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The Porphyromonas gingivalis genome contains multiple copies of insertion element IS77126. When chromo-
somal DNA digests of different strains were probed with IS71126, between 25 and 35 hybridizing fragments per
genome were detected, depending on the strain. Unrelated strains had very different restriction fragment length
polymorphism (RFLP) patterns. When different laboratory copies of a specific strain were examined, the
IS1126 RFLP patterns were very similar but small differences were observed, indicating that element-associ-
ated changes had occurred during laboratory passage. Within the next year, genome sequencing, assembly, and
annotation for P. gingivalis W83 will be completed. Because repetitive elements complicate the assembly of
randomly sequenced DNA fragments, we isolated and sequenced the flanking regions of IS1126 copies in strain
W83. We also isolated and sequenced the flanking regions of IS7126 copies in strain ATCC 33277 in order to
compare insertion sites in phylogenetically divergent strains. We identified 37 new sequences flanking 1S1126
from strain ATCC 33277 and 30 from strain W83. The insertion element was found between genes except where
it transposed into another insertion element. Examination of identifiable flanking genes or open reading
frames indicated that the insertion sites were different in the two strains, except that both strains possess an
insertion adjacent to the Lys-gingipain gene (J. P. Lewis and F. L. Macrina, Infect. Immun. 66:3035-3042,
1998). Most of the genes or sequences flanking IS7726 in ATCC 33277 were present in W83 but were contiguous
and not insertion element associated. Thus, where genes were identified in both strains, their order was
maintained, indicating that the two genomes are organized similarly, but the loci of IS7126 are different. In
both strains, insertion element-associated duplicated target sites were lost from several copies of 1S1126,
providing evidence of homologous recombination between elements. Larger organizational differences between
the genomes, such as deletions and inversions, may result from insertion element-mediated recombination

events.

Porphyromonas gingivalis is a gram-negative oral anaerobe
associated with adult periodontitis. The bacterium possesses
many potential virulence factors: adhesins, potent proteases,
hemolysins, and an iron acquisition system. Considerable effort
is expended on the identification and inactivation of putative
virulence genes to determine their role in pathogenesis. These
studies have revealed the existence of at least three insertion
sequences (IS) in the P. gingivalis genome: 1S1126 (14), PGIS2
(23), and most recently IS795 (12).

Plasmid vectors developed for colonic Bacteroides spp. have
proved invaluable for genetic studies with P. gingivalis, and
IS71126 was discovered after an Escherichia coli-Bacteroides
shuttle vector was recovered from P. gingivalis and found to
contain extra DNA identified as an IS element (15). Sequenc-
ing revealed that the element encoded a putative transposase,
was named IS7726, and assigned to the IS5 subgroup of the IS4
family of elements (15). The number of copies of IS/726 in
several strains has been estimated to be 6 to 12 (15, 22), and
the element has been encountered with increasing frequency as
more P. gingivalis genes are cloned. It was present in E. coli
clones of a P. gingivalis library identified after screening for
epithelial cell attachment (7), and a truncated copy was located
3’ to the Lys-gingipain (porphypain) gene in several strains (12).
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There were approximately 25 to 30 IS7/726 elements in the
laboratory strains we surveyed. While restriction fragment
length polymorphism (RFLP) patterns of IS/7/26 were very
similar in copies of strains we received from different labora-
tories, there were one or two band differences indicative of
IS7/126-mediated changes in the genomes. Within the next
year, the genomic sequence of P. gingivalis W83, a virulent
strain, will be completed. The presence of numerous repetitive
regions complicates the assembly of randomly sequenced frag-
ments. To facilitate this process, we have sequenced flanking
regions of IS7726 from strains ATCC 33277 and W83 after
direct cloning or inverse PCR, allowing a comparison of the
organization of the two genomes with respect to IS7726. DNA
sequences flanking the element were different in the two
strains, and although most ATCC 33277 IS1126 flanking se-
quences were found in the W83 contig database, they were not
directly associated with IS. Our results indicate that in some
regions, the two genomes are organized similarly but the loci of
1S1126 are different. In both ATCC 33277 and W83, there was
evidence of IS7726-mediated recombination and the homology
provided by IS and other repeat regions may be responsible for
larger differences in genome organization, such as deletion and
inversion of intervening sequences.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and isolation of genomic DNA. The P.
gingivalis strains used in this study are listed in Table 1 and were grown on blood
agar plates as described previously (8). Genomic DNA was extracted from 72-h
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TABLE 1. P. gingivalis strains used in this study

