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Heteroduplex analysis has been used extensively to identify allelic variation among mammalian genes. It
provides a rapid and reliable method for determining and cataloging minor differences between two closely
related DNA sequences. We have adapted this technique to distinguish among strains or clonal types of
Porphyromonas gingivalis. The ribosomal intergenic spacer region (ISR) was amplified directly from a subgin-
gival plaque sample by PCR with species-specific primers, avoiding the need for culturing the bacteria. The
PCR products were then directly compared by heteroduplex analysis with known strains of P. gingivalis for
identification. We identified 22 distinct but closely related heteroduplex types of P. gingivalis in 1,183 clinical
samples. Multiple strains were found in 34% of the samples in which P. gingivalis was detected. Heteroduplex
types were identified from these multistrain samples without separating them by culturing or molecular
cloning. PCR with species-specific primers and heteroduplex analysis makes it possible to reliably and
sensitively detect and identify strains of P. gingivalis in large numbers of samples.

Periodontitis is a widespread chronic infectious disease that
occurs in as much as 40% of the population (2). Although
several bacteria have been implicated in the disease process,
Porphyromonas gingivalis is the organism most consistently as-
sociated with disease (10, 12, 25, 29, 34). In order to under-
stand the bacterial etiology of periodontal disease, assays to
readily identify subjects who harbor the bacteria and to distin-
guish among strains within a bacterial species are essential.
Rapid methods that are reproducible, are relatively easy, and
allow the differentiation of a large number of strains are
needed. These assays will also be important in order to track
bacteria for transmission studies and for understanding popu-
lation structures of P. gingivalis. A number of approaches for
identifying strains of P. gingivalis have been reported, including
serotyping (5, 23), ribotyping (5, 13, 23, 31), arbitrarily primed
PCR (AP-PCR) (20, 31), and whole genomic digest (7, 31).
These methods vary in the number of strains or clonal types
that they are capable of resolving, from a few (serotyping) to a
large number (whole genomic digest). However, all of these
methods require isolating the bacteria away from other oral
microorganisms and culturing in vitro. This is a costly and
labor-intensive process that may introduce a bias for predom-
inant or easily cultivated strains.

We have previously reported an assay for identification of
the periodontal pathogens Actinobacillus actinomycetemcomi-
tans and P. gingivalis based on PCR amplification of the ribo-
somal DNA (rDNA) intergenic spacer region (ISR) (Fig. 1)
(16). Species-specific primers allow the amplification of the
ISR directly from a plaque sample without culturing. We now
describe a method that uses heteroduplex analysis (8, 26) of
the PCR products from the ISR to identify the strains or clonal
types of P. gingivalis present in a subgingival plaque sample.
With heteroduplex analysis, similar but nonidentical DNA

fragments can be distinguished by polyacrylamide gel electro-
phoresis. DNA fragments are mixed, heated to melt the
strands, and then cooled. Both the original homoduplexes and
heteroduplexes form. The small areas of mismatch in the het-
eroduplexes cause them to migrate more slowly so that they
are seen as additional bands by polyacrylamide gel electro-
phoresis. Characteristic heteroduplex patterns can be used to
identify genetic variants. Using heteroduplex analysis we have
identified 22 unique but closely related P. gingivalis types, many
from samples containing multiple strains. This entire assay is
rapid and accurate and can be done without culturing the
bacteria. It can also be used to estimate the relative abun-
dances of multiple clonal types present in a sample. Data can
be stored for future comparisons with other samples.

MATERIALS AND METHODS

Bacterial strains. P. gingivalis ATCC 33277, ATCC 49417, and ATCC 53978
were obtained from the American Type Culture Collection (Manassas, Va.).
W50, 381, and A7A1 were provided by Joseph Zambon (Buffalo, N.Y.). HG 1691
was provided by Robert Schifferle (Buffalo, N.Y.). 23A4 was provided by Denis
Mayrand (Quebec, Quebec, Canada). W83 was provided by Margaret Duncan
(Boston, Mass.).

