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Porphyromonas gingivalis is a gram-negative, black-pigmented anaerobe that has been associated with ad-
vanced periodontal disease. The genome of P. gingivalis has the potential to produce a number of virulence
determinants including proteases, hemagglutinins, hemolysin, invasion-associated proteins, and products of
the pathogenicity island rag4B; however, little is known about how their expression is controlled. Periodontal
pockets experience a higher temperature during inflammation, and this elevated temperature may influence
the pathogenicity of P. gingivalis by changing its patterns of gene expression. In this study, RNA has been
isolated from cells of P. gingivalis grown to steady state at temperatures of 37, 39, and 41°C under hemin excess
conditions (pH 7.0) in a chemostat. The RNA was subjected to PCR amplification following reverse transcrip-
tion, using various combinations of randomly selected oligonucleotide primers. Reproducible RNA fingerprints
have been obtained; however, differences were demonstrated in the RNA profiles of cells grown at the three
temperatures, indicating differences in gene expression. Several PCR fragments were isolated that appeared to
represent temperature-regulated genes. The nucleotide sequence of one of these has been identified as part of
the ragAB locus, which codes for both a 55-kDa immunodominant antigen (RagB) and a homologue of the
family of TonB-linked outer membrane receptors (RagA). These data indicate that expression of ragd B may be
modulated in response to changes in temperature and that this may suggest a mechanism of evading the host

response in the inflamed periodontal pocket.

Porphyromonas gingivalis is a gram-negative anaerobic oral
bacterium that is strongly implicated in the etiology of ad-
vanced periodontal diseases in humans (27). These diseases
are chronic inflammatory conditions of the supporting tissues
of the teeth, which can lead to the destruction of the periodon-
tium, including alveolar bone, and tooth loss. Although the mi-
croflora from deep periodontal pockets is diverse, P. gingivalis is
frequently isolated in large numbers (9) and is detected only
occasionally, and at low levels, at clinically sound sites (8, 37).

The relationship between the subgingival microflora and the
host in health and disease is complex. In disease, there is a shift
in the balance of the microflora and the proportions of obli-
gately anaerobic and proteolytic bacteria increase (25). Tissue
destruction is a consequence of both the direct action of indi-
vidual bacteria and the indirect effects of the host inflamma-
tory response to this microbial challenge (4). The expression of
bacterial virulence is frequently modulated by the prevailing
environmental conditions. To ensure survival, the cell requires
a means of environmental sensing and response and an effi-
cient mechanism of coordinating the response at the level of
transcription. For example, in Shigella flexneri, the causative
agent of bacillary dysentry, the invasive phenotype depends on
the expression of genes carried on a high-molecular-mass vir-
ulence plasmid. Transcription of these genes is regulated in
response to changes in temperature and osmolality such that
expression occurs under the conditions found in the lower gut
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of the host. This is achieved through the deployment of tran-
scriptional activators which are specific to the virulence gene
locus as well as through more global regulatory circuitry in-
volving DNA supercoiling and the distribution of abundant
nuclear binding proteins (5). Environmental parameters liable
to modulate gene expression in periodontal tissues will vary
according to the inflammatory status of the site. For example,
both pH and temperature can rise during inflammation (6,
7), while the increased flow of gingival crevicular fluid will not
only introduce components of the host defenses but also provide
an array of potentially novel nutrients, including heme-containing
macromolecules, for subgingival bacteria. P. gingivalis produces a
range of putative virulence factors, e.g., proteases, lipopolysac-
charide, hemagglutinins, and adhesins (12), whose expression is
environmentally regulated (21, 22, 24). It is likely that there are
other genes, which remain to be identified, whose expression is
also influenced by changes in environment.

