
Pioneer oral streptococci initiate the for-
mation of oral biofilms on surfaces of teeth
by forming mono-species biofilms (22).
This is followed by adhesion of other oral
bacteria. Growth of these consortia into
structured, matrix-embedded, complex
microbial communities on the tooth sur-
face results in mature biofilms referred to
as dental plaque (3). The growth of these
multilayered, dental biofilm communities,
their eventual dispersal, and their spread
all require the coordinated expression of
genes that are finely tuned to various
environmental cues such as pH, oxygen
tension, and nutrient availability. There is
increasing recognition that bacteria grow-
ing as biofilms are the major cause of
several persistent and chronic bacterial
infections that display enhanced resistance
to conventional antibiotic therapy and host
immune responses (8). The development
of a mature biofilm is the result of the

expression of phenotypes in sessile growth
that are different from the phenotypes
expressed by planktonic cells (7, 26).
The identification and characterization of
various environmental signals that are
important to biofilm formation may facili-
tate the development of alternative strat-
egies to control biofilms.
Trace elements are essential to several

cellular processes, play a crucial role in
cellular events and participate in bacterial
differentiation and growth (12, 13). Bio-
film development by the opportunistic
pathogen Pseudomonas aeruginosa on
mucosal surfaces in humans is affected
by iron chelators, which inactivate lacto-
ferrin, a component of innate immunity
(25). Furanosyl borate diester is an auto-
inducer 2, a family of related molecules
that elicit responses in numerous bacteria
species, allowing bacterial populations to
coordinate gene expression in a variety of

developmental processes. This indicates a
potential role for boron in bacterial differ-
entiation (5). Biofilm formation of Myco-
bacterium avium on plastic surfaces is
dependent on the presence of the divalent
cations, calcium, magnesium, or zinc (4).
Mutations affecting the copper-transport
genes in Streptococcus mutans (28, 29)
and in Streptococcus gordonii (21) appear
to affect biofilm detachment to polystyrene
surfaces.
S. gordonii, an early colonizer of tooth

surfaces, was used previously to identify
genes that are involved in biofilm forma-
tion to abiotic surfaces (17–20). A biofilm-
defective mutant isolated was found to
have a Tn917-lac transposon insertion into
the adcR gene, which was shown to be
involved in biofilm formation and compet-
ence (19). The adc operon in S. gordonii
consists of four open reading frames (ORFs)
– adcR, adcC, adcB, and adcA – and is
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homologous to the zinc regulons in other
bacteria (9, 24). Like other metal uptake
systems, the adc operon also appears to
play a role in manganese acquisition (19).
In this study, mutations were generated in
the adcCBA genes and their effect
on S. gordonii biofilm formation was
examined.

Methods

Bacteria, media and chemicals

S. gordonii Challis 2 (17), S. gordonii
adcR::Tn917-lac and S. gordonii adcR::
specR (19) were subcultured and main-
tained routinely on Brain Heart Infusion
(BHI) agar (BBL, Becton Dickinson,
Cockeysville, MD) or Todd Hewitt Broth
(Difco Laboratories, Detroit, MI) supple-
mented with 0.2% yeast extract (THBYE)
at 37�C under anaerobic conditions (CO2/
H2/N2, 5 : 5 : 90; VWRbrand anaerobic
chamber, VWR, Plainfield, NJ). The anti-
biotic spectinomycin (1 mg/ml) was added
when required.
All chemicals were purchased from

Sigma (St. Louis, MO) or Fisher Scientific
(Pittsburgh, PA). All enzymes for DNA
manipulations were purchased from
Promega (Madison, WI) or Fisher Scien-
tific unless stated otherwise. Oligonucleo-
tide primers were from Invitrogen Life
Technologies (Rockville, MD).