Plaque samples. Human volunteers for this institutionally approved study
were recruited from the dental clinics of the Ohio State University College of
Dentistry, the University of Texas Health Science Center at San Antonio, and the
University of California, San Francisco, as well as from the Student Health
Center of the Ohio State University.

Pooled subgingival dental plaque samples were collected from each subject.
Excess saliva was removed with a cotton roll or gauze pad to minimize collection
of transient contaminating bacteria. A sterile, medium endodontic paper point
(Caulk-Dentsply) was placed in the mesial sulcus of each tooth for 10 s. All teeth
present were sampled, and points were pooled in a sterile 2-ml microcentrifuge
tube and frozen.

PCR. DNA was isolated directly from the frozen sample as previously de-
scribed in a final volume of 20 ml (16). Samples were analyzed for the presence
of P. gingivalis by using a nested, two-step PCR procedure with a P. gingivalis-
specific primer for the second amplification (16). This assay can detect 10 cells or
fewer (16). Figure 1 is a representation of the bacterial rDNA operon with the
relative locations and orientations of the primers used. The primers have been
described previously (10, 16, 19). PCR was performed with 2.5 U of Taq poly-
merase in a total volume of 100 ml in a buffer containing 50 mM KCl, 10 mM
Tris-HCl (pH 8.8), 3 mM MgCl2, 0.1% Triton X-100, and 0.2 mM each de-
oxynucleoside triphosphate. The first PCR was carried out with 4 ml of DNA and
primers 785 and 422 for 27 cycles of 92°C for 1 min, 42°C for 2 min, and 72°C for
3 min. The second PCR amplification was carried out with 2 ml of the product
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from the first amplification and primers PG3R and L189 for 27 cycles of 92°C for
1 min, 52°C for 2 min, and 72°C for 3 min.

Positive samples were prepared for heteroduplex analysis by reamplifying the
original PCR products with the primers PG7R and eric. PCR conditions were the
same as those for the second PCR except that 21 cycles were carried out.

Heteroduplex analysis. Heteroduplexes were formed by mixing amplified
DNA from two samples in a final volume of 8 to 12 ml in a 0.5-ml microcentrifuge
tube. A small amount of mineral oil was overlaid. The mixture was incubated at
95°C for 5 min to melt double strands and then cooled to 25°C at the rate of 1°C
per min in a thermal cycler to reanneal. The tubes were then placed on ice, and
gel loading buffer was added.

Heteroduplexes were detected by polyacrylamide gel electrophoresis (10%
acrylamide, 39:1 N,N9-methylenebisacrylamide) in 13 Tris-borate-EDTA. All
gels (9 by 6.5 cm) were run in a Bio-Rad apparatus at constant voltage for 3.5 h
at 120 V. Gels were stained with ethidium bromide and visualized with UV light.
Analysis was performed as previously described (16) on a Macintosh computer
with the NIH Image program (22).

To identify the heteroduplex types present in a sample, amplified DNA frag-
ments from samples were duplexed to a panel of DNA fragments generated from
laboratory strains, and characteristic migration patterns were noted. To deter-
mine if multiple strains were present within a single sample, the sample was
prepared as described above without being mixed with other DNA. Heterodu-
plex types found in samples containing multiple strains of P. gingivalis could be
determined by the same method that was used for identifying samples that
contained only one strain.

RESULTS

PCR and heteroduplex analysis allowed us to rapidly identify
strains of P. gingivalis from a large number of plaque samples.
DNA was isolated directly from the sample and used as a
template for PCRs with species-specific primers. The target of
the PCR was the internal transcribed ISR between the 16S and
23S genes in the rDNA operon (Fig. 1). The PCR products
were then directly compared by heteroduplex analysis. With
this approach, it was not necessary to culture the bacteria in
order to rapidly determine the presence or absence of P. gin-
givalis in oral samples and to identify the strain or strains of P.
gingivalis present.