Several approaches to the global identification of environ-
mentally regulated genes have been developed. Many of these
rely on the analysis of RNA populations isolated from cells
grown under different conditions. Moreover, a genetic system,
termed in vivo expression technology, has been developed to
enable the identification of genes that are specifically ex-
pressed by pathogenic bacteria when infecting host tissues
(20). Using this approach, genes that are specifically expressed
during infection of mice by Salmonella enterica serovar Ty-
phimurium (11) or Staphylococcus aureus (18) have been
identified. Methods based on subtractive hybridization of RNA
molecules have also been used with both prokaryotes and eu-
karyotes to detect differentially expressed genes. This ap-
proach was used to identify a gene induced in Mycobacterium
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avium cells phagocytosed by macrophages (29). However, this
latter approach has two principal drawbacks: it usually cannot
be used to identify genes expressed at low levels, and it often
will not identify changes in the level of expression, i.e., up- or
down-regulation. More recently, attempts have been made to
adapt for use with prokaryotes the differential-display ap-
proach developed by Liang and Pardee (17) for eukaryotic
RNA. Essentially, this is a two-stage procedure involving re-
verse transcription of RNA from two or more cell populations
followed by PCR amplification using randomly selected oligo-
nucleotides. The resulting DNA profiles are analyzed by poly-
acrylamide gel electrophoresis to obtain a fingerprint of the
genes expressed. Using a modification of this approach, Wong
and McClelland (36) were able to identify genes regulated by
oxygen stress in S. enterica serovar Typhimurium, and Kwaik
and Pederson (14) used a similar approach for the identifica-
tion of macrophage-induced genes of Legionella pneumophila.
More recently, a technique for identifying differentially ex-
pressed mRNA in bacteria, using customized amplification
libraries, has been reported (2). We have further developed
the differential-display procedure to include reverse transcrip-
tion with randomly selected primers. This modification allows
cDNA synthesis from RNA targets lacking a poly(A) tail.

The aim of this study was to demonstrate environmentally
regulated gene expression in P. gingivalis by comparing RNA
fingerprints of cells grown at different temperatures. Using tem-
peratures corresponding to those found in the gingival crevice
in health and disease, it was hypothesized that genes involved
in the process of disease progression could be identified.

MATERIALS AND METHODS

Bacterial culture conditions. P. gingivalis W50 was grown in a 2-liter-capacity
chemostat (FT Applikon, Scheidom, The Netherlands) operated at a working
volume of 700 ml as described previously (28). The pH of the culture was
maintained at 7.0 = 0.1 by the automatic addition of 1 M NaOH and 0.5 M HCI,
and the temperature was controlled at 37 = 0.1°C. The culture vessel was
sparged with a gas mixture of oxygen-free nitrogen (95%, vol/vol) and carbon
dioxide (5%, vol/vol) to maintain anaerobic conditions; once bacterial growth
was initiated, the E;, of the culture fell to —350 mV and this value was main-
tained throughout the cultivation process. The medium was brain heart infusion
broth (Oxoid, Basingstoke, United Kingdom) supplemented with 5 mg of hemin
(Sigma, Gillingham, United Kingdom) per liter to achieve hemin excess. The
medium flow rate was adjusted to give a dilution rate, D, of 0.1 h™!, correspond-
ing to a mean generation time of 6.9 h. P. gingivalis W50 was grown to late
logarithmic phase in anaerobic batch culture at 37°C, and 100 ml of the culture
was used to inoculate the chemostat. The medium was introduced initially very
slowly and left overnight to reach the required working volume of 700 ml; once
this value was attained, the medium flow rate was increased to give the required
dilution rate (D = 0.1 h™'). In subsequent experiments, chemostat cultures were
started at 37 = 0.1°C and then increased to either 39 + 0.1 or 41 = 0.1°C. At each
temperature, the chemostat was allowed to achieve a steady state (10 culture
volume changes, i.e., 3 to 4 days) after inoculation, and samples were taken from
steady-state cultures for analysis over 6 days.

Estimation of biomass. The biomass of the culture was determined by daily
measurements of the optical density at 540 nm, dry weight, and viable counts of
the culture, as described previously (21).

Total RNA extraction. Fresh culture (1.5 ml) was removed directly from the
chemostat at each steady state and centrifuged at 11,600 X g in a microcentrifuge
at 4°C for 5 min. The pelleted cells were mixed with total RNA isolation reagent
(Advanced Biotechnologies, Leatherhead, United Kingdom), and the RNA was
extracted as specified by the manufacturer. RNA samples (5 wg) were resolved
in denaturing formaldehyde-agarose gels by electrophoresis (33).

