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Abstract
Clinical isolates of the periodontopathogen Aggregatibacter actinomycetemcomitans form matrix-
encased biofilms on abiotic surfaces in vitro. A major component of the A.
actinomycetemcomitans biofilm matrix is PGA, a hexosamine-containing polysaccharide that
mediates intercellular adhesion. In this report we describe studies on the purification, structure,
genetics and function of A. actinomycetemcomitans PGA. We found that PGA was very tightly
attached to A. actinomycetemcomitans biofilm cells and could be efficiently separated from the cells
only by phenol extraction. A. actinomycetemcomitans PGA copurified with LPS on a gel filtration
column. 1H-NMR spectra of purified A. actinomycetemcomitans PGA were consistent with a
structure containing a linear chain of N-acetyl-D-glucosamine residues in β(1,6) linkage. Genetic
analyses indicated that all four genes of the pgaABCD locus were required for PGA production in
A. actinomycetemcomitans. PGA mutant strains still formed biofilms in vitro. Unlike wild-type
biofilms, however, PGA mutant biofilms were sensitive to detachment by DNase I and proteinase
K. Treatment of A. actinomycetemcomitans biofilms with the PGA-hydrolyzing enzyme dispersin B
made them 3 log units more sensitive to killing by the cationic detergent cetylpyridinium chloride.
Our findings suggest that PGA, extracellular DNA and proteinaceous adhesins all contribute to the
structural integrity of the A. actinomycetemcomitans biofilm matrix.
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1. Introduction
Aggregatibacter actinomycetemcomitans (formerly Actinobacillus actinomycetemcomitans) is
a member of the Pasteurellaceae, a family of Gram-negative bacteria that includes many
important human and animal pathogens. A. actinomycetemcomitans colonizes the human oral
cavity and causes periodontitis and nonoral infections including endocarditis [1]. Clinical
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isolates of A. actinomycetemcomitans are known for their ability to form extremely tenacious
biofilms on abiotic surfaces in vitro [2,3]. Mutants that fail to form biofilms in vitro are unable
to colonize the oral cavity of the rat or cause bone loss in a rat model of periodontitis [4,5].
These findings suggest that biofilm formation is an important virulence factor in A.
actinomycetemcomitans.

Tenacious biofilm formation by A. actinomycetemcomitans requires the production of
adhesive, bundled, type IV pili (known as Flp-pili) that form on the surface of the cell [3,6,
7]. Mutants that lack Flp-pili are deficient in surface attachment, autoaggregation, biofilm
formation and colonization of the rat oral cavity [3,5–7]. However, Flp-pili mutants still form
weak biofilms on abiotic surfaces in vitro [6]. These findings indicate that additional adhesins
mediate cohesion in A. actinomycetemcomitans biofilm colonies. Interestingly, biofilms
produced by a Flp-pili mutant strain were sensitive to detachment by DNase I [6], which
suggests that extracellular DNA (eDNA) may function as a biofilm matrix adhesin in A.
actinomycetemcomitans.

Another major component of the A. actinomycetemcomitans biofilm matrix is a hexosamine-
rich polysaccharide that is functionally and genetically related to extracellular polysaccharide
adhesins produced by Staphylococcus aureus, S. epidermidis, Escherichia coli and
Actinobacillus pleuropneumoniae [8]. These polysaccharides, usually referred to as PNAG,
PIA (polysaccharide intercellular adhesin), or PGA, consist of linear chains of N-acetyl-D-
glucosamine (GlcNAc) residues in β(1,6) linkage (hereafter referred to as PGA). Various forms
of PGA appear to differ in their molecular weight, in the degree of N-deacetylation of the
GlcNAc residues, and in the presence of O-succinate substituents [9–12]. PGA has been shown
to play a role in abiotic surface attachment and intercellular adhesion [11–15], protection from
killing by antibiotics, antimicrobial peptides and phagocytes [12,16], and virulence [17]. In A.
actinomycetemcomitans, PGA has been shown to mediate intercellular adhesion and resistance
to killing by the anionic detergent sodium dodecyl sulfate (SDS) [8,18].