Figure 2 shows P. gingivalis W50 (ATCC 53978) compared
with four other laboratory strains of P. gingivalis by heterodu-
plex analysis. PCR products from strain W50 were combined
with the PCR products from each of the other four strains,
heated to denature the strands, cooled to re-form double-
stranded DNA, and analyzed by polyacrylamide gel electro-
phoresis. When strains W50 and 23A4 were duplexed, a single
heteroduplex band was observed in addition to the homodu-
plex band at the bottom of the gel (first lane). Formation of
heteroduplexes with A7A1, ATCC 33277, or ATCC 49417
(second to fourth lanes) resulted in two heteroduplex bands.
The two bands represent reciprocal heteroduplexes that are
resolved by polyacrylamide gel electrophoresis. The migration
patterns of the heteroduplex bands are characteristic of the
two duplexed strains and provide strain identification. The last
two lanes contain DNA from the same strains shown in the first
two lanes, demonstrating that the migration patterns are re-
producible.

In order to identify strains from clinical samples, PCR prod-
ucts were generated with P. gingivalis-specific primers as out-
lined above. The resultant DNA fragments were then duplexed
with PCR products from a panel of known laboratory strains,
and migration patterns were compared to those obtained from
known strains. Figure 3 is an example of the panel of compar-

isons generated to identify the strain present in a plaque sam-
ple. The PCR product was duplexed in separate reactions with
DNA from five known strains of P. gingivalis and analyzed by
polyacrylamide gel electrophoresis. The second lane contains
DNA from the unknown strain by itself. It contains only a
single homoduplex band. The characteristic heteroduplex pat-
tern generated by combination with known strains is shown in
subsequent lanes. The sample was identified as heteroduplex
group hA62 based on the migration patterns formed with these
five strains as well as other known strains. Type hA62 repre-
sents a heteroduplex type that we have detected in clinical
samples but have not matched to a characterized laboratory
strain. We have identified this heteroduplex type in approxi-
mately 8% of samples from several studies.

Many of the plaque samples examined in our studies were
found to contain multiple strains of P. gingivalis (Table 1). To
determine the number of strains present in each sample, PCR
products generated from plaque samples with P. gingivalis-
specific primers were heated and cooled to form heterodu-
plexes in the absence of added reference strain DNA. After
polyacrylamide gel electrophoresis, the number of bands ob-
served in addition to the homoduplex band indicated the num-
ber of strains present in the sample. Because the formation of
each heteroduplex can result in either one or two new bands,
the presence of one or two bands in addition to the homodu-
plex band indicates that there are two strains present in the
sample. The presence of three to six bands indicates that there
are three strains present in the sample. The gel in Fig. 4 shows
examples of samples containing one, two, and three heterodu-
plex types of P. gingivalis.

FIG. 1. The P. gingivalis ribosomal operon. The ISR used for PCR is shown
as the open bar containing two tRNA genes.
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FIG. 2. P. gingivalis W50 (ATCC 53978) compared with four other laboratory
strains of P. gingivalis by heteroduplex analysis. The first four lanes contain W50
DNA duplexed with strains 23A4, A7A1, ATCC 33277, and ATCC 49417, re-
spectively. The last two lanes are duplicates of the first two lanes.
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We have examined five diverse study populations for the
presence of multiple heteroduplex types of P. gingivalis (Table
1), for a total sample size of 661 colonized individuals. The
number of samples in each cohort that contained multiple
strains varied between 20 and 67% of colonized individuals,
with 34% of all the positive samples containing multiple
strains. This demonstrates that the presence of multiple strains
of P. gingivalis is very common. In the majority of samples with
multiple strains, we detected only two strains; only 5% of the
positive samples showed three strains.