Differential-display PCR. RNA was treated with RQ1 DNAse (Promega,
Southampton, United Kingdom) as recommended by the manufacturer. RQ1-
treated RNA samples (0.2 pg) were used as templates for the synthesis of cDNA
with 100 U of Superscript II reverse transcriptase (Gibco-BRL, Paisley, United
Kingdom) with one or more arbitrarily chosen primers (0.2 M) in a reaction
volume of 10 pl as specified by the manufacturer. A 2-ul aliquot of the cDNA
was then subjected to 40 cycles of PCR amplification in the presence of arbi-
trarily chosen random primers and [a-**P]dCTP using 1 U of AmpliTag DNA
polymerase (Perkin-Elmer, Norwalk, Conn.). The primers used in this study were
chosen randomly from a commercially available RNA fingerprinting kit (Clon-
tech, Basingstoke, United Kingdom) and were originally designed for differential
display of eukaryotic cDNA: P4, 5'-ATTAACCCTCACTAAATGCTGGTAG-
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3'; P5, 5'-ATTAACCCTCACTAAAGATCTGACTG-3'; P7, 5'-ATTAACCCT
CACTAAATGCTGTATG-3'; and P8, 5'-ATTAACCCTCACTAAATGGAGC
TGG-3'. Thermal cycling was carried out at 94°C for 30 s, 40°C for 30 s, and 72°C
for 2 min. In each reaction, the same primers were used for PCR that had been
used for cDNA synthesis. Following the cycling reactions, the labeled PCR
products were separated by electrophoresis on 6% (wt/vol) denaturing polyacryl-
amide gels. The gels were dried down on filter paper and subjected to autora-
diography with Fuji-RX medical X-ray film. To orientate the gel and the auto-
radiograph, radioactive ink was spotted onto the borders of the dried-down gel.

Characterization of differentially expressed products. Following realignment
of the developed autoradiograph with the dried gel, DNA corresponding to the
bands that appeared to be temperature regulated was excised from the acryl-
amide gel. The excised DNA-gel slice was boiled for 10 min in 100 pl of PCR
grade water and then briefly centrifuged in a bench microcentrifuge. The super-
natant was transferred to a fresh tube, and the DNA was precipitated by the
addition of 10 ul of 3 M sodium acetate, 5 pl of glycogen (10 mg ml~'), and 450
wl of ethanol. After incubation at —80°C for 30 min, the samples were centri-
fuged at 10,000 X g in a bench centrifuge for 10 min. The pellets were briefly
dried and then resuspended in 10 pl of PCR grade water. A 2-pl aliquot of the
boiled sample was then reamplified by PCR using the appropriate primers.
Reamplified DNA fragments were then cloned into the plasmid vector pPGEM-T
(Promega, Madison, Wis.) as recommended by the manufacturer.

Northern blot analysis. To confirm that the clones obtained represented
temperature-regulated genes, the cloned cDNA fragments were labeled with
[3?P]dCTP using a random-prime labeling system (Gibco-BRL). Labeled DNA
fragments were hybridized to Northern blots of P. gingivalis RNA (5 g per lane)
from each of the different cultures. Hybridization was carried out at 65°C for 18 h
in 5% SSPE (0.9 M NaCl, 0.05 M sodium phosphate, 0.005 M EDTA [pH 7.7])
plus 5X Denhardt’s solution (0.1% [wt/vol], bovine serum albumin, 0.1% [wt/vol]
Ficoll, 0.1% [wt/vol] polyvinylpyrrolidone), containing sonicated salmon sperm
DNA at 100 pg ml~ . The blots were washed in 2X SSPE-0.1% (wt/vol) sodium
dodecyl sulfate (SDS) at room temperature for 30 min, and then given a more
stringent wash with 0.2X SSPE-0.1% (wt/vol) SDS at 65°C for 30 min. The blots
were then sealed in a plastic bag and subjected to autoradiography.

DNA sequence analysis. Clones containing cDNA from temperature-regulated
genes were sequenced using a T7-polymerase sequencing kit (Pharmacia, St.
Albans, United Kingdom). The nucleotide sequences obtained were used to
screen the GenBank and EMBL databases in an attempt to identify the tran-
scripts by using the BLASTN and BLASTX programs available at the National
Center for Biotechnology Information website (http:/www.ncbi.nlm.nih.gov/).

