medium. Escherichia coli XL1-
Blue was used for recombinant DNA procedures. E. coli 
was cultured aerobically in Luria-Bertani (LB) medium. 
Where required, LB broth and agar were supplement-
ed with ampicillin (50 μg/ml), kanamycin (50 μg/ml), or 
erythromycin (10 μg/ml).

Southern hybridization
IS1598 and its neighboring gene (nrdD-like gene) were de-
tected in the genome of P. gingivalis strains by Southern 
hybridization. Hybridization was performed as described 
by Southern (Southern, 1975) with slight modifications 
(Miyamoto et al., 1991). Genomic DNA was purified 
from P. gingivalis strains by the method of Stauffer et al. 
(Stauffer et al., 1981) and was digested with endonucleases 
PstI, BamHI, SphI, or EcoRI (Takara, Shiga, Japan). The 
digested DNA fragments (2.5 μg) were electrophoresed 
on 1% agarose gels, and the separated DNA fragments 
were transferred onto nylon membranes (Hybond-N+; GE 
Healthcare UK Ltd, Buckinghamshire, UK) under alkaline 

Figure 1 - Distribution of IS1598 on the genome of FDC 381 strain. On Southern hybridization, DNA fragments containing 
the IS1598 were detected from the genomic DNA of FDC 381 strain (A). The 4-kb and 16-kb PstI-digested DNA fragments 
hybridized with the IS1598 probe. In BamHI-digested genomic DNA, 4-kb and 7-kb hybridization signals were detected. 
Molecular cloning and sequencing of these IS1598-hybridized fragments revealed the two insertion sites of IS1598 in the 
genome of FDC 381. One of the insertion sites overlapped 4-kb PstI- and BamHI-digested DNA fragments (B). This insertion 
site was observed in common among the virulent strains (W83, W50, and FDC 381). In this region, nrdD-like gene was 
located upstream of the IS1598 in the opposite direction, and the putative promoter regions of the two genes were located 
in tandem. Sequence information of the 3’-end flanking region of the nrdD-like gene was obtained by genome walking, and 
the nrdG-like gene was identified. Primer locations for genome walking are indicated by black arrows. The W50-1 primer 
set (white arrows) was used for amplification of IS1598 and the surrounding region from the W50 strain. Consequently, a 
2.4-kb DNA fragment containing IS1598 was amplified. A search in the genome database of the W83 strain corresponding 
to this region demonstrated the identical structure to the FDC 381 strain. Nucleotide sequences of the primers are listed in 
Table 1. Gene map around the nrdD-like gene in ATCC 33277 strain was also shown by referring to Human Oral Microbi-
ome Database for comparison with the virulent strain. Another insertion site was identified on a 7-kb BamHI-digested DNA 
fragment (C). The genome database search of the W83 strain did not show IS1598 in this region. IS1598 was located in the 
ORF of a predicted gene registered as PG1719 in the W83 genome database. A novel IS-like element was identified in the ORF 
of IS1598. In addition to the predicted genes, hemagglutinin gene B (hagB) and hagC were located on the cloned fragment. 
Primer locations for genome walking are indicated by black arrows. The W50-2 primer set (white arrows) was used for PCR 
amplification of IS1598 from the W50 strain. Consequently, a 1.1-kb DNA fragment, which did not contain IS1598, was 
amplified. Nucleotide sequences of the primers are listed in Table 1.

A) B) C)
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conditions (0.4 M NaOH). The entire coding regions of 
IS1598 and nrdD-like gene were labeled with [a-32P]dCTP 
(GE Healthcare UK Ltd, Buckinghamshire, UK) using a 
Random Primer DNA Labeling Kit (Takara) and used as 
probes. Hybridization was performed in a hybridization 
buffer consisting of 6×SSC (1×SSC: 0.15 M NaCl and 0.015 
M sodium citrate), 5×Denhardt’s solution [15], 0.5% SDS, 
and 100 μg/ml salmon sperm DNA at 65°C overnight with 
approximately 2×106 cpm/ml of the labeled probe. After 
hybridization, the membranes were washed at 65°C for 
0.5 h with a buffer consisting of 2×SSC and 0.5% SDS, 
and then washed twice at 65°C for 0.5 h with a wash buf-
fer consisting of 0.2×SSC and 0.1% SDS. Hybridization 
signals were detected and analyzed using a BAS 2000 Bio 
Imaging Analyzer (Fuji film, Tokyo, Japan).

