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Bacteria persisting in periodontal pockets are exposed to elevated temperatures during periods of inflam-
mation. Temperature is an environmental factor that can modulate gene expression. Consequently, in the pres-
ent study we examined the effect of temperature on the expression of virulence determinants by the periodon-
topathogen, Porphyromonas gingivalis. P. gingivalis W50 was grown in a complex medium under hemin excess
at pH 7.0 and at a constant temperature of either 37, 39, or 41°C; cultures were monitored for protease and
hemagglutinin activity. P. gingivalis grew well at all three temperatures. An increase in growth temperature
from 37 to 39°C resulted in a 65% reduction in both total arginine- and lysine-specific activities (P < 0.01). A
further rise in growth temperature to 41°C led to even greater reductions in arginine-specific (82%; P < 0.001)
and lysine-specific (73%; P < 0.01) activities. These reductions were also associated with an altered dis-
tribution of individual arginine-specific enzyme isoforms. At 41°C, there was a disproportionate reduction in
the level of the heterodimeric RI protease, which also contains adhesin domains. The reduction also correlated
with a markedly diminished hemagglutination activity of cells, especially in those grown at 41°C, and a reduced
immunoreactivity with a monoclonal antibody which recognizes gene products involved in hemagglutination.
Thus, as the environmental temperature increased, P. gingivalis adopted a less aggressive phenotype, while re-
taining cell population levels. The coordinate down-regulation of virulence gene expression in response to an
environmental cue linked to the intensity of the host inflammatory response is consistent with the clinically
observed cyclical nature of disease progression in periodontal diseases.

Periodontal diseases are a group of chronic inflammatory
conditions of the supporting tissues of the teeth. The micro-
flora associated with these diseases is diverse (13, 31), but Por-
phyromonas gingivalis is considered to be one of the most sig-
nificant components and produces a range of putative virulence
determinants including proteases, hemagglutinins, and lipo-
polysaccharide (8, 9, 15, 21, 26). This organism is usually
absent or undetectable in health but is frequently a major com-
ponent of the subgingival plaque in disease (13, 19). This sug-
gests that under the environmental conditions which prevail
during the host inflammatory response, P. gingivalis is able to
outcompete other members of the subgingival microflora and
reach significant levels within the microbial community. Tem-
perature is one of the factors which is known to change as a
consequence of an increased inflammatory response (32), es-
pecially in sites such as periodontal pockets (11). The aim of
the present study was to determine the effect of temperature
on the expression of some of the proposed virulence determi-
nants of P. gingivalis that have received most attention recently,
namely the arginine- and lysine-specific proteases and hemag-
glutination activity.

MATERIALS AND METHODS

Bacterial strain and growth conditions. Porphyromonas gingivalis W50 was
grown in a 2-liter capacity chemostat (FT Applikon, Schiedam, The Nether-

lands) operated at a working volume of 700 ml. The pH of the culture was
maintained at 7.0 (6 0.1) by the automatic addition of 1 M NaOH and 0.5 M
HCl, and the temperature was controlled at 37°C (6 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 Eh of the culture fell to 2350 mV, and this value was
maintained throughout the cultivation process. The medium was BHI (brain
heart infusion broth; Oxoid) supplemented with 5 mg of hemin (Sigma)/liter to
achieve hemin excess levels. The medium flow rate was adjusted to give a dilution
rate (D) of 0.1 h21, corresponding 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 with the same growth medium, and 100 ml of the culture was used to
inoculate the chemostat. The medium was introduced initially at a very slow rate
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 desired D (0.1
h21). In subsequent experiments, chemostat cultures were started at 37°C (6
0.1°C) prior to increasing the temperature to either 39 (6 0.1) or 41°C (6 0.1°C).
At each temperature, the chemostat was allowed to achieve a steady state (10
culture volume changes, i.e., approximately 4 days) after inoculation, and sam-
ples 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 (B105 UV/VIS spectrophotom-
eter; Jenway) dry weight, and viable counts of the culture, as previously described
(20).