The purpose of the present study was to gain better insight into the structure, synthesis and
function of A. actinomycetemcomitans PGA. We purified PGA polysaccharide from a biofilm-
producing clinical strain of A. actinomycetemcomitans and analyzed its chemical structure by
using NMR spectroscopy. We also investigated the genetics of PGA production and the role
of PGA in biofilm cohesion and detergent resistance in A. actinomycetemcomitans. In this
report we present evidence that A. actinomycetemcomitans PGA is a β(1,6)-linked GlcNAc
polymer that mediates intercellular adhesion and detergent resistance in A.
actinomycetemcomitans biofilm colonies.

2. Results
2.1 Purification and structural analysis of A. actinomycetemcomitans PGA

We attempted to extract PGA polysaccharide from biofilms produced by A.
actinomycetemcomitans strain JK1044 by sonication. This method has been successfully used
to extract PGA adhesins from biofilm cells of Staphylococcus epidermidis [10] and
Actinobacillus pleuropneumoniae [12]. Surprisingly, only trace amounts of PGA were
liberated from JK1044 biofilm cells after this treatment. We therefore subjected JK1044
biofilm cells to a hot phenol-water extraction [19], which is a harsher extraction method that
disintegrates the outer membrane of Gram-negative bacteria and is widely used for LPS
extraction. The hexosamine-enriched aqueous phase was further deproteinated and fractionated
on a Sephacryl S-300 column (Fig. 1A). Unlike sonic extracts from S. epidermidis or A.
pleuropneumoniae biofilms (Figs. 1B and 1C, respectively), the high molecular weight fraction
of the A. actinomycetemcomitans phenol extract corresponded to a substance containing both
neutral and aminosugars (Fig. 1A).
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The high molecular fractions from the A. actinomycetemcomitans phenol extract were pooled
and lyophilized. The sample was analyzed by 1D and 2D NMR spectroscopy, DOC-PAGE
and monosaccharide analysis. DOC-PAGE analysis indicated that this preparation contained
LPS (data not shown). Monosaccharide analysis indicated the presence of rhamnose and
glucosamine, consistent with the composition of O-polysaccharide (O-PS) of A.
actinomycetemcomitans serotype e LPS [20], as well as heptose, a monosaccharide typical of
the core oligosaccharides of LPS. Examination of the 1H-NMR spectrum of the water-soluble
fraction indicated the presence of resonances corresponding to H1 and H6 of α-Rha of the O-
PS, and to H1 of α-GlcNAc (Fig. 2). In addition, the H1 of the β-GlcNAc of PGA could be
clearly identified (Fig. 2B, arrow). 2D NMR analysis resulted in 1H and 13C chemical shifts
closely corresponding to the →4)-α-GlcpNAc-(1–3)-α-Rhap-(1→ structure described in the
literature for A. actinomycetemcomitans serotype e O-PS [20] mixed with PGA (data not
shown). The 1H-NMR spectrum of the HCl-soluble fraction closely corresponded to the
spectrum of A. pleuropneumoniae PGA, which is highly characteristic of a β(1, 6)-linked
GlcNAc backbone (Fig. 3). Chemical analyses indicated that the soluble mixture of A.
actinomycetemcomitans PGA and LPS contained 10% N-deacetylated GlcNAc residues. Since
there is no report of N-deacetylated GlcNAc in serotype e O-PS [20], it is likely that these N-
deacetylated GlcNAc residues were from PGA.

2.2 The pgaABCD gene cluster is required for PGA synthesis in A. actinomycetemcomitans
Previous studies showed that all four genes of the pgaABCD gene cluster are required for PGA
production in E. coli [11] and Yersinia pestis [21]. The A. actinomycetemcomitans genome
contains a pgaABCD locus that is homologous, gene-for-gene, to the pgaABCD loci of E.
coli and Y. pestis [8]. To test whether all four pga genes were required for PGA production in
A. actinomycetemcomitans, we isolated and characterized a series of random transposon
mutants that were deficient in PGA production (Fig. 4A). These mutants were isolated by
selecting ones that formed white colonies on Congo red agar [8]. Transposon insertions in all
four pga genes were obtained (Fig. 4A). We also constructed a series of targeted deletion
mutants in the A. actinomycetemcomitans pga locus (Fig. 4B). All of the pga insertion and
deletion mutants were deficient in PGA production as determined by using a Congo red binding
assay (Fig. 5A). Genetic complementation experiments confirmed that all four pga genes were
required for PGA production in A. actinomycetemcomitans (Fig. 5B).

