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Fimbriae, lipopolysaccharide (LPS), and extracellular polymeric substance (EPS) all contribute to biofilm
formation by the periodontopathogen Aggregatibacter actinomycetemcomitans. To understand how individual
biofilm determinants respond to changing environmental conditions, the transcription of genes responsible for
fimbria, LPS, and EPS production, as well as the translation of these components, was determined in rough
(Rv) and isogenic smooth (Sv) variants of A. actinomycetemcomitans cultured in half-strength and full-strength
culture medium under anaerobic or aerobic conditions, and in iron-supplemented and iron-chelated medium.
The transcription of tadV (fimbrial assembly), pgaC (extracellular polysaccharide synthesis), and orf8 or rmlB
(lipopolysaccharide synthesis) was measured by real-time PCR. The amounts of fimbriae, LPS, and EPS were
also estimated from stained sodium dodecyl sulfate-polyacrylamide gels and verified by Western blotting and
enzyme-linked immunoadsorbent assay using specific antibodies. Each gene was significantly upregulated in
the Rv compared to in the Sv. The transcription of fimbrial, LPS, and EPS genes in the Rv was increased
approximately twofold in cells cultured in full-strength medium under anaerobic conditions compared to that
in cells cultured under aerobic conditions. Under anaerobic conditions, the transcription of fimbrial and EPS
enzymes was elevated in both Rv and Sv cells cultured in half-strength medium, compared to that in full-
strength medium. Iron chelation also increased the transcription and translation of all biofilm determinants
compared to their expression with iron supplementation, yet the quantity of biofilm was not significantly
changed by any environmental perturbation except iron limitation. Thus, anaerobic conditions, nutrient stress,
and iron limitation each upregulate known biofilm determinants of A. actinomycetemcomitans to contribute to

biofilm formation.

Aggregatibacter (Actinobacillus) actinomycetemcomitans is a
gram-negative, capnophilic bacterium associated with localized
aggressive periodontitis and refractory forms of chronic peri-
odontitis (16-18, 51, 58, 76). A. actinomycetemcomitans is also
associated with several systemic infections, including endocar-
ditis, cardiovascular disease, and abscesses (8, 39, 47, 51, 62,
68). The adhesion of A. actinomycetemcomitans to oral surfaces
is essential for its colonization and persistence within the oral
cavity. Adhesion and subsequent biofilm formation are strate-
gies that A. actinomycetemcomitans has evolved to overcome
the constant pressure provided by clearance mechanisms in the
oral cavity.

Biofilms are adherent bacterial communities that display a
distinctive physiological state that protects bacteria from hos-
tile environmental conditions, such as attack by the immune
system and antimicrobials (6, 10, 11). Biofilm development is a
complex process initiated by cell adhesion to a surface, fol-
lowed by subsequent cell division and growth and formation of
surface microcolonies. Initial adhesion of A. actinomycetem-
comitans to an abiotic surface is mediated by type IVb-like,
bundle-forming fimbriae encoded by flp-1, part of the flp
operon (also known as the tight adherence [tad] locus) (13,
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22-24, 28, 29, 36, 43, 49, 53, 56). In addition to fimbriae,
nonproteinaceous, nonfimbrial adhesins also contribute to bio-
film formation by A. actinomycetemcomitans (28). The cells
within the biofilm are encased in a protective extracellular
polymeric substance (EPS) matrix composed of dissolved nu-
trients, secreted enzymes, carbohydrate polymers, and extra-
cellular DNA (28, 32, 38). The primary component of EPS is a
high-molecular-weight hexosamine (N-acetyl-D-glucosamine)
that is structurally and functionally related to Escherichia coli
(poly-N-acetylglucosamine [PGA]) and Staphylococcus epider-
midis (polysaccharide intercellular adhesin [PIA]) (38). It has
been shown that A. actinomycetemcomitans PGA-like polysac-
charide is not essential for the adhesion of cells to a surface but
functions primarily in intercellular aggregation (38). A. actino-
mycetemcomitans strains are classified into six serotypes (a to f)
based on the structurally and immunologically distinct O-poly-
saccharide component of lipopolysaccharide (LPS) (1, 37, 46,
75). A recent study has shown that the serotype a antigen
promotes the adhesion of A. actinomycetemcomitans to abiotic
surfaces (19).

Primary clinical isolates of A. actinomycetemcomitans have a
rough colony phenotype (53, 56). In broth culture, fimbriated,
rough variants (Rv) produce adherent microcolonies with a
clear supernatant that spontaneously converts to a less adher-
ent, smooth variant (Sv) with a cloudy supernatant during the
course of in vitro culture (13, 14, 30). On abiotic surfaces in
vitro, Rv produce a biofilm of scattered, dense microcolonies,
while Sv produce a thinner, more homogenous biofilm without
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TABLE 1. Real-time qPCR primers/probes