Origin of oral Site of

Strain Laboratory stock collection infection® isolation®

W50 FDC The Forsyth Institute, Boston, Mass. Unknown Unknown

W50 BEI Same as above

381 FDC Same as above Periodontitis Subgingival

ATCC 33277 FDC Same as above Periodontitis Subgingival

W50 OMGS P. Papapanou, Department of Oral Microbiology, Faculty of Odontology, Unknown Unknown
Goteborg University, Goteborg, Sweden

381 K H. Kuramitsu, Department of Oral Biology, State University of New York, Buffalo Periodontitis Subgingival

HG66M Christian Mouton, Groupe de Recherche en Ecologie Buccale, Faculté de Unknown Unknown
Medicine Dentaire, Université Laval, Quebec, Canada

W83M Same as above Unknown Unknown

W83G Genevieve Gallagher, Department of Oral Biology, Indiana University School of Unknown Unknown
Dentistry, Indianapolis

HG66vW A. van Winkelhoff, Department of Oral Microbiology, ACTA, Vrije Universiteit, Unknown Unknown

Amsterdam, The Netherlands

“ As listed in reference 17.
® A spontaneous nonpigmented mutant derived from W50 (16).

cultures (11) extracted three times with phenol-chloroform-isoamyl alcohol, eth-
anol precipitated, and finally resuspended in Tris-EDTA buffer.

In the present study, all DNA sequence comparisons were made between the
P. gingivalis type strain, ATCC 33277, and strain W83M, obtained from C.
Mouton, Laval University, Quebec, Canada. The genome of W83M is being
sequenced at The Institute for Genomic Research.

Southern hybridization. To determine the copy number of IS/126 in each
strain, genomic DNA was digested with PstI (approximately 5 U of enzyme/pg of
DNA) overnight at 37°C and fragments were fractionated by agarose gel elec-
trophoresis. After transfer to nylon membranes, genomic blots were probed with
the 0.86-kb Banl-Smal fragment from an intact copy of IS/726 isolated from
strain ATCC 33277. Hybridization conditions and signal development were as
recommended in the enhanced chemiluminescence (ECL) kit from Amersham-
Pharmacia.

Pulsed-field gel electrophoresis. Genomic DNA was extracted from agarose-
embedded log-phase bacteria by standard procedures. Xbal digestion was done
with 40 U of enzyme/plug of DNA at 37°C overnight, and Spel digestion was
done with 4.5 U of enzyme/plug of DNA at 37°C for 2 h. Pulsed-field gels were
run on a Bio-Rad CHEF DRII for 25 h at 14°C and 200 V with an initial switch
time of 6.75 s to a final switch time of 26.29 s with linear ramping. Fragment sizes
were estimated by comparison with the mobility of lambda concatemers.

Library construction. Most of the IS/726 flanking sequences from P. gingivalis
ATCC 33277 and all those from strain W83M were isolated after screening of
genomic libraries. Genomic DNAs were partially digested with Sau3Al, and 2- to
5-kb fragments were isolated after size fractionation on agarose gels. Genomic
fragments were ligated with BamHI and bacterial alkaline phosphatase-treated
pUCI18 (Amersham-Pharmacia), and ligation mixtures were transformed into E.
coli DH5a (Gibco BRL) with selection for ampicillin resistance (50 wg/ml) on
Luria-Bertani plates. Colonies were lysed for hybridization (4) and probed with
the 0.86-kb BanlI-Smal fragment from 1S7726. Plasmid DNA was isolated from
positively reacting clones, and IS flanking regions were sequenced by using vector
or inverse PCR primers.