Cloning of IS1598 from FDC 381 strain
For analysis of the gene structure around IS1598, DNA 
fragments containing IS1598 were cloned from a size-re-
stricted genomic DNA library of FDC 381 strain construct-
ed using a ZAP Express Predigested Vector Kit (Stratagene, 
La Jolla, CA, USA) and pUC19 plasmid vector (Takara) for 
BamHI- and PstI-digested genomic DNA, respectively. Ge-
nomic DNA of FDC 381 strain was digested with BamHI 
or PstI, and the digested DNA fragments were separated 
by agarose gel electrophoresis. After electrophoresis, DNA 
fragments, with the corresponding size of IS1598-hybrid-
ized signal on Southern hybridization described above, 
were purified from the gels. The size-fractionated DNAs 
were then ligated into BamHI-digested arms of the pBK 
phagemid vector or PstI site of pUC19. The in vitro pack-
aging was performed for the phagemid library using Giga-
pack III Packaging Extract (Agilent Technologies, CA, 
USA). Clones were isolated by plaque hybridization or 
colony hybridization using the labeled IS1598 as a probe 
and sequenced.

Genome walking procedure
Flanking regions of the cloned DNA fragments were ob-
tained by PCR-based genome walking (Siebert et al., 1995) 
using a Universal GenomeWalker Kit (Takara) according 
to the manufacturer’s instructions. Briefly, genomic DNA 
of FDC 381 strain was digested with EcoRV or DraI. Fol-
lowing digestion, the GenomeWalker adaptor provided 
with the kit was ligated to each end of the endonucle-
ase-digested DNA for construction of the adaptor-ligated 
GenomeWalker library. For PCR of gene walking in each 
of 5’- and 3’-flanking regions, two gene-specific primers 
(GSP) were designed based on the nucleotide sequences 
of the cloned DNA fragments containing IS1598. Primary 
PCR was performed using the GenomeWalker library as a 
template with the outer GSP and the first adaptor primer 
(AP-1) provided with the kit. The primary PCR product was 
then used as a template for nested PCR with the inner GSP 
and AP-2. Both PCR amplifications were performed using 
Advantage Genomic Polymerase Mix (Takara) under the 
conditions recommended by the manufacturer. The am-
plified DNA fragments were cloned into the pCR2.1 vector 
(Thermo Fisher Scientific, MA, USA) and sequenced. The 
location and sequences of the primers are shown in Figure 
1 and Table 1, respectively.

DNA sequencing and DNA database search
DNA sequencing was performed using a BigDye® cycle se-
quencing kit (Applied Biosystems, Foster City, CA, USA) 

and an automated DNA sequencer (3130xl Genetic Ana-
lyzer; Applied Biosystems). For analysis of gene structure 
of the isolated clones, sequence data were used to query 
GenBank and microbial genomes at the National Center 
for Biotechnology Information (NCBI, http://www.ncbi.
nlm.nih.gov/) using the BLAST sequence homology search 
program. The location of IS1598 in the genome of the W83 
strain and gene structure around nrdD-like gene in ATCC 
33277 strain were searched through Human Oral Microbi-
ome Database at: http://www.homd.org.

PCR to search for common insertion sites 
in the W50 strain
PCR was performed to examine whether the W50 strain 
possesses an IS1598 insertion site(s) common to strain 
FDC 381. Primers were designed from the sequence at 
both upstream- and downstream-flanking regions of 
IS1598 (primer sets W50-1 and W50-2 shown in Figure 1) 
identified in the FDC 381 strain. Using these primers and 
genomic DNA of the W50 strain, IS1598 and the surround-
ing region were amplified. The amplified DNA fragment 
was ligated into the pCR2.1 vector (Thermo Fisher Sci-
entific) and sequenced. Sequence information of the W50 
primers are included in Table 1.

Northern hybridization
The mRNA accumulation of IS1598-neighboring genes 
was examined by Northern hybridization. Total RNA was 
extracted from P. gingivalis strains W83, W50, FDC 381, 
ATCC 33277, SU63, SUNY 1021, and ESO59 in exponen-
tial phase using TRIzol reagent (Thermo Fisher Scientific). 
The extracted RNA (5 μg) was electrophoresed in formal-
dehyde gels (final 6.3% formaldehyde and 1% agarose), 
and transferred onto nylon membranes (Hybond-N+; GE 
Healthcare) with alkaline transfer buffer (0.05 M NaOH) 
for 4 h. The IS1598-neighboring genes were labeled with 
[a-32P]dCTP using a Random Primer DNA Labeling Kit 
(Takara) and used for hybridization with the membrane 
using a Northern Max Kit (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions. Hybridization 
signals were detected using a BAS 2000 Bio Imaging An-
alyzer (Fuji Film), and the intensities of the hybridization 
signals were analyzed using NIH Image Version 1.61 (Na-
tional Institutes of Health, Bethesda, MD, USA).

