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Streptococcus gordonii is a commensal species of human oral flora. It initiates dental biofilm formation and provides bind-
ing sites for later colonizers to attach to and generate mature biofilm. Smoking is the second highest risk factor for peri-
odontal disease, and cigarette smoke extract has been reported to facilitate Porphyromonas gingivalis-S. gordonii dual-spe-
cies biofilm formation. Our hypothesis is that nicotine, one of the most important and active components of tobacco,
stimulates S. gordonii multiplication and aggregation. In the present study, S. gordonii planktonic cell growth (kinetic absor-
bance and CFU), biofilm formation (crystal violet stain and confocal laser scanning microscopy [CLSM]), aggregation
with/without sucrose, and 11 genes that encode binding proteins or regulators of gene expression were investigated. Re-
sults demonstrated planktonic cell growth was stimulated by 1 to 4 mg/ml nicotine treatment. Biofilm formation was in-
creased at 0.5 to 4 mg/ml nicotine. CLSM indicated bacterial cell mass was increased by 2 and 4 mg/ml nicotine, but biofilm
extracellular polysaccharide was not significantly affected by nicotine. Cell aggregation was upregulated by 4, 8, and 16
mg/ml nicotine with sucrose and by 16 mg/ml nicotine without sucrose. Quantitative reverse transcriptase PCR indicated
S. gordonii abpA, scaA, ccpA, and srtA were upregulated in planktonic cells by 2 mg/ml nicotine. In conclusion, nicotine
stimulates S. gordonii planktonic cell growth, biofilm formation, aggregation, and gene expression of binding proteins.
Those effects may promote later pathogen attachment to tooth surfaces, the accumulation of tooth calculus, and the devel-

opment of periodontal disease in cigarette smokers.

moking is strongly associated with periodontal disease. Smok-

ers have more supra- and subgingival calculus than nonsmok-
ers (1, 2), and smoking is ranked after diabetes mellitus as the
second highest risk factor for periodontal diseases (3). Generally,
smokers usually have more calculus deposit than nonsmokers,
and the calculus from smokers is stiffer and more tightly attached
to teeth than that from nonsmokers. Dental calculus is a form of
hardened oral biofilm. Its major components are fossilized bacte-
ria and calcium phosphate salts. Acquired pellicle attaching to a
tooth surface is the initial step for dental biofilm formation, fol-
lowed by bacterial cell attachment to the acquired pellicle. After
that, calcium phosphate salts bind to the bacterial layer through
electrostatic attraction (4). Subgingival calculus is an irritant for
local chronic inflammation which continuously destroys peri-
odontal tissues (3).

Streptococcus gordonii, a Gram-positive facultative anaerobe,
is a commensal species of human oral flora. It plays a central
role in initiating dental biofilm formation and providing bind-
ing sites for later colonizers, such as Porphyromonas gingivalis, to
attach to and generate mature biofilm. Its DNA has been de-
tected in dental calculus (5). Cigarette smoke extract stimulates
P. gingivalis-S. gordonii biofilm formation, and it potentially
contributes to periodontal disease development (6). Higher
counts of S. gordonii also are associated with periodontal in-
flammation (7).

The specific aim of this study was to investigate the effect of
nicotine, an alkaloid in tobacco, on S. gordonii planktonic cell
growth, biofilm formation, aggregation, and binding-related gene
expression. Our null hypothesis was that nicotine has no effect on
S. gordonii.
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MATERIALS AND METHODS

Bacterial strain and growth media. S. gordonii (ATCC 35105) was used in
the present study. S. gordonii was stored at —80°C before use. To initiate
the bacterial culture, S. gordonii was streaked on anaerobic blood agar
plates (bioMerieux, Inc., Durham, NC, USA), followed by overnight
growth in BBL trypticase soy broth (TSB; Becton, Dickinson, and Com-
pany, Sparks, MD, USA). Unless stated otherwise, the growing atmo-
sphere was 5% CO, at 37°C. Nicotine (Sigma-Aldrich, St. Louis, MO,
USA) and sucrose (Fisher Scientific, Fair Lawn, NJ, USA) were used. The
optical densities (OD) were measured by a spectrophotometer (Spectra-
max 190; Molecular Devices, Sunnyvale, CA, USA).