Inverse PCR. Several sequences flanking IS7726 from strain ATCC 33277
sequences were derived by inverse PCR. Genomic DNA was digested with
enzymes which cut outside IS7726, and fragments were fractionated in agarose
gels to estimate size ranges. PstI and Haelll yielded suitable-size fragments.
DNA digests were diluted to less than 0.5 wg/ml, and fragments were self-ligated
with T4 DNA ligase. The inverse PCR primers used were E81 (5'ATGCCATG
GGAGGAATAT3'), E83 (5'CGTTTTGTGGTTTGCGATA3'), E86 (5'ATTC
TTGAAAGCATCGCCT3’), and E88 (5'GATTTACAACTACTTTCACTC3')
(see Fig. 1). PCRs were carried out in a total volume of 100 pl containing 10 pul
of 10X PCR buffer (Perkin-Elmer, Foster City, Calif.), 25 ng of self-ligated
template DNA, each primer at 0.4 uM, each deoxynucleoside triphosphate at
200 uM, 2.5 mM MgCl,, and 2.5 U of AmpliTaq Gold. Amplifications were
carried out in a PE 480 Thermocycler for a total of 30 cycles.

DNA sequencing. Sequencing reactions were carried out with either dRho-
damine or Big Dye Terminator cycle sequencing kits (Perkin Elmer) by using a
PE 9700 Thermocycler. Reactions were run on an ABI 377 Sequencer.

RESULTS
Structure of IS1126. Figure 1 shows a schematic diagram of
IS1126, which is 1,338 bp in length and is bounded by 12-bp
perfect inverted repeats. The original IS7/726 sequence from
strain W83 (15) contained several frameshifts within the open

reading frame (ORF) of the putative transposase. The ORF
encodes a protein of 346 amino acids and a molecular mass of
41 kDa. Analysis of IS1126 sequences obtained from ATCC
33277 and W83M by either cloning or inverse PCR showed
that approximately 60% of the inverted repeats from ATCC
33277 and 41% of those from W83M were imperfect, with
mismatches always occurring in the 3’ sequence, and in most
cases, the change was from G to T at the second base of the
inner domain of the inverted repeat, as depicted in Fig. 1.
RFLP analysis of IS1126 in P. gingivalis strains. To assess
the relative stability of IS7726, copies of frequently used strains
of P. gingivalis were collected from several laboratories (Table
1). The assumption was that differences in the handling of
laboratory strains, i.e., the number of passages, the age of stock
cultures, and the frequency of strain revival, might induce
IS-mediated genomic changes, resulting in different IS7726
RFLP patterns. Of several enzymes which did not cut within
1S7126, Pst] was chosen for genomic digests because it gave the
widest range of fragment sizes. PstI-digested chromosomal
DNA was fractionated by electrophoresis through long agarose
gels to optimize fragment separation. DNA was transferred to
nylon membranes and probed with the internal 0.86-kb Smal-
Banl fragment from 1S7726. Hybridization patterns are shown
in Fig. 2. Between 25 and 35 bands hybridized with the probe,
depending on the strain. Because IS/726 does not contain a
Pst1 site, it could be assumed that each hybridizing band con-
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FIG. 1. Schematic of IS/726. Shown are the locations of the restriction en-
zyme sites and the PCR primers (E81, E83, E86, and E88) used in this work. Also
shown are the 12-bp inverted repeats and the G-to-T transversion found in
several copies of the element.
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FIG. 2. RFLP analysis of IS/126 in laboratory strains of P. gingivalis.