Table 1 - Nucleotide sequence of PCR primers.

 Primers Nucleotide sequence

W50-1 F-primer
R-primer
F-primer
R-primer

5’-atatgtatatctcctgccctgtg-3’
5’-tcctgcctaaaaagcctgaactc-3’
5’-ctgaagacagacaaggaataacg-3’
5’-cgatgaaaggcgaatacgacaaa-3’
5’-ctattcggaacctaacgccacttttga-3
5’-gggaatgatgtttggaagggtggtgct-3
5’-ccgatgccttttgtcccgctttctgat-3
5’-gtctctccctctttattttgttgtcct-3’
5’-gtaatacgactcactatagggc-3’
5’-actatagggcacgcgtggt-3’

W50-2

GSP-1
GSP-2
GSP-3
GSP-4

AP-1*
AP-2*

nrdD

primer 1
primer 2
primer 3
primer 4

5’-taacgatagagaagaacgatgtgaa-3’
5’-caccaggtacccaaacatcattccccatca-3’
5’-tgatgggtaccgatgtttggaagggtggtg-3’
5’-accagccaaatagatagaatagtgc-3’

* Primers provided in Universal GenomeWalker Kit (Clontech).
Underline = KpnI-recognition site.
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Construction of nrdD-like gene-deficient mutant 
(nrdD-deficient mutant)
A mutant deficient for the nrdD-like gene was construct-
ed using P. gingivalis W83. Inactivation of the nrdD-like 
gene was accomplished by allelic exchange mutagenesis. 
The recombinant DNA procedure for construction of the 
targeting vector is shown in Figure 4. The upstream and 
downstream regions of the nrdD-like gene were amplified 
separately by PCR. The amplified upstream- and down-
stream-fragments were connected using the KpnI site 
combined in the PCR primers, and the connected DNA 
fragment was ligated into pUC18 (Takara) using PstI and 
EcoRI sites in the amplified nrdD-like gene. The ermF-er-
mAM cassette (Kumagai et al., 2000) cloned into pBlue-
script II SK(-) (Stratagene) was a kind gift from Dr. S. Ebi-
su (Osaka University) and was inserted into the KpnI site 
at the linker point of the PCR-amplified nrdD-like gene to 
interrupt the open reading frame (ORF). The sequences of 
the primers are included in Table 1.
The targeting vector carrying the nrdD-like gene with the 
ermF-ermAM cassette was linearized by digestion with 
SphI (Takara) and was introduced by electroporation into 
P. gingivalis cells (108-109 cells) suspended in ice-cold 10% 
glycerol. Electroporation was performed in a Gene Pulser 
(Bio-Rad) set to 12.5 kV/cm, and the cells were incubat-
ed in BHI broth for 16 h. After incubation, the cells were 
plated on BHI agar containing erythromycin (10 μg/ml). 
Colonies on the plates were retrieved, and insertional mu-
tagenesis of the nrdD-like gene was confirmed by South-
ern hybridization.

Growth of nrdD-deficient mutant
We compared the growth kinetics between the nrdD-defi-
cient mutant and the parent strain (W83). The mutant and 
the parent strain were precultured to the early stationary 
phase in BHI medium. Aliquots of 600 ml of precultured 
cells were transferred to 10 ml of fresh BHI medium, and 
the optical density (660 nm) of the medium was moni-
tored every 3 h using a MiniPhoto meter (Taitek, Koshi-
gaya, Japan).

Murine abscess model
To evaluate the virulence of P. gingivalis strains, the murine 
abscess model (Kastelein et al., 1981; Kesavalu et al; 1992) 
was used. Female BALB/c mice (7 weeks old) were main-
tained in horizontal cabinets and were injected with either 
nrdD-deficient mutant or the parent W83 strain. Both P. 
gingivalis strains were harvested at early logarithmic phase 
and suspended in BHI broth to 2.5×109 colony-forming 
units (CFU)/ml. A single site on the dorsal surface of mice 
approximately 1 cm from the midline was depilated, and 
0.1 ml of the bacterial suspension (2.5×108 CFU) was in-
jected subcutaneously. The diameter of the necrotic abscess 
formed was measured every 24 h for 14 days and the size 
of the lesion was expressed in square millimeters (mm2). 
All animal procedures and protocols were reviewed and 
approved by the Animal Experimentation Committee of 
Okayama University (Approval No. OKU-2007126).