Mutagenesis of the adc operon in

S. gordonii

Polymerase chain reaction (PCR) ligation
mutagenesis with vectorless intermediates
(15) was used to construct deletion
mutants in various ORFs present in
S. gordonii adc operon (19). The plasmid
pSF152 containing a spectinomycin resist-
ance gene, specR (27), was used as the
template for amplifying specR.
Initially, PCR amplification of the two

flanking regions and the antibiotic marker
insert was performed with appropriate
primers that incorporated restriction sites
of MluI and XbaI, respectively. After
electrophoresis on a 1% agarose gel to
confirm amplification, the PCR products
were purified using the QIAquick PCR
Purification Kit (Qiagen, Valencia, CA).
The purified PCR products of the 5¢ and 3¢
flanking fragments were digested with
MluI and XbaI, respectively, while the
amplified specR cassette was digested with
both enzymes. The digested fragments
were purified using the QIAquick Nucleo-
tide Removal Kit (Qiagen) and directional
ligation was performed at room tempera-
ture for 18 h after mixing together the

5¢ flanking fragment, the 3¢ flanking frag-
ment, and the spectinomycin resistance
cassette (18–20).
After ligation, 4 lg of the ligated DNA

was used for transformation of S. gordonii
Challis 2 by the method described previ-
ously (17). Transformants were then plated
on BHI agar containing spectinomycin and
incubated at 37�C anaerobically for 2–
5 days. Competence of S. gordonii Challis
2 strain and the mutants were assessed by
transformation with 4 lg of the ligated
DNA and enumerating the colony forming
units on solid media containing the appro-
priate antibiotics. Experiments were done
in triplicate.

Reverse Transcription-PCR (RT-PCR)

RT-PCR was performed using RNA from
S. gordonii Challis 2, adcC::specR, and
adcB::specRmutants to confirm that the
mutants generated were nonpolar. Total
RNA was extracted from cells grown to
mid-log phase [absorbance at 660 nm
(A600nm) of 0.3–0.4] using a Qiagen
RNeasy mini kit (Qiagen). RT-PCR was
performed using RNA isolated from
S. gordonii adcC::specR with primers
adcC P3 (CGT CTA GAC GCA AAA
AGT ATG CCG ACC G) and adcA P2
(CGA CGC GTC GAG AAT ACA CTC
AGT AAA CCA) spanning the adcC to
adcA region, and using RNA from
S. gordonii adcB::specR with primers
adcA for 1 (CTT GGT GGC TTG TTC
CAA TCA GAA AAA A) and adcA rev 2
(AGC ATT TCT TGG GCA ATT TCT
TGA CCA G), which span adcA under
conditions described previously (19, 20).
S. gordonii Challis 2 RNA was used as a
control for RT-PCR with identical primer
pairs. The locations of the primers used are
shown in Fig. 1A.

Growth assays

The growth rates of S. gordonii Challis 2,
adcR::specR, adcC::specR, adcB::specR

and adcA::specR mutants were assessed
by inoculating the strains from an over-
night THBYE culture into fresh 10 ml
THBYE and growing them at 37�C under
anaerobic conditions. Growth was quanti-
fied by recording the A600nm over 24 h.

Biofilm assays

An in vitro microtiter plate biofilm forma-
tion assay was performed as previously
described (17) using a minimal, defined
medium as the biofilm medium. In addi-
tion to the microtiter plate biofilm assay,
biofilm formation on borosilicate glass
coverslips was visualized directly using
phase-contrast microscopy (19, 20).
In addition, biofilm formation was also