TaqMan primers/

Gene probe Sequence Source

tadV tadV-For GCGGCCAAGTTTTTTCTTTTTCTT This study
tadV-Rev GCAATCCGTTTTCTTTAATTGATTTACG
MBG probe CCGGATTGGGACTAATT

pgaC D7R-For TGGTTCAAGCCTTAGAGCAAGATC This study
D7R-Rev CGGTTACGTACACGCGGATTA
MBG probe-Rev CCTGTGGTAGCAGCATAT

orf8 D7R-For AACGTATTAGAAGATTGGTGCCTGTT This study
D7R-Rev CCTCCCATGACCCAATCGAAA
MBG probe-Rev ATGGATACAACCAAAACAAG

rmlB HK1651-For AACGTATTAGAAGATTGGTGCCTGTT This study
HK1651-Rev CCTCCCATGACCCAATCGAAA
MGB probe-For AAACCACGCCTTATTC

16S rRNA gene HK1651-For ACGCGAAGAACCTTACCTACTCT This study
HK1651-Rev CCTAAGGCACAAACCACATCTCT

MGB probe-For

CATCCGAAGAAGAACTC

microcolonies (21, 35). The switch from the rough to smooth
colony phenotype is due, in part, to random point mutations in
the promoter region located upstream of fip-1, the first gene of
the fip operon (66). Restoration of the Rv phenotype is
achieved through introduction of the wild-type flp promoter
from the Rv into the Sv of A. actinomycetemcomitans (67). In
an in vivo study of colonization, the Rv of A. actinomycetem-
comitans was able to persist in the oral cavity of rats much
longer (15) and caused more bone loss than did Sv (57). How-
ever, though the Sv is able to invade oral epithelial cells in vitro
better than the Rv can (45), the phenotype of cells invading
buccal epithelial cells in situ is presently unknown (5, 54).
Thus, the virulence potential of these colony variants in vivo
has not yet been fully determined, warranting the study of both
variants. Furthermore, the Sv of several strains of A. actino-
mycetemcomitans are routinely used in vitro to study immuno-
modulary effects on host cells, toxin expression, LPS, and the
expression of other adhesins in part because of the ease of
enumeration of the Sv planktonic cells. The Sv also provides an
opportunity to study the role of other adhesins and cell com-
ponents without the presence of fimbriae. Thus, by comparing
the expression of fimbriae, EPS, and LPS in the Rv with that in
the Sv, potential coordinate expression of these biofilm deter-
minants may be better observed.

Although A. actinomycetemcomitans is usually isolated from
the subgingival crevice, it can also be isolated from other sites
in the oral cavity. There are a number of microenvironments
within the oral cavity that vary in nutrient availability, iron
level, and oxygen concentration. These environmental condi-
tions may influence the biofilm forming capability of 4. acti-
nomycetemcomitans. Mechanisms to explain how nutrient
availability, iron, and oxygen tension influence the expression
of biofilm determinants have yet to be elucidated. We postu-
late that A. actinomycetemcomitans biofilm determinants are
differentially expressed in response to changes in nutrient
availability, iron, and oxygen tension. Thus, the goal of this
study was to compare the transcription and translation of fim-
brial, LPS, and EPS genes in the Rv and Sv of A. actinomyce-
temcomitans strains grown under different growth conditions
and to determine these effects on biofilm formation.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The A. actinomycetemcomitans
strains D7 (obtained from Casey Chen, University of Southern California) and
HK1651 (ATCC 700685) were isolated as Rv from the subgingival plaque of
patients with aggressive periodontitis. The spontaneous isogenic Sv from each
strain was obtained by repeated broth passage from the Rv until the cells
produced a turbid suspension showing the absence of cells tightly adherent to the
culture vessel wall. Strains were cultured at 37°C in an anaerobic chamber
(<0.2% O,, 5% CO,, 10% H,, 85% N,) or in aerobic (microaerophilic, <21%
0,) conditions in a candle jar in Bacto tryptic soy broth supplemented with 0.6%
(wt/vol) yeast extract (Becton, Dickinson and Co.) and 0.04% NaHCO, (TSBY;
full-strength [1X]), with 1.5% Bacto agar added as needed. TSBY was diluted 1:2
with distilled water to prepare half-strength (0.5X) medium. Iron chelation was
achieved through the addition of 2,2'-dipyridyl (Sigma) to TSBY to a final
concentration of 300 uM, while iron supplementation was achieved through the
addition of FeCl; to 300 wM in TSBY just prior to use. Bacteria were also
cultured in brain heart infusion (BHI) broth (Becton, Dickinson and Co.) with
iron chelator or iron supplement added as described above for biofilm experi-
ments. To ensure maintenance of phenotypes, each strain of A. actinomycetem-
comitans was cultured weekly from frozen stocks onto TSBY agar prior to use.

RNA isolation and analysis. Total RNA was prepared by a modification of the
sodium dodecyl sulfate (SDS) lysis/CsCl cushion procedure, as previously de-
scribed (22). RNA was quantified spectrophotometrically at 4,4, and A,g, using
a NanoDrop spectrophotometer and the quality evaluated on agarose formal-
dehyde gels.

Synthesis of cDNA and real-time PCR. Total RNA (5 pg) was pretreated with
Turbo DNase (Ambion) according to the manufacturer’s protocol to remove any
contaminating DNA. RNA was quantified using the Quanti-iT RNA assay kit
(Molecular Probes); fluorescence was measured using an FLX-800 microplate
fluorescence reader (Bio-Tek Instruments, Inc.). A 2-pg aliquot of DNase-
treated RNA was used as the template to synthesize first-strand cDNA per the
manufacturer’s protocol (Invitrogen). A negative control lacking reverse trans-
criptase was included for each RNA template.