Western blot analysis. Western blot analyses were performed to confirm the
differential expression of selected proteins by P. gingivalis during growth at
different temperatures. Bacterial pellets from 1.5 ml of culture were harvested by
centrifugation and solubilized in sample-loading buffer (0.5 M Tris [pH 6.8], 10%
SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.05% bromophenol blue) after the
addition of N a-p-tosyl-L-lysine chloromethyl ketone to a final concentration of
1 mM. Following protein estimation using a Lowry Micro Method protein assay
kit (Sigma), 20 wg of protein was analyzed by SDS-polyacrylamide gel electro-
phoresis (15). Proteins were transferred to nitrocellulose by the method of
Towbin et al. (35). The blotting buffer contained 25 mM Tris, 192 mM glycine,
and 10% (vol/vol) methanol, and the transfer was performed at 70 V for 1 h.
Membranes were incubated with the primary antibody DRU 55.5, which reacts
with a 55-kDa antigen, RagB (23), at a 1:100 dilution. Horseradish peroxidase-
conjugated rabbit anti-mouse secondary antibody (1:200 dilution) was used, and
antibody binding sites were visualized using 0.04% (wt/vol) 3-amino-9-ethyl car-
bazole in 5.0% dimethyl formamide-95% aqueous sodium acetate solution (10
mM; pH 5.0).

Nucleotide sequence accession numbers. The GenBank accession numbers for
the sequences reported in this paper are AJ242672, AJ242673, and AJ242674.

RESULTS

Growth of P. gingivalis at different temperatures. P. gingivalis
W50 grew well and achieved a steady state at each of the tem-
peratures imposed, although optimal growth occurred at 37°C
as judged by dry weight and viable counts (28). No significant
difference in viable counts was seen between cultures grown at
37, 39, and 41°C.

Random-primed ¢cDNA synthesis using P. gingivalis RNA.
To determine that cDNA could be synthesized from P. gingi-
valis RNA, a series of reactions was performed with a range of
different primers in the presence of [a->*P]dCTP. Negative
control reactions with RNA but lacking in primer were also
included to ensure that subsequent PCR products resulted
only from newly synthesized cDNA. To confirm that synthesis
was occurring during the reverse transcription, control reac-
tions were set up for each RNA sample in which the incorpo-
ration of [a->*P]dCTP was measured. The percent incorpora-
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FIG. 1. Arbitrarily primed reverse transcription-PCR of P. gingivalis RNA
from a culture grown at 37°C. Lanes: 1, P5; 2, P7; 3, P8; 4, negative control (RNA
subjected to reverse transcription in the absence of primers); 5, mix of P4, PS5, P7,
and P8.

tion was routinely on the order of 5% of the total available
[**P]dCTP in these reactions. The cDNA samples were sub-
jected to random-primed PCR. Figure 1 shows the results
obtained with several arbitrarily chosen primers either individ-
ually or as a mixture. In each lane, with the exception of the
negative control, there are several bands on the autoradio-
graph. The number of bands generated appeared to be vari-
able. Primers P5 and P7 both gave approximately 20 bands
each, whereas P8 gave only about 6 bands. A mixture contain-
ing four primers (P4, P5, P7, and P8) gave the largest number
of bands, but it was noticeable that the majority of the frag-
ments generated in this reaction were smaller than when the
primers were used individually. The absence of bands in the
negative control (lane 4) confirmed that the bands in the other
lanes were derived from newly synthesized cDNA and were not
due to contamination of the RNA samples with residual DNA.

Reproducibility of differential-display PCR. To determine
whether the pattern of bands obtained was reproducible, du-
plicate cDNA samples obtained from RNA from cells grown at
either 37 or 41°C were compared. cDNA was synthesized in the
presence of [a->*P]dCTP using either primers P5 or P7 or a
mix of primers P4, P5, P7, and P8. The cDNA synthesis was
monitored by the level of incorporation of [a->?P] dCTP. The
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duplicate samples were then subjected to PCR analysis, using
the same primers, to generate an RNA fingerprint of the sam-
ples. Figure 2 shows the pattern of bands obtained. The results
show that the data are reproducible, since the duplicate sam-
ples gave similar profiles. For example, lanes 7 and 8 gave
identical profiles, as did lanes 9 and 10. The samples shown in
lanes 7 to 10 represent fingerprints obtained from four different
culture samples. Examination of the fingerprints from each of
these samples indicates that the majority of bands are common to
all lanes when amplified using the same oligonucleotide primer.

