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The luxS gene, present in many bacterial genera, encodes the autoinducer 2 (AI-2) synthase. AI-2 has been
implicated in bacterial signaling, and this study investigated its role in biofilm formation by Streptococcus
gordonii, an organism that colonizes human tooth enamel within the first few hours after professional cleaning.
Northern blotting and primer extension analyses revealed that S. gordonii luxS is monocistronic. AI-2 produc-
tion was dependent on nutritional conditions, and maximum AI-2 induction was detected when S. gordonii was
grown in the presence of serum and carbonate. In planktonic cultures, AI-2 production rose sharply during the
transition from exponential to stationary phase, and the AI-2 concentration peaked approximately 4 h into
stationary phase. An S. gordonii luxS mutant that did not produce AI-2 was constructed by homologous
recombination. Complementation of the mutant by insertion of an intact luxS gene into the chromosome in
tandem with the disrupted gene restored AI-2 production to a level similar to that of the wild-type strain. In
planktonic culture, no growth differences were observed between the mutant and wild-type strains when five
different media were used. However, when grown for 4 h as biofilms in 25% human saliva under flow, the luxS
mutant formed tall microcolonies that differed from those formed by the wild-type and complemented mutant
strains. Biofilms of the luxS mutant exhibited finger-like projections of cells that extended into the flow cell
lumen. Thus, the inability to produce AI-2 is associated with altered microcolony architecture within S. gordonii
biofilms formed in saliva during a time frame consistent with initial colonization of freshly cleaned enamel
surfaces.

Oral bacteria adhere to one another by adhesin-receptor
interactions between genetically distinct partner organisms
(46). These interactions, referred to as coaggregation, may
serve as a driving force behind the developmental architecture
of dental plaque (20), a complex biofilm community that con-
sists of more than 500 bacterial species in its mature state (30,
34). The initial colonizers of freshly cleaned enamel surfaces
are predominantly streptococci (31), which form mixed-species
microcolonies during early plaque development (32). In addi-
tion to intimate physical interactions, diffusible signals may
also be important in oral bacterial interactions. For example,
competence pathways described in oral streptococci in vitro
are regulated by short cationic oligopeptides called compe-
tence-stimulating peptides (11, 18). Another diffusible signal-
ing molecule, designated autoinducer 2 (AI-2) and synthesized
by the LuxS enzyme, was recently identified in several genera
of oral bacteria, including Actinobacillus, Fusobacterium, Por-
phyromonas, Prevotella, and Streptococcus (8, 10, 14–16, 27, 28).

The AI-2 signaling pathway was first described in the biolu-
minescent marine bacterium Vibrio harveyi (5). In V. harveyi,
AI-2 works in conjunction with AI-1, an acyl-homoserine lac-
tone signal, to regulate bioluminescence in a density-depen-

dent manner (5, 6). Light production occurs when AI-1 and
AI-2 each bind their respective sensor proteins, LuxN and
LuxPQ, thereby initiating a complex phosphorylation cascade
that culminates in both transcriptional derepression and acti-
vation of the luciferase operon (5, 6, 42). The AI-2 biosynthetic
pathway is also well characterized in V. harveyi. The AI-2
precursor 4,5-dihydroxy-2,3-pentanedione (DPD) is produced
from S-adenosylmethionine, a major methyl donor for cellular
methyltransferase reactions, through three enzymatic steps
(37). In the final step, LuxS cleaves S-ribosylhomocysteine to
homocysteine and DPD. DPD is predicted to spontaneously
cyclize and may undergo additional rearrangements, yielding a
pool of molecules characterized as pro-AI-2 (9, 37, 47). V.
harveyi LuxP binds pro-AI-2, and the crystal structure of this
protein in complex with its bound ligand revealed that AI-2 is
a furanosyl borate diester (9). Regulatory phosphorylation cas-
cades through which AI-2 may be recognized as a signaling
molecule in bacteria other than V. harveyi have not been char-
acterized.

The AI-2 detection assay measures the induction of biolu-
minescence of a V. harveyi reporter strain in response to con-
ditioned bacterial culture medium (40). The demonstration
that conditioned medium from many gram-negative and gram-
positive bacteria induces bioluminescence of the V. harveyi
reporter led to the hypothesis that AI-2 may serve as a univer-
sal interspecies bacterial signal (4). In addition to regulation of
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the V. harveyi luciferase operon (37), AI-2-regulated genes
have been reported within monospecies cultures of nonoral
bacteria (e.g., see references 12, 24, 39, and 43), as well as
among the oral isolates Porphyromonas gingivalis (8, 10), Acti-
nobacillus actinomycetemcomitans (14, 15), and Streptococcus
gordonii (27). It was reported that in P. gingivalis, genes in-
volved in the acquisition of hemin, a growth factor essential for
virulence, were differentially regulated in response to luxS in-
activation (10). Additionally, a P. gingivalis luxS mutant exhib-
ited reduced production of the virulence-associated Arg- and
Lys-gingipain proteases (8). In A. actinomycetemcomitans, sev-
eral genes involved in the acquisition and storage of iron were
differentially regulated in a luxS mutant compared to the wild-
type strain (15). It was also reported that a luxS mutant of the
commensal oral bacterium S. gordonii exhibited altered expres-
sion of genes involved in carbohydrate metabolism (27). Thus,
AI-2 may serve as a signaling molecule that regulates a variety
of genes within planktonic cultures of oral bacteria.