tained a single copy of the element. However, some bands may
be doublets and high-molecular-weight bands may contain
more than one copy of the IS; thus, the number of hybridizing
bands might be underestimated. Conversely, although every
effort was made to ensure that genomic DNAs were digested to
completion, partial digestion would lead to an increased num-
ber of hybridizing bands. In addition, from the alignment of
several IS7126 sequences, e.g., 3’ to the prtP gene from strains
W12 and W83 (2, 12), it appears that not every copy of the
element is intact. Thus, residual fragments smaller than 1S7726
would still hybridize with the probe.
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FIG. 3. Pulsed-field gel electrophoresis of large genomic fragments from
strains ATCC 33277 and W83M. Left, ethidium bromide-stained gel; right,
Southern blot probed with the Smal-Banl fragment from 1S7726.
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CLONED TAGCAAAGTT CGAAACGGAT TGATCTTTTG CTTTTGCAGG TATCCGCTCG GAAATARARA
3SP036 GGAGMAARGG TCATTGACCG TTCCTCTCTG CTCTGATACC GACCACGAGG ATTTGAATGA
7001 ATAATAAGTA GCTGTAAATC ATACCCTTTT CTTTTGTGAT TCTCCGGCTG TATAATGATC
35P011 TGTGCTGARA AARAAGTTGAC ACTCTGAGAG TGAGAGGAGG TCAAACATTT CGATATAATT
3s5p015 GCAGAAAGAR GAATATCAGA GTCATATTCT ATTCTACAAT GCAACGGGCC AGGCCTATGC
35P016 ATTCCATTCG TCTGCTACAG CACNAARAAAT AAAAATATGC AATTCAAGAG GCGGTATTAG
35P019 GTGTTTTTCA GGCACTTATA TTGCTTTCAG TTCAGATGGC TTTTTATCTA CATCTGAAGC
35p032 TCGTTCTCGC GCGTAAATTT TTTCCTTCTC TCTCGCGCCA ARACGARAARA AATCTCGCGC
35P039 GGGTTTATRA CTCTCGARAC GAACTGTTAT GTTATGCCGT TTCGGTGTCA GATCGGTCTT
3SP0O53 AAAATTGTAT AGACTTATCT GCCATATTAT ATTATAGTAG TATGCCCCGA TTGTTAICCT
7006 CGGAAGCCAA TCAAACGGCT TTCATGAAAT AGAATTTGAA TCTTGNATCT CTGACATATC
AME2 TGTCCGAARRAA GMAMNCCGTGG TCTCTTTAAG TTARAGATAG GAAGATAGCC CAACATACAC
5003 GGCTARATGC TACTAAATTT CTTCTTTTAT TTAAGAAGAR AGATTTCTAT AATACGTCTT
35P018 TGTCGCAGGA GAGTGTATAT TCCTCTTTAT ARARGATCAAR TTTACTCATT ATAGAGCGAC
35P044 CACACAGTAG CAACCAATAA TACCTATGAG CACAGAGTTT TTTCCGACCT ['FTGCACCCA
35P054 CGCGCAGTTGT TGGCTATGCA GTAATAATTA AACACGTCAG TTCGGCGTAA GAAAACGCCA
PGEMFL  TGCACCATAC AGGAATTAAR ACGATATATG| | -ecnverren sonmonnnun o000
PGAL#66 AGATAAGCAA AATGATITIT GGAGAGAGAA
35P003 ATAATGAGTA AATTAATCTT TTGRATGATA
PGAM#2 GAATAGGGGA TATCTACAAG TAARAAAATA
7003 GATAGAGTAR TTAGGATATA GATGGACTAT

FIG. 4. Sequences flanking IS7726 from P. gingivalis ATCC 33277. From
each clone, 30-bp flanking sequences are shown 5’ and/or 3’ of IS1726, which is
depicted centrally in abbreviated form. IR, inverted repeat.

Copies of the same strain from different laboratories showed
very similar RFLP patterns; however, one or two band differ-
ences were observed. This result indicates that although IS7726
was relatively stable under standard culture conditions, either
transposition or recombination between IS copies had oc-
curred during laboratory passage. Strain W50BEI is a sponta-
neous nonpigmented, avirulent mutant which was isolated
from W50 after 49 to 73 generations of growth in a chemostat
(16). Compared with its parent, W50BEI lost an I1S/726 hy-
bridizing band of approximately 3.3 kb and gained a band at
0.96 kb. However, RFLP patterns differed between strains,
indicating that the loci of IS7726 were different.

