
Tooth surfaces are usually colonized by
structurally complex bacterial consortia
termed dental plaque, which are microbial
biofilms that survive by adapting to envi-
ronmental fluctuations within the oral
cavity such as changes in pH, oxygen
tension and cyclic variations in nutrient
availability. Biofilms develop in several
stages, beginning with cells attaching to a
surface, accumulating subsequent to bac-
terial growth and colonization by other
bacteria, and eventually forming complex
climax communities interspersed with
fluid-filled channels. These biofilms dis-
play increased resistance to antibiotics and
host defense and are associated with
several chronic persistent infections (7).

Recent studies have demonstrated that
metal ions might play an important role in
biofilm formation and pathogenesis. In
Vibrio cholerae, calcium ions are essential
for biofilm development and dissolution in
seawater, and biofilm dissolution during
times of estuarine instability may contrib-
ute to cholera epidemics (18). In Strepto-
coccus pneumoniae, manganese is
transported by PsaA, the lipoprotein com-
ponent of an ABC transporter which has
been shown to be a virulence factor (24). A
screen for in vivo expressed genes in
Staphylococcus aureus identified a viru-
lence gene ivi44, which encodes a protein
that has 50% identity to CopA of
Enterococcus hirae (22). In Listeria

monocytogenes, mutants of ctpA (copper
transport protein), which encodes a P-type
adenosine 5¢ triphosphatase (ATPase), are
involved in copper transport and have
reduced virulence (15). A reduction of
colonization by Pseudomonas aeruginosa
biofilms on copper-coated butyl rubber was
observed when compared with the control
material over 14 h using a modified Rob-
bins device (26). In Streptococcus mutans,
a mutant that is defective in biofilm
detachment had a Tn917 insertion adjacent
to the promoter region of the cop operon
(37, 38). Intracellular copper is tightly
regulated in bacteria as it is critical to cell
viability. As large concentrations are toxic,
the maintenance of intracellular copper at
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Streptococcus gordonii is a pioneer oral bacterium that is associated with the initiation of
dental plaque development. Located downstream of the S. gordonii adc operon, which is
involved in competence and biofilm formation, were three open reading frames,
designated copY, copA and copZ. These open reading frames were homologous to the
copYAZ genes in Streptococcus mutans that are involved in copper homeostasis and
biofilm detachment. This study examined whether copYAZ genes play any role in the
biofilm formation and detachment of S. gordonii. The copY gene encodes a 143-amino
acid protein homologous to the negative transcriptional regulator of a copper-transport
operon, copA encodes a 748-amino acid copper-transporting P-type ATPase, and copZ
encodes a 69-amino acid putative metallochaperone protein in S. mutans. Each open
reading frame in the copYAZ operon in S. gordonii was inactivated by insertional
mutation and the growth, biofilm formation and detachment of each mutant were
examined. S. gordonii copY::specR, copA::specR, and copZ::specR mutants were able to
form biofilms on both polystyrene and glass surfaces. However, inactivation of copZ and
to a lesser extent copY resulted in phenotypes that were defective in biofilm detachment,
which is consistent with previous observations in S. mutans and suggests that the trace
element copper might influence biofilm detachment of bacterial biofilms.
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trace levels requires homeostatic mecha-
nisms (35). Bacterial integral membrane
P-type ATPases play a critical role in metal
ion homeostasis, including copper (36).
Previous in vivo and in vitro studies

have examined the potential cariostatic
effect of a number of trace elements
including copper (12, 14). Copper ions
have been shown to be cariostatic in rats
(2, 3), to reduce plaque (33), to inhibit the
ability of plaque to generate acids after
exposure to sucrose in rats (4, 39), and to
inhibit demineralization of human enamel
in vitro (5).
Streptococcus gordonii, which is a

pioneer oral bacterial species that initiates
the formation of biofilm on tooth surfaces,
belongs to the viridans group of oral
streptococci (16). This group constitutes
a large proportion of the commensal
bacteria that colonize oral surfaces and
when introduced into the bloodstream can
cause transient bacteremia-initiated infec-
tions in susceptible individuals.
The oral cavity in which S. gordonii