Characterization of differentially expressed transcripts. Dif-
ferences in profile between the samples grown under different
conditions were found. Closer examination of the fingerprints
in Fig. 2 indicates that there are some bands that appear to be
present (or present in markedly different quantities) in pairs of
samples from cultures grown at 37°C compared with the sam-
ples grown at 41°C. The bands indicated by the arrow in the
inset figure indicate the presence of DNA fragments that ap-
pear to be less abundant in the cultures grown at 41°C. Bands
that represented potential temperature-regulated transcripts
were excised from the gel, and the DNA was extracted and
reamplified. The products of the reamplification were analyzed
by agarose gel electrophoresis to determine the sizes of the
fragments. The concentration of DNA in the PCR mixtures was
then estimated by visual comparison with known standards,
and ligations containing a molar ratio of approximately 1:1
(PCR product to pGEM-T) were set up and used to trans-
form competent Escherichia coli (strain JM109) cells. Over
400 ampicillin-resistant colonies were obtained with each
transformation, of which between 30 and 70% appeared to be
recombinants, as judged by blue/white selection on 5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside plus isopropyl-B-p-
thiogalactopyranoside (X-Gal/IPTG) (33). Plasmid DNA from
six putative recombinants from each of the ligations was ob-
tained and digested with the restriction endonuclease Haelll to
confirm that each isolate from the same ligation contained a
fragment with an identical restriction fingerprint. Haelll was
chosen because it recognizes a 4-base sequence in DNA and
therefore digests most DNA templates into multiple frag-
ments. Different DNA fragments are likely to give completely
different digestion profiles. Northern blots of RNA from P. gin-
givalis grown at 37, 39, and 41°C were probed with three ra-
diolabeled, amplified clone inserts to confirm that they were
differentially expressed at the three temperatures. RNA was
first quantified by UV spectrophotometry followed by visual-
ization on ethidium bromide-stained gels to ensure equal load-
ings on the gels. Additionally, blots were probed with a non-
differentially expressed clone to demonstrate standardized
loadings on the gels. A total of three apparently differentially
expressed cDNA fragments were identified in experiments us-
ing the primers shown. The cloned inserts derived from the
three differentially expressed transcripts were sequenced using
the universal M13 primer. This step was carried out to obtain
sufficient sequence data to facilitate screening for homologous
sequences in the nucleic acid sequence databases. The se-
quences were used to perform BLASTN searches of the Gen-
Bank and EMBL databases BLASTX searches were also car-
ried out on the sequences. Two of the sequences failed to
demonstrate homology to any sequences in the databases.
However, the sequence of clone pBB240 showed 99% homol-
ogy to a portion of the recently identified ragA locus of P. gin-
givalis. The sequence obtained is shown in Fig. 3, together with
the deduced amino acid sequence.

RagAB expression at 37, 39, and 41°C. Figure 4 shows the
hybridization of the 1.6-kb PCR-amplified product of ragA4 (10)
to RNA samples isolated from P. gingivalis grown at different
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FIG. 2. Differential display of RNA from P. gingivalis grown at 37 and 41°C. (A) Lanes 1, 6, and 11 contain negative controls (RNA subjected to reverse transcription
in the absence of primers); lanes 1 to 5, P5; lanes 6 to 10, P7; lanes 11 to 15, a mix of primers P4, P5, P7, and P8. Lanes 2, 3, 7, 8, 12, 13 contain RNA from a 37°C
culture; lanes 4, 5, 9, 10, 14, and 15 contain RNA from a 41°C culture. (B) Close-up view of a region of the gel showing a transcript in lanes 7 and 8 (indicated by an
arrow) obtained with primer P7, which is apparently down-regulated in the 41°C samples in lanes 9 and 10.

temperatures. This probe gives a single fragment of the ex-
pected size, 4.7 kb. The samples grown at 39°C show a slight in-
crease in expression compared to those grown at 37°C, whereas
at 41°C there is a clear reduction in the levels of transcript. The
panel showing the control hybridization, using a probe gener-
ated from one of the non-temperature-regulated fragments,
confirms that approximately equal amounts of mRNA were
loaded in each lane. This probe (pBB241), which is derived
from a cDNA for a protein with no known function, was used
because it has repeatedly been shown to give a uniform hy-
bridization signal with RNA from cultures grown at different
temperatures (data not shown).