2.3 PGA, Flp-pili and eDNA mediate cohesion in A. actinomycetemcomitans biofilms
To investigate the role of PGA, Flp-pili and eDNA in A. actinomycetemcomitans biofilm
cohesion, we treated wild-type, PGA mutant, and Flp-pili mutant biofilms with various matrix
degrading enzymes (Fig. 6). Wild-type biofilms were resistant to detachment by dispersin B,
a PGA-hydrolyzing enzyme, as well as by proteinase K (Fig. 6A). PGA mutant biofilms, as
well as wild-type biofilms pretreated with dispersin B, were sensitive to detachment by
proteinase K. In addition, biofilms produced by two different Flp-pili mutants were sensitive
to detachment by dispersin B (Fig. 6B). Previous studies showed biofilms produced by a Flp-
pili mutant strain [6], but not by a PGA mutant strain [8], were sensitive to detachment by the
carbohydrate-modifying agent sodium metaperiodate. Also, biofilms produced by a Flp-pili
mutant strain were resistant to detachment by pronase [6]. Taken together, these findings
suggest that PGA and Flp-pili are the major polysaccharide and proteinaceous adhesins in the
A. actinomycetemcomitans biofilm matrix. Wild-type biofilms were resistant to detachment by
DNase I (Fig. 6A), whereas PGA mutant biofilms (Fig. 6A) and Flp-pili mutant biofilms [6]
were sensitive to detachment by DNase I. These findings indicate that eDNA also mediates
cohesion in A. actinomycetemcomitans biofilms.
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2.4 Depolymerization of A. actinomycetemcomitans PGA increases detergent sensitivity
We tested the sensitivity of A. actinomycetemcomitans biofilms to killing by 0.02%
cetylpyridinium chloride (CPC), which corresponds to 10 times the MIC against A.
actinomycetemcomitans planktonic cells, but which is below the concentration required for
biofilm detachment (data not shown). Biofilms grown in tubes were pretreated for 30 min with
phosphate buffer saline (PBS; mock pretreatment) or PBS with 20 μg/mL of dispersin B, and
then treated with 0.02% CPC for 5 min. Biofilms treated with dispersin B or CPC alone
exhibited little or no reduction in the number of CFUs/tube compared to the mock-treated
controls (Fig. 7). Biofilms treated with dispersin B and then CPC, however, exhibited an
approximately 3 log unit decrease in the number of CFUs/tube compared to biofilms treated
with dispersin B or CPC alone.

3. Discussion
Although PGA polysaccharides produced by S. epidermidis and A. pleuropneumoniae were
readily released from biofilm cells by sonication, we found that sonication alone was not
sufficient to release PGA from A. actinomycetemcomitans biofilm cells. These findings suggest
that PGA may be more tightly bound to A. actinomycetemcomitans cells than to cells of other
PGA-producing bacteria. A. actinomycetemcomitans PGA co-eluted with LPS on a gel
filtration column. It is not known, however, whether PGA binds directly to LPS. Structural
analyses suggested that A. actinomycetemcomitans PGA contains a linear polymer of GlcNAc
residues in β(1,6) linkage, and that some of the GlcNAc residues may be N-deacetylated. This
structure is nearly identical to those of PGA polysaccharides produced by S. aureus, S.
epidermidis, E. coli and A. pleuropneumoniae [9–12].

Previous studies showed that all four pga genes are required for PGA production in E. coli
[11] and Y. pestis [21]. Among the four Pga proteins, PgaC and PgaD are subunits of an integral
membrane glycosyltransferase that synthesizes PGA from UDP-GlcNAc monomers [22], and
PgaB is a putative PGA-specific N-deacetylase [23]. The function of PgaA is unknown. Our
findings confirm that all four genes of the pgaABCD gene cluster were required for PGA
production in A. actinomycetemcomitans. PCR assays using pgaC-specific primers showed
that pgaC was present on the chromosome of 16 out of 16 phylogenetically diverse strains of
A. actinomycetemcomitans (J.B. Kaplan, unpublished), indicating that the pga genes are
widespread among A. actinomycetemcomitans isolates.