dwells is an environment of highly fluctu-
ating levels of nutrients and trace elements.
Metal ions such as those of copper and
silver can come from consumed foods and
dental restorative materials such as amal-
gam, which is still a widely used metal
alloy in dentistry (27). A cop operon in
S. gordonii was identified downstream of
the adc (adhesion competence) operon
(adcRCBA) (20). This was homologous
to the cop operon in S. mutans, which was
previously shown to be associated with
biofilm detachment and copper transport
(37, 38). This study examined the possible
role of S. gordonii copYAZ genes in bio-
film formation and detachment.

Material and methods

Bacteria, media, and chemicals

S. gordonii Challis 2, the rifamycin resist-
ant (500 lg/ml) strain of S. gordonii Chal-
lis (19), was used as the parent strain.
Bacteria were subcultured and maintained
routinely on Brain Heart Infusion (BHI)
agar (BBL, Becton Dickinson, Cockeys-
ville, MD) or Todd Hewitt Broth (Difco
Laboratories, Detroit, MI) supplemented
with 0.2% yeast extract (THBYE) at 37�C
under anaerobic conditions (CO2 : H2 :
NO2; 5 : 5 : 90%; VWRbrand anaerobic
chamber, VWR, Plainfield, NJ).

Mutagenesis of the cop operon in

S. gordonii

Polymerase chain reaction (PCR) ligation
mutagenesis with a spectinomycin

resistance gene, specR (20), was used to
construct deletion mutants in each of the
three open reading frames (ORFs) present
in the putative S. gordonii cop operon.
PCR amplifications of the two flanking
regions and the antibiotic marker insert
were performed with the appropriate prim-
ers that incorporated MluI and XbaI,
respectively, and subsequent purification
of PCR products and ligation were per-
formed as previously described (20). Four
lg of the ligated DNA was used for
transformation of S. gordonii Challis 2
by the method described previously (19).
The transformation mixture was then
plated on BHI agar containing spectino-
mycin (1000 lg/ml) and incubated at 37�C
anaerobically for 2–5 days.
The copY::specR was constructed by

deleting residues 7–110 of 143 amino acids,
the copA::specR was constructed by delet-
ing residues 10–720 of 749 amino acids
and the copZ::specR was constructed by
deleting residues 11–53 of 69 amino acids.

Reverse Transcription-PCR (RT-PCR)

RT-PCR was performed to confirm that the
mutants generated were nonpolar. Total
RNAwas extracted from S. gordonii Chal-
lis 2, copY::specR and copA:: specR strains
grown to mid-log phase (A600nm of
0.3–0.4) using a Qiagen RNeasy mini kit
(Qiagen, Valencia, CA). RT-PCR was
performed using RNA isolated from
copY::specR with primers copA for 5
(5¢-ATAGATGGACAGCTGGCAGGTAT
TTTAG-3¢) and copZ rev 5 (5¢-GTGAC-
GTGT TTG ACACAGTTTTGA CAAG-
3¢) spanning from copA to copZ, RNA
from copA::specR with primers copZ for
(5¢-CTTGTCAAAACTGTGTCAAACA-
CG TCAC-3¢) and copZ rev (5¢-AATC-
GTTTTAGCTAAAGCCGCTTCATAG-3¢),
which span within copZ. RNA from Chal-
lis 2 strain was used as a control with
identical primers pairs. The location of the
primers used are shown in Fig. 1A.

Growth assays

The growth rates of S. gordonii Challis 2,
copY::specR, copA::specR and copZ::specR

mutants were assessed by inoculating the
strains from an overnight THBYE culture
into fresh 10 ml THBYE and growing
them at 37�C under anaerobic conditions.
The effects of copper on the growth of
S. gordonii Challis 2, copY::specR,
copA::specR, and copZ::specR mutants
were assessed by inoculating the strains
from an overnight THBYE culture into
fresh 100 ll biofilm medium (BM) sup-
plemented with various concentrations of
CuSO4 (0–800 lm) in a microtiter plate
and growing them at 37�C under anaer-
obic conditions (21). Growth was quan-
tified by recording the absorbance at
575 nm over 24 h. The growth of each
strain in 400 lm CuSO4 was compared
to growth of the same strain in BM
without CuSO4 (considered as 100%
growth) after 24 h and expressed as
relative growth.