In the present study, Northern blot and primer extension
analyses demonstrated that S. gordonii DL1 luxS is monocis-
tronic. The nutritional conditions under which S. gordonii pro-
duces AI-2 were characterized. Additionally, when grown as a
biofilm in flow cells with saliva as the growth medium, an S.
gordonii luxS mutant exhibited an altered spatial arrangement
compared to the wild-type strain, which may reflect a loss of
AI-2-mediated intercellular communication under conditions
relevant to the organism’s natural habitat.

MATERIALS AND METHODS

Culture conditions. S. gordonii DL1 was grown in either Todd Hewitt broth
(THB; Difco Laboratories, Detroit, Mich.), brain heart infusion (BHI) medium
(Becton Dickinson & Co., Sparks, Md.), Tryptone-yeast extract medium con-
taining 0.5% glucose (TY-glucose) (19), Luria-Bertani (LB) medium, or 25%
human saliva. Saliva was collected from at least six individuals, pooled, clarified
by centrifugation, diluted with distilled water, and filter sterilized (33). S. gordonii
overnight cultures were incubated anaerobically at 37°C with the GasPak System
(Becton Dickinson & Co.). Escherichia coli was cultivated in LB broth at 37°C
with shaking. Vibrio harveyi was grown in autoinducer bioassay medium (17) at
30°C with shaking. Horse serum (Quality Biological, Inc., Gaithersburg, Md.)
was heat inactivated by being warmed to 60°C for 30 min. Horse serum (5%,
vol/vol)-supplemented THB or BHI medium is designated THBS or BHIS,
respectively. Where noted, antibiotics were added to growth media at the fol-
lowing concentrations: ampicillin, 100 �g/ml for E. coli; erythromycin, 10 �g/ml
for S. gordonii and 300 �g/ml for E. coli; kanamycin, 1,000 �g/ml for S. gordonii
and 50 �g/ml for E. coli; spectinomycin, 1,000 �g/ml for S. gordonii and 100 �g/ml
for E. coli.

Nucleic acid isolation. S. gordonii genomic DNA was purified as previously
described (1). Plasmid DNA was isolated with the QIAprep Spin Miniprep Kit
(Qiagen, Valencia, Calif.). Total cellular RNA was isolated from E. coli with the
RNeasy Mini Kit (Qiagen) and from S. gordonii as previously described (13).

Northern blotting. Denaturing electrophoresis and Northern transfer of RNA
were performed as described by Sambrook et al. (36). Probe hybridization was
done with Ultrahyb hybridization buffer (Ambion, Inc., Austin, Tex.) in accor-
dance with the manufacturer’s protocol, and images were generated with a Storm
860 imaging system (Molecular Dynamics, Sunnyvale, Calif.). A 399-bp internal
fragment of S. gordonii luxS was synthesized and labeled for use as a probe by
PCR with the primers 5�-GAT CAC ACC ATC GTT AAG G-3� and 5�-GAT
TAA CTT TGC CCA CTC C-3�. dATP concentrations were reduced 10-fold in
PCR-labeling reaction mixtures to allow incorporation of [�-32P]dATP into the
PCR product.

RNA primer extension. Primer extension analysis was conducted with the
avian myeloblastosis virus reverse transcriptase primer extension system (Pro-
mega, Madison, Wis.), in accordance with the manufacturer’s protocols. RNA
was isolated from mid-exponential-phase S. gordonii cultures grown in THBS or
from mid-exponential-phase E. coli DH5� cultures grown in LB medium. cDNA
synthesis was initiated by hybridizing 5 �g of total cellular RNA with 1 ng of

[�-33P]ATP end-labeled primer (5�-CAG GTG TTC AAT GGT ATG G-3�).
Sequencing reactions for inclusion as markers on primer extension gels were
generated in accordance with the manufacturer’s instructions with the fmol DNA
Cycle Sequencing System (Promega) with pSF151-luxS plasmid DNA (see sec-
tion describing genetic complementation of the luxS mutant) as the template.
Reaction products were run on a 6% polyacrylamide–1� Tris-borate-EDTA–7
M urea gel, and images were generated with the Storm 860 imaging system.