Our findings indicate that Flp-pili, PGA and eDNA contribute to cohesion in A.
actinomycetemcomitans biofilm colonies. Flp-pili appear to be the major biofilm matrix
adhesin because Flp-pili mutants are severely defective in biofilm formation, whereas PGA
mutants still form tenacious biofilms. Biofilms produced by Flp-pili mutants were resistant to
detachment by pronase [6], which suggests that Flp-pili are the major proteinaceous adhesin
in A. actinomycetemcomitans biofilms. However, biofilms produced by Flp-pili mutants were
readily detached by dispersin B or DNase I, which indicates that PGA and eDNA also mediate
cohesion in A. actinomycetemcomitans biofilm colonies. PGA is the major biofilm matrix
adhesin in S. epidermidis [24] and A. pleuropneumoniae [12], and a major virulence factor in
S. aureus [17]. eDNA has been shown to be a structural component of the biofilm matrix in
several bacterial species including Haemophilus influenzae, Pseudomonas aeruginosa, S.
aureus, Streptococcus pneumoniae and S. mutans [25–29].

Our findings indicate that depolymerization of PGA by dispersin B renders A.
actinomycetemcomitans biofilm cells sensitive to killing by the cationic detergent CPC.
Previous studies showed that depolymerization of PGA by dispersin B renders A.
actinomycetemcomitans biofilm cells sensitive to killing by the anionic detergent SDS [18],
and A. pleuropneumoniae biofilm cells more sensitive to killing by ampicillin [12]. In addition,
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a PGA mutant of S. epidermidis exhibited increased sensitivity to killing by the cationic
antimicrobial peptides β-defensin 3 and LL-37, and by the anionic peptide dermcidin [16].
These findings suggest that the matrix formed by PGA polysaccharide may act as a general
diffusion barrier that prevents penetration of various antimicrobial agents into the biofilm.

4. Materials and methods
4.1. Bacterial strains

The A. actinomycetemcomitans strains used in this study are listed in Table 1. A.
actinomycetemcomitans strain JK1044, a dispersin B mutant, was constructed by transferring
the kanamycin resistance gene from strain JK1023 to strain IDH1705N using natural
transformation as previously described [8]. Strains were maintained on Trypticase Soy agar
(TSA) supplemented with 6 g of yeast extract and 8 g of glucose per liter. Plates were incubated
at 37°C in 10% CO2 and passaged twice weekly.

4.2. Purification of A. actinomycetemcomitans PGA
Biofilms of A. actinomycetemcomitans strain JK1044 were grown in ten 150-mm-diam tissue-
culture-treated polystyrene petri dishes (Corning no. 430199). The medium was Tryptic soy
broth supplemented with yeast extract and glucose as described above (TSB). Dishes were
filled with 60 mL of TSB containing 105–106 CFUs/mL and incubated for 24–48 h at 37°C in
10% CO2. Biofilms were washed with 0.9% (w/v) NaCl, detached from the surface using a
cell scraper, and harvested by centrifugation (2,200 g, 4°C, 15 min). The cell pellet (approx.
1.0 g of wet cells) was resuspended in 40 mL of water. An equal volume of 90% phenol was
added and the suspension was stirred for 45 min at 75°C and then cooled on ice. The layers
were separated by centrifugation (3,100 g, 4°C, 20 min). Aqueous and phenol layers were
dialyzed separately against deionized water and the quantity of amino sugars in each extract
was assayed as described below. TCA was added to a concentration of 5%, and the precipitated
proteins and nucleic acids were removed by centrifugation (8,700 g, 4°C, 10 min). The
supernatant was neutralized with 1 M NaOH, concentrated to a volume of 15 mL using an
Amicon ultrafiltration cell (Millipore) with a 10-kDa molecular weight cutoff membrane, and
applied to a Sephacryl S-300 column (1-cm × 90-cm; Pharmacia) irrigated with water. High
molecular weight fractions that were positive for both neutral sugars [30] and amino sugars
[31] were pooled and lyophilized.