Biofilm detachment assay

A microtiter plate biofilm detachment
assay described by Kaplan et al. (17) was
used to measure the biofilm detachment of
S. gordonii Challis 2 and the cop mutants.
Polystyrene rods were attached to the lid of
a 96-well polystyrene microtiter plate so
that the rods were suspended approxi-
mately 2 mm above the bottom of the
wells. The modified lid was sterilized with
70% ethanol. After the microtiter plate
containing BM with appropriate antibiotics
(100 ll per well) was inoculated, the
modified lid was placed on the inoculated
plate so that the polystyrene rods remain
immersed in the inoculated medium. The
plate was then incubated for 24 h to allow
bacteria to form biofilms on the immersed
rods. The lid was then transferred to a new
microtiter plate containing 100 ll BM per
well with the appropriate antibiotics and

Fig. 1. A) Organization of cop and the adjacent genes, and the location of primers used are shown.
Positions of primers that successfully produced an amplicon and their predicted sizes are shown. B)
RT-PCR of RNA extracted from S. gordonii Challis 2 and cop operon mutants. Lane 1: 1 kb DNA
marker. Lane 2: 100 bp DNA marker. Lane 3: primers copA for 5 and copZ rev 5 using RNA
extracted from Challis 2. Lane 4: primers copA for 5 and copZ rev 5 using RNA extracted from
copY::specR. Lane 5: primers copZ for and copZ rev using RNA extracted from Challis 2. Lane 6:
primers copZ for and copZ rev using RNA extracted from copA::specR.
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incubated for an additional 24 h to allow
biofilm cells to detach from the rods. Cells
that detached from the rods fell to the
bottom of the well, where they are likely to
attach to the surface and form new biofilms.
The amount of biofilm growth on the well
was proportional to the number of cells that
detached from biofilms that formed on the
rods, and was measured by staining with
crystal violet (CV). The lid was removed
and the plate was stained by adding
1% (wt/vol) CV solution to each well.
After 15 min, wells were rinsed three times
with 200 ll of distilled H2O and air-dried.
Bacterial growth and biofilm formation
were quantified by measuring the absorb-
ance at 575 nm of the bacterial culture and
CV-stained biofilm, respectively. Each
assay was performed in triplicate.

Biofilm formation assay

The in vitro biofilm formation assay was
performed in BM as previously described
(19). Various concentrations of CuSO4,
CaCl2, KCl, NiCl2, CdCl2, ZnSO4,
MgSO4, FeSO4, CoCl2, and AgCl2
(0.05–1 mm) were added to the BM to
assess the effect of metal ions on biofilm
formation. In addition to the microtiter
plate biofilm assay, biofilm formation on
borosilicate glass coverslips was visual-
ized directly using phase-contrast micros-
copy as described previously (21).

Statistical analyses

Mutant strains were compared to the
Challis 2 strain and the significance of
differences in growth, biofilm formation
and biofilm detachment was assessed by
Student’s t-test.

Results

Genetic organization of the cop operon

Downstream of the adc operon were three
ORFs, copY, copA and copZ, which are
homologous to copYAZ of S. mutans and
copYZAB of E. hirae (Fig. 2A). Inactiva-
tion of the cop operon inhibited S. mutans
growth in the presence of higher levels of
copper and reduced detachment of adher-
ent S. mutans biofilm (37, 38). This study
examined the role of copYAZ genes on the
growth, biofilm formation and biofilm
detachment of S. gordonii.
The genetic organization of copYAZ of