Analysis of AI-2 production. Streptococcal starter cultures (10 ml), grown
anaerobically overnight, were spun for 10 min at 867 � g and resuspended in 2
ml of the same medium. Concentrated starter cultures were used to inoculate
fresh cultures at 1% of the total culture volume. Analysis of the relationship
between AI-2 production and Na2CO3 concentration was conducted with BHIS
containing 12, 24, or 48 mM Na2CO3. To analyze the relationship between AI-2
production and carbonate ion or buffering, 24 mM Na2CO3, NaHCO3, or mor-
pholinepropanesulfonic acid (MOPS) was added to BHI medium. Na2CO3-,
NaHCO3-, and MOPS-supplemented media were prepared by addition of the
appropriate salt, followed by adjustment of the medium pH to 7.4 and filter
sterilization. Na2CO3-, NaHCO3-, and MOPS-containing cultures were incu-
bated in sealed tubes. Culture densities, expressed in Klett units, were deter-
mined with a Klett-Summerson photoelectric colorimeter (Arthur H. Thomas
Co., Philadelphia, Pa.) with a red (660-nm) filter, and AI-2 production was
assayed as follows. Cell-free culture supernatants were prepared by centrifuga-
tion (5 min at 16,000 � g) of 500-�l aliquots, followed by filtration through a
0.2-�m-pore-size membrane. Filtered supernatants were stored at �20°C until
assayed for AI-2 activity as previously described (40). Ten microliters of each
supernatant was added to triplicate wells of a white 96-well microtiter plate
containing 90 �l of the overnight-grown V. harveyi BB170 reporter strain diluted
1:5,000 in autoinducer bioassay medium. The assay plate was then placed in a
Wallac Victor2 1420 multilabel counter (Perkin-Elmer Life Sciences, Wellesley,
Mass.) with the counting chamber temperature set at 30°C. The counter was
programmed to measure the luminescence of each sample every 30 min, with
each series of readings preceded by 20 min of stationary incubation, followed by
10 min of agitation (amplitude � 0.1 mm). Luminescence fold induction values
were determined from the measurement taken 30 min prior to the time at which
the negative control (90 �l of 1:5,000-diluted strain BB170 plus 10 �l of unin-
oculated sterile medium) underwent autoinduction of bioluminescence as a
result of endogenous AI-2 production. V. harveyi BB152 was used as the positive
control. To facilitate comparisons of AI-2 induction values from independent
assays, all of the AI-2 production data reported herein were normalized as fold
induction over a sterile growth medium control conducted in parallel with the
samples analyzed.

luxS mutant construction. The open reading frame (ORF) downstream of S.
gordonii luxS was identified during an unrelated investigation, and the sequence
of the ORF and flanking DNA, including that of the complete luxS gene, was
obtained with the Universal Genome Walker kit (Clontech, Palo Alto, Calif.).
Subsequently, The Institute for Genomic Research (http://tigrblast.tigr.org
/ufmg/) made the incomplete S. gordonii genome sequence publicly available. To
obtain the sequence of additional DNA flanking luxS, fragments from the data-
base were assembled with SeqMan II DNA analysis software (DNA*, Madison,
Wis.), yielding the 6.4-kb contiguous sequence shown in Fig. 1A. Nucleotides 10
to 5323 of S. gordonii contig 2411 were assembled with nucleotides 1 to 966 of S.
gordonii contig 2273 with 120 nucleotides of homologous Streptococcus pneu-
moniae DNA (accession no. AE_008526) to span the gap within ORF3 between
the two S. gordonii sequences. The percentage of nucleotide sequence identity
between the homologous S. pneumoniae and S. gordonii sequences within ORF3
is 79%.

An isogenic S. gordonii luxS mutant was constructed by gene replacement,
inactivating the parental luxS gene by insertion of the erythromycin resistance
gene ermAM (Fig. 1B). luxS and flanking DNA were PCR amplified from S.
gordonii genomic DNA with the primers 5�-GGA ATT CCG AAA ATT CTT
AAT TAT TTT ATC-3� (EcoRI site shown in bold) and 5�-CCC AAG CTT CGG
ATT CTC TAG ATT ATT AG-3� (HindIII site shown in bold). The resultant
PCR product contained the 483-nucleotide luxS ORF, 197 nucleotides of up-
stream DNA, and 80 nucleotides of downstream DNA, including a putative
rho-independent transcriptional terminator. This PCR product was cloned into
the E. coli-Streptococcus shuttle vector pDL278 (22), yielding pDL278-luxS.
pDL278-luxS was transformed into E. coli XL10 Gold (Stratagene, La Jolla,
Calif.) in accordance with the manufacturer’s protocol, with selection for spec-
tinomycin-resistant transformants, and the insert sequence was verified. ermAM
was PCR amplified from pVA736 (25) with the following primers (27), which
incorporate NdeI sites (shown in bold) at the ends of the resulting PCR product:
5�-GCA CAT ATG CTT AGA AGC AAA CTT AAG A-3� and 5�-GCC CAT
ATG CTT GGA AGC TGT CAG TAG T-3�. The ermAM PCR product was
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cloned into a unique NdeI site (27) at position 262 of the 483-nucleotide luxS
ORF, yielding pDL278-luxS::ermAM, and transformed into E. coli XL10 Gold
with selection for erythromycin-resistant transformants. The luxS::ermAM frag-
ment was excised from pDL278-luxS::ermAM, gel purified, and transformed into
S. gordonii to generate a luxS mutant. Transformants were plated on BHI me-
dium containing erythromycin to select for isolates that had undergone double-
crossover homologous recombination. Insertion of ermAM within luxS was ver-
ified by PCR; Southern blotting with ermAM as a probe confirmed the
incorporation of a single ermAM cassette within the genome of the luxS mutant
(data not shown).