4.3. Structural analyses
Polysaccharides were converted to alditol acetates by conventional methods. GLC
identification of monosaccharides and colorimetric measurement of N-deacetylated GlcNAc
residues were carried out as previously described [12]. For NMR analysis, 3 mg of lyophilized
sample was suspended in 1 mL of D2O. Insoluble material was collected by centrifugation,
dissolved in 30 μL of 20% (w/v) DCl in D2O, and the total volume was adjusted to 1 mL with
D2O (HCl-soluble fraction). The D2O and HCl-soluble fractions were analyzed separately
(Figs. 2 and 3, respectively). NMR spectra were recorded at 25°C with a Varian Unity Inova
500 MHz spectrometer using acetone as internal reference (1H, δ 2.225 ppm; 13C, δ 31.5 ppm).
Variant standard programs COSY and HSQC were employed.

4.4. Transposon mutagenesis
A. actinomycetemcomitans strain CU1000N was mutagenized with transposon IS903φkan as
previously described [8]. Mutants were plated on TSA plates containing 20 μg/mL of
kanamycin and 0.1% Congo red dye. Thirteen mutants that produced white colonies (from
approx. 10,000 total mutants) were selected. The location of the IS903φkan insertion in each
mutant was mapped by PCR using primers 5-GTTTCCCGTTGAATATGGCTGGG-3 and 5-
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GCAGTTTCATTTGATGCTCGA-3, which hybridize to the ends of the kanamycin-resistance
gene in IS903φkan and are oriented outward, and pga-specific primers P1–P6 (Table 2). To
confirm that each mutant contained a single IS903φkan insertion, PCR primer pairs P1/P2, P3/
P4 and P5/P6 were employed. The conditions for PCR were as previously described [8]. The
precise location of each insertion was determined by DNA sequence analysis of the PCR
products.

4.5. Construction of pga deletion mutants
A plasmid for deleting the entire pgaABCD locus from the A. actinomycetemcomitans
chromosome (Fig. 4B) was constructed as follows. First, the region containing the 3′ end of
pgaD, the pgaD/uhpC intergenic region, and the 3′ end of uhpC (corresponding to bp 6839–
7697 in GenBank accession no. EF535005) was amplified by PCR using genomic DNA
isolated from strain CU1000 and PCR primers P7 and P8. The PCR product was digested with
SalI and HindIII and ligated into the SalI/HindIII sites of pUC18 (New England Biolabs),
resulting in plasmid pEI1. Next, the region containing the 3′ end of deoD, the deoD/pgaA
intergenic region, and the 5′ end of pgaA (bp 390–1267 in accession no. EF535005) was
amplified by PCR using primers P9 and P10. The PCR product was digested with SacI and
BamHI and ligated into the SacI/BamHI sites of pEI1, resulting in pEI2. Finally the
spectinomycin-resistance gene and promoter from transposon Tn21 (provided by D. Figurski)
was amplified using PCR primers 5-GTCATCGATCCTTGACCGAACGCAGCGG-3 and 5-
GCTATCGATGCGCCGCGAAGCGGCGTCGG-3 (ClaI recognition sequences underlined),
and the PCR product was digested with ClaI and ligated into the AccI site of pEI2, resulting
in pEI5. A plasmid for deleting pgaBCD (pEI6) was constructed in a similar way, except that
a DNA fragment containing the pgaA/pgaB intergenic region (PCR primers P11 and P12; bp
2825–3590 in accession no EF535005) was substituted for the deoD/pgaA fragment in pEI5.
Similarly, a plasmid for deleting pgaCD (pEI7) was constructed by substituting a fragment
containing the pgaB/pgaC intergenic region (PCR primers P13 and P14; bp 4737–5179 in
accession no. EF535005) for the deoD/pgaA fragment in pEI5. Plasmids pEI5, pEI6 and pEI7
were linearized with SwaI and transformed into strain IDH781N by using natural
transformation as previously described [8]. Transformants were plated on TSA plates
containing 20 μg/mL of spectinomycin. Integration of the plasmid into the chromosome by
homologous recombination was confirmed by PCR using primers 5-
GCGCTTGCTGCTTGGATGCC-3 and 5-GAGATCACCAAGGTAGTCGG-3, which
hybridize to the ends of the spectinomycin-resistance gene in Tn21 and are oriented outward,
and pga-specific primers P1–P6.

4.6. Congo red binding assay
Biofilms of each test strain were grown for 24 h in 96-well microtiter plates as described below.
Biofilms were washed with water and stained with 1% Congo red dye (in water) for 1 min, and
then rinsed and dried. The bound dye was solubilized in 200 μL of DMSO for 1 h at room
temperature and its absorbance was measured at 405 nm. All assays were preformed in
duplicate wells, which exhibited minimal variation, and on several occasions with similar
results.

