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Abstract: Several studies have provided clinical
evidence that FimA clonal variation may contribute to
the periodontopathogenicity of Porphyromonas
gingivalis (P.g.). We studied the gene expression profiling
of the macrophage-like human cell line U937 after
infection of two types of P.g. (fimA type I; Pg-I and fimA
type II; Pg-II) using microarray. Of 1088 genes
examined, 394 genes were detectable. Bioinformatics
algorithms were used to analyze the detectable genes.
Hierarchical clustering analysis showed that gene
expression patterns of Pg-II and the control (no
infection) were grouped together. K-means clustering
grouped 79 genes into Pg-II dominance and 88 genes
into Pg-I dominance. A large number of genes related
to cell signaling, extracellular communication proteins,
cell receptors (by ligands), protein turnover and cell
adhesion receptors/proteins were grouped into clusters
of Pg-I dominance. Our results indicate that compared
with Pg-I, Pg-II induces a low host response as measured
by its weak induction of gene expression. (J. Oral Sci.
46, 9-14, 2004)
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Introduction
Porphyromonas gingivalis (P.g.) is considered to be the

most important pathogen of adult periodontitis in humans
(1-4). P.g. produces many cell components and
macromolecules that have been proposed to function as
virulence factors. These factors include lipopolysaccharide,
the outer membrane, fimbriae, and numerous end products
of metabolism (5-8). Fimbriae of P.g. are filamentous
components on the bacterial cell surface and are thought
to play an important role in pathogenesis. Fimbrillin
(FimA), a subunit protein of fimbriae, is classified into five
types on the basis of their nucleotide sequences (9, 10).
Type II P.g. (Pg-II) is predominant in periodontitis patients.
In contrast, most healthy subjects carry type I P.g. (Pg-I)
(11, 12). Pg-II, which causes periodontitis, has been
investigated in a large number of studies that focused on
the virulence factors, fimbrillin proteins, Arg-specific
protease and immunological properties (13-19). However,
definitive causes have yet to be identified. We recently
demonstrated that compared with Pg-I, Pg-II prolongs
IL-1β, IL-8, IL-12 and TNF-α induction (20). In this
study, we used microarray to analyze the gene expression
patterns of the macrophage-like human cell line U937
after infection with two types of P.g..

Materials and Methods
Bacterial strains

P.g. 381 (fimA type I; Pg-I) and P.g. ATCC 49417
(A7A2-10, fimA type II; Pg-II) were grown in GAM broth
(Nissui, Japan) anaerobically (80% N2, 10% H2, 10%
CO2) at 37°C. Actinomyces naeslundii (ATCC 12104;
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An) which also has fimbriae was cultured in BHI broth
(Becton and Dickinson Microbiology Systems, USA).

Cell cultures
The U937 cell line was maintained in RPMI1640

medium supplemented with 10% heat-inactivated fetal
bovine serum, penicillin (100 U/ml), streptomycin (0.1
µg/ml), and L-glutamine (2 mM) in 75 cm2 tissue culture
flasks at 37°C in 5% CO2 with high air humidity. For
differentiation into macrophage-like cells, logarithmic
phase cultures at 1 × 106 cells/ml were preincubated with
10 nM phorbol myristate acetate (PMA, Sigma, St Louis,
MO, USA) for 48 h, after which they were made quiescent
for 24 h by incubation in PMA-free fresh medium before
the experiments.

Bacterial infection
Concen t ra t ions  o f  bac te r i a  were  e s t ima ted

photometrically. Bacteria were grown in log-phase cultures
and added to U937 cells at approximately 10 : 1 multiplicity
of infection in RPMI1640 complete medium without
antibiotics.

Analysis of gene expression using cDNA arrays
Analysis of gene expression was performed with the

Atlas Glass Human 1.0 (Clontech Laboratories, Palo Alto,
USA) according to the manufacturer’s instructions.
Fluorescence (Cy3) labeled cDNA probes were prepared
from 6 µg total RNA using an Atlas PowerScript
Fluorescence Labeling Kit (Clontech). Fluorescent DNA
bound to the microarray was detected with a ScanArray
Lite array scanner (Packard BioScience, Billerica, MA,
USA), using QuantArray software to locate individual
spots, quantitate the Cy3 fluorescence intensity at each spot,
and determine background signal intensities. Data from
spots that were determined to be the result of hybridization
anomalies or microarray errors were excluded from further
analysis. Fluorescence intensity values were determined
by subtraction of the local background from the foreground.
Only those signal intensities greater than two-fold above
the average negative control intensity (lambda DNA) in
at least one condition were considered as detectable genes
for further analysis to avoid errors as a result of low signal
intensity. Data analyses were performed with GeneSpring
software (Silicon Genetics, Redwood City, USA)