Statistical analysis
Student’s t test was used to compare differences in cell 
density during cultivation between the nrdD-deficient mu-
tant and the parent W83 strain. The lesion size and body 
weights of mice in the murine abscess model were com-
pared between the nrdD-deficient mutant and the parent 

W83 strain by Mann-Whitney’s U-test. Statview software 
was used for statistical analyses (version 5: Abacus Con-
cepts, Inc., Berkeley, CA, USA). In all analyses, P<0.05 was 
taken to indicate statistical significance.

RESULTS

Molecular cloning of IS1598 from FDC 381 strain
Southern hybridization detected the DNA fragments con-
taining IS1598 from genomic DNA of the FDC 381 strain 
(Figure 1A). The 4-kb and 7-kb BamHI-digested DNA frag-
ments hybridized with the IS1598 probe, while hybridiza-
tion signals were detected at 4 kb and 16 kb in PstI-digested 
DNA. Based on these results, size-restricted genome librar-
ies were constructed. The BamHI-digested DNA fragments 
between 4 and 7 kb in length were used for phage library 
construction. The PstI-digested DNA fragments around 4 
kb in length were used for plasmid library construction. 
From the libraries, a 4-kb PstI fragment and 4-kb and 7-kb 
BamHI fragments that hybridized with the IS1598 probe 
were cloned. Sequence analyses of these clones revealed 
that the 4-kb BamHI fragment and 4-kb PstI fragment over-
lapped with each other, and therefore two insertion sites 
of IS1598 were identified in the genome of the FDC 381 
strain (Figures 1B and C). By PCR-based genome walking, 
DNA fragments of 4.4 and 4.1 kb were amplified from the 
EcoRV- and DraI-digested GenomeWalker libraries, respec-
tively, and additional sequence information was obtained 
around the IS1598 (Figures 1B and C).

Gene structure around IS1598
The gene structures around IS1598 in the FDC 381 genome 
were determined based on the analyzed sequence data and 
the results of the database search (Figures 1B and C).

Insertion Site 1 (Common insertion site among  
the virulent strains)
One of the insertion sites was located between the nrdD-
like gene and IS195 (Figure 1B). The ORF of the nrdD-like 
gene consisted of 2394 bp, and the deduced amino acid 
sequence showed 33% identity with that of E. coli nrdD 
(Sun et al., 1993), which encodes a ribonucleotide reduc-
tase. The IS1598 located at 526 bp upstream from the 
start codon of the nrdD-like gene in the opposite direction. 
Walking downstream from the nrdD-like gene revealed 
an nrdG-like gene, which constitutes a bicistronic operon 
with nrdD in E. coli and other microorganisms (Torrents 
et al., 2001). The nrdG-like gene was located 35 bp down-
stream of the nrdD-like gene. The ORF consisted of 489 bp 
and sequence identity of the deduced amino acid sequence 
was 40% with the E. coli NrdG. IS195, a 1155-bp IS-like el-
ement (Lewis et al., 1998), was located 159 bp downstream 
of IS1598 in the opposite direction. The sequence informa-
tion of the nrdD-like and nrdG-like genes was recorded in 
a DNA database as AB098062 and AB258533, respectively. 
In ATCC 33277 strain, short hypothetical protein gene was 
located at upstream of the nrdD-like gene. The gene map 
was shown in Figure 1 to compare the structure with the 
virulent strain FDC 381.

Insertion Site 2 (FDC 381-specific insertion site)
The other locus of IS1598 was in the ORF of an unknown 
gene, which was recorded in the Oral Pathogen Sequence 
Database (W83 strain) as PG1719. Unknown genes regis-
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tered as PG1718 and PG1720 were located on either side 
of PG1719. In addition to these unknown genes, hemag-
glutinin gene B (hagB) (Ali et al., 1997) and hagC (Lépine 
et al., 1996) were identified upstream of PG1720. A novel 
IS-like element was also found in IS1598 itself at 1049 bp 
downstream from the start codon. The novel IS-like ele-
ment (accession number: AB098334) consisted of 239 bp 
with the 3-bp terminal inverted repeats (ACG) and 7-bp 
direct repeats (TAATCTT). The novel IS-like element pos-
sessed no ORFs longer than 45 bp.

Insertion sites in the W83 strain
The genomic loci of IS1598 on the genome of the W83 
strain was examined by an insertion sequence analysis 
tool (http://www.oralgen.lanl.gov/) in the Oral Pathogen 
Sequence Database. Ten insertion sites were identified in 
the genome, and a common insertion site with the FDC 
381 strain was observed near the nrdD-like gene (insertion 
site 1, Figure 1B). IS1598 was not identified in the region 
corresponding to insertion site 2 of the FDC 381 strain.