We identified the individual heteroduplex types present in
the cohort of 148 subjects recruited from the Ohio State Uni-
versity College of Dentistry clinics listed in Table 1. Most of
these subjects were adults with a history of mild to moderate
periodontitis. Ninety-two (62%) of the samples were positive
for P. gingivalis, and 28 (30%) of those had multiple strains.
Figure 5 shows the frequency distribution of heteroduplex
types found in this cohort. Because many subjects had multiple
strains, the number of strains shown in the figure is greater
than the number of samples analyzed.

From all samples analyzed a total of 22 distinct heteroduplex
types of P. gingivalis were identified. Many of the commonly
occurring types matched previously characterized laboratory
strains that were available to us and were named accordingly.
However, several novel patterns were observed. Sequence
analysis confirmed that these were within the phylogenetic

cluster of P. gingivalis (27). A listing of heteroduplex types,
characteristic heteroduplex patterns, and ISR sequence data
(27) is available online (15).

DISCUSSION

The development of a rapid, inexpensive, and reliable assay
to differentiate among strains of P. gingivalis is important for
epidemiologic studies necessary for our understanding of the
transmission and pathogenicity of P. gingivalis. Previous studies
have relied on techniques that are dependent on culturing,
lowering the sensitivity and limiting the number of samples
that could be analyzed. We have developed an assay with
species-specific primers for PCR to identify subjects who are
positive for P. gingivalis, followed by heteroduplex analysis to
identify the strain or strains of P. gingivalis present in the
sample. This system makes it possible to carry out large-scale
studies with sensitive detection thresholds and offers the ad-
vantage of the ability to distinguish a large number of strains.

Sequence analysis of the 16S gene in the rDNA operon is a
powerful method for differentiating among bacterial species
and determining the phylogenetic relationships among these
species (4, 6). However, the 16S gene does not provide the
sequence diversity necessary to differentiate among strains
within a bacterial species. The ISR between the 16S and 23S
genes in the rDNA operon is a noncoding region, and lack of
selective pressure has resulted in considerable sequence diver-
sity. The ISR has been demonstrated to provide the diversity
necessary to distinguish among strains of several species (11,
14, 24, 33). Because it is flanked by the relatively conserved and
well-characterized 16S and 23S genes, PCR primers for ampli-
fication of the ISR DNA for heteroduplex or other sequence
analysis can be identified. In addition, species-specific primers
to the 16S gene can be used to amplify the P. gingivalis ISR
from a sample containing a mixture of bacteria and other cells.

Heteroduplex analysis provides a rapid method for identify-
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FIG. 3. P. gingivalis rDNA spacer region PCR product amplified from a
plaque sample duplexed with DNA from five different known strains of P.
gingivalis and analyzed by polyacrylamide gel electrophoresis. The first lane
contains DNA size markers: phage lambda digested with the restriction enzymes
EcoRI and HindIII. The second lane contains ISR DNA from the clinical sam-
ple, A62, by itself. The remaining five lanes contain the A62 PCR product
duplexed with DNA from P. gingivalis ATCC 53978 (W50), 23A4, A7A1, ATCC
33277, and ATCC 49417, respectively.
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FIG. 4. Clinical samples examined for the presence of multiple strains of P.
gingivalis by heteroduplex analysis. DNA amplified from each sample was exam-
ined by itself. The first lane contains DNA size markers: phage lambda digested
with the restriction enzymes EcoRI and HindIII. The sample in lane 4 formed
only the homoduplex band, indicating the presence of a single strain. The sam-
ples in lanes 2 and 5 each show a heteroduplex doublet, indicating the presence
of two strains of P. gingivalis. The sample in lane 3, with two heteroduplex
doublets, contains three strains of P. gingivalis.
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ing differences between two closely related sequences. It has
provided an effective tool for identifying polymorphic differ-
ences in human genes where the target DNA fragment is well
characterized, as in cystic fibrosis (8, 26). We have adapted this
technology for the identification of strains of P. gingivalis di-
rectly from DNA isolated from subgingival plaque samples.
Heteroduplex analysis provided a reliable method for strain
identification using PCR products and made it possible to
identify the multiple strains often found in clinical samples.