S. gordonii and the alignment of the
deduced amino acid sequences were exam-
ined by identifying homologous sequences
from streptococci in the DNA databases
(http://www.tigr.org). The predicted amino

acid sequences of the proteins encoded by
the three ORFs in S. gordonii showed
strong homology to the S. mutans CopY,
CopA and CopZ, respectively. Upstream
of the copY start site, a putative ribosomal
binding site, putative )10 and )35 sites
were identified (Fig. 2B). Two imperfect
inverted repeats present in the promoter
regions of the cop operon in S. mutans
(38) and E. hirae (30) were also found in
the S. gordonii cop promoter region
(Fig. 2B).
The first gene in the cop operon of

S. gordonii is the copY gene, which starts
148 bp 3¢ of the adcA stop codon and
encodes CopY, a deduced 143-amino acid
protein with a predicted molecular mass
of 16.7 kDa. The CopY in S. gordonii
contains a consensus heavy-metal-
binding motif (CXCX4CXC) at the
C-terminus and two stretches of
conserved sequences (IX3EXXVMX3W
and WX3TX2TX3RLX2K) at the N-termi-
nus (Fig. 3A), which are also present in
S. mutans CopY (38) and E. hirae CopY
(41). In S. mutans and E. hirae, CopY is a
negative transcriptional regulator of the cop
operon and shares extensive homology
with other bacterial negative transcriptional
regulators (31). Amino acid sequence iden-
tities between CopY of S. gordonii and the

CopY homologs from S. pneumoniae,
Streptococcus agalactiae, S. mutans,
Streptococcus pyogenes, E. hirae, Strepto-
coccus equi, and Streptococcus sobrinus
are approximately 30, 32, 34, 30, 35, 28,
and 32%, respectively (Table 1).
copA is 2246 bp in length, starting 7 bp

3¢ of the copY stop codon and predicted to
encode CopA, a deduced 749-amino acid
protein with a predicted molecular mass of
80.3 kDa. CopA shares extensive homol-
ogy with P-type ATPases from other
bacteria (36). P-type ATPases are involved
in heavy metal transport and contain a
number of conserved structural and func-
tional domains. They include an N-
terminal heavy-metal binding motif
(GMXCXXC), eight transmembrane heli-
ces, a CPC ion-transduction motif, an
ATP-binding site, and a DKTGT phos-
phorylation domain (1, 38, 42), all of
which are also present in CopA of
S. gordonii (data not shown). Amino acid
identities between the CopA of S. gordonii
and the CopA homologs from S. pneumo-
niae, S. agalactaciae, S. mutans, S. pyo-
genes, E. hirae, S. equi, and S. sobrinus
are approximately 39, 50, 52, 51, 44, 50
and 54%, respectively (Table 1).
The copZ gene is 209 bp in length,

starting 20 bp 5¢ of the copA stop codon. It

Fig. 2. A) The genetic organization in the cop genes in S. gordonii Challis, S. mutans and E. hirae.
The number of amino acid residues encoded by each gene is shown below. Unlike S. gordonii, the cop
operon in S. mutans is not downstream of the adc operon. B) Alignment of the promoter regions of
S. gordonii Challis, S. mutans and E. hirae. Nucleotides that are identical and conserved are
highlighted in black and gray, respectively. Arrows indicate two potential imperfect inverted repeat
regions, putative rbs, potential)10 and)35 regions, and the start codon are indicated by an asterisk (*).
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encodes a deduced 69-amino acid protein
with a predicted molecular mass of
7.8 kDa that contains a consensus heavy-
metal-binding motif (CXXC) at the
N-terminus (Fig. 3B) that is also present
in CopZ of S. mutans (38), E. hirae (41)
and CopP of Pseudomonas putida (1).
Amino acid identities between the CopZ of
S. gordonii and the CopZ homologs from
S. agalactiae, S. mutans, S. pyogenes,
E. hirae and S. sobrinus are approxi-

mately 26, 31, 29, 26, and 41%, respect-
ively (Table 1).
There are significant differences in the

arrangement of the cop operons in a
variety of streptococci, as determined by
sequences from their completed and unfin-
ished microbial genome databases (http://
www.ncbi.nih.gov). The organization of
the cop operons in S. gordonii and
S. mutans are similar (copYAZ), which
are different from E. hirae where the cop

operon contains four genes (copYZAB)
with the additional gene copB encoding a
copper efflux protein. No copB homolog
was found in the unfinished, nonannotated
S. gordonii Challis genome (http://www.
tigr.org.) Among other streptococci, S. aga-
lactiae contained a copB homolog, which
was noncontiguous with the cop operon,
and a partial copB homologwas identified in
the incomplete S. sobrinus sequence. In
S. pneumoniae, a hypothetical ORF was