Distribution of IS1126 throughout the P. gingivalis genome.
Xbal- and Spel-digested large genomic fragments of ATCC
33277 and W83M were separated by pulsed-field gel electro-
phoresis, transferred to membranes, and probed with the
Smal-Banl fragment from IS/726 to determine distribution
around the genomes. The results are shown in Fig. 3A and B.
In both strains, the probe hybridized to most of the ethidium
bromide-staining bands, indicating that IS/726 copies were not
clustered in specific regions of the genome. However, ex-
tremely weak hybridization was observed with the largest Xbal
and Spel fragments of W83M (estimated at approximately 169
and 302 kb, respectively).

Flanking sequences of IS1126 in P. gingivalis ATCC 33277
and W83M. Thirty base pairs of flanking sequence adjacent to
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WSPCO6  TTCTAAATCT ACATCACAGT TCCAATAARA ATARAAATCT GATGTTCGAA CAGAARAGGG
WH36 GCCCACAGGA TGAGTGCAGG AATGTAAARA ARMAAGCAAA TGCCGGTATC ACGGGTTCTT
WSP003  AAAGGGGACG GAATGAAGAC TACCCGTTTG GTTTGAGCAG GAACGAATAC GGGTAGGAAT
WSPO02  GTTCAAAGTT GCTTABATGT TTGCCCATAA CATAATGGAT ACTGGTTGCA TCCCGCCCAC
WSPQ04  GIAGCCTATT CTTAGGATAG CCATACTCTT CTCTTCTGAT AACTTGTARA TAGGCGTCCC
WSPO20  CTGACAGTCA AAARAAGTTAA TTCAGCTTTT CTTTTGGTCC ATACTTATAG ATACTCCTTA
WSP024  GCACGGAGTA CTATCTCCAA GCATTCTTCA CTTCAAARCG ACTTCGCATA AARAATGAAC
WSP032  GACACAATCA ACAMAATCAA AGCCTATATG ATATGGGCAA TCGAGCCATT CTCTTGCCCG
WH1002  CGGGGITATT TGGCTTGTTT TTTAGGTATA GAATAGGGGR TATCGTACAA ATAAAAMAGT
WSP029  TCCATATGCC ACTCTTTTGA GTACCTTTTC ATARAAATAG AGGCIGCCCC ACAAACTTAT
WSPOO7  TGACGGAAGC GGAGTTGCAG GCTTTCAATG AAGATGGCRA TATTCGGGTG GTATTTGGAG
WSPO15  CCCCTTTCAC AGTTGGATAA AGCCTTTATG TATAGAGGAA AGAGACTAAA ATTTTCAAAC
WSP021 CACATAGGAG TTATTCGTAC ATTTGTCCGA
WSPO0Y AAGAGGATAC ACTTTTTGYK TTGTGGAGCC
WSPG23 ACAATGGTAT TTTCCCGACC ABAAAGATCT
WSP027 CTTTTATGAT TTCGTTCAAC ARCATTCTTT
WSP030 TTATAATGAG TCTGCTGTGG TGTCAARAAT

FIG. 5. Sequences flanking IS7126 from P. gingivalis W83M. For details, see
the legend to Fig. 4.
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FIG. 6. Nearest neighbor ORF of IS1126 from P. gingivalis ATCC 33277. The open bar represents the total flanking sequence, and the markers are in base pairs.
IS1126 is depicted as the inverted arrowhead, and its sequence (1,338 bp) has been deleted from the schematic. Homologous genes and ORFs are labeled and
represented as solid arrows, which are drawn to scale. Also shown is the accession number of each homologous sequence.

the 5" and/or 3’ ends of 1S7726 from ATCC 33277 and W83M
were obtained by either cloning or inverse PCR and are shown
in Fig. 4 and 5. Like many insertion elements, IS7726 inte-
grated at relatively AT-rich sites (51 to 75% AT). In more than
half of the cases (18 of 28), the pairing of flanking sequences
with a specific copy of the IS could be confirmed because of the
presence of a duplicated target site (4 to 6 bases in length and
shown in boldface). However, at least six copies from ATCC
33277 and four copies from W83M did not have target site
duplications, indicative of past recombination events between
copies of the IS which had led to genomic rearrangements, e.g.,
deletions and inversions; thus, the original pairing of the IS
flanking sequences was lost. The 5’ flanking regions for several
clones, and one 3’ sequence, have not been identified in our
libraries.