Measurements of enzyme activity. At each steady state, a small volume of the
culture was removed directly from the chemostat during growth at 37, 39, and
41°C to test for arginine-specific and lysine-specific enzyme activities of P. gingi-
valis. Some of the removed culture was centrifuged at 11,600 3 g at 4°C in a
microcentrifuge (MSE Microcentaur; Sanyo), and both whole culture and super-
natant were tested for enzyme activity. Activity was measured in 1 ml of 0.1 M
Tris-HCl–10 mM L-cysteine–10 mM CaCl2, pH 8.0, containing 0.5 mM DL-
BApNA (N-a-benzoyl-DL-arginine-p-nitroanilide; Sigma) or 0.25 mM AcLyspNA
(N-a-acetyl-lysine-p-nitroanilide; Sigma) at 30°C, as described previously (28), by
using a spectrophotometer supplied with an enzyme kinetic program (UV1601;
Shimadzu) and a temperature-controlled cuvette chamber. One unit of enzyme
activity is defined as that amount of enzyme which hydrolyzes 1 nmol of substrate
under the conditions of the assay per min.
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Separation of arginine-specific protease isoforms. The extracellular arginine-
specific proteases of P. gingivalis W50 exist in several isoforms, referred to as RI,
RIA, and RIB, which are all derived from prpR1 (27). Therefore, the effect of
temperature on the distribution of these isoforms was studied. One liter of
culture was collected on ice overnight from the chemostat outflow and then
centrifuged at 10,000 3 g for 60 min at 4°C (Sorvall RC-5B refrigerated centri-
fuge). The pelleted cells were stored at 285°C, and the supernatant was brought
to 85% saturation by the addition of solid ammonium sulfate with continuous
mixing at 4°C overnight for complete precipitation of the enzyme. The mixture
was then centrifuged as described above, and the supernatant was assayed to
confirm complete precipitation of enzyme activity. The pellet was first extracted
with 50 mM sodium acetate buffer, pH 5.3, containing 0.0055% (wt/vol) 3-14
Zwittergent (Calbiochem) to solubilize RI and RIA enzyme activities, which
were separated from insoluble material by centrifugation. RI and RIA were then
separated by an affinity chromatography step as described previously (28). RIB
activity in the pellet fraction was solubilized by repeated extraction with 50 mM
sodium acetate buffer containing 0.05% (wt/vol) Zwittergent.

Total RNA extraction for Northern blot analysis of prpR1 gene. Fresh P.
gingivalis culture (1.5 ml) was removed directly from the chemostat at each steady
state and centrifuged at 11,600 3 g in a microcentrifuge at 4°C for 5 min. The
pelleted cells were mixed with 1 ml of Total Isolation Reagent (Advanced
Biotechnologies Ltd, Surrey, United Kingdom), and RNA was prepared in ac-
cordance with the manufacturer’s protocol. Finally, RNA was resuspended in 50
ml of diethyl pyrocurbonate-treated water at 65°C for 5 min (27). RNA was
resolved in a denaturing 1% agarose-formaldehyde gel by electrophoresis (29)
and then transferred to a Hybond N1 membrane (Amersham) by vacuum blot-
ting (Vacu-Aid; Hybaid). The membrane was then probed with a 32P-labelled
DNA probe specific for the coding region of the catalytic (a) domain of the
protease. Labelling of an agarose gel-purified 270-bp SphI-EcoRV fragment of
the a-encoding domain of prpR1 with [a-32P]dCTP and the hybridization, wash-
ing, and autoradiography conditions have been described previously (1).