The ragA gene is part of a small operon and is cotranscribed
with the gene for the 55-kDa antigen RagB, for which a mono-
clonal antibody, DRU 55.5, is available. To determine if the
protein levels of RagB are affected by temperature, Western
blot analysis was performed on protein samples prepared from
P. gingivalis cells grown under different culture conditions (Fig.
5). These results confirmed that the protein levels of RagB are
reduced when the temperature of the culture is increased to
41°C. As a control, the levels of the 47-kDa antigen of P. gin-
givalis, a surface-bound glutamate dehydrogenase which is not

regulated by changes in temperature (28), were analyzed in the
same samples. The stained gel indicates that the protein load-
ings for the 41°C samples were higher than those for the other
two temperatures. This was confirmed by the blot that was re-
acted with the antibody to the 47-kDa antigen, which also
shows slightly higher levels in the 41°C samples. The anti-RagB
antibody, however, clearly shows a reduced reaction with the
41°C samples. These results confirm that while the levels of the
47-kDa antigen are not affected by temperature, the levels of
RagB are reduced at 41°C.

DISCUSSION

The ability to respond rapidly to changes in the local envi-
ronment can be critical to the growth of opportunistic patho-
gens in the host. To date, the influence of the environment has
been restricted to a few targeted known genes, and as such the
global effects of environment on the regulation of genes have
not been studied in great detail. As a consequence, new meth-
ods are being developed to achieve a broader understanding of
the effects of specific environmental conditions on changes in
total gene expression (2, 14, 36).
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9 18 27 36 45 54
5' GAT TTA GCA GAT GTC TAT TAC ATG TAT GGA GCT ACC AGA CCT TCT ATG ACA GAA

Asp Leu Ala Asp Val Tyr Tyr Met Tyr Gly Ala Thr Arg Pro Ser Met Thr Glu

63 72 81 90 39 108
CCG TAC TTC GCA AAA ATG AGA CCG TTC AGT TCC GAA TCA CAT CAG GCC AAT GTA

Pro Tyr Phe Ala Lys Met Arg Pro Phe Ser Ser Glu Ser His Gln Ala Asn Val

117 126 135 144 153 162
AAT GGT TTC GGC CAG ATT ACT CCG ATC AARA GGC CTT ACT TTA AAG GCA CAG GCT

Asn Gly Phe Gly Gln Ile Thr Pro Ile Lys Gly Leu Thr Leu Lys Ala Gin Ala

171
GGT GTT GAT ATT ACT AA 3'

Gly Val Asp Ile Thr

FIG. 3. Partial nucleotide sequence and deduced amino acid translation of
the insert cloned into pBB240.

Previous studies have shown that a number of known genes
are environmentally regulated in P. gingivalis. For example,
increases in hemin concentration, pH, and temperature regu-
late protease production (21, 22, 24, 28); temperature also
regulates fimbrial and superoxide dismutase expression (3).
The way in which an organism adapts to its environment will be
reflected at the level of gene expression, and these changes
may also be reflected in an altered pathogenic potential. It is
important, therefore, to identify the changes in gene expres-
sion that result from environmental change and to determine
whether these changes are responsible for or contribute to
such changes in pathogenicity. This study has demonstrated
that arbitrarily selected oligonucleotides can prime the synthe-
sis of cDNA from P. gingivalis total RNA and can be also used
for subsequent PCR amplification. The procedure described
here is reproducible and enables the isolation of differentially
expressed genes. It is likely that some of the bands seen on the
autoradiographs may be due to priming synthesis from rRNA.
This is unlikely to lead to the increased isolation of false
positives, since the levels of rRNA do not usually vary in cells
under the growth conditions used here. It is possible, however,
that amplification of rRNA may lead to an overestimation of
genome coverage when using this method for differential dis-
play. The success of this approach has, however, been con-
firmed by the identification of a temperature-regulated antigen
in this study. The ability to identify environmentally regulated
genes is an important tool in our understanding of the ways in
which organisms respond to the changing environment. How-
ever, studies on bacterial mRNA have generally been ham-
pered by the difficulty in identifying polyadenylated RNA in
prokaryotic species. Although several reports have suggested
that prokaryote mRNA is sometimes polyadenylated (13, 32),
this has not yet been shown to be the general case. Identifying
differentially regulated genes in eukaryotes by using differen-
tial display is technically more simple, since the poly(A) tail
both serves as a means of mRNA isolation and acts as a
priming site for first-strand cDNA synthesis. This approach has
been widely used in eukaryotes to identify tissue-specific gene
expression (1, 16, 26, 34, 38). The arbitrarily primed cDNA
synthesis and PCR approach used in this study and the similar
approaches used by others should facilitate the wider use of
this approach to the study of bacterial mRNA. Using the dif-
ferential-display approach to RNA analysis, we have identified
a transcript fragment representing ragA, which has been char-
acterized as a component of a polycistronic mRNA coded for
by the ragAB locus.