When the 30-bp sequences flanking IS7726 in ATCC 33277

were compared with those obtained from W83M, no matches
were found. We reasoned that possible sequence variation
between strains might compromise the comparison of short
sequences; therefore, similarity searches were extended by us-
ing the complete flanking sequences (100 to 500 bp) of the
IS1126 copies we isolated. Using the BLAST algorithm (3),
database homology searches were carried out with the ex-
tended sequences to identify the nearest neighbor genes and
ORFs flanking IS7726 in both strains. Those with the highest
homology scores are shown in Fig. 6 and 7. Again, no matches
were observed between strains; however, the ORF encoded by
the gene for Lys-gingipain (kgp; 19) was found 5’ to IS7726 in
ATCC 33277, as reported for W83 and several other strains
(12). In ATCC 33277 and W83M, neighboring the IS were
fragments of several genes: rgp-1 (20), prpRI (1), tla (2), and
recA (9). ATCC 33277 and W83M flanking sequences not
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FIG. 7. Nearest neighbor ORF of IS7726 from P. gingivalis W83M. For details, see the legend to Fig. 6.

shown in Fig. 6 and 7 did not contain homology to known genes
or proteins.

Homology searches of the W83M contig database with P.
gingivalis ATCC 33277 1S1126 flanking sequences. The total
IS7126 flanking sequences obtained from ATCC 33277 were
mapped to the W83M contig database (as deposited in July
1998 with the National Center for Biotechnology Information).
In 8 of 10 cases in which the duplicated target site sequence
was present, both the 5" and 3’ flanking sequences from ATCC
33277 were found in W83; however, these sequences were
contiguous and not disrupted by IS7726 (e.g., classes I and II in
Table 2). In some cases, e.g., clone 7001, there were multiple
copies of the flanking sequences in the W83M database. Of
these, two sequences were associated with IS7726, but it was
located either before the 5’ and/or after the 3’ sequence and
not between them, as in ATCC 33277. Two ATCC 33277
sequences with duplicated sites (3sp016 and 3sp053) could not
be mapped to W83M. While it is possible that these are located
within a physical or sequencing gap in the W83M genome, they
may also be from a region which is unique to that of ATCC
33277. Several of the ATCC 33277 flanking sequences did not
contain duplicated target sites, presumably because of prior
recombinations. For two of these, 7006 and 3sp044 (class V;
Table 2), the 5’ and 3’ sequences were not together in W83M

and were not associated with IS7726. Clone 3sp003 of ATCC
33277 contained the 3’ flanking sequence of IS7726 within
PGIS2; i.e., IS1126 had hopped into another IS. Thus, because
the flanking sequence was PGIS2, it was also present in mul-
tiple copies in the W83M database.

DISCUSSION

Originally, IS7126 was assigned to the IS4 family of IS. Two
conserved sequence motifs within the transposase define the
IS4 family: a D-(1)-(G/A)-(Y/F) consensus core within the
N-terminal region (N3) and a Y-(2)-R-(3)-E-(6)-K core in the
C-terminal region (C1). A perfect N3 and a possible C1 con-
sensus core were described (15). An alternate C1 core se-
quence, RALTEEEKQGNEK, including amino acids 289 to 300
is also possible. The close proximity of the N3 and CI se-
quences, together with the GAG external trinucleotides of the
inverted repeats defined IS/726 as a member of the IS5 sub-
group of the IS4 family of insertion sequences (15, 21). Re-
cently, this subgroup was reassigned as a family in its own right
(13); thus, IS7126 belongs to the IS5 family of IS.