Genetic complementation of the luxS mutant. The S. gordonii luxS mutant was
genetically complemented by chromosomal integration of an undisrupted copy of
S. gordonii luxS and flanking DNA in tandem with the ermAM-disrupted luxS
gene (Fig. 1B). luxS and flanking DNA were PCR amplified from S. gordonii
genomic DNA with the EcoRI-incorporating primer described in the previous
paragraph and the BamHI-incorporating primer 5�-CGG GAT CCC GGA TTC
TCT AGA TTA TTA G-3� (BamHI site shown in bold). The resultant PCR
product was cloned into the streptococcal-integration shuttle vector pSF151 (44),
yielding pSF151-luxS, and transformed into E. coli XL10 Gold with selection for
kanamycin-resistant transformants, and the insert sequence was verified.
pSF151-luxS was then transformed into the luxS mutant, and transformants that
integrated pSF151-luxS into their chromosomes by single-crossover homologous
recombination were identified with kanamycin and erythromycin resistance as
selectable markers. Insertion of pSF151-luxS in tandem with the ermAM-dis-
rupted chromosomal luxS gene was verified by PCR (data not shown). A South-
ern blot of genomic DNA from the luxS mutant and from the complemented
mutant was hybridized to an ermAM probe. The probe hybridized to a single
DNA fragment in the complemented mutant that was approximately 4.2 kb
larger than the fragment to which the probe hybridized in the luxS mutant,
consistent with the integration of a single copy of pSF151-luxS (4,270 bp; data not
shown).

Cultivation and analysis of in vitro biofilms. Mid-exponential-phase BHI
medium-grown cultures of wild-type, luxS mutant, and complemented luxS mu-
tant cells were washed three times in the medium used for growth in flow cells
(either 25% sterile saliva, 10-fold-diluted BHI medium containing 2.4 mM
Na2CO3, or 10-fold-diluted THBS; dilutions were made with distilled water).
Washed cells were adjusted to an A600 of 0.05 and inoculated into flow cells
conditioned with same medium in which the cells were washed. Cells were
allowed to adhere under static conditions for 15 min, after which flow was
initiated at 0.2 ml/min (33). Biofilms were stained with BacLight Live/Dead

(Molecular Probes, Eugene, Oreg.) and examined by confocal microscopy with a
40� oil immersion lens with a numerical aperture of 1.25 attached to a TCS-SP2
microscope (Leica, Exton, Pa.). Confocal image stacks were collected at three
random locations for each biofilm. In all cases, very few “dead” cells stained
solely with propidium iodide were seen; therefore, maximum projections of
green-red overlays, showing Syto-9- and propidium-iodide-stained cells together,
were converted to grayscale for presentation. Volume and average colony height
calculations were preformed on the three image stacks collected for each biofilm
with algorithms described by Xavier et al. (48, 49).

RESULTS

S. gordonii luxS and flanking DNA. A contiguous 6.4-kb se-
quence of S. gordonii genomic DNA that contains five ORFs,
including luxS, is represented in Fig. 1A. The amino acid se-
quence encoded by ORF1 (1,167 bp) is 82% identical and 91%
similar to that of a conserved hypothetical protein of unknown
function in S. pneumoniae (accession no. NP_357927). ORF2
(1,413 bp) encodes a putative protein with 36% identity and 47%
similarity to a conserved hypothetical protein of unknown func-
tion in Streptococcus agalactiae (accession no. NP_687339). ORF3
(1,608 bp) encodes an amino acid sequence with 71% identity and
75% similarity to a hypothetical S. pneumoniae protein (accession
no. NP_346175) containing a histidine-aspartate phosphohydro-
lase domain (2). The amino acid sequence encoded by ORF4
(627 bp) is 91% identical and 94% similar to a putative S. pneu-
moniae guanylate kinase (accession no. NP_359175). The S. gor-
donii luxS ORF (483 bp; accession no. AAL87464) is encoded on
the DNA strand complementary to that encoding ORF1 to -4. S.
gordonii LuxS is 81% identical and 91% similar to Streptococcus
pyogenes LuxS (accession no. AAG28749) (24). The 3� end of S.
gordonii luxS is separated from the 3� end of ORF2 by 60 nucle-
otides that contain features of a rho-independent transcriptional
terminator (7).