Planktonic cell growth. For kinetic planktonic cell growth, overnight-
grown S. gordonii (5 X 107 CFU/ml; optical density at 595 nm [ODsg5] of
0.45) cells were diluted 1:100 in TSB with 0, 0.25, 0.5, 1, 2, and 4 mg/ml
nicotine. Triplicate samples were grown in sterile 96-well flat-bottom mi-
crotiter plates (Fisher Scientific, Newark, DE, USA) for 12, 24, and 48 h.
After incubation, planktonic cells were carefully transferred to another
microtiter plate to eliminate the reading error generated from biofilm
formed on the bottom of the original microtiter plates. The planktonic
culture turbidity was read at ODy,5 by a spectrophotometer.
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To detect the CFU of S. gordonii with nicotine treatment, overnight-
grown S. gordonii cells were diluted 1:100 in TSB with 0, 0.25, 0.5, 1,2, and
4 mg/ml nicotine and grown in sterile 96-well flat-bottom microtiter
plates for 24 h. After incubation, planktonic cells were diluted in saline
(0.9% NaCl) at an appropriate dilution (1:10,000 in the present study)
and spiral plated on tryptic soy agar (TSA; Difco, Detroit, MI, USA) plates
by a Spiral System automatic spiral plater (Spiral Biotech, Inc., Bethesda,
MD, USA). The plates were incubated for 48 h, and colonies were counted
by a ProtoCOL automated colony counter (Synbiosis, Inc., Frederick,
MD, USA). The log,, of CFU/ml was calculated.

Biofilm formation. Overnight-grown S. gordonii cells were diluted
1:100 in TSB plus 1% sucrose (TSBS) with 0, 0.25, 0.5, 1, 2, and 4 mg/ml
nicotine. Triplicate samples were grown in a sterile 96-well flat-bottom
microtiter plate for 24 h. Biofilm formation was determined by a crystal
violet assay described previously (8). Briefly, biofilm was fixed with form-
aldehyde, stained with crystal violet, and washed twice with saline to re-
move unbound crystal violet. Bound crystal violet was extracted by 2-pro-
panol. The extracted crystal violet in 2-propanol was further diluted 1:5
with 2-propanol, and its absorbance was read at OD,,, by a spectropho-
tometer.

Aggregation assay. The aggregation assay was modified from Xu et al.
as described previously (9). Briefly, late-log-phase S. gordonii cells (OD5q5
of 0.4) were harvested by centrifugation, washed twice with sterile phos-
phate-buffered saline (PBS), and diluted in PBS to an OD4,5 0f 0.85. One
hundred fifty .l of the bacterial suspension was mixed with 150 .l of 0, 4,
8, 16, and 32 mg/ml nicotine in PBS or in PBS with 2% sucrose (PBS+S)
in microtiter plates, yielding final nicotine concentrations of 0 to 16
mg/ml with or without 1% sucrose. The plates were incubated for 2 h at
37°C. One hundred twenty wl of undisturbed supernatants of the mixture
was carefully transferred to another microtiter plate, and the absorbance
was read at OD,,s. The aggregation formula was calculated as aggrega-
tion = (1 — [OD¢y,, = ODy ]/[ODy — ODyy,]) X 100, where OD,,,, was
the nicotine-treated group value, OD_; was the control (no-nicotine)
group value, and ODy,;- and ODy, were the blank without bacteria sus-
pension of nicotine-treated and control groups, respectively.

Confocal laser scanning microscope (CLSM). The confocal micro-
scope assay was modified from Xiao and Koo as described previously (10).
Overnight-grown S. gordonii cells were diluted 1:100 in 0, 1, 2, and 4
mg/mlnicotine in TSBS with 0.1 wM Alexa Fluor 647 fluorescently labeled
dextran conjugate (Molecular Probes Inc., Eugene, OR, USA). This dex-
tran was used as a glucosyltransferase (Gtf) primer by bacteria in extracel-
lular polysaccharide (EPS) synthesis (10). Cells were grown in four-well
Lab-Tek chamber slides (Thermo Fisher Scientific, Rochester, NY) for 24
h. Biofilm was washed twice with distilled H,O (dH,0), incubated with
0.1 wM SYTO 9 green nucleic acid stain (Molecular Probes Inc., Eugene,
OR, USA) for 20 min in the dark at room temperature, and washed again
with dH,O. After slides were air dried, biofilm was covered by ProLong
Gold antifade reagent (Molecular Probes Inc.). Green fluorescence for
bacteria and red fluorescence for EPS were captured by an Olympus
FV1000-MPE confocal/multiphoton microscope (Olympus Corp., USA)
with Olympus FV10-ASW software (Olympus Corp., USA) in the Divi-
sion of Nephrology, Indiana Center for Biological Microscopy, Indiana
University. Biofilm mass and coverage of biofilm were calculated based on
the principles described earlier (11) by MATLAB R2012a (The Math-
Works, Inc.) codes (see S1 in the supplemental material). Biofilm thick-
ness was recorded by the microscope and software.