assessed in a flow-cell system (18, 23) and
visualized by confocal scanning laser
microscopy. A glass flow-cell (BioSurface
Technologies Corp., Bozeman, Montana)
was used. The substratum consisted of a
microscope glass coverslip. An 250 ll
volume inoculum was introduced
(2 · 107 cells) and was allowed to bind
to the surface by inverting the flow cell for
15 min without flow, after which biofilm
medium was pumped through the flow-cell
channel at a rate of 200 ll per minute.
After bacteria were grown in the flow-cell
at 37�C for 18 h, confocal scanning laser
microscopy was used to examine the
spatial organization of the biofilm formed
in situ. After staining with LIVE/DEAD
bacLight� Bacterial Viability Stain
according to the manufacturer’s instruc-
tions (Molecular Probes, Eugene, OR),
cells were visualized with a X20 air
objective using a Leica TCS SP2 confocal
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Fig. 1. A) Gene organization of the adc operon in S. gordonii Challis. Organization of adc operon
and location of primers that produced an amplicon and their predicted sizes are shown. B) RT-PCR
analysis of RNA extracted from S. gordonii Challis 2 and adc mutants. See Table 1 for all primers
used. RT-PCR products using total RNA extracted from S. gordonii Challis 2 (lanes 2, 3),
adcC::specR (lane 4) and adcB::specR (lane 5) strains as the template. Lanes: 1, 1kb DNA marker; 2,
primers adcC P3 and adcA P2; 3, primers adcA for 1 and adcA rev 2; 4, primers adcC P3 and adcA
P2; and 5, primers adcA for 1 and adcA rev 2.
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microscope (Leica LaserTechnik GmbH,
Heidelberg, Germany) equipped with an
argon-krypton laser. Images were collected
and analyzed with Image-Pro� Plus com-
puter software (Media Cybernetics, Silver
Spring, MD).
Image analysis of each strain was per-

formed using five image stacks acquired
from random positions of the flow channel
approximately 5 mm from the inlet. Ima-
ges were acquired at 5-lm intervals down
through the biofilm, and therefore the
number of images in each stack varied
according to the thickness of the biofilm.
The data were processed using Comstat

software (11). The parameters chosen to
characterize the biofilm structures were
total biomass, average thickness, maxi-
mum thickness, and substratum coverage.

Results

The structure of the S. gordonii adc
operon and its flanking regions was des-
cribed previously (19) (Fig. 1A). It con-
sists of four genes that encode for AdcR, a
putative metal-binding repressor, AdcC, an
ATP-binding protein, AdcB, a transmem-
brane protein and AdcA, a metal binding

lipoprotein, in that order. The organization
of this operon varies in some streptococcal
species in that the adcA gene is not always
contiguous with the adc operon and the
AdcA is not always a lipoprotein (19).
The genes encoded by the adc operon in

S. gordonii were inactivated by construct-
ing adcC, adcB, and adcA deletion
mutants by PCR ligation mutagenesis
(15) using the strategy previously des-
cribed to construct adcR mutants (19).
Chromosomal DNA was isolated and
analyzed by PCR to confirm that the
integration of the specR gene in adcC,
adcB, and adcA genes had occurred as
predicted (data not shown).
RT-PCR was performed using RNA

isolated from S. gordonii adcC::specR

and S. gordonii adcB::specR mutants to
confirm that the mutants generated were
nonpolar. The location of the primers used
are shown in Fig. 1A. RT-PCR performed
using RNA isolated from S. gordonii
adcC::specR mutant with primers adcC
P3 and adcA P2 produced a 983-bp
amplicon that spans from adcC to adcA.
RT-PCR using RNA isolated from
S. gordonii adcB::specR with primers
adcA for1 and adcA P2 produced a

1449-bp amplicon located within adcA.
RNA isolated from S. gordonii Challis 2
was used as a control to confirm that
amplicons of identical size were produced
with RT-PCR when identical primer pairs
were used (Fig. 1B). These results con-
firmed that the insertional inactivation of
the constructed adcC::specR and
adcB::specR mutants was nonpolar.
The effects of insertional inactivation of

the adc operon on competence were
examined as previously described (19).
Results from transformation of the
S. gordonii Challis 2, adcC::specR,
adcB::specR, and adcA::specR mutant
strains with equal amounts of ligated
DNA demonstrated the mutations in indi-
vidual genes of the adc operon resulted in
S. gordonii mutants that were defective in
competence (competence was reduced by
80% in adcC:: specR, 78% in adcB::specR,
and 60% in adcA::specR mutants). There-
fore, a functional adc operon is required
for full competence in S. gordonii.