Common insertion site in the W50 strain
DNA fragments of approximately 2.4 and 1.1 kb were am-
plified from genomic DNA of the W50 strain by PCR us-
ing the primer sets W50-1 and W50-2, respectively (shown 
in Figure 1). DNA sequencing confirmed the presence of 
IS1598 in the DNA fragment, which was amplified by the 
W50-1 primer set, at the same position as in the FDC 381 
strain near nrdD (insertion site 1). IS1598 was not present 
on the DNA fragment amplified by the W50-2 primer set 
(insertion site 2 of FDC 381 strain).

Accumulation of IS1598-neighboring gene mRNAs
The mRNA levels of IS1598-neighboring genes (nrdD, 
IS195, PG1718, PG1720, and hagB) were analyzed by 
Northern hybridization. The intensities of hybridization 
signals were normalized relative to the signal of 16S ribo-
somal RNA detected on ethidium bromide-stained gels. The 
expression levels of each gene were compared between the 
virulent and avirulent strains. The mRNA accumulation of 
nrdD-like gene in virulent strains was consistently more 
than 5-fold higher than those in the avirulent strains (Figure 
2). Distinct differences were not seen in mRNA accumu-
lation of any other IS-1598 neighboring gene between the 
virulent and avirulent strains (data not shown).

Distribution of nrdD-like gene in P. gingivalis strains
By Southern hybridization, distribution of the nrdD-like 
gene was analyzed using seven P. gingivalis strains pre-
pared in this study (Figure 3). Genomic DNAs of P. gin-
givalis strains were digested with EcoRI and subjected to 
hybridization with the nrdD-like gene. The probe prepared 
from whole length of the nrdD-like gene hybridized with 
a single EcoRI-digested fragment in each strain tested in 
the size range from 4.2 to 4.8 kb. The distributions of the 
nrdD-like gene in the genomes of W83 and ATCC 33277 
were also examined by searching through the database of 
microbial genomes at NCBI, and the nrdD-like gene was 
revealed to be present as a single copy in these strains.

Construction of nrdD-deficient mutant
The ermF-ermAM cassette was used as a marker of ho-
mologous recombination. Two colonies of P. gingivalis on 
BHI plates containing erythromycin were randomly se-
lected and genomic DNAs were purified. Genomic DNA 

Figure 2 - Accumulation of nrdD-like gene mRNA in P. gin-
givalis strains. The accumulation of nrdD-like gene mRNA 
was examined by Northern blotting analysis (A). The inten-
sity of the hybridized band was analyzed using NIH Image. 
The nrdD-like gene mRNA level was normalized relative to 
the amount of 16S rRNA on ethidium bromide-stained gels 
(B) and shown as relative intensity (C). The relative intensi-
ties of nrdD-hybridization signal in IS1598-positive virulent 
strains (W83, W50, and FDC 381) were consistently more 
than 5-fold higher than those of IS1598-negative avirulent 
strains (ATCC 33277, SU63, SUNY 1021, and ESO59).

Figure 3 - Distribution of nrdD-like gene on the genome 
of P. gingivalis strains. The nrdD-like gene was detected 
in EcoRI-digested genomic DNA of P. gingivalis strains 
by Southern hybridization. Genomic DNAs were prepared 
from IS1598-positive strains (W83, W50, and FDC 381) and 
IS1598-negative strains (ATCC 33277, SU63, SUNY 1021, 
and ESO) and were probed with the [a-32P]dCTP-labeled 
nrdD-like gene sequence. A single hybridization signal was 
detected in each strain at around 4.5 kb.

A)

B)

C)
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was also prepared from the parent strain (W83). These 
genomic DNAs were then digested with SphI or BamHI, 
and the digested DNA fragments were subjected to South-
ern hybridization with the 32P-labeled probe of the nrdD-
like gene. In the SphI-digested genomic DNA fragments 
of the parent strain, the hybridization signal was detected 
at approximately 9.0 kb, while the signal increased in size 
to around 11.1 kb in the two selected transformants due 
to insertion of the 2.1-kb ermF-ermAM cassette. When the 
genomic DNAs were digested with BamHI, a single 4.0-kb 
band was detected in the parent strain, while a band of 
approximately 6.1 kb was detected in the transformants 
(Figure 4B). One of the transformants was used as the 
nrdD-deficient mutant.