qRT-PCR. The quantitative reverse transcriptase-PCR (qQRT-PCR) as-
say was modified from Xu et al. as described previously (9). Briefly, over-
night-grown S. gordonii cells were diluted 1:100 in TSBS with 0 or 2 mg/ml
nicotine for 8 h. Planktonic cells were harvested, washed three times by
PBS, stabilized by 1 ml of RNAprotect bacterial reagent (Qiagen, MD,
USA), and suspended in 100 pl lysis buffer (30 mM Tris-HCI, pH 8.0, 1
mM EDTA, and 15 mg/ml lysozyme) with 10 wl mutanolysin (Sigma-
Aldrich, MO, USA) and 15 pl proteinase K (Qiagen). Samples were incu-
bated for 90 min at 37°C with agitation and sonicated for 10 s with 5 cycles
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(52% amplitude; Model 500 sonic dismembrator; Fisher Scientific). Bac-
terial RNA was extracted using an RNeasy minikit (Qiagen). The quality
and quantity of the RNA samples were determined by a NanoDrop 2000
(Thermo Fisher Scientific Inc., USA). RNA samples were incubated at
37°C for 30 min with DNase I and appropriate buffer (New England
BioLabs Inc., Ipswich, MA) to remove genomic DNA. The reaction was
stopped by adding 0.5 mM EDTA and incubating at 75°C for 10 min.
Twenty pug RNA was used to synthesize cDNA by a high-capacity cDNA
reverse transcription kit with random primers (Applied Biosystems, Life
Technologies Corp., CA, USA), and the manufacturer’s protocol was fol-
lowed. Two g of cDNA samples and appropriate primers (0.375 wM)
(Table 1) were processed with Fast SYBR green master mix (Applied Bio-
systems). The qRT-PCR amplification was performed on an ABI Prism
7000 sequence detection system (Applied Biosystems) with default pro-
gram settings. The original RNA samples and distilled H,O were loaded
with Faster SYBR green master mix to serve as an operative system con-
trol. The value of 2747 instead of 27227 of each sample was recorded
(where C represents the QRT-PCR amplifying cycle number once the
threshold is reached), and the value for 16S rRNA data equals 1. Since 16S
rRNA has the highest expression, all of the other gene results were less
than 1. Using 2~ 2“7 instead of 2~ 22T makes between-gene comparisons
available.

Statistical analysis. Each experiment was independently repeated at
least three times. Two-way analysis of variance (ANOVA) and the Hole-
Sidak multiple-comparison test were used for kinetic planktonic cell
growth analysis by SigmaPlot software (version 12.0; Systat Software Inc.,
San Jose, CA). One-way ANOVA and post hoc Tukey’s multiple-compar-
ison test were used for planktonic cell growth (CFU/ml), biofilm forma-
tion, aggregation, and CLSM data statistical analysis by SPSS software
(version 20.0; SPSS, Chicago, IL, USA). Student ¢ test was used for qRT-
PCR data analysis. P < 0.05 was considered significantly different.