FIG. 1. (A) Linear map of 6.4 kb of genomic DNA flanking S. gordonii luxS. Predicted ORFs and their orientations are shown. A predicted
stem-loop structure between ORF2 and luxS is indicated. (B) Schematic representations of the chromosomal regions encompassing the ermAM-
disrupted gene of the S. gordonii luxS mutant and the tandem disrupted and intact gene copies of the complemented luxS mutant. The image is
not drawn to scale.
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luxS Northern blot and primer extension analyses. Total
RNA was isolated from mid-exponential-phase wild-type and
luxS mutant S. gordonii cultures grown in THBS and examined
for the presence of a luxS transcript by Northern blotting. The
probe revealed a single band when hybridized to total RNA
from the wild-type strain, consistent with the predicted size
(483 bp) of the luxS ORF (data not shown). The probe re-
vealed two bands of approximately 1,075 and 1,300 bp when
hybridized to total RNA from the luxS mutant. The 1,300-bp
band is consistent with the predicted length of a transcript
consisting of the 5� end of luxS fused to ermAM, and the
1,075-bp band likely represents a degradation product of this
transcript.

RNA primer extension analysis was performed to map the
transcription initiation site of luxS in wild-type S. gordonii, in
the complemented luxS mutant, and in E. coli DH5�(pSF151-
luxS), a strain that harbors S. gordonii luxS on a plasmid (Fig.
2). In all of the strains tested, the transcription start site was a
thymine located 27 nucleotides upstream from the luxS trans-
lation initiation codon. A potential extended �10 promoter
region (TTTGATATAAT) that varied by only one nucleotide
from the gram-positive consensus sequence (TRTGNTAT
AAT, where R is purine and N is any base) (35, 45) was spaced
seven nucleotides upstream of the transcription start site; no
�35 hexamer was apparent. Taken together, the identification
of a transcription start directly upstream of the luxS start
codon, the luxS transcript size, the opposite orientations of the
ORFs flanking luxS (Fig. 1A), and the presence of a potential
rho-independent transcriptional terminator downstream of the
gene demonstrate that S. gordonii luxS is monocistronic.

Planktonic growth comparisons. When grown planktoni-
cally in THBS (Fig. 3A), the luxS mutant, wild-type, and com-
plemented mutant strains exhibited similar doubling times of
47 	 2, 50 	 2, and 52 	 3 min, respectively. Cultures of the
wild-type strain also exhibited similar doubling times in THB
and TY-glucose medium (Fig. 3A). It was previously shown
that when grown planktonically in 25% saliva, S. gordonii at-
tained a maximum cell density of approximately 107 CFU/ml
(33). Therefore, to facilitate monitoring of S. gordonii growth
in saliva, cultures were inoculated at a cell density of approx-
imately 104 CFU/ml. After three consecutive subcultures in
25% saliva, the mutant, wild-type, and complemented mutant
strains exhibited similar doubling times and attained final den-
sities of 4.3 � 106, 5.9 � 106, and 5.6 � 106 CFU/ml, respec-
tively. The final cell densities attained in saliva corresponded to
less than 10 Klett units, which is below the inoculation density
of cultures grown in laboratory media (Fig. 3A).

Characterization of S. gordonii AI-2 production. Maximum
AI-2 production (84-fold induction over an uninoculated me-
dium control) was observed when wild-type S. gordonii was
cultivated in THBS (Fig. 3B). AI-2 production was initially
observed as the culture entered stationary phase, and AI-2
induction levels peaked approximately 4 h into stationary
phase (Fig. 3B). Under these same growth conditions, back-
ground levels of AI-2 production (sixfold induction) were ob-
served in culture supernatants of the luxS mutant, but the
complemented mutant, harboring tandem ermAM-disrupted
and intact chromosomal copies of luxS, produced amounts of
AI-2 (64-fold induction) similar to those of the wild-type strain
(Fig. 3B). S. gordonii exhibited background levels of AI-2 pro-

duction (sevenfold induction; Fig. 3B) when cultivated in THB
lacking serum. Thus, during cultivation in THB, induction of S.
gordonii AI-2 production was serum dependent.