4.7. Genetic complementation
The vector used for genetic complementation experiments was pJAK16, an IncQ expression
plasmid that contains a chloramphenicol-resistance gene and an IPTG-inducible tac promoter
located upstream from a multiple cloning site [32]. Plasmid pHW6 was constructed by
amplifying the pgaBCD genes from strain CU1000 (bp 3391–6882 in accession no.
EF535005) using PCR primers P15 and P16, digesting the PCR product with BamHI and
PstI, and ligating the fragment into the BamHI/PstI sites of pJAK16. Plasmid pHW11 was
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constructed by amplifying the pgaC gene (bp 5324–6587 in accession no. EF535005) with
PCR primers P17 and P18 and ligating the fragment into the BamHI/PstI sites of pJAK16.
Similarly, plasmid pHW12 was constructed by amplifying the pgaD gene (bp 6558–6882 in
accession no. EF535005) with PCR primers P19 and P16 and ligating the fragment into the
BamHI/PstI sites of pJAK16. Plasmid pVK82, which contains the A. actinomycetemcomitans
pgaCD genes in pJAK16, was described previously [8]. Complementary plasmids were
conjugated from E. coli into A. actinomycetemcomitans using the RK2 oriT-defective mutant
plasmid pRK21761 as previously described [33]. Plasmid-harboring strains were grown in
TSB containing 3 μg/mL of chloramphenicol and 1 mM IPTG.

4.8. Biofilm cultures and crystal violet assay
Biofilms were grown in 16-mm × 100-mm polystyrene test tubes (Falcon no. 352051) or tissue-
culture-treated 96-well polystyrene microtiter plates (Falcon no. 353072). Tubes were filled
with 1 mL of TSB containing 103–105 CFUs/mL and incubated statically at 37°C in 10%
CO2 for 18 h (for biofilm detachment assays) or 24 h (for biofilm killing assays). Previous
studies showed that 24-h old biofilms grown in polystyrene tubes, but not 18-h old biofilms,
were sensitive to detachment by dispersin B [18]. For microtiter plates, wells were filled with
200 μL of inoculum and incubated for 24 h. For crystal violet staining, tubes were rinsed with
water and stained with 1 mL of crystal violet (Fisher no. 23255960) for 1 min, and then rinsed
and dried. Microtiter plate wells were gently aspirated, rinsed with PBS and dried, and then
stained with 100 μL of crystal violet.

4.9 Biofilm detachment assays
Biofilms were grown for 18 h in tubes as described above. Biofilms were rinsed with PBS and
then treated with 1 mL of 20 μg/mL of dispersin B (103 units/mg of protein [34]), 200 μg/mL
of bovine DNase I (Roche), or 500 μg/mL of proteinase K (Sigma). Control wells were treated
with the appropriate buffer alone (PBS for dispersin B; 40 mM Tris [pH 8.0], 1 mM CaCl2, 10
mM MgCl2 for DNase I; and 50 mM Tris [pH 8.0], 1 mM EDTA for proteinase K). In some
experiments, biofilms were treated with dispersin B and then with DNase I or proteinase K.
After treatment, biofilm were stained with crystal violet as described above. For biofilms grown
in microtiter plates, biofilms were treated for 1 h with 200 μL of PBS or PBS containing 20
μg/mL of dispersin B. After treatment, wells were rinsed with water and dried, and then stained
with crystal violet as described above.

4.10. Biofilm killing assay
Biofilms were grown for 24 h in polystyrene tubes as described above. Biofilms were washed
three times with sterile PBS and then treated with 1 mL of CPC (0.02% in PBS). After 5 min
the biofilms were rinsed three times with PBS to remove the CPC and then treated with 1 mL
of dispersin B (20 μg/mL in PBS) for 5 min to detach the cells. Tubes were vortexed for 10
sec and the surviving CFUs were enumerated in microtiter plates as previously described
[18]. In some assays, biofilms were pretreated with 1 mL of dispersin B (20 μg/mL in PBS)
for 5 min prior to the CPC treatment. In these assays, 100 μL of 0.2% CPC in PBS was added
directly to the dispersin B-treated cell suspension and mixed. Control tubes received 100 μL
of PBS alone. After 5 min, tubes were vortexed briefly and 20 μL aliquots were enumerated
as described above. Killing assays were performed in duplicate tubes and on several occasions
with similar results.
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Abbreviations
CPC  