There have been previous estimates of the number of copies
of IS1126 in the P. gingivalis genome (15, 22). When W83
genomic DNA was digested with BamHI, at least 12 poorly
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TABLE 2. Results of homology searches of the W83 genome database with P. gingivalis ATCC 33277 1S1126 flanking sequences

Configuration” in:

ATCC 33277 clone Class Comment
ATCC 33277 W83
Clone D* I x y x y
3SP036¢ —_| 1+
3SP011¢
3SP015¢
3SP019¢
3SP032¢
3SP039¢
7001 II Xy 3 copies associated with other IS
300 bp
—L-
3SP054 111 y x not found
AM#2 v 5 y not found
PGAM#1
X
7006 3SP044 \'% y
3SP044
3SP003 VI :L L 4 copies associated with PGIS2
B ——
553 bp
PGAL#66 v Y 5 copies

“ Clones with duplicated target sequences.

® The letter x corresponds to the 5’ flanking sequences, and y corresponds to the 3’ flanking sequences. Open boxes represent complete sequences of IS7726, and
shaded boxes are incomplete sequences of IS7726. Dots represent extra W83 sequences found between the IS and the corresponding ATCC 33277 flanking region.

resolved hybridizing bands were observed (15). Digestion with
this enzyme yields a smaller number of fragments than does
digestion with PstI; therefore, a single BamHI fragment may
contain more than one copy of IS77126. We were surprised at
the large number of hybridizing bands we first observed in
strain ATCC 33277 after PstI digestion. When RFLP analyses
were repeated with other strains, they too contained more than
25 Pstl fragments which hybridized with the IS/7126 probe.
Because the element was discovered after transposition into a
shuttle vector, an immediate question was: how active is the
element as a transposon? I1S7726 RFLP patterns of copies of
the same strain obtained from different laboratories were very
similar, but different strains showed different patterns. Strain
patterns are the result of millions of years of evolution, and
IS7726 RFLP analysis may be a useful tool for strain typing
and epidemiological studies. Strains 381 and ATCC 33277 had
very similar RFLP patterns, despite being originally isolated at
different geographic locations. Randomly amplified polymor-
phic DNA fingerprinting also showed that these strains are
very closely related (17). In addition, strains W83 and HGG66,
showed very similar RFLP patterns; apparently, the same
strain was assigned a different name in different laboratories
(17). Single-band differences were observed between some
copies of the same strain, indicating recent IS7726-mediated
changes, i.e., transposition by either a replicative or “cut-and-

paste” mechanism or recombination between IS7726 se-
quences. For example, 1 of the 381 strains gained a band of
approximately 1.6 kb, which could be the result of replicative
transposition of IS7726. Interestingly, strain W50 BEI, a spon-
taneous, nonpigmented, avirulent mutant of W50, lost a hy-
bridizing band of 3.3 kb and gained a band of 0.96 kb. This
could be explained by either cut-and-paste transposition of
IS1126 or recombination between copies of the element.
Whether such events are responsible for the phenotypic
changes observed with W50BEI is unknown.

In many of the IS copies we identified, the inverted repeats
were imperfect and carried a mutation in the inner domain of
the 3’ repeat sequence. In 1S903, also a member of the IS5
family, the transposase specifically recognizes and binds to this
region in vitro and binding is sensitive to sequence changes (5).
While we do not know if this base change similarly affects the
transposase of IS7726 and reduces transposition frequency, a
compound transposon containing the imperfect inverted re-
peat did transpose in P. gingivalis (6). Also, certain P. gingivalis
DNA sequences deposited in GenBank contained adjacent
1S1126 sequences from which part of the transposase ORF was
deleted, precluding transposition (2, 12). Lastly, when 1S1726
flanking sequences were used for database homology searches
to identify the closest neighboring genes or ORFs, the IS was
found to be inserted between these sequences, except when it
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transposed into the ORF of another IS element. The mecha-
nisms of IS7726 transposition and regulation are unknown;
however, it is possible that the element has long been associ-
ated with P. gingivalis, a level of stasis has been attained with
the element confined to noncoding regions of the genome, and
transposition of individual copies has been compromised by
mutation and deletion.