RESULTS
Nicotine stimulates planktonic cell growth, biofilm formation,
and sucrose-dependent aggregation. Nicotine significantly stim-
ulates S. gordonii kinetic planktonic cell growth at 0.5, 1, 2, and 4
mg/ml through the three different time points (12, 24, and 48 h)
(Fig. 1A). The mean CFU/ml values at 24 h were (5.33 * 2.21) X
10°,(9.85 * 3.61) X 10° (2.10 = 0.74) X 10, and (4.40 + 1.97) X
107 for 0, 1, 2, and 4 mg/ml nicotine-treated groups, respectively
(Fig. 1B). Nicotine significantly increased S. gordonii biofilm for-
mation at 0.5, 1, 2, and 4 mg/ml (P = 0.01). The mean crystal
violet assay results at 24 h were 0.21 * 0.01, 0.26 = 0.01, 0.29 =
0.01,0.38 £ 0.01, and 0.45 = 0.01 relative light units (RLU) for 0,
0.5, 1, 2, and 4 mg/ml nicotine-treated groups, respectively (Fig.
1C). Nicotine significantly promoted S. gordonii sucrose-indepen-
dent aggregation at 16 mg/ml and sucrose-dependent aggregation
at 4, 8, and 16 mg/ml. With sucrose, nicotine promoted aggrega-
tion by 24.76, 32.51, and 33.53% at 4, 8, and 16 mg/ml, respec-
tively (Fig. 1D). Therefore, the effect of nicotine on S. gordonii
aggregation is stronger in the presence of sucrose than without it.
CLSM. The major components of S. gordonii biofilm are bac-
terial cells and EPS. The crystal violet assay cannot differentiate
one from the other. Therefore, a CLSM study was conducted to
investigate how those two components are affected by nicotine.
From the images, both bacterial cells and EPS were increased in a
nicotine-dependent manner. At higher nicotine concentrations,
bacterial cells were more aggregated, leaving more blank areas
outside thicker biofilm stacks (Fig. 2). The green fluorescence in-
tensity, which represents bacterial cell volume, was significantly
increased at nicotine concentrations of 2 and 4 mg/ml (Table 2).
The green fluorescence coverage, which represents the area of bio-
film surface coverage, was increased by nicotine, but the increase
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TABLE 1 Primers used in this study

Primer Sequence Description Source or reference
Sg 16S-F 5'-AAGCAACGCGAAGAACCTTA-3’ rRNA-16S rRNA Zheng et al. (27)
Sg 16S-R 5-GTCTCGCTAGAGTGCCCAAC-3’

apbA-F 5 -TGATGCAGTTGAAGGTGGAA-3’ Amylase-binding protein AbpA

abpA-R 5'-TAGCTGCACCAACACGTTTC-3’

abpB-F 5'-CAAAAACTCCGGAAAAACCA-3' Amylase-binding protein AbpB

abpB-R 5'-GGAGCTTGACTCGGTTCTTG-3’

scaA-F 5'-CACCGAAGAAGAAGGCACTC-3' Metal ABC transporter substrate-binding lipoprotein

scaA-R 5'-TGTCTCCATCTTCGCCTTTT-3’

gtfG-F 5'-CCAAGACTTTGCAACCCGTG-3’ Glucosyltransferase G

gtfG-R 5'-GACACTGTGGAGAGCACGAA-3’

hsa-F 5'-CAGAGCTGCAAATCCAAACA-3’ Streptococcal hemagglutinin

hsa-R 5'-GCCGAGATACTTGCGCTTAC-3’

cshA-F 5'-CAGACGATGCAACCCCTATT-3’ Surface-associated protein CshA

cshA-R 5-TAACGGTCAAGGTCACCACA-3'

cshB-F 5 -CGTTGTTCAGCAAGGATCAA-3’ Surface-associated protein CshB

cshB-R 5'-GCCGTTCTGTTGTCCAGTAG-3'

srtA-F 5'-CCATCAGCTGCATCGTCAAC-3' Sortase A This study
srtA-R 5'-TGGGAAAAGGCAACTACGCT-3'

CcpA-F 5'-GGGGTTTCTATGGCGACAGT-3’ Catabolite control protein A

CcpA-R 5-GCTAGCCAAACCACGAGCTA-3’

sspA-F 5-GGTTGTCCAGCCAGCCTTAT-3' Streptococcal surface protein A

sspA-R 5'-CTGCCTTAATTTGGGCCTGC-3'

sspB-F 5'-TACCAAGCTAAGCTAGCGGC-3' Streptococcal surface protein B

sspB-R 5'-TTACTCTCCGCTTCTGCGAG-3’

was not statistically significant. The volume/coverage ratio of
green fluorescence, which reflects the cell numbers in one unit
area and partially demonstrates cell aggregation, was increased
with nicotine treatment. The EPS volume was increased by nico-
tine, but it was not significant. The EPS coverage was not changed,
while the EPS volume/coverage ratio was slightly, but not signifi-
cantly, increased (Table 2). The biofilm thickness indicated an
increased trend from 25.0 to 32.5 wm by nicotine, but the differ-
ence was not statistically significant (Table 2).