Fig. 3. A) Multiple alignments of S. gordonii CopY deduced amino acid sequence with CopY homologs from various streptococci. S. gordonii CopY
was aligned with CopY from S. pneumoniae (NP358283), S. agalactiae (NP688264), S. mutans (AAG10085), S. pyogenes (AAM80089), and with
CopY homologs from S. equi and S. sobrinus (identified from their respective unfinished genome sequences) using the AlignX program of Vector NTI
(Informax). Conserved sequences I; IX3EXXVMX3W, and II; WX3TX2TX3RLX2K, are shown. The putative metal binding motif CXCX4CXC), HMB is
boxed. Amino acids that are identical and conserved are highlighted in dark gray and light gray, respectively. A conserved cysteine residue is indicated by
an asterisk (*). B) Multiple alignments of S. gordonii CopZ deduced amino acid sequence with CopZ homologs from various streptococci. S. gordonii
CopZ was aligned with CopZ from S. mutans (AAG10087), S. agalactiae (AAM99292), and S. pyogenes (AAM80097 using the AlignX program of
Vector NTI (Informax). The putative metal binding motif (CXXC), HMB is boxed. Amino acids that are identical and conserved are highlighted in dark
gray and light gray, respectively.
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located between cptY (copY homolog) and
cptA (copA homolog); however, no copZ
homolog was present in the genome.
The genes encoded by the cop operon in

S. gordonii were inactivated by construct-
ing copY, copA and copZ deletion mutants
using PCR ligation mutagenesis (21) and
inactivation was confirmed by PCR. The
location of the primers used are shown in
Fig. 1A. RT-PCR performed using RNA
isolated from S. gordonii copY::specR with
primers copA for 5 and copZ rev 5
produced a 673 bp amplicon, with a span
from copA to copZ. RNA isolated from
S. gordonii copA::specR with primers copZ
for and copZ rev produced a 155 bp
amplicon that spans within copZ (Fig. 1B).
RT-PCR using RNA from S. gordonii
Challis 2 as a control confirmed that
amplicons of similar size were produced
when identical pair primers were used.
These results confirmed that the insertional
inactivation of copY::specR and copA::
specR mutants were nonpolar in that the
transcription of downstream genes was not
affected. The genes were replaced with a
spectinomycin cassette designed to ensure
a read through so that downstream genes
will be nonpolar. A negative control with-
out reverse transcriptase was included to
detect any DNA contamination in the
RNA sample.

Growth assays

The growth rates and final yields of the
copY::specR, copA::specR, and copZ::specR

mutants were similar to the growth rate
and the final yield of S. gordonii Challis 2
in THBYE medium (Fig. 4A). The
sequence similarities between S. gordonii
copYAZ operon and S. mutans copYAZ
operon indicated that the S. gordonii copY-
AZ might be involved in copper transport
and resistance. Hence the effect of copper
on growth of S. gordonii Challis 2, copY::-
specR, copA::specR and copZ::specR

mutants was examined. S. gordonii Challis
2 grew normally up to a final CuSO4

concentration of 200 lm, above which
bacterial growth was reduced. The growth
of each strain in 400 lm CuSO4 was

compared with growth of the same strain
in BMwithout CuSO4 (considered as 100%
growth) and expressed as relative growth
(Fig. 4B). In the presence of 400 lm
CuSO4, the relative growth of the Challis
2 strain was 67%, of the copY mutant
100%, of the copA mutant 74%, and of the
copZ mutant 89%. Results indicate that
with the exception of the copY::specR

mutant, growth of all other strains was
reduced in the presence of 400 lm CuSO4.
The relative growth of copY and copZ
mutants was significantly higher when
compared to Challis 2, indicating that a
mutation in copY or copZ increases the
resistance to copper, whereas the resistance
after a mutation in copA was the same as