To further evaluate the effects of serum on AI-2 production
in liquid culture, maximum AI-2 induction levels in BHI me-
dium (no induction) and in BHIS (threefold induction) were
compared. Thus, during cultivation in BHI medium, compo-
nents in addition to serum are required for induction of AI-2
production by S. gordonii. THB contains 24 mM Na2CO3, while
BHI medium lacks Na2CO3. To evaluate the effects of Na2CO3

on AI-2 production, BHIS was supplemented with various
amounts of Na2CO3 and growth (Fig. 4A) and AI-2 production
(Fig. 4B) were evaluated. Analysis of AI-2 production in BHIS
supplemented with 12, 24, or 48 mM Na2CO3 revealed maxi-

FIG. 2. Primer extension mapping of the S. gordonii luxS transcrip-
tion start site. Labeled cDNA from reverse transcription reactions was
run next to luxS sequencing reaction products (lanes G, A, T, and C)
generated with the same primer. Reverse transcription products from
reaction mixtures containing total RNA isolated from wild-type S.
gordonii (lane 1), the complemented luxS mutant (lane 2), E. coli
DH5�(pSF151-luxS) (lane 3), and E. coli DH5� without a plasmid
(lane 4) are shown. An expanded view of the complementary nucleo-
tide sequence surrounding the transcription start site (�1) is shown,
and the putative extended �10 hexamer is highlighted with a vertical
bar.
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mum AI-2 induction levels of 21-, 49-, and 59-fold, respectively
(Fig. 4B). Supplementation of BHIS cultures with Na2CO3 did
not affect doubling times (Fig. 4A). To determine whether
Na2CO3, carbonate ion, or buffering stimulates AI-2 produc-
tion, 24 mM Na2CO3, NaHCO3, or MOPS was added to BHI
medium cultures and growth (Fig. 5A) and AI-2 production
(Fig. 5B) were evaluated. Wild-type cultures grown under
these conditions yielded maximum AI-2 induction levels of

24-fold (Na2CO3), 47-fold (NaHCO3), and ninefold (MOPS),
whereas cells grown in unsupplemented BHI medium did not
produce AI-2. The demonstration that two different carbonate
salts, but not MOPS, stimulated AI-2 production suggested
that carbonate ion is required to induce AI-2 production in S.
gordonii. Further, comparison of the AI-2 induction levels of
cells grown in BHI medium containing 24 mM Na2CO3 (24-
fold; Fig. 5B) to the higher AI-2 induction levels observed in
BHIS cultures supplemented with the same amount of

FIG. 3. S. gordonii exhibits maximum induction of AI-2 production
in THBS. Time courses of culture densities (A) and AI-2 induction
levels (B) of wild-type (WT; open circles), luxS mutant (open squares),
and complemented (Comp) luxS mutant (open triangles) S. gordonii
strains grown in THBS are shown. Culture densities and AI-2 induc-
tion levels of the wild-type strain grown in THB lacking serum (dotted
lines, no symbols) and in TY-glucose medium (filled diamonds) are
also shown. All time course experiments were repeated at least six
times, and the averages of three representative independent experi-
ments with standard deviations are shown (B). KU, Klett units.

FIG. 4. Induction of S. gordonii AI-2 production by Na2CO3 in a
concentration-dependent manner. Time courses of culture densities
(A) and AI-2 induction levels (B) of wild-type S. gordonii grown in
BHIS supplemented with 0 mM (circles), 12 mM (squares), 24 mM
(triangles), and 48 mM (diamonds) Na2CO3. All time course experi-
ments were repeated at least six times, and the averages of three
representative independent experiments with standard deviations are
shown (B). KU, Klett units.
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Na2CO3 (49-fold; Fig. 4B) demonstrated that during S. gordo-
nii cultivation in BHI medium, carbonate and serum both
contributed to AI-2 production.

S. gordonii AI-2 production was also evaluated in several
other media. Maximum induction levels observed in culture
supernatants from the lag, exponential, and stationary phases
of growth from cells grown in 25% saliva (twofold induction),
LB medium supplemented with 0.5% glucose (no induction),
and TY-glucose (ninefold induction; Fig. 3B) were similar to
the background AI-2 induction levels (sixfold induction; Fig.
3B) detected in the luxS mutant.

Biofilm growth. S. gordonii biofilms were grown and evalu-
ated in flow cells with 10-fold dilutions of the same media that
stimulated AI-2 production in planktonic culture; full-strength
media did not support biofilm formation. In 10-fold-diluted
THBS, attachment of cells to the substratum occurred but
biomass decreased after 1 h and was nearly undetectable after
4 h (data not shown). When they were grown in flow cells with
10-fold-diluted BHI medium containing 2.4 mM Na2CO3, no
differences were noted between luxS mutant and wild-type
biofilms (Fig. 6) or complemented mutant biofilms (data not
shown). At 0 h, these biofilms consisted of short chains of cells
that were evenly distributed over the flow cell surface. After
1 h, the chains had elongated but cells had not formed micro-
colonies. After 4 h, chains continued to elongate and greater
surface coverage was achieved but microcolonies still had not
formed (Fig. 6).