Phylogenetic analyses of S. gordonii AdcA

AdcA homologs from other streptococci
deposited in the DNA databases encoding

Fig. 2. Alignments of the deduced amino acid sequences of S. gordonii AdcA with other streptococcal AdcA homologs. Amino acids that are identical
and conserved are highlighted in red in yellow background and black in blue background. The solid vertical arrow indicates the putative position of the
prolipoprotein signal processing site of S. gordonii AdcA. The putative cysteine residue that is involved in the prolipoprotein signal processing site is
boxed after a black arrow. A histidine tract present in AdcA homologs that is proposed to represent a metal-binding site (MBS) is boxed. Two histidine
residues that are conserved are boxed and indicated by *. The highly conserved DPH moiety among all species is boxed.
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similar proteins were identified using the
TBLASTN algorithm (1) and were
retrieved from the microbial genome dat-
abases (http://www.ncbi.nlm.nih.gov).
Phylogenetic analyses demonstrate that
S. gordonii AdcA is closely related to
other ABC-type transporter subclasses
belonging to the ABC-type transport sys-
tem that have now been designated as
cluster 9 of metal transporters (6). Amino
acid sequence alignments of predicted
streptococcal AdcA homologs available
in the microbial genome databases indicate
that there are distinct differences even
though they share high levels of homology
(Fig. 2).
Although the majority of these proteins

are lipoproteins, there is a distinct sub-
family within the AdcA group that does
not contain the prolipoprotein signal
processing consensus sequence, indica-
ting they are not lipoproteins (Fig. 2).
Also the AdcA homologs possess a
histidine-rich region (HEHGEEGHHH)
that was previously identified as a puta-
tive metal binding site (10). Analysis of
the crystal structure of pneumococcal

PsaA has shown that His67, His139,
Glu205 and Asp280 constitute the metal
binding site of this protein. This metal-
binding site is located between two (b/a)4
domains, a characteristic of all known
ABC-type binding proteins (16). Simi-
larly in AdcA of S. gordonii it can be
predicted that His63, His139, His203, and
Glu278 are likely to constitute the puta-
tive metal binding site of this protein.
The DPH moiety, which is an integral
part of the metal binding site, is also
conserved among all the proteins exam-
ined (Fig. 2).

Growth assay

The growth rates and final yields of
the adcR::specR mutants, adcC::specR,
adcB::specR, and adcA::specR were exam-
ined and compared to the growth rate and
the final yield of S. gordonii Challis 2 in
THBYEat 37�Cunder anaerobic conditions
(Fig. 3A). The growth rates of S. gordonii
Challis 2 and adcR::specR mutant were
similar but adcC::specR, adcB::specR, and
adcA::specR mutants grew slower initially.

However, the final yields of all of the
mutants were found to be similar to that of
the parent Challis 2 strain.

Biofilm formation

The adc operon mutants were examined in
an in vitro biofilm formation assay using
polystyrene microtiter plates in biofilm
medium (Fig. 3B). Biofilm formation of
the adcC::specR mutant (A575nm ± stand-
ard deviation, 0.69 ± 0.10) and the
adcB::specR ± mutant (A575nm ± standard
deviation, 0.85 ± 0.02) were similar to that
of the adcR::specR mutant (A575nm ±
standard deviation, 0.90 ± 0.01) and were
significantly reduced when compared to
the Challis 2 strain (A575nm ± standard
deviation, 3.13 ± 0.33). In contrast, bio-
film formation of the adcA::specR mutant
(A575nm ± standard deviation, 3.11 ± 0.41)
was not significantly different from that of
the Challis 2 strain. We have previously
shown that insertion of a spectinomycin
cassette into fruR did not affect biofilm
formation of S. gordonii (20). This sug-
gests the antibiotic resistance gene did
not have a detrimental effect on cell
physiology in that the mutant formed a
biofilm indistinguishable from the Challis
2 strain.
To clarify the role of adcA in biofilm