Two-step real-time quantitative PCR (RT-qPCR) was performed to quantify
gene transcription. PrimerExpress software (version 2.0; Applied Biosystems)
was used to design primers and 6-carboxyfluorescein dye-labeled TagMan minor
groove binder probes. The primers and probes used for RT-qPCR (Applied
Biosystems) are listed in Table 1. Reactions were carried out according to the
manufacturer’s instructions. All reactions were run in triplicate and repeated
from three independent biological replicates. Controls included (i) amplification
with a primer/probe set for 16S rRNA, (ii) amplification with a reaction mixture
without a template, and (iii) amplification without reverse transcriptase. ROX
was used as an internal (passive) reference dye to normalize the signal of the
reporter. Reaction plates were processed on an Applied Biosystems 7500 real-
time PCR system, using the default thermal cycling conditions as follows: hot-
start AmpliTaq Gold polymerase was activated at 95°C for 10 min and was
followed by 40 cycles of denaturation for 15 s at 95°C and annealing and exten-
sion for 60 s at 60°C. Amplification data were analyzed using ABI Prism SDS 2.1
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software (Applied Biosystems). Relative quantification of gene expression was
performed by the threshold cycle (AAC;) method, with 16S rRNA expression
serving as an endogenous control to normalize target expression within each
sample (70). By comparing the values at the threshold cycle, the expression of a
given gene under one growth condition relative to that under another growth
condition could be determined. Statistical significance was determined by Stu-
dent’s paired ¢ test.

Preparation of fimbriae. Whole-cell lysates of A. actinomycetemcomitans were
used as the source of fimbriae for analysis by SDS-polyacrylamide gel electro-
phoresis (PAGE). These lysates were prepared by a modification of the method
of Hitchcock and Brown (27). Bacterial cells grown in full- and half-strength
TSBY at 37°C for 21 h, either anaerobically or in a candle jar, were harvested by
centrifugation, washed once with cold phosphate-buffered saline (PBS; pH 7.2),
resuspended in an equal volume of PBS, and standardized to an optical density
at 600 nm (ODyg) of 0.5 in 1 ml. The bacteria were solubilized by adding 0.5 ml
of concentrated digestion buffer (0.1875 M Tris hydrochloride [pH 6.8], 6% SDS,
30% glycerol) followed by heating at 100°C for 5 min. Lysates were analyzed by
SDS-PAGE followed by silver staining (44) and Western blotting probed with
anti-D7R-flp1 peptide antibody.

Isolation of EPS. EPS is composed primarily of extracellular polysaccharide.
Isolation of extracellular polysaccharide was performed as described previously
with minor modifications (38). Bacterial cells grown in full- and half-strength
TSBY at 37°C for 21 h, either anaerobically or in a candle jar, were harvested by
centrifugation, washed twice with PBS, and standardized to an ODgq, of 0.5 in 1
ml. Cells were harvested by centrifugation, resuspended in 0.5 ml of 50 mM
sodium acetate buffer (pH 5.8)-100 mM NaCl, and then transferred to a 1.5-ml
microcentrifuge tube. An equal volume of 10 mM Tris-HCl (pH 8.0)-5 mM
EDTA-0.5% SDS was added, and the tube was vortexed briefly and incubated at
100°C for 5 min. After centrifugation, the pellet containing the crude exopo-
lysaccharide was resuspended in 0.5 ml of 25 mM Tris-HCI (pH 8.0)-5 mM
B-mercaptoethanol-0.5% SDS and 0.5 ml of 2X SDS-PAGE sample buffer and
incubated at 100°C for 10 min. EPS samples (20 ul) were separated by SDS-
PAGE on a 12% gel consisting of an extra-long (10 mm) stacking gel and a
35-mm-long resolving gel. Silver staining, Western blotting, and enzyme-linked
immunoadsorbent assay (ELISA) were used to determine the relative EPS ex-
pression levels. To optimize the EPS antibody dilution, a dot assay was per-
formed by applying 15 pl of isolated EPS from D7 Rv and Sv with Staphylococcus
aureus ATCC 83205 EPS and E. coli LE392 EPS as positive controls to Immo-
bilon-P polyvinylidene difluoride membranes (Millipore) and probed with anti-
CifA antibody following the Western blotting protocol.

Preparation of LPS. LPS was extracted using the hot aqueous phenol method
as previously described (37, 69). Bacterial cells grown in full- and half-strength
TSBY broth at 37°C for 21 h, either anaerobically or in a candle jar, were
harvested by centrifugation, washed twice with PBS, resuspended in an equal
volume of PBS, and standardized to an ODy, of 0.5 in 1 ml and processed
according to the protocol. LPS samples (25 wl each) were separated by SDS-
PAGE on a 14% gel. LPS was detected by silver staining as described by
Hitchcock and Brown (27) and Western blotting probed with serotype-specific
antibody.