Fig. 1 Analysis of detectable genes from microarray data. Total
RNA was extracted from macrophage-like U937 cells
24 h after addition of three bacteria (P.g. fimA type I;
Pg-I, P.g. fimA type II; Pg-II and An). Each RNA
sample was used as a template for synthesis of cDNA
probes, which incorporated Cy3. The probes were
hybridized to the Atlas Glass Human 1.0. The slides
were scanned in a confocal microarray scanner. Signal
intensities greater than two-fold above the average
lambda DNA intensities (negative control) in at least
one condition were considered as detectable genes. Data
for the detectable genes were normalized with
GeneSpring software. The data presented are the
average of three separate experiments.

Fig. 2 Hierarchical clustering analysis of detectable genes
of infected cells. Experiment tree clustering similarity
by standard correlation was applied to normalized
microarray data (P.g. fimA type I; Pg-I, P.g. fimA type
II; Pg-II and An). Red, yellow and blue lines indicate
high, moderate and low signal intensities, respectively.
Green lines indicate a potential inter-relationship
between experimental conditions.
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bioinformatics algorithms. Per-chip and per-gene
normalization was performed to control chip-wide
variations in intensity and detection efficiency between
spots. The data presented are the average of three separate
experiments.

Results
We examined the gene expression profile using

microarray at 24 h post infection. Of 1088 genes examined,
394 genes were detectable. Figure 1 shows the gene
expression patterns. The vertical axis indicates normalized
intensity. Bioinformatics algorithms were used to analyze
the detectable genes. 

First, hierarchical clustering analysis showed that gene

expression in Pg-II infection and the control (PMA treated
cells) were grouped together, and Pg-I infection and An
infection were grouped together (Fig. 2). 

Second, GeneSpring software was used to organize the
genes into different expression patterns. The genes were
divided into five clusters using K-means clustering,
representing specific patterns of regulation (Fig. 3A).
Clusters of Pg-II dominance (79 genes), Pg-I dominance
(88 genes) and An dominance (25 genes) included genes
highly expressed in Pg-II, Pg-I and An infection,
respectively. The Cluster Control (36 genes) includes
genes repressed in bacterial infection and the Cluster No
change (166 genes) represents genes whose expression is
not affected by bacterial infection (Fig. 3B). 

Fig. 3 K-means classification of detectable genes. (A) K-means clustering measuring similarity by standard correlation was applied
to group genes that share similar expression profiles. (B) Number of genes identified in each cluster.

(A) (B)
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Table 1 List of genes grouped into clusters of Pg-I dominance and Pg-II dominance.
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Third, the different behaviors revealed by
clustering analysis reflect the complexity of the
different bacterial infections. To this end, the
clustered genes were classified according to
biological function. We established a list of 10
different categories to sort the 394 genes according
to their biological roles as defined by the Clontech
database (Fig. 4). When genes grouped into Pg-
I dominance and Pg-II dominance were analyzed,
a large number of genes related to cell signaling,
extracellular communication proteins, cell
receptors (by ligands), protein turnover and cell
adhesion receptors/proteins were grouped into
the cluster of Pg-I dominance (Fig. 4, Table 1).

Discussion
In the present study, we used microarray

technology to study host-microbe interactions.
Microarray technology is a powerful tool that can
be used to expand our current understanding of
this relationship for a number of reasons (21-23).

Firstly, this technology permits the study of
simultaneous changes in the expression of a large number
of genes under uniform experimental conditions. Secondly,
microarray permits comparison of expression profiles
obtained from multiple conditions. Thirdly, microarray
measures changes in individual genes in the context of how
the expression of other members of the gene family, their
receptors, ligands, or transcriptional activators are altered.
This allows a more comprehensive understanding of host
responses to bacterial infection by identifying patterns of
gene expression that would be evident from studying each
gene in isolation. Our hierarchical analysis of microarray
data showed that the expression profiles of Pg-II and the
control, Pg-I and An appear very similar. In contrast to Pg-
I, the biological classification indicated that Pg-II is not
a potent inducer of genes related to cell signaling,
extracellular communication proteins, cell receptors, and
cell adhesion proteins. These results demonstrate that
compared with Pg-I, Pg-II induces a low host response as
measured by its weak induction of gene expression. This
may allow Pg-II to evade innate host response, resulting
in colonization and development of periodontitis.
Microarray analysis of infected cells has helped to reveal
the mechanisms by which the host responds to
periodontopathic bacteria and some of the mechanisms by
which this pathogen attempts to subvert host responses.
A more comprehensive examination of the transcriptional
responses of P.g. and their host will help to define conserved
and specific strategies used by both.
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