qRT-PCR. The amounts of RNA obtained from control- and
nicotine-treated samples were 917 to 1,212 and 1,558 to 1,810
ng/pl, respectively. The 260/280 ratio (the ratio of absorbances at
wavelengths of 260 and 280 nm) was above 2.0 in every sample.
The levels of expression of planktonic cell genes abpA, scaA, ccpA,
and srtA were significantly upregulated by nicotine treatment (Fig.
3). Although there were only 4 out of 11 that provided significant
differences, those 4 genes accounted for the majority of the total
gene expression. For better fold change comprehension, the tra-
ditional 27 *4T value was calculated (see S2 in the supplemental
material). The S. gordonii binding-related genes generally were
upregulated by nicotine because 10 of those 11 genes exhibited an
increase, although only four demonstrated significant increases.
The expression of sspB was slightly decreased but not significantly
so. Since the same amount of RNA was used for reverse transcrip-
tion and the raw 16S rRNA C; value was slightly higher in the
control (7.08) than in the nicotine-treated group (6.38), the 16S
rRNA gene was not downregulated by nicotine.

DISCUSSION

The nicotine concentration in human saliva of smokers varies
from 0 to 2.27 mg/ml (12-15). It is affected by the inhalation
characteristics of the smokers (noninhalers, slight inhalers, me-
dium inhalers, and deep inhalers), saliva properties (unstimulated
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or stimulated), and cigarette consumption (13, 15). The nicotine
concentrations used in the present study were mostly in the 0 to
2.27 mg/ml range, except the aggregation assay.

S. gordonii is critical in initiating dental plaque and providing
subsequent binding sites for P. gingivalis. Without S. gordonii, P.
gingivalis can barely establish biofilm under a low challenging shear
force. However, with S. gordonii, P. gingivalis successfully establishes
biofilm under the same shear force (16). P. gingivalis fimbriae, S.
gordonii autoinducer 2, and streptococcal surface protein B (SspB)
have been reported to be involved in the S. gordonii-P. gingivalis
interaction (17-19). Among them, P. gingivalis major fimbrial an-
tigen (FimA) instead of the minor fimbrial antigen (Mfal) was dem-
onstrated to be responsible for the P. gingivalis-S. gordonii interac-
tion with cigarette smoke extract treatment (6).

The doubling time of S. gordonii (60 min) is shorter than that of
many other oral bacterial species, such as Streptococcus mutans (73
min) and Streptococcus sobrinus (64 min) (20). Faster multiplica-
tion is one of the mechanisms bacteria use to compete with other
species; bacteria gain more growing space and nutrients by mul-
tiplying faster. In the present study, nicotine was demonstrated to
stimulate S. gordonii biofilm formation and planktonic growth,
which means nicotine is a preferred environmental factor for S.
gordonii. Nicotine has a similar stimulation effect on S. mutans
biofilm formation, but it has no effect or even reduces S. mutans
planktonic cell growth (8). One bacterial nicotinic acetylcholine
receptor (nAChR) homologue, which is a prokaryotic proton-
gated ion channel, has been found in several bacterial species (21).
Previous study in our laboratory has found significant homology
of the S. mutans genome with the B2 subunit gene of nAChRs, and
B2 subunit gene activity was enhanced at 1 mg/ml nicotine (A.
Jouravlev, K. DelaCruz, R. L. Gregory, unpublished data). Nico-
tine may regulate S. gordonii multiplication-related downstream
targets of this signaling pathway.
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FIG 1 S. gordonii planktonic cell growth, biofilm formation, and aggregation with nicotine. (A) Kinetic planktonic cell growth (absorbance). S. gordonii cells
grown overnight were treated with 0 to 4 mg/ml nicotine for 0, 12, 24, and 48 h in TSB. Planktonic cell cultures were transferred to another microtiter plate, and
the OD4q5 was read. Results indicated S. gordonii planktonic cell growth was increased at 0.5, 1, 2, and 4 mg/ml nicotine at all time points. Oversized asterisks
demonstrate that all of the subgroups were significantly different from their nontreated controls, while smaller asterisks demonstrate the result was significantly
different from that for its nontreated controls at the same time point. *, P < 0.05; **, P < 0.01. (B) Planktonic cell growth (CFU). S. gordonii cells grown overnight
were treated with 0 to 4 mg/ml nicotine for 24 h in TSB. Planktonic cells were diluted and spiral plated on TSA agar plates. Results indicated S. gordonii planktonic
cell growth was increased in a nicotine concentration-dependent manner. **, P < 0.01. (C) Biofilm formation. S. gordonii cells grown overnight were treated with
0 to 4 mg/ml nicotine for 24 h in TSB plus 1% sucrose (TSBS). The volume of biofilm was determined by crystal violet assay. Results indicated S. gordonii biofilm
formation was increased in a nicotine concentration-dependent manner. **, P < 0.01. (D) Aggregation. S. gordonii cells in exponential phase were washed,
diluted to an OD4,5 of 0.85, and suspended in PBS with 0, 2, 4, 8, and 16 mg/ml nicotine with or without 1% sucrose. After 2 h of incubation, the OD5,5 of the
supernatant was measured. With sucrose, cell aggregation was detected in the 4 to 16 mg/ml nicotine groups. Without sucrose, aggregation was detected only in