Hemagglutination of RBC with P. gingivalis. Blood from a healthy volunteer
was removed by venipuncture into 1.6 mg ml21 of EDTA. The collected blood
was centrifuged at 1,200 3 g for 5 min and the supernatant was discarded.
Erythrocytes (RBC) were washed once with phosphate-buffered saline (PBS)–10
mM EDTA and twice with PBS. An approximate 5% RBC solution in PBS was
prepared and stored at 4°C until needed. To establish the minimum hemagglu-
tination dose (MHD), 50 ml of doubling dilutions of supernatants of P. gingivalis
cell culture grown under steady state conditions at 37, 39, and 41°C were pre-
pared in a 96-well microtiter plate. Equal volumes of a 0.5% solution prepared
from RBC stock solution and PBS were added to each well followed by incuba-
tion at room temperature for 2 h. The MHD was the highest dilution of the
supernatant that caused visible hemagglutination.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blot-
ting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed
on 12% polyacrylamide gels according to the method of Laemmli (18). Western
blotting, with monoclonal antibody 1A1, has been described previously (7). Con-
trol blot assays were performed with rabbit antiserum raised to a P. gingivalis
47-kDa surface antigen which was purified as described previously (4).

Statistical analysis. Data were expressed as means 6 standard deviations.
Differences among means were analyzed for statistical significance by Student’s
t test.

RESULTS
Growth of P. gingivalis at different temperatures. P. gingivalis

W50 was able to grow well at each of the temperatures tested.
Optimal growth was at 37°C as judged by dry weight and viable
counts (Table 1). Increases in temperature to 39 and 41°C
resulted in significant reductions in culture dry weight (P ,
0.05 and P 5 0.001, respectively), although viable counts were
not significantly affected. Growth was stable at each tempera-
ture as indicated by the low standard deviations in viable count
and dry weight at each steady state (Table 1).

Effect of growth temperature on protease activity. Increasing
the growth temperature led to a decrease in the total arginine-
and lysine-specific protease activities of whole cultures and
cell-free supernatant of P. gingivalis W50 (Table 2). Maximum
activities were obtained during steady-state growth at 37°C.
When the temperature was increased to 39°C the total argi-
nine- and lysine-specific enzyme activities were reduced signif-
icantly (P , 0.01) to 33 and 35%, respectively, of their levels at
37°C. There was also a significant reduction in both enzyme
activities in cell-free supernatants (P , 0.01). The ratio of total
arginine-specific to lysine-specific activities remained the same,
at 37 and 39°C, as did the ratio of whole culture to supernatant
lysine-specific activity at both temperatures. However, the ratio
of arginine-specific activity of whole culture to that of the
supernatant increased from 4:1 at 37°C to 5:1 at 39°C (Table
2).

An increase in growth temperature to 41°C caused a further
decrease in protease activity (Table 2). Compared with the
data obtained at 37°C, the total arginine-specific and lysine-
specific activities were reduced by 82 and 73%, respectively
(P , 0.001). The ratio of arginine-specific to lysine-specific
activities shifted from approximately 5:1 at 37°C to 3:1 at 41°C.

Distribution of arginine-specific protease isoforms. In addi-
tion to an effect on total arginine specific protease activity,
temperature also influenced the relative proportions of the
different isoforms. The effect of growth temperature on the
distribution of the three isoforms of PrpRI (RI, RIA, and RIB)
(28) is presented in Fig. 1. At growth temperatures of 37 and
39°C the three isoforms of the arginine-specific protease ex-
hibited a similar distribution. However, at 41°C the proportion
of the monomer, RIA, was significantly increased (P , 0.01)
and there was a corresponding significant decrease (P , 0.05)
in the proportion of the vesicle and membrane-associated RIB
enzyme at this temperature compared to those at 37 and 39°C.

FIG. 1. Effect of temperature on the distribution of RI, RIA, and RIB pro-
tease isoforms in the supernatant of P. gingivalis W50 at different growth tem-
peratures. $, P , 0.01 for results at 41°C versus results at 37 and 39°C; #, P ,
0.05 for results at 41°C versus results at 37 and 39°C.