In contrast, when grown as biofilms with 25% human saliva
as the sole nutrient source, luxS mutant, wild-type, and com-
plemented mutant cells aggregated and formed microcolonies
visible at 0 h (Fig. 7A). After 1 h of growth, microcolony
organization was still apparent but only a minor increase in
surface coverage occurred. When viewed in the x-z plane, mi-
crocolonies of the luxS mutant exhibited finger-like projections
of cells that extended into the lumen of the flow cell and were
taller than microcolonies of the wild-type and complemented
mutant strains (Fig. 7B). After 4 h of growth, the biofilms all
looked similar in the x-y plane and were characterized by
denser microcolonies and greater surface coverage than at
previous time points. However, when viewed in the x-z plane,
taller microcolonies again were evident in luxS mutant biofilms
compared to the wild-type and complemented mutant strains.
AI-2 was not detected in the bulk liquid phases of saliva- or
laboratory medium-grown biofilms.

Mathematical algorithms (48, 49) were used to determine
the average microcolony heights and biovolumes of 4-h bio-
films formed in saliva. This analysis underscored visual obser-
vations (Fig. 7A, 4-h x-z panels) that the microcolonies within
luxS mutant biofilms (average height of 2.88 �m) were taller
than microcolonies within wild-type (average height of 1.86
�m) and complemented mutant (average height of 2.06 �m)
biofilms. A volumetric analysis of 4-h biofilms revealed that the
luxS mutant, wild-type, and complemented mutant strains oc-
cupied similar biovolumes of 6.37 � 104, 7.25 � 104, and 7.70
� 104 �m3, respectively, consistent with the observation that
the strains exhibited the same growth rates in planktonic cul-
ture. Thus, similar biovolume values for saliva-grown biofilms
formed by the three strains suggest that the biofilms all con-
tained similar amounts of biomass while quantitative analysis
of average microcolony heights showed that the luxS mutant

formed taller microcolonies than the wild-type and comple-
mented mutant strains. Together, visual and mathematical
analyses of saliva-grown biofilms revealed that the presence of
an intact luxS gene did not affect biomass accumulation but
rather exerted effects on biomass architecture.

DISCUSSION

The work described herein demonstrated that S. gordonii
luxS is monocistronic, and it defined the nutritional conditions

FIG. 5. Contribution of carbonate ion to S. gordonii AI-2 produc-
tion. Time courses of culture densities (A) and AI-2 induction levels
(B) of wild-type S. gordonii grown in BHI medium (circles) or BHI
medium supplemented with 24 mM MOPS (squares), 24 mM Na2CO3
(triangles), and 24 mM NaHCO3 (diamonds). All time course exper-
iments were repeated at least six times, and the averages of three
representative independent experiments with standard deviations are
shown (B). KU, Klett units.
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under which the organism produces AI-2. Additionally, the
effects of luxS on the development of monospecies biofilms in
flowing saliva by S. gordonii, an initial colonizer of human
enamel surfaces, are described.

AI-2 production. S. gordonii AI-2 production was evaluated
in a variety of laboratory media, and maximum AI-2 induction
was observed when the organism was cultivated in medium
containing serum and carbonate. AI-2 was not detected in the
supernatants of planktonic saliva-grown S. gordonii cultures or
in the bulk liquid phase from flow cells. The inability to detect
AI-2 in planktonic saliva-grown cultures may have been a re-

sult of the low maximum cell densities (106 to 107 CFU/ml)
attained under these conditions. During planktonic cultivation
in laboratory media, AI-2 did not reach detectable levels until
cultures attained densities of 108 to 109 CFU/ml. Thus, if
saliva-grown cultures produced the same amount of AI-2 per
cell as laboratory medium-grown cultures, AI-2 concentrations
in saliva culture supernatants would be below the detection
limit of the AI-2 assay. Furthermore, in flow cells, AI-2 would
not accumulate to a detectable concentration in the bulk liquid
phase unless AI-2 production exceeded dilution by flow.

Surette and Bassler reported that AI-2 production by Sal-

FIG. 6. S. gordonii luxS mutant biofilm phenotype is not apparent in BHI medium. (A) Time course (left to right) of biofilm development in
medium-conditioned flow cells (10-fold-diluted BHI medium containing 2.4 mM Na2CO3) by luxS mutant (luxS) and wild-type (WT) S. gordonii
strains. x-z reconstructions of each biofilm are shown below each x-y image. Digital zooms (magnification, 3�) of the lower left corner of each 1-h
x-y image are shown as insets. (B) Digital zooms (magnification, 3�) of the center of each 1-h x-z reconstruction. Scale bars, 50 �m.
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FIG. 7. S. gordonii luxS mutant biofilm phenotype in saliva. (A) Time courses (left to right) of biofilm development in saliva-conditioned flow
cells by luxS mutant (luxS), wild-type (WT), and complemented luxS mutant (Comp) S. gordonii strains. x-z reconstructions of each biofilm are
shown below each x-y image. Digital zooms (magnification, 3�) of the lower left corner of each 1-h x-y image are shown as insets. (B) Digital zooms
(magnification, 3�) of the center of each 1-h x-z reconstruction. Scale bars, 50 �m.
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monella enterica serovar Typhimurium responds to conditions
such as the availability of a rich carbon source, high osmolarity,
and low pH (41). Our results obtained by planktonic culture
are consistent with these findings, and serum and carbonate,
which are both naturally present in the human mouth, estab-
lished nutritional conditions that contributed to S. gordonii
AI-2 production. Both saliva (3) and serum (38) contain bicar-
bonate as the primary buffering agent. Furthermore, the phys-
iological bicarbonate concentration in serum and saliva (3) is
consistent with the concentration used in our experiments. In
solution, carbonate ion (CO3