Table 1. Homology of the proteins encoded by cop genes of S. gordonii, E. hirae and those of other
oral streptococci

S. gordonii

CopY
%Identity
(%Similarity)

CopA
%Identity
(%Similarity)

CopZ
%Identity
(%Similarity)

Streptococcus pneumoniae 29.8 (43.0) 38.5 (54.0) NP
Streptococcus agalactiae 32.4 (48.0) 49.5 (66.2) 25.7 (34.3)
Streptococcus mutans 34.2 (51.0) 51.5 (66.9) 31.4 (40.0)
Streptococcus pyogenes 30.1 (47.9) 51.2 (66.4) 28.6 (35.7)
Enterococcus hirae 34.5 (46.6) 43.6 (59.8) 25.7 (34.3)
Streptococcus equi 28.1 (47.9) 49.8 (64.8) NA
Streptococcus sobrinus 31.5 (45.2) 53.7 (69.2) 41.4 (32.9)

NP, not present. NA, genome sequence incomplete.
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Fig. 4. A) Growth of S. gordonii Challis 2 and cop mutants in THBYE under anaerobic conditions
37�C for 24 h. All assays were performed in triplicate, and mean values and standard deviations are
given. B) Effect of copper on growth of S. gordonii Challis 2 and cop mutants. Bacteria were grown
under anaerobic conditions at 37�C in BM and BM supplemented with 400 lm of CuSO4. The
growth of each strain in 400 lm CuSO4 was compared with growth of the same strain in BM only
and expressed as relative growth. Growth in BM only was considered 100% growth. All assays were
performed in triplicate, and standard deviations are given. Mutant strains that have a statistically
significant difference when compared to Challis 2 are marked with an asterisk (*). C) Biofilm
detachment of S. gordonii Challis 2 and cop mutants. Following the detachment assay described by
Kaplan et al. (17), bacteria were grown in BM in a microtiter plate with a modified lid with attached
polystyrene rods immersed in the BM. After 24 h, bacteria have formed biofilms on the immersed
rods, and the lid was transferred to a new microtiter plate containing BM and incubated for an
additional 24 h to allow biofilm cells to detach from the rods. The amount of cells that detached was
proportional to the amount of biofilm formation on the second plate, measured by staining with
crystal violet (CV). Bacterial growth and biofilm formation were quantified by measuring the
absorbance at 575 nm of the bacterial culture and CV-stained biofilm, respectively. All assays were
performed in triplicate, and mean values and standard deviations are given. Mutant strains that have a
statistically significant difference when compared to Challis 2 are marked with an asterisk (*). D)
Biofilm formation of S. gordonii Challis 2 and the cop mutants. Bacteria were grown in BM in
polystyrene microtiter plates under anaerobic conditions at 37�C for 24 h. Bacterial growth was
quantified by measuring the absorbance at 575 nm of the bacterial culture and biofilm formation was
quantified by measuring the absorbance of the CV-stained biofilm. All assays were performed in
triplicate, and mean values and standard deviations are given.
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the parent strain. Therefore it appears a
functional copY and copZ decreases the
tolerance of the parent strain to copper,
probably by negatively regulating the
copper transport operon.

Biofilm assays

Previous studies that isolated a biofilm
detachment defective mutant in S. mutans
showed that a Tn917 insertion had oc-
curred adjacent to the promoter region (69
bases upstream of the start codon) of the
cop operon (38). Therefore the detachment
phenotype of S. gordonii Challis 2, copY::
specR, copA::specR, and copZ::specR strains
was examined using a biofilm detachment
assay described by Kaplan et al. (17).
Results from this assay demonstrated that
the copZ mutant was defective in biofilm
detachment. When compared to the parent
strain, the copZ mutant displayed >95%
reduction in biofilm detachment. The copY
mutant exhibited a smaller reduction
(>31%) in the ability to detach when
compared with the parent strain (Fig. 4C).
The growth was equivalent in S. gordonii
Challis 2 and the cop mutants. This
suggests that copper homeostasis in
S. gordonii is associated with the mainten-
ance of biofilms and is consistent with
previous observations of reduced detach-
ment in a S. mutans mutant with a trans-
poson insertion adjacent to the promoter
region of the cop operon (37, 38).
The biofilm-formation phenotype of

copY::specR, copA::specR and copZ::specR

mutants were also examined in an
in vitro biofilm assay using polystyrene
microtiter plates in BM (Fig. 4D). Biofilm
formation of copY::specR (A575nm ± stand-
ard deviation, 4.12 ± 0.42), copA::specR