formation, other biofilm assays were per-
formed. Phase-contrast microscopy was
used to directly observe the development
of S. gordonii Challis 2, adcC::specR,
adcB::specR, and adcA::specR biofilms on
glass coverslips. After 24 h, many more
S. gordonii Challis 2 had attached to the
glass coverslips when compared to the
mutant strains adcC::specR, adcB::specR,
and adcA::specR, forming biofilms which
consisted of multiple layers and thick
clusters of densely packed cells. After
24 h, few cells from adcC::specR,
adcB::specR, and adcA::specR mutants
had attached to the glass surface, forming
sparsely distributed small cell clusters
(data not shown). The absorbance of the
culture medium containing the glass slides
were monitored throughout, and no signi-
ficant differences in growth were observed.
These data demonstrate that the
adcC::specR, adcB::specR, and adcA::
specR mutants were biofilm-defective.
Similar to adcC::specR, adcB::specR, and
adcA::specR mutants, inactivation of adcR
has previously been shown to produce a
biofilm-defective phenotype on glass sur-
faces (19).
To confirm these observations, confocal

microscopy was carried out to assess
whether the mutant strains could form
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Fig. 3. A) Growth curves of S. gordonii Challis 2 and the adc mutants in THBYE over 24 h at 37�C
under anaerobic conditions. All assays were performed in triplicate, and mean values and standard
deviations are shown. B) Bacterial growth and biofilm assay of S. gordonii Challis 2 and the adc
mutants in biofilm medium. Assays were performed using biofilm medium and polystyrene
microtiter plates at 37�C under anaerobic conditions. All assays were performed in triplicate, and
mean values and standard deviations are shown.
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biofilms in a flow-cell system (18). The
biofilms formed by the mutant strains
appeared to contain significantly fewer
cells than did biofilms formed by Challis
2 (Fig. 4). The Challis 2 biofilm was
characterized as a dense, compact biofilm
containing thick clusters of cells. In con-
trast, the mutant biofilms contained sparse
clusters made up of a much smaller
number of cells.
To determine the spatial architecture of

the mutant biofilms vs. the Challis 2
biofilm, quantitative analysis of the bio-
films were performed using the Comstat

program (11); results from the analysis are
shown in Table 1. Student’s t-tests per-
formed to compare values obtained for all
five mutant strains with those of the
S. gordonii Challis 2 strain found signifi-
cant differences in several of the parame-
ters examined. The total biomass, average
thickness, maximum thickness and sub-
stratum coverage of the Challis 2 strain
was more than twice as high as that was
observed with biofilms formed with
adcR::Tn917-lac, adcR::specR, adcC::
specR, adcB::specR, and adcA::specR mu-
tants, representing significant quantitative
differences.

Discussion

Isolation and characterization of a biofilm-
defective mutant of S. gordonii with a
transposon insertion in an ORF homolog-
ous to the adcR of Streptococcus pneumo-
niae (9, 10) showed that AdcR plays a role
in biofilm formation of S. gordonii (19).
The adc operon of S. pneumoniae was
previously shown to be involved in metal
uptake, specifically zinc (9, 10, 24). The
aims of this study were to further investi-
gate the role of the adcCBA genes in
biofilm formation and competence in
S. gordonii.
In order to investigate what role the

individual genes of the adc operon may
play in S. gordonii biofilm formation,
mutations were generated in individual
ORFs and biofilm formation by the
mutants was examined. Inactivation of
adcR has been shown previously to result
in a biofilm-defective phenotype (19).
Inactivation of adcC and adcB with a
specR resulted in a biofilm-defective phe-
notype. Interestingly, insertional inactiva-
tion of S. gordonii adcA results in a
biofilm-positive phenotype similar to that
of S. gordonii Challis 2 when examined