cetylpyridinium chloride

eDNA  
extracellular DNA

GlcNAc  
N-acetyl-D-glucosamine

PGA  
poly-β-1,6-N-acetyl-D-glucosamine

PBS  
phosphate buffered saline

SDS  
sodium dodecyl sulfate

TSA  
Tryptic Soy agar

TSB  
Tryptic Soy broth
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Fig. 1.
Purification of PGA polysaccharides by gel filtration chromatography. (A) Elution profile of
the aqueous layer of the hot-phenol extract of A. actinomycetemcomitans JK1044 biofilms on
a Sephacryl S-300 column irrigated with water. Aliquots (200 μL) of each 5-mL fraction were
assayed for aminosugars (●, A485) and neutral sugars (○, A530). Void (Vo) and total (Vt)
volumes of the column are indicated with arrows. (B and C) Elution profiles of sonic extracts
from biofilms produced by A. pleuropneumoniae strain IA1 [12] (B) and S. epidermidis strain
RP62A [35] (C).
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Fig. 2.
1H NMR spectra of A. actinomycetemcomitans serotype e O-PS [20] (A) and the high molecular
weight fraction extracted from biofilms of A. actinomycetemcomitans JK1044 (B).
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Fig. 3.
1H NMR spectra of PGA from A. pleuropneumoniae strain IA5 [12] (A) and A.
actinomycetemcomitans strain JK1044 (B).
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Fig. 4.
Genetic maps of the pgaABCD gene clusters in wild-type and mutant A.
actinomycetemcomitans strains. (A) Map of pgaABCD in strain CU1000. Horizontal arrows
indicate open reading frames and direction of transcription. Vertical arrows indicate the
insertion sites of transposon IS903φkan in 13 mutant strains. All 13 transposons inserted in the
same transcriptional orientation as the pga genes. (B) Map of pgaABCD and flanking genes in
strain IDH781 and three deletion mutants. In each mutant, the deleted region was replaced by
a 879 bp spectinomycin-resistance gene that was transcribed in the same orientation as the
pga genes.
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Fig. 5.
Congo red binding assay. Biofilms grown in microtiter plates were stained with Congo red dye
and the amount of bound dye was quantitated by measuring its absorbance at 405 nm. The
amount of bound Congo red is proportional the amount of PGA. Values indicate the mean
absorbance for duplicate wells. Error bars indicate range. Background levels were <0.1
absorbance unit. Km, transposon IS903φkan. (A) Congo red binding by wild-type and mutant
strains. (B) Congo red binding by mutant strains harboring complementary plasmids. Asterisks
indicate values that were significantly greater than those of the vector control (P <0.05;
Student’s t-test).
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Fig. 6.
Growth and detachment of A. actinomycetemcomitans biofilms in polystyrene tubes and 96-
well microtiter plates. (A) Biofilms produced by parental strain CU1000N and isogenic PGA
mutant strain HW1018 in polystyrene tubes. Tubes were stained with crystal violet and
photographed from the bottom. Biofilms were treated for 1 h with 500 μg/mL of DNase I or
100 μg/mL of proteinase K (or the appropriate buffer alone as a control) prior to staining. The
bottom row shows CU1000N biofilms pretreated with 20 μg/mL of dispersin B prior to the
DNase I and proteinase K treatments. (B) Microtiter plate biofilm formation by CU1000N and
isogenic Flp-pili mutants JK1009 and Aa1360, which contain transposon insertion in flp-1 (the
Flp-pilus structural gene [3]) and tadA (an ATPase required for secretion of Flp-pili [36],
respectively. Biofilms were rinsed, treated with PBS or PBS plus dispersin B, and then rinsed
and stained with crystal violet.
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Fig. 7.
Pretreatment of A. actinomycetemcomitans CU1000 biofilms with dispersin B increases their
sensitivity to killing by CPC. Biofilms grown in polystyrene tubes were rinsed with PBS and
treated for 30 min with PBS (mock pretreatment) or PBS containing 20 μg/mL of dispersin B,
and then treated for 5 min with 0.02% CPC. CFUs were enumerated by dilution plating. Values
indicate the log10 of the mean number of CFUs/tube for duplicate tubes. Error bars indicate
range.
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Table 1
A. actinomycetemcomitans strains