(A575nm ± standard deviation, 4.19 ± 0.19)
and copZ::specRmutant (A575nm ± standard
deviation, 3.103 ± 0.22) were not
significantly different from S. gordonii
Challis 2 (A575nm ± standard deviation,
3.54 ± 0.14).
In order to observe the presence of any

microscopic differences in biofilm forma-
tion of S. gordonii Challis 2 and
each mutant biofilms formed on glass
coverslips suspended in BM were visual-
ized directly using phase-contrast micros-
copy (21). Phase-contrast microscopy was
used to follow biofilm development of
S. gordonii Challis 2, copY::specR,
copA::specR and copZ::specR mutants on
glass coverslips 1, 3, 24, 48, 72, and 96 h
after inoculation. Results indicate that
biofilm formation of Challis 2 and the
mutants were not significantly different
(data not shown). No significant growth

differences between the four strains were
observed. These data demonstrate that
there were no differences in biofilm for-
mation between S. gordonii Challis 2 and
the cop mutants.
The effect of extracellular copper on

biofilm formation on S. gordonii Challis 2
was also examined in a microtiter plate.
S. gordonii Challis 2 was inoculated into
BM containing various concentrations of
CuSO4 (0.05–1 mm). Addition of extra-
cellular copper as a supplement to BM did
not affect either the growth or biofilm
formation (data not shown). None of the
other metal ions examined had any effect
on S. gordonii Challis 2 biofilm formation.

Discussion

The isolation and characterization of a
biofilm-defective mutant that had a Tn917-
lac insertion within an ORF that was
homologous to the adcR of S. pneumoniae
(9, 10) demonstrated that the adc operon
plays a role in zinc/manganese home-
ostasis, biofilm formation and competence
in S. gordonii (20). Immediately down-
stream of the adc operon were three ORFs
designated copYAZ, based on their homol-
ogies to the copYAZ operon in S. mutans.
In addition to copper homeostasis, the
copYAZ operon is involved in biofilm
detachment in S. mutans, as a transposon
insertion adjacent to the promoter region
of the cop operon in S. mutans displayed a
biofilm detachment-defective phenotype
(38). This study was initiated to investigate
the role of S. gordonii copYAZ in biofilm
detachment, and the influence of extracel-
lular copper on growth and biofilm forma-
tion in S. gordonii.
None of the mutations generated in

S. gordonii copY, copA and copZ by
insertional inactivation using a specR cas-
sette affected the biofilm formation of
S. gordonii. S. gordonii copZ::specR

mutant and, to a lesser extent, S. gordonii
copY::specR were defective in biofilm
detachment. This is consistent with the
previous report of a biofilm detachment-
defective mutant in S. mutans (38). Our
observations from the S. gordonii copZ::
specR mutant suggest that the detachment-
defective phenotype may be specifically
associated with copZ. Based on studies
with the E. hirae cop operon, the CopZ
protein is now recognized as a metallo-
chaperone that is involved in the traffick-
ing of intracellular copper to CopY and
CopA, fulfilling the vital cellular function
of copper transport to copper-dependent
enzymes while protecting the intracellular
milieu from copper toxicity (35). In the

current model depicting the function of the
cop operon in E. hirae, it is proposed that
CopA transports copper intracellularly,
resulting in copper loading of apo-CopZ.
Subsequently, CopZ delivers copper to
CopY in cases of high intracellular levels
of copper (6). However, a high concentra-
tion of copper-loaded CopZ is toxic to
cells and its levels appear to be regulated
by copper-induced proteolysis (23).
In the gram-positive bacterium E. hirae,