Growth of nrdD-deficient mutant
The growth curves of nrdD-deficient mutant and the par-
ent W83 strain are shown in Figure 5. The nrdD-deficient 
mutant was found to grow more slowly than the parent 
W83 strain. The replication time of the nrdD-deficient mu-
tant (6 h) was approximately twice that observed in the 
parent W83 strain (3 h). Significant differences were seen 
in the cell densities between the two strains during the cul-
tivation period from 3 to 30 h (P<0.01). The final yield of 
nrdD-deficient mutant in the stationary phase was smaller 
than that of the parent strain.
Virulence testing of nrdD-deficient mutant
The virulence of the nrdD-deficient mutant was examined 
in a murine abscess model. Eleven mice were injected 
with the parent W83 strain, and three mice died by 48 
h. Ten mice were challenged with the nrdD-deficient mu-
tant, and all mice survived the experimental period (Ta-
ble 2). Therefore, the lesion size was compared between 
the eight mice challenged with the W83 strain and ten 
mice challenged with the nrdD-deficient mutant for 14 

days. The W83 strain induced ulcerative lesions in all 
eight mice by 24 h, and the lesions reached the maximum 
size on the 6th day after injection (Figure 6). The lesions 
shrank after the 6th day but remained throughout the ex-
perimental period. The nrdD-deficient mutant produced 
significantly smaller lesions than those produced by the 
parent W83 strain throughout the experimental period 
(P<0.01). The lesions were hardly seen on the first day, 
and very small lesions were observed from the second to 

Figure 4 - Structure of nrdD-like gene targeting vector (A) and Southern blotting analysis of nrdD-deficient mutant (B). Two 
partial fragments of the nrdD-like gene, a 1.3-kb upstream region and a 0.7-kb downstream region, were amplified separately 
by PCR. The PCR primers are indicated by black arrows, and the sequences are shown in Table 1. The targeting vector was 
constructed by connecting the PCR products, ermF-ermAM cassette, and pUC18. The KpnI site combined in the PCR prim-
ers was used for insertion of the ermF-ermAM cassette into the nrdD-like gene, and PstI and EcoRI sites in the nrdD-like 
gene were used for ligation of the gene into pUC18. The targeting vector was linearized by SphI digestion and introduced 
into P. gingivalis cells. The integration event of the ermF-ermAM cassette (2.1 kb) into the chromosomal locus of the nrdD-
like gene was examined by Southern blotting analysis (B). The genomic DNA from the parent strain W83 (Wild-type) and 
the nrdD-deficient mutant (Mutant) were digested with SphI or BamHI, and probed with the labeled nrdD-like gene. The 
hybridization signals of the mutant were approximately 2.1 kb longer than those of the wild-type in both cases of SphI and 
BamHI digestion.

Figure 5 - Growth curves of nrdD-deficient mutant and the 
parent strain (W83). The nrdD-deficient mutant was found to 
grow more slowly than the parent W83 strain. Significant dif-
ferences were seen in the cell densities between the two strains 
from 3 to 30 h of cultivation (P<0.01). Cell densities are ex-
pressed as the mean ± standard deviation in OD660. Tripli-
cate measurements were performed individually three times.
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the 12th day. The lesions showed a reduction in size and 
were hardly seen on the 13th day. There were no signif-
icant differences in body weight between the mice chal-
lenged with the W83 strain and those challenged with 
nrdD-deficient mutant (Table 2).

DISCUSSION

Based on the electrophoretic patterns of chromosomal 
DNA, as many as 100 different clonal types of P. gingiva-
lis have been isolated from periodontitis patients (Ali et 
al., 1997; Inaba et al., 2008; Ménard et al., 1995; Slots et 
al., 1999). The IS elements contribute to this genetic rear-
rangement (Vandecraen et al., 2017; Califano et al., 2000; 
Naito et al., 2008), and the genotypic diversity may be re-
sponsible for the phenotypic differences between P. gingi-
valis strains (Genco et al., 1995a,b). As virulent P. gingivalis 
strains with AFNA frequently possess IS1598 (Sawada et 
al., 1999; Califano et al., 2003; Frandsen et al., 2001), ge-
netic rearrangement by IS1598 is thought to be involved 
in the virulence of these strains. The present study, which 
revealed a common insertion site and the gene structure 
around IS1598, represents the first step in gaining a bet-
ter understanding of the pathogenic significance of the 
IS1598 locus and molecular mechanisms of the phenotyp-
ic changes caused by the IS element.
The IS-like elements in P. gingivalis have been designat-
ed by a new standard nomenclature as ISPg1 to ISPg5 
(Califano et al., 2000), and IS1598 corresponds to ISPg4. 
Some attempts have been made to examine the distribu-
tions of these IS-like elements by Southern hybridization 
(Califano et al., 2003; Frandsen et al., 2001). Frandsen et 
al. (2001) and Califano et al. (2003) reported the distribu-
tion of IS1598 among clinical and laboratory strains. In 
the present study, two insertion sites of IS1598 and the 