Polyclonal antiserum against D7R-Flp1 peptide. A synthetic peptide (CFND
LTSTISSASVKK) derived from the last 16 amino acids of the Flp-1 fimbrial
protein of strain D7 Rv was conjugated to keyhole limpet hemocyanin as previ-
ously described (40, 49) and used to immunize rabbits to obtain polyclonal
antisera to the D7R-Flp1 peptide (Sigma-Genosys, TX).

Western blot analysis. Samples separated by SDS-PAGE were transferred to
Immobilon-P polyvinylidene difluoride membranes (Millipore). Membranes
were blocked overnight with 3% bovine serum albumin in Tris-buffered saline
containing 0.05% Tween 20 (TBST), washed three times with TBST, and incu-
bated with primary antibody (strain-specific antibody to A. actinomycetemcomi-
tans fimbriae, as follows: rabbit anti-D7R-Flpl, or rabbit anti-RcpB; goat anti-
CifA raised to the deacetylated form of poly-N-acetyl-glucosamine conjugated to
S. aureus clumping factor A for EPS of A. actinomycetemcomitans [provided by
Gerald B. Pier, Channing Laboratory, Department of Medicine, Brigham and
Women’s Hospital]; rabbit anti-75 [serotype a-specific antibody] against whole
cells of A. actinomycetemcomitans strain SUNYaB 75 [obtained from J. Zambon,
University at Buffalo, State University of New York]; or rabbit anti-Y4 [serotype
b-specific antibody] against whole cells of 4. actinomycetemcomitans strain Y4
[provided by J. Zambon]) appropriately diluted in blocking buffer. After washing
with TBST, membranes were incubated with secondary antibody [goat anti-
rabbit immunoglobulin G (IgG) alkaline phosphatase-conjugated antibody (Bio-
Rad) for fimbriae and LPS, or rabbit anti-goat IgG F(ab"), alkaline phosphatase-
conjugated antibody (Chemicon) for EPS] diluted 1:1,000 in blocking buffer.
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Antibodies bound to target antigens were detected and visualized by applying the
Sigma Fast BCIP/NBT alkaline phosphatase substrate (Sigma).

ELISA. ELISA was performed as previously described by Kaplan et al. (37),
with several modifications. All steps were carried out at room temperature. The
wells of a flat-bottom, uncoated polystyrene Nunc-Immuno microtiter plate were
coated overnight with 50 pl of purified fimbriae, EPS, or LPS (in triplicate),
washed three times with distilled water, and blocked for 30 min with blocking
buffer (PBS containing 0.05% Tween 20, 1 mM EDTA, and 1% bovine serum
albumin). The wells were washed two times with distilled water prior to the
addition of primary antibody (rabbit anti-D7R-Flp1 for fimbriae, goat anti-CifA
goat antibody for EPS, rabbit anti-75 [serotype a-specific] or anti-Y4 [serotype
b-specific] antibody for LPS) diluted 1:500 in blocking buffer. After a 2-h incu-
bation, the wells were washed two times with PBS containing 0.05% Tween 20
(PBS-Tween), blocked for an additional 10 min in blocking buffer, and washed
again with PBS-Tween. Then secondary antibody [goat anti-rabbit IgG alkaline
phosphatase-conjugated antibody (Bio-Rad) for fimbriae and LPS, or rabbit
anti-goat IgG F(ab"), alkaline phosphatase-conjugated antibody (Chemicon) for
EPS] diluted 1:1,000 in blocking buffer was added to each well, and the plate was
incubated an additional 2 h. The wells were washed two times with PBS-Tween,
blocked for an additional 10 min, and washed again with PBS-Tween. To develop
color, substrate solution of p-nitrophenyl phosphate (in 10% diethanolamine-
0.05 mM MgCl, [pH 9.8]) was added to each well, and the plate was incubated
for 45 min. The end product was measured at 405 nm in a Beckman model AD
340 microplate reader. Statistical significance was determined by Student’s
paired ¢ test.

Microtiter plate biofilm assay. Biofilm growth and quantification was deter-
mined using a modification of a standard microtiter plate biofilm assay, as
described previously (21). Briefly, frozen stock cultures were plated onto TSBY
agar and incubated in a candle jar for 72 h at 37°C. For iron studies, one to five
isolated colonies were transferred to BHI broth and grown overnight anaerobi-
cally. Cultures were standardized to an ODg, of 0.050 in BHI prior to medium
exchange; cells were harvested by centrifugation and resuspended in BHI, BHI
with FeCl,, or BHI with 2,2'-dipyridyl and applied to 96-well, flat-bottom, un-
treated polystyrene microtiter plates (Nalge Nunc International). The plates
were then incubated anaerobically for 21 h. For medium and oxygen tension
experiments, cultures were standardized to an ODyg, of 0.050 in 1X TSBY, and
cells were harvested by centrifugation and resuspended in either 1X or 0.5X
TSBY prior to application to microtiter plates. The plates were covered with
sealing tape and incubated for 21 h, either anaerobically or in a candle jar, at
37°C. Growth was monitored at ODsos using a microplate reader (Beckman
Coulter AD340). Culture supernatants were decanted and unbound bacteria
removed by washing with PBS [pH 7.2]. Biofilm cells were fixed with methanol
and air dried prior to staining with 0.1% crystal violet (Sigma) for 5 min. Dye was
decanted and wells were washed with distilled water until negative control wells
were clear. After air-drying the plates, ethanol was used to solubilize the crystal
violet. Plates were mixed briefly, and the absorbance of the dye was quantified at
595 nm using a microplate reader. Each sample was tested in three biological
replicates with six replicates per assay. One-way analysis of variance was used to
determine the statistical significance of growth and biofilm data. The Mann-
Whitney test was used for analysis of biofilm/growth ratios.