the cop operon consists of four genes that
encode a metalloregulated repressor
(CopY), a copper metallochaperone
(CopZ), and two Cpx-type copper ATPases
(CopA and CopB). E. hirae CopA is
responsible for copper uptake under cop-
per-limiting conditions and CopB for cop-
per efflux when copper reaches toxic levels
(29). However, examination of the unfin-
ished S. gordonii DNA database did not
identify a copB gene elsewhere in the
genome. Likewise, no CopB homolog was
present in the completed genomes of
S. mutans and S. pneumoniae. Thus the
cop operon in S. gordonii may be mainly
responsible for copper uptake. It is possible
that a CopB homolog is present in
S. gordonii and may be identified when
the genome is completely sequenced.
Alternatively, another metal efflux protein
could be responsible for excreting excess
copper. For example, the CopB in E. hirae
can also modulate silver transport, illustra-
ting the presence of redundancy within
metal transport systems in bacteria (34).
Also, it is possible that as S. gordonii exists
in environments that are relatively low in
copper, a copper efflux system may be
unnecessary. In contrast to the observations
in S. mutans, S. gordonii copY::specR, and
copZ::specR mutants grew well in the
presence of higher levels of copper in the
growth medium (>400 lm), whereas the
growth of S. gordonii Challis 2 was inhib-
ited by increased copper in the growth
medium (>200 lm). The growth studies
with S. mutans used mutants where the
whole cop operon was disrupted, whereas
this study used S. gordonii mutants where
individual cop genes were disrupted. This
could have resulted in the differences
observed between the two growth studies.
S. gordonii copY::specR and copZ::specR

mutants are able to tolerate higher levels of
extracellular copper than the parent strain,
probably by affecting the transport of
extracellular copper ions into the cell.
Transport studies with copper are required
to verify these observations.
Although various trace elements are of

interest in dentistry as potential modulators
of dental caries, copper and fluoride have a
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consistent, inverse relationship with the
caries experience in children. The concen-
tration of copper in saliva ranges from 0.2
to 7.05 mg/l (13), and several studies have
suggested that copper may have a potent
cariostatic effect due to antibacterial activ-
ity. The action of copper on dental plaque
may be mediated by inhibiting bacterial
growth through their antiglycolytic and
anti-ureolytic properties (33). Metal ions
such as copper can also inactivate gluco-
syltransferase produced by mutans strep-
tococci via a Fenton type reaction (8).
Several in vitro and in vivo studies have
demonstrated the following:
• topical copper application in combina-
tion with fluoride reduced caries inci-
dence in hamsters and rats (3, 25);

• copper provided in the drinking water
reduced experimental caries in rats
infected with S. mutans (2);

• copper and chlorhexidine showed sy-
nergistic growth inhibition of S. mutans
and Actinomyces spp. (11);

• glucose containing CuSO4 and zinc
acetate oral rinses reduced acid produc-
tion in plaque (4).
A recent study found that phosphate-

based glass containing 5–10% copper
reduced the viability of in vitro Strepto-
coccus sanguis biofilms grown over 24 h
in a constant-depth film fermentor. The
reduction of viability was attributed to the
antibacterial effect of copper (28). How-
ever, the antibacterial effect on S. sanguis
that was observed may also be attributed to
the ability of copper to modulate S. san-
guis biofilms as suggested by the biofilm
detachment-defective phenotype of the
copZ mutant of S. gordonii. Although
further work is required on the specific
action of copper on acidogenic bacteria,
this study suggests biofilm detachment
may also contribute to the disruption of
dental plaque and perhaps to the reduction
in caries experience previously reported
(13). The long-term durability and success
of amalgam (copper silver alloy) restora-
tions in dentistry, where copper ions are
known to leach out (27, 40), could have
been partially due to the effect of copper
ions on acidogenesis and biofilm detach-
ment of oral streptococci. These findings
support the hypothesis that metalloregula-
tion of bacterial oral biofilms may be a
common phenomenon and needs to be
further investigated.
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