Unknown samples that were positive for P. gingivalis were
first examined by heteroduplex analysis of the amplified DNA
by itself to determine the number of strains. Next, the sample
was mixed with DNA from a series of known strains, and the
resulting patterns seen by polyacrylamide gel electrophoresis
were compared to patterns generated from mixtures of known
strains. By carefully choosing comparison strains that yielded
the most distinctive patterns, we were able to minimize the
number of trials needed to determine the identity of unknown
clonal types. For heteroduplex analysis of plaque samples, the
best results were obtained with PCR products that were am-
plified for a minimum number of cycles. Excessive amplifica-
tion caused the bands to spread out and appear fuzzy after
polyacrylamide gel electrophoresis. DNA isolated from pure

cultures gave clearer bands than PCR products from complex
oral samples. The clearest bands were obtained from ISR frag-
ments cloned into a plasmid and transformed into Escherichia
coli. This cloned DNA was routinely used for duplexing of
clinical samples. Other technical considerations were impor-
tant as well. It was critical to have PCR products with little or
no background, because light background bands were difficult
to distinguish from heteroduplex bands. In addition, if the
entire DNA sample was not completely hybridized before elec-
trophoresis, two single-stranded bands appeared at the top of
the gel. We routinely used 10% polyacrylamide, although other
gel matrices designed especially for heteroduplex analysis are
available. The alternative matrices can sometimes give slightly
different migration patterns that may aid in identification. On
the other hand, we found them more difficult to use.

No cross-species formation of heteroduplexes with the P.
gingivalis ISR has been observed. For example, the ISRs from
the closely related species Porphyromonas salivosa and Bacte-
roides macacae do not form heteroduplexes with the ISR from
P. gingivalis (data not shown). This is due to the lack of ho-
mology between these and other closely related species except
in the tRNAs. Even if cross-species formation of heterodu-
plexes were possible, it would not be a problem with PCR
amplification of the ISR using species-specific primers. If prod-
ucts from other species were amplified with the P. gingivalis-
specific primers, they would be identified as different by the
size variation in the ISR seen by agarose gel electrophoresis.
All heteroduplex types found in this study have been confirmed
as P. gingivalis by sequencing.

A number of approaches for identifying strains of P. gingi-
valis have been reported, including serotyping (5, 23), ribotyp-
ing (5, 13, 23, 31), whole genomic digest (7, 31), AP-PCR (20,
31), and sequence analysis of the ISR (27). The investigators
using these approaches have reported a wide range in the
number of clonal types detected, from a very few (based on
serotyping) to an almost infinite number of types (based on
whole genomic digest). It is likely that other methods could
resolve closely related clonal types that are not resolved by
heteroduplex analysis. However, resolving P. gingivalis isolates
into 22 groups offers sufficient discrimination for clinical stud-
ies and avoids the confusion arising from too many categories.
Heteroduplex analysis offered good resolution of the labora-
tory strains tested. Strains W50 and W83 were indistinguish-
able from one another by heteroduplex analysis. Strains W50
and W83 are also unresolved by sequence analysis of the ISR
(27), AP-PCR (3, 21), fimbrial restriction fragment length
polymorphism analysis (17), genomic DNA fingerprinting (18),
and serotyping (5, 32). It appears that they may be the same
strain or very closely related. Strains 381 and ATCC 33277
were not resolved by heteroduplex analysis of the ISR, South-

FIG. 5. Frequency distribution of P. gingivalis heteroduplex types found in
subgingival plaque samples collected from subjects randomly selected from the
dental clinics of The Ohio State University. Ninety-two heteroduplex type iden-
tifications were made in 64 samples.