RagB has been identified as the 55-kDa immunodominant
antigen of P. gingivalis strains W50 and W83 and has been im-
plicated in the destructive disease process of pathogenic strains
of P. gingivalis (10). The mobility of RagB on Western blots
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FIG. 4. Northern blot analysis of RNA from P. gingivalis grown at different
temperatures. (A) Hybridization with the 1.6-kb ragA4 probe (10); (B) hybridiza-
tion with a control probe (pBB241). Lanes: 1 and 2, 37°C; 3 and 4, 39°C; 5 and
6, 41°C. The arrow at the side of panel A indicates the position of the 4.7-kb
ragAB transcript.

derived from two-dimensional gel electrophoresis of P. gingi-
valis (30) may be comparable to that of the 50-kDa protein
identified by Lu and McBride (19) that was down-regulated in
cultures of P. gingivalis shifted from 37 to 42°C. These authors
showed that a shift in the culture temperature resulted in both

115kDa ;
83kda i rEatL.t
49%da i}tiz}

SRER=RS
34kda

455kDa

FIG. 5. SDS-polyacrylamide gel electrophoresis of P. gingivalis cell extracts,
from cultures grown at different temperatures, and Western blot analysis with
monoclonal antibodies to RagB and the 47-kDa surface antigen (28). Lanes: M,
molecular size markers; 1 and 2, 37°C; 3 and 4, 39°C; 5 and 6, 41°C. (A)
Coomassie blue-stained gel; (B) anti-RagB monoclonal antibody; (C) anti-47-
kDa monoclonal antibody. The arrowhead in panel B indicates the 55-kDa RagB
and the arrowhead in panel C indicates the 47-kDa antigen.
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up- and down-regulation of specific polypeptides. The present
study has shown that the differential-display technique can be
useful in identifying genes that are both up- and down-regu-
lated. RagA shows extensive sequence homology to susC of
Bacteroides thetaiotaomicron (31), which plays an important
role in the metabolism of polysaccharides. Both RagA and
RagB are believed to be membrane proteins and may act as
targets for the host cellular immune response. The finding that
these genes may be down-regulated by an increase in temper-
ature, comparable to that found during tissue inflammation,
may be indicative of one of the mechanisms whereby P. gingi-
valis avoids the host response. It has been suggested (28) that
P. gingivalis may decrease the expression of certain virulence
factors, in particular extracellular proteases, at elevated tem-
peratures in order to reduce the intensity of the host response.
As a result, adopting a less inflammatory phenotype may en-
able P. gingivalis to maintain population levels under hostile
conditions. RagB is a significant target of the serum immuno-
globulin G antibody response of patients with periodontal dis-
ease (10). It is possible that a down-regulation of the rag4B
operon will help the organism to evade host responses. Further
analysis of how this regulation occurs at the molecular level will
further our understanding of the pathogenicity of this organism.

In summary, techniques have been developed that permit the
study of changing patterns of gene expression by analyzing bac-
terial RNA by using arbitrarily primed reverse transcription-
PCR. The data have shown that the ragAB operon of P. gingi-
valis is regulated by changes in temperature and confirm that
this approach can be used to identify genes that are environ-
mentally controlled. It is likely that studies of this type can be
used to identify genes important for adaptation to a range of
environments.
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