using the polystyrene microtiter plate bio-
film assay. However, when biofilm forma-
tion was observed on glass coverslips and
in a flow cell, all mutants displayed a
biofilm-defective phenotype. Subsequent
quantitative analysis demonstrated clear
differences between the biofilms formed
by Challis 2 and all of the mutants.
Although quite useful, these observations
demonstrate the need for careful interpret-
ation of data observed with the use of the
static microtiter plate assay to study bac-
terial biofilm formation. All three muta-
tions in the adc operon resulted in a defect
in competence, suggesting that both com-
petence and biofilm formation are modu-
lated by this operon in S. gordonii.
The structure of biofilms may depend on

metal ions. An architecturally altered bio-
film phenotype has been observed with a
S. gordonii luxS mutant that is defective in
the production of furanosyl borate diester
(2), a member of the autoinducer 2 family
that elicits responses in numerous bacterial
species. Recent studies with Vibrio chol-
erae suggest that calcium present in
seawater promotes exopolysaccharide-
independent biofilm formation, whereas
exopolysachcharide-dependent biofilm
occurs in freshwater where the calcium
concentration was almost 20 times lower
(14).
These results suggest a potentially inter-

esting phenomenon that acquisition of
trace elements may act as environmental
address signals for bacterial differentiation
during bacterial biofilm formation and
maturation. Unlike other signals such as
pH, osmolarity, and oxygen tension, which
are subject to abrupt, sudden changes in an
environment by other members of bacterial
consortia during cometabolism, trace

Fig. 4. Confocal scanning laser microscopic analysis of S. gordonii biofilms in a flow-cell system. S. gordonii Challis 2 (A, G), adcR::Tn917-lac (B, H),
adcR::specR (C, I), adcC::specR (D, J), adcB::specR (E, K), and adcA:specR (F, L) strains were grown in biofilm medium in a BST FC71 flow-cell unit
(flow rate 180 ll/min; initial inoculum A660 ¼ 0.1) over 18 h at 37�C. Live cells are stained with Syto-9 (green) and dead cells are stained with propidium
iodide (red) and examined by confocal microscopy. A representative image from a set of randomly selected x–y stacks (upper panels) and the x–y–z
perspective (lower panels) are shown for each strain. Bars represent 80 lm.

Table 1. Comstat analysis of confocal scanning laser microscopy images of biofilms formed by
S. gordonii in a flow-cell system

Strain
Total biomass
(lm3/lm2)

Average thickness
(lm)

Maximum thickness
(lm)

Substratum coverage
(%)

Challis 2 0.63 ± 0.15 0.51 ± 0.12 23.92 ± 5.72 3.63 ± 1.11
adcR::Tn917-lac 0.27 ± 0.03 0.19 ± 0.03 11.16 ± 2.12 1.78 ± 0.13
adcR::specR 0.30 ± 0.04 0.21 ± 0.04 12.28 ± 2.30 2.06 ± 0.45
adcC::specR 0.29 ± 0.07 0.20 ± 0.07 11.40 ± 3.55 2.11 ± 0.51
adcB::specR 0.33 ± 0.07 0.25 ± 0.07 14.82 ± 4.36 1.73 ± 0.05
adcA::specR 0.38 ± 0.06 0.28 ± 0.05 15.75 ± 2.22 2.15 ± 0.30

The values shown are the means and standard deviations obtained from image stacks of five different
areas of the biofilm after 18 h. Student’s t-tests were performed to compare the values obtained for
each mutant strain with those of the S. gordonii Challis 2 strain. All P-values were < 0.05.
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elements may be less susceptible to dra-
matic fluctuations. Therefore, in certain
ecologic habitats, trace elements might be
preferable environmental address signals
for bacteria to recognize and respond to
during the colonization process. During
early bacterial evolution, bacteria must
have survived on the earth’s crust and
evolved in a metal age; thus a variety of
metal sensing systems would have
evolved. Bacteria have retained and re-
fined their metal-sensing systems during
evolution for other physiological processes
such as bacterial differentiation associated
with the biofilm developmental process.
The role of trace elements in biofilm
dispersal offers a unique opportunity to
prevent or disperse biofilms in industrial
settings, as the formation of biofilms on a
variety of surfaces in the environment is a
significant problem that affects industry as
well as medicine.
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