TABLE 1. Effect of temperature on the growth
characteristics of P. gingivalis W50

Growth
temp
(°C)

Mean (6 SD) dry wt
(mg ml21 [n 5 6])a

Mean (6 SD) viable counts
(CFU ml21 [n 5 6])

37 2.8 6 0.4 1.5 3 109 6 0.6 3 109

39 2.2 6 0.5* 1.4 3 109 6 0.4 3 109

41 1.8 6 0.4** 1.3 3 109 6 0.5 3 109

a *, P , 0.05 for results at 37°C versus results at 39°C; **, P 5 0.001 for results
at 37°C versus results at 41°C.

TABLE 2. Effect of growth temperature on protease
activity of P. gingivalis W50a

Growth
temp
(°C)

Mean (6 SD) arginine-spe-
cific activity (nmol mg21

min21 [n 5 12])

Mean (6 SD) lysine-spe-
cific activity (nmol mg21

min21 [n 5 12])

W S W S

37 325 6 74 79 6 42 62 6 18 15 6 8
39 109 6 59* 21 6 9* 22 6 10* 6 6 2*
41 58 6 16** 15 6 5** 17 6 3** 7 6 1**

a W, whole culture; S, supernatant; *, P , 0.01 for results at 37°C versus results
at 39°C; **, P , 0.001 for results at 37°C versus results at 41°C.
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Northern blot analysis of prpR1 gene. Northern analysis of
mRNA from the three growth temperatures is shown in Fig. 2.
Prior to hybridization, membranes were briefly stained with
0.04% methylene blue in 0.5 M Na-acetate, pH 6.0 (27), to
confirm equal loading and transfer. The probe used in these
studies hybridizes to transcripts derived from both prpR1 (ap-
proximately 6 kb) and a second arginine-specific protease gene,
prR2 (approximately 2.5 kb), the products of which are cell-
associated enzymes in this strain (28). Transcripts from both
loci were detected in the continuously grown P. gingivalis cell
extracts, with full-length prpR1 forming a relatively small per-
centage of the total arginine-specific protease message; a sim-
ilar profile occurs in batch-grown cells (27). However, an in-
crease in temperature to 41°C caused a greater reduction in
prpR1 message compared to that from prR2. This may reflect
the effect of increasing temperature on either the production
or the rate of decay of prpR1 message.

Hemagglutination of RBCs with P. gingivalis. The ability
of P. gingivalis culture supernatants from the three different
growth temperatures to hemagglutinate RBCs is presented in
Table 3. The highest hemagglutination titers were observed
when P. gingivalis was grown at 37°C (1:256). Growth at 39°C
resulted in a onefold reduction in hemagglutination titer of the
culture supernatant (1:128). At a growth temperature of 41°C,
however, a threefold reduction of hemagglutination end point
(1:32 dilution) was observed.

Western blot analysis. The monoclonal antibody, 1A1, re-
acted with multiple bands on Western blots of P. gingivalis cells
grown at 37°C (Fig. 3A), which is consistent with our previous
observations that this antibody recognizes a determinant pres-

ent on multiple gene products of this organism (7). Because of
proteolytic processing of the products of these genes it is not
possible to assign an identity unequivocally to each protein
band. However, from previous studies (7) the band at approx-
imately 50 kDa most likely represents the adhesin chain of the
RI protease heterodimer. Growth at higher temperatures re-
sulted in a progressive decrease in immunoreactive compo-
nents, and this was particularly evident in cells grown at 41°C,
suggesting that increasing temperature may coordinately down-
regulate this family of sequence and antigenically related gene
products.

In order to examine whether this response represents a
general phenomenon which affects all cell surface and/or ex-
tracellular proteins, we also examined the level of expression of
a 47-kDa antigen, which is a novel surface-associated gluta-
mate dehydrogenase of P. gingivalis (17). There was no detect-
able difference in the level of this protein in P. gingivalis cells
grown at different temperatures on the basis of reactivity with
rabbit antiserum on Western blots (Fig. 3B). Hence, there ap-
pears to be selective effects on surface protein expression in re-
sponse to increases in the growth temperature of this organism.