As visualized by pulsed-field gel electrophoresis, 1S7726 ap-
peared to be uniformly distributed around the genome of
ATCC 33277. However, the large 169-kb Xbal and 302-kb Spel
fragments from W83M showed only background or low levels
of hybridization with the IS probe, indicating that they did not
contain the element. Given a genome size of about 2,500 kb
and almost 30 copies of IS7126, there should be 1 copy of the
element approximately every 83 kb; however, a region of up to
300 kb without an insertion could be expected by chance.

While chromosomal insertion of an IS element does not
require host recombination functions, the host recognizes IS as
substrates for homologous recombination. Loss of the dupli-
cated target sequences flanking some IS/726 copies was the
first indication that they had been involved in previous recom-
bination events (Fig. 3 and 4). This was confirmed by searching
the W83M contig database with ATCC 33277 sequences which
had lost the duplicated target sites. For example, the flanking
sequences of ATCC 33277 clones 7006 and 3SP044 (Table 2)
were present in W83M, but they were in separate contigs.
These flanking sequences were probably once separate in
ATCC 33277 also and associated with two different copies of
IS77126. Recombination between these copies brought the se-
quences together as the flanking regions of the single recom-
binant IS. Whether such recombinations were accompanied by
deletions or inversions of the intervening genetic material will
become known when the genome sequences of ATCC 33277,
W83M, and other P. gingivalis strains are compared.

None of the flanking regions of IS7726 obtained from ATCC
33277 were identical to those flanking the element from
W83M, and more extensive sequence searches for neighboring
genes or ORFs associated with the IS identified only Lys-
gingipain as a flanking sequence common to both strains. How-
ever, most of the ATCC 33277 flanking sequences were found
in W83M contigs and in the same sequence order but without
the IS. Among the possible explanations for this result is that
either genome organization differs between the two strains or
the two genomes are organized similarly but the locations of
IS7126 (and potentially other IS elements) are different; hence
the different IS7726 RFLP patterns observed with the two
strains. Comparison of the sequences identified in this study
indicates that in many regions the two strains are similar in
genome organization. Differences in gene order could result
from homologous recombination between IS elements and
other repeat sequences.

IS elements play a role in the inter- and intraspecies spread
of virulence factors between microorganisms. Recently, a copy
of IS1126 was identified flanking the ragAB locus of strain W50
(10). The lower G+C content of ragAB (42%) compared to
IS1126 and the P. gingivalis genome (46 to 48%) indicates that
these genes were acquired relatively recently. Copies of IS1126
flank the kgp and tla genes, putative virulence factors which
also contain hemagglutinin domains with homology to that of
rgp-1. The G+C content of these genes is similar to that of the
P. gingivalis genome, suggesting they are older residents of the
genome. Thus, if they were acquired by horizontal transfer, it
was not a recent event. Duplication of the hemagglutinin do-
mains may have resulted from intrachromosomal rearrange-
ments involving gene conversion, as proposed by Okamoto et
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al. (19), rather than from IS transposition. This type of recom-
bination has previously been demonstrated in P. gingivalis (18).

It can be speculated that an ancestral strain of P. gingivalis
contained a small number of copies of IS7726 and that the
original copy, together with the kgp gene, was acquired by
horizontal transfer. Replicative transposition of IS7726 would
result in a copy remaining next to Lys-gingipain and an inde-
pendent insertion at another locus. Eventually, independent
copies would accumulate throughout the genome. Thus, al-
though the genomic backbone is unchanged, the IS loci are
different. Superimposed on IS transposition are homologous
recombinations between these sequences and the resulting ge-
nome rearrangements. These two events could generate the
separate lineages from which strains ATCC 33277 and W83 are
derived.
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