RESULTS

Correlation of biofilm determinant transcription with col-
ony phenotype. The Rv and Sv of A. actinomycetemcomitans
strains D7 and HK1651 cultured in full-strength TSBY under
anaerobic conditions at 37°C were analyzed by RT-qPCR to
assess the differential expression of biofilm determinant genes
for fimbriae, EPS, and LPS. The 14-gene flp operon (flp-1 to
tadG) encoding genes involved in the synthesis, assembly, and
export of the flp fimbriae of A. actinomycetemcomitans is ex-
pressed as a polycistronic message encoding at least the first
seven genes (flp-1 to tadZ) (22). The first two genes of the
operon are flp-1, encoding the major fimbrial protein subunit
Flp-1, and flp-2, encoding a homolog of Flp-1 (16, 35, 36). To
examine fimbrial expression, the third gene in the fip operon,
tadV, encoding a prepilin peptidase necessary for fimbrial sub-
unit assembly (61, 66), contained the optimal sequence for the
design of a TagMan probe/primer set. The polycistronic tran-
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scription of this gene cluster enabled tadl transcription to be
used as an unambiguous surrogate for fip-1 transcription. By
RT-qPCR, the transcription of tadl’ from the Rv of strains D7
and HK1651 was greater by ~1,500- and 500-fold, respectively,
compared to that from their isogenic Sv (P < 0.01).

Polysaccharides such as PIA or PGA polymers containing
N-acetyl-pD-glucosamine (GlcNAc) residues with B-(1,6) link-
age (33, 65) are a major part of the bacterial biofilm EPS
matrix. PIA is produced by gram-positive bacteria, such as
Staphylococcus aureus (31). Similarly, PGA is produced by
various gram-negative bacteria, including E. coli, Pseudomonas
fluorescens, and Yersinia pestis (31). A cluster of four genes
(pgaABCD) involved in the production of exopolysaccharide in
A. actinomycetemcomitans is homologous to E. coli pgaABCD
(38). The pgaC gene is thought to be a glycosyltransferase gene
based on its similarity to icad of S. epidermidis (38). The
expression of pgaC was chosen as a measure of EPS levels in A4.
actinomycetemcomitans. Transcriptional analysis using RT-
qPCR showed that pgaC expression was significantly upregu-
lated (~13-fold) in the Rv compared to levels in the Sv for
both the D7 and HK1651 strains (P < 0.01).

LPS (endotoxin) is composed of a lipid moiety (lipid A) and
an O-polysaccharide chain, which serves as the basis for the A.
actinomycetemcomitans serotyping system (2, 20, 37, 41, 50, 55,
77). LPS is encoded by different genes, depending on the
serotype (37, 59). A 14-gene cluster consisting of the genes orf]
to orf14 encodes the LPS of the serotype a strains, such as D7
(59). Transcriptional analysis of LPS expression by D7 was
analyzed by RT-qPCR of the orf8 gene of the LPS cluster,
which encodes an enzyme that acetylates lipopolysaccharide
(59). Similarly, LPS from the serotype b strain HK1651 is
produced by the rmIBADC gene cluster that encodes four
enzymes responsible for the four-step biosynthesis of dTDP-L-
rhamnose from glucose-1-phosphate (37). To examine the ex-
pression of LPS by HK1651, a real-time probe was designed to
rmlIB that encodes glucose-1-phosphate thymidyl-transferase.
Transcription of the orf8 gene in strain D7 was significantly
increased ~15-fold in the Rv compared to that in the Sv (P <
0.01). Likewise, transcription of the rmIB gene in strain
HK1651 was significantly upregulated ~13-fold in the Rv com-
pared to that in the Sv (P < 0.01).

Since the transcriptional expression levels of the biofilm
determinant genes were similar for strains D7 and HK1651,
comparison of translational products (fimbriae, EPS and LPS)
was determined from the Rv and Sv from strain D7 only. Due
to the inherent imprecision of the translational assays requir-
ing staining, only relative quantification of expressed molecules
could be demonstrated. Fimbrial preparations were standard-
ized for protein content using the bicinchoninic acid assay,
while EPS and LPS preparations were prepared from cultures
standardized to an ODg, of 0.5 prior to extraction. As shown
in Fig. 1, silver-stained SDS-PAGE gels, Western blots, and
ELISA results (P < 0.05) showed considerably more fimbriae
(panel I) and EPS (panel II) produced by the Rv than by the
Sv, confirming the transcriptional analysis data. The lower dif-
ferential fimbrial expression by the Rv and Sv as determined by
ELISA is likely due to the presence of cross-reacting antibod-
ies in the polyclonal antiserum reacting with other proteins in
the enriched, but not purified, fimbrial preparation. Based on
silver staining alone, there was minimal difference in LPS ex-
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pression between the Rv and Sv (data not shown). The anti-
bodies used for LPS detection were to whole cells and were
cross-reactive between serotypes. Adsorption of sera with
whole cells of other serotypes to make serotype-specific sera
depleted the LPS reactivity to nondetectable levels, both in
Western blot analysis and in ELISA.