Strain Relevant characteristicsa Source or reference

IDH1705 Wild-type (serotype e) 37
IDH1705N Spontaneous Nalr variant of IDH1705 D. Figurski
JK1044 IDH1705N dspB::IS903φkan (Kmr) This study
CU1000 Wild-type (serotype f) 38
CU1000N Spontaneous Nalr variant of CU1000 D. Figurski
JK1023 CU1000N dspB::IS903φkan (Kmr) 34
JK1050 CU1000N pgaA::IS903φkan (Kmr) This study
HW1014 CU1000N pgaA::IS903φkan (Kmr) This study
HW1020 CU1000N pgaA::IS903φkan (Kmr) This study
HW1019 CU1000N pgaA::IS903φkan (Kmr) This study
HW1012 CU1000N pgaB::IS903φkan (Kmr) This study
HW1036 CU1000N pgaB::IS903φkan (Kmr) This study
HW1023 CU1000N pgaB::IS903φkan (Kmr) This study
HW1016 CU1000N pgaB::IS903φkan (Kmr) This study
HW1009 CU1000N pgaC::IS903φkan (Kmr) This study
HW1003 CU1000N pgaC::IS903φkan (Kmr) This study
HW1018 CU1000N pgaC::IS903φkan (Kmr) 18
HW1039 CU1000N pgaD::IS903φkan (Kmr) This study
HW1007 CU1000N pgaD::IS903φkan (Kmr) This study
JK1009 CU1000N flp-1::IS903φkan (Kmr) 3
Aa1360 CU1000N tadA::IS903φkan (Kmr) 32
IDH781 Wild-type (serotype d) 37
IDH781N Spontaneous Nalr variant of IDH781 D. Figurski
EI1004 IDH781N ΔpgaCD (Smr) This study
EI1003 IDH781N ΔpgaBCD (Smr) This study
EI1002 IDH781N ΔpgaABCD (Smr) This study

a
Nalr, nalidixic acid resistant; Kmr, kanamycin resistant; Smr, spectinomycin resistant.
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Table 2
A. actinomycetemcomitans pga-specific PCR primers

Name Sequence (5′ → 3′)a Orientationb GenBank coordinatesc

P1 GATGGTATTTATGAGTGG Forward 1012–1030
P2 CGCAGCTGCTCTTGACGG Reverse 2883–2900
P3 CCGTCAAGAGCAGCTGCG Forward 2883–2900
P4 TGTGCAAACCATTCTTCCG Reverse 4972–4990
P5 AGCGGAAGAATGGTTTGC Forward 4970–4987
P6 GTGTTGATAGCGTTAAACC Reverse 6909–6927
P7 TCTGTCGACGGTCGATTATTTCAGCAGG Forward 6839–6857
P8 TGTAAGCTTCCATAGGTTTGCCGACCGTGG Reverse 7677–7697
P9 CATGAGCTCTTTCGGTTTAACTCAGGCGG Forward 390–409
P10 GATGGATCCAAATTGCGTTGGTGTGCAGG Forward 1258–1277
P11 CATGAGCTCTGAGTTAAATCAGCGTTGGG Forward 2825–2844
P12 GATGGATCCGGCGGAAATGGTTTGCGGG Reverse 3572–3590
P13 CATGAGCTCTATGCAAAATTTGACGG Forward 4737–4753
P14 GATGGATCCTCAGCTGAAGCAAGTGCGG Reverse 5561–5579
P15 ACCGGATCCCTTTCTCACTTTATTATTAGTACTCGG Forward 3391–3417
P16 CCGCTGCAGTTATTTTTTCTTTTTTCTCC Reverse 6863–6882
P17 ACCGGATCCTCAAGCAGGTAAACCATAG Forward 5324–5342
P18 CCGCTGCAGGTTATACTCCTCTATCCG Reverse 6570–6587
P19 ACCGGATCCTATGGACCAGCCCGGATAG Forward 6558–6576

a
Restriction sites used for cloning are underlined.

b
With respect to transcription of the pga genes.

c
GenBank accession no. EF535005.
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