TABLE 1. Detection of multiple strains of P. gingivalis in clinical samples

Study population No. positive/
no. of subjects (%)

No. (%) of positive
samples with $2 strains

No. (%) of positive
samples with $3 strains

Subjects recruited from clinics of colleges of dentistry
The Ohio State University 92/148 (62) 28 (30) 6 (7)
University of California, San Francisco 67/74 (91) 45 (67) 2 (3)
University of Texas Health Science Center at San Antonio 55/104 (53) 15 (27) 0 (0)

Ohio State University students newly immigrated to the United States 211/292 (72) 92 (44) 20 (9)
Randomly selected subjects from extended families in Columbus, Ohio 236/565 (42) 48 (20) 4 (2)

Total 661/1,183 (56) 228 (34) 32 (5)
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ern blotting (1), serotyping (5), genomic DNA fingerprinting
(18), or AP-PCR (3) but have been resolved based on infec-
tivity and metabolic requirements (9) and on ISR sequencing
(27). All other laboratory strains tested were resolved by het-
eroduplex analysis.

The number of strains present in a sample was ascertained
by the number of bands seen by polyacrylamide gel electro-
phoresis. Annealing of the products generated by melting two
similar but nonidentical DNA fragments results in the refor-
mation of the two original homoduplexes as well as two types
of reciprocal heteroduplexes. Because many, but not all, recip-
rocal heteroduplexes are resolved from each other by poly-
acrylamide gel electrophoresis, the presence of two strains in a
sample can result in one or two distinct heteroduplex bands in
addition to the homoduplex band. Based on the number of
possible heteroduplex configurations, three strains will result
in the presence of three to six bands. Determining the number
of strains in samples where more than three strains are present
is more difficult, because there is overlap between the numbers
of bands possible when four or five strains are present. In
practice, however, we did not encounter samples with a large
number of visible heteroduplex bands, suggesting that it is very
uncommon to have several strains present at high levels. In our
study populations, most of the samples contained no more than
two strains, and it was very rare that we were able to detect
more than three strains in a single sample. No other large
epidemiologic studies have been performed, but in small stud-
ies with eight or nine subjects, similar results have been re-
ported (28, 30, 35).

The migration patterns characteristic of the heteroduplexes
were very reproducible, and data could be stored for subse-
quent comparison with new samples as they were analyzed.
Within a single laboratory, heteroduplex analysis offers an ef-
ficient means for identifying and cataloging strains. Indexing of
heteroduplex groups to reference strain DNA would allow easy
comparison of data between laboratories. For positive identi-
fication of clonal types between laboratories, particularly novel
clonal types, and for phylogenetic studies, sequence analysis of
the ISR provides additional resolving power (27). However,
samples that contain multiple strains of P. gingivalis are more
easily examined by using heteroduplex analysis.

Based on data from laboratory strains, heteroduplex types
that made up at least 10% of the P. gingivalis population in the
samples could be easily detected. The heteroduplex method
offers a distinct advantage for detection of minor strains over
previously reported methods that relied on culturing. Based on
the binomial probability distribution, in order to have a 95%
certainty of encountering a strain that occurs as 10% of the
total, 29 colonies would have to be tested. Many more colonies
would have to be screened to estimate the relative proportions
of strains. With heteroduplex analysis the relative amount of
each strain can be determined by comparing the relative in-
tensities of heteroduplex bands with NIH Image. However,
heteroduplex bands seen by polyacrylamide gel electrophoresis
rarely have the expected relative intensities compared to those
of homoduplex bands. Therefore, in order to obtain an accu-
rate determination of the relative amount of each clonal type
present in a sample, it is necessary to compare results to stan-
dard curves.

PCR amplification with species-specific primers and hetero-
duplex analysis provides a rapid and powerful method for
identifying clonal types or strains of P. gingivalis, even in the
presence of multiple strains. Twenty-two heteroduplex types
were identified in 661 colonized subjects, and more than one
type of P. gingivalis was detected in 34% of these subjects.
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