Effect of oxygen tension on biofilm determinant expression.
The Rv of strain D7 was grown in full-strength TSBY at 37°C
under either aerobic (microaerophilic) or anaerobic condi-
tions. Transcriptional analysis by RT-qPCR was performed
using probes specific for fimbriae, EPS, and LPS, as described
above. Transcription of tadl from the Rv strain was signifi-
cantly increased (~2-fold) in anaerobically grown cells com-
pared to aerobically grown cells (P < 0.05). However, no sig-
nificant difference was seen in the amount of fimbriae
expressed in cell lysates from cells grown anaerobically versus
aerobically examined by stained SDS-PAGE gels or in Western
blot analysis or ELISA (P > 0.05) using anti-D7R-flp1 peptide
antibody (Fig. 2, panel I).

Although A. actinomycetemcomitans is known to produce
EPS, little is known about the environmental conditions that
control the expression of these polysaccharides. Transcrip-
tional analysis indicated that EPS enzyme expression was
slightly increased (~2-fold) in cells grown under anaerobic
conditions compared to those grown aerobically. Silver-stained
SDS-PAGE gels, Western blot analysis, and ELISA (P > 0.05)
using goat anti-CifA antibody prepared against poly-N-acetyl-
glucosamine of S. aureus showed no significant difference in
production of EPS between cells grown anaerobically and
those grown aerobically from strain D7 (Fig. 2, panel II).

Expression of LPS-related enzyme transcripts under anaer-
obic conditions also increased (~2.8-fold) compared to aero-
bically grown A. actinomycetemcomitans strain D7, although
this difference was not statistically significant. Also, no clear
difference in LPS expression by the Rv was evident when cells
were grown under anaerobic and aerobic conditions (data not
shown).

Comparison of biofilm determinant expression under nutri-
ent stress. Previously, it was observed that slightly more biofilm
was formed by planktonic Sv strains under nutrient stress con-
ditions (in diluted culture medium) than by cells cultured in
undiluted growth medium (21). Nutrient limitation appears to
provoke biofilm formation by forcing planktonic bacteria into
sessile growth (6, 43, 74). In order to analyze the effect of
nutrient stress on the production of biofilm determinants by
the Rv and Sv of strain D7, the expression of biofilm determi-
nant genes by cells cultured anaerobically at 37°C in 1X and
0.5X TSBY was examined. All three biofilm determinant genes
(fimbrial, EPS, and LPS) were upregulated in cells grown in
0.5X medium compared to when observed in cells grown in 1X
medium. In 0.5X medium, significant increases in transcription
were measured in tadlV in the Sv (~2.9-fold) and in the EPS
enzyme in both the Rv (~3.5-fold) and Sv (~2.6-fold) strains
(P < 0.05), whereas increased fimbrial transcription (1.2-fold)
by the Rv and LPS transcription by both the Rv (1.6-fold) and
Sv (1.2-fold) were not statistically significant.

Differential expression of fimbriae (Fig. 3, panel I) or LPS
(data not shown) between cells cultured anaerobically at 37°C in
1X and 0.5X TSBY was not obvious. Since the Sv normally
produces few if any fimbriae, it is not surprising that a 2.9-fold
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FIG. 1. Phenotype comparison. (I) Fimbrial expression. Standardized fimbrial preparations from the Rv (D7R) and the Sv (D7S) of strain D7
grown anaerobically in 1X TSBY and separated by SDS-PAGE on 14% gels. A, silver stain; B, Western blot probed with anti-D7R-flp1 peptide
antibody; and C, ELISA with anti-D7R-flp1 peptide antibody. (II) EPS expression. Standardized EPS preparations from the Rv and Sv of strain
D7 grown anaerobically in 1X TSBY and separated by SDS-PAGE on 12.5% gels. A, silver stain; B, Western blot probed with anti-CifA antibody;

and C, ELISA with anti-CifA antibody.

increase in transcription does not result in any noticeable increase
in fimbria production. An increase in EPS production (Fig. 3,
panel II) by D7 Ry cells, especially, grown in 0.5X medium was
clearly evident using silver-stained SDS-PAGE gels and Western
blots. The antibody to Staphylococcus PIA (anti-CifA) produced a
stronger reaction with EPS isolated from A. actinomycetemcomi-
tans than with the S. aureus strain used as a positive control (Fig.
3, panel IIC). Based on these data, an increase in transcription of

at least 3.5-fold was required before an increase of biofilm deter-
minant expression was evident at the translational level using
silver-stained gels, Western blots, and ELISA.