surrounding gene structures in the FDC381 strain were 
determined. However, there was one critical discrepancy 
between our results and those reported in these previous 
studies, i.e., IS1598 was not detected in the FDC 381 and 
W50 strains in either of these previous studies or genome 
database at NCBI. There is some confusion regarding the 
definition of the FDC 381 strain (Loos et al., 1990). At least 
two clonal types of FDC 381 strains have been identified 
in different laboratories in Japan (Nakayama et al., 1995). 
The existence of these clonal types may be due to repeat-
ed subculture for long periods, or the exchange of strains 
among different laboratories. Prior to the present study, 
we confirmed AFNA of the W50 and FDC 381 strains in 
our laboratory (data not shown).
We identified a common insertion site of IS1598 in vir-
ulent strains W83, W50, and FDC 381. In this region, 
IS195 (ISPg3) and nrdD-like gene were located adjacent to 
IS1598. Interestingly, IS1598 seems to be frequently iden-
tified near other IS-like elements. In addition to IS195, 
IS1126 (ISPg1) was observed in tandem with IS1598 at 
two sites in the genome of W83 (Nelson et al., 2003), and 
the novel IS-like element identified in this study was lo-
cated in the ORF of IS1598. These regions, the targets of 
multi-IS elements, may play important roles in the diver-
sity of clonal types of P. gingivalis. At a site remote from 
IS195, a ribosomal operon was located with an interval 
of 800 bp in which no ORF was found (data not shown). 
The IS element itself encodes no functions other than 
transposase activity, and the ribosomal operon was too far 
away to be influenced by IS1598. Therefore, the structur-
al analysis suggested that the nrdD-like gene would be a 
candidate, which may be under the influence of IS1598, 
and the influence could be associated with the phenotypic 
characteristics commonly observed among these virulent 
strains.

Table 2 - Survival rate and body weights of mice challenged with W83 or nrdD-deficient mutant.

Challenge strain No. of mice
surviving/total

Average body weight of mice (g)

Day 0 Day 1 Day 6 Day 14

W83
Mutant

8/11
10/10

25.7 ± 2.7
26.5 ± 2.3

24.7 ± 2.7
26.7 ± 2.3

25.7 ± 2.9
26.7 ± 2.2

26.2 ± 2.7
27.3 ± 2.0

Figure 6 - Lesion sizes in murine 
abscess model. The mice were chal-
lenged with nrdD-deficient mutant 
or the parent strain (W83). The le-
sion sizes were measured periodical-
ly and expressed as the mean ± stan-
dard deviation in square millimeters 
(mm2). The nrdD-deficient mutant 
produced faint abscess lesions in 
mice, which were significantly 
smaller than those produced by the 
parent W83 strain throughout the 
experimental period (P<0.01).
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Northern hybridization data (Figure 2) strengthened the 
hypothesis that nrdD-like gene is under the influence of 
IS1598. In the virulent strains, the mRNA accumulation 
levels of the nrdD-like gene adjacent to IS1598 were con-
sistently higher than those in the avirulent strains. Ge-
nome database searches revealed that the nrdD-like gene 
is present as a single copy in W83 and ATCC 33277 strain 
(data not shown). In addition, the results of Southern hy-
bridization (Figure 3) strongly suggested that the gene is 
present as a single copy in the other strains tested. There-
fore, the genetic rearrangement by the IS1598 insertion 
into the putative promoter region of the nrdD-like gene 
may be responsible for the observed differences in mRNA 
accumulation. IS elements have been shown to activate 
expression of their neighboring genes by creating hy-
brid promoters (Prentki et al., 1986; Scordilis et al., 1987; 
Ton-Hoang et al., 1997; Vandecraen et al., 2017). The pro-
moter regions of the nrdD-like gene and IS1598 were lo-
cated side by side. Although there was no direct evidence 
in the present study, the tandem location of the promoters 
of IS1598 and nrdD-like gene may create a hybrid promot-
er to enhance nrdD-like gene expression. In the avirulent 
strain ATCC 33277, hypothetical protein gene was locat-
ed at upstream of nrdD-like gene in the same orientation, 
suggesting no chance of creating hybrid promoter. Deter-
mination of the transcription start site and the reporter 
gene assay with those promoter regions will be required 
for further elucidation.
nrdD and nrdG constitute a bicistronic operon in other 
microorganisms (Torrents et al., 2001). The hybridization 
signal of nrdD-like gene was detected at approximately 
2.8 kb in Northern blotting analysis (Figure 2). Consider-
ing the size of the nrdD-like gene (2394 bp), the nrdG-like 
gene (489 bp), and their interval (35 bp), the nrdD-like and 
nrdG-like genes may also form an operon in P. gingivalis. 
The sequence similarity and the gene structure strongly 
suggest that the nrdD-like gene product is an NrdD ho-
molog, similar to those reported in other microorganisms 
(Sun et al., 1993; Torrents et al., 2001) with similar func-
tions. In addition to the 2.8-kb fragment, slightly shorter 
fragment was detected in the virulent strains. Although 
the detail was unveiled in this study, truncated mRNA or 
another transcription start point may be suggested.
The NrdD is a ribonucleotide reductase (RNR), which cat-
alyzes production of the deoxyribonucleotides required 
for DNA synthesis (Sun et al., 1993; Fontecave et al., 1989; 
Jordan et al., 1998; Reichard et al., 1993a). Three classes 
of RNR have been identified to date (Jordan et al., 1998). 
The NrdD belongs to the class III RNR, which are seen 
in microorganisms with anaerobic metabolism (Jordan et 
al., 1998; Reichard et al., 1993b). For the catalytic activity, 
NrdD and NrdG must be tightly bound to each other and 
form a complex (Jordan et al., 1998), and are considered 
to be important for microorganisms to survive and grow 
(Torrents et al., 2001; Jordan et al., 1998; Reichard et al., 
1993b; Masalha et al., 2001). It has been reported that nrd-
DG operon expression is regulated by oxygen (Masalha et 
al., 2001). The expression level decreases under aerobic 
conditions (Masalha et al., 2001), and NrdD is irreversibly 
inactivated by oxygen (Fontecave et al., 1989; Boston et 
al., 2003). High levels of nrdD-like gene expression may 
be a great advantage for virulent strains of P. gingivalis to 
survive under conditions of oxidative stress in the host.
The results of experiments using the nrdD-deficient mu-
tant support the above suggestion. The decline in growth 