DISCUSSION

Periodontal disease is a result of a dynamic and multifacto-
rial interaction between the subgingival microbial community
and the host, the outcome of which is a destructive inflamma-
tory response (25). The role of individual organisms is com-
plex. For example, P. gingivalis produces a number of potential
virulence factors which may contribute to tissue damage by
both direct and indirect mechanisms. However, the proteolytic
activities of this organism appear to be of particular relevance
to perturbation of tissue homeostasis (15, 21, 26). In particular,
proteases with specificity for arginyl and lysyl peptide bonds
are able to proteolytically inactivate a number of key host
proteins involved in the control of the inflammatory response
and the innate and specific host defences.

Recent studies have emphasized the potential importance of
arginine-specific proteases of P. gingivalis. In vitro studies have

FIG. 2. Analysis of prpR1 and prR2 mRNA in steady-state cells of P. gingivalis
W50 at different growth temperatures. (A) Methylene blue stain of total RNA to
confirm equivalent sample loadings. (B) Northern blot of membrane in panel A
following hybridization with 32P-labelled DNA probe derived from the a-coding
domain of prpR1. Lanes 1, cells grown at 37°C; lanes 2, cells grown at 39°C; lanes
3, cells grown at 41°C. Full-length prpR1 transcript is approximately 6 kb and
prR2 transcript is 2.5 kb.

FIG. 3. Western blot analysis of P. gingivalis W50 grown at different temper-
atures with monoclonal antibody 1A1 (A) and rabbit antiserum to a P. gingivalis
47-kDa surface antigen (B). Lane 1, cells grown at 37°C; lane 2, cells grown at
39°C; lane 3, cells grown at 41°C.

TABLE 3. Effect of growth temperature on the hemagglutinin
activity of culture supernatants of P. gingivalis W50

Growth temp (°C) Hemagglutination end point

37 1:256
39 1:128
41 1:32
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suggested a role in the subversion of the opsono-phagocytic
capacity of complement through the fluid phase proteolytic
inactivation of C3 and C5 and the concomitant release of the
chemoattractant C5a (33). Furthermore, proteolytic cleavage
at arginyl peptide bonds by this organism leads to the degra-
dation of kininogen and the production of the vasoactive pep-
tide, bradykinin (16). In addition, proteolysis may lead to the
inactivation of host protease inhibitors (6, 23) that are central
to the control of plasma cascades involved in clotting and
fibrinolysis. Finally, the lysine-specific proteases of P. gingivalis
are able to prevent clot formation by the proteolysis of fibrin-
ogen (30), and proteases of P. gingivalis are also able to de-
grade immunoglobulins, iron-binding proteins (15), and anti-
microbial peptides (10). The likely net effect of these activities
is a deregulation of the local inflammatory response and a
disruption of the host defenses to this and other subgingival
organisms. Thus, P. gingivalis could play a pivotal role in de-
termining the effectiveness of the host response to the micro-
bial challenge and the inflammatory status at subgingival sites.

It is well established that expression of bacterial virulence
determinants is modulated by changes in environmental con-
ditions. The transition from health to disease at subgingival
sites is accompanied by marked changes in key environmental
parameters including nutrient profile, pH, Eh, and tempera-
ture. Although it has been shown previously (20, 22) that pH
and nutrients regulate protease production by P. gingivalis, this
is the first study to examine the effect of temperature. An in-
crease in temperature had little impact on the growth of P. gin-
givalis W50 but had significant effects on arginine- and lysine-
specific protease activities and hemagglutination. Increasing the
growth temperature from 37 to 39°C resulted in approximately
a 65% reduction (P , 0.01) in total activity of both proteases,
and a further increase in growth temperature to 41°C led to
reductions of 82 and 73% in the arginine-specific and lysine-
specific activities, respectively (P , 0.001).