Effect of iron on biofilm determinant expression. The effect
of different iron concentrations on the expression of biofilm
determinant genes of the A. actinomycetemcomitans strain
HK1651 Rv was determined. Transcription of the fimbrial
(tadV), EPS (pgaC), and LPS (rmIB) genes was significantly
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FIG. 2. Effect of atmosphere conditions on fimbrial and EPS expression. (I) Fimbrial expression. Standardized fimbrial preparations from the
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stain; B, Western blot probed with anti-D7R-flpl peptide antibody; and C, ELISA with anti-D7R-flpl peptide antibody. (II) EPS expression.
Standardized EPS preparations from the Rv and Sv of strain D7 grown in 1X TSBY, either anaerobically or aerobically, and separated by
SDS-PAGE on 12.5% gels. A, silver stain; B, Western blot probed with anti-CifA antibody; and C, ELISA with anti-CifA antibody.

upregulated 4.4-, 8.9-, and 8.2-fold, respectively (P < 0.05),
under iron-chelated conditions compared to under iron-sup-
plemented conditions. These results were confirmed at the
translational level, as shown in Fig. 4. The rcpB (rough colony
protein B) gene encoding a secretin is part of the flp fimbrial
operon polycistronic message. The expression of RcpB, as an-
other flp-1 fimbrial surrogate, was elevated under iron-che-
lated conditions compared to under normal or iron-supple-
mented growth conditions (Fig. 4A). Flp-1 was not used as a
target in these translational studies due to lack of reproducible
expression in this strain. EPS expression was also higher in
bacteria grown under iron-chelated condition than in bacteria
grown under iron-supplemented conditions (Fig. 4B).

Effect of environmental perturbation on in vitro biofilm
formation. While there was no significant difference in growth of
D7 Rv (1X or 0.5X) or Sv (0.5X) whether grown under aerobic
(microaerophilic) or anaerobic conditions (Fig. SA), there was
significantly more biofilm (Fig. 5B) for all variants grown under
aerobic (microaerophilic) conditions regardless of nutrient con-
centration (P < 0.05). Yet when biofilm was standardized to
growth, no significant difference between microaerophilic and
anaerobic conditions was observed for any variant (Fig. 5C). Sim-
ilarly, when growth was compared in 1X and 0.5X media, all
variants grew better (P < 0.05) and produced more biofilm (P <
0.05) in 1X medium regardless of oxygen tension (Fig. SA and B).
When the biofilm was standardized to growth (Fig. 5C), only D7
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Sv under anaerobic conditions produced significantly more bio-
film in 1X medium than in 0.5X medium (P < 0.001). Thus,
although generally more biofilm is formed in richer medium and
under aerobic (microaerophilic) conditions, once biofilm was
standardized to growth, generally there was no significant differ-
ence in the quantities of biofilm formed.

As expected, both Rv and Sv of both strains grew significantly
slower (P < 0.05) under iron-chelated conditions than under
iron-supplemented conditions (Fig. 6A). However, the quantity of
biofilm in iron-chelated and iron-supplemented media varied by
variant and strain. D7 Rv produced significantly less and D7 Sv
produced significantly more biofilm (P < 0.001) under iron-che-
lated conditions than they did under iron-supplemented condi-

tions. In contrast, no significant differences were observed for
either the Rv or Sv of HK1651 (Fig. 6B). Comparing biofilm
formations by phenotype under iron-chelated conditions, D7 Rv
and Sv were not significantly different in quantity, whereas
HK1651 Rv produced significantly more biofilm than did the Sv
(P < 0.001). These results reflect strain differences in broth phe-
notype; the supernatants of the Sv’s of D7 and HK1651 were
uniformly turbid; however, D7 produced more slime on the sur-
face of the culture vessel than did HK1651, resulting in a biofilm
quantity comparable to that of the Rv. Interestingly, when biofilm
was normalized to growth, the Rv of both the D7 and HK1651
strains under iron-chelated conditions produced significantly
more biofilm (P < 0.001) than did those under iron-supple-
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mented conditions. Also, significantly more biofilm was produced
under iron-chelated conditions by the Sv of D7 (P < 0.005), but
not by the Sv of HK1651 (Fig. 6C).

DISCUSSION

In vitro, the Rv strains of A. actinomycetemcomitans grow in
broth culture as biofilms with few planktonic cells. In contrast, Sv
strains produce a thin, minimally adherent slime on the vessel
wall, with most cells growing planktonically. This is the first study
to assess the relative contributions of fimbriae, EPS, and LPS
from each phenotype to the formation of biofilm under various
environmental conditions at the transcriptional and translational
levels. The Rv strains expressed significantly higher levels of each
of the selected biofilm determinants than did the Sv strains when

strains were grown in rich medium (full-strength TSBY) under an
anaerobic atmosphere. The most dramatic difference observed
was the greater expression of fimbriae in Rv than that in Sv
strains. This is consistent with the findings of previous studies
employing other methods of analysis (22, 36, 53).

EPS was also significantly increased in Rv, compared to in Sv
strains, at the transcriptional and translational levels. These
data support previous results showing greater extracellular
polysaccharide production by Rv strains than that by Sv strains
(21). This phenomenon has been observed for other bacteria,
such as Vibrio cholerae O1 strain TSI-4, which produces more
EPS material on the surface of the rugose variant than it does
on the surface of the Sv (64). Although EPS apparently does
not play a major role in surface adhesion by 4. actinomycetem-
comitans, it does function in intercellular aggregation or mi-
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crocolony formation, a predominant feature of the Rv strains
(38). The higher levels of EPS expressed by the Rv of A.
actinomycetemcomitans likely contribute to greater resistance
to antibiotics and macrophage killing of Rv strains, compared
to Sv strains (21, 63).