the 16 mg/ml nicotine group. In the sucrose group, P < 0.01 (**). In the no-sucrose group, P < 0.05 (#).

From the present study, we established that nicotine promotes
the formation of S. gordonii biofilm. From the CLSM experiments,
both bacterial cell numbers and EPS synthesis within biofilm were
elevated, although the latter was not statistically significant. Bio-
film accumulation has two major sources of gaining cell numbers,
cells multiplying inside biofilm and cells attaching to biofilm from
the environment. The former source can be explained by the same
rationale, as it multiplies in the planktonic form. The latter can be
explained by two reasons: since there are more planktonic cells
present in the environment, there are more cells available for
binding, and the surface-binding proteins could be upregulated
by nicotine treatment, resulting in better binding ability. This will
be discussed below. In this regard, nicotine stimulates S. mutans
bacterial biofilm formation (8) and facilitates S. mutans to com-
pete with Streptococcus sanguinis, a commensal species in the den-
tal flora (22).

The major components of extracellular polymeric components
are EPS, proteins, extracellular DNA (eDNA), and lipids. Among
these, EPS and proteins account for 75 to 89% of extracellular
polymeric components (23). eDNA promotes biofilm formation
and stability (24, 25). Glucosyltransferase G (GtfG) of S. gordonii
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utilizes monosaccharides catabolized from sucrose and synthe-
sizes water-insoluble and water-soluble glucans (26). Nicotine
also has been reported to stimulate EPS synthesis of S. mutans
biofilm (22). Since S. gordonii and S. mutans belong to the same
genus, they may share similar nicotine-related receptors and path-
ways that lead to increased EPS synthesis.

Our data demonstrate that the effect of nicotine on S. gordonii
aggregation is stronger in the presence of sucrose. S. gordonii ex-
presses at least 11 surface-binding-related proteins (27-30). Our
preliminary reverse transcription-PCR indicated that the gene ex-
pression of those binding proteins was much higher in planktonic
cells than in biofilm cells (data not shown). That means bacteria
synthesize more binding proteins when they are in the planktonic
state and searching for a surface to attach to. That is the reason we
focused on planktonic cell gene expression rather than biofilm
cells. Amylase is one of the most abundant salivary enzymes. It
metabolizes starch to monosaccharide and also serves as a recep-
tor for bacterial binding to the tooth surface (31). S. gordonii binds
to amylase via a 20-kDa amylase-binding protein A (abp-A) and
42-kDa abp-B (28, 29). Generally, abp-A is specific to the S. gor-
donii species (32), and the abp-A mutant S. gordonii strain has
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Cells EPS Combined

FIG 2 S. gordonii bacterial cell multiplication and EPS synthesis with nicotine. S. gordonii cells grown overnight were treated with 0 to 4 mg/ml nicotine for 24
hin TSBS with 0.1 uM Alexa Fluor 647 dextran-conjugated red fluorescence. The biofilm was washed and further incubated with 0.1 wM SYTO 9 nucleic acid
green fluorescence. Bacterial cells were labeled green, and EPS was labeled red. Results indicate that bacterial cell multiplication and EPS synthesis were stimulated
by nicotine.

difficulty generating biofilm (31). Unlike abp-A, the abp-B mu-  expression of abp-A was much higher than that of abp-B (Fig. 3).
tant strain retains the ability to bind to soluble amylase (29). abp-A and abp-B are mediated by carbon catabolite protein A
abp-A, instead of abp-B, is the major protein for S. gordonii tooth  (CcpA) and are indirectly related to sucrose metabolism (27).
surface binding (33), and the present study confirmed that the = CcpA has central control of S. gordonii EPS production and bio-