rate in culture medium suggested that the gene is involved 
in the growth of P. gingivalis. In addition, the nrdD-defi-
cient mutant almost showed loss of AFNA in the murine 
abscess model. The lesion size was almost equal to that 
produced by the rgpA rgpB kgp triple (gingipain-null) mu-
tant (Yoneda et al., 2001) of P. gingivalis. These findings 
suggest important roles of the nrdD-like gene in the host, 
which are related to the virulence of P. gingivalis.
Although attention was focused on the common insertion 
site of IS1598 in the present study, another locus may also 
be associated with the phenotypic changes in P. gingiva-
lis strains. W50 and W83 with multiple copies of IS1598 
are more virulent than the FDC 381 strain (Greiner et al., 
1987). Interestingly, two genes for outer membrane pro-
teins [pga67 (Holt et al., 1991) and integral membrane 
protein] and five genes associated with DNA metabolism 
were found near IS1598 in the W83 strain genome da-
tabase (Nelson et al., 2003). Bacterial outer membrane 
proteins are thought to be important virulence factors in 
the pathogenicity of periodontopathic bacteria (Holt et 
al., 1991). Using the Tn4351-generated mutants, Genco 
et al. reported that mutation of the outer membrane pro-
tein gene altered the virulence of P. gingivalis (Genco et 
al., 1995a, b). The high frequency of genes associated with 
DNA metabolism, including the nrdD-like gene, is also an 
interesting issue.
The novel IS-like element in IS1598 has not yet been char-
acterized in detail. This IS-like element contains the ter-
minal inverted repeats and direct repeats, which are char-
acteristic structures of IS. The GC content of this element 
is 38.7%, which is lower than that of P. gingivalis chromo-
somal DNA (approximately 46%-48%) (Shah et al., 1988). 
These results suggest the gene transfer of this IS-like ele-
ment from other bacterial species. Distribution analysis of 
this gene would be a first step toward its characterization.
The results of the present study revealed a common in-
sertion site of IS1598 among virulent P. gingivalis strains. 
The insertion site was located upstream of the nrdD-like 
gene, with the putative promoter regions of the IS1598 
and the nrdD-like gene located side by side. The mRNA 
accumulation of the nrdD-like gene was commonly en-
hanced in the virulent strains with IS1598. The nrdD-de-
ficient mutant had almost lost the ability to form necrotic 
abscesses in the murine model, demonstrating the patho-
genic significance of the gene in the host. Taken together, 
these findings suggest that the genetic rearrangement by 
IS1598 may affect nrdD-like gene expression and result in 
the phenotypic alteration of P. gingivalis strains related to 
their virulence.
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