The change in total arginine protease activity was associated
with an altered distribution of the individual enzyme isoforms.
Previous investigations have demonstrated that the extracellu-
lar arginine specific protease activity of P. gingivalis W50 is
composed of three forms (RI, RIA, and RIB) which are all de-
rived from prpR1 (27). RI is a heterodimeric enzyme compris-
ing the catalytic (a) polypeptide in noncovalent association
with a second (b) adhesin polypeptide which is derived from
the C-terminal extension of the PrpRI initial translation prod-
uct. RIA is the free catalytic a polypeptide and RIB is a highly
post-translationally modified form of the a polypeptide which
appears to contain approximately 30% (wt/wt) carbohydrate.
While RI and RIA are both soluble, RIB is exclusively located
in the extracellular vesicles and membrane fragments of the
culture supernatant. The factors which govern the formation of
these three isoforms from the same gene are unknown, al-
though Northern blot analysis of P. gingivalis mRNA suggests
that the monomeric enzymes may result from translation of a
39 truncated transcript of prpR1 (27). In the present study there
was a disproportionate reduction in the level of the het-
erodimeric RI protease during growth at 41°C. This enzyme
has a number of properties in addition to proteolysis which
are mediated through the adhesin chain of the dimer. For
example, monoclonal antibodies to a determinant within this
adhesin domain block hemagglutination by P. gingivalis whole
cells in vitro (7) and are able to retard recolonization of deep
periodontal pockets in patients following passive immunization
(5).

The coding sequence for the b adhesin chain of RI has been
identified in several other genes of P. gingivalis including kgp,
tla, and hagA, which code for a lysine-specific protease precur-

sor, an outer membrane receptor involved in hemin utilization,
and a high-molecular-weight hemagglutinin, respectively (2,
14, 24). The epitope for the monoclonal antibody, 1A1, used in
the current investigation is present in the products of all of
these genes. Growth at elevated temperature led to a signifi-
cant decrease in the immunoreactivity of whole cells with
monoclonal antibody 1A1, and this was particularly evident at
41°C. This loss of expression of the monoclonal antibody 1A1-
reactive proteins at higher growth temperatures is consistent
with the lowered hemagglutination activity of these cultures
and the decreased arginine- and lysine-specific protease activ-
ities (derived from prpR1 and kgp, respectively) and may reflect
a coordinate down-regulation of the other members of this
family of sequence-related genes.

Temperature has been shown to down-regulate the ex-
pression of another binding determinant in P. gingivalis W50.
Amano et al. (3) showed that a shift in temperature from 37 to
39°C resulted in a 54% reduction in the amount of fimbriae as
well as in decreased expression of mRNA for fimA. Likewise,
a decrease in growth temperature from 39 to 34°C resulted in
an 11-fold increase in activity of the fimA promoter of P. gin-
givalis and an increased ability of P. gingivalis to adhere to
Streptococcus gordonii and to invade primary cultures of gingi-
val epithelial cells (34). These findings suggest that P. gingivalis
responds to a rise in temperature by down-regulating the ex-
pression of determinants involved in surface binding.

At first sight it might appear surprising that P. gingivalis
down-regulates the expression of determinants that are asso-
ciated with its pathogenicity under conditions that are present
during active disease. However, this may represent a key strat-
egy by which this organism is able to maintain itself under the
hostile conditions of an inflamed periodontal pocket. Even at
a temperature of 41°C there was no reduction in the viable
count of P. gingivalis, suggesting that it is well adapted for
growth at these elevated temperatures. Since the proteases
have been shown to deregulate the inflammatory response, de-
creased expression of the proteases during growth at elevated
temperatures may enable the organism to lessen the intensity
of this host response by preserving the integrity of the host con-
trolling mechanisms.

Collectively, the data suggest P. gingivalis responds to an in-
creased temperature by adopting a less inflammatory and ag-
gressive phenotype while retaining its population levels. This
phenotypic response also includes other survival strategies,
such as reduced adhesion to host substrates (3, 34), thereby
enhancing the potential for cells to spread to other, more
favorable sites, and an increase in the expression of superoxide
dismutase (3), which may protect against the oxidative burst of
neutrophils. The coordinate down-regulation of virulence gene
expression in response to environmental cues linked to the
intensity of inflammation is consistent with the clinically ob-
served cyclical nature of disease progression (12).
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