LPS is the major integral component of the bacterial outer
membrane and consists of three components: O-antigen poly-
saccharide, core oligosaccharide, and lipid A. Although the
lipid A portion of LPS is known to produce many biological
effects, recent studies show that the O antigen may play an
important role in colonization of host tissues and drug resis-
tance (3, 4, 25, 48, 60). However, it is not clear if LPS plays a
role in biofilm formation by A. actinomycetemcomitans. There-
fore, we assessed the association of LPS with biofilm formation
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supplement (Fe™), and BHI with iron chelation (Fe™). Growth (A),
biofilm (B), and biofilm/growth ratio (C). Biofilm assay was performed
in triplicate. *, significance (P < 0.001).

by evaluating the expression of LPS synthetic enzyme gene
transcript levels in the Rv and Sv of two different serotypes, as
well as under different environmental conditions. Though the
transcription of LPS was significantly increased in the Rv com-
pared to that in the Sv, differences in expression could not be
demonstrated using the methods employed. LPS has been re-
cently suggested to be involved in biofilm formation as sero-
type a strain-specific polysaccharide antigen shown to promote
the adhesion of A. actinomycetemcomitans cells to surfaces (19).

It is known that differential expression of components such
as fimbriae and other adhesins can be influenced by environ-
mental factors such as pH, NaCl, temperature, and oxygen or
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iron concentration (12, 21, 24, 26, 52, 56). Here, we character-
ized the effect of atmosphere and nutrient limitation on the
expression of biofilm determinants of A. actinomycetemcomi-
tans. Anaerobiosis has been shown to modulate the levels of
fimbriae and other surface proteins of A. actinomycetemcomi-
tans (56). It has been proposed that the exposure of A. actino-
mycetemcomitans to intermittent aerobic conditions (due to
production of oxygen by neutrophils and phagocytes in the oral
environment) might affect the expression of colonization de-
terminants and, ultimately, the invasion of host cells (42, 72).
Interestingly, the present study found all three selected biofilm
determinant genes to be transcribed at a higher level in anaer-
obically grown cells than in aerobically grown cells. However,
the increase in the expression of fimbriae under anaerobic
conditions was not evident when we attempted to quantitate
fimbrial preparations from broth-grown organisms applied to
SDS-PAGE and Western blotting. This finding was contrary to
previous direct observations of agar-grown organisms by elec-
tron microscopy (56). It may be that organisms grown in broth
under nonagitation conditions are able to promote the anaer-
obiosis of the microaerophilic cultures, obviating any potential
difference in fimbrial expression. Other investigators found
that anaerobic conditions induced the expression of PIA in S.
aureus and S. epidermidis (7). The present study also found that
anaerobic conditions appeared to increase the expression of
EPS at the transcriptional level, although this difference was
not statistically significant. We were not able to observe a clear
difference between expression of EPS under anaerobic condi-
tions and that under aerobic conditions.

When biofilm determinant expression levels in A. actinomy-
cetemcomitans in 0.5X and 1X media were compared, the
differential expression of EPS was the most significant finding.
It has been reported that growth of certain V. cholera strains in
nutrient-limited medium resulted in significant EPS expression
and a change in colony morphology from normal translucent
variant to rugose variant (64). Wrangstadh et al. have also
shown that nutrient limitation induced the expression and re-
lease of EPS in Pseudomonas sp. strain S9, resulting in distinct
effects on the adhesion and aggregation of the bacterial cells
(71). No similar change in colony phenotype was observed for
A. actinomycetemcomitans. However, consistent with other
bacteria, A. actinomycetemcomitans expressed higher levels of
EPS in 0.5X medium. These results suggest that nutrient stress
signals greater EPS production.

In this study, we demonstrated that iron-restricted condi-
tions upregulated biofilm determinants in A. actinomycetem-
comitans. The induction of colonization factors such as fim-
briae, EPS, and LPS under iron restriction resembles the
environment of an oral cavity prior to infection. Since clinical
isolates usually have a rough phenotype, the finding that iron
chelation appeared to affect biofilm formation by the Rv more
than that by the Sv suggests that iron limitation may be an
important factor regulating colonization in vivo. The induction
of biofilm formation in low-iron growth conditions has been
observed for other bacteria, including S. aureus (34), S. epider-
midis (9), and P. aeruginosa PAO1 (73).

Taken together, these data demonstrate that environmental
factors influence the expression of certain biofilm determinant
genes in A. actinomycetemcomitans. Of the conditions tested
here, only iron limitation significantly influenced biofilm quan-
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tity when normalized to growth. Given the important medical
consequences of biofilm formation, understanding the behav-
ior of periodontopathic bacteria under different environmental
conditions may be important for the development of effective
therapies that target these biofilm determinants. It is possible
that mechanisms that regulate the expression of these biofilm
determinant genes occur at the transcriptional or posttran-
scriptional levels. Studies are under way to uncover the possi-
ble regulatory mechanisms that govern biofilm formation in A4.
actinomycetemcomitans.
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