2�), bicarbonate ion (HCO3
1�),

carbonic acid (H2CO3), and carbon dioxide (CO2) all exist in
equilibrium, with their amounts determined by pH. As the pH
of a carbonate-containing culture acidifies, carbonate dissoci-
ates to yield carbon dioxide. Thus, carbon dioxide may serve as
an environmental signal that induces AI-2 production in S.
gordonii. Acid production within dental plaque causes dissoci-
ation of salivary bicarbonate into carbonic acid, which is then
converted into carbon dioxide and water by carbonic anhydrase
(23). Metabolically, streptococci are capable of fixing the car-
bon from carbon dioxide by carboxylation of phosphoenolpyru-
vate to yield oxaloacetate (21, 26). Oxaloacetate is then
transaminated to yield aspartate, which can be converted to
methionine through several additional enzymatic steps (29).
AI-2 is a side product of the bacterial activated-methyl cycle, a
methionine-recycling pathway (47). Thus, stimulation of AI-2
production by carbonate may result from the increased levels
of intracellular methionine produced through carbon dioxide
fixation, which increases flux through the activated-methyl cy-
cle, a precursor to AI-2 production. While growing as a biofilm
that is bound to the acquired pellicle, S. gordonii would be well
situated to fix soluble carbon dioxide liberated by pellicle-
bound carbonic anhydrase (23), triggering the cells to produce
AI-2. On a tooth surface, elevated carbon dioxide concentra-
tions would most likely occur following acid production by
dental plaque.

Biofilm phenotype. Under conditions that resulted in high
AI-2 concentrations in planktonic cultures, biofilms either did
not form (THBS; data not shown) or did not exhibit pheno-
typic differences (BHI medium plus carbonate; Fig. 6). Fur-
thermore, when biofilms were cultivated in BHI medium (Fig.
6A; see elongated chains of cells), growth resembled that of
planktonic BHI medium-grown cultures, where streptococci
exhibit characteristic chains of cells. All saliva-grown biofilms
differed significantly in cellular organization from those grown
in BHI medium (compare Fig. 6A and 7A; clumps of cells or
microcolonies in Fig. 7A). In addition, a phenotypic difference
between the luxS mutant and wild-type strains was apparent in
saliva-grown biofilms (finger-like projections of cells extending
from luxS mutant biofilms in Fig. 7B). These results suggest
that the S. gordonii luxS mutant phenotype depends on an
intrinsic property of biofilm growth in saliva.

S. gordonii binds to components within the salivary pellicle,
including mucins, agglutinins, proline-rich proteins, statherin,
and �-amylase (20). Saliva-grown biofilms formed by the luxS
mutant, wild-type, and complemented mutant strains all exhib-
ited a microcolony architecture (Fig. 7A) that was not apparent
in BHI medium-grown biofilms (Fig. 6A). Thus, binding of S.
gordonii to a salivary pellicle may facilitate initial microcolony
formation within saliva-grown biofilms. Saliva-grown biofilms

of the luxS mutant, however, consisted of taller microcolonies
that exhibited finger-like projections of cells with morpholog-
ical similarities to the chains of cells observed in BHI medium-
grown biofilms (compare Fig. 6B and 7B). Within wild-type
microcolonies formed in saliva, a localized concentration of
AI-2 higher than that in the surrounding liquid could arise,
resulting in the development of a biofilm architecture different
from that observed in the luxS mutant. In contrast, localized
regions with elevated AI-2 levels may not exist within BHI
medium-grown biofilms that lack microcolony organization.
Thus, while all three strains formed microcolonies when culti-
vated as biofilms in saliva, disruption of luxS altered the biofilm
architecture, resulting in the development of taller microcolo-
nies that exhibited finger-like projections of cells extending
into the flow cell lumen, similar to the chains of cells observed
in BHI medium-grown biofilms.

As a member of the human oral flora and an initial colonizer
of enamel surfaces, S. gordonii evolved under conditions of
continuous salivary flow; if the cells fail to adhere to a surface
and form microcolonies, they are removed from the ecosystem.
Thus, it is intriguing that the phenotype of an S. gordonii luxS
mutant becomes apparent only when the organism is grown
under conditions representative of the human oral environ-
ment, namely, as a biofilm in flowing saliva.
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