TABLE 2 Biofilm volume and coverage of S. gordonii bacterial cells and EPS treated with nicotine

Bacteria EPS
Nicotine Volume* Coverage v/C Volume Coverage v/C Thickness
(mg/ml) (wm?/pm) (%) ratio” (wm?/pm) (%) ratio (pum)
0 454 * 6.1 71.1 £ 17.7 63.87 45959 62.8 = 11.8 73.14 25.0 £ 2.1
1 55.1 = 19.5 72.1 = 21.2 76.42 50.9 9.9 67.4 + 8.5 75.59 29.5+ 25
2 96.0 = 10.7* 90.5 + 4.2 106.17 47.8 £2.0 60.8 * 4.0 78.60 31.5£35
4 107.3 £ 30.6* 97.2 £33 110.42 57.8 £ 6.8 65.1 = 3.9 88.74 325*7.1

@ Asterisks indicate significant difference (P =< 0.05) from the value for the no-nicotine control sample.
b V/C ratio is the volume/coverage ratio, which reflects the cell numbers in one unit area.
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FIG 3 S. gordonii gene expression with nicotine. Overnight S. gordonii cells were treated with 0 and 2 mg/ml nicotine for 8 h in TSBS, and planktonic cells were
harvested for qRT-PCR. The value for 2~ 2“7 instead of 2 *2<" of each sample was recorded. The 16S rRNA data were standardized to 1, and all other gene data
were less than 1. Using 2~ 2" instead of 2~ **“T makes between-gene comparisons available. The gene expression levels of the no-nicotine controls were ranked
from highest to lowest (left to right). Because the gene expression was very low in cshA, cshB, gtfG, abpB, and sspA, their results were placed in another figure with
a different scale than the original one. Results indicated nicotine significantly upregulated abpA, scaA, ccpA, and srtA expression. Although there were only 4 out
of 11 genes that indicated significant changes, those four genes accounted for the majority of the total gene expression. *, P < 0.05.

film formation. The ability to generate exopolysaccharide from
the CcpA mutant was severely impaired, and the CcpA mutant
grows slower than the wild type (27). In the present study, CcpA
expression was significantly upregulated by nicotine, and this ob-
servation may explain the increased cell growth. GtfG, which syn-
thesizes water-soluble and -insoluble glucans, also regulates S.
gordonii adhesion (26). gtfG expression was relatively low in S.
gordonii and not significantly upregulated by nicotine treatment.
Sortase A (SrtA) is an LPXTG motif-regulated S. gordonii cell wall
anchoring transpeptidase, and it specifically cleaves LPXTG se-
quences and transfers polypeptides to peptidoglycan (34). An SrtA
mutant of S. gordonii demonstrated less biofilm and impaired
binding ability (35). Previous studies in our laboratory demon-
strated that sortase-defective S. mutans forms less biofilm than the
wild type under the same nicotine treatment (33). The promotion
effect of nicotine on S. gordonii srtA expression partially explains
the increased biofilm formation in nicotine-treated groups. Strep-
tococcal surface protein A (SspA) and SspB encode antigen I/IT
salivary adhesins (36). SspA mediates S. gordonii salivary aggluti-
nin aggregation (37). SspB mediates S. gordonii aggregation with
P. gingivalis or Candida albicans (6, 38). Streptococcal hemagglu-
tinin (Hsa) is required for S. gordonii sialic acid binding (39).
Other proteins, including surface-associated proteins CshA and
CshB and metal ABC transporter substrate-binding lipoprotein
(ScaA), also are related to S. gordonii aggregation with C. albicans
or attachment to fimbriae (19, 36). ScaA is a fibronectin-binding
protein that regulates S. gordonii cell coaggregation (27). The in-
creased scaA activity of S. gordonii by nicotine contributed to the
increased cell aggregation observed in the present study. Further
experiments are needed to ascertain the complete mechanism of
how the genes mentioned above are involved in S. gordonii biofilm
formation and aggregation regulated by nicotine. Future studies
also will focus on the effect of nicotine on other S. gordonii strains
and on how nicotine regulates the S. gordonii quorum-sensing
system.

In conclusion, nicotine stimulates S. gordonii planktonic cell
growth, biofilm formation, aggregation, and gene expression of
binding proteins. These effects may promote later pathogen at-
tachment to tooth surfaces, the accumulation of tooth calculus,
and the development of periodontal disease